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Abstract

Fam ilial A denom atous Polyposis (FAP) is a rare, autosom al dom inant 
predisposition  to colorectal cancer, affecting about one in ten thousand 
ind iv iduals in all populations stud ied . The gene responsib le  for this 
syndrom e, designated APC (for Adenom atous Polyposis Coli) w as m apped to 
5q21-q22 by linkage analysis following a cytogenetic report of a male patient 
w ith polyposis and an interstitial deletion on 5q. The high incidence of allele 
loss at 5q21-q22 in carcinomas of sporadic patients suggests that m utation of 
the A P C  gene is a very frequent step in  the tum origenic pathw ay  to 
nonfam ilial colorectal carcinom as and  em phasises the  im portance  of 
isolating the gene and identifying its function.

Attem pts were m ade to identify this gene using a positional cloning strategy, 
on the basis of its genomic location rather than by a knowledge of its function. 
As a first step toward this goal, two approaches were taken to identify a large 
num ber of DNA probes m apping w ithin the breakpoints of two, and later 
th ree  independen t deletions encom passing the  A PC gene. In the first 
approach, a novel method, term ed 'alu-PCR’ w as developed. By comparing 
the PCR patterns generated from normal and deleted chromosomes 5, a probe 
was identified m apping close to the APC  gene. In the second approach, 
genom ic libraries constructed  from  physically  d issected  DNA around  
chromosomal region 5q21-q22 were used to derive a large num ber of DNA 
probes. These probes facilitated the definition of a new  m inim ally deleted 
region harbouring the gene and assisted w ith the construction of a physical 
m ap of this region.

For the second phase of the cloning project, these DNA probes, in addition to 
others sub-localised to this region, were used to isolate a collection of yeast 
artificial chromosomes (YACs) which in total cover some 4-megabase-pairs 
(Mb) of DNA.

Two of the YACs identified in this study, which cover a total distance of 1.1- 
Mb, w ere used indirectly to identify potential alterations, particularly small 
deletions, in hom ologs of chrom osom e 5 from  FAP patients. One such 
deletion of 260-kb was identified and shown to be entirely overlapped by one 
of these YACs. This deletion, and the YAC used to identify it, contain the 
entire coding sequence of the APC gene.
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Chapter 1

Introduction.

Part I. Cancer genetics.

1.1. A genetic basis for cancer.

Extensive studies suggest that cancer is, fundamentally, a genetic disease at 
the  cellular level. This is not m eant to im ply that cancer is a genetic 
disease in the same sense as classical hum an genetic diseases caused by 
single gene defects (McKusick, 1991), bu t rather that cancer in the general 
population  is in itiated  and progresses by the acquisition of som atic 
m utation at the level of DNA. Although inherited cancer predisposition 
syndrom es do exist, and, in their own right clearly dem onstrate a genetic 
basis for cancer, epidem iological studies, w hich have dem onstra ted  
significant varia tion  in the  incidence of com m on cancers am ongst 
different populations (e.g. Peto and Doll, 1981), in addition to extensive 
tw in-studies (e.g. Holm et al., 1982), tentatively suggest that m ost hum an 
cancers are not caused by major inherited components.

Some of the principal lines of evidence for a genetic basis of cancer 
include: (1) the fact that carcinogens (chemical and radiation) are also often 
m utagens and have been shown to interact with DNA, (2) the observation 
of consistent chromosomal aberrations in certain cancers, particularly  in 
the leukemias and lymphom as (e.g. Solomon et al., 1992). Chrom osom al 
aberrations exist also in hum an solid tum ours, but these are not always 
consistent. Key examples, however, include deletion of genetic m aterial 
from  chrom osom e 3p in renal cell and  sm all cell lung  carcinom as, 
deletions around l i p  in W ilm 's tum our of the kidney (and associated 
phenotypes) and deletion around 13q in retinoblastomas (Mitelman, 1988). 
These findings suggest the occurrence of specific somatic m utations in the 
neoplastic cell clone, (3) The recessive inheritance of defects in DNA 
repair, which lead to increased somatic m utation rates and an associated 
increase in the rate of tum our formation (reviewed in Friedberg, 1985).

Cancer is thought to be the end result of a multi-stage process. For m ost 
tum our types, the incidence of cancer increases as a function of age. This 
has been used as evidence to suggest that the form ation of a cancer is
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dependent on the acquisition of a num ber of discrete somatic m utations 
(e.g. N ordling, 1953; Armitage and Doll, 1954; Ashley, 1969a). If only a 
single somatic m utation was required for the form ation of a cancer, then 
one w ould expect that m ost cancers would appear as a linear function of 
age, which, on the basis of epidemiological evidence, is not the case. A 
double logarithmic curve m easuring the the death rate from a particular 
cancer versus the incident age of the cancer, for most cases, gives a straight 
line, the slope of which is a crude representation of the num bers of 
m utations required for cancer formation. It has been suggested that, in 
general, some five to six m utations are required for most common cancers 
(Ashley, 1969a). However, these values, which are quite variable am ongst 
hum an cancers (see Ashley, 1969a), are entirely dependent on the nature 
of the cell types in which the m utations occur, and, to some extent, on 
w hether these m utations increase the chance or po ten tia l for the 
occurrence of further genetic change (Fisher, 1958).

At the level of the cell, the multi-stage process is probably best exemplified 
by the common observation of a steady increase in the num bers and types 
of chromosomal aberrations during tum our progression, particularly  in 
common solid adult tum ours (reviewed in Sager, 1986). A t the level of 
the individual, the process is revealed, in part, by the observation of pre- 
cancerous lesions, such as adenom as of the large bow el in Fam ilial 
Adenomatous Polyposis (FAP) patients, which display some, but not all of 
the features of the fully malignant phenotype.

1.2. Congenital predisposition to cancer.

Predisposition to cancer w ith a m arked familial tendency has long been 
recognised, particularly  by observing individuals w ith in  fam ilies that 
exhibit pre-cancerous phenotypes not commonly found in the general 
popu la tion ; for exam ple, m u ltip le  colonic adenom as in  Fam ilial 
A denom atous Polyposis (Bussey, 1975) or, m ore strikingly perhaps, the 
appearance  of b reast cancer in  m en (see K ing, 1990). Fam ilial 
predisposition has also been recognised on the basis of groups w ithin the 
general population  that show  a shifted age-incident d istribu tion  in 
tum ours of common sites (i.e., an earlier age of onset), such as those of the 
colon and breast. A lthough inherited cancers account for probably no 
more than 1% of all cancers, they have led to a considerable insight into 
the genetic mechanisms underlying tum our initiation and formation.
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Congenital predisposition does not result in the inheritance of cancer, per 
se, bu t rather in an increased susceptibility to cancer. For exam ple, in 
families that show a clear pattern of inheritance to retinoblastom a, a rare 
childhood cancer of the retinal cells (discussed below), individuals have 
been described that do not manifest this cancer, bu t who are the sibs of an 
affected parent and, who, in turn, pass this defect to their offspring (see 
Knudson, 1985 and references therein). This strongly suggests that further 
steps m ust \>e required for the appearance of the tumour.

For virtually every form of hum an cancer, families have been reported in 
which the cancer appears to be inherited (Knudson, 1973; see also King, 
(1990), for a recent review). In the vast majority of cases, the susceptibility 
to cancer is dom inantly inherited, although recessive predispositions to 
cancer also exist (Friedberg, 1985). For example, in Xeroderma Pigmentosa 
(XP), which is characterised by extreme sensitivity to sunlight, resulting in 
freckling and atrophy followed by benign grow ths and  subsequently  
m alignant skin tum ours, the cells are unable to repair DNA dam aged by 
u ltraviolet radiation. Thus, the m utation causes a system ic effect in 
increasing the relative somatic m utation rate and therefore leading to a 
high incidence of skin and other cancers (Cleaver, 1968).

Of the dom inantly inherited cases, two broad classes can be tentatively 
assigned. In the first, fam ilies have been recognised exhib iting  a 
constellation of tum our types, such as in the Li Fraum eni syndrom e 
w here  an index ind iv idual often exhibits a rare  tum our-type  (e.g. 
rhabdom yosarcom a; Li and  Fraum eni, (1975)) and  in  pa tien ts  w ith  
m ultip le  endocrine neoplasia  (DeLellis et al., 1986). In add ition , 
in d iv id u a ls  w ith  ce rta in  d e v e lo p m e n ta l sy n d ro m e s , su c h  as 
N euro fib rom atosis types 1 and  2 and  the B eckw ith-W eidem ann 
syndrom e, are at an apparen tly  increased risk of cancer, exhibiting 
tum our-types that are also generally rare in the population as a whole.

The second, and perhaps m ost im portant class from  a genetic po in t of 
view, are those families w ith a very high risk of developing a single 
tum our-type (rare or common), that arise sporadically in the general 
population. These syndrom es, w hich are for the m ost p a rt h ighly  
penetrant, are extrem ely valuable for linkage analysis, facilitating the 
localisation and eventual isolation of the genetic locus responsible for the
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defect. In this respect, the pathology and histology of the sporadic and 
inherited  cancers of common sites are generally indistinguishable and, 
although individuals w ith an inherited susceptibility are likely to have an 
earlier age of onset, the likelihood of recurrence and surv ival (after 
adjustm ent for age) are essentially the same. Thus, from a biological point 
of view, the inherited and sporadic cancers may be genetically similar, if 
no t identical (see below), which clearly em phasises the im portance of 
isolating and characterising these genes.

1.3. Gennline and somatic mutations in cancer.

There is considerable evidence to suggest that mammalian cancer can arise 
and progress, for the m ost part, by the recessive abrogation of 'tum our- 
suppressor' genes that serve in the normal cell to control grow th. This 
class of genes contrasts w ith the 'oncogenes' which confer a dom inant 
phenotype in cell culture (see Bishop, 1987) and w hich are generally 
involved in the p ro g re s s io n  of hum an cancers by the acquisition of 
som atic m utation. The suppressor genes, which provide an explanation 
for the elusive genetic relationship of inherited and sporadic cancers, were 
originally inferred from two entirely separate strands of evidence.

In the first, somatic cell fusion of m alignant cells w ith norm al diploid  
cells, in general, led to a cessation of growth in im m une deficient animals 
(e.g. Harris et al., 1969; Harris and Klein, 1969) suggesting the 'donation' of 
a dom inant suppressive 'factor' from the normal cell. By extension, these 
results im plied that the m alignant cells d id  not contain this suppressive 
ability, having lost it during the progression to malignancy.

Critically, the reappearance of malignancy in rare hybrid cell segregants 
w as correlated, in most cases, w ith the loss of specific chromosomes. For 
exam ple, the reappearance of malignancy in a num ber of hybrid m ouse 
cells was correlated to a loss of chromosome 4 (Jonasson et al., 1977; Evans 
et al., 1982) and, in hum ans, the reappearance of m alignancy in hybrid 
cells derived from the fusion of a cervical tum our-derived cell line (HeLa) 
and  norm al diploid  fibroblasts, was specifically correlated to loss of 
chrom osomes 14 and 11 (Stanbridge et al., 1981). In suppo rt of these 
observations, the introduction of a single norm al chrom osom e 11 into 
HeLa cells sim ilarly show s a suppressive effect (Saxon et al., 1987). 
Reappearance of malignancy in these cases has been correlated w ith a loss
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of the norm al chromosome. A large body of sim ilar studies exist, and 
suggest that the genetic suppression  of m alignancy, o r at least the 
suppression of various features of the m alignant phenotype, in a w ide 
varie ty  of hum an tum ours is a general phenom enon (review ed in 
Stanbridge, 1990).

The second line of evidence came from studies on rare childhood cancers 
w ith  heritable tendencies, particularly  retinoblastom a, b u t also W ilm 's 
tu m o u r of the  k idney , neu rob lastom a and  phaeochrom ocy tom a 
(Knudson, 1971; Knudson and Strong, 1972a; Knudson and Strong, 1972b).

Retinoblastom a is a rare  childhood cancer of the eye, occurring at a 
frequency of about 1 in 14,000 live births (see Goodrich and Lee, 1990). 
Tum ours can occur in both unilateral and bilateral forms (that is, in one 
or both  eyes), and, in total about 40% of all retinoblastom a cases are 
inherited, the rem ainder occurring sporadically. Familial cases, in  general, 
develop m ultiple bilateral tum ours, bu t it has been estim ated tha t some 
10-15% of unilateral cases m ay also be inherited (Knudson, 1971; Knudson,
1985). In contrast, sporadic retinoblastom a cases are alm ost totally  
unilateral and, in addition, are distinguishable in that rarely m ore than 
one retinal tum our is found.

Knudson (1971) found that the num ber of tum ours appearing in familial 
cases (that is individuals w ith no tum ours, w ith unilateral tum ours or 
bilateral tumours) appeared to fit w ith a poisson distribution, suggesting 
that the m anifestation of a retinal tum our was the result of a random , 
independent event w ith a finite probability - roughly reflecting somatic 
m utation rates. The age incidence of hereditary tum ours, in addition, 
fitted a model assum ing linear tum our kinetics, suggesting a requirem ent 
for only a s in g le  ’hit' in  tum our form ation. Thus, in add ition  to  the 
segregation of a germ line defect, w hich has no visible effect on  the 
phenotype of affected cells, a fu rther som atic event m ust occur. In 
contrast, for cases w ithout any familial predisposition, the incidence of a 
retinal tum our was in accord with an exponential function of age, that is, a 
requirem ent for tw o discrete 'hits'. This predicted that in sporadic cases 
tw o somatic events w ould have to occur in a single retinal cell, one of 
which w ould be equivalent to the germline defect in hereditary cases, and 
w ould, therefore, be rare (i.e., the square of the somatic m utation rate). In
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both hereditary and sporadic cases, the formation of a tum our w ould be 
dependent on the acquisition of a somatic m utation in the same gene.

Taking these two disparate lines of evidence into account, Comings (1973) 
proposed an incisive model to suggest that hum an cancers could result 
from the homozygous abrogation of diploid regulatory genes which serve, 
in the normal cell, to suppress the effect of dom inant transform ing genes. 
In this model, it was suggested that congenital predisposition to cancer 
could arise by the inheritance of a m utated regulatory gene which w ould 
not confer a phenotypic effect. The appearance of the tum our w ould then 
be dependen t on m utation  of the rem aining w ild-type gene on the 
hom ologous chromosome. The presence of a norm al allele in  obligate 
m utants w ould be sufficient to suppress tum our form ation, in line with 
the suppressive effect dem onstrated by the introduction of a single norm al 
chrom osom e into a tum our derived cell line (Saxon et al., 1987). The 
dom inant phenotype of an inherited cancer w ould then be dependent on 
the second event occurring with sufficient probability. In sporadic cases, 
K nudson's tw o 'hits' w ould represent the somatic abrogation of both 
copies of the regulatory gene.

Experimental evidence for the functional inactivation of a susceptibility 
locus in retinoblastom a (referred to as Rb-1), came from a num ber of 
cytogenetic studies reporting deletions in familial cases centred around 
13ql4 (e.g. Francke and Kung, 1976; see Knudson et al., 1976). In addition, 
the co-segregation of the Rb phenotype with alleles of the esterase D (EsD) 
gene located on chromosome 13 (Sparkes et al., 1980; Sparkes et al., 1983) 
suggested that an Rb-1 gene on chrom osom e 13q was the target of 
germ line m utation, in m ost, if not all cases. The observation of 13q 
deletions in the tum our cells from sporadic patients (Balaban et al., 1982) 
confirm ed the genetic relationship betw een inherited  and sporadic Rb 
cases, in  that the Rb-1 locus was also the target of som atic m utation. 
Subsequently, one familial Rb case w ith a syntenic deletion of Rb-1 and 
EsD w as reported and found to be hom ozygous for the null EsD allele 
(Godbout et al., 1983), strongly implicating the Rb-1 locus as the target for 
Knudson's second 'hit'.

More formal evidence for the homozygous m utation of Rb-1 came from a 
m olecular genetic study  using  localised restric tion  fragm ent length  
polym orphism s (RFLPs) to follow the segregation of chrom osom e 13
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alleles in norm al and tum our cells (Cavenee et al., 1983). They were able 
to dem onstrate a num ber of mechanisms by which somatic homozygosity 
could arise, w ith chromosome non-disjunction (with or w ithout somatic 
reduplication) and  m itotic recom bination being particu larly  frequent 
events (see Cavenee, 1991, for a detailed discussion). Cavenee et al., were 
also able to dem onstrate that it was the chromosome from  the norm al 
parent that was lost in familial cases, cementing the recessive hypothesis.

The observation of mechanisms occurring at sufficiently high frequencies 
tha t could reveal the existence of suppressor genes has had  profound 
consequences for exam ining the relationship  betw een inherited  and  
sporadic cancers (e.g. reviewed in Lasko et al., 1992; see Seizinger et al., 
1992). In m ost cases to date, linkage of a cancer syndrom e to a particular 
region in the genome, has been confirmed by the observation of allele-loss 
affecting the same region in tum our cells. Indeed, positional cloning 
stra teg ies (see p a rt III of th is in troduction ) have  been  g rea tly  
com plem ented by the observation of interstitial deletions and m itotic 
reco m b in a tio n  even ts  w h ich  serve  to  sub -loca lise , som etim es 
considerably, the position of the gene. Such approaches have allowed the 
cloning of strong candidates for genes that predispose to W ilm’s tum our 
of the Kidney (e.g. Gessler et al., 1990) and retinoblastom a (Friend et al., 
1986; Fung et al., 1987; Lee et al., 1987).

Some exceptions to this generalisation exist, and  w arran t caution in 
assum ing tha t there is always a sim ple genetic relationship  betw een 
inherited and sporadic cancers. For example m ultiple endocrine neoplasia 
type-2 syndrom e (MEN2A), which is characterised by the appearance of 
m edullary thyroid carcinomas and phaeochromocytomas, has been linked 
to chromosome 10. However, tum our cells do not exhibit loss of alleles in 
the same region. Indeed, allele-loss has only been consistently observed 
on chrom osome 1 (Landsvater et al., 1989; Nelkin et al., 1989). Also, in 
Neurofibrom atosis type-1 (NF-1), for which a strong candidate has been 
isolated on 17p ll.2  (Wallace et al., 1990; Viskochil et al., 1990), there is 
considerable doubt as to whether allele-loss occurs in NF-1 tum ours at this 
site (Menon et al., 1990). Conversely, in some kindreds exhibiting W ilm’s 
tum our of the kidney, linkage has not been dem onstrated on l i p  (Grundy 
et al., 1988; H uff et al., 1988). This is in contrast to the vast m ajority of 
cases w here the appearance of childhood W ilm 's tum ours is associated 
w ith loss of alleles on l ip .
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The observation of allele-loss has, in addition, provided strong evidence 
to suggest that m ost common hum an cancers, such as lung, breast and 
colon, in addition to m any others, progress though the consistent (and 
sometimes extensive) loss of suppressor genes, some of which are shared 
betw een d isparate  tum our-types (review ed in Seizinger e t al., 1992). 
Allele-loss in these cancers, in genomic regions where no inherited cancer 
predisposition appears to m ap, has, nonetheless, led to the identification 
of a num ber of critical suppressor genes, such as p53 on 17p (Baker et al.,
1989) and DCC (Deleted in Colorectal Carcinoma) on 18q (Fearon et al.,
1990). M utations in the p53 gene (discussed in p a rt II), have been 
implicated in a large variety of tum ours, such as colon, breast, lung, brain 
and m any others. In fact few cancers have been described that do not show 
m utations in this gene (Lasko et al., 1992; de Fromentel and Soussi, 1992). 
As a corollary to identifying genes by virtue of linkage w ith  a cancer 
syndrom e, these genes represent strong candidates for being inherited as 
m utants in syndromes exhibiting cancers for which such m utations have 
been described. Germ-line m utations of the p53 gene have subsequently 
been found in Li Fraum eni individuals (Malkin et al., 1990), w ho are 
predisposed to a sub-set of the tum our types in which p53 m utations have 
so far been described (de Fromentel and Soussi, 1992).

For som e of the suppressor genes that have been cloned (e.g. Rb-1 and 
p53), in addition to some of the chromosomes on which these genes are 
inferred to lie (see Stanbridge, 1990), there is now considerable evidence to 
suggest that these genes, albeit in diverse ways (Weinberg, 1992), do serve 
to regulate normal cell growth control (see Lasko et al., 1992; Stanbridge et 
al., 1990). Transfer of whole hum an chromosomes into tum our-derived 
cell lines of different types, although largely unable to precisely pinpoint 
the genes or num bers of genes involved, appears to be a generally valid 
model in dissecting the role of m any suppressor genes in a single tum our 
(e.g. Goyette et al., 1992), in addition to confirm ing the suspicions of 
suppressor gene localisation inferred by allele-loss studies (Stanbridge,
1990).
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Part II. Colorectal cancer.

1.4. Common colorectal cancer.

Com m on or 'sporadic' colorectal cancer represents a very significant 
contribution to m ortality in industrialised western countries. The annual 
m ortality rate  is second only to lung cancer in Britain and the U nited 
States. For example, in 1985, some 24000 new cases, and over 17000 deaths 
w ere registered in England and Wales (Office of Population Censuses and 
Surveys, 1985a; 1985b).

Epidemiological studies, which show a considerable geographic variability 
in the incidence of colon cancer (e.g. Boyle et al., 1985), and  which, in 
addition, have show n that m igrants commonly acquire the host country 
incidence rates (e.g. W ashauer et al., 1986), suggest a m ajor role for 
environm ental factors, particularly  diet, in the aetiology of colorectal 
cancer (Armstrong and Doll., 1975; Willett, 1989).

A com bination of studies investigating m ortality, incidence am ongst 
relatives and, m ore recently, large pedigree analysis have, how ever, 
provided evidence to suggest a potential contribution of inherited factors 
in 'common' colorectal cancer aetiology (reviewed in Bishop and Thomas,
1991). Genetic models suggest the existence of a major gene, albeit w ith a 
very  low  frequency and a generally low life-tim e penetrance in the 
population as a whole (Burt et al., 1985; Cannon-Albright et al., 1988).

It is generally accepted that carcinoma of the colon, in the vast majority of 
cases at least, arises by clonal expansion from an adenom atous polyp, first 
suggested by Lockhart-M ummery in 1925 (cited in Bulow, 1987). This 
progression along a well defined histopathological sequence is commonly 
referred  to as the 'adenom a-carcinom a' sequence. A large body  of 
evidence exists, although largely indirect and circum stantial, to support 
this idea (reviewed in Morson, 1974a; M orson 1974b; M orson et al., 1983; 
Burt and Samowitz, 1989). Perhaps the most salient argum ents are (1) the 
observation of a m orphological associations betw een adenom as and  
adenocarcinom as, w here the latter eventually becomes the predom inant 
tissue aberration (Morson, 1966) and, (2) the fact that persistent removal of 
adenom as from  patien ts w ith  Familial A denom atous Polyposis (see 
below) can reduce the expected incidence of rectosigm oid cancer by as
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m uch as 85% (Fenoglio and Pascal, 1982). More recently, support for this 
idea  has come from  the observation of consistent som atic genetic 
alterations that appear to accumulate in the progression from adenom a to 
carcinoma (Vogelstein et al., 1988).

The idea of a progressive adenom a-carcinom a sequence correlates well 
w ith the statistical notion of cancer incidence as a function of age. It has 
been suggested that cancer of the colon may be the end result of as m any as 
five to six discrete steps (Ashley, 1969b). Colonic crypts developm entally 
arise from  single progenitor cells (Ponder et al., 1985) w hich m aintain 
their status throughout adult life (Griffiths et al., 1988). The pathw ay from 
im m ature progenitor cells to differentiated colonic epithelial cells occurs 
over a period of four to five days. Thus, the colon in m an, effectively 
undergoes complete cell turn-over (in the sense of a balanced equilibrium) 
in one week (Fenoglio-Preiser and H utter, 1985). This has been used to 
suggest that somatic m utation rates in m an are probably sufficient to 
account for the appearance of colorectal cancer during the life-time of an 
ind iv idual.

1.5. Familial Adenomatous Polyposis (FAP).

The existence of a highly penetrant and dom inantly inherited syndrom e 
in which individuals are specifically predisposed to colorectal cancer has 
long been recognised (Cripps, 1882; Lockhart-M umm ery, 1925; cited in 
Bulow, 1987). This syndrom e, m ost commonly referred to as Familial 
A denom atous Polyposis (FAP), is of particu lar in terest in  th a t the 
developm ent of colorectal tum ours appears to progress along the same 
h istopatho log ical con tinuum  described  for com m on o r ’spo rad ic ' 
colorectal carcinoma (i.e., the adenoma-carcinoma sequence). Because of 
the highly penetrant autosom al dom inant character of FAP (see below), 
this syndrom e has provided an ideal m odel for identifying the genetic 
basis of the initiating events involved in colorectal cancer in the general 
population.

FAP is characterised by the appearance of m ultiple adenom atous polyps in 
the colon and rectum  at a m edian age somewhere between 15 to 16 years 
(M urday and Slack, 1989; Bulow 1986, respectively). Although there are no 
defined upper and lower limits, the num ber of polyps can range from 
betw een about 150 to over 5000 (Bussey, 1975). Indeed, cases have been
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found in the St. M ark's Hospital series (London), w here the colon is so 
carpeted w ith polyps that the normal colonic mucosal lining can hardly be 
seen (Bussey, 1982). Clinically, the appearance of at least 100 adenom atous 
polyps has been suggested as the guideline for diagnosis of polyposis coli to 
d ifferentiate  those cases exhibiting m ultip le  'sporadic ' adenom atous 
polyps (Bussey, 1975). An example of a colon surgically rem oved from an 
individual w ith FAP is shown in figure 1.1.

In general, for individuals w ithout a previously identified risk of FAP, the 
first sym ptoms, such as increasing bowel m ovem ents, m ucous discharge 
and occasional rectal bleeding, are only realised at a median age of 30 years 
(Bulow, 1986) and m any polyps m ay then be in the one centim etre size 
range (Bussey, 1982). At the time of diagnosis, usually prom pted by severe 
rectal bleeding, as m any as 60% of patients will already have colorectal 
cancers at one or m ore sites (Bussey, 1982). This p red isposition  to 
colorectal cancer in untreated individuals is very aggressive, resulting in 
p rem ature death  at around 40 years (Dukes, 1952; Bulow, 1986). This 
sharply contrasts with the generally late age of diagnosis (60 to 65 years) in 
patients diagnosed with common colorectal carcinoma (Bussey, 1975).

Incidence calculations, or risk estim ates for FAP, have  come from  
polyposis registries, the m ost reliable of which is probably the Danish 
register which is essentially complete (Bulow, 1986). The cum ulative 
incidence in the Danish population has been estim ated at 0.97 x lO 4 (i.e., 
approximately 1 in 10000 live births), over the period 1976-82 (Bulow et al., 
1986; Bulow 1987). Although this figure is in approximate agreem ent w ith 
estim ates from Sweden, Finland, Japan and Britain, m ost of the risk 
estimates in the latter groups are based on the comparison of death from 
colon cancer versus norm al m atched controls. These results are therefore 
biased by the im proved prognosis of identified FAP individuals in recent 
times (Bulow, 1987). There appears to be no sex bias in the populations 
studied to date, consistent w ith autosomal inheritance (Bulow, 1986; Aim 
and Licznerski, 1973; Bussey, 1975).

Germ line m utation rates for the gene that predisposes to FAP (APC; 
M cAlpine et al., 1987) have been calculated from  essentially com plete 
polyposis registries. The rate is of the order of about 1 x lO-5 per generation 
(e.g. Reed and Neel, 1955) w ith almost complete penetrance (Veale, 1965; 
U tsunom iya, 1989). This rate  appears to be essentially sim ilar in m any
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Figure 1.1. Surgical specimen of an affected colon from an FAP 
patient.

In the top part of the figure, the bowel has been opened up longitudinally to 
reveal the mucosal surface carpetted w ith small polyps. The terminal ileum 
is at top left and the rectum at bottom left. The lower part of the figure shows 
the sigmoid colon in more detail where the polyps, in general, can be seen as 
small protrusions above the mucosal surface.
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different populations suggesting that FAP is m aintained by a m utation- 
selection balance (see Bodmer, 1989). Such a high m utation rate implies 
that m ost families will segregate independent mutations. Indeed, isolated 
cases of FAP w ithout any obviously affected family members, occur in the 
Swedish register at a frequency of 30% (Aim and Lecznerski, 1973) and 
ranges up to as high as 47% in the Danish register (Bulow, 1987). Some of 
these apparently  'new m utations', how ever, m ay be due to incom plete 
ascertainment of family history.

A w ide variety of extra-colonic m anifestations have been described in 
patien ts w ith  polyposis coli. Principally , these include m andibular 
osteomas and epiderm oid cysts (Gardner, 1951; G ardner and Plenk, 1952; 
G ardner and Richards, 1953; Gardner, 1962) which, in combination w ith 
colonic polyposis, are referred to as G ardner's Syndrom e (GS). GS was 
originally thought to be clinically distinct to FAP because of the apparent 
familial clustering of these manifestations. However, the finding of one 
or m ore of these m anifestations in a significant p roportion  of 'sim ple' 
polyposis patients, particularly in Denm ark (Bulow et al., 1984; Bulow,
1986) and  Japan (Utsunom iya and N akam ura, 1975), suggest that they 
should, in fact, be considered as traits of FAP syndrom e (see Utsunom iya, 
1989; Cohen, 1982, for discussions). O ne other in teresting anom aly, 
congenital hypertrophy of the retinal pigm ent epithelium  (or CHRPE; 
Blair et al., (1980)) has, in addition, been increasingly associated w ith 
colonic polyposis. This condition, which is a benign ocular lesion and 
m ost often  bilateral, has becom e a strong  cand idate  for effective 
presym ptom atic diagnosis of FAP as it appears to be highly penetrant in 
polyposis families (Polkinghome et al., 1990; Chapm an et al., 1989).

Polyposis patients, in addition, appear to be at a significantly increased risk 
of other tumour-types, particularly in the upper gastrointestinal tract, such 
as gastric and duodenal polyps, in addition to desm oid tum ours (Bulow, 
1987; Domizo et al., 1990). There also appears to be a significantly high risk 
of brain (Leeds Castle Meeting Report, 1988) and other tum ours, such as 
hepatoblastom a and neurofibrom atosis, which are generally rare in the 
population as a whole (Garber et al., 1988; Pratt et al., 1988).

These extra-colonic m anifestations, w hich are in som e cases at least, 
inextricably associated w ith polyposis, are likely to be a consequence of
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m utations at the A PC  locus, which, in contrast to sporadic cases of 
colorectal cancer, are present in each cell of polyposis patient.

1.6. Localisation of the APC gene.

The highly penetran t nature of the FAP phenotype, in addition  to the 
availability of well characterised families through polyposis registries, 
m ake th is syndrom e em inently  suitable for the  localisation of the 
causative gene by standard linkage analysis, although cytogenetic clues 
have considerably expedited these analyses. Veale at one tim e reported 
linkage for the polyposis disease locus w ith the MNSs blood group 
determinants. However, this was later retracted (Veale, 1965). G ardner et 
al., (1982) then  repo rted  the apparen tly  consistent find ing  of an 
heterom orphism , tentatively defined as a deletion of ql4.3-q21.3 on 
chromosome 2 in seventeen patients. These findings, however, could not 
be corroborated.

A further report by H errera and colleagues at Roswell Park in Buffalo, 
U.S.A., was to prove correct. Herrera et al., (1986) reported a patient with 
m ultiple polyposis, m ental im pairm ent, developm ental anomalies and a 
heterozygous deletion on chromosome 5q, around regions q l3 -q l5  or q21- 
q22. Linkage analysis w ith an anonymous DNA probe, c l l p l l  (D5S71), 
recognising a polym orphic locus on chrom osome 5, led Bodmer et al., 
(1987) and Leppert et al., (1987) to demonstrate linkage with polyposis. The 
LOD scores (log of the odds) were in excess of 3 in each case, suggesting 
combined odds of at least 1 in 106 against such a linkage association by 
chance alone. This m arker was then localised to 5q21-q22 by in situ 
hybridisation by Bodmer and colleagues (Bodmer et al., 1987), a region 
entirely consistent w ith the deletion described by H errera et al., (1986). 
These results were alm ost imm ediately confirmed by Meera Khan et al.,
(1987).

A t least one definitive recombination between the disease locus and this 
m arker w as subsequently  repo rted  by A ldred  et al., (1988). The 
identification of further recombinations has dem onstrated that the probe 
is, in fact, located some 9 to 10 centiM organs (cM) centrom eric to the 
disease locus (Dunlop et al., 1989; Dunlop et al., 1990). N akam ura et al.,
(1988) further sub-divided this region by genetic analysis w ith 6 newly 
identified polymorphic lod . The m inim um  genetic distance betw een two
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m arkers, YN5.64 and  YN5.48, thought to flank the A P C  gene, was 
calculated to be about lOcM.

1.7. Loss of chromosome 5 alleles and the relationship between 
inherited and sporadic colorectal cancer.

C oncom itan t w ith  the  d em o n stra tio n  of linkage w ith  FAP on 
chromosome 5q (Bodmer et al., 1987; Leppert et al., 1987), Solomon and 
colleagues (Solomon et al., 1987) investigated the possibility of recessive 
change invo lv ing  the  A P C  gene by analogy w ith  the  com m on 
m echanism s associated , in m ost cases, in  fam ilial an d  sporad ic  
tum origenesis (Knudson, 1971; Cavenee et al., 1983). They w ere able to 
dem onstrate loss of heterozygous chromosome 5 alleles in betw een 20 to 
40% of carcinomas derived from sporadic cases assum ed to encompass the 
APC  gene. In addition, they were able to infer a significant reduction to 
hom ozygosity in a num ber of tum our-derived cell lines (50% observed 
versus 8% expected). These figures are likely to be underestim ated since 
the most informative locus-spedfic marker, A.MS8, is located at 5qter.

These studies were extended and largely confirmed, w ith  frequencies of 
chromosome 5 allele-loss in sporadic carcinomas generally in the range of 
about 30% (Okamoto et al., 1988; Vogelstein et al., 1988; Rees et al., 1989). 
More recent investigations with polymorphic m arkers closely flanking the 
APC  gene, have suggested a frequency as high as 60% (Ashton-Rickardt et 
al., 1989). These studies dem onstrated the long suspected relationship 
between familial and sporadic colorectal cancer in that allele-loss, which is 
usually the second event, implied the hom ozygous somatic inactivation 
of the APC  gene in sporadic colorectal tum ours. Colorectal carcinoma in 
FAP patients is, however, a secondary consequence of m utations in the 
A P C  gene since it is the appearance of adenom atous po lyps that 
characterises the polyposis phenotype. Thus, one w ould expect to observe 
loss of heterozygous alleles on chromosome 5 in adenom as, in line with 
the recessive hypothesis (Knudson, 1985). Initial studies suggested that 
this was not the case (Solomon et al., 1987; Okamoto et al., 1988; Law et al.,
1988).

However, a large and incisive study by Vogelstein and colleagues, using 
po lyp  tissue  h igh ly  en riched  for neop lastic  cells, sub seq u en tly  
dem onstrated loss of heterozygosity at a sim ilar frequency (26-39%) in
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m edium  and large sized adenom as as well as carcinomas from sporadic 
cases (Vogelstein et al., 1988). This clearly implicated loss of the APC  gene 
as an early step in colorectal neoplasia. Vogelstein et al., (1988) were, 
however, unable to dem onstrate loss of heterozygous alleles in any of 34 
sm all adenom as from  FAP patien ts; an observation  th a t has been 
consistently reported (Solomon et al., 1987; Law et al., 1988).

This w ould suggest a fundam ental difference in neoplastic progression in 
inherited  and sporad ic  cases. H ow ever, allele-loss has since been 
dem onstrated at least in large adenomas (Rees et al., 1989) and carcinomas 
(Sasaki et al., 1989; Rees et al., 1989) from FAP patients suggesting that this 
is probably not the case. Because of an inherent early ascertainm ent bias 
that will exist in FAP patients w ith a familial history, no studies have yet 
been carried out to compare, directly, allele-loss in small adenom as from 
both inherited and sporadic cases. In sum, the results imply that colorectal 
neoplasia, in contrast to o ther inherited  cancer syndrom es, is not 
necessarily initiated by homozygous inactivation of the APC  gene.

This presents an inherent difficulty in form ulating a genetic model for the 
expression of recessive alleles in familial colorectal tum our progression. 
A lthough each adenom a is probably derived from a clonal expansion of 
cells (Fearon et al., 1987), this expansion, in the initial stages at least, does 
not appear to be associated with the loss of the rem aining wild-type alleles 
flanking the APC gene (Solomon et al., 1987; Vogelstein et al., 1988).

The situation can, however, be reconciled if one modifies the recessive 
hypothesis by assum ing that being heterozygous for a m utan t allele is 
sufficient to allow a phenotypic effect even in the presence of a w ild-type 
allele. In th is respect, Bodmer et al., (1987), have suggested  th a t 
heterozygous m utations at the APC  locus are sufficient, in totatum, for the 
appearance of adenom atous polyps. They have proposed that adenom a 
initiation m ay be epigenetic in nature if the APC  gene product w ere to 
have a negative effect on the production or steady state concentrations of 
epithelial cell growth-factors.

If the norm al hom ozygote produces sufficient gene p roduct to ensure 
m aintenance of a critical th resho ld , it m ay be th a t the  deficient 
heterozygote could allow random  fluctuations below  this critical level 
resu lting  in localised hyper-pro lifera tion  of colonic ep ithelial cells.
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Vogelstein et al., (1988) suggest that inactivation of the rem aining wild- 
type allele m ay m agnify this hyper-proliferation, bu t w ould  no t be 
necessary for the effect. They also point out that other epigenetic effects, 
such as hypo-m ethylation , w hich is the only consistent difference 
observed between norm al and dysplastic colonic epithelial cells (Golez et 
al., 1988; Feinberg et al., 1988) may prom ote a proliferative effect, viz-a-viz 
abnorm al m itotic segregation of chromosomes (Schmidt et al., 1985), in 
revealing other partial-dom inant loci.

In sum, these results suggest a critical role for m utations in the APC gene, 
in both inherited and sporadic colorectal cancer cases. M oreover, Miyaki 
et al., (1990) have recently dem onstrated that for inherited  cases, the 
chrom osom e from the norm al paren t is lost in the tum our, strongly 
supporting  the analogy, in terms of formal genetics at least, w ith other 
inherited cancer syndromes (Knudson et al., 1985).

1.8. Other genetic alterations in the progression to colorectal 
neoplasia.

A num ber of other consistent somatic m utations involved in colorectal 
neoplastic progression have been described (Fearon and Vogelstein, 1990), 
the num ber of which is largely consistent with the incidence of colorectal 
cancer increasing as a function of a fifth to sixth pow er of age (Ashley, 
1969b).

The acquisition of som atic m utations confering a dom inant effect in 
colorectal neoplasia w as originally  inferred from  cell transform ation  
assays using DNA from  tum our sam ples (N eedlem an e t al., 1983). 
A lthough a num ber of alterations in oncogenes have been described in 
colorectal tum ours, such as amplification of c-myb (Alitalo et al., 1984) and 
the neu oncogene (D'Emillia et al., 1989), the only consistent som atic 
m utation so far described has been found in the cellular hom olog of the 
m urine  K irsten -ras oncogene (c-Ki-ras). A ctivating m utations, m ost 
com m only found in  codon 12, have been observed in u p  to 50% of 
colorectal carcinomas (Forrester et al., 1988; Bos et al., 1988) and at a similar 
frequency in m ore dysplastic adenom as greater than one centim etre in 
size. In contrast, ras gene m utation in adenomas of one centimetre or less 
in diam eter occurs in only about 10% of cases (Vogelstein et al., 1988; Farr 
et al., 1988). These results, in addition to the fact that not all patients
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exhibit ras gene m utations (Vogelstein et al., 1988), suggests that the 
acquisition of somatic m utations in the ras gene is not an initiating event, 
b u t m ore likely a later event, perhaps giving rise to a m ore dysplastic 
polyp.

Following provocative cytogenetic reports of clonal alterations involving 
chrom osom es 17 and  18 in eleven patien ts w ith  colorectal tum ours 
(M uleris et al., 1985), loss of heterozygous alleles on chrom osom e 17, 
particularly on the short arm, was demonstrated in 76% of cases (Fearon et 
al., 1987). This was subsequently confirmed in similar studies (Law et al., 
1988; M onpezat et al., 1988; Vogelstein et al., 1988). Exam ination of 
adenom as highly enriched for neoplastic cells suggested that loss of 17p 
alleles is a generally late event in tum our progression, largely coinciding 
w ith  the transition from adenom a to adenocarcinom a (Vogelstein et al.,
1988).

Loss of heterozygosity on chromosome 17 was show n to be centred on 
17pl2-pl3.3, a region know n to contain the gene encoding the tum our 
associated protein, p53 (Baker et al., 1989). Sequencing of p53 alleles in 
tw o tum ours in w hich the other allele had  been lost, revealed tw o 
independen t som atic m utations, strongly im plicating th is gene as the 
target for somatic alteration on 17p in colorectal tum ours (Baker et al.,
1989). Further studies have revealed that m utation in  p53 is a common 
event in colorectal tum ours, in addition to a wide variety of tum our-types 
frequently exhibiting 17p allele-loss (Nigro et al., 1989; review ed in de 
Fromentel and Soussi, 1992).

Initial studies of m utan t copies of the p53 gene in cell transform ation 
assays suggested that they behave essentially as activated oncogenes, 
particularly in co-operation w ith other activated genes, such as m utant ras 
(e.g. Parada et al., 1984). On the surface, this was inconsistent with the idea 
of p53 as a tum our suppressor gene. H ow ever, Baker et al., (1989) 
proposed that m utant copies of the p53 gene may act in a partial-dom inant 
m anner w here  the  m u tan t gene no t only  losses norm al g row th  
suppressive  function, b u t also in terferes w ith  the function  of the 
rem aining wild-type gene product. Consistent w ith this proposal, N igro et 
al., (1989), have dem onstrated the existence of at least one tum our in an 
'interm ediate' state, that is with one m utant and one w ild-type allele. In 
the absence of any w ild-type p53 alleles in colorectal tum our-derived cell
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lines, re-introduction of a fully functional gene under a strong prom oter 
has a potent suppressive effect (e.g. Baker et al., 1990).

Loss of heterozygous alleles on the q arm  of chrom osome 18 w as also 
dem onstrated in between 52% (Law et al., 1988) and 73% (Vogelstein et al., 
1988) of tum ours studied. Inactivation of a further suppressor gene on 
18q, like the p53 gene on 17p, appears to occur during  late adenom a 
form ation (Vogelstein et al., 1988). Further allele-loss stud ies w ith  a 
polym orphic locus at 18q23.1 revealed a hom ozygous deletion in  one 
tum our and a suggestive alteration in one other. A gene spanning this 
region, term ed DCC (Deleted in Colorectal Carcinoma) was subsequently 
identified (Fearon et al., 1990). Intriguingly, DCC has significant homology 
to a class of cell adhesion molecules, m ost closely resem bling the neural 
cell adhesion m olecule (N-CAM). This is a particu larly  provocative 
finding in that abrogation of cell adhesion or cellular com m unication 
w ould be consistent with DCC as a tum our suppressor gene.

Initial reports from Okamoto et al., (1988) suggested a major role for loss of 
constitutional heterozygosity on chromosome 22 in a study of colorectal 
tum ours from  Japanese polyposis patients. A lthough th is study  was 
confirm ed by further investigation of Japanese cases (Sasaki et al., 1989), 
a ttem pts to reproduce these studies, in the U.S. at least, has no t been 
successful (Law et al., 1988; V ogelstein et al., 1989). A dd itional 
observations of apparently significant allele-loss frequencies at a num ber 
of other sites, such as chromosomes 6 ,12q, 14 and 15 (Okamoto et al., 1988; 
Sasaki et al., 1989), have also m et w ith little or no confirm ation, except 
perhaps for loss of 6q alleles (Vogelstein et al., 1989). The significance of 
these observations, if any, m ay lie in alternative bu t perhaps equivalent 
accum ulation of genetic changes in the progression to m alignancy in the 
Japanese population.

An extensive chromosomal study of colorectal tum ours, referred to as an 
’allelotype', have been carried out (Vogelstein et al., 1989; Kem  et al., 1989). 
The key feature of these studies is the large am ount of chromosomal loss, 
particularly in patients w ith a generally poor prognosis (see also Kem  et 
al., 1989). A num ber of chromosomal regions, particularly 8p, appear to be 
lost in  up  to 50% of cases, w ith the m ajority of other acrocentric arm s 
exhibiting losses in the range of about 7-30%.
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A lthough consistent som atic genetic alterations do occur, the salient 
feature of colorectal tumorigenesis appears to the accumulation of genetic 
change, rather that a rigorous order in which the individual changes m ust 
occur (Vogelstein et al., 1988). It is generally accepted that m utations in the 
APC  gene are probably the earliest events, inferred from allele-loss studies, 
b u t also on the basis that inherited m utations in the APC  gene give rise to 
m ultiple polyposis in individuals w ith FAP (Vogelstein et al., 1988). After 
localised colonic epithelial proliferation and polyp form ation, som atic 
m utation in the Ki-ras gene, or m utations in other genes conferring an 
equivalent genetic effect, may occur to m agnify the proliferative effect, 
probably after the initial formation of the polyp. Loss of 18q alleles (i.e. the 
DCC gene) appear to be the next most common event, followed by loss of 
chrom osom e 17p alleles (i.e., the p53 gene). M any tum ours have, 
how ever, been observed that do not follow the preferred order, and, in 
addition , none of the genetic changes so far described appear to  be 
m utually  exclusive.

Loss of alleles (for example on 17p and 18q), are usually second events and 
m ay, in  fact m ask the existence of much earlier initiating m utations in 
these genes. In the case of p53, this does not appear to be the case, as 
antibody-staining against the m utant form of p53 is only detected late in 
colorectal tum our progression (Rodrigues et al., 1990).

W hether any of the clonally observed chromosomal losses at about 30% or 
above (Vogelstein et al., 1989) are significant or not is unclear. They m ay 
represent chrom osomal regions w ith other as yet unidentified  tum our 
suppressor genes, or m ay simply reflect an increase of mitotic instability in 
the tum our cell. In either case, they will inevitably appear clonal, w hether 
they resu lt from 'irreversible' non-disjunction or w hether they confer a 
selective grow th potential on the expanding tum our cell population.

Part III. Cloning human genes.

Considerable progress has been m ade in m olecular genetic technology 
over the last decade. The present-day capacity to clone genes largely stems 
from the developm ent of a num ber of key technologies, principally: the 
discovery of enzymes that can cleave DNA at specific nucleotide sequences 
(Smith and  Wilcox 1970, Kelly and Smith, 1970); the use of self-replicating 
episom al vectors that allow propagation of specific DNA fragm ents in
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bacterial hosts (see Berg et al., 1974, and references therein); the use of 
elegant chemical m ethods to 'read' the base sequence of DNA (Maxam and 
Gilbert, 1977; Sanger et al., 1977) and the ability to detect specific DNA 
sequences im m obilised  on solid  suppo rts  by rad io labe lled  p robe  
hybrid isation  (Southern, 1975). This basic collection of fundam ental 
technology has, m ore recently, enorm ously benefitted from  the ability to 
am plify specific DNA fragments by the polymerase chain reaction (PCR; 
see Saiki et al., 1988 and  references therein). PCR has had  dram atic 
consequences for hum an genetic studies, particu larly  in expediting  
previously tedious laboratory techniques, but also in providing entirely 
new  strategies; from the generation of sub-chromosomal DNA probes (e.g. 
N elson et al., 1989; Cotter et al., 1990; Ludecke et al., 1989) to the rap id  
detection of DNA sequence variation (e.g. see Hayashi, 1991).

1.9. Functional cloning.

The ability to clone specific genes responsible for hum an genetic disorders 
has, in the past at least, often relied on information concerning the part or 
step of a biochemical that has been affected. W here the biochemical defect 
is know n at the protein level; for example in the haem oglobin molecules 
which give rise to the vast array of 'haemoglobinopathy' phenotypes (e.g. 
W eatherall, 1990), the genes can be cloned by 're-constructing' likely parts 
of the gene from partial amino acid sequence information, and selection 
of candidate DNA fragments from genomic libraries.

Previously unidentified genes, however, can also be identified w ithout 
this p rio r biochemical knowledge, if, for exam ple, the gene confers a 
dom inan t pheno type in cell culture. In the case of aggressively  
transform ing oncogenes, the DNA fragment(s) from hum an tum ours that 
give rise  to the effect (i.e., the  oncogene) can be recovered from  
transform ed m ouse cell foci (e.g. Tabin et al., 1982). Similarly, genes for 
novel products, such as cell-surface determ inants, can be selected for by 
antibodies after transfection of whole cDNA libraries into cells that do not 
express these products (e.g. Seed and Aruffo, 1987). A daptations of this 
basic technique can also be modified to complement for the loss or absence 
of biological function. For example, the loss of cell-matrix attachm ent 
ability in metastatic tum our derived cell lines can be complemented by the 
introduction of a cDNA library constructed from sim ilar cells derived 
from  tum ours that have not undergone m etastasis (e.g. Pullm an and
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Bodmer, 1992). Even though m utations in tum our suppressor genes 
represent a biological loss of function, the function of these genes (only 
one of which has, for example, been im plicated in cell surface activity 
(DCC; Fearon et al., 1990)), is still largely obscure (W einberg, 1992). 
Suppressor genes, in addition, are unlikely to display highly selectable 
phenotypes in cell culture. Some of these genes, however, clearly suppress 
the formation of tum ours in imm une deficient mice (see Stanbridge, 1990) 
but, the idea of selecting one or more cDNA clones that confer this effect at 
the level of the organism  is practically and, to some extent, ethically 
untenable.

’Loss of function ' m utations m ay also be am enable to selection by 
subtractive  techniques at the level of gene expression. In such an 
approach, cDNA libraries from m utant cells w ould be compared to cDNA 
libraries from 'wild-type' cells by hybridisation of both w ith the wild-type 
library as a probe. At the outset of these studies, such an approach was 
seriously considered for identification of the APC  gene. However, the 
m utation  status in available cell lines derived from colorectal tum ours 
was unknown; specifically, it was not clear at what level the gene w ould be 
expressed. For example, it the mRNA was transcribed at entirely norm al 
levels, or even at sub-norm al levels, the strategy w ould dictate that all 
d ifferences in expression  (w hich w ould  invariab ly  include  those 
apparently different due to technical artifacts) should be examined.

Independent attem pts using this approach by two groups resulted in the 
selection of a few hundred  sequences either not expressed or m ore lowly 
expressed  in carcinom a biopsies versus norm al colonic ep ithelium  
(Augenlicht et al., 1987; Elvin et al., 1988). Although some of these cDNAs 
m ay well represent targets of m utation in the progression to m alignancy, 
the  num bers involved suggest a laborious and generally  untenable  
strategy where no information on gene expression is available.

In sum , these methodologies, referred to as 'functional cloning' (Collins, 
1992) have been considerably successful in identifying a few hund red  
genes. How ever, they rely on a know ledge of the gene p roduct (or 
indications about the level of gene expression) or depend on the selection 
of a well defined phenotype. For the majority of congenital or somatic 
hum an genetic defects (McKusick, 1991), there are generally few if any 
clues as to the nature of the altered DNA sequences responsible, in
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addition to phenotypes that are not, in most cases at least, amenable to cell 
biological techniques.

An alternative approach, however, best term ed 'positional cloning', aims 
to identify  a gene on the basis of genom ic location, ra ther than  a 
knowledge of its function. This approach has been considerably successful, 
having resulted in the cloning of thirteen genes previously undescribed, 
in addition to nine known genes whose involvem ent in specific disorders 
could be inferred purely on the basis of genomic location (see Collins, 
1992). Positional cloning follows a strictly genetic approach, typically 
hierarchical in nature. The key elem ents of the general strategy are 
outlined below.

1.10. Positional cloning.

1.10.1. Localisation of the gene: Linkage analysis.

N atu ra l variation that exists at the DNA sequence level in com plex 
genom es has led to the iden tification  of bo th  p ro te in  and DNA 
polym orphism s. Polym orphic variants can allow the differentiation of 
hom ologous chrom osom es since each  in d iv id u a l in h e rits  one 
chrom osom e of each autosom al pair from , in the general population, 
unrelated parents. The first hum an sequence variants uncovered at the 
DNA level were noted in the p-globin gene (Kan and Dozy, 1979) through 
differences in restriction endonuclease sites giving rise to d iffering 
fragm ent lengths (referred to as RFLPs). RFLPs, which were found to be 
quite common (see W hite, 1988 for an historical review) allow one to 
follow, in a genotypic m anner, the segregation of specific alleles in 
individuals of a family, thus providing the basis for extensive linkage 
analysis in hum ans. This potential led Solomon and Bodmer (1979) to 
propose the construction of a linkage m ap of the entire hum an genome, 
which was more practically enlarged upon by Botstein et al., (1980).

Linkage, stated simply, assesses the likelihood of two or m ore loci being 
co-inherited. The further apart two m arkers are, the less likely that they 
will be co-inherited (and therefore 'linked') due to separation by meiotic 
recombination. M athematical models (Morton 1955, M orton, 1957) allow 
the calculation of this likelihood as a LOD score or a logarithmic function 
of the odds of linkage versus non-linkage. The LOD score can be
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maxim ised w ith reference to a recombination fraction, giving an estimate 
of the m ost probable distance between two loci. This genetic distance is 
expressed in centiMorgans (cM), where one cM is a notional distance over 
which one recombination w ould be expected during one hundred  meioses 
(Morgan, 1911). The comparison of physical distance (i.e., the length of 
DNA) to genetic distance has suggested that one cM is approxim ately 
equivalent to about one million base-pairs (1Mb). However, the difference 
that exists in recom bination rates betw een m ales and females and, in 
specific regions of the genome (for exam ple on 21 q, Cox and Shimizu, 
(1992)), w arrants caution in this assumption.

For families exhibiting a near fully penetrant phenotype, such as familial 
adenom atous polyposis (FAP), a battery of RFLPs can be used to assess the 
likelihood of a polymorphic variant segregating with the phenotype, and 
therefore w ith the disease locus. For other disorders, the phenotype m ay 
be subject to m isclassification (genetically heterogeneous), w hich, in 
addition to a social pressure for fewer offspring in western nation families, 
makes the general m ethod more difficult. In the m ost ideal situation, two 
or more loci may be linked to the disease locus and flank either side of the 
gene w hich then defines boundaries in w hich the  gene m ust lie. 
Subsequent m ulti-locus linkage analysis (e.g. Lathrop e t al., 1984) w ith 
additional m arkers can further sub-define the gene's position to w ithin a 
few cM. Linkage analysis below this level, however, becomes difficult 
since a very large num ber of m eioses are requ ired  to increase the 
probability of recom bination betw een a closely linked m arker and  the 
disease locus.

1.10.2. Localisation of the gene: Chromosomal aberration.

The identification of chromosomal aberration, which largely depends on 
the spectrum  of m utation exhibited by the gene in question, can greatly 
expedite both  the location of a gene of and, in add ition , p rov ide  a 
significant resource for subsequent gene identification. The cloning of 
m ost genes approached  th rough  genom ic location have  depended , 
critically, on such aberrations. For some genes, however, such as cystic 
fibrosis (CF), the spectrum  of m utation is severely lim ited, having arisen 
only a few times in the general population and does not appear to include 
structural aberration (NIH w orkshop on population  screening for the 
cystic fibrosis gene, 1990). A sim ilar situation  is also apparen t in
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H untington's disease, for which the defective gene (if it is, indeed, a gene; 
Laird, (1990)) remains to be cloned. Although chromosomal deletion and 
translocation are by far the most common structural abnormalities, special 
cases of 'rearrangem ent' do exist: for example, the appearance of m ultiple 
repeat elem ents in M yotonic dystrophy, X-linked and  spinal Bulbar 
m uscular atrophy and Fragile-X, which are detectable at the level of the 
Southern blot (reviewed in Richards and Sutherland, 1992).

The critical assum ption, particularly in the case of large deletions and 
translocations, is that these aberrations affect the gene in question. It is of 
course possible - a lthough  unlikely - th a t the  appearance o r even 
segregation of such anomalies is peripheral to the disease. In the case of 
the APC  gene, cytogenetically visible deletions have been observed in a 
num ber of patients, usually associated w ith other phenotypic anomalies, 
such as mental im pairm ent and developmental dysmorphologies. One of 
these, identified by Herrera et al., (1986), proved pivotal in suggesting the 
genom ic location of the A P C  gene on chrom osom e 5, subsequently  
confirmed by linkage analysis (Bodmer et al., 1987; Leppert et al., 1987). 
Since the m apping of the gene, a num ber of further deletions have been 
identified (Hockey et al., 1989; Varesco et al., 1989; Cross et al., 1992), 
including one deletion type present in two brothers (Hockey et al., 1989).

A part from  the obvious contribution of chrom osom al anom alies in 
suggesting gene location, the altered chrom osome can, in addition , be 
segregated in the absence of the norm al homolog by the construction of 
inter-species chromosomal hybrids. This relies on the fusion of tw o cells 
from different species (e.g., Harris and W atkins, 1965; Pontecorvo, 1975), 
w ith  the  subsequent loss of hum an chrom osom es in an apparen tly  
random  m anner (e.g. Nabholz et al., 1969). The chromosome of interest 
can be selected for either genetically in cell culture by virtue of genes on 
that chromosome, as first show n by H arris and W atkins, (1965), or, as 
more recently dem onstrated, by PCR sib-selection (Markie et al., in press). 
For m apping studies, a deletion provides a 'w indow ' in which the gene 
m ust lie. Segregation of the deleted chromosome in the absence of the 
norm al hom olog allows the rap id  localisation of probes w ith in  this 
w indow, and suggests that the probes will necessarily be close to the gene. 
A num ber of som atic cell hybrids segregating chrom osom es 5 w ith 
interstitial deletions have been constructed (Varesco et al., 1989; Thomas, 
1991) and are described in the results chapters of this thesis.
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In parallel w ith the finding of constitutional alterations in the germ -line 
of cancer-syndrom e patients, the observation of allele-loss in tum ours 
provides a wealth of inform ation for the further sub-localisation of the 
gene-region. Due to the natural variation of breakpoints created by 
somatic deletion or mitotic recombination which, for the m ost part, occur 
at high frequency to select against a tum our suppressor gene, the gene can 
be narrow ed down, in some cases quite considerably, by the overlap of the 
deletions or the sites of recombination (e.g. Ashton-Rickhardt et al., 1989; 
see also Baker et al., 1989). Moreover, the observation of one or m ore 
hom ozygous deletions in tum our cells w ould further indicate a very 
small region in which to assess candidate genes. A lthough hom ozygous 
deletion should be a very rare event, the use of a large num ber of tum ours 
or tum our-derived  cell lines should  increase the probability  of their 
identification (see for e.g., Fearon et al., 1990; Gessler et al., 1990). Allele- 
loss, in some cases used as the only tool for gene-localisation, has been 
disproportionately successful in identifying genes by positional cloning 
because of its inherent pow er in narrow ing the region of in terest (e.g. 
Baker et al., 1989; Fearon et al., 1990).

1.10.3. Isolation of DNA probes.

Once a gene of interest has been localised to w ithin boundaries defined 
either by the sm allest region of deletion breakpoint overlap a n d /o r  by 
linkage analysis, a framework needs to be constructed w ithin this region. 
In the absence of other information, this is essential in understanding  the 
nature of the region in question, that is, the physical genomic distance 
involved and the relative location of landm ark probes best su ited  to 
genomic expansion by the selection of larger insert clones (Monaco et al., 
1986; Rommens et al., 1990; Fearon et al., 1990).

A large num ber of m ethods have been devised to enrich for DNA 
sequences within specific chromosomal regions which depend, critically, 
on the resources available, i.e., whether deletions have been identified and 
so forth. These include phenol reassociation cloning (PERT), w hich can 
allow the enrichm ent of sequences from a norm al chrom osom e that are 
absent from a deleted chromosomal region (Kunkel et al., 1985); selection 
and regional m apping of cosmids or bacteriophage clones from whole (e.g. 
N akam ura et al., 1988) or fragm ented hum an chrom osom es isolated in
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somatic cell hybrids (Thomas, 1991) or obtained by flow-sorting (Krimlauf 
et al., 1982; Nizetic et al., 1991); cloning of DNA sequences from regionally 
localised large restriction fragm ents isolated from  somatic cell hybrids 
(Michiels et al., 1987; Varesco et al., 1989; Pritchard et al., 1990) and cloning 
of DNA sequences bounding infrequently cutting restriction sites (e.g. Pohl 
et al., 1988; Borrow et al., 1990).

O ther m ethods, m ore recently  dev ised , include  the  selection  of 
chrom osom al or region-specific DNA sequences by repetitive sequence 
PCR (Nelson et al., 1989; Cotter et al., 1990; Brookes-Wilson et al., 1991). 
The developm ent of this technique, colloquially term ed 'alu-PCR', and 
some of its applications, are presented in Chapter 3.

Perhaps the m ost direct strategy to enrich for DNA probes is by the 
physical microdissection of chromosomal sub-regions. In 1981, Edstrom  
and  colleagues rep o rted  the first successful m icrodissection  and  
m icrocloning experiments on segments of the Drosophila X chrom osom e 
(Scalenghe et al., 1981). Using microforged siliconised glass needles, a 1Mb 
segm ent of the X chrom osom e was dissected 6 tim es u n d er phase 
microscopy with the aid of a crude micro-maniplulator. After purification 
and restriction digestion of the DNA in nanolitre volumes, the fragm ents 
were cloned into a bacteriophage vector and 80 clones recovered. In situ 
hybridisation dem onstrated that the clones were derived from the region 
of physical dissection.

A lthough technically difficult, dissection of Drosophila chrom osom es 
alm ost certainly represents an 'easier' model system since polytenisation 
of fruit-fly chromosomes in the salivary glands effectively increases the 
am ount of DNA by som e 2000-fold per dissection as com pared  to 
m am m alian chromosomes. Nonetheless, this technique w as successfully 
applied to the proximal half of m ouse chromosome 17, know n to contain 
the t-complex region (Rhome et al., 1984). Over 270 dissections of this 
region w ere perform ed and 212 microclones obtained. M any of these 
clones have since provided a valuable resource for the physical m apping 
of the t-complex region (H erm ann et al., 1986). Subsequently, o ther 
m am m alian chromosomal regions, such as proximal m ouse X (Fisher et 
al., 1985) and distal hum an 2 (Bates et al., 1986) have been dissected and 
microclone libraries successfully generated.
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The m ethods devised by Edstrom and colleagues, however, suffer from a 
num ber of limitations. Firstly, dissections have to be perform ed under oil 
using precision 'bent' microforged needles which limits the accuracy and 
the angles at which dissections can be performed. Thus, a large num ber of 
m etaphase preparations have to be m ade for each set of dissection 
experim ents. Secondly, the chrom osom al regions to be dissected are 
difficult to identify since the m etaphase chromosomes cannot be 'banded' 
by standard techniques if visualised under oil. Thirdly, due to the am ount 
of DNA needed for standard  bacteriophage cloning, a great num ber of 
dissections have to perform ed. For exam ple, over 100 in  the  case of 
hum an chrom osom e 2 to generate approxim ately 2 picogram s (pg) of 
DNA for cloning (Bates et al.,1986; Dr. G. Bates, personal communication).

M ore recently, two technical advances have led to the developm ent of a 
h ighly  efficient m ethod for the m icrodissection and  m icrocloning of 
'band-specific' libraries which alleviate m any of the difficulties described 
above (Ludecke et al., 1989). Firstly, a m ethod was developed for rap id  
karyotyping in prenatal diagnosis ('pipette method'; Claussen et al., 1986). 
This involves the selection of a lim ited num ber of cells by m icro-pipette 
extraction directly from a colchicine arrested culture. The cells are lysed in 
situ  and rapidly fixed in the m icro-pipette (about 10 seconds) before 
dropping  onto coverslips. This m ethod, although technically difficult, 
produces spreads of very high quality w ith only m inim al exposure to 
acidic solutions. Further, advances in inverted microscope design enabled 
dissection of chrom osomes in air at m agnifications as high as x 1250, 
w hich contrasts to a m agnification lim it of * x 650 by inverted  oil 
microscopy. Chrom osom es could therefore be pre-banded by giem sa- 
trypsin stains (GTG) prior to dissection resulting in a resolution dow n to 
specific chromosomal sub-bands.

Secondly , H ors them ke  and  co lleagues d ev e lo p ed  a 'U n iv e rsa l 
Amplification' technique that allows sequence independent amplification. 
In this system, the dissected DNA is digested w ith a frequently cutting 
restriction enzyme, such as Rsal, and the fragments are ligated into a Smal 
site of a m odified plasm id. Amplification is carried out using prim ers 
designed to either side of the plasmid cloning site; the generally small size 
of the ligated DNA fragments ensuring that most will be represented after 
PCR. Ligation of Rsal fragments which are 'blunt-ended', to the Smal site
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in  the plasm id (also 'blunt-ended '), allows for selection against non­
recombinants by re-digestion with Smal (see Ludecke et al., 1989).

These tw o developments, once combined, were successful in generating a 
m icrodissection library from around the Langer-Gideon syndrom e region 
of chromosome 8 using chromosomal DNA from only 20 dissections (200 
to 300 fentograms (fg)). This library contained some 2 x 104 clones, m ost of 
w hich w ere found to be independent (only 1 of 50 characterised clones 
represented twice). A num ber of 'band-specific' libraries have since been 
constructed by this m ethod including the regions know n to harbour the 
genes or sequences responsible for Prader-W illi syndrom e (Buiting et al., 
1990), Fragile-X syndrom e (MacKinnon et al., 1990; H irst et al., 1991a), 
N eurofibrom atosis type-2 (Fiedler et al., 1991), W ilms Tm our Region I 
(Davis et al., 1990) and Adenom atous Polyposis Coli (H am pton et al., 
1991a; 1991b; see Chapter 5). Over 99% of 105 random ly selected clones 
from  five of these libraries examined to date appear to m ap back to the 
region of dissection (see Ludecke et al., 1990). The specificity of the 
dissections has also recently been elegantly dem onstrated by the use of 
w hole  m icrodissection  lib raries as probes on m etaphase  sp read s 
(Trautmann et al., 1991; Ham pton et al., 1991a).

1.10.4. Physical characterisation of defined chromosomal regions.

Markers derived by any one or a combination of the m ethods above can be 
used in the construction of regionally ordered physical maps. Restriction 
digestion of mammalian DNA with endonucleases recognising nucleotide 
sequences rich in CpG dinucleotides results in the generation of DNA 
fragm ents m any thousands of base pairs in length, partly  because of the 
paucity of such CpG clusters in the genome, but also because m any of these 
'islands' are m ethylated in vivo. These fragm ents can be resolved by 
pulsed field gel electrophoresis (Schwartz and Cantor, 1984) and restriction 
m aps constructed by hybridisation of Southern blots containing DNA 
fragm ents generated by combinations of 'rare-cutting' enzym es (Barlow 
and Lehrach, 1987). Unm ethylated CpG islands have been shown to be 
frequently associated w ith the 5' ends of transcribed genes, m ore often 
house-keeping than cell-specific (reviewed in Bird, 1987).

M ore recently it has been possible to order m arkers on random  hum an 
chromosomal fragments generated by ionising irradiation and retained in
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somatic cell hybrids (Goodfellow and Pritchard, 1988; Benham et al., 1989; 
Cox et al., 1990). Recent work on chromosome 21 has shown that ordering 
of markers can be achieved dow n to a resolution of about 50-1 OOkb (Cox et 
al., 1990). How ever, one of the more exciting advances in long range 
m apping has come from the ability to propagate extrem ely large DNA 
fragments as artificial chromosomes in yeast (Burke et al., 1987).

1.10.5. Yeast artificial chromosomes

The sequences essen tia l for au tonom ous p ro paga tion  of a linear 
chrom osome in the yeast Saccharomyces cerevisiae have been cloned and 
characterised (see M urray and Szostak, 1983). Linear propagation requires 
three essential czs-acting sequences; (1) centromeric DNA (CEN) which 
allows appropria te  m eiotic and m itotic segregation, (2) au tonom ous 
replicating sequences (ARS) which function as the origin of chromosomal 
DNA replication and (3) telomeric repeat sequences (TEL) which stabilise 
and  allow  faithful rep lication  of chrom osom al ends. Experim ents 
d em o n stra tin g  increased  stab ility  w ith  increased  leng th  of the 
chromosome in yeast (Murray and Szostak, 1983), led to the developm ent 
of the original pYAC vector (Burke et al., 1987) which can allow  the 
insertion and stable propagation of foreign DNA up  to, or even greater 
than lOOOkb in length (McCormick et al., 1989; Larin et al., 1991).

The vector, in isolation, is propagated in bacteria by inclusion of pBR322 
sequences conferring antibiotic resistance (ampicillin) and  an origin of 
replication (on). The stable propagation of the artificial chrom osome in 
yeast can be selected by vector complementation of defective uracil (URA3) 
and tryptophan (TRP1) genes in the yeast host (AB1380). Insertion of 
foreign DNA is indicated by disruption of an ochre tRNA suppressor gene 
at the cloning site giving rise to the red ade2 phenotype in recom binants 
(Burke et al., 1987).

A large num ber of libraries, prepared either by total digestion of genomic 
DNA w ith  infrequently cutting enzymes or, more commonly, by partial 
digestion w ith  EcoRI, have now  been cloned in bo th  stan d ard  and  
modified pYAC vectors (reviewed in Schlessinger, 1990). These represent 
genomic libraries from plant (Guzman and Ecker, 1988), bacteria (Kuspa et 
al., 1989), C. elegans (Coulson et al., 1988), Drosophila (Garza et al., 1989), 
hum an (e.g. Brownstein et al., 1989; Little et al., 1989; A nand et al., 1989;
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Larin et al., 1991) and mouse (e.g. Larin et al., 1991). Libraries from more 
specific sources; such as inter-spedes somatic cell hybrids (e.g. Abidi et al.,
1990), have also been constructed.

In general, libraries have been constructed with insert sizes certainly larger 
than in prokaryotic systems. However, technical difficulties associated 
w ith the preparation and ligation of large DNA fragm ents (reviewed in 
Burke, 1990), has typically limited insert sizes to a range of 225kb to about 
370kb (Brownstein et al., 1989; Anand et al., 1989). Recent developm ents 
in  m inim ising sheer forces during  DNA m anipulation w ith  synthetic 
polym ers has led to libraries w ith average insert sizes of 620kb to 700kb 
from hum an and m ouse genomes, respectively (Larin et al., 1991). W ith 
average insert sizes as large as these, complete genome coverage can be 
attained in some 5000 clones, in contrast to about 8 x 104 dones for a library 
propagated in cosmid vectors. These YAC libraries can be screened either 
by radiolabelled probe hybridisation (Brownstein et al., 1989) or by PCR- 
based protocols (Green and Olson, 1990a), the relative merits of which are 
discussed in detail in Green et al., (1991b) and Monaco et al., (1992).

Cloning in YACs offers several distinct advantages in positional cloning 
stra teg ies. F irstly , it has becom e ap p aren t th a t DN A  sequences 
'unclonable' in prokaryotic based vector system s, such as cosm ids or 
bacteriophage, can be faithfully propagated in yeast (Coulson et al., 1988; 
Schlessinger et al., 1991; see also Chapter 10). Secondly, effective genomic 
coverage of sub-defined genomic regions can be accomplished in relatively 
few 'steps', either by selection of a large num ber of overlapping YACs 
(contig) from a region saturated w ith a large num ber of random  DNA 
markers (e.g. Green and Olson 1990b), or by genomic 'walking' from a few 
key landm ark YACs (e.g. Silverman et al., 1989; Silverman et al., 1990). 
A lready, contiguous m aps have been constructed for low er eukaryotic 
genom es like C. elegans (Coulson et al., 1988), large gene loci such as 
Duchenne M uscular Dystrophy (Monaco et al., 1992; Coffey et al., 1992), 
gene complexes (e.g. HLA; Ragoussis et al., 1991) and large chromosomal 
regions, such as Xq28 (Little et al., 1992).

The ability to 'walk' specific chromosomal regions in YACs relies on the 
isolation of the term inal sequences from the genom ic inserts. These 
term inal sequences can be used, either by hybridisation or a PCR-based 
strategy, to re-select overlapping YACs from the original library. Although
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walking is conceptually simple, and for prokaryotic based systems at least, 
can be readily  achieved (Monaco et al., 1986; Fearon et al., 1990), the 
situation in YACs is certainly more difficult (Nelson, 1990). A num ber of 
m ethods exist, each w ith their ow n relative m erits. Perhaps the m ost 
straight-forward approach is the construction of bacteriophage or cosmid 
libraries generally from whole YAC-containing yeast DNA (Coulson et al., 
1988). These libraries can be hybrid ised  to sequences specifically 
recognising the ’left' and  'right' arm s of the pYAC4 vector. This m ethod 
is, how ever, tim e consum ing and extremely labour intensive for a large 
num ber of YACs, particularly w here other sequences from the insert are 
not required.

A nother related m ethod, 'circularisation' requires the digestion of the 
YAC DNA w ith a restriction enzyme, such as Xhol, that cuts the 'right' 
vector arm  distant to the E. coli ampicillin resistance gene (amp) and in 
the insert DNA close to the EcoRI pYAC4 cloning site. Re-circularisation 
of the digested DNA in dilute ligation reactions and transform ation to E. 
coli allows the recovery of molecules containing the vector-insert Xhol 
fragm ent by genetic selection. The paucity of hum an genomic Xhol sites 
and the non-trivial re-circularistion m ethod (see T raver et al., 1989) 
renders th is m ethod generally unsuitable. M oreover, in  the  pYAC4 
vector, only the 'right' hand end fragments can be isolated.

W ith the advent of PCR, this m ethod has been adap ted  to allow the 
generation of DNA fragm ents representing the vector-insert junctions by 
'inverse-PCR'. In this protocol, the yeast DNA is digested w ith restriction 
enzymes that cut distant to the prim er binding sites in the pYAC4 vector 
and close to the cloning site in genomic DNA. After re-circularisation, 
'inverse' PCR is carried ou t using two vector-specific oligonucleotides 
prim ing in opposite orientations such that a linear PCR fragm ent is 
generated and  bounded  by vector sequences. This m ethod has the 
advantage of being able to generate 'end'-fragments from both vector arm s 
and has been used to significant effect in genome walking (e.g. Silverman 
et al., 1989; Silverman et al., 1990)

A novel m ethod for insert termini isolation, term ed 'vectorette-PCR' has 
recently been developed (Riley et al., 1990). Yeast DNA is digested w ith 
restriction enzym es, like those for the 'inverse-PCR' m ethod, that cut 
distant to vector-specific prim er binding sites and random ly in genomic
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DNA. After digestion, a synthetic linker is ligated to the restriction 
fragm ents. This double stranded oligonucleotide linker is specifically 
designed  w ith  a central region of non-com plem entarity  such  that 
amplification can only occur between prim ers specific for one strand of the 
linker and the pYAC4 vector. Amplification cannot occur after the first 
round  of DNA synthesis between the linkers ligated on either side of a 
random  yeast or YAC DNA fragment. This m ethod is powerful because of 
the inherent selectivity for the insert-vector junction fragm ents and the 
num ber of restriction enzymes that can be used (see Chapter 7).

Perhaps the sim plest method, however, is the amplification of the vector- 
insert junction sequences by PCR using prim ers directed tow ard repetitive 
elements and specific sequences in the vector ('a/w-vector' PCR; Nelson et 
a., 1989; Breukel et al., 1990). A product will be generated if a repetitive 
elem ent in the insert is w ithin the range and correct orientation for PCR 
(see Chapter 7).

One particular development in YAC-based technology offers considerable 
prom ise for studies aim ed at understanding the biology of complex or 
large gene loci. Transfer of YACs to m am m alian cells by transfection 
(Eliceiri et al., 1991), fusion (Huxley et al., 1990) or microinjection (Huxley 
and Gnirke, 1991), can allow analysis of genes in a biological context, that 
is, in association w ith  flanking DNA likely to contain app ropria te  
sequences controlling gene expression in a cell-specific fashion. Moreover, 
the ability to transfer such large pieces of DNA suggests a m ethod in which 
'loss of function' or recessive genes can be identified by complem entation 
in cell or anim al system s. Tum our suppressor genes m ay well be 
amenable to such approaches in animal systems. Only a lim ited num ber 
of YAC-containing cell lines w ould have to be assessed for tum our 
form ation in nude mice in o rder to identify the gene w here a contig 
already exists in the region of interest.

1.10.6. Identification of genes in  cloned DNA.

A num ber of strategies exist for the identification of genes in a sub-defined 
region. The cloning of a num ber of major genes has been facilitated by the 
observation of cross-species homology, where the assum ption is that genes 
of physiological importance will be conserved across species (Monaco et 
al., 1986; Rommens et al., 1990; Fearon et al., 1990). The success of this
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m ethod, which has generally been show n to hold true may, however, be 
lim ited if the location of the gene has not been sufficiently narrow ed 
dow n. The observation  th a t m any  genes are assoc ia ted  w ith  
underm ethylated CpG islands (reviewed in Bird, 1987) has provided  a 
m ethodology that facilitates the 'scanning' of very large regions of DNA. 
M oreover, probes that recognise restriction sites clustered in these regions 
provide a direct route to the identification of such genes (e.g. the W ilm’s 
tum our locus; Gessler et al., (1990)). The approach is, however, lim ited by 
the fact that only a proportion of hum an genes will be associated w ith 
these underm ethylated islands. By either of these methods, the probes of 
interest are then screened on cDNA libraries, the choice of tissue from 
which they are derived based largely on suspicions from the phenotype. A 
difficulty can arise here, however, if the gene of interest is expressed at 
very low  levels. How ever, sensitive PCR-based approaches have been 
devised to counter this problem (e.g. Fearon et al., 1990).

More recently, function-based approaches have been developed to 'trap ' 
genes by forced splicing of candidate exons in cloned DNA to known exons 
in a vector system, bu t appear to be at present lim ited to cosm id-sized 
inserts (Duyk et al., 1990; Buckler et al., 1990). Due to the large cloning 
capacity in  YACs and the capability to clone extremely large genomic 
regions of interest, a major challenge m ust be to devise strategies for the 
direct selection of genes from this cloned DNA. Screening YAC inserts 
directly on cDNA libraries is one approach (Wallace et al., 1990; Elvin et 
al., 1990), but is generally difficult (see Collins, 1992). O ther approaches, 
such as d irect selection of cDNAs or conserved genom ic DNA on 
immobilised YACs (Lovett et al., 1991; Parimoo et al., (1991), offers some 
prom ise to this eventual goal. Nonetheless, the large am ount of insert 
DNA that can be cloned in YACs still provides a significant am ount of 
DNA w ith which to pursue more standard approaches, such as 'scanning' 
for conserved DNA w ith YAC sub-clones or cosmids derived by  direct 
YAC screening (Baxendale et al., 1991) or the identification of CpG islands 
(Wilkes et al., 1989).
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1.11. Aims of this thesis.

The reports of Bodmer et al., (1987), Solomon et al., (1987) and  others 
described in Chapter 1 (part II) suggested that m utation of the APC gene is 
a critical step in colorectal neoplastic progression, both  in rare families 
w ith  m ultip le  colonic polyposis, bu t also in patien ts w ith  ’sporadic' 
colorectal carcinoma.

This thesis was concerned w ith attem pts to isolate the APC  gene by a 
positional cloning strategy on the basis of the chromosomal localisation to 
5q21-q22. At the outset of these studies, few available DNA m arkers had 
been m apped within this chromosomal region. Thus, this project had  two 
principal aims:

(1) The investigation and assessment of m ethods that w ould allow the 
derivation of a large num ber of DNA m arkers specifically m apping into 
this region. This w ould enable the construction of a detailed physical 
framework m ap to define the APC gene-region. To expedite this process, a 
series of somatic cell hybrids had been independently  constructed from 
FAP patients that segregated both norm al and  abnorm al chromosomes 5 
w ith  cytogenetically visible deletions around this region (Varesco et al., 
1989; Thomas, 1991). Thus, m ethods were considered, such as physical 
chrom osom al m icrodissection, tha t w ould  allow  the  en richm ent of 
m arkers w ithin the boundaries defined by the deletions.

(2) The second aim of this project was to use these DNA m arkers in the 
m ost appropriate ways to sub-localise the position of the APC  gene. It was 
anticipated that these m ight include searching for polym orphism s for 
further genetic definition of the region, in addition to studying, perhaps, 
the patterns of allele-loss around the APC gene. In particular, it was 
thought that a high density of markers in this region could facilitate the 
iden tifica tion  of sm aller, sub-m icroscopic germ line  chrom osom al 
aberrations, such as deletions in FAP patients, or homozygous deletions in 
tum our-derived  cell lines, that w ould considerably narrow  dow n the 
position of the gene.
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Chapter 2. 

Materials and Methods.
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Chapter 2.

Materials and Methods.

2.1. Materials.

2.1.1. Enzymes.

Restriction endonucleases w ere supplied  by N ew  E ngland Biolabs and 
Boehringer M annheim  GmbH, (various concentrations - 4 to 400 units 
(U )/|il). T4 DNA ligase was supplied by New  England Biolabs (400U/|il). Calf 
In tes tin a l P hosphatase  (am m onium  p rec ip ita te  a t lU / | i l )  and DNA 
Polym erase (Klenow fragm ent; l-9 U /p l) were purchased from Boehringer 
M annheim  GmbH. Amplitaq™ DNA Polym erase (from Thermus aquatus 
w as supplied  by Perkin-Elmer Cetus (5U /pl). Taq polym erase was also 
supplied by Promega (5U/|il). Bovine pancreatic ribonuclease type A (RNAse 
A), Proteinase K (fungal) and lyticase (from Arthrobacter luteus) w ere 
supplied by the Sigma Chemical Company. Dessicated Proteinase K was made 
up  to a final concentration of 50 to lOOmg/ml in sterile H 2 O. Dessicated 
lyticase w as prepared  according to Burgers and Percival (1987) at a final 
concentration of 50U /|il and stored at 4°C. DNAse-free RNAase was prepared 
from  RNAse A by boiling a lO m g/m l solution (in d istilled  H 2 O) for 15 
minutes, and then stored frozen at -20°C. Dessicated agarase was purchased 
from BioLabs and prepared by the addition of sterile glycerol to give a final 
concentration of 50U/|il. Agarase was stored at 4°C.

2.1.2. Chemicals.

Chemicals supplied by the m anufacturer, unless already in solution, were 
prepared  according to the supplier's recom m endations. Unless otherw ise 
stated, chemicals were dissolved in sterile distilled H 2 O. The final storage 
concentrations are indicated, where appropriate.

D eoxycytidine triphosphate  ( [a 32P]-dCTP) w as supp lied  by  A m ersham  
International, Pic., at a specific activity of lO ^ C i/p l in aqueous solution. 
A m picillin  (sodium  salt; lOOmg/ml), kanam ycin su lp h a te  (50m g/m l), 
polyethylene glycol (PEG)-8000, sarkosyl (N-lauroylsarcosine; sodium  salt), 
pheny lm ethy lsu lfony lflouride  (PMSF), bovine serum  album in  (BSA; 
m olecular biology pure; DNAse-, RNAse- and proteinase-free; lO m g/m l),
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ribose adenosine-triphosphate (sodium salt; lOmM), deoxyribose adenosine-, 
cytidine-, thymidine-, guanosine-triphosphates (sodium salts; lOmM), phenol 
(m olecular biology grade, m elted and equ ilib rated  w ith  T.E., pH8.0), 
chloroform, Isopropyl p-D-thio-galactopyranosidase (IPTG), 5-bromo-4-chloro- 
3-indolyl-P-D -galactopyranosidase (X-gal), Trizm a base, T rizm a-chloride, 
Ficoll, sperm idine (lOOmM), polyvinylpyrolidone and e th id ium  brom ide 
(lO m g/m l) w ere all pu rchased  from  the Sigm a C hem ical Com pany. 
Trinitroacetic a d d  (lOOmM) was supplied by Merck. GTG m olecular biology 
grade ultra-PU R E™  standard, low m elting point and Nu-sieve  ™  agarose  
w ere purchased from  Bethesda Research Laboratories. P -m ercap toethanol 
was supplied  by the Eastm an Kodak Company. Brom ophenol b lue was 
obtained from BDH chemicals. Absolute ethanol was supplied by Fisons, and 
isopropanol (propan-2-ol) was supplied by Haym an Ltd. Sodium  dodecyl 
sulphate (SDS) was purchased from SERVA, Feinbiochemicha Gm bH & Co. 
Sephadex (G-50) was supplied by Pharmacia.

2.1.3. Nucleic acids

H um an DNA samples were a gift from Dr. Nigel Spurr and prepared  at the 
ICRF Clare Hall Laboratories. Plasmids pBR322 and pBluescript SK™ were 
supplied  by N ew  England Biolabs and Stratagene, respectively. Plasm id 
pYAC4 w as a gift from Dr. Ketan Patel (Hum an Cytogenetics Laboratory, 
ICRF). H aelll digestions of bacteriophage 0X174 and H in d lll digests of 
bacteriophage X DNA were purchased from New  England Biolabs. The lkb  
ladder w as purchased from Gibco-BRL. The lOObp ladder, m ultim ers of 
bacteriophage X DNA and yeast DNA PFGE m arkers w ere supplied  by 
Pharm acia LKB Biotechnology AB. Sheared and sonicated hum an placental 
DNA was a gift from Ms. S. Cottrell (Cancer Genetics Laboratory, ICRF) at 
4 m g /m l, or purchased  from  the Sigma Chemical C om pany (lO m g/m l). 
Dessicated salmon sperm  DNA (deoxyribonucleic acid, sodium  salt, type III 
from salm on testes) was also supplied by the Sigma Chemical Com pany and 
prepared by boiling in distilled sterile H 2 O at a final concentration of lOm g/m l. 
The sources of nucleic acid probes (apart from those isolated, and  therefore 
described in this thesis) are detailed in appendix 2 to this chapter.

2.1.4. Solutions and buffers.

Enzyme buffers.
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The following buffers were prepared from autoclaved stock solutions and 
stored as 10 x concentrated solutions at -20°C. Typically, for restriction 
endonucleases three buffers were used on the basis of salt concentration 
tolerance. This w as calculated from inform ation supplied by N ew  England 
Biolabs (1990). For other restriction endonucleases requiring  specialised 
co m p o n en ts , b u ffe rs  w ere p re p a re d  acco rd ing  to  th e  su p p lie rs  
recom m endations or w ere purchased  from  the  supp liers . RNAse A, 
proteinase K, lyticase and agarase were used in appropriate solutions detailed 
in the m ethods section. Phosphatase (Calf intestine) w as typically used in 
m edium  salt buffer. The buffer components are written as 1 x concentrated.

High salt buffer:

M edium salt buffer:

Low salt buffer:

Ligation buffer:

PCR buffer:

lOmM Tris-HCl (pH7.5), lOmM 
MgCl, lOOmM NaCl, Im M  
dithiothreitol (DTT).

lOmM Tris-HCl (pH7.5), lOmM 
MgCl, 50mM NaCl, Im M  DTT.

lOmM Tris-HCl (pH7.5), lOmM 
MgCl, Im M  DTT.

50mM Tris-HCl (pH8.0), lOmM 
MgCl, 20mM dithiothreitol, Im M  
ATP, 50ng/m l BSA.

50mM KC1, lOmM Tris-HCl (pH 
8.3), 1.5-3mM MgCl, 0.01% gelatin.

For less specialised PCR procedures (that is, for the preparation of probes), a 
PCR buffer supplied by Promega biochemicals was used in conjunction w ith a 
Taq polymerase purchased from the same distributor.

General Solutions and Buffers.

Buffer A:
(mammalian cell lysis buffer)

lOmM Tris-HCl (pH8.0), lOmM 
EDTA (pH8.0), lOmM NaCl, 0.5% 
SDS.



Chloroform  /IsoA m vl-A lcohol:

D enaturation buffer:

D enhardt's Solution: 

ET:

Ficoll Loading Solution:

Hybridisation Buffers:

(1) Pre-hybridisation buffer: 
(Amersham Int., Pic.)

(2) Hybridisation solution: 
(Amersham, Int., Pic.)

(3) Church and Gilbert: 
hybridisation buffer 
(m odified from 
Church and Glibert, 1984)

N eutralisation buffer:

94 parts chloroform, 4 parts iso­
amyl alcohol, stored at room 
tem perature.

1.5M NaCl, 0.5M NaOH. This was 
usually m ade up  as a 10L stock and 
stored at room tem perature.

2% w /v  BSA, 2% w /v  Ficoll, 2% 
w /v  polyvinylpyrolidone.

50mM EDTA, pH8.0, lOmM Tris- 
HCl, pH8.0. Sterilised by 
autoclaving and stored at room  
tem perature.

15% w /v  Ficoll 400, 0.25% w /v  
bromophenol blue. Sterilised by 
autoclaving and stored at room  
tem perature.

6 x SCC, 0.25% SDS, 5 x Denhardt's 
Solution, 25pg/m l Salmon sperm  
DNA.

as for pre-hybridisation buffer with 
the addition of 10% Dextran 
Sulphate.

0.5M Sodium Phosphate (pH7.2), 
7% SDS, Im M  EDTA.

1.5M NaCl, lOmM Tris-base, 
400mM Tris-HCl. This was usually
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m ade up as a 10L stock and stored
at room  tem perature.

Phenol /  Chloroform:

Proteinase-K-sarkosvl buffer:

SCE:

SCEB-lvticase:

Solution I. (Bacterial alkaline lysis):

Solution II: (Bacterial alkaline lysis):

Solution III: (Bacterial alkaline lysis):

SSC:

500g Phenol (molecular biology 
grade), dissolved in 500ml 
chloroform. 20mls of isoamyl 
alchohol and 0.5g 8- 
hydroxyquinone were added and 
500mls of lOmM Tris-HCl (pH8.0) 
layered on top. Stored at room 
tem perature in a darkened bottle.

1% (w /v) Sodium Lauroyl 
Sarcosinate (SLS), 0.5M EDTA, 
2m g/m l Proteinase K.

1M Sorbitol, lOOmM sodium  citrate 
(pH5.8), lOmM EDTA.

SCE supplem ented w ith 14mM (3- 
mercaptoethanol and lyticase 
(4U /|il final concentration).
50mM Glucose, 25mM Tris-HCl 
(pH8.0), lOmM EDTA (pH8.0) 
Autoclaved and stored at 4°C.

0.2M NaOH, 1% SDS. Prepared 
fresh each time.

60mls 5M potassium  acetate,
11.5mls glacial acetic ad d , 28.5mls 
sterile distilled H 2 O. Stored at room 
tem perature.

150mM NaCl, 15mM sodium  
dtrate, pH7.0 (adjusted with 
NaOH). This was m ade up  as a 
concentrated solution (20 x SSC),
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sterilised by autodaving and stored
at room  tem perature.

STE: lOOmM NaCl, lOmM Tris-HCl, 
pH8.0,0.1M EDTA. Sterilised by 
autodaving and stored at room 
tem perature.

TAE Electrophoresis Buffer: 40mM Tris-acetate, pH7.2, 40mM 
sodium  acetate, Im M  EDTA. This 
was made up  as a concentrated 
solution (40 x TAE) and stored at 
room tem perature.

TBE Electrophoresis Buffer: 90mM Tris-HCl, pH7.2, 90mM 
Boric add , 2.5mM EDTA, pH8.3. 
This was m ade up as a concentrated 
solution (5 x TBE) and stored at 
room  tem perature.

TE: lOmM Tris-HCl, pH8.0, 0.1M EDTA, 
pH8.0. Sterilised by autoclaving 
and stored at room  tem perature

2.1.5. M edia

Difco supp lied  the follow ing m edia com ponents; Bacto-tryptone (casein, 
enzym atic hydrosylate), Bacto-yeast extract, Bacto-agar, Bacto-peptone, yeast 
nitrogen base (without amino acids), casaminoacids. Individual amino acids; 
tryptophan and tyrosine, in addition to adenine base, w ere supplied by the 
Sigma chemical Com pany. Glucose (20% w /v ) , glycerol (80% v /v )  were 
supplied by ICRF central services.

Bacterial m edia and m aintainnance of clones.

LB-broth: lOg Bacto-tryptone, 5g yeast extract, 
5g NaCl, in 1 litre H 2 O. pH  was 
adjusted to 7.2, autoclaved and
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stored at room tem perature until 
use.

LB-agar: LB-broth with lOg Bacto-agar. 
Autoclaved and stored at room 
tem peratre until use.

YT medium: 8g Bacto-tryptone (casein
hydrosylate), 5g yeast extract, 5g 
NaCl, in 1 litre H 2O. Autoclaved 
and stored at room tem perature 
until use.

Stab agar: lOg Bacto-tryptone, 7g Bacto-agar, in 
1 litre H 2 O. Heated to dissolve, 
autoclaved and aliquoted to small 
Nunc™  vials.

For antibiotic supplem entation, ampicillin or kanam ycin (both p repared  in 
sterile H 2O, filter sterilised and stored at -20°C) were added at 100pg/m l and 
50 |ig /m l, respectively, just prior to initiation of bacterial grow th. For the 
detection of a-complementation, L-agar (Miller, 1987) was supplem ented with 
160pg/m l IPTG (prepared in distilled H 2 O) and 400 |ig /m l X-Gal solution 
(prepared in dim ethylform am ide and stored in a light-sealed tube) prior to 
casting of plates.

Bacteria containing plasm ids or cosmids were stored (1) in Nunc™  freezing 
tubes containing 30% (v /v ) glycerol-LB-broth cultures at -70°C and (2) as 
anaerobic stab cultures in Nunc™  tubes (stab agar) in the dark  at room 
tem perature. These stabs w ere subcultured  at approxim ately  6 m onth 
intervals.

Yeast m edia and m aintainance of clones.

YPD medium: lOg Bacto-yeast extract, 20g Bacto-
peptone, 20g glucose, in 1 litre H 2O. 
Autoclaved and stored at room  
tem perature until used.
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YPD-agar: YPD medium with 20g Bacto-agar. 
Autoclaved and stored at room 
tem perature until used.

SD-Caa- medium: 6.7g Bacto-yeast nitrogen base (w /o
amino-adds), 20g glucose, 14g 
casam inoadds plus appropriate 
amino acid supplem ents (see 
below), in 1 litre H 2 O. A utodaved 
and stored at room tem perature 
until used.

SD-Caa-agar: SD-Caa- m edium  with 20g
Bacto-agar. Autoclaved and stored 
at room tem perature until used.

Amino acid supplem ents: (a) L-tyrosine: 2m g/m l stock
solution. Autoclaved and
stored at room tem perature, added to
SD at a final concentration of 30|ig/L.

(b) L-tryptophan: lO m g/m l stock 
solution. Filter sterilised and stored at 
4°C in the dark, added to SD at a 
final concentration of 20m g/L.

Base supplem ents: adenine sulphate: 2m g/m l stock
solution. A utodaved and stored at 
room temperature, added to SD at a 
final concentration of 20pg/L .

Yeast strains were processed in two ways for long term and short term  storage. 
For indefinite storage, 1ml aliquots of yeast cultures p repared  for DNA 
isolation were decanted into Nunc™ freezer tubes and the solution m ade up 
to a final concentration of 30% autoclaved glycerol. These tubes w ere stored 
at -70°C. For short term  storage w ith easy access, half yeast colonies were 
streaked on appropriately supplemented SD-Caa-agar slopes, grown at 30°C for 
3 days and  sealed w ith  parafilm . These slopes w ere kep t at 4°C and 
subcultured at approximately 3 m onth intervals.
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2.2. General DNA methods.

2.2.1. Preparation of plasm id DNA.

Large scale preparations.

Large scale preparations were based on a m ethod described by Miller (1987) 
w hich is sim ilar to the alkaline-lysis m ethod described by M aniatis et al., 
(1982). 500ml cultures of plasmid-bearing bacteria were grow n to saturation 
overnight either in LB-broth (plasm ids such as pBluescript) or YT m edia 
(cosmids) supplem ented w ith the appropriate antibiotic(s). The cells were 
pelle ted  a t 3000rpm  in four 250ml centrifuge flasks for 15 m inutes, 
resuspended in 20mls GTE buffer (Solution I) and left at room  tem perature 
for 5 m inutes. lOmls of 0.2M NaOH-1% SDS (Solution II; freshly prepared) 
was then added and mixed gently until the walls of the flask were coated with 
the solution. This was then incubated on ice for 10 m inutes. 7.5mls of a 
Sodium Acetate solution (Solution IE) was then added and the mix pu t on ice 
for 15 m inutes. The tubes were centrifuged for 15 m inutes at 8000rpm and 
the supernatant collected through a small tea-strainer. The tubes were re- 
centrifuged and the rem aining supernatan t collected as before. To this 
supernatant an equal volume of isopropanol was added and the tubes pu t on 
ice for 60 minutes. The tubes were then spun at 8000g for 20 m inutes and the 
supernatant poured off. The tubes were inverted and allowed to drain  for a 
few minutes. The pellet was resuspended in 5mls of T.E. in falcon tubes and 
the solution extracted once w ith phenol and then 3-4 tim es w ith  phenol- 
chloroform (until the interphase was clear) and finally extracted once with 
chloroform. The DNA solution was then precipitated w ith 2.1 volum es of 
ethanol w ith a final concentration of 0.3M Sodium Acetate. The solution was 
resu sp en d ed  in 1ml of T.E. supp lem en ted  w ith  RN A se a t a final 
concentration of lp g /m l and incubated at room tem perature for 10 minutes. 
The so lu tion  w as extracted  once w ith  phenol-chloroform , once w ith  
chloroform  and then re-precipitated w ith ethanol. Finally, the pellet was 
w ashed w ith 70% ethanol, dried under vacuum  and resuspended in 0.5-1 ml 
T.E. The concentration of DNA in solution was calculated from  optical 
density readings at 260nm. The relative purity  of the DNA w as calculated 
from a ratio of the optical densities at 260 and 280mn (i.e. 260nm/280nm = x, 
where x  is usually >1.7 for DNA solutions containing little contam inating 
protein)
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Small scale preparations of plasm id DNA.

Small scale plasmid DNA preparations were generally carried out by a scaled- 
dow n version of the alkaline lysis procedure (Miller, 1987). 2ml cultures 
were grow n overnight in LB (plasmids) or YT (cosmids) and 1ml of the cells 
centrifuged at 13,000rpm in 1.5ml microfuge tubes (eppendorf). To eliminate 
extruded nucleases or enzyme inhibitors, the cells were resuspended in 100|xl 
of STE buffer and re-centrifuged as before. lOOgl of Solution I was added and 
the tubes p u t on ice for 5 minutes. 200|il of Solution II was then added and 
the tubes kept at room  tem perature for 5 minutes. Subsequently, 150|il of 
Solution HI was then added and pu t on ice for 10 minutes. The solution was 
spun at 13,000rpm in a microfuge for 15 m inutes at 4°C and the supernatant 
collected in a new tube. The tube was filled up w ith cold ethanol and pu t on 
ice for 10 m inutes. The DNA was pelleted for 1 m inute at 13,000rpm in a 
m icrofuge and the supernatant aspirated. The pellet was w ashed with 0.5ml 
70% ethanol and the pellet dried under vacuum. The pellet was resuspended 
in 50pl of T.E. and RNAse added to a final concentration of 10ng/m l. The 
pellet could be re-predpitated with ethanol if difficulty was encountered with 
restriction endonuclease digestion.

2.2.2. Extraction of genomic DNA.

Total genomic DNA, prepared from a num ber of ’norm al’ individuals, was 
kindly supplied  by Dr. N. Spurr (Hum an Genetics Resources Laboratory, 
ICRF).

DNA from somatic cell hybrids (see appendix 3) was prepared from cultured 
cells, the seeding and m aintainance of which w as carried ou t exactly as 
described by  Varesco et al., (1989). Cells were grow n to approxim ately 70% 
confluence on 10cm culture dishes and washed two tim es w ith 10-20mls of 
PBSA. Usually, a total of about 5 x 107 to 1 x 108 cells w ere collected by a 
’rubber-policem an’ and deposited in 20mls PBSA in a 50ml Falcon tube. The 
cell suspension  w as centrifuged a t lOOOrpm for 10 m inutes at room  
tem perature. The cells were washed again in 20mls of PBSA and centrifuged 
as above. Supernatants w ere carefully drained and the pellets carefully 
resuspended in 40mls of buffer A for every 108 cells. Proteinase K (lOOpg/ml 
final concentration) was added and the solution incubated at 37°C for 12
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hours. Subsequently, RNAse A was added to a final concentration of 50 jig /m l 
and the solution incubated at 37°G for a further two hours.

An equal volume of equilibrated phenol was added and the solution mixed 
w ith  gentle rocking for 1 hour at room  tem perature. The phenol was 
rem oved from the aqueous phase by suction using a wide-bore 10ml pipette. 
This was repeated 2 to 3 times until the interphase was clear. The solution 
w as then extracted once with an equal volum e of phenol/chloroform  and 
once w ith an equal volum e of chloroform. DNA was precipitated from the 
aqueous phase by the addition of two volumes of absolute ethanol and a 1/10 
volume of 3M sodium  acetate. The DNA was recovered by spooling on a bent 
pasteur pipette, washed w ith 70% ethanol and resuspended in 0.5 to 1ml of 
T.E., pH8.0. The concentration of DNA in solution w as calculated from 
optical density  readings at 260nm. The relative purity  of the DNA was 
calculated from  a ratio  of the optical densities at 260 and  280mn (i.e. 
260nm/280nm = x, where x  is usually >1.7 for DNA solutions containing little 
contam inating protein).

2.2.3. Restriction endonuclease digestions

Endonuclease digestions were carried out using the appropriate buffers and at 
the tem peratures recommended by the suppliers (see section 2.1.3). Typically, 
for genomic DNA, 5U of enzyme was used per |ig of DNA; where one unit is 
defined as the am ount of enzyme required to digest l|!g  of wild-type X DNA 
in 1 hour. For cloned DNA, an approximately two-fold excess of enzyme was 
used. Digestion reactions were generally incubated for 2-3 hours for cloned 
DNA and 6 to 12 hours for genomic DNA.

For m ultiple digestions, the DNA samples were incubated w ith one or more 
enzymes if the buffers were compatible in terms of salt concentrations. If this 
was not the case, digestions were carried out sequentially, either by increasing 
the salt concentrations for the second enzyme, or by precipitating the DNA 
w ith ethanol in betw een the two digestion reactions. In general, enzym es 
were inactivated either by heat (65°C for 15 minutes) or by phenol/chloroform  
extractions and ethanol precipitation (Maniatis et al., 1982). Digested DNA 
fragm ents w ere resolved on the appropria te  percentage agarose gel (see 
section 2.2.4). If incomplete digestion was observed, the DNA samples were 
precipitated with ethanol and re-digested with the appropriate enzyme.
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2.2.4. Agarose gel electrophoresis

Electrophoresis gels were prepared by dissolving an appropriate am ount of 
agarose in TAE or TBE buffer to give final concentrations of betw een 0.3-3%, 
depending on the size of DNA fragments to be resolved. Gels were cast in 10 
x 8cm mini-gel trays (Scotlab) w ith varying num bers of gel-slot formers (8,12, 
16) or in 14 x 10cm midi-gel trays (Scotlab) w ith 14-well gel-slot formers, in 
addition to 24 x 20cm standard gel trays (Scotlab) w ith 20- or 36-well gel-slot 
form ers. DNA sam ples were m ixed w ith one-tenth volum es of loading 
solution and applied to the well-slots subm erged under running buffer (TAE 
or TBE). Voltage gradients of between 0.5 to 10V cnr1 were applied for 1 to 48 
hours. N ucleic acids w ere v isualised  by e th id ium  brom ide stain ing  
(0.5 |ig/m l) and ultraviolet trans-illumination.

2.2.5. Southern blotting.

A garose gels containing resolved DNA fragm ents w ere transferred  by 
capillary action to nylon membranes (Hybond N or H ybond N+; Am ersham  
International) according to the suppliers protocol. M ost com m only the 
agarose gels w ere subm erged for 40 m inutes each in denatu ration  and 
neutralisation buffers and subsequently transferred to Hybond N+ by capillary 
action. The mem branes were then placed on 2 sheets of 3MM paper soaked 
with 0.4M Sodium Hydroxide (NaOH) to fix the DNA. The filters were then 
extensively neutralised by 4 x 15 minute washes in 2 x SCC and dried in air on 
3MM paper (Whatman).

2.2.6. Radiolabelling of DNA probes.

Probes to be labelled w ere prepared either by digestion from plasm id DNA 
preparations or by PCR (see section 2.3.3 and 2.5). Relevant DNA fragments 
were electrophoresed in low m elting point gels and excised. The intensities 
of the excised fragm ents were compared by UV trans-illum ination directly to 
know n am ounts of undigested  X DNA resolved on the sam e gel. After 
estimation of DNA concentration, the gel fragments were diluted to l-2ng/p.l 
in distilled H 2 O.

Radiolabelling of probes was carried out by the random  prim ing m ethod 
(Feinberg and Vogelstein, 1984). Probes were denatured either by boiling in a 
water-bath or by incubation at 99°C in a PCR thermocycler (Hybaid or Perkin-
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Elmer) for 10 minutes. Between 20-50p,Ci of [a32P]-dCTP was used and the 
reaction initiated w ith  1-2U of Klenow fragm ent DNA polym erase I. The 
reactions were allowed to proceed for 3 hours at 37°C or for 16 hours at room 
tem perature. Unincorporated nucleotides were removed by centrifugation of 
the reaction mix through a G-50 Sephadex colum n equilibrated in STE at 
lOOOrpm for 3 m inutes (Maniatis et al., 1982). Nucleotide incorporation was 
calculated by Cerenkov counting of sam ples before and  after colum n 
centrifugation. Typically, 50 to 80% incorporation w as observed. Specific 
activities w ere calculated from  counts per m inute (cpm) of an  estim ated 
am ount of DNA. In m ost cases specific activities were, apparently , in the 
range of 1-5 x 109 per jig of DNA.

2.2.7. Hybridisation.

H ybridisation of nylon m embranes was carried out at 65°C either in sealed 
plastic bags or more commonly in rotary bottles (Hybaid). D enatured probe 
was incubated after 1-2 hours pre-hybridisation (buffers 1 or 3) in a volume 
not exceeding lOmls of hybridisation buffer (buffers 2 or 3) for a 22 x 22cm 
filter. In general, the entire labelled probe was incubated. However, in cases 
w here probe signal-to-noise ratios were known to be high, the probes were 
added at a final concentration of 1 x 106 counts per ml of hybridisation buffer.

Non-specifically bound probe was rem oved by successive w ashing of the 
filters in 0.1% SDS at tem peratures of betw een 30°C and  65°C. SDS w as 
supplem ented  w ith varying am ounts of SSC, depending  on the relative 
stringency required. For small probes («80bp to *500bp), the filters w ere 
washed 3-4 times for 30 m inutes each in a final concentration of 2 x SSC. For 
other larger probes or for probes containing repetitive sequences, filters were 
typically washed in final concentrations of 0.1-0.2 x SSC. Filters were exposed 
to XAR 5 autoradiographic film (Kodak) for 1 hour to 7 days w ith or w ithout 
intensifying screens at -70°C or at room temperature.

2.2.8. Com petitive hybridisation.

For probes containing repetitive sequences, pre-annealing of the denatured  
DNA w ith  sonicated and sheared hum an placental DNA was carried out. 
Com petitor DNA was added to a final concentration of 0 .4 -lm g/m l in  0.12M 
Sodium Phosphate (pH 7.2) and incubated for an appropriate time at 65°C to 
achieve an effective Cot value of 50-100 (Sealy et al., 1985). On occasion,
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competitor DNA was added during pre-hybridisation (at between 50-200pg/ml 
final concentration; Litt and W hite, (1985); Nelson et al., (1989)). This was 
necessary in the case of whole cosmid hybridisations and some inter-IRS PCR 
products (see sections 2.3 and 2.4).

2.2.9. Removal of radioactive probes.

For subsequent hybridisations on the same filter, membranes were imm ersed 
in a solution of boiling 0.5% SDS and allowed to cool to room  tem perature 
w ith gently rocking. This was carried out two times. The m em branes were 
then washed 3 times in 2 x SSC for 5 minutes each w ith gentle rocking and air 
dried  on 3MM paper. Yeast artificial chromosome filters (see below) were 
’stripped ' by incubation in a solution containing 0.1% SDS, 0.1 x SSC and 
Im M  EDTA for 1 hour at 65°C to avoid any removal of bound DNA from the 
filters. Filters were usually exposed to autoradiographic film after removal of 
probe to detect the presence of any residual signal.

2.2.10. Polymerase chain reaction (PCR).

O ligonucleotide synthesis.

Oligonucleotide prim ers were synthesised at the H um an Genetic Resources 
Laboratory (ICRF, Clare Hall Laboratories). Oligonucleotides were supplied as 
ethanol precipitates. DNA pellets w ere d ried  in air, d issolved in re- 
autoclaved distilled H 2O and permanently stored as 200|iM stocks at -20°C. For 
w orking solutions, these were d ilu ted  to 20|iM. A pproxim ate m elting 
tem peratures were estim ated by G+C content calculations (Tm = 4(G+C) + 
2(A+T)); or from published reports. In general, prim ers were assayed at 
varying tem peratures (typically 50°C to 65°C) to assess maximum specificity. 
The sequence and annealing tem peratures of each of the prim ers used in this 
thesis are sum m arised in appendix 1 to this chapter.

Polymerase chain reactions (PCR).

Polymerase chain reactions (PCR) were generally set up  as follows. PCR pre­
mixes (containing all of the components except DNA polymerase and DNA 
templates) were assembled (for batches of 10 to 50 reactions) and each reaction 
was carried out in a final volume of between 50 to 100|il in a 0.5ml microfuge 
tube. These contained 200pM final concentration of each deoxy-nucleotide-
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triphosphate (dATP, dTTP, dCTP, dGTP; taken from lOmM stocks), a 1/10 
volume of 10 x PCR buffer (see section 2.1) and the appropriate concentration 
of one or m ore oligonucleotide primers (detailed in the appropriate sections 
of this chapter). Optimal Mg2+ concentrations were determ ined empirically 
(between 1.5 and 3mM MgCl final concentration). After the addition  of 
tem plate DNA (see relevant sections), the reaction mix was covered by a 20- 
100 pi layer of mineral oil (light, Sigma).

U sually , the  PCR reactions w ere denatu red  for 5 to 10 m inutes in a 
thermocycler (Hybaid or Perkin-Elmer) before the addition of 0.5-2.5U of Taq 
polymerase (previously diluted in 1 x PCR buffer). Reactions were cycled 28- 
40 tim es w ith denaturation at 94°C for 0.5 to 1 m inute, annealing at the 
appropriate tem perature for 1 to 2 m inutes and extension at 72°C for 1 to 4 
m inutes. A final extension was usually perform ed at 72°C for 10 minutes. 
Details of each of the cycling reactions are presented in the relevant sections.

2.3. Alu-PCR methods.

2.3.1. A7h-PCR.

Each of the alu-based prim ers (see appendix 1 to this chapter) were used as 
follows: 559 (TC-65), (Nelson et al., 1989), IV (Cotter e t al., 1990), LIHs 
(Ledbetter et al., 1990) and the PDJ series (i.e., 33,34 and 66; P. de Jong, personal 
communication, see also Butler et al., 1992) were used at a final concentration 
of lpM . Primer 517 (Nelson et al., 1989) was used at a final concentration of 
0.2-0.5pM . These prim ers were used at the sam e relative concentrations 
w hen in combination w ith each other in the same PCR reaction. The optimal 
M g2+concentration was found to be 1.5mM for all of the prim ers except the 
PDJ series, where 3mM was found to be ideal (see also Butler et al., 1992). One 
pg of tem plate DNA (either total hum an genomic or somatic cell cell hybrid) 
was added to the reaction. For primers IV, 517,559 and LIHs, 35-40 cycles were 
found to be ideal, but, for the PDJ series, optimal results were obtained after 28 
to 30 cycles. Generally, good results were obtained by using 2.5U of Taq 
polymerase, but, 1 to 1.5U was usually sufficient for the PDJ series.

2.3.2. C loning of inter-a/w PCR products: PN/Ts-1 library.

80pl of the preparative PCR reactions using prim er IV on the PN/Ts-1 hybrid 
were extracted with an equal volume of phenol/chloroform  and centrifuged
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in a G-50 sephadex column (Maniatis et al., 1982) previously equilibrated in 
T.E. The eluate was then precipitated w ith ethanol and the DNA pellet 
resuspended  in 10-20pl of T.E. (final concentration of *100-200ng/pl). 
pBluescript™ plasm id (at lm g /m l) was digested w ith EcoRV for 3 hours at 
37°C. The digested DNA was electrophoresed and excised from a low  melting 
point agarose gel. The plasmid was purified from the gel slice by Gene-clean 
(Biol01) and d ilu ted to about 2 .5ng /p l in T.E. A constant am ount of PCR 
p roduct (usually lOOng) w as ligated to varying am ounts of the digested 
pBluescript™ plasm id (that is, 0.25, 2.5, 5 and lOng) to assess the final ratio of 
non-recom binant to recom binant colonies. The ligations were carried out in 
a final volume of 20pl containing a 1/10 volume of commercial 10 x ligation 
buffer, 5% polyethylene glycol (PEG-8000) and 200U of T4 DNA ligase for 12-14 
hours at 16°C.

2.3.3. Analysis of m tet-alu  product libraries.

Aliquots of the ligation mixes (usually l-2|il) were transform ed to competent 
D H 5a E. coli. Com petent cells for transformation were prepared according to 
H anahan (1985) or w ere purchased from  Stratagene. Transform ed E. coli 
cultures (0.5-lml) were spread onto 22 x 22cm LB-agar plates. Analysis of 
individual recom binant (white) colonies was carried ou t by direct bacterial 
cell PCR. Briefly, half of one colony was lifted w ith a sterile toothpick and 
dipped into a tube containing 50 to lOOpl of PCR-premix containing alu-based 
prim er IV. PCR was carried out as described for genomic DNA, except that 
before analysis of the products, the tubes were centrifuged at 6500rpm in a 
microfuge for 5 m inutes to pellet the bacterial debris. PCR products used for 
hybridisation analyses w ere electrophoresed in low m elting po in t agarose 
gels, excised and labelled as in section 2.2.6.

Iden tification  of colonies containing highly  repe titive  p lasm id  insert 
sequences was carried out by filter colony hybridisation w ith  radiolabelled 
total hum an genomic DNA. In situ filter lifts were perform ed as described by 
Buluwela et al., (1989). Individual recombinant colonies (white) w ere gridded 
out in ordered arrays on selective LB-agar plates and grown overnight at 37°C. 
8.2cm-diameter filters were placed on the colonies for 1 to 2 m inutes to allow 
bacterial cell adherence. The filters were then placed, colony side up, on 3MM 
paper soaked in 5 x SSC, 0.1% SDS for 2 m inutes in a heat-resistant plastic 
dish. The dish was transferred to a 650W microwave oven (with rotary base)
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and baked for 2.5 m inutes at full setting. The filters could then be used, 
directly, in hybridisation assays.

2.4. Identification and isolation of cosmids.

2.4.1. Gridded cosmid library screening.

Cosmids were identified from a chromosome 5-spedfic library prepared from 
flow-sorted chromosomes in the sCos-1 vector (Evans and W ahl, 1987). This 
library was constructed by Dr. Larry Devan and colleagues a t Los Alamos 
N ational Laboratory, U.S.A. C osm id-containing bacterial colonies w ere 
spotted in high density gridded arrays by robotic application (* 9000 clones on 
one 22 x 22cm nylon filter; Dr. A nna-M aria Frischauf, A nalysis of 
M am m alian  M utation  L aboratory , ICRF). This lib ra ry  rep resen ted  
approxim ately 2 genome equivalents of chromosome 5. Filters were screened 
by standard radiolabelled probe hybridisation (see section 2.2.7). To determine 
the grid co-ordinates of the positive signals, the filters were hybridised with 
radiolabelled pWE15 cosmid DNA. The position of colony-specific signals 
w ere calculated by superim position of both autoradiographs according to 
predeterm ined m arkings on the filters. Bacterial cells from the positive grid 
coordinates were isolated from the appropriate microtitre plate wells, streaked 
on LB-agar supplem ented w ith 50 |ig /m l Kanam ycin and grow n at 37°C 
overnight. Secondary screening was carried ou t by colony filter hybridisation 
using the protocol of Buluwela et al., (1989). DNA was p repared  by the 
alkaline-lysis procedure exactly as described in section 2.2.1.

2.4.2. Isolation of unique cosmid sub-fragments.

Cosm id DNA (section 2.2.1) was digested w ith  restriction enzym es (see 
Chapter 3, part II) and the DNA fragments resolved in agarose gels. Southern 
blots of the fragments were probed with radiolabelled total hum an genomic 
DNA. Fragm ents visualised by UV transillum ination, bu t exhibiting no 
signal for the genomic probe, were isolated from low m elting point gels and 
processed as for standard probe preparations (section 2.2.6).

2.5. Microclone methods (large scale analysis of library II).

Microclones were received as either 1ml overnight bacterial cultures (in the 
early stages of analysis (see sections 4.2.1. to 4.2.3., Chapter 4) or as single
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colonies gridded on LB-agar plates. Recombinant plasmid-containing bacteria 
(DH5a) were transferred by sterile toothpicks to 96-well plates (Falcon). Each 
of these wells contained 100p.l of LB-broth supplem ented w ith ampicillin at a 
final concentration of lOOpg/ml. The plates were covered w ith parafilm  and 
incubated w ith gentle shaking overnight a t 37°C. For perm anent storage, 
bacterial cells were replicated into further 96-well dishes supplem ented with 
30% (v /v ) sterile glycerol using a 96-pin hedge-hog device (Coulson et al., 
1988). These plates were stored at -70°C. For im m ediate analysis, l ji l  of 
saturated bacterial culture from each of the independent wells w ere placed 
directly into tubes containing the appropriate PCR pre-m ix and am plified 
using the M l 3 Universal sequencing and reverse prim ers (see appendix 1 to 
this chapter). Thirty cycles were performed using IjiM  of each prim er and 1U 
of Taq polymerase. The amplification products served as the source of DNA 
for microclone insert probes which were labelled as described in section 2.2.6. 
Microclone inserts w ere screened on digested hum an genomic DNA or on 
the somatic cell hybrid panels described in Chapter 4. Post hybridisation 
washes were typically carried out at 2 x SSC/0.1% SDS at 55°C.

2.6. Yeast Artificial Chromosome (YAC) methods.

2.6.1. YAC library screening.

The YAC library used in these studies is described in Larin et al., (1991). 
Briefly, this library was p repared  by partial EcoRI digestion of hum an 
lym phoblast DNA (containing four copies of chrom osom e X) ligated  to 
pYAC4 vector and propagated in the AB1380 yeast host (Burke et al., 1987). 
Either yeast DNA or whole yeast colonies (» 9000 clones or « 2 genom e 
equivalents) were spotted in high density arrays on 22 x 22cm nylon filters by 
robotic application exactly as described for the isolation of cosmids (kindly 
provided by Drs. Mark Ross, Anthony Monaco and Hans Lehrach).

Test probes w ere typically labelled w ith  50^iCi of [ a 32P]-dCTP. Post 
hybridisation washing was carried out at between 30°C to 40°C for extended 
periods of tim e (usually 1-2 hours). For larger sized probes or probes 
containing a lim ited am ount of repetitive sequence, the tem perature  was 
increased to 65°C for the final wash. Yeast cells from  each of the positive 
signals (converted into grid co-ordinates) were isolated from the appropriate 
microtitre dish wells and streaked onto non-selective YPD-agar plates which 
were grown for 2-3 days at 30°C.
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2.6.2. Secondary screening.

C onfirm ation of positive YAC clones w as perform ed by colony filter 
hybridisations as follows: Cells were collected from the most dense region of 
the YPD plates and streaked for single colonies on selective SD-Caa plates 
lacking uracil. The cells were allowed to grow at 30°C until colonies were 1- 
2mm in size. Subsequently, 8.2cm diameter nylon filters were placed on these 
plates for 3 minutes for yeast cell adherence. These filters were placed, colony 
side up, on fresh selective agar plates and incubated for 3-4 hours to initiate 
log-phase growth. The nylon filters were placed on 3MM paper soaked in SCE 
for 3 m inutes at room  tem perature and then on 3MM paper soaked w ith 
SCEB supplem ented w ith lyticase (4U/JJ.1) overnight at 37°C to lyse the cell 
walls. On occasion, the success of cell-wall lysis was checked by observation of 
yeast cells in 5% SDS under the microscope. Filters w ere p repared  for 
hybridisation by successive incubation on 3MM paper soaked in denaturation 
and neutralisation solutions. The DNA was fixed by UV illum ination (2 
minutes; 306nm). Hybridisations were carried out by standard  m ethods (see 
section 2.2.7).

2.6.3. Yeast DNA preparations.

Half of one positive colony (determined by secondary screening) was used to 
initiate DNA isolation procedures; the other other half was used for storage 
(see section 2.1.5). DNA was isolated in agarose blocks by a m odified 
proteinase K m ethod (Rubock et al., 1990; Ragoussis et al., 1991). Between 10 
and 50mls of autoclaved selective grow th m edia (SD-Caa solution lacking 
uracil) in 250ml conical flasks was inoculated w ith the appropriate yeast cells 
and incubated with vigorous shaking and aeration for 1-2 days at 30°C. Yeast 
cells were collected by centrifugation at 3000rpm in a 50ml falcon tube for 10 
m inutes at room temperature. The yeast cell pellet was resuspended in lOmls 
of ET buffer and re-centrifuged as above. The supernatant was discarded and 
the pellet resuspended in SCEB supplem ented with lyticase (4U /|il). Usually, 
40|il of SCEB-lyticase was added per ml of starting yeast culture (3-5pg of 
D N A /m l). This solution was aliquoted into eppendorf tubes (500p.l each). An 
equal am ount ( v / v )  of 1.5% low m elting point agarose dissolved in SCEB 
(held at a constant tem perature of 45°C) was added and 80(il aliquots added to 
block formers over ice. After 15 minutes at 4°C, the blocks were extruded into 
a solution of SCEB-lyticase (1ml per 80pl block) and incubated for 4 hours at
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37°C. The blocks were then added to a buffered proteinase K-sarkosyl solution 
for 36-48 hours at 50°C with gentle rocking.

For subsequent m anipulations, blocks were w ashed in T.E. tw o times for 30 
m inutes each at 50°C and then twice for 30 m inutes each at 50°C in T.E. 
containing 0.04pg/m l phenylm ethylsulfonyl-flouride (PMSF) to inactivate 
the proteinase K. Removal of PMSF was achieved by extensive washing in 
T.E. at room  tem perature (usually 3 x 30 minutes). For long term  storage, 
blocks were added to 0.5M EDTA and kept at 4°C.

For the isolation of small am ounts of DNA, 1-2 YAC blocks (PMSF-treated) 
w ere incubated with an equal volume of T.E. NaCl was then added to a final 
concentration of 30mM. The blocks were melted at 65°C for 15 m inutes and 
then equilibrated at 37°C for a further 10 minutes. 5U of agarase was added 
and the incubation carried on for a further 2 hours. Successful agar digestion 
w as assessed by incubation of the solution on ice for 10 m inutes. This 
solution could be used directly in this form for PCR reactions (for example 
in te r-alu PCR and alu-vector PCR; see sections 2.3.1 and 2.7.1, respectively). 
H ow ever, for restriction enzyme digestion analysis (see section 2.6.4), the 
so lu tion  w as pu rified  by p h en o l/ch lo ro fo rm  extraction  an d  ethano l 
precipitation using O.Olpg/ml of dextran polymer as a DNA carrier.

2.6.4. Restriction digestions of yeast DNA.

Restriction enzyme digestions of yeast DNA were usually carried out on the 
agarose block preparations. Restriction digests of purified yeast DNA with 
frequently cutting restriction enzymes were carried out as for cloned or 
genomic DNAs.

For infrequently cutting restriction enzymes, approxim ately 1 /3  of an 80jil 
block w as used. After extensive w ashing in T.E., 1 /3  block slices w ere 
equilibrated in 1ml of the appropriate restriction enzym e buffer at 4°C w ith 
gentle rocking. Digests were then carried out in a final volume of 100|il w ith 
the appropriate restriction enzyme buffer, supplem ented w ith bovine serum  
album in (BSA) and sperm idine (0.5m g/m l and 5mM final concentrations, 
respectively). The tubes were incubated on ice for 30-60 m inutes to allow 
maximal enzyme diffusion into the agarose blocks. Subsequently, the tubes 
w ere incubated for 4-6 hours at the appropria te  tem pera tu re  for total 
digestions. For partial digestion, yeast DNA was either incubated w ith a
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constant am ount of enzym e and digested for varying am ounts of time, or 
digested for a constant period of time w ith varying am ounts of restriction 
enzymes. The times of digestion or the am ounts of enzyme are described in 
detail in the relevant figure legends. After digestion, the blocks were 
immediately immersed in 0.5M EDTA for 15 m inutes on ice and then washed 
tw o tim es in T.E. for 15 m inutes each at 4°C. For digestions w ith  two 
restriction enzymes, the enzyme requiring the lowest salt concentration was 
used first. After initial digestion, the blocks were equilibrated in T.E., then 
equilibrated in the second restriction buffer, and  digested w ith the second 
enzym e.

2.6.6. Pulsed field gel electrophoresis.

Yeast DNAs digested w ith infrequently cutting restriction enzym es w ere 
typically resolved by pulsed field gel electrophoresis on a Biorad CHEF DR-II 
apparatus. 1% agarose gels were cast in 0.5 x TBE buffer w ith appropriate gel 
combs (14 or 30-well). Yeast DNA blocks were washed in T.E. and placed at 
the edge of the well formers which were horizontally held. Excess solution 
was absorbed from the blocks by tissue paper to allow the blocks to rem ain on 
the gel combs by surface tension. Subsequently, the gel combs were lowered 
vertically and the gel cast around the comb. The gels w ere electrophoresed 
under 0.5cm running buffer (0.5 x TBE at a constant circulating tem perature of 
14°C) at 5V /cm  for varying times. The switching times were calculated from a 
software package supplied by Biorad Ltd. for that purpose. The conditions 
used for the appropriate resolution of YACs or restriction fragm ents are 
described in the relevant figure legends. For an initial analysis to size the 
YACs, yeast chromosomes were separated w ith a switching tim e of 24 to 80 
seconds for 20 hours (resolves in the lOOkb to 1Mb region).

Sizes of the YACs a n d /o r  restriction fragments of the YACs were determ ined 
by comparison to concatamers of bacteriophage X (steps of « 50kb) and yeast 
DNA PFGE m akers (Saccharomyces cerevisiae). For the sizing of small 
restriction fragm ents, bacteriophage X, digested w ith H in d im , w as set in 
agarose blocks and co-electrophoresed. Pulsed field gels were stained in TBE 
bu ffer su p p lem en ted  w ith  e th id iu m  b ro m id e  (at 0 .8 p g /m l final 
concentration). Subsequently, the DNA was processed in situ and transferred 
to nylon membranes as described.

2.6.7. Derivation of YAC physical maps.
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Southern blots of partially digested YAC DNAs were sequentially hybridised 
w ith probes prepared from pBR322 which are specific for each of the pYAC4 
vector arms. The right arm (defined as that arm  containing the URA3 gene) 
can be recognised, specifically, with a 1.4kb Sall-PvuII fragment. The left arm 
(containing the TRP1 gene) can be recognised w ith a 750bp fragm ent derived 
from digestion of pBR322 w ith PstI and EcoRI. Confirmation of the terminal 
restriction fragments detected by the pBR322 probes in partially digested yeast 
DNA was achieved, in each case, by hybridisation to total digests.

For to tal digests, restriction fragm ents w ere also detected by a probe 
containing both an alu and LIHs element ligated in tandem  (IE12) which was 
kindly supplied by Dr. J. Ragoussis (Ragoussis et al., 1991). Localisation of the 
probes which w ere used to isolate the YAC was usually  carried ou t by 
hybridisation to both the partial and total (single and double) digestions at the 
same time. Physical m apping of a specific YAC from a co-transformed yeast 
host was achieved by the selective isolation and hybridisation of specific YAC 
insert termini sequences (see section 2.7).

2.6.8. Comparative yeast and hum an Southern blot hybridisations.

To assess the fidelity of cloning in the identified YACs, yeast DNA (purified 
from agarase treated blocks) was digested in parallel to hum an genomic DNA 
with a num ber of different restriction endonucleases. Approximately 50ng of 
whole yeast DNA and 10|ig of hum an genomic DNA were loaded in parallel 
on 25cm, 0.8% agarose gels and electrophoresed at 2.5V /cm  for 48 hours. 
Processing of the agarose gels, southern blot transfer and hybridisations were 
perform ed as described in section 2.2.

2.7. Isolation of YAC insert terminL

2.7.1. A/tt-vector PCR.

A/w-vector PCR was carried out exactly as described for genomic inter -alu PCR 
analysis, except that an additional prim er based on ’left' or ’right' arm  of the 
pYAC4 vector (Riley et al., 1990; see appendix 1 to this chapter; see also figure
7.4, C hapter 7) w as added, initially at a final concentration of l |iM . In 
addition, 200-fold less template DNA was added in line w ith the differences 
in genom e size (usually 5-1 Ong of whole yeast DNA w as sufficient). To
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enhance the appearance of novel vector-insert junction fragm ents, the 
pYAC4 specific prim er was added in a 10-fold excess (0.1 H.M alu primer; ljiM  
pYAC4-spedfic primer).

Restriction digestion of the PCR fragments was carried out as follows: a 20|il 
aliquot of PCR product was added to 15^1 of water, 4 |il of the appropriate 
restriction enzym e buffer and 1^1 of the appropria te  restriction enzym e 
(usually 10U). This mix was then incubated at 37°C for 1 hour. The fragment 
representing the sequences from the alu element to the EcoRI cloning site in 
pYAC4 was excised from low melting point gels, labelled and hybridised as 
described in section 2.2.

2.7.2. Vectorette PCR.

Construction and use of the vectorette libraries was carried out essentially as 
described in Riley et al., (1990). Refer also to C hapter 7 for a schematic 
illustration of the m ethod (in addition to the sequence of the vectorette 
cassettes). Three vectorette cassettes were used which were specific for Bglll 
(or BamHI), H indm  and PstI restriction enzymes. Briefly, whole yeast DNA 
in 1 /3  block slices was digested as described in section 2.6.4. Half of each of the 
digested blocks were examined by conventional gel electrophoresis in 0.8% 
agarose gels. The digested blocks were then equilibrated in 1ml of ligation 
buffer for 30 m inutes at 4°C. Subsequently, the blocks w ere incubated in 
ligation buffer in a final volume of IOOjj.1 and ljig  of vectorette cassette added. 
The tubes were incubated at 65°C for 15 m inutes to m elt the agarose and then 
equilibrated at 37°C for the ligation reaction. Ribose-ATP (r ATP) was added to 
a final concentration of Im M  (from a lOmM stock, used once or twice and 
then discarded) and ligation carried out at 37°C for 2 hours w ith 10U of T4 
DNA ligase.

After ligation, the library was diluted to a final volume of 400|il w ith distilled 
H 2 O and stored at -20°C. PCR was carried out using 5}il of the library and 
amplified w ith the vectorette universal prim er (224; see appendix 1 to this 
chapter) in combination w ith either prim er 1089 (specific for the left-hand 
side of pYAC4 (TRP1 gene); see appendix 1) or prim er 1091 (specific for the 
right hand side (URA3 gene)); see appendix 1) at final concentrations of IjiM 
each. The PCR reaction was cycled 38 times at 94°C for 1 m inute, 65°C for 2 
minutes and 72°C for 4 minutes. A final extension was carried out at 72°C for
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10 m inutes. The vectorette PCR products were digested and purified  as 
described for alu-vector PCR.

2.7.3. 'Junction-trapping1 of YAC insert term ini.

This method, which is discussed in detail in Chapter 8 relies on the 'trapping' 
of YAC insert junction sequences by simple plasm id ligation. The positions 
of the PCR prim ers that are used in this method, in addition to a schematic 
illustration of the technique itself are depicted in figures 7.4 and 7.5, Chapter 
7, respectively. The method was generally carried out as follows:

Two yeast DNA blocks (equilibrated in T.E.) were cut in half. All four slices 
w ere incubated in a final volume of 400|il containing the appropriate Sau3Al 
restric tion  enzym e buffer and 20U of Sau3Al enzym e. The m ix w as 
incubated on ice for 30 m inutes to allow diffusion of the enzym e into the 
blocks and then at 37°C for a total of 60 m inutes. Just p rior to restriction 
digestion, 1U of calf intestinal phosphatase was added to 5'-dephosphorylate 
the insert DNA. A half-block was rem oved every 15 m inutes and im m ersed 
in 0.5M EDTA. After this, the half-blocks were re-equilibrated in T.E. and a 
sm all slice from each half-block was taken and electrophoresed in a 0.8% 
agarose gel to assess digestion. If any or all of the blocks contained partially 
digested DNA, they were pooled and the DNA purified as follows: A small 
hole was pierced in the bottom of a 0.5ml eppendorf tube w ith a hot needle. 
A small am ount of glass wool (up to about 50|il depth) was packed inside. 
This tube was then placed inside a 1.5ml eppendorf tube w ith the cap cut off. 
The yeast blocks were placed on top of the glass wool inside the 0.5ml tube. 
Both tubes (i.e. one inside the other) were spun at 6500rpm for 10 m inutes in 
a m icrofuge. The DNA solution, collected at the bottom  of the  1.5ml 
eppendorf tube, was placed into a new  tube. To inactivate the phosphatase, 
the  DNA solution w as incubated w ith  trin itroacetic  acid (lOmM final 
concentration) at 65°C for 15 m inutes and then extracted tw o tim es w ith 
pheno l/ch lo rofo rm . The DNA w as then  precip itated . The DN A w as 
electrophoresed, again, to estim ate the concentration. Usually, all of the 
partially digested DNA (« 100 to 200ng) was ligated w ith 10U T4 DNA ligase to 
2.5-5ng of BamHI-digested pBluescript plasm id (Stratagene) in a commercial 
ligation buffer at 16°C overnight. The ligation mix (lOpl) was diluted w ith an 
equal volume of distilled H2 O and stored at -20°C.

Page -77-



The first round of PCR utilised the M l3 Universal sequencing (M13F) and 
reverse sequencing (M13R) prim ers in combination with the pYAC4-specific 
vector prim ers described by Riley et al., (1991) in all possible combinations. 
For example M13F was used in combination with 1089 or 1091 and so forth for 
M13R (see appendix 1 and also figure 7.4, Chapter 7). The prim ers were used 
in a 10:1 ratio in favour of the pYAC4-specific prim ers (that is, 0.1 pM  M l3 
prim er (F or R) and lpM  pYAC4 (1089 or 1091)). In addition, a reaction was set 
up  using both of the M l3 prim ers in combination w ith each other to assess 
the ligation reactions. Approxim ately lp l  aliquots of the ligation m ixture 
w ere used for each reaction. PCR w as carried ou t as described for the 
vectorette experiments, except that the annealing tem perature was lowered to 
55°C and only 30 cycles were performed.

Approximately lp.1 of the PCR reactions were aliquoted into a second PCR pre­
mix containing the appropriate internal primers for both the plasm id and the 
pYAC4 vector. Specifically these are as follows: T7 for M13F, T3 for M13R; 
1207 for 1089 and 1208 for 1091 (refer to figure 7.4, Chapter 7). Thirty cycles 
w ere carried out as before but at an annealing tem perature of 57°C (biased 
tow ard the annealing of 1207 and 1208, respectively). Approxim ately 10p.l of 
each of the PCR reactions w ere exam ined by gel electrophoresis w ith or 
w ithout prior EcoRI digestion (as described for a/u-vector PCR). As before, the 
appropriately  digested fragm ents w ere isolated for fu rther hybridisation 
studies.
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Appendix 2: Sources of DNA probes.

Probe Source Reference

YN5.48 Dr. Ray White N akam ura et al., (1988)
ECB220F.1 D. Lily Varesco Varesco et al., (1989)
p3.1 Mr. Tristan W ard Spurr et al., (1989)
SW15 (MCC)a Dr. Kenneth Kinzler Kinzler et al., (1991a)
MCC40cI (MCC)b Dr. Kenneth Kinzler Kinzler et al., (1991a)
X12.75 Ms. Sally Cottrell Thomas (1991 )c
M4.16 Ms. Sally Cottrell Thomas (1991)
M4.17 Ms. Sally Cottrell Thomas (1991)
X12.46 Ms. Sally Cottrell Thomas (1991)
EF5.44 Dr. Yusuke N akam ura Dunlop et al., (1990)
L5.62 Dr. Yusuke N akam ura Dunlop et al., (1990)
CB83.6 Dr. P. Meera Khan Breukel et al., (1991)

Other probes d ted  in this thesis (generated during the project) are described in
the text.

SW15 is a cDNA probe representing nucleotides 133 to 1918 of the MCC gene. 
MCC40cI is a cDNA probe representing nucleotides 1634 to 3969 of the MCC gene. 
The T series clones were generated from genomic libraries constructed from 
radiation reduced hybrids containing fragments of chromosome 5.
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Chapter 3.

Repetitive sequence polymerase chain
reaction (PCR).
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Chapter 3.

Repetitive sequence polymerase chain 
reaction (PCR).

Part 1. Rapid generation of human chromosome-specific DNA  
probes from a somatic cell hybrid.

3.1. Introduction.

The experiments described in the first part of this chapter were designed to 
exploit the presence of genomic repeated sequences as tem plates in a PCR- 
based strategy to generate hum an chromosome-specific DNA probes useful 
for m apping studies.

M am m alian genomes contain a num ber of in terspersed  repetitious DNA 
sequence families which are broadly categorised into tw o m ain classes: (1) 
short interspersed repetitive sequences (SINES), m ost commonly represented 
in the hum an genome by the alu sequences, which num ber som e 9 x 10s 
copies (Britten et al., 1988), and (2) long interspersed repetitive sequences 
(LINES), the most common of which are the LIHs or Kpnl family, present in 
about 104 - 105 copies (Jelinek and Schmid, 1982). These sequences are 
believed to have arisen in such num bers by retro transposition  (see van 
Ardshell et al., 1981; Bains, 1986), a process analogous in part to retroviral 
in teg ra tio n  in m am m alian  genom es (rev iew ed  in  V arm us, 1989). 
Retrotransposition is an ongoing process, particularly noticeable in unstable 
genom es such as those in tum our cells (Bratthauer and  Fanning, 1992). 
However, the finding of an integrated LIHs elem ent in the Factor IX gene 
(Kazazian et al., 1988) suggests that the process occurs naturally in the germ- 
line.

Alu  sequences are approximately 300bp in length (Deininger et al., 1981) and 
are about 85% homologous to each other (Bains, 1986). They are generally 
surrounded by sequences rich in adenine and thym ine nucleotides which has 
suggested that these m ay be preferential integration sites in the genom e 
(Bains, 1986; Kariya et al., 1987). In situ hybridisation of alu sequences to 
hum an m etaphase chromosomal spreads shows a clear bias in distribution 
tow ard G-negative regions (Korenberg and Rykowski, 1988) which are highly 
AT rich. Alu  sequences can be orientated either tow ard each other or in the
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same direction. In general, where alu sequences are spaced more closely than 
500bp, they tend to be orientated in the same direction (reviewed in Moyzis et 
al., 1989). On a gross genomic level, it has been estim ated that alu elements 
are in opposing orientations about 35% of the tim e (Moyzis et al., 1989). 
Equivalents to the hum an alu sequences exist in other m am m alian genomes 
and are particularly well characterised in m ouse, ham ster and ape (Jelinek 
and Schmid, 1982). Sufficient sequence divergence betw een m an and rodent 
exists, how ever, to enable differentiation in prim er tem plate design (see 
below).

Based on a revised alu consensus sequence (Kariya et al., 1987), Drs. Finbarr 
Cotter and Bryan Young (ICRF Medical Oncology Laboratories) designed 
oligonucleotide primers to various positions of the alu element. Cotter et al., 
(1990) showed that these primers (which are schematically depicted in figure 
3.1) when used alone or in combination, could allow amplification between 
adjacent alu elem ents in the sam e or inverted  orien tations in hum an 
genomic DNA. More formal evidence for this 'inter-alu1 am plification was 
provided by direct di-deoxy sequencing of a heterogenous m ixture of the 
genomic am plification products. These experim ents clearly dem onstrated 
that the PCR products did indeed represent amplification betw een adjacent 
elements, thus 'trapping' potentially single-copy DNA sequences (Cotter et al., 
1990).

I reasoned that useful hum an-specific DNA probes could be derived from 
m ore com plex sources, such as hum an chrom osom es or chrom osom al 
fragments retained in inter-spedes somatic cell hybrids, given that sufficient 
sequence divergence d id  indeed exist betw een roden t and  hum an  alu 
sequences (Jelinek and Schmid, 1982). Such a m ethod was expected to allow 
direct and rapid  access to sequences in sub-chromosomal regions of interest, 
obviating the need  for tim e-consum ing construction  and  screening of 
genomic libraries.

3.2. Results.

3.2.1. Alu-PCR  from a somatic cell hybrid.

As a model system to test this hypothesis, a somatic cell hybrid - PN /Ts-1, was 
chosen. This somatic cell hybrid contains a norm al chromosome 5 as its only 
hum an complement on a hamster background (Varesco et al., 1989). The PCR
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experiments perform ed by Cotter et al., (1990), in addition to the results of 
exhaustive sequence analysis (Moyzis et al., 1989), predicted that alu elements 
could reside in opposing orientations sufficiently often to allow each prim er 
to be used in isolation for assessment of hum an specificity (see figure 3.2(b)). 
Of each of the four prim ers tested (figure 3.1), prim er IV appeared to be the 
m ost human-specific, yielding amplification products from the hybrid  and 
only a very faint background smear in the ham ster DNA under the PCR 
conditions used (see figure 3.2(a)). In add ition , m ouse DNA w as also 
included in the example shown in figure 3.2(a). Mouse DNA gave rise to a 
reproducibly specific band at about 2kb with no background smear, suggesting 
that, like ham ster-based hybrids, this prim er w ould also be useful on inter 
m ouse-hum an hybrids. It can be seen that am plification of the PN /Ts-1 
hybrid DNA gave rise to about 15-20 discrete PCR products on a background 
smear. These products ranged in size from 300bp to 2kb w ith the majority 
between 600bp and 1.4kb. Amplification of different PN/Ts-1 hybrid cell DNA 
isolates demonstrated that these banding patterns were highly reproducible.

3.2.2. Cloning of inter-alu PCR products.

To investigate the origin of these PCR products, it was decided to clone the 
amplification products and to use individual cloned inserts for hybridisation 
analyses. The oligonucleotide primers depicted in figure 3.1 had originally 
been designed to contain sites for specific restriction enzymes at the 5' end of 
the sequences: for exam ple, prim er IV contains an EcoRI recognition site 
(underlined in figure 3.1). A num ber of attem pts were m ade to clone the 
in ter-alu PN/Ts-1 PCR products by digestion w ith EcoRI and ligation of the 
products to EcoRI digested pBluescript plasmid. However, even w ith careful 
DNA purification and the use of excess restriction enzyme, no recom binant 
colonies could be recovered. This was most likely due to the fact that the 
restriction site is too close to the 5’ end of the prim er. It has been suggested 
that specific restriction enzymes require a significant num ber of nucleotides 
pro trud ing  past the 5' end of the prim er sequence for efficient digestion 
(Aslanidis and dejong, 1990; Dr. Pieter dejong, Lawrence Livermore National 
Laboratory, U.S.A., personal communication).

To circumvent this problem, I devised a simple strategy. It was assum ed that 
the PCR products should contain 'blunt' or 'flush' ends due to the nature of 
the PCR am plification reaction and thus be am enable to cloning into 
pBluescript cut at an appropriate 'blunt'-site. EcoRV was chosen as the
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y-CAG AATT CGCGACAGAGCGAG ACT CCGT CT C-3'

5-GAATT CACGCC ACT G C ACT CC AGCCTG-

\
IV

5 ' 3 '

III I I

/ \
5'-T CTT GAT CT CTT G ACCT CGTG-3' S'-GGATCCTGCCTCAGCCTCCCTCCCGAGTAGC-S'

Figure 3.1. Position and sequence of a/u-based oligonucleotides.

The hatched box represents the 280bp hum an alu consensus sequence. The 
relative positions and orientations of the four oligonucleotide prim ers (I, II, 
III, IV) are denoted by the arrows above and below the schematic alu element. 
The EcoRI site in primer IV is indicated by the bold line.
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Figure 3.2. AZu-directed amplification of hybrid PN/Ts-1.

(A) Electrophoresis of alu-prim ed PCR products (1 /10 th  of total) on a 1.5% 
agarose gel electrophoresed at 5V /cm  for 10 hours and stained w ith ethidium  
bromide. The identity of the genomic DNA samples used in each of the PCR 
reactions are ind icated  above the figure. The size d istribu tion  of the 
amplified products is illustrated by the lkb  ladder DNA m arkers displayed on 
the right side of the figure. Note the appearance of a specific band in m ouse 
DNA at approximately 2kb.

(B) Schematic illustration of inter -alu PCR. The figure represents a random  
stre tch  of hum an  genom ic DNA w ith  a num ber of in te rspersed  a lu  
sequences. Elements 1 and 2 are depicted in the 5-3’ orientation, elements 3 
and 4 are depicted in the 3 -5 ’ orientation w ith  respect to the consensus 
sequence (Kariya et a l, 1987). An oligonucleotide designed to the 3' end of the 
alu elem ent (e.g. p rim er IV) is denoted by the arrows. An inter-a/w PCR 
product can only be generated between elements 2 and 3 which are in inverse 
orientation w ith respect to each other.
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'b lunt' end generating enzyme since it cuts extrem ely well and leaves few 
undigested molecules. A lthough 5’-dephosphorylation of the vector w ould 
have prevented re-circularisation of the plasm id w ithout an insert (and be 
m ore efficient), the oligonucleotides d id  not contain phosphate groups at 
their 5' ends and w ould, therefore, have been unclonable. To avoid this, 
sim ple ligations, w ithout prior enzymatic dephosphorylation of the vector 
were performed.

To attain a reasonable ratio of recombinants to non-recom binants, a fixed 
am ount of PCR material (approximately 100 nanogram s; ng) was ligated to 
varying am ounts of vector DNA in the presence of Polyethylene Glycol (PEG) 
at a final concentration of 5% to enhance the ligation efficiency. This 
com pound serves as a volume 'excluder' such that the local concentration of 
available DNA ends in solution is very high (Hayashi et al., 1986; Ludecke et 
al., 1989). A molar ratio of about 1:0.1 PCR material to vector (i.e. about 2.5ng) 
was usually ideal and gave libraries with ratios of about 70:30 recombinants to 
non-recom binants. The cloning efficiency was calculated a t about 5 x 104 
clones per microgram of PCR material using transform ation com petent cells 
w ith a theoretical efficiency of about 107 colonies per microgram of DNA.

3.2.3. Analysis of the ’inter-alu' PCR libraries.

For rap id  analysis of potentially  recom binant plasm ids, single bacterial 
colonies w ere analysed by a PCR-based protocol as follows: Bacterial cells, 
presum ed to contain recombinant plasmids, were added directly to a PCR pre­
mix w ith sterile toothpicks and the cells lysed sim ply by heating in  a PCR 
therm ocycler at 94°C for 10 minutes (see Chapter 2). Taq polym erase was 
added and the PCR reaction cycled in the normal way. Using this protocol, it 
w as possible to analyse up  to 50 clones, albeit am plified in ind iv idual 
eppendorf tubes, in a single experiment w ith no preparative  procedures. 
Direct colony PCR was performed using the original alu prim er IV, such that 
the fidelity  of the cloning reaction could be assessed. In m ost cases 
recom binant clones gave rise to PCR products suggesting th a t in te r-alu 
products m ust have been cloned. Examples of direct colony-PCR are shown 
in figure 3.3(a). It can be seen that these inserts represent a variety of sizes, 
essen tia lly  reflecting the size range dem onstra ted  for the  a lu -P C R  
amplification of PN/Ts-1 in figure 3.2(a).

3.2.4. H ybridisation analysis of ’inter-alu' PCR products.
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Figure 3.3. Analysis of an inter-alu PCR product library from hybrid 
PN/Ts-1.

(A) Electrophoresis of PCR products from 26 individual bacterial colonies 
amplified using alu prim er IV on a 1.5% agarose gel stained with ethidium  
brom ide (Lanes 1-13 and 14-26). Lanes 16-18 represent amplifications from 
'blue* colonies (i.e. non-recom binant clones not expected to give products). 
Some w hite (i.e. potentially recombinant) colonies d id  not give rise to any 
detectable products (lanes 3 and 9). Lanes m arked (M) contain phage phiX174 
DNA digested with Haem.

(B) Southern blot hybridisation analysis using probes generated from three 
random  in ter -alu PCR fragments. Each fragm ent was radiolabelled, pre­
annealed to sheared and sonicated hum an placental DNA (Chapter 2) and 
hybridised to filters containing: 10|ig of hum an (Hu) and 10-15jig of PN/Ts-1 
(P N ) DNAs digested w ith EcoRI (E) and H ind lll (H). The sizes of the 
hybridising fragm ents are indicated to the left of each 'panel'. The signal 
strengths of hybridisation fragm ents in the higher m olecular w eight size 
range are weak due to poor Southern transfer. The filters were each washed 
to a final stringency of 0.2 x SSC/0.1% SDS at 65°C and  exposed to 
autoradiographic film for 2 to 4 days.
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Forty-eight different recom binant clones derived from  an in ter-alu PCR 
library of PN /Ts-1 were gridded  ou t onto nylon m em branes and screened 
w ith  [a 32P]-dCTP labelled total hum an genomic DNA to select apparently  
'single-copy' inserts for hybridisation analysis. In this experim ent, 6 clones 
gave highly intense signals and 2 clones exhibited weak hybridisation signals. 
The other 40 clones did  not give any signal w ith the genom ic probe which 
suggested that only about 15% of the inserts contained either highly divergent 
alu sequences or elements of other common repeat sequence families. Six of 
the  40 inserts negative in  the  screening experim ent w ere chosen for 
hybridisation analyses on Southern blots containing d igested hum an and 
PN /Ts-1 DNAs. The labelled inserts w ere com peted w ith unlabelled and 
sheared hum an placental DNA to quench any repetitive signal contributed by 
the 30 bases of alu sequence bounding each side of the inter -alu products. All 
of the 6 inserts were show n to be hum an in origin and  all hybridised to 
PN /Ts-1 DNA with patterns identical to genomic DNA. These experiments 
confirmed the hum an origin of the PCR products, most of which are likely to 
be derived from chromosome 5. Examples of three of these hybridisations are 
show n in figure 3.3(b).

3.3. Conclusions.

A lu -PCR am plification of hum an  genom ic DNA in  ad d itio n  to direct 
sequencing of the PCR products (Cotter et al., 1991), together confirmed the 
expectation that the alu-based prim ers could allow specific amplification of 
genomic DNA between two alu sequences (i.e. inter -alu PCR).

W ith this evidence, the four a/n-based prim ers depicted in figure 3.1 were 
then applied to the genomic DNA of a som atic cell hybrid . Of the four 
prim ers tested w ith PN /T s-1, prim er IV appeared  to be the m ost hum an 
specific. Com parative analysis of the consensus sequences betw een species 
(Jelinek and Schmid, 1982) suggests that this specificity is probably due to the 
following factors: (1) the term inal cytosine nucleotide at the 3’ end  of the 
hum an alu consensus sequence (included in prim er IV) is not present in the 
ham ster alu equivalent and (2) the cytosine and adenine residues at positions 
-5 and  -6 from the 3' end of the hum an consensus sequence are usually  
represented by thym ine and guanine nucleotides, respectively, in ham ster 
(Jelinek and Schmid, 1982). A lack of inter-species hom ology of these 
nucleotides at the 3' end of the prim er is probably sufficient to preferentially
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bias the reaction, in a competitive sense, tow ard the amplification of hum an 
sequences. In the absence of any hum an DNA sequences, amplification gives 
rise to only a very faint background smear.

Amplification of the PN/Ts-1 hybrid with the single alu prim er IV, produced 
discrete and reproducible sets of PCR products suggesting that only a limited 
num ber of potential 'inter-alu' sequences had been selected for amplification 
in the PCR reaction. These results are similar to those published by Nelson et 
al., (1989) at the end of these initial studies. The restricted set of PCR products 
from these somatic cell hybrids is probably due to an inter-play of three key 
factors: (1) that the alu repeat sequences need to be sufficiently close to each 
other, (2) that they have sufficient homology to the prim er and, (3) that they 
m ust be in opposite orientations to allow amplification to occur w hen only a 
single prim er is used in the reaction.

It has been estim ated that alu sequences are about 85% hom ologous to each 
other (Bains, 1986). A lthough absolute homology will not be required, it is 
probable th a t a tem plate com petition effect exists in the PCR reaction 
favouring those pairs of sequences m ost hom ologous to the prim er. The 
background smears seen in all amplifications of single chromosome hybrids 
in this and other similar studies (Nelson et al., 1990) probably represent a very 
large num ber of minor amplification events, less favourable in a competitive 
reaction. This competitive effect is discussed further in Chapter 9.

The distribution of alu sequences is also quite variable. Although the average 
spacing of repeats was originally estimated at approxim ately 4kb (Rienhard et 
al., 1981), the true distribution of these sequences can be best explained by a 
bim odal m odel assum ing 'alu-rich' and 'alu-poor’ dom ains w ith  average 
spacings of 1 kb and 10 kb respectively (Moyzis et al., 1989). In the case of the 
PN /Ts-1 amplifications, it is likely that 'alu-rich’ dom ains are selectively 
targetted for PCR since the reaction will probably tend  to favour smaller 
amplification products. As suggested in Cotter et al., (1990), modification of 
PCR conditions to allow amplification of longer PCR products (e.g. see Ponce 
and Micol, 1992), may increase the complexity of the amplification mixture.
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Part 2. Applications of the alu-PCR method: comparative analysis of 
somatic cell hybrids

3.4. Introduction.

On the basis of the discrete and highly reproducible patterns generated from 
the PN/Ts-1 hybrid using primer IV (figure 3.2(a)), I reasoned that if a disease- 
related deletion were present in a chromosome retained as the sole hum an 
constituent of a som atic cell hybrid, a num ber of the alu sequences in the 
same region would be deleted. If these particular sequences were present and 
amplified as discrete products in the normal hom olog of that chromosome, a 
change in the banding pattern of the other should be observed.

At the tim e of these studies, N elson et al., (1989) also dem onstrated  the 
amplification of hum an specific sequences from somatic cell hybrids retaining 
w hole hum an chrom osomes using oligonucleotide prim ers different from 
prim er IV described above. These primers, 517 and 559 were both designed to 
the same position in the alu sequence but are reverse com plem ents of each 
other and therefore prim e in opposite directions from the alu elements.

In addition, Ledbetter et al., (1990) described another oligonucleotide that 
specifically primes from the conserved 5' region of the 6kb L IH s/K pnl LINES 
hum an repeat family. W hen used to amplify somatic cell hybrid DNA, this 
prim er also gives rise to discrete and reproducible patterns. The num bers of 
products generated are fewer, however, than the num bers generated by alu- 
PCR and probably reflect the lower num bers of this repeat sequence family in 
the hum an genome. The authors also dem onstrated that both the alu and 
LIHs prim ers could be used in the same reaction to produce discrete, bu t 
entirely different patterns than those generated by either prim er used alone. 
To encompass the use of both primers, Ledbetter et al., (1990) have used the 
term  'In terspersed  R epetitive Sequence (IRS)-PCR' to  describe these  
experim ents.

For the experim ents described in the following sections, tw o som atic cell 
hybrids were used: PN/Ts-1 and another hybrid; M D/Ts-1. The latter hybrid 
contains a single copy of chromosome 5 with a cytogenetically visible deletion 
thought to encompass the APC  gene, around region q21-q22 (Varesco et al., 
1989). In situ hybridisation using biotin dUTP labelled total hum an DNA 
suggested that like PN /Ts-1, this hybrid contains chrom osome 5 as the only
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hum an DNA constituent. Thus these hybrids could be used for direct 
comparison by IRS-PCR.

3.5. Results

3.5.1. IRS-PCR of somatic cell hybrids: Primer IV

To test the hypothesis of differences in the alu-PCR patterns betw een the 
norm al and deleted chrom osomes 5, prim er IV was used to am plify the 
PN /Ts-1 and  MD/Ts-1 hybrid DNAs (see figure 3.4(a)). As shown before in 
figure 3.2(a), amplification of PN /Ts-1 gave rise to about 15 to 20 discrete 
products ranging from about 300bp to 2kb in size. The pattern generated from 
M D/Ts-1 was extremely similar, if not identical. N one of the intense PCR 
products thus appeared to originate from within the region defined by the 
MD deletion. It is, how ever, likely that pairs of alu sequences in the 
appropriate orientation and distance apart do exist in this region. However, 
alu sequences slightly diverged from the prim er sequence will appear very 
weakly or not at all, presumably due to the competitive effect.

3.5.2. IRS-PCR of somatic cell hybrids: Primers 517,559 and LIHs

The primers 559, 517 and LIHs, described by Nelson et al., (1989) and Ledbetter 
et al., (1990), respectively, were then used individually to amplify both the 
norm al and deleted chromosome 5 cell hybrids (figure 3.4(a)). As for prim er 
IV, it can be seen that the patterns generated from both of the hybrids are very 
similar for each individual prim er used. However, the products are entirely 
dissim ilar w hen different prim ers are used on the hybrids. Am plification 
w ith the LIHs prim er generated some 13 major and m inor products. One 
band at 1.65kb (designated L5.4) was clearly present in PN /Ts-1 bu t not in 
MD/Ts-1. Interestingly, there was an intense band at 350bp which was present 
in the deleted bu t not the norm al chromosome. Possible reasons for the 
appearance of th is add itional band  in M D /Ts-1 are d iscussed  in  the 
conclusions to this chapter.

A lu  prim er 517 generated about 20-25 major products w ith a size range of 
400bp to 3kb while prim er 559 generated approxim ately 15 major products 
from 600bp to 2.5kb. The 517 amplification reactions revealed two banding 
pattern differences between the normal and deleted hybrids at approxim ately

Page -96-



Page -97-



Figure 3.4. Comparative repetitive sequence PCR analysis of normal 
and deleted chromosomes 5.

(A) Electrophoresis of PCR reaction products from PN/Ts-1 (PN) and M D /Ts- 
1 (MD) hybrids on a 1.5% agarose gel electrophoresed at 5V /cm  for 10 hours 
and stained w ith ethidium  bromide. The primers used for each amplification 
reaction are indicated at the top of the gel lanes. Lane (M l) contains the lk b  
ladder DNA size m arkers. Sizes of fragm ents L5.4, A5.2 and A5.3 are 
indicated by arrowheads to the left of the figures.

(B) Electrophoresis of PCR reaction products from PN/Ts-1 (PN) and MD/Ts-1 
(MD) hybrids on 3% Nusieve™ agarose gels electrophoresed at 7V /cm  for 10 
hours c.nd stained w ith ethidium  bromide. The prim er combinations used 
for each of the am plification reactions are indicated above the gel lanes. 
Lanes (M2) and (M3) contain the lOObp ladder and phage phiX174 DNA 
digested w ith Haelll, respectively. Sizes of fragments AL5.6 and AL5.7 are 
indicated by arrowheads to the left of the figure. Note the extra bands in (MD) 
that are not present in  the  (P N ) reaction p roducts in the  L IH s/559 
com biration.
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1.9kb (A5.2) and 1.3kb (A5.3). However, no such differences were observed 
betw een the amplification products of the two hybrids using prim er 559.

The LIHs prim er was also used in combination w ith  each of the three alu 
prim ers (figure 3.4(b)). For each combination, the patterns generated were 
entirely  different from those generated by any of the prim ers w hen used 
alone and, because of the generally sm aller size, had  to be resolved on 3% 
NuSieve GTG agarose gels for long periods of tim e (see C hapter 2). The 
products ranged  in size from  approxim ately lOObp up  to a m axim um  of 
approxim ately  l.Okb w ith a heavy background sm ear in  each case. Two 
fragm ents of 250bp (AL5.6) and 200bp (AL5.7) w ere observed in the norm al 
b u t no t the  deleted chrom osome 5 using the LIHs-pIV combination. No 
additional products were seen in the norm al chromosome when compared to 
the deleted chrom osome for the LIHs-559 or LIHs-517 combinations, but, it 
can be seen that a num ber of products appeared only in the MD/Ts-1 hybrid, 
especially in the LIHs-559 reactions (see conclusions).

3.5.3. Isolation and m apping of IRS-PCR ‘difference* products

To generate enough DNA product for labelling and m apping of these PCR 
fragm ents, the amplification products w ere eletrophoresed in low m elting 
point agarose gels and the difference products excised. These gel slices were 
diluted w ith  an equal volume of sterile water and 5pl of this dilution used in 
a fu rther PCR reaction. Most of the PCR fragm ents, except for the two 
difference products generated by primer 517, could be re-amplified. These two 
differences w ere resistant to re-am plification under a large variety of PCR 
conditions, even after re-isolation from a num ber of low  m elting point 
agarose gels. In general, a complex smear was obtained in each case and the 
reason for this is unknown.

The successfully re-amplified products; L5.4, AL5.6 and AL5.7 were labelled 
w ith [a 32P]-dCTP and m apped w ith respect to a som atic cell hybrid panel 
con ta in ing  P N /T s-1 , M D /Ts-1 and  ano ther h y b rid , P D /T s-1 . This 
independently  available hybrid contains a hom olog of chromosome 5 w ith a 
deletion that is cytogenetically indistinguishable to that of MD. However, at a 
m olecular level, hybridisation of a num ber of chrom osom e 5-specific DNA 
probes have shown that the MD deletion extends further distally than this PD 
deletion (Varesco et al., 1989). Each probe was com peted w ith unlabelled and 
sheared total hum an placental DNA according to Sealy et al., (1985) to quench
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residual alu a n d /o r  LIHs repetitive sequences. U nder the conditions used, it 
was only possible to map the inter-LIHs product, L5.4. The other two products 
generated  from  the LIHs -alu com binations; AL5.6 and AL5.7, gave no 
appreciable hybridisation signals. This was also found to be the case for these 
tw o probes using alternative competitive hybridisation conditions described 
by Nelson et al., (1989).

L5.4 hybridised to the normal chromosome 5 hybrid DNA bu t not to the other 
tw o deletion chrom osome hybrids (figure 3.5), and  thus m apped to the 
minimal region near the APC  gene defined by the tw o interstitial deletions.

3.5.4. C loning of L5.4.

The L5.4 fragment was purified and cloned as described for the construction of 
the PN/TS-1 alu-PCR library. Potential recom binants were tested by direct 
colony PCR using the LIHs primers. Each of 10 colonies presum ed to contain 
recom binant plasm ids gave rise to products that were of the correct size as 
determ ined by agarose gel electrophoresis. In addition, purified PCR product 
from one of the colonies (termed pL5.4) was labelled and m apped with respect 
to the somatic cell hybrids, confirming that the correct sequence had  been 
cloned.

3.5.5. Isolation of a cosmid containing the L5.4 sequence.

Hybridisation of pL5.4 to hum an DNA shows that this fragm ent is still quite 
repetitive even after competition w ith placental DNA (see figure 3.5). As 
explained in C hapter 5, it was intended to use each clone isolated in the 
region around the APC gene in a hybridisation assay for the selection of yeast 
artificial chromosomes (YACs) to expand the am ount of cloned DNA around 
5q21-q22. L5.4 could not be used in such an assay as the ICRF YAC
hybridisation filters required very high signal-to-noise ratios for the selection 
of positive clones (see Chapter 5). To generate an appropriate  single-copy 
fragment, it was decided to isolate a cosmid for L5.4.

The cosmid library used for this experiment was constructed from flow-sorted 
chromosome 5 in the sCOS-1 cosmid vector (described in Evans and Wahl, 
1987) at the Los Almos N ational Laboratory, U.S.A.. L ibrary clones, 
representing approxim ately two genome equivalents of chromosome 5, were 
spotted in high density gridded arrays of approximately 9000 clones 22 x 22cm
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Figure 3.5.»outhem blot analysis of probes L5.4 and cL5.4.s-l.

Southern bit hybridisations of the inter-LIHs product L5.4 (left hand side) 
and tie  conid  sub-clone cL5.4.s-l (right hand side) on filters containing 
EcoRI diges?d genomic DNAs, the identities of which are indicated above the 
panels Thesizes of the hybridising fragments are indicated to the left of the 
figure. L5.<was pre-annealed w ith sheared and sonicated hum an placental 
DNA is desribed (Chapter 2). Sub-clone cL5.4.s-l was not pre-annealed. Both 
filters w erevashed to a final stringency of 0.2 x SSC/0.1% SDS at 65°C and 
exposed to utoradiographic film for 3 days.
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nylon filters (see Nizetic et al., 1991) by Dr. Anna-Maria Frischauf (Analysis of 
Mammalian M utation laboratory, ICRF). Hybridisation of L5.4 resulted in the 
detection of one positive cosmid, designated cL5.4. The sCOS-1 cosmid vector 
contains sites for the rare-cutting restriction endonuclease; Notl, which flank 
the BamHI cloning site. The insert size could therefore be determ ined simply 
by digestion of cosmid DNA with N otl and electrophoresis on 0.3% agarose 
gels. The cL5.4 cosmid insert was found to be approximately 38kb.

The cosmid was shown to be a true positive as follows. Firstly, single colonies 
of the cosm id containing bacteria w ere directly am plified using the LIHs 
prim er w ith appropriate negative controls. Each of the colonies tested gave 
rise to only one inter-LIHs product of 1.65kb, identical to in size to L5.4. 
Secondly, the cosmid DNA was labelled, competed extensively w ith sheared 
placental DNA and hybridised to the deletion hybrid panel described above. 
The cosmid hybridised to PN/Ts-1 DNA, exhibiting 8 bands including a lOkb 
band identical to that identified by pL5.4. All of these cosmid bands were 
absent in both  of the hybrids containing the chrom osom e 5 in terstitial 
deletions.

To generate single-copy fragm ents, cosmid DNA w as digested w ith  the 
follow ing restriction enzym es: EcoRI, H in d lll, BamHI, PvuII and  Bglll. 
Southern blots of the restriction digests were hybridised w ith labelled total 
hum an genomic DNA. Three fragments that showed no signal w ith genomic 
DNA were isolated and used as probes on the m apping panels. A 1.1 kb Bglll 
fragm ent hybridised w ith the least repetitive sequence background at about 
4kb on EcoRI digested DNAs. This sub-fragm ent is clearly absent in  both 
deletions hybrid cell DNAs (figure 3.5). The use of this fragm ent for the 
isolation of YACs is presented in Chapter 5.

3.6. Conclusions.

The IRS-PCR am plifications of chrom osom es d e riv ed  from  d ifferen t 
individuals were shown to be extremely constant and  can be thought of as 
’PCR-karyotypes’ of the chromosomes. However, differences w ere observed 
in banding patterns betw een norm al and deleted chrom osom es 5, one of 
which, probe (L5.4), was found to m ap near the APC  gene. The simplicity of 
the m ethod together w ith the lack of any specialised techniques compares it 
favourably to other subtractive cloning m ethods such as the phenol enriched 
reassodation technique (PERT; Kunkel et al., 1985).
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The lack of appreciable hybridisation signal from products AL5.6 and AL5.7 
was probably due to the fact that these fragm ents contain residual alu and 
LIHs sequences representing approxim ately 25 and  30% of each probe, 
respectively (perhaps more if one or both contain additional repeat elements). 
Taken together w ith  the small size of the fragm ents (250bp and 200bp 
respectively) and  the unavoidable reduction  of 'single-copy* signal by 
competition, these results are not unexpected.

It is clear that in addition to 'm issing' bands in M D /Ts-1, there w ere a 
num ber of additional products present in the M D/Ts-1, bu t not the PN/Ts-1 
hybrid (see figure 3.4(a) and (b)) which was unexpected. There are a num ber 
of possible reasons for the 'appearance' of these additional bands:

It can be argued that the bands reflect sequence deviation betw een two 
chrom osomes from tw o unrelated individuals. Such sequence differences 
could affect amplification in any one of three ways. Firstly, DNA sequence 
polym orphism  could exist in one of the prim ing sites of an 'alu-pair' such 
that amplification (under competitive conditions) m ight not occur. Secondly, 
continuing retrotransposition of repeat elements in the germ line m ay give 
rise to presence-absence polymorphism s, in which case amplification w ould 
no t occur u n d er any condition. Thirdly , it is possib le  th a t length  
polym orphism  may occur due to a variability in the num bers of AT-rich di- 
and tri-nucleotide repeats, particularly at the 3' end of an alu repeat. In this 
case, amplification may well occur in both homologs, but the products of the 
PD/Ts-1 hybrid may be 'hidden' behind other amplification products because 
of a differing fragm ent length. Such length polym orphism s, which give rise 
to unexpected 'additional' products, have recently been reported (Guzzetta et 
al., 1991).

It is also possible that additional hum an m aterial m ay be present in the 
MD/Ts-1 hybrid cell that had not been detected by in situ hybridisation w ith 
total hum an DNA (Varesco et al., 1989). These possibilities were, however, 
no t addressed  in this thesis. The na tu re  of the differences could be 
investigated by m apping, either on the deletion panels, o r perhaps by 
chromosomal in situ hybridisation.

The background smears obtained in the alu-LIHs com binations probably  
reflects a very high degree of tem plate com petition (discussed further in
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Chapter 9) since the two repeat elements are being used in combination with 
each other. Interestingly, the large am ount of potential and discrete PCR 
products generated in these combinations clearly dem onstrates that there 
m ust be significant overlaps in the distributions of both  of these repeat 
elements in the hum an genome.
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Chapter 4.

Mapping of microdissected genomic DNA  
probes in the APC  gene-region.
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Chapter 4

Mapping of microdissected genomic DNA 
probes in the APC  gene-region.

4.1. Introduction.

The experim ents described in this chapter w ere aim ed specifically at the 
isolation of a large num ber of DNA probes m apping to the APC  gene region. 
To this end, initial collaborative investigations were m ade of two genomic 
libraries constructed by the physical m icrodissection and  m icrocloning of 
DNA from  region 5q21-q22 to assess their potential use in the large scale 
isolation and m apping of clones with respect to the somatic cell hybrid panel 
outlined in Chapter 3.

The microdissection libraries (hereafter referred to as library I and library II) 
w ere constructed as outlined in Chapter 1. The physical dissections and 
m icrocloning m anipulations were carried ou t by Drs. Uve C laussen and 
Gabriele Senger (Institut fur H um angenetik, Erlangen, F.R.G). The PCR 
am plification and subsequent cloning reactions w ere carried out by Drs. 
H erm ann-Josef L udecke  an d  B ern h ard  H o rs th em k e  ( In s titu t fu r 
H um angenetik, Essen, F.R.G.). The libraries were initially investigated in 
collaboration w ith  Dr. W olfgang Balhaussen and  Ms. Gabriele Leuteritz 
(Institut fur Hum angenetik, Erlangen, F.R.G). The prim ary characteristics of 
each of the two libraries are summarised in table 4.1(a). Four examples of the 
physical dissections around region 5q21-q22 are shown in figure 4.1(a).

4.2. Results.

4.2.1. Characterisation of Library I.

The strategy followed was to identify single-copy microclone inserts by on 
Southern blots containing hum an genomic DNA digested w ith EcoRI and 
H ind lll (or Bglll). Suitable inserts w ould then be used  for sub-regional 
m apping w ith respect to the somatic cell hybrid chrom osom e 5 panel (see 
Chapter 3).

Analysis of the first 10 clones in this way led to the identification of only one 
single-copy sequence; m cl, the others being either repetitive or giving no
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Table 4.1(a). Characteristics of microdissection libraries.

Library Library I Library II

Num ber of dissections 20 20

Estimated am ount of DNA 300fga 250fg

Num ber of PCR cycles 26 30

N um ber of recombinant clones SxlO 4 5 x 104

Average size of insert (base pairs) 170b 150c

Table 4.1(b). Preliminary analysis of microclone inserts from 
microdissection libraries I and II.

Library Library I Library II

Num ber of inserts analysed 64 78

Inserts exhibiting no signal 7 5

Inserts exhibiting repetitive signals 39 54

Inserts exhibiting single-copy signals 18 19

Num ber of inserts m apped 10d 8

N um ber on chromosome 5 9 8

Num ber deleted in MD & PD 2 1

Num ber deleted in MD only 1 3

a fg; fentograms. Estimated by Drs. U. Claussen and B. Horsthemke. 
b estimated from analysis of 64 clones (see table 4.1(b)). 
c estimeted from analysis of 78 clones (see table 4.1(b)).

including microclone insert - mcl.
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Figure 4.1. Microdissection of chromosome region 5q21.

(A) Four examples of the physical m icrodissection of chrom osomal region 
5q21-q22 from giem sa-trypsin-giem sa (GTG)-banded hum an m etaphase 
spreads. Arrows indicate the position of the dissected chromosomal DNA.

(B) Non-isotopic CISS-hybridisation using microdissection library II as a probe 
(see text). The chromosome 5q21-specific signals are indicated by arrows.

Photographs were kindly provided by Drs. U do Trautm ann and W olfgang 
Balhaussen, Institut fur Hum angenetik, Erlangen, F.R.G.





appreciable hybridisation signals. H ybridisation of the m cl insert on the 
m app ing  panels show ed, unequivocally, that it d id  no t originate from 
chrom osome 5. In situ filter hybridisations of this insert to a large num ber of 
the microclones dem onstrated that this clone was represented a num ber of 
tim es in the library (Dr. W. Balhaussen, personal comm unication). It was 
decided that a further microdissection library should be constructed on the 
basis that this m icroclone m ay have represented one of a larger num ber of 
contam inant sequences. In addition, in situ filter hybridisations w ith  a 
num ber of other random ly selected microclones suggested a high degree of 
clone redundancy.

H ow ever, d u rin g  construction  of the  second lib ra ry , 18 apparen tly  
independent single-copy inserts were identified in library I, ten of which were 
chosen for further analysis. Initial attem pts at sub-regional m apping of these 
inserts proved difficult and inconclusive under the hybridisation conditions 
used, prim arily because of very poor signal-to-noise ratios (i.e., high levels of 
non-specific hybridisation signal). The non-specific signal was thought to be 
due to the inclusion of dextran sulphate in the hybridisation buffer (Buffer I; 
see C hapter 2), bu t also perhaps because of insufficient blocking by the 
salmon-sperm DNA. Thus, the original hybridisation buffer was changed to a 
sim ple buffer containing sodium  dodecyl sulphate (SDS) in 0.5 m olar (M) 
buffered sodium -phosphate (Church and Gilbert, 1984; see Chapter 2). This 
buffer significantly reduced the high degree of non-specific background 
h y b rid isa tio n  signa ls  p rev io u s ly  ob ta in ed  th u s  a llow ing  ex tended  
autoradiographic exposure times for the detection of insert-specific signals.

F urther, post-hybrid isation  w ashing conditions w ere also m odified  by 
reducing the stringency from 1 x SSC, 0.1% SDS at 65°C in the original 
experiments to 2 x SSC, 0.1% SDS at 55°C, proving ideal for very small sized 
inserts. In this way, signals for 9 out of 10 of these microclones could be 
clearly identified on the m apping panels. All of these inserts w ere found to 
m ap to chromosome 5. In addition, tw o of the inserts, m cl4  (figure 4.2(a), 
panel 2) and mc81 were absent from the DNAs of the two interstitial deletions 
while one other insert, mc43, was absent from the DNA of M D/Ts-1 only. 
The overall data for the hybridisation analyses of library I are presented in 
table 4.1(b). Further characteristics of the three deleted clones are presented in 
table 4.2.
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4.2.2. Characterisation of Library II.

Library II was constructed as described for library I, except that new  reagents 
were used in all steps of the procedure and a new cloning vector - pT3T7-18U 
was used instead of pUC 8 (Drs. U. Claussen and B. H orsthem ke, personal 
communications). The emphasis of physical dissections in this library was 
placed on sub-region 5q22 (Dr. U. C laussen, personal com m unication). 
Seventy-eight random  library II inserts were analysed by hybridisation to 
hum an genomic DNA. Of 19 apparently single-copy inserts, 14 w ere used for 
sub-regional m apping. Eight of these sequences could be unequivocally 
m apped on the somatic cell hybrid panels. Of these, one clone - mc5, was 
absent in both hybrids and another three inserts - mc2 (figure 4.2(a), panel 1); 
mc320 and mc901 were absent in the MD/Ts-1 hybrid only (see tables 4.1(b) 
and 4.2).

Examples of regional m apping  analyses using m icroclone inserts from 
Libraries I and II are shown in figure 4.2(a), panels 1-3.

4.2.3. Chromosomal in situ  suppression (ClSS)-hybridisation.

In separate  experim ents conducted by Dr. U T rau tm ann  (Institu t fu r 
H um angenetik, Erlangen) and Dr. W. Balhaussen, a sm all am ount of the 
original ligation m ixture was am plified and concom itantly labelled w ith 
biotin-dUTP by M13-PCR. This labelled m ixture was used as a probe on 
normal hum an m etaphase spreads after suppression of repetitive sequences 
using Cot-1 hum an placental DNA (Trautmann et al., 1991). The result of 
one of these hybridisation experiments is shown in figures 4.1(b). The results 
are im pressive in show ing clear and unequivocal hybrid isation  around 
subregions 5q21-q22; the approximate regions of the physical dissections.

4.2.4. Conclusions from the initial characterisations of the m icrodissection 
libraries.

The prim ary analysis of library I suggested that contam ination had occurred 
during construction. One of the identified contam inant microclones, m cl, 
was subsequently analysed by di-deoxy sequencing and found to represent a 
microclone derived from a library constructed at the Prader-W illi syndrom e 
gene region at 15qll.2-ql3 (Dr. B. Horsthemke, personal communication).
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Table 4.2. Characteristics of deleted clones from preliminary library
analyses.

Probe Library Deleted in Insert size EcoRI signal2
(in bp) (in kb)

m cl4 I PD+MD 250 3.8

mc43 I MD only 210 6.7

mc81 I PD+MD 180 2.1

mc5 n PD+MD 220 7.5+1.9b

mc2 n MD only 290 4.2

mc320 n MD only 230 1.8

mc901 n MD only 110 6.5

on genomic DNA
internal EcoRI site present in this insert; observed with hybridisation of PCR prepared 
insert DNA
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After m axim isation of the microclone hybridisation procedures, however, 
subsequent analysis did show that 9 single-copy microclone inserts from this 
library m apped to chromosome 5 and that three of these sequences were 
absent in one or both of the deletion hybrids. Thus, the library constructed 
did contain sequences m apping to the regions of physical dissection, but, with 
a major clone contaminant and a relatively high degree of clone redundancy.

The m apping of some of the clones from both of the libraries into just the MD 
deletion alone confirmed that observation of Varesco et al., (1989) that, on a 
molecular level, the deletion in MD m ust extend further distally than that of 
PD, even though these two hybrids are cytogenetically indistinguishable.

4.2.5. Large scale m apping of inserts from Library II.

Although library I did, in fact, contain sequences useful for regional m apping, 
it was decided to use library II for a large-scale m apping effort in localising 
sequences in the APC gene-region. To expedite the analysis of a large num ber 
of clones from this library, two steps were taken. Firstly, 300 individual 
colonies were inoculated into bacterial m edium  (LB-ampicillin; see Chapter 2) 
in 96-well m icrotitre dishes and grow n to saturation  overnight. It was 
expected that the num ber of cells per well would be relatively uniform  for the 
rapid preparation of insert DNA as described for the inter-alu PCR product 
libraries (see Chapter 3). The dishes also provided a secure means in which to 
store the clones for future reference and analysis (see Chapter 2).

Secondly, to increase the rapidity of analysis and the num bers of potentially 
’readable' clones, it was decided to screen the PCR amplified inserts directly 
on the m apping panel filters, as opposed to a prelim inary screen on hum an 
genomic DNA to select for 'single-copy' sequences (see conclusions below).

The results of these large scale m apping efforts are sum m arised in table
4.3.(a). Of one hundred  and twelve individual hybridisations that I carried 
ou t in this separate analysis, forty-one inserts could be clearly m apped using 
the somatic cell hybrids. Of these inserts, 17 were found to be deleted in both 
PD and MD; 7 clones in MD only and 15 m apping to chromosome 5 bu t not 
deleted. Similar analyses of 90 clones were independently perform ed by Ms. 
Kathy How e (Somatic Cell Genetics Laboratory, ICRF) which gave rise to 9 
clones in PD and MD; 10 clones in MD only and 15 m apping to chromosome 5 
but not deleted.
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To check if the inserts that had been m apped w ithin the m inim al region 
defined by the overlap of the MD and PD deletions (containing the APC  gene), 
were different from one another, a detailed comparison of the hybridisation 
patterns and PCR product sizes for each of the inserts was carried out. In total, 
it was found that 6 clones were redundant (one clone represented 4 times; one 
clone represented 3 times and 4 clones represented twice), leaving a total of 19 
independent clones in this m inimal chromosomal interval (see table 4.3(a)). 
Originally this figure was reported as 22 clones (Ham pton et al., 1991) but, 
more rigorous analysis has since modified these results.

Possible redundancy  am ong m icrodone inserts m apping in to  the  region 
defined by the distal end of the MD deletion, or m apping to chromosome 5 
outside the region defined by either of the deletions, was not addressed as 
these clones were not considered useful to the polyposis project. It is likely 
that an approximately 30-40% redundancy exists in these sets of clones based 
on the detailed characterisations described above.

It should  be noted that about 25% of the m icroclones described  here 
(including those deleted and non-deleted) show ed cross-hybridisation at 
varying intensities to rodent DNA. An exam ple of a h ighly  conserved 
m icrodone - mc408 is shown in figure 4.2(b), panel 2 (see condusions).

4.2.6. D efinition of a new  m inim al region encom passing the APC  gene.

Further into these studies, a 25 year old male patient exhibiting polyposis and 
a chrom osom e 5 rearrangem ent w as identified (Cross et al., 1992). The 
rearrangem ent on chrom osom e 5 w as thought to be complex, involving 
intra-chrom osom al recom bination resu lting  in a deletion a round  region 
5q22-5q23.2. The abnorm al allele was segregated in a som atic cell hybrid 
designated SD/Ts-1 (Thomas, 1991; H am pton et al., subm itted). If deletion 
was the correct interpretation, the proximal breakpoint of this deletion would 
potentially  divide the previous m inim al region in to  tw o halves further 
narrow ing the position of the polyposis gene. Therefore, all of the sub- 
regionally localised microclones (that is, m apping to one or both deletions), 
including those from the original library characterisation studies, w ere re­
m apped with respect to this new hybrid.
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Table 4.3. Summaries of large scale mapping analysis.

A. Primary analysis.

N um ber of inserts 
hybridised

N um ber that 
could be m apped

Deleted in: 
PD+MD MD

On ch. 5 but 
not deleted

112a 41 19 7 15

90b 34 9 10 15

202^ 75 28(19d ) 17 30

B. Secondary analysis (SD deletion mapping).

N um ber of inserts 
hybridised PD+MD

Deleted in: 
PD+MD+SD MD+SD MD only

36 7d 12d 0 17

Mapped by G. Hampton 
Mapped by K. Howe 
Totals
known to be independent
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Figure 4.2 >outhem blot analysis of microclone inserts.

(A) Prelimnxy hybridisation analyses of microclones from libraries I and II 
on hybrid trapping panels (I, 2, 3) rep resen ting  the different chromosomal 
intervals dtfned by deletions MD and PD (i.e. deleted in MD only (1), in both 
(2) and in lether (3)). The identity of the EcoRI digested DNAs are indicated 
above the :igire: hum an genomic DN A (hu), PN /Ts-1; norm al chromosome 
5 (pn), PD/T»-1; 5del(q21-q22) (pd), M D /Ts-1; 5del(q21-q22) (md) and hamster 
genomic DN\ (ha). The acronym of (each hybridised m icrodone is indicated 
below the paiels (refer to tables 4.1(b)) and  4.2 and to the idiogram  in figure  
4.3). The sizjs of the hybridising fragm ents are shown to the left of the figure. 
Each of the ilters were washed at a final stringency of 2 x SSC/0.1% SDS at 
55°C and eqosed to autoradiographic ifilm for 2-5 days.

(B) Example of microclone hybridisations from the large scale analysis of 
library II m oping into each of intervals I, II and III defined by deletions MD, 
PD and SD. The identity of the hybrids are indicated above the figure as 
described in (A), except for the addition of the SD/Ts-1 hybrid (5del(q22-q23.2)) 
(sd). The icronym of each hybridiised m icrodone is indicated below  the 
panels (refsito tables 4.1(b) and 4.2, an d  to the idiogram  in figure 4.3). Note 
the strong Ddent cross-hybridisation w ith microclone mc408. The positive 
signal of nc519 on  SD /Ts-1 D N A  in panel (3) is less in tense upon  
photographic reproduction . Each of the filters w as w ashed  at a final 
stringency cf 2 x SSC/0.1% SDS at 55°C and exposed to autoradiographic film 
for 2-5 days.
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Figure 4.3. Regional localisation of microclone inserts.

The left side of the figure depicts a partial idiogram of chromosome 5q (ISCN, 
1985). The deleted chromosomes 5 are depicted by black bars to the right of 
the idiogram; M D = M D/Ts-1, PD = PD/Ts-1, SD = SD/Ts-1. The relative 
extents of the deletion breakpoints, which are represented by breaks in the 
continuous bars, are approxim ate and based on available cytogenetic data 
(Williams et ah, 1991; Ms. Tania Jones, H um an Cytogenetics Laboratory ICRF, 
personal communication). Notes (1) and (2) refer to the microclone inserts 
regionally localised to each of the three major chromosomal intervals by G. 
H am pton  and  Ms. K. H ow e (Somatic Cell Genetics L aboratory ICRF), 
respectively, (a) and (b) denote clones regionally localised during prelim inary 
analyses of microdissection libraries I and n , respectively (H am pton et ah, 
1991a). Interval 11(a) has been defined by an anonymous marker, X12.75 (Ms. 
S. Cottrell, Cancer Genetics Laboratory, ICRF, unpublished data). None of the 
microclones were found to m ap into this region. The num bers enclosed by 
boxes in in terval III represent clones absent in MD/Ts-1 DNA only which 
were not assessed for independence with respect to one-another.
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The microclones were all re-isolated from the perm anent stocks, amplified 
and then m apped to allow, in addition to this study, a confirmation of the 
initial m apping work. The hypothesis of a deletion was confirmed and the 
m apping of the microclones enabled three new  intervals (I, II, m ) to be 
defined, including a new  minimal region (interval n) around the APC  gene 
(refer to the idiogram in figure 4.3). Twelve of the clones from the large scale 
m apping studies and 2 clones from the initial analyses w ere found to m ap 
into this new minimal region (see table 4.3(b)).

Examples of microclones m apping into each of these three defined intervals 
are show n in  figure 4.2(b), panels 1-3. The id iogram  in  figure 4.3 
schematically illustrates the regional m apping of all of the m icrodones (from 
libraries I and II) to the first and second of these newly defined intervals.

4.3. Conclusions.

The use of m icrodissection libraries, in com bination w ith  a som atic cell 
hybrid m apping panel, led to  successful identification of 14 independent 
clones m apping to the minimal region around the APC  gene (that is, interval 
II; figure 4.3). The use of such libraries was found to be difficult because of 
the generally small size of the inserts (170bp to 150bp for library I and  II, 
respectively). Successful large scale m apping of m icrodones w as probably 
dependent on a num ber of factors.

Firstly, effective m apping  of the m icroclones w as dependen t on the 
optim isation  of the hybrid isation  conditions. The sim ple SDS-sodium 
phosphate buffer (Church and Gilbert, 1984) proved to be ideal in that it could 
effectively block non-specific hybridisation backgrounds allow ing for the 
prelonged exposure of the filters and, therefore, detection of the insert-specific 
signals. In general, the m apping panel filters required exposures of between 2 
and  7 days. In addition, low stringency post-hybridisation filter washes 
ensured that these single-copy signals could be detected in the first instance. 
P revious experience had  show n th a t even a sm all decrease of salt 
concentration to 1 x SSC (at 65°C) w ould, in some cases, result in a lack of 
signal detection.

The second im portant factor was that direct hybridisation of the inserts across 
a m apping panel (as opposed to prior hybridisation to genomic DNA filters) 
allowed the identification of a greater num ber of 'readable' clones from
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library II than was suggested from the initial analysis (37% versus 26%). This 
is simply due to the fact that the single-copy signals can still be read on the 
somatic cell hybrids even w ith  a repetitive background on hum an DNA 
because of the reduced hum an DNA content of the hybrids (for example see 
figure 4.2(a), panel 3). Few if any of the inserts exhibited very highly 
repetitive signals, in line w ith other published reports (see Ludecke et al.,
1990)

It has been argued  tha t m ore efficient m ethods of labelling, such as 
incorporation of [a32P]-dCTP during PCR (Hirst et al., 1991) or the co-labelling 
of clones w ith both [a32P]-dCTP and [a32P]-dATP (Buiting et al., 1990; Davis et 
al., 1990), w ould provide better hybridisations due to a potentially higher 
specific activity. In this study such m ethods w ere not investigated as the 
specific activity generated was usually in the order of 109 counts per m inute 
(cpm) per pg of DNA. The PCR 'tails’ generated from the plasm id m ultiple 
cloning site (MCS) region at the ends of the inserts m ay have contributed to 
the positions available for [a32P]-dCTP incorporation during  random  prim ed 
labelling. However, it is likely that for m uch smaller inserts (for example less 
than lOObp), inclusion of the radionucleotide(s) in the PCR reaction would 
certainly lead to better overall labelling. In general, such small inserts were 
not amenable to m apping in the studies described in this thesis.

The observation of cross-species homology in a relatively large proportion of 
m icroclones is in trig u in g  (for exam ple see figu re  4.2(b), panel 2). 
Approximately 25% of the m icrodones described in this study showed some 
degree of sequence conservation in rodent DNA. This has been reported a 
num ber of times in similar m icrodone libraries (MacKinnon et al., 1991; Hirst 
et al., 1990; Fiedler et al., 1991; Buiting et al., 1990) and, in the case of a library 
constructed from  chrom osome 15qll.2 -q l3 , som e 80% of the d ones were 
found to be conserved across a variety of spedes (Buiting et al., 1990). This 
feature of such m icrodone libraries is discussed further in Chapter 9.

A crude estim ate of about 5 megabases (Mb) was m ade at the tim e for the 
minimal region (that is, Interval II) around APC, based largely on available 
cytogenetic data, including in situ hybridisation analyses (see Williams et al.,
1991), and minimal distances in the region spanned by large pulsed field gel 
fragm ents (ICRF Polyposis g roup  m eetings). A ssum ing  a random  
distribution  of these dones, it w as calculated that the region had  been 
saturated at a density of about one landm ark clone per 230kb. This was
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though t to be a reasonable density  for the isolation of yeast artificial 
chromosomes (YACs) and the construction of a detailed physical m ap around 
the APC  gene region. Isolation of yeast artificial chromosomes (YACs) with 
some of these microclones, in addition to other regionally localised DNA 
probes, is the subject of the Chapter 5.
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Isolation of yeast artificial chromosomes
(YACs).
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Chapter 5

Isolation of yeast artificial chromosomes 
(YACs).

5.1. Introduction.

The single DNA probe isolated by IRS-PCR (see Chapter 3, part II) and the 22 
independent probes derived by sub-regional microdissection (see Chapter 4) 
w ere thought to represent a reasonable saturation of the m inim al region 
around the APC  gene, originally defined by the proxim al and  distal PD 
deletion breakpoints (that is, intervals I and n, figure 4.3; Chapter 4). It was at 
first thought that this minimal region was of the order of about 8Mb of DNA 
and, assum ing a random  distribution of the 23 DNA probes, im plied a 
coverage of approximately one probe per 350kb. As described in Chapter 4, 
section 4.3.1, this minimal region was re-defined by the characterisation of the 
SD deletion giving rise to estimates of approxim ately one landm ark DNA 
probe every 330kb for 15 probes in a 5Mb region.

By analogy with other positional cloning strategies pursued  for the cloning of 
the Retinoblastoma, Duchenne Muscular Dystrophy and Cystic Fibrosis genes 
(reviewed in Goodrich and Lee, 1990; Monaco et al., 1986; Koenig et al., 1987; 
Rommens et al., 1990), it was expected that, in an initial strategy, genomic 
'walking* from key landm ark probes expanded as large pieces of cloned DNA 
in cosm ids or bacteriophage vectors w ould serve as the m ost effective 
approach tow ard cloning the APC  gene. At the time of the studies described 
in this chapter, large pieces of genomic DNA cloned as yeast artificial 
chromosomes (YACs) (Burke et al., 1987) had been show n to be effective for 
the coverage of megabase regions of complex genomes (Coulson et al., 1988; 
Silverman et al., 1989) and for the isolation of genes using novel approaches 
(Elvin et al., 1990). Such YAC libraries had been constructed at ICRF (Dr. 
A nthony M onaco, G enom e A nalysis Laboratory; p resen tly  a t H um an 
M olecular Genetics Laboratory, ICRF, Oxford) and  w ere  available to 
independent ICRF investigators.

On the basis of the dram atically increased capacity of YACs to faithfully 
propagate cloned genomic DNA (in the order of 5 to 10 times that in cosmid 
vectors (Larin et al., 1991)), I decided to select as large a num ber of YACs as 
possible in the expectation that a YAC contig could be constructed over most,
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if not all of the minimal region around the APC gene. It was anticipated that 
other strategies, such as allele-loss in sporadic colorectal tum ours or the 
identification of relatively small deletions or constitutional rearrangem ents 
on chromosome 5 in FAP patients w ith the same set of probes, w ould then 
indicate the YAC or YACs on which to concentrate most effort (see Chapter 8).

The use of microclones to select YACs by hybridisation w as expected to 
present difficulties because of the generally sm all insert size and  poor 
hybridisation qualities (see Chapter 4). Although selection of YACs by PCR- 
based approaches had been dem onstrated to be highly efficient and largely 
error-free  (G reen and  O lson, 1990a; G reen an d  O lson, 1990b), only  
hybridisation filters of the ICRF hum an YAC library were available and pools 
of YAC clone DNAs had  no t yet been constructed . H ow ever, this 
hybrid isation  m ethod, if successful, w ould  be m uch m ore efficient in 
screening large num bers of YACs with relatively less effort. The ICRF hum an 
YAC library used in these studies is described in Chapter 2 and in Larin et al., 
(1991). DNA from 9216 YAC clones were spotted in high density gridded 
arrays on 22 x 22cm nylon m em branes (M ark Ross, Genom e Analysis 
Laboratory, ICRF), essentially as described for the chrom osom e 5-specific 
cosmid library in Chapter 3, part n.

Before initiation of these studies, a strategy for efficient YAC analysis was 
devised. Due to the unam biguous grid  co-ordinates inherent in the ICRF 
YAC filters, it was thought that probes common to single YACs could be 
identified simply by prim ary hybridisation obviating the need to isolate the 
same YAC more than once. M oreover, a graph of the num bers of probes 
used, versus the num ber of YACs identified, w ould be an indication of YAC 
'contig' formation. After a large num ber of hybridisations, such a curve was 
expected to become flat implying that further hybridisations w ould add  little 
or no new  inform ation. The success of this approach w ould be entirely 
dependent on the successful hybridisation of the m icroclones and on the 
assum ption of a random , or at least sufficiently dispersed probe distribution.

During these studies a candidate gene for APC  m apping in interval II; M CC  
(for M utated  in Colorectal Carcinom a) was identified by Vogelstein and 
colleagues on the basis of allele-loss studies in sporadic colorectal tum ours 
(Kinzler et al., 1991a). Although a small num ber of m utations were identified 
in some of these sporadic tum our DNAs, none had been reported in FAP 
kindreds at this time (discussed in Chapters 8 and 9). A t the tim e of this
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publication, it was decided to select YACs for the MCC gene, as well as for 
microclone inserts, for two principal reasons. Firstly, if the MCC gene did , in 
fact, represent the APC  suppressor gene, then YACs w ould provide an  ideal 
resource to study this gene in a biological context by introduction of the  YAC 
or YACs into colorectal tum our cell lines (Huxley and  Gnirke, 1991) in 
preference to over-prom oted cDNA expression constructs. If, on the  o ther 
hand, MCC did not represent the APC  gene, such YACs w ould them selves, or 
as part of an expanded contig, be useful in identifying genes in the im m ediate 
genomic region (see Chapter 8). The isolation of YACs for MCC is described 
in this chapter as part of the contig construction strategies pursued in general.

It should be noted  that at the outset of the YAC isolation experim ents, 
microclone inserts identified in the large scale m apping effort (see section 4.3, 
Chapter 4) had  not been localised w ith respect to the SD deletion. Thus, 
microclones chosen for YAC studies described here included one clone, 
mc524, that m aps to Interval I (figure 4.3, Chapter 4), that is, outside the new ly 
defined m inim al region.

5.2. Results 1. Isolation of yeast artificial chromosomes (YACs).

5.2.1. A feasibility study for YAC isolation by m icrodone hybridisation.

To study the feasibility of selecting YACs from the gridded DNA filters by 
m icrodone hybridisation, insert m cl4 (see figure 4.3., Chapter 4) was chosen, 
principally because this sequence exhibited perhaps the strongest ’single-c<opy' 
hybridisation characteristics of the entire microclone set. Initially, this pirobe 
was hybridised to duplicate YAC filters and control m apping panels as foir the 
original hybridisation experiments described in C hapter 4 (that is, labelled 
with 30^Ci [a-32P]dCTP, w ith post-hybridisation washes using 2 x SCC, 0.1% 
SDS at 55°C). U nder these conditions, no positive signals w ere detected  on 
the duplicate YAC filters. Also, signals on the control m apping panels w ere  
weak and ambiguous even after 3- to 4-day autoradiographic exposures. Im an 
attem pt to increase the signal-to-noise ratios, m cl4 DNA was then labelled 
with 50|iCi of [a-32P]dCTP and the filters washed extensively at slightly lo>wer 
stringendes (that is, 2 x SSC/0.1% SDS at 30 to 40°C; see Chapter 2). This gave  
rise to two convincing positive signals on the YAC filters and a d ea r resulit on 
the m apping panels after extended 5-day autoradiographic exposures (see tab le  
5.1).
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5.2.2. Isolation of additional YACs by m icroclone hybridisation.

After the initial feasibility experiment (see above), further microclones were 
chosen on the basis of hybridisation qualities relative to m cl4 (typically with 
the largest insert sizes). Of a pool of 15 sequences that I had localised into both 
the PD and MD deletions (that is, Intervals I and II), only 8 of these were 
deemed suitable for YAC hybridisation assays (see table 5.1). Hybridisation of 
microclone inserts by Ms. Kathy Howe resulted in a pool of 7 additional 
sequences m apped into PD and MD. After re-localisation w ith respect to the 
SD deletion, two of these independent probes - mc241 and mc289, w ere found 
to lie in Interval II and both appeared to be suitable for YAC hybridisation 
assays. This provided a pool of 9 m icrodones to continue the YAC isolation 
studies.

Using the m odified conditions worked out for m c!4 (see above), these 9 
microclones best suited to YAC hybridisation assays (detailed in table 5.1) were 
successively screened, usually two to three times each on the duplicate YAC 
filters. Only three of these clones - mc524, mc534 and mc575, in addition to 
m cl4, gave rise to positive YAC signals (see table 5.1). Figure 5.1 shows an 
example of the signals identified by probe mc534.

5.2.3. Conclusions from the microclone hybridisation experiments.

In total, only 4 out of the 10 microclones used gave rise to positive YAC 
signals (that is, 40%; see table 5.1), even w ith  careful m odification of 
hybridisation conditions. Some of the microclones, particularly mc411 and 
mc449, w ere judged to be unequivocally negative on these filters w ith 
reference to the positive control m apping filters. It is not know n w hether 
sequencing of the inserts and subsequent PCR selection of YACs for mc411, 
mc449 or any of the other weakly hybridising clones w ould have provided a 
better assay system. This is discussed further in Chapter 9.

In line w ith  the observations m ade d u rin g  the  YAC hyb rid isa tion  
experiments, the use of these clones in the construction of genomic physical 
m aps by PFGE analysis was similarly limited to those microclones exhibiting 
strong single-copy hybridisation characteristics (my ow n studies, Ms. S. 
Cottrell, Mr. T. W ard, personal communications). Thus, for the construction 
of detailed physical m aps (and for the further isolation of additional YACs),
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Table 5.1. Identification of YACs by probe hybridisation.

(a) Microclones Num bers of YAC 
signals

mc5 0
m cl4 2
mc411 0
mc449 0
mc452 0
mc524 2
mc534 3
mc575 1

mc241 0
mc289 0

sub-total 8

(b) Other probes Num bers of YAC 
signals

cL5.4.s-l 1
MCC  (’a’+'b’) 3a

sub-totals 4

Totals 12

One of these YACs was identified both by mc575 and probes from the MCC gene 
(see also table 5.2).
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Figure 5.1. Identification of positive YAC signals with probe mc534

(A) A 22 x 22cm nylon filter containing DNA samples from 9216 YAC clones 
screened with [a32P]-dCTP labelled pBR322 plasmid. The variability in signal 
is due to (1) non-equalised loading of YAC clone DNA and, (2) non-equal 
distribution of labelled probe.

(B) The same filter stripped and hybridised w ith 50pCi [a 32P]-dCTP labelled 
probe mc534. The filter was washed to a final stringency of 2 x SSC/0.1% SDS 
at approxim ately 40°C and exposed to autoradiographic film for 6 days. The 
three positive signals (see tables 5.1 and 5.2) are denoted by arrows. Positives
1 ,2  and 3 are YACs ICRFy900A0819, ICRFy900A0919 and  ICRFy900D073, 
respectively. The grid  co-ordinates of the positive signals were calculated by 
aligning the filters at the robot marks indicated in the top left hand side of the 
autoradiographs.





attem pts w ere m ade to isolate cosm ids for these m icroclones by other 
members of the polyposis group (Mr. T. W ard and Ms. K. Howe).

5.2.4. Isolation of a YAC for probe cL5.4.s-l.

Hybridisation w ith the l .lk b  Bgin L5.4 cosmid subclone; cL5.4.s-l (see Chapter 
3, p a rt II) under the m odified hybrid isation conditions resu lted  in the 
identification of one potential positive (see table 5.1).

5.2.5. Isolation of YACs for the MCC gene.

To effect isolation of YACs for the MCC gene, oligonucleotide prim ers were 
designed to the boundary sequences of two intron-exon junctions essentially 
representing both the 3' and the 5' ends of the MCC gene (Kinzler et al., 1991; 
see Chapter 2, appendix 1). Using these prim er sets, PCR amplification of 
hum an genomic DNA generated two products of approximately 250bp in size 
(referred to here as products ’a' and 'b' containing exon nucleotides 391-533 
and 1679-1862, respectively). Amplification of somatic cell hybrid DNAs with 
these two prim er sets dem onstrated that both exons m apped to interval n, as 
expected. Both of these PCR products were found to be quite repetitive when 
used as probes on the somatic cell hybrid m apping panels but, under the 
appropriate competitive conditions, could be successfully used on Southern 
blots. Thus, these two exon-containing probes were labelled and hybridised as 
a mixture to the YAC filters. This resulted in the identification of 3 positive 
YAC signals (see table 5.1).

5.2.6. Probes coincident to the same YAC(s).

During the YAC hybridisation experiments, grid co-ordinates were constantly 
cross-referenced on the ICRF genome data bases (Dr. G unther Zehetner, Ms. 
Chrystal D ouglas, Genom e Analysis Laboratories, ICRF), as w ell as by 
inspection of the prim ary hybridisation filters. Two cases of probes coincident 
to the same YAC(s) were identified. In the first case, inspection of the prim ary 
filters revealed that probe mc575 was coincident to one of the YACs identified 
by sequences from the MCC gene (see tables 5.1 and 5.2). This sequence, in 
fact, lies some lOOkb distant to the 5’ end of MCC gene (see Chapters 8). In the 
second case, it was found that an anonymous probe, term ed p3.1 (Spurr et al., 
1991; screened on separate sets of YAC filters by Mr. T. W ard), recognised 2 of 
the 3 positive signals identified by microclone mc534 (see tables 5.2 and 5.3).
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This clearly dem onstrates the pow er of reference data bases w hen using 
unam biguous grids on the YAC filters. To som e extent these results 
supported the m ulti-hybridisation approach outlined in the introduction to 
this chapter. In addition, this data provided valuable inform ation for the 
ascertainm ent of small contigs around the MCC gene and around probes 
mc534 and p3.1. The use of coincident YAC m apping is expanded upon 
further in Chapter 6.

5.2.7. Summary of candidate YAC clone detection.

Summaries of the hybridisation assay experiments are provided in table 5.1. 
In total 13 probes were used in such hybridisation assays. Of these, 6 were 
successful in identifying a total of 12 positive signals. Because of the 
coincident detection of one of the MCC YACs by probe mc575, this left a total 
of 11 different YACs to investigate further.

5.3. Results 2. Assessment of candidate YAC clones.

In each of these 11 cases, the YAC clones were investigated by a series of four 
tests to assess w hether they represented true positives. The results of these 
experiments are summarised in table 5.2. at the end of this chapter.

5.3.1. Secondary screening.

Yeast cells from  the m icrotitre wells representing  the positive g rid  co­
ordinates were streaked out on selective yeast minimal m edia lacking uracil 
to obtain single colonies (Chapter 2). After selective grow th of the yeast, 5 or 
m ore single colonies were re-streaked. These yeast colonies, in addition to 
AB1380 control yeast cells (see C hapter 2), w ere transferred  to nylon 
mem branes and hybridised with the original probes at high stringency. The 
secondary screening procedure proved to be essential since som e of the 
original microtitre-well stocks appeared to be ’m ixed’, that is w ith additional 
YAC-containing yeasts. This was observed in 40% of cases. In only 1 out of 11 
cases (identified by probe mc524) did a potentially positive YAC turn  out to be 
negative (table 5.2).

5.3.2. Analysis by pulsed field gel electrophoresis (PFGE).
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Individual colonies from  each of the YAC-containing yeasts, apparently  
positive by secondary screening, were used to m ake large-scale yeast DNA 
preparations in agarose 'plugs’ (see Chapter 2). These 'plugs' were subjected 
to PFGE to separate the yeast chromosomes in the lOOkb to 1Mb size range. 
One or m ore yeast DNA plugs containing different YACs w ere always 
included as negative controls in these experiments. Filters of the pulsed field 
gels were hybridised w ith the test probe to determ ine the size, as well as 
positivity of the YACs. These filters w ere then stripped and probed w ith 
radiolabelled pYAC4 vector to check for the presence of other unrelated YACs 
resu lting  from  the co-transform ation of the yeast hosts du ring  library 
construction. Co-transformation was found in 2 of 10 cases (table 5.2). Figure
5.2 (a) shows an example of the positive identification and sizing of YACs 
detected by microdones m cl4 and mc534.

5.3.3. Comparative hum an and yeast Southern blot hybridisation.

To assess w hether the YACs were positive by virtue of the sequences in the 
test probe in question, and not by virtue of some cross-sequence homologies, 
w hole yeast and hum an genomic DNAs were digested in parallel w ith 
H indin  and EcoRI. Total hum an genomic DNA was used in 200-fold excess to 
com pensate  for the  difference in  yeast and  hum an  genom e sizes. 
Hybridisation of Southern blots with the test probe showed, in each case, the 
same sized hybridisation fragm ents in yeast and hum an genomic DNAs. 
This test, in addition, allowed an assessment of the fidelity of YAC cloning in 
each of the candidate YACs. Specifically, the identification of the similarly 
sized restriction fragm ents in both the YAC-containing yeast DNA and 
hum an genomic DNA implies that the cloned sequences are in the same 
relative 'form'. Altered sized fragments in the yeast w ould im ply potential 
rearrangem ent (although it m ay also imply that the test sequences reside in 
the terminal restriction fragment). An example of this type of experiment on 
the YAC identified by probe cL5.4.s-l. is shown in figure 5.2(b).

5.3.4. Fluorescence In situ  hybridisation (FISH) of total YAC-containing yeast 
DNAs.

FISH experim ents w ere carried out by Ms. Tania Jones (Cytogenetics 
Laboratory, ICRF). For these experim ents, w hole yeast DNAs from  the 
agarose plugs w ere purified, labelled w ith biotin-dUTP and hybridised to 
norm al hum an lym phoblastoid m etaphase spreads w ith or w ithout signal
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Figure 5.2. Pulsed field Gel electrophoresis (PFGE) and comparative 
Southern blotting of potentially positive YAC clones.

(A) Left hand side: PFGE of YAC-containing yeasts. The identity of each of the 
YAC-containing yeasts are indicated above the figure. Each lane represents 
one half-block (40pl) electrophoresed in a 1% gel at 5V /cm  for 20 hours with a 
linear switching time of 20 to 84 seconds. The YACs (540kb, 550kb and 550kb, 
respectively) can be seen by eye on the gel and are indicated to the left of the 
figure. Right hand side: Southern blot of the PFG, hybridised w ith probe 
mc534. The other half of the Southern blot filter was hybridised w ith probe 
m c l 4 .  Southern blot filters were w ashed to a final stringency of 0.2 x 
SSC/0.1% SDS at 65°C and exposed to autoradiographic film overnight.

(B) Left hand side: Electrophoresis of EcoRI and H ind in  digested hum an and 
yeast (ICRFy900A10109) genomic DNAs on a 0.8% agarose gel. The gel was 
electrophoresed at 2.5V/  cm for 48 hours and stained with ethidium  bromide. 
Right hand side: Southern blot of the agarose gel probed w ith cL5.4.s-l. The 
sizes of the hybridising fragments are indicated to the right of the figure.
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Figure 5.3, Fluorescence in  s i tu  hybridisation (FISH) of total yeast 
DNAs on human chromosome metaphase spreads.

Three exam ples of non-isotopic YAC FISH analysis dem onstra ting  (A ) 
chim eric (B0879), (B) co-transform ed (B0624) and (C), non-chim eric (A1010) 
YACs. A rrow s indicate chrom osom e 5q21-specific signals; arrow heads 
indicate  non-chrom osom e 5 signals on chrom osom e 8p and  a C -group 
chromosome in (A) and (B), respectively. FISH analysis was carried out using 
to ta l yeast DNA suppressed  w ith  hum an genom ic DNA essentially  as 
described in Williams et a l, (1991). Photographs were kindly provided by Ms. 
Tania Jones, H um an Cytogenetics Laboratory, ICRF.
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amplification. All of the YACs, except one (that identified by probe cL5.4.s-l) 
were shown to contain sequences originating from the 5q21-q22 chromosomal 
region. The cL5.4.s-l YAC (see table 5.2), gave rise to highly dispersed and 
inconsistent signals; perhaps due to a high content of repetitive sequences. In 
6 of the other 8 cases, the most consistent signals were only observed at 5q21- 
q22. In two cases however, consistent signals were observed in regions of the 
genome, in addition to 5q21-q22. From one of the YACs identified by the 
mc534 probe; ICRFy900D073 (table 5.2), signals were consistently observed at 
the telom eric regions of chromosomes 5 and 1. These signals w ere quite 
intense, in fact more so than the signals in the 5q21-q22 region. In one other 
YAC isolated by the mixed MCC 'exon-containing' probe; ICRFy900B0879, 
signals of equal intensity were observed on 8p, in addition  to 5q21-q22. 
Examples of the FISH analyses dem onstrating 5q21-q22-only and chimeric 
YACs, in addition to a co-transformed yeast are shown in figure 5.3.

5.4. Conclusions.

The experiments described above confirmed that 10 different cognate YACs 
had been identified with 6 probes (see table 5.2). In the polyposis project as a 
whole, a further 9 YACs were identified with an additional 4 loci sub-localised 
to Interval II. Some of the characteristics of these YACs are detailed in table
5.3. Taking into account the coincident detection of YACs by probes mc534 
and p3.1, a total num ber of 17 YACs had been isolated in Interval n.

YAC-FISH experiments proved to be a powerful m ethod for visualising the 
genomic origin of most of the YACs studied. Potentially chimeric YACs were 
identified in two cases. This had been suspected at least for the larger of the 
tw o YACs (ICRFy900B0879) simply on the basis of its large size (table 5.2). 
YACs of this size are extremely rare in the ICRF library (Larin et al., 1991) and 
the YAC was thought to result from the co-cloning of two 600kb average sized 
EcoRI partial DNA fragments. In combination w ith com parative Southern 
blot analysis of restriction fragm ents in YAC and hum an DNA, the FISH 
p rocedure  adds a very high degree of confidence to the  ap p ro p ria te  
assignm ent and fidelity assessment of YACs. How ever, it should  be noted 
that the FISH technique w ould be ineffectual for the identification of YACs 
containing small fragm ents from other regions of the genome. The only 
unequivocal m ethod for the rigourous investigation of the YACs in this 
sense, w ould be the isolation of YAC insert term ini which is the subject of 
Chapter 7.
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Table 5.3. Characteristics of additional independent YACs localised 
to Interval II.

Probe hybridised2 YAC designation Sizeb FISH results0 C om m ents
(kb)

ECB220F.1 yECB220.1 240 nd
yECB220.2 270 nd
yECB220.3 590 nd

YN5.48 yYN5.48.3 640 nd
yYN5.48.5 660 nd
yYN5.48.6 1100 nd

M2.75 yl2.75 350 nd

p3.1 ICRFy900A0819

ICRFy900A0919

ICRFy900D027 920 5q21

U nstable

(probe mc534; 
see table 5.2) 
(probe mc534; 
see table 5.2)

C-group

Experiments performed by Dr. A Monaco and Mr. T. Ward 
Experiments performed by Mr. T Ward 
Experiments performed by Ms. T. Jones
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Chapter 6

Ascertainment of YAC contigs 1. Coincident 
hybridisation analysis and physical mapping.

6.1. Introduction.

The experim ents described in this, and the next chapter, w ere designed to 
determ ine both  the physical d istribution and characteristics of the YACs 
described in Chapter 5 (table 5.2), and, to some extent, those isolated by other 
m embers of the ICRF Polyposis Group (Table 5.3). In total, 17 different YACs 
had  been isolated by 10 independent probes m apping to  interval II on 
chromosome 5q21-q22. These represented 5 contigs (that is, p art of a set of at 
least 2 overlapping YACs) and two YACs not part of any contig. By taking the 
minimal sizes of each of these YACs (and the smallest size of one of the YACs 
w ithin each of the YAC contigs), it was suspected that these YACs m ay have 
represented as m uch as 50-70% of interval II. However, few of the probes 
(and corresponding cognate YACs) m apping to th is in terval had  been 
physically localised at this time. Thus, two principal questions emerged.

Firstly, it was im portant to establish the existence of any potential overlaps 
between YACs isolated by independent probes to assess the true extent of YAC 
contigs present across interval II. To achieve this, it was reasoned that a 
num ber of the microclones, in addition to other anonym ous DNA m arkers 
in interval II (which were either negative or not tested on the prim ary YAC 
filters) could be used in hybridisation assays on the set of isolated YACs. 
Based on the assum ption that most of the rem aining probes w ere random ly 
d istributed  about interval II, it was hoped that some of the clones m ight 
fortuitously detect the existence of inter-YAC overlaps. In the least successful 
outcome, it was proposed that these assays would at least localise some of the 
probes. M arkers tha t rem ained unlocalised after these tests w ould  then 
represent prim ary candidates for the isolation of additional YACs, m ost likely 
by cosmid sub-fragment hybridisation assays.

The second issue was the fact that m ost of the microclones failed to identify 
any further YACs by hybridisation which suggested that genomic 'walking' 
w ould also have to be integrated into the YAC project to effect complete 
regional coverage of interval II. However, the isolation of all of the YAC 
insert term ini at the tim e of these studies (34 in total) w ould  have been
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difficult and largely inefficient with respect to the m ethods then available (see 
C hapter 7). Thus, it was intended to construct crude physical m aps of the 
YACs. Physical m apping would indicate the relative orientations of the YACs 
w ith respect to each other in terms of the 'left' and 'right' YAC-vector arms. 
This w ould then indicate the termini of interest for genomic 'w alking' (and 
further coincident hybridisation assays). Integration of the results from both 
of these experim ents was expected to provide valuable inform ation about 
interval II (that is, genomic size and regional coverage) and about the sub- 
regions on which m ost effort should be concentrated.

6.2. Results.

6.2.1. Coincident m apping.

Yeast DNAs (approxim ately 300 to 500ng) containing the interval II YACs 
were digested with EcoRI, electrophoresed in 0.8% agarose gels and Southern 
blots w ere prepared. In total 11 microclones and 6 other anonym ous DNA 
m arkers generated at ICRF and elsewhere (the source and description of 
which is provided Chapter 2, appendix 2) were hybridised on the panels. 
M icroclones m cl4  and mc575 w ere used as control probes to assess the 
sensitiv ity  of the hybrid isation  assay filters. U nder low  stringency 
hybridisation conditions, these 2 microclones identified their cognate YACs 
after 3 to 4 hours autoradiographic exposure.

Subsequently, 17 test probes were hybridised across these panels. The results 
of these experiments are summarised in table 6.1. In total, 6 of the test probes 
(5 microclones and one anonym ous DNA m arker, CB83.6, (Breukel et al., 
1991)) were found to be coincident w ith some of the interval II YACs. None 
of the probes, however, detected overlap am ongst the independen t YACs. 
Interestingly, 3 of the microclones, know n to be different from  each other, 
w ere found to be coincident to all three of the YACs isolated w ith  probe 
YN5.48 (Nakamura et al., 1989). This was entirely unexpected and suggested 
tha t the m icroclones m ight not be as evenly d is trib u ted  as originally  
anticipated (see conclusions). The YN5.48 m arker, and  the corresponding 
YACs were known to m ap to the telomeric end of interval II and distal to the 
APC  gene by linkage analysis (Nakam ura et al., 1988) and genomic physical 
m apping (see figure A7.1, appendix to Chapter 7).
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Table 6.1. Detection of coincident hybridisation on Interval II YACs.

YACs are labelled at the top of the table using shortened acronyms, e.g. 220.1 is 
YAC yECB220.1, D027 is YAC ICRFy900D027 etc. The probes in (A) are those 
localised to Interval II that were successful in identifying YACs (m arked w ith 
a plus sign below the respective cognate YACs; see tables 5.2 and 5.3, Chapter 
5). The probes in (B) are those localised to Interval II that were used to detect 
coincident m apping on the set of Interval II YACs. A m inus sign indicates 
that no cross-hybridisation was observed, a plus sign indicates that a signal 
was observed on the panels (see text).
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62.2. YAC physical mapping.

The large size of the YAC inserts and the presence of yeast chromosomes in 
the host cells precludes sim ple m apping  of these inserts by m ultip le  
restric tion  enzym e digestions and inspection  by gel e lectrophoresis. 
M oreover, the use of standard restriction enzymes w ith six-base recognition 
sites generally cut too frequently in the genome to allow  resolution of the 
YAC insert fragments (see Nelson, 1990 for a discussion). Thus, in general, 
enzym es that cut infrequently in the hum an genom e have to be used in 
com bination w ith PFGE and Southern blotting for efficient m apping of the 
YAC inserts (Burke, 1990; Nelson, 1990).

For small YAC inserts, published reports suggested that m ultiple digestions of 
the yeast DNA w ith a num ber of infrequently cutting enzym es individually 
or in combination would be sufficient to generate crude physical m aps (e.g. 
see Huxley et al., 1990). The restriction fragm ents could be visualised by 
hybridisation of PFGE blots with total hum an DNA, the repetitive content of 
which is expected to identify most of the hum an insert restriction fragments. 
H ybridisation with probes specific for the 'right* and 'left' arm s of the pYAC4 
vector can then be used to indicate the relative orientations of the insert 
restriction fragments.

Initially, experim ents of this type were perform ed on YACs G016, A0714 
A0819 and A0919 (representing the smaller size range: see table 5.2, Chapter 5) 
using the restriction enzymes SacII and Mlul. These two restriction enzymes, 
the recognition sites for which are rich in cytosine and guanine nucleotides 
(GpG), cut infrequently in hum an genomic DNA. This is due, in part, to the 
paucity and non-random  distribution of such CpG clusters in the genome, but 
also due to the fact that m any of these clusters are m ethylated in vivo and 
resistant to cleavage. However, hum an genomic DNA isolated in YACs does 
not appear to be methylated at these sites by the yeast host, and the frequency 
of digestion is therefore som ewhat higher and ideal for YAC insert m apping 
(Huxley et al., 1990).

These experiments were only partially successful in generating physical maps 
for these YACs. Nonetheless, using this approach, YACs A0819 and A0919 
w ere found to be identical; at least w ithin the resolution afforded by the 
m apping techniques used. These experiments were generally hindered by the
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fact that total hum an DNA, or in fact probes specific for 'alu' and 'LIHs' 
sequences, would not always detect each restriction fragment. For example, in 
the 550kb A0819 YAC, repetitive sequences entirely failed to detect a num ber 
of restriction fragm ents; particularly those generated by cleavage of sites 
nearest to the 'left' and 'right' termini of the insert, respectively. In this case, 
some of the m apping information could only be inferred by comparison of 
fragm ents in single digestion reactions that were found to be 'missing' after 
double-digestion. It was felt, therefore, that this m ethod w ould be unsuitable 
for rigorous m apping of the YACs.

An alternative m ethod is the use of partial enzym e digestions of the yeast 
DNA and subsequent hybridisation using left and right 'arm '-spedfic pYAC4 
vector probes (Burke et al., 1987). This m ethod, although m ore technically 
dem anding, allows the visualisation of a series of extended fragm ents, the 
difference betw een each represen ting  the distance betw een successive 
restriction enzyme sites.

Partial digestions can be achieved either by varying the tim es of digestion 
w ith a constant am ount of restriction enzyme, or by dilution of the enzyme, 
serially or logarithmically. Preliminary experiments indicated that the latter 
was the most effective. It was found that cessation of the reactions in which a 
time course was being carried out was not efficient even after im m ediate 
incubation in 0.5M EDTA on ice (see Chapter 2). This is probably because of 
the time taken for chemical diffusion through the agarose plugs. The effect is 
unim portant, however, for extensively diluted enzymes.

To assess the approxim ate activities of each enzyme, dilutions were carried 
out empirically on a number of YAC plugs. Even though all of the YAC DNA 
preparations varied, the correct range for each enzym e could usually  be 
chosen to maximise the preferential appearance of partial digestion products 
(see C hapter 2). This m ethod was successful in generating unam biguous 
m aps for all of the YACs (including those described above). An example of 
the partial m apping technique on YAC D073 and the inferred physical m ap 
are show n in figures 6.1. From this example it can be seen that two of the 
SacII restriction sites in the centre of the YAC insert could be identified by 
hybridisation with the 'left-' or 'right-arm ' specific probes, w ith nearly exact 
correlation in the estimated sizes detected by both probes.
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Figure 6.1. Partial restriction enzyme digest mapping of the YAC in 
yeast host ICRFy900D073.

PFGE filters of partial SacII and M lul restriction digests of ICRFy900D073 
sequentially hybridised with left-arm (A) and a right-arm (B) pYAC4-specific 
probes. One-third agarose blocks were incubated with either SacII (left hand 
side) or M lul (right hand side) for one hour w ith varying amounts of enzyme 
(indicated in units (U) above the figure). The last lane of the right hand side 
of the figure panels contains a one-third agarose block incubated w ith  no 
enzyme (undigested). The filters were prepared from a 1% agarose gel run  at 
5V /cm  for 14 hours w ith a linear switching time of 1 to 50 seconds. The sizes 
of the hybridising fragments are indicated to the left of each figure (calculated 
from co-electrophoresis of X m ultim ers (not shown)). LM indicates the point 
of lim iting m obility of restriction fragm ents in the agarose gel (~650kb). 
Filters were w ashed to a final stringency of 1 x SSC/0.1% SDS at 65°C and 
exposed to autoradiographic film overnight (shown here) or up  to 2 days to 
ensure visualisation of all partial restriction fragments (not shown).

The M lul digested DNA fragment detected by the right-arm probe migrates at 
the lim iting mobility (LM) of the PFG (lower panel, right hand side). The size 
of this fragm ent (»650kb), when added to the M lul fragments detected by the 
left arm  probe («30kb; top panel, righ t hand side) equals the size of the 
undigested YAC (680kb).

(C) The inferred restriction m ap is depicted by the solid black line below the 
autoradiographs. The unfilled and filled circles represent the left and right 
arms, respectively. The restriction sites (S = SacII; M = Mlul) are depicted 
above the line.
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6.2.3. YAC contigs.

The physical m aps derived for all of the other YACs studied are depicted in 
figure 6.2.

Contig 1:

Contig 1 (figure 6.2(a)) represents the two YACs identified by probe mcl4; that 
is, G016 and A0714 (refer to table 5.2, Chapter 5). The overlap of these two 
YACs could be inferred unequivocally as they share a large proportion (400kb) 
of genomic DNA and span a total distance of only 650kb. Probe m cl4, and the 
probe found to be coincident on these YACs - mc451, lie on opposite sides of 
coincident SacII and M lul restriction sites which are also detected in genomic 
DNA (indicated above the contig).

Contig 2:

Contig 2 represents the YACs identified by the MCC gene (A1010, B0624 and 
B0879) and by m icrodone mc575 (B0624). FISH analysis on the largest of these 
three YACs; B0879, suggested that this YAC was chimeric (see figure 5.3(a), 
Chapter 5). This was confirmed by attempts to align the physical maps. It was 
concluded that this YAC contained only a small proportion of DNA from 
chrom osome 5 and was therefore not investigated further. The other two 
YACs; B0624 and A1010 were known to overlap at the MCC gene by probe 
hybridisation on the prim ary YAC filters (see Chapter 5). The actual extent of 
overlap was suspected to be quite small and could not be assessed by digestion 
w ith SacII and M lul alone. The true extent of overlap (lOOkb), was established 
by the use of termini-specific fragments on m ultiple digests of the A1010 YAC 
(see figure 8.3, Chapter 8).

Due to the co-transformation of the B0624 yeast host cell w ith an unrelated 
YAC, the YAC specific for mc575 and the MCC gene (referred to as 624-575; see 
table 5.2, C hapter 5) could no t be readily  m apped. To d rcu m v en t this 
problem, sequences representing both the left and right hand insert term ini of 
this YAC were isolated and used for partial restriction fragm ent detection. 
The isolation and characterisation of these insert term ini is p resen ted  in 
Chapter 7. Figure 6.2(b) depicts the SacII and M lul m ap derived for these two 
YACs, which together span a total distance of 1,100 kb. It has also been 
possible to align this contig on the genom ic physical m ap by v irtue  of
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coincident and identical M lul and SacII restriction sites which lie centromeric 
to the MCC gene in the YAC and genomic DNAs (indicated above the contig).

Contig 3:

Contig 3 represents the YACs isolated by probes mc534 and p3.1 (that is, D073, 
A0819 and D073). Alignment of these three YACs was found to be extremely 
difficult since two of them  appeared to be chimeric. The m ost probable 
alignm ent of YACs D073 and A0819 is shown in figure 6.2 (c). It is assumed 
that YAC A0819 does not contain sequences from regions of the genome other 
than chromosome 5 (and certainly not at the end hybridising to probe p3.1) 
whereas D073 almost certainly does on the basis of FISH analysis. The dotted 
lines in the latter are intended to indicate the region of divergence from 
chromosome 5 sequences. The physical m ap implies that about half of this 
YAC originates from 5q21-q22 which is in line with the relative intensities of 
d isparate genomic signals observed by FISH analysis (see section 5.8.4. and 
table 5.2, Chapter 5).

It has been impossible to align YAC D073 with respect to the other tw o YACs. 
The restriction m ap of this YAC is therefore depicted in isolation such that an 
inappropriate contig is not inferred by this study. It was subsequently found 
that this YAC in fact contains sequences from regions of the genome, other 
than chromosome 5q21-q22, at both ends of the YAC insert (see section 7.4.6. 
and table 7.1, Chapter 7). Attempts to orientate these three YACs by the use of 
further restriction enzymes or by cross-hybridisation analysis using random ly 
derived inter-alu probes was not pursued. This contig was not thought to be 
useful for the initiation of genomic 'walking' on the basis of the high degree 
of insert chimerism.

Contigs 4 and 5:

These two contigs, which are represented by three YACs isolated w ith each of 
the ECB220F1 and YN5.48 probes (see table 5.3, Chapter 5) have not been 
investigated by either FISH analysis or physical m apping  at the tim e of 
w riting (T. W ard, personal communication). Thus, the genomic distances 
that each of these YAC contigs covers can not be calculated at present.
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Figure 6.2. Inferred restriction maps and contig structures.

The YACs and YAC contigs depicted in (a) to (e) are represented by thin black 
lines and the name of each is denoted below. Unfilled and filled circles 
represent the left and right vector arms, respectively. The letters S and M 
denote SacII and Mlul restriction sites, respectively. The thick black lines 
above the YACs in (a), (b) and (c), represent genomic DNA, the hatched lines 
with arrows at the end of these lines are intended to indicate a continuous 
stretch of DNA. The relative orientations of the YACs with respect to 
chromosome 5 in (a), (b) and (c) are indicated in terms of the centromere 
(CEN) and telomere (TEL). In the two cases where some of the restriction 
sites could be matched in both the YAC and human maps (i.e., in (a) and (b)), 
the sites are depicted above the genomic DNA. Hatched boxes on the 
genomic DNA lines (and under the YACs in (d) and (e)) represent the 
smallest region that each probe hybridised to on the YAC digest PFGE filters.

The contig that could be inferred from restriction mapping of two of the 
YACs; ICRFy900D073 and ICRFy900A0819 (i.e., contig 3), is depicted in figure 
(c). The hatched line in ICRFy900D073 represents the region of this YAC that 
is thought not to originate from chromosome 5. ICRFy900D027 is illustrated 
below probes mc434 and p3.1, but is not drawn to scale. Restriction sites in 
this YAC (which does not contain chromosome 5 DNA at either end of the 
insert; see Chapter 7) could not be aligned with respect to the other two YACs 
(represented by the hatched lines and arrows). The map of this YAC is 
illustrated in isolation in (d). The restriction map of YAC ICRFy900A10109 is 
depicted in (e).
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YAC A10109:

The restriction m ap derived for this YAC is presented in figure 6.2(d).

6.3. Conclusions.

The use of coincident m apping on the YAC panels provided a direct means by 
which the distribution of a num ber of previously unlocalised probes could be 
established. It was not, however, successful in the detection of YAC overlaps. 
This was thought to be due to a num ber of factors, prim arily the physical 
distribution of the microclones (described in the appendix to C hapter 7 and 
discussed in Chapter 9).

Partial restriction m apping of the YACs w ith infrequently cutting enzymes 
allowed the construction of accurate maps. In general, it w as possible to 
establish, exactly, the overlaps betw een YACs that w ere know n to contain 
common sequences. However, this was found to be difficult in cases where 
one or more YACs appeared to be chimeric (for exam ple in contig 3). The 
apparent frequency of chimerism suggested that construction of a YAC contig 
across in terval II w ould  be m ore difficult than  orig inally  an ticipated , 
particularly in the absence of further sub-localised markers. Chapter 7 deals 
w ith the isolation of YAC insert term ini as an alternative m ethod for the 
ascertainm ent of YAC contigs. These experim ents, w hich w ere largely 
conducted at the same time as physical m apping support and  considerably 
extend the observation of a high degree of chim erism  in the ICRF YAC 
libraries.
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Chapter 7

Ascertainment of YAC contigs 2. Detection of 
inter-YAC overlap and isolation of terminal 
sequences.

7.1. Introduction.

The results of the YAC coincidence m apping presented in Chapter 6 suggested 
that other m ethods should be sought to identify potential overlaps w ithin the 
set of Interval n  YACs.

M ost of the m ethods described for random  overlap detection are based on 
repetitive sequence content (e.g. Coulson et al., 1986). For example, the YACs 
could be digested with one or m ore commonly cutting restriction enzym es 
and Southern blots probed with fragments containing alu or LIHs sequences 
to create a fingerprint. Simple comparison w ould then give an indication of 
potential overlaps. However, this m ethod is lim ited in that any observed 
sim ilarities are inferred and cannot be directly followed up. The level of 
confidence in the detection of overlapping YACs by this m ethod can only be 
based on experience. Recent w ork published at the tim e of w riting  has 
suggested that this approach can be effective, but, only w ith the use of a 
num ber of probes recognising high, m oderate and low copy-num ber repeats 
in com bination w ith a suitably derived algorithm  for the calculation of 
likelihood scores (Schlessinger et al., 1991; Zucchi and Schlessinger, 1992).

An extension of this m ethod; alu-PCR (see C hapter 3), has been applied 
directly to YACs (Nelson et al., 1989). In this case any potential overlaps can 
be further investigated by isolation of the apparently common products and 
hybridisation to the YACs in question. This system, however, has been found 
to be lim ited by the num bers of PCR products generated even from prim ers 
h ighly  conserved w ith respect to alu consensus sequence. In  general, 
overlaps can be confirmed in cases w here the YACs have been identified by 
the same locus or where YACs have been identified by walking (Nelson et al., 
1991; Butler et al., 1992) but rarely in cases w here the degree of overlap is 
small (Butler et al., 1992).

However, the use of a num ber of highly conserved alu-PCR prim ers on each 
YAC w ould give rise to a very high density of products, especially if the alu-

Page -161-



based oligonucleotides were designed to prim e from both directions of the 
repeat elements. The overlaps could then be detected by hybridisation directly 
onto a panel of alu-PCR products of the YACs to be investigated. This 
m ethod, which is really an extension of that described by Ledbetter et al., 
(1991) and Bicknell et al., (1991), was assessed on Contigs 1 and 2 (figure 6.2, (a) 
and  (b)), which represent the extremes of overlap so far detected in the 
interval II YACs. Using three highly conserved prim ers, term ed PDJ-33, -34 
and -66 (recently published in Butler et al., (1992)), overlap was unequivocally 
detected in Contig 1 but not in Contig 2. Since Contig 2 represents the degree 
of overlap likely for independent YACs, this im plied that some potential 
overlaps w ould certainly be missed. This pilot experim ent suggested that 
other more robust m ethods m ust be assessed.

In view  of the considerations outlined above, it w as decided to isolate 
system atically the term ini of the YAC inserts, particu larly  those that 
represented the distal extents of contigs inferred by coincident hybridisation 
and, in some cases, by physical mapping. These probes could then be used on 
the YAC coincident m apping panels. It was proposed that the ’end-probes' 
w ould provide the maximum am ount of inform ation possible and  not be 
dependent on the distribution of either repeat elements in the YACs or on the 
distribution of probes on the genomic physical m ap. In cases w here a YAC 
was chimeric, it was expected that other approaches, such as a/w-PCR-based 
methods, would be equally disadvantaged. In any case, chimeric YACs were 
only thought to occur in about 1 /5  cases (20%; Dr. Anthony Monaco, personal 
communication; Monaco et al., 1992). M oreover, these term inal sequences 
could then be used directly for genomic walking from the appropriate YACs.

A num ber of m ethods have been described for the isolation of YAC insert 
term ini which depend on (1) library construction, (2) re-circularisation of 
restriction fragments followed by sequence-specific amplification by  PCR or 
genetic selection and (3) amplification of vector-insert junction sequences by 
a/w-vector PCR or 'vectorette-PCR'. These m ethods are discussed in  Chapter 
1.

A fter consideration of these d ifferent available m ethods, I decided  to 
investigate the use of 'alu-vector' PCR on a subset of the YACs because of the 
experience gained using the alu-PCR m ethod (Chapter 3) and the availability 
of suitable oligonucleotide primers.
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7.2. Results 1. Isolation of YAC insert termini.

7.2.1. A lu-vector polymerase chain reaction (PCR).

For these experiments YACs G016 and A0714 (see table 5.2, Chapter 5 and 
figure 6.2(a), Chapter 6) were chosen since the m cl4 and mc451 probes had not 
yet been physically localised w ith in  Interval II. Isolation of term inal 
fragm ents w ould be useful for localising the contig in th is respect. In 
addition, YACs B0624 and A1010 (see table 5.2, Chapter 5 and figure 6.2(b)) 
were also assessed for attempts to expand the contig around the MCC gene by 
genomic walking.

The strategy followed was to amplify each of the YACs in parallel w ith the alu 
prim er alone and then in combination with prim ers specific for the 'left* and 
’right' vector arms. It was anticipated that the appearance of a novel product 
in the alu-vector prim er reactions w ould indicate a potential end-fragm ent 
that could be further investigated. The vector-specific primers; 1089 (left arm- 
specific) and 1091 (right arm-specific) were based on those described by Riley et 
al., 1990 (see appendix 1) which are positioned 280 and 160bp from the left and 
right pYAC4 vector arm  EcoRI sites, respectively. A set of four alu primers; 
517, 559 (Nelson et al., 1989; see Chapter 3, part II), prim er IV (see Chapter 3, 
part I) and another primer; PDJ66 (Dr. P. dejong, personal communication; 
Butler et al., 1992), known to be highly conserved w ith respect to the alu 
consensus sequence, were used for these experiments.

In total, two of the alu-vector PCR reactions gave rise to new  products (see 
table 7.1 at the end of this chapter) in YACs A1010 (1010LHE; primers 517 & 
1089) and A0714 (714LHE; primers PDJ66 & 1089). Due to the positions of the 
vector-specific prim ers, PCR products representing true term inal sequences 
should result from amplification across the EcoRI cloning site of the pYAC4 
vector. Therefore, digestion with EcoRI should produce two products; one of 
constant size representing the distance from  the vector-specific prim ing 
binding site to the EcoRI cloning site and another of variable size representing 
the distance of the EcoRI cloning site to the alu element. D igestion of the 
1010LHE and 714LHE products each gave rise to two fragments, one of which 
was the expected vector fragm ent size (280bp) and the other a variable size 
(850bp and 450bp respectively). Figure 7.1(a) dem onstrates the alu-ve  ctor 
amplification of YAC A0714 with prim ers PDJ66 and 1089 and the fragments 
obtained after digestion with EcoRI.
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Figure 7.1. Isolation and characterisation of YAC-insert terminus 
714LHE'.

(A) E lectrophoresis of alu  and fl/w-vector PCR p ro d u c ts  from  YAC 
ICRFy900A0714 on a 1.5% agarose gel stained with ethidium  bromide: PDJ66 
is the a/tt-specific prim er and 1089 and 1091 are the left (TRP1) and right 
(URA3) arm-specific primers, respectively (refer also to figure 7.4). A lu -PCR 
of the YAC is show n in duplicate. Note the highly specific amplification of 
the novel product w hen the pYAC4 1089 prim er is used in 10-fold m olar 
excess (PDJ66 + 1089 x 10). The 450bp  insert term inus-specific p roduct 
(714LHE), used as a probe in 72  (A) and (B), is indicated by the asterix.

(B) Southern blot hybridisation of a filter containing EcoRI digested whole 
yeast DNAs containing some of the interval E-spedfic YACs. The identity of 
each of the YACs is indicated above the figure. The filter was w ashed at 0.2 x 
SSC/0.1% SDS at 65°C exposed to autoradiographic film overnight.

(C) Southern blot hybridisation of a filter containing total genomic and hybrid 
DNAs digested w ith  EcoRI. The identity  of the tw o hybrids DNAs are 
indicated above the figure (see text). This filter w as w ashed to a final 
stringency of 2 x SCC/0.1% SDS at 65°C and exposed to autoradiographic film 
for 3 days.
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It can be seen from this experiment that the alu-PCR patterns specific for the 
YAC were greatly reduced in the alu-vector reactions in which novel products 
were generated. This effect could be greatly enhanced by perform ing the PCR 
reaction w ith 10-fold excess of the vector-specific prim ers (figure 7.1(a)) and 
was useful for the analysis of essentially 'pure' products.

Screening of these fragments on the coincident m apping panels described in 
Chapter 6 , showed that both hybridised to the cognate YAC from which these 
sequences were derived. 714LHE also hybridised to YAC G016, w hich was 
expected on the basis of overlap detected by physical m apping of these YACs 
(see figure 6.2(a), Chapter 6 ). Both of these alu-wector junction fragm ents 
m apped into interval II by hybridisation on the chrom osom e 5 m apping 
panels. Examples of the coincident and genomic hybridisation assays for 
714LHE are presented in figure 7.1 (b) and (c).

Further confirmation for the bona fide nature of the candidate term ini was 
achieved by hybridisation of the fragments to SacII and M lul digests of the 
respective YACs. Each sequence m apped  to the  ap p ro p ria te  term inal 
restriction fragments from the YAC of origin and, in the case of the 714LHE, 
to the appropriate internal restriction fragm ents of YAC G016 inferred from 
the physical maps.

7.2.2. Conclusions on the a/i/-vector m ethod.

The alu -PCR m ethod led to isolation of only 20% of the insert term ini 
investigated and was felt to be inadequate for fu rther studies. D ue to the 
availability of specific 'vectorette' cassettes am ongst colleagues at ICRF, it was 
decided to assess the ’vectorette' m ethod for its potential in generating the 
rem aining insert termini of interest.

7.2.3. *Vectorette,-polymerase chain reaction (PCR).

The principle of the 'vectorette' m ethod is outlined in  figure 7.2. To assess 
this system, a further subset of YACs was used. These included YACs D027 
and D073, which were thought to represent the term inal YACs in the mc434- 
p3.1-mc534 contig prior to physical m apping  (i.e. contig 3; figure 6.2(c), 
Chapter 6 ) and YAC A10109 since the cL5.4.s-l probe had been m apped close to 
ECB220F1 (Mr. T. W ard, personal com m unication), w ith in  a d istance for 
potential
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Figure 7.2. Principal of the 'Vectorette-PCR* method.

(a) Illustration of the vectorette cassette sequence (from Riley et al., (1990). 
The nucleotides (N 1, N2, N3, N4) represent the positions of bases creating an 
overhang for ligation to digested yeast DNA (e.g. Bgin).

(b) A schematic illustration of the vectorette m ethod. In this illustration a 
fragm ent from  the left arm  (i.e. TRP1 gene) of pYAC4 w ith  an associated 
portion of YAC insert DNA (cut by Bgin) is ligated to a vectorette cassette. In 
this situation amplification takes place between prim er 1089 (specific for the 
left arm; refer also to figure 7.4) and the universal vectorette prim er (UVP) 
224. In the first round  of PCR, a p roduct is form ed th a t still has non- 
complementary sequence at one of the ends (i.e. in strand 1 ; indicated by the 
bold portion of the line). Therefore, in the second round , only s tran d  2  

participates further in the PCR reaction allowing the synthesis of strand  2 ’ 
(directed by prim er 1089) and so forth. Thus, in a situation w here a vectorette 
cassette is ligated on b o th  sides of a random  piece of DNA, am plification 
could not occur after the first round  of PCR since there  w ould  be no 
complem entarity at either prim er binding sites.
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overlaps betw een these sets of YACs to be detected (refer to figure A7.1, 
appendix to this Chapter).

For these experim ents, yeast DNAs from each of the YAC clones were 
digested w ith each of three restriction enzymes; BamHI, H in d lll and PstI 
compatible w ith the vectorette ’cassettes' available at the time. The resultant 
digestions were checked by electrophoresis on 0.8% agarose gels. BamHI was 
rarely successful for complete yeast DNA digestions and was replaced with 
Bglll, w hich is ’end-com patible ' w ith  this restric tion  enzym e. Bglll 
consistently gave rise to total digest products. For these experim ents an 
additional YAC, designated Y.2, was included as a positive control to assess 
the various stages of this protocol. This was found to be necessary in each 
case as the success of the 'vectorette' experiments tended to be variable. This 
YAC was known to generate a terminal-specific PCR product from  the 'left' 
vector-insert junction using Bglll digest libraries (kindly prov ided  by Ms. 
Louise Sefton, H um an Genetics Laboratory, ICRF).

From the four YACs initially studied, 6  potential term ini w ere generated; 2 
each from both the left and right arms of YAC A10109, one from the left arm 
of D073 and one from the right arm of YAC D027 (sum m arised in table 7.1 at 
the end of this chapter). The appropriately sized PCR fragment w as generated 
from the control Y.2 Bgin library. The results of these experiments are shown 
in figure 7.3(a). It can be seen that a num ber of other quite intense PCR 
products were often generated in the amplification reactions in addition to 
the correct products. The reason for these is not understood but they could be 
eliminated by decreasing the amount of vectorette library DNAs used in each 
of the PCR reactions by about 10-fold. As for 'alu-vector’ PCR, these PCR 
products were assessed by EcoRI digestion ('+E') and, in each case, except for 
the right hand end  of the D027 YAC insert, the appropriate  sized vector- 
specific fragments were generated (indicated by the arrowheads).

Of these 5 EcoRI-digested termini (indicated by the arrow s in figure 7.3), 3 
could be successfully m apped with respect to the somatic cell hybrid panel. 
The two fragm ents from the left end of A10109 m apped to the same EcoRI 
restriction fragm ent in hum an DNA but did not m ap to chrom osome 5 (see 
figure 7.3(b)). Com parison of the signal intensities suggested that the larger 
fragm ent generated from the H indm  library (*1.6kb) appeared to contain a 
repetitive element, presum ably located betw een the PstI site in the smaller 
fragment from the same term inus («800bp) and the HindlD site of the larger
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Figure 7.3. Generation and characterisation of 'vectorette* PCR 
products.

(A) 1.5% gel electrophoresis of 'vectorette' PCR products from  YACs 
ICRFy900A10109/ ICRFy900D073 and ICRFy900D027 before and after EcoRI 
digestion. The yeast digest libraries (B) Bgin, (H) H indm  and (P) PstI and 
pYAC4 vector arm-specific prim ers (89) 1089 or (91) 1091 used in each case are 
indicated above the figure. EcoRI digests of the PCR products (+E) were run  
in alternate lanes as indicated. Arrows point to the EcoRI digested YAC-insert 
term ini fragments used as probes in further characterisation experiments (e.g. 
as in (B)). Arrowheads point to the pYAC4-specific fragments released after 
EcoRI digestion (LHS-280bp or RHS-160bp for the left and right vector arms, 
respectively). The absence of a pYAC4-spedfic 160bp fragment in YAC D027-P- 
91, +E implies that this amplification product is probably an artifact. Lane M 
contains the lkb  ladder size markers. The sizes of some of the fragm ents are 
indicated to the left of the figure.

(B) Two examples of genomic m apping using 3 2 P-labelled fragm ents derived 
from the left-hand-end of YAC ICRFy900A10109 (fragments 10109-89-H and 
10109-89-P on the left and right hand side filters, respectively). The genomic 
and hybrid DNAs were digested with EcoRI and the identities of each of the 
two hybrids are indicated above the figure. Roughly equal loading of all 
DNAs on the gels from which these filters were taken was dem onstrated by 
hybridising probes w ithin and outside the SD deletion (not shown). The 
filters w ere w ashed to a final stringency of 2 x SSC/0.1% SDS at 65°C and 
exposed to autoradiographic film overnight.
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fragment. Neither of the Bglll nor PstI fragments from the right end of this 
YAC could be m apped even under stringent com petitive hybridisation 
conditions. The Bglll fragm ent from the left end of the D073 YAC did not 
m ap to chrom osome 5. Each of the 5 fragm ents w ere then  investigated 
further by hybridisation to SacII and M lul digests of the YACs and all behaved 
as expected for bona fide insert termini.

7.2.4. Conclusions on the 'vectorette* method.

W ithout regard to the high frequency of apparent chimerism in the subset of 
YACs tested (see section 7.6 (condusions) and Chapter 9), the frequency of 
term ini generated by PCR in these experim ents, com bined w ith  som e 
assodated technical difficulties, implied that a more robust m ethod should be 
sought to isolate the rem aining insert termini.

7.3. ’Junction-trapping*: a new approach to the isolation of YAC- 
insert termini

7.3.1. Introduction and strategy.

Experience w ith the techniques for the generation of insert term ini led to the 
developm ent of a novel and sim plified protocol. This new  protocol was 
devised on the basis of the following observations.

Firstly, the protocols for both the alu-vector and 'vectorette' PCR m ethods 
w ere seen to be highly dependent on the distribution of either repetitive 
elem ents or specific restriction enzym e sites in the YAC insert DNA, 
respectively. In both cases, the sequences of interest m ust be spaced closely 
enough to the EcoRI doning site of pYAC4 to be w ithin a distance amenable 
to PCR. For a/w-vector PCR, this presents obvious problem s in  genomic 
regions w ith a poor representation of repetitive elements. It could be argued 
tha t the use of enough 'vectorette' linkers (specific to different restriction 
enzymes) should be capable of 'trapping' a sufficient num ber of closely spaced 
sites. H ow ever, this w ould greatly increase the expense and  the relative 
labour effort involved for the generation of each terminus-specific fragment.

The use of a frequently cutting restriction enzyme such as Sau3Al, which cuts 
on average every «300bp in genomic DNA (Drmanac et al., 1986), should, in 
nearly every case, be spaced dose enough to the pYAC4 doning site for a PCR-
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based strategy. However, because of the presence of a Sau3Al recognition site 
between the 1091 prim er binding site and the cloning site on the right pYAC4 
vector arm, total digests could not be used. Partial restriction digests, on the 
other hand, should produce a num ber of molecules that avoid this internal 
restriction site, but which will still result from the cleavage of the sites in the 
insert DNA close to the pYAC4 vector arm.

Further, the use of partial digests was expected to provide a variety  of 
progressively longer insert fragments which w ould still be w ithin a distance 
am enable to PCR. This w ould then provide a choice of term inal fragm ents 
from which to w ork with. As illustrated  by the 'vectorette* experim ents 
above, a choice of fragm ents from a particular term inus m ay be useful in 
avoiding the positions of repetitive elem ents (com pare the hybridisation 
signals generated by products 10109LHE (Hindlll) and 10109LHE (PstI) in 
figure 7.3(b)).

Secondly, the  'vectorette ' system  w as specifically designed  to avoid 
am plification across random  restriction fragm ents by the use of double- 
stranded linkers w ith a region of non-com plem entarity. This safe-guard is 
essential in a system where the linker can ligate to either side of random  
in sert fragm ents or to them selves; a doub le-s tranded  linker th a t is 
complem entary along its length w ould allow non-specific amplification even 
in the presence of pYAC4 vector-specific primers.

H ow ever, it was hypothesised that the yeast DNA fragm ents could be 
'trapped ' by ligation to BamHI-digested plasm id using conditions favouring 
circularisation. This was thought to be best achieved by 5'-dephosphorylation 
of the insert DNA and not the plasmid. Thus, a vast excess of insert DNA 
could be used in combination with very small am ounts of the plasm id DNA. 
In th is approach, co-ligation of insert DNA or co-ligation of plasm id 
molecules on either side of random  fragm ents w ould be unlikely. In any 
case, the latter w ould only represent a very small proportion of the ligation 
events. The vector-insert junctions could then be amplified using a plasm id 
specific prim er and the primers specific to the pYAC vector arms.

The result of such a PCR reaction was expected to be quite complex and a 
further two selection mechanisms were devised in an attem pt to increase the 
overall specificity of the reactions:
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(1) Bias of amplification: This could be achieved by using the pYAC4 vector- 
specific prim er in 1 0 -molar excess. This was based on the observation of the 
large bias effected in the fl/w-vector PCR reactions w here the novel junction 
products were selected to the detrim ent of the inter-alu products (see figure 
7.2(a), lane: PDJ6 6  +1089 x 10).

(2) Secondary am plification: This could be achieved by utilising prim ers 
internal to both the plasm id and pYAC4 vector prim ers used  in the first 
round of PCR. This would be expected to re-select the required amplification 
products using an aliquot of the first PCR reaction products as the template. 
Inherent in this w ould be the ability to favour the annealing tem perature, 
slightly, in favour of the pYAC4 prim ers. In this way, it w as expected to 
greatly reduce the complexity of the resultant PCR products. Furtherm ore, 
this would also avoid the use of excessive cycling in the prim ary PCR reaction 
to generate sufficient product. Such cycling m ight be expected to allow the 
generation of non-specific artifacts.

The positions of the prim ers in both the pBluescript (the plasm id used in 
these exeriments) and pYAC4 are illustrated in figure 7.4. A schematic 
illustration of the method is depicted in figure 7.5.

7.4. Results 2. ’Junction-trapping* of YAC termini in yeast B0624.

To illustrate this m ethod, the isolation of YAC insert term ini for each of the 
two YACs in the B0624 yeast host cell is described in detail (refer to table 5.2, 
Chapter 5 for details of the YACs in ICRFy900B0624).

7.4.1. Preparation of insert DNA.

The B0624 yeast DNA w as digested w ith a constant am ount of Sau3Al 
enzym e (20U) for varying times to generate partial digests products (see 
Chapter 2). Inspection of the digested DNA on 0.8% agarose gels generally 
dem onstrated that one or more digestion conditions w ere ideal (in the 500 to 
2000bp range). Due to the predicted specificity of the PCR reactions, it was 
thought that the presence of totally digested YAC DNA w ould not interfere 
with amplification reactions and thus, the partial digests were pooled and the 
DNA purified. During partial digestions, calf intestinal phosphatase (CIP) was 
added to 5-dephosphorylate the insert DNA (see above).
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Figure 7.4. Positions of pBluescript- and pYAC4-specific 
amplification primers.

(a) This diagram  show s a portion of the pBluescript plasm id around  the 
m ultiple cloning site (M C S). The positions of the 4 pBluescript-specific 
prim ers are indicated w ith the distances of each (except T3) to the BamHI 
doning  site in M CS. The distance of the T3 to the EcoRI site in the M CS is 
shown (refer to figure 7.5).

(b) This diagram  shows a portion of both the 'le ft' (TRP1 gene) and 'right* 
(URA3 gene) pYAC4 vector arm s with a portion of a hum an insert. The 
positions of the 4 pYAC4-spedfic primers are indicated w ith the distances of 
each to the EcoRI doning  site at the insert-vector junction (refer also to figure 
7.5)
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Figure 7.5. Schematic illustration of the ’junction-trapping* method

(a) Partial Sau3Al digestion products of whole yeast DNA (S-S) ligated to 
BamHI (B-B) digested pBluescript plasm id DNA. Stippled boxes represent 
random  yeast DNA fragm ents, black boxes represent fragm ents of pYAC4 
vector DN A  and  unfilled  boxes rep resen t hum an  Y A C-insert DN A  
fragm ents.

(b) An exam ple of specific amplification of a junction-fragment containing a 
portion of the left arm  (TRP1 gene) of pYAC4 and the terminal fragm ent of a 
hum an YAC insert. In this example the junction-fragment is amplified firstly 
by the M13F (forward) prim er and the left arm  pYAC4-specific primer; 1089, 
and subsequently using the appropriate internal primers, T3 and 1207. EcoRI 
digestion of the products from the second round of PCR would be expected to 
generate 3 fragments of 80bp, 38bp and a variably sized YAC insert fragment(s) 
(see figu re  7.5, lane 4). Am plification of this junction fragm ent w ith  the 
M 13R (reverse) prim er, and subsequent amplification w ith the in ternally  
nested T7 prim er w ould be expected to produce a similarly sized product but 
w ould release only 2 fragments upon EcoRI digestion (38bp and a variably 
sized YAC insert fragment) since no equivalent EcoRI sites in the pBluescript 
polylinker exists on the M13R/T7 side (see figure 7.5, lane 2).

If a right-hand end-specific fragm ent was to be amplified, sim ilar results 
would be expected except that a 27bp fragment would be produced as opposed 
to a 38bp fragm ent reflecting the difference in the distances from the pYAC4 
prim er binding sites to the EcoRI cloning site (see figure 7.5, lanes 6  and 8 ).
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7.4.2. Ligations.

The ligation conditions were chosen to maximise circularisation. This was 
achieved by ligating an excess of dephosphorylated insert DNA (in the order 
of 100 to 200ng) to a small am ount of BamHI digested pBluescript plasm id 
(approximately 2.5 to 5ng) in a final volume of 10(il.

The ligation reactions were assessed by amplification using both of the M13 
forward and reverse primers in the same reaction. Figure 7.6(a), lane 5, shows 
an example of this test. It can be seen that a smear was generated in the range 
of 250bp to at least 3kb w ith  a peak in tensity  around  600bp; this is 
approxim ately twice the size of fragm ents expected from  com plete Sau3Al 
digestion. The band at 220bp is due to the am plification of self-ligated 
pBluescript molecules; that is, the sum  of the distances betw een the M l3 
prim ing sites and the BamHI cloning site (refer to figure 7.4).

7.4.3. Generation of candidate term ini PCR fragments.

Subsequently, aliquots of the ligations were am plified using each of four 
possible prim er combinations; M l 3 reverse with prim er 1091 or 1089 and M l 3 
forw ard w ith prim er 1091 or 1089 (see figure 7.4). These PCR reactions (figure 
7.6(a), lanes 1-5) gave rise to a large num ber of products varying in size from 
lOObp up  to approxim ately 2.5kb, some of which were thought to represent 
progressively distant Sau3Al sites in the YAC insert.

The second round of PCR utilised prim ers internal to the prim ers used in 
both the pYAC4 vector (1207 for 1089 and 1208 for 1091; Riley et al., (1990); 
figure 7.4) and the pBluescript plasmid vector (T3 for M13R and T7 for M13F; 
figu re  7.4). The ap p ro p ria te  p rim er com binations w ere  u sed  for 
am plification. As predicted, the complexity of the initial PCR reaction 
products was greatly reduced such that only two or three major products were 
observed per prim er combination (figure 7.6(b), lanes 1, 3, 5 and 7).

7.4.4. Assessm ent of candidate term ini fragments.

As in the alu-vector and 'vectorette' systems, the potentially  positive YAC 
term ini products could be further investigated by digestion at appropriate  
restriction enzyme sites that exist in the pYAC4 vector arms and, in this case, 
the pBluescript plasm id vector. Internally prim ed PCR reactions greatly
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Figure 7.6. Generation and primary characterisation of YAC insert 
termini from two YACs in yeast ICRFy900B0624.

(A) First round PCR: Gel electrophoresis (1.5%) of the amplification products 
generated from lp.1 aliquots of the ligation reactions (see text). The prim er 
combinations used for left and right arm-specific PCR reactions are indicated 
above the figure (1089 = left; 1091 = right). The 220bp band  representing  
amplification across self-ligated pBluescript molecules in lane 5 is indicated to 
the right of the figure. N ote the similarities in banding patterns in lanes 2  

and 4; 3 and 5. The lane containing the IKb ladder DNA size m arkers is 
indicated above the figure.

(B) Second round  PCR: Gel electrophoresis (1.8%) of the am plification
products generated from the left hand side (LHS) and the right hand side 
(RHS) of the YAC inserts using ljil aliquots of the first round PCR products. 
The appropriate nested prim er combinations are indicated above the figure 
(i.e. 1207 for 1089 and 1208 for 1091; T3 for M13F and T7 for M13R). The sizes 
of the EcoRI (+ EcoRI) digested fragm ents (F1-F5) generated in the T7+1207 
and T7+1208 p rim er com bination reactions (lanes 2  and 6 ; used for 
assessment of YAC specificity) are indicated to the right of the figures. The 
27bp and 38bp pYAC4 vector fragments, in addition to the 80bp pBluescript- 
specific fragm ents from the T3 amplification products released after EcoRI 
digestion are denoted by arrowheads in lanes 2 ,4 , 6  and 8  (refer also to figure 
7.5 (b)). Lanes containing the 1Kb ladder DNA size m arkers are indicated 
above the figure. Fragment F5, specific for the right-hand-specific term inus of 
624-575, was isolated and used as a 32P-labelled hybridisation probe in figure 
7.7.
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reduced the distances between the prim er binding sites and the pYAC4 EcoRI 
cloning site (refer to the schematic illustrations in figure 7.4 and figure 7.5). 
However, digestion with EcoRI was still expected to produce a shift in the size 
of bona fide termini products by 38 and 27bp (including the prim er sequences) 
from  the EcoRI site on the left and  right sides of pYAC4, respectively. 
Further, in the plasmid vector an EcoRI site should be present 80bp distant to 
the T3 primer.

Figure 7.6(b) shows the products generated after EcoRI digestion ('+ EcoRI') of 
the second round PCR products (lanes 2, 4, 6  and 8 ). Careful estimation of the 
fragm ent sizes clearly indicates that all of the PCR products have been 
reduced by the appropriate size, w hether they were amplified by the T7 or T3 
p lasm id  p rim er com binations. The fragm ents of the  pYAC4 vector 
representing the distance from primers 1207 and 1208 to the EcoRI cloning site 
can be seen clearly as approximately 40bp (lanes 2 and 4) and 30bp (lanes 6  and 
8 ) products, respectively. The pBluescript fragments representing the 80bps of 
DNA from the T3 prim er site to the BamHI site can be seen in addition to 
these fragments in lanes 4 and 8 .

As predicted, other less intense products did appear in the secondary PCR 
reactions. These presum ably represen t am plification products from  the 
pYAC4 vector to more distant Sau3Al sites in the insert. All of those that can 
be seen are reduced by the appropriate size after EcoRI digestion (for example 
compare lanes 5 and 6 ; 7 and 8 ). These fragments are almost certainly real but 
were not been further investigated.

Com parison of the patterns generated by either T7 or T3, especially in 
combination w ith prim er 1207 (lanes 1 and 3), shows that they are extremely 
similar, but shifted with respect to each other by a size exactly corresponding 
to the difference in the distances between each prim er and the BamHI cloning 
site in the pBluescript plasmid. This implied that ligation of partially digested 
DNA to pBluescript was efficient enough to give essentially equal num bers of 
ligated molecules in either orientation. Although the use of either T3 or T7 
alone w ith the pYAC4 primers should be sufficient for term ini generation, it 
has been observed in subsequent reactions that the products appearing in one 
combination do not always appear consistently w ith the other. It is, in any 
case, not any more labour intensive to amplify the ligation m aterial w ith all 
of the possible prim er combinations.
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7.4.5. M apping of the candidate insert term ini fragm ents.

Each of the EcoRI-digested PCR products resulting from the amplification 
using the T7-1207 or T7-1208 combinations w ere then used for m apping 
studies (that is, FI to F5). To differentiate the YAC of origin for each of these 
fragm ents, the products w ere used as probes on PFGE blots containing 
separated B0624 yeast chromosomes. Products FI and F2 (lane 2) m apped to 
YACs 624-D and 624-575, respectively. Products F3, F4 and F5 (lane 6 ) m apped 
to YACs 624-D, 624-D and 624-575, respectively. Thus, each end of each of the 
YACs appeared to have been isolated. Fragments FI to F5 were then used as 
probes on SacII and Mlul partial digestions of this yeast. Figure 7.7 shows the 
results of an experiment using fragm ent F5 (that is, the right end of 624-575) 
w hich is com pared to a hybridisation experiment using a pYAC4 right-arm  
specific probe. It can be seen that fragment F5 hybridised only to the 624-575 
YAC (compare the 'undigested' lanes).

Each of the fragm ents w ere then used as probes on the chrom osom e 5 
m apping panels. Only products FI, F2 and F3 could be unequivocally 
m apped. As expected, neither products FI or F3 m apped to chromosome 5, 
while product F2 clearly m apped to interval n. Hybridisation of this product 
to EcoRI digest panels of the interval II YACs identified A1010 as well as B0624 
confirm ing the suspected overlap of these two YACs at the M CC gene. 
Isolation of these term ini was particularly  useful for the construction of 
accurate restriction maps of the 624-575 YAC (figure 6.2(b), Chapter 6 ) and for 
assessing the degree of inter-YAC overlap on m ultiple digests of the A1010 
YAC (figure 8.3, Chapter 8 ).

7.4.6. 'Junction-trapping' as a useful strategy

Using this m ethod, it has been possible to isolate candidate fragm ents for all 
of the YAC term ini investigated (sum m arised in table 7.1 at the end of this 
chapter). Each of these term ini behaved exactly as predicted after EcoRI 
digestion and were investigated as described for the B0624 YACs to establish 
the candidates as bona fide insert term ini. In all cases, the fragm ents 
hybridised to the YACs in question and to the appropriate  SacII and M lul 
term inal restric tion  fragm ents. H ow ever, unequivocal chrom osom al 
m apping of some of the candidate fragments was difficult due to their small 
size. Of the 4 termini of interest that could be m apped; the right end of YAC 
G016 (in addition to the left end of 624-575; see above) clearly m apped to
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Figure 7.7. Tragment-5' maps to YAC 624-575.

(A) Hybridisation of a pulsed field gel (PFG) filter containing SacII and M lu l 
partial digests of yeast ICRFy900B0624 with a 32P-labelled probe specific for the 
right-hand pYAC4 vector arm  (pBR322-RHS). One-third agarose plugs were 
digested w ith a constant am ount of enzyme (20U SacII; 15U Mlul) for 30, 60 
and 120 m inutes as indicated above the figure. A one-third block digested 
w ith  20U of SacII and 15U of M lul for 4 hours is denoted as SacII + M lu l 
above the figure. The lane m arked u n d ig e s te d  represents a one-half block 
incubated with no enzyme. The gel (1%) was electrophoresed at 5V /cm  for 20 
hours w ith  a linear sw itching tim e of 20 to 84 seconds and  processed 
according to the m ethods outlined in Chapter 2. Note that YAC 624-575 does 
not contain an M lul restriction site whereas YAC 624-D does. The sizes of the 
hybridisation signals show n to the left of the figure were calculated by co- 
electrophoresis of X m ultimers on the agarose gel (not shown).

(B) The filter in (A) above was stripped and hybridised with EcoRI digested 
and 3 2 P-labelled f ra g m e n t- '5'. N ote that fragm ent 5 only recognises the 
undigested 624-575 YAC (at 620kb). Partial SacII fragm ents of YAC 624-575, 
which have been lost during reproduction, could be observed after extended 
exposure of this filter (see figure 6 .2 (b)).
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chromosome 5 in interval II. N e ithe r of the D027 insert term ini, however, 
m apped to chromosome 5. This was not unexpected in view of the physical 
mapping and FISH analyses (see table 5.3, Chapter 5).

7.5. Results 3. Coincidence mapping with YAC insert termini

All of the insert termini isolated by the m ethods described in this chapter 
(including those which were known not to m ap to chromosome 5; see table 
7.1) were used as probes on the coincident m apping filters (see Chapter 6 ). 
Each of the probes, except the right end of yl2.75, detected the YAC of origin 
b u t none of the YACs isolated w ith  independent probes. The overlaps 
inferred by physical m apping of the G016 and A0714 YACs (figure 6 .2 (a), 
C hapter 6 ) w ere confirm ed by hybridisation of the in ternal YAC insert 
term ini (that is, the left end A0714 and the right end of G016) as w as the 
overlap predicted for YACs A1010 and 624-575 (see above). H ow ever, no 
internal contig overlaps could be inferred for the D073 YAC, which, as 
commented above, was not unexpected.

7.6. Conclusions.

The m ethod chosen to assess potential inter-YAC overlap w as based on the 
isolation of YAC insert termini, particularly for those YACs that were thought 
to rep resen t the m ost d istal po in ts of contigs in ferred  from  YAC 
hybridisations and physical m apping. That no coincident overlaps w ere 
detected was disappointing bu t not surprising based on the apparently high 
degree of chimerism in the YACs. In total, it was possible to m ap 8  of the 14 
termini investigated. Of these, only 4 m apped to chromosome 5 (50%). It is 
probably not appropriate to compare statistics of this sort; it w ould require the 
successful generation of term ini fragm ents from  a m uch larger random  
collection of YACs and, unequivocal m app ing  all of these e ither by 
hybridisation or PCR.

However, the percentage of chimerism observed in this study using the ICRF 
YAC library (that is 50% of the termini investigated) is in line w ith detailed 
investigations of 6  d ifferen t YACs localised to the E w ing’s Sarcom a 
b reakpo in t region on chrom osom e 11 (Dr. K. Patel, ICRF, personal 
com m unication).
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Table 7.1. Isolation and characterisation of YAC insert termini.

(1) Alu-vec tor PCR

YAC Terminus EcoRI digestion3 Size (bp) PFGEb Ch. 5 ? Overlap0

A1010 ’Left’ (LHE) + 850 + +

A0714 LHE + 450 + + +; G016

(2 ) Vectorette-PCR

YAC Terminus EcoRI digestion Size (bp) FFGE Ch. 5 Overlap

A10109 LHE (a) + 1500 + _

LHE (b) + 1000 + -

RHE (a) + 1000 + ?
RHE (b) + 700 + ?

D073 LHE + 350 + _ _

(3) Junction-trapping

YAC Terminus EcoRI digestion Size (bp) PFGE Ch. 5 Overlap

A0714 RHE + 200 + ? -

G016 LHE + 100 + ? -

RHE + 300 + + +; A0714

D027 LHE + 1000 + - -

RHE + 800 + - -

yl2.75 LHE + 300 nt^ ? -

RHE + 125 nt ?

B0624 LHE + 240 + + +; A1010
(575)

RHE + 100 + ? -

+ indicates candidate products that released the appropriate sized pYAC4 vector 
fragments after EcoRI digestion
+ indicates candidate products that recognised the appropriate SacII and Mlul 
restriction DNA fragments in the YAC of origin
Overlap was detected by hybridisation to EcoRI digested YACs (see Chapter 6, 
table 6.1) 
nt; not tested
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The results of the studies described here led to the following conclusions: 
Firstly, isolation of YAC insert term ini may be an effective m ethod for the 
detection of coincident overlap. H ow ever, such a h igh  level of YACs 
containing sequences non-contiguous in the genom e in terfered w ith  the 
expected success of this approach. Nonetheless, in contrast to the pooled alu- 
PCR experim ents commented upon in the introduction, the overlap of the 
B0624 and A1010 YACs was easily confirmed by insert term ini isolation.

Results pertaining to one YAC (A10109) suggested that, in general, term inus 
isolation m ay be m ost effective if com plem ented by other m ethods for 
overlap detection. Sequences from the 'left' end of this YAC do no t m ap to 
chromosome 5 but, interestingly, the probe w ith which the YAC was isolated, 
i.e., cL5.4.s-l, m aps to the terminal 50kb SacII restriction fragm ent at the ’left' 
end of the insert (see figure 6.2(e), Chapter 6 ). Thus, a rearrangem ent m ust 
have occurred som ewhere w ithin this small 50kb region and d istan t to the 
cL5.4.s-l probe. This type of YAC insert containing a sequence non­
contiguous w ith chromosome 5 was unexpected bu t sim ilar types of YAC 
insert have been observed a num ber of times during  the construction of a 
YAC contig across the hum an HLA class II gene cluster (Ragoussis et al., 1991, 
Dr. I. Ragoussis, ICRF, personal communication).

The experience gained w ith a num ber of m ethods used for the isolation of 
YAC insert termini led to the successful developm ent of a new  technique that 
g rea tly  sim plifies th is process and  largely  e lim ina tes m ost of the  
disadvantages of other m ethods. The technique proved to be especially 
favourable since the reagents used are common to m ost laboratories and are 
relatively inexpensive. It was possible in all of the cases described here and in 
each of 6  six cases exam ined by others (Dr. K. Patel, ICRF, personal 
com m unication) to generate  cand idates for each YAC in se rt term ini 
investigated.

For the purposes of this study it was in tended to investigate YAC insert 
termini candidates, initially to the level of coincident YAC overlap detection, 
although it was anticipated that some genomic 'walking' w ould be initiated. 
This was not pursued, however, as the construction of a YAC contig across 
Interval II became irrelevant for the identification of the A P C  gene (see 
Chapter 8 ). A num ber of the products initially examined w ere small in size 
and therefore not suitable for rigorous genomic m apping. For a num ber of 
the YAC inserts other larger fragments, most likely representing m ore distant
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Sau3Al sites in the YAC insert, appeared in addition to the intense products 
(see figure 7.6(b), lanes 5 and 6 ; 7 and 8 ). These can be isolated and re­
am plified  for the  p u rposes of chrom osom al and  physical m app ing  
experiments (Mr. T. W ard, in progress). In two cases (the right end of y 12.75 
and the righ t end  of G016), how ever, it w as im possible to detect such 
fragm ents even after repeating the experiment. M odification of the PCR 
reactions to cope w ith longer DNA fragments m ay alleviate this problem (e.g., 
see Ponce and Micol, 1992).
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Appendix to Chapter 7.

Physical mapping summaries.

A7.1. Introduction.

The inform ation described in this sub-section is in tended  to provide an 
in tegrated  sum m ary to the physical d istributions of the m icroclones and 
YACs described in this thesis. The localisation of the microclone inserts and 
YACs has been derived from experim ents aim ed at the construction of a 
genomic physical m ap of the APC  gene region (kindly provided by Mr. T. 
W ard) and on the basis of the coincident YAC m apping data  presented in 
Chapter 6 . At the time of writing, a nearly complete genomic physical m ap of 
the m inim al region (Interval II) described in Chapter 4 has been completed 
(see figure A7.1) facilitating this retrospective sum m ary. How ever, at this 
time, two breaks in the physical m ap exist. It is not known how  much DNA 
is involved because of the relative paucity of m arkers (and identified large 
restriction fragments) at these positions.

A7.2. Distribution of microclones.

Twelve of the 14 m icrodones m apped to interval II (see figure 4.3, Chapter 4) 
have been physically localised; 8  on the basis of YAC isolation or coinddent 
hybridisation assays and 4 by genomic physical m apping using cosmid sub- 
fragm ents obtained for each of these microclones. The distribution of these 
probes is depicted at the top of figure A7.1.

It can be seen that 8  of these microclones are localised to the telomeric region 
of interval II (and therefore distal to APC) defined by the break in the physical 
map. All of these probes, except mc411, are distinctly clustered:

(1 ) Clones mc545 and mc449 have been found to reside on a single cosmid, 
although an additional cosmid has been isolated for mc449. The overlap 
between these two cosmids has suggested that the maximal distance between 
these two clones is about 30kb.

(2) As described in Chapter 6 , three independent microclones; mc289, mc404 
and mc440 were found to cluster on the YACs identified by probe YN5.48. 
H ybridisation of these three clones to SacII and M lul total digests of these
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YACs has show n that they are all sub-localised to an internal 50kb SacII 
fragm ent.

(3) Two microclones - m cl4 and mc451, reside on the same two YACs (G016 
and A0714; contig 1, figure 6.2(a), Chapter 6 ). Interestingly, these two clones 
bound the site of a major CpG island in the genomic physical m ap (also 
detected in the YACs). These clones w ere isolated independently  from 
libraries I and n, respectively, and their relative distribution was unexpected.

Possible reasons for w hy such clusters of m icroclones should  exist are 
addressed in detail in Chapter 9.

The other 4 physically localised m icrodones; mc575, mc241, mc534 and mc434 
m ap to the the first half of the proximal region of interval II and do not 
appear to be clustered. Interestingly, two of these clones, mc575 and mc241 
flank the APC  gene at a maximal distance of about 1Mb; the other two dones 
being separated by approximately 600kb. Clone mc434 m aps to the same 120kb 
internal S ad i fragm ent as probe p3.1 (Spurr et al., 1991) in YAC D027. This 
other independent probe; p3.1 also appears associated w ith a major CpG 
island which has been detected in unm ethylated cosmids dones around this 
region (Mr. T. W ard, personal communication).

A7.2. Distribution of YACs.

Figure A7.1 also shows the distribution of the YACs isolated in this and other 
studies in the APC  gene region (depicted in the lower part of the figure). It 
has been possible to localise the two YAC contigs represented by G016 and 
A0714 (Contig 1), in addition to B0624 and A1010 (Contig 2) on the genomic 
physical m ap by virtue of CpG islands detected in the YACs and  the genome 
of the cell lines used.

How ever, it has not been possible to rigorously localise m ost of the other 
YACs, either because of chimerism (and the failure to align the YACs in the 
first instance) or because of the genomic m ethylation of distinct restriction 
sites that are present in the YACs. Thus for the rem aining YACs, the physical 
localisations are based solely on the position of the probes w ith  which they 
w ere selected. The failure to detect coincident overlap in the YACs (apart 
from chimerism), is not surprising w ith reference to the genomic physical 
map. It is apparent from this m ap that as m uch as 40 to 50% of Interval II has
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Figure A7.1. Summary of physical mapping in Interval II.

The m ap depicted in this figure illustrates the physical distributions of the 
m icrodones and YACs that have been m apped to interval n. The thick black 
line, dem arcated by the arrow s in the centre of the figure, represents the 
genomic DNA in interval II (centromere to telomere) as defined by the 
proximal breakpoint of the SD deletion and the distal breakpoint of the PD 
deletion (refer to the idiogram  at the bottom  of the figure). The m ap was 
constructed by PFGE analysis of large restriction fragm ents (not show n for 
reasons of darity), prindpally  recognised by the reference m akers indicated at 
the top of the line (Mr. T. W ard, personal comm unication), as well as by 
coincidence hybridisation assays on YACs m apped to this interval (see 
Chapter 6 ). The two gaps in the physical map are illustrated by breaks in the 
continuous genomic line. The three key CpG islands recognised in genomic 
DNA are indicated in the boxes, where E = EagI; B = BssHII; M = Mlul; S = 
SacII, N = N rul. The positions of the m icroclone sequences, derived either by 
hybridisation of the insert sequences or cosmid sub-fragments are shown by 
the pointed heavy lines. The YACs and YAC contigs are depicted by the lines 
underneath  the genomic DNA. For reasons of clarity, individual YACs 
within the contigs are not shown. Instead, the overall distance represented by 
the YACs, taking into account the know n chimeric parts, are show n as a 
continuous line. The YACs belonging to each contig are as described in 
section 6.2.3., Chapter 6 . YAC contigs 1 and 2 could be aligned by virtue of 
com m on res tric tio n  sites in  cloned YAC and  genom ic DNA. The 
c en tro m e re /te lo m ere  o rien ta tio n s have been  ascerta ined  by PFGE 
hybridisations using YAC insert term ini in both cases (Mr. T. Ward). The 
positions of the other YACs and YAC contigs are approximate.
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been cloned in YACs (with chim erism  taken into account) and, tha t the 
original estimate of 5Mb for this region was incorrect. The region, in fact, is 
probably closer to 8  to 9Mb in size.
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Identification and characterisation 
of the Adenomatous Polyposis Coli (APC)

gene-region.
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Chapter 8

Identification and characterisation of the 
Adenomatous Polyposis Coli (APC) gene- 
region.

8.1. Introduction.

This chap ter describes a num ber of experim ents u n d ertak en  for the 
identification of the genomic region containing the APC  gene.

One of the global strategies undertaken by the ICRF Polyposis G roup was the 
identification of small sub-microscopic deletions in the APC  gene region; 
either in the constitutional DNA of about 50 independent FAP patient cell 
lines or as somatic alterations (for exam ple, hom ozygous deletions) in a 
collection of 34 colorectal tum our derived cell lines. At the tim e of these 
studies, no such alterations had been detected in any of the cell lines either by 
PFGE or standard Southern blot analyses using a large num ber of m arker loci 
sub-localised to Interval II (my ow n stud ies and  Ms. Sally C ottrell, 
unpublished).

The supposition of detecting such alterations was based on the high m utation 
rate at the APC  locus (Reed and Neal, 1955; Veale, 1965; see also, Chapter 1) 
which suggested that the APC  gene m ight cover a large genomic region or 
was a target of m utation by virtue of some sort of sequence ’hot-spot’, exactly 
analogous to  the hypotheses p u t forw ard  p rio r to the cloning of the 
Duchenne M uscular D ystrophy gene (Monaco and Kunkel, 1986). In line 
with the types of sub-microscopic alterations found in the Duchenne (Monaco 
and Kunkel, 1986) and Retinoblastoma (Goodrich and Lee, 1990) genes, the 
same variety of m utational types were expected in the APC gene region. At 
the time only large constitutional deletions had been observed (Herrera et al., 
1986; Varesco et al., 1989; Hockey et al., 1990) but, the detection of smaller 
deletions at the m olecular level w as sim ply thought to be dependent on 
having m arkers close enough, or actually w ithin the gene (e.g. see Koenig et 
al., 1987).

These suppositions were strengthened by the detection of such deletions 
(albeit at low frequencies) as somatic alterations at the W ilm’s tum our (WT- 
1) locus (Gessler et al., 1990) and  as constitu tional a lterations at the
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N eurofibrom atosis type-1 (NF-1) locus (Viskochil et al., 1990). Such 
alterations greatly facilitated the recent positional cloning of these genes.

A lthough  M C C  represented a strong candidate for A P C  at the time of 
publication (Kinzler et al., 1991a), indirect evidence, in addition to the lack of 
m utations described in FAP kindreds, suggested that the APC  gene had yet to 
be identified:

Firstly, cDNAs from the MCC gene (provided by Prof. Bert Vogelstein; Kinzler 
et al., 1991a) were used to screen standard Southern blot filters containing the 
50 independent FAP patients and 34 colorectal cell lines described above (my 
ow n studies and Ms. Sally Cottrell). O nly one apparen t alteration was 
identified with a probe representing nucleotides 1679-1862 in an FAP patient 
of Swedish origin. This was thought to be a rare polym orphic variant1 after 
examination of the patient's DNA with a variety of other restriction enzymes. 
As discussed above, it was proposed that a lack of rearrangem ent at the APC  
locus would be unlikely.

A personal com m unication from Dr. Yusuke N akam ura (H ow ard Hughes 
Medical Institute, Utah; presently at Cancer Research Institute, Tokyo) to Sir 
W alter Bodmer (ICRF) suggested that a constitutional alteration had  been 
observed in a patient with polyposis. This alteration was thought to represent 
a 260 kb deletion in one allele of chromosome 5, region 5q21-q22, detected on 
the basis of variantly sized PFGE fragm ents using a random  m arker, L5.71 
(m arker cited in Dunlop et al., 1990; Kinzler et al., 1991a). This putative 
deletion was shown to be inherited from the father in a tw o generation FAP 
pedigree and observed with a num ber of other infrequently cutting restriction 
enzymes. Lymphoblastoid cells from this patient (3214), were fused to rodent 
cells and both homologs of chromosome 5 segregated in tw o hum an-rodent 
som atic cell hybrids; HHW1155 and HHW1159 (Dr. J. W asm uth, cited in 
Joslyn et al., 1991; see Chapter 2 , appendix 3). Screening of the MCC cDNAs 
on Southern blots containing these hybrids (kindly p rov ided  by Dr. J. 
W asm uth) failed to detect this pu tative  deletion w hich, a lthough by no 
m eans definitive, d id  suggest th a t a search for o ther genes should  be 
undertaken. The L5.71 probe that detected the putative deletion in patient 
3214, also revealed a dram atically increased frequency of allele-loss around

allele frequencies were calculated at 0.99 and 0.01 in a sample of 100 
chromosomes from 50 independent FAP patients. This can be assumed to 
be an essentially random population sample
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this local region relative to other closely spaced m arkers (Ashton-Rickardt, 
1991; Kinzler et al., 1991). This therefore suggested that genes should be 
sought in the genomic region close to MCC.

Initial physical analysis of the YACs identified by MCC exon fragments 'a' and 
'b ' (see figure 6.2(b), C hapter 6 ), dem onstra ted  tha t the  1.1Mb contig 
represented by YACs A1010 and B0624 overlapped at the MCC gene itself, with 
approxim ately 500kb of DNA flanking the gene. This large am ount of 
uninvestigated DNA was thought to represent a reasonable sam ple of the 
genom ic region around MCC for the detection of new  genes to assess as 
candidates for the APC  gene. N o evidence w as available at the tim e to 
indicate in w hich relative direction to search preferentially . Thus, the 
strategies considered w ere dependent on the efficient random  sam pling of 
both YACs.

The strategy chosen was to use the YACs as hybridisation probes on the 
g ridded chromosome 5 cosmid library filters (see Chapter 3, part II). This 
w ould  avoid any of the YAC artifacts such as chim erism  and yeast co­
transform ation that w ould certainly com pound the analysis of bacteriophage 
or cosmid libraries constructed from whole YAC-containing yeast DNA, and, 
in addition, provide an im m ediate resource of usable clones solely derived 
from chromosome 5. Unpublished data concerning the use of this m ethod 
for sam pling YACs in the H untington 's disease region suggested tha t a 
reasonable coverage of the YACs could be expected (Dr. G. Bates; Ms. S. 
Baxendale, Genome Analysis Laboratory, ICRF, personal communications). 
Cosmids revealing any potential alterations on chromosome 5 in FAP patient 
genom es w ould then be used for isolation of sequences conserved across 
species (Monaco et al., 1986; Rommens et al., 1990; Fearon et al., 1990), and 
ultim ately to select cDNA clones representing genes in the region tha t could 
be assessed as potential candidates.

8.2. Results.

8.2.1. Direct YAC screening on chromosome 5-specific cosmid libraries.

The experiments described in this sub-section were carried ou t jointly w ith 
Mr. T. W ard and Ms. K. Howe. The B0624 and A1010 YACs w ere isolated 
from  pulsed field gels and the DNA purified. The YAC DNAs w ere then 
labelled w ith 50pCi of [a 3 2P]-dCTP and extensively com peted w ith sheared
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hum an placental DNA. These probes w ere hybridised to the g ridded  
chromosome 5-spedfic cosmid library essentially as described by Baxendale et 
al., (1991). YAC B0624 was screened once over a total of about 9000 cosmid 
clones while A1010 was screened twice over a total of about 18000 cosmid 
clones. The results of these experiments are summ arised in table 8 .1 (a).

Hybridisations of YACs B0624 and A1010 resulted in the identification of 25 
and 29 cosmids, respectively. Both of these YACs identified an identical sub­
set of 7 cosmids, presum ably from  the region of inter-YAC overlap. In 
addition, 2 of these 7 seven cosmids from each YAC had been identified by a 
cDNA probe; SW15, representing nucleotides 133 to 1918 of the MCC gene. A 
further 4 cosmids identified by YAC A1010 were found to be in common with 
those seen by cDNA probe MCC40cI (nucleotides 1634 to 3969). These results 
agreed well with the predicted overlap between the two YACs determ ined by 
PFGE analysis (see Chapter 6 ). Subsequently, YAC A1010 was re-screened over 
an additional 9000 cosmid clones (see table 8 .1 (a)). Of 14 identified cosmids, 6  

were also identified by sequences from the MCC gene. It was not possible to 
determine whether any of the cosmids were common to the B0624 YAC as the 
filters screened represented an entirely different set of cosmids. The cosmids 
from the YACs outside the regions of overlap (and not in common w ith the 
MCC gene region) w ould provide a resource for the isolation of sequences 
that could be used to identify the APC  gene, viz-a-viz the identification of 
sub-microscopic genomic alterations in FAP patients.

8 .2 .2 . Direct cosmid screening.

The experim ents described in this sub-section w ere carried ou t by Ms. S. 
Cottrell and myself. It was decided to screen the cosmids, initially at least, 
across a somatic cell hybrid panel containing the segregated chromosomes 5 
from FAP patients suspected to contain sub-microscopic deletions in the APC  
gene region:

(1) Hybrids HHW1155 and HHW1159 from patient 3214 who was suspected to 
harbour a 260kb interstitial deletion in the 5q21-q22 region on the basis of 
variantly sized PFGE fragm ents (Joslyn et al., 1991; see also introduction to 
this chapter). Prior to these studies, none of the probes available to the ICRF 
Polyposis Group, including sequences from the MCC gene had  been found to 
identify or m ap into this putative region by Southern blot analysis (Ms. S.
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Cottrell, unpublished). The two hybrids were known to segregate one of each 
of the chromosome 5 homologs (Dr. J. W asmuth, personal communication)

(2) Hybrids JT/Ts-1 and JT/Ts-3 from patient JT (Thomas, 1991; H am pton et 
al., submitted) exhibiting FAP and mental retardation (Chiba et al., 1990). The 
association of m ental im pairm ent and FAP, seen p rev iously  in  three 
Caucasian FAP patients (Herrara et al., 1986; Varesco et al., 1989; Hockey et al.,
1990) suggested that this patient may also have a sub-microscopic deletion of 
chromosome 5.

(3) The somatic cell hybrid, SD/Ts-1 (see Chapter 4), w as also included to 
assess each cosmid for appropriate genomic localisation.

In total, 44 cosmids were used for direct screening; 36 and 8  from the first and 
second YAC hybridisation experim ents, respectively. The results of these 
experiments are sum m arised in table 8.1(b). From the first 36 cosmids, only 
17 were found to be absent in the SD deletion ( 8  and 9 from YACs B0624 and 
A1010, respectively). This result was unexpected since some of the cosmids 
found to m ap outside the SD deletion w ere comm on to  both YACs (see 
conclusions to this chapter). However, each of the 8  cosmids from the second 
A1010 hybridisation experiment were found to be absent in the SD deletion.

8.2.3. Identification of an interstitial deletion.

A total of 25 cosmids from both YACs were show n to be absent in the SD 
deletion and were therefore presum ed to represent sequences specific to the 
YACs (see table 8.1(b)). N o aberrant patterns were detected in either of the 
somatic cell hybrids from patient J.T., raising a question at to the nature of the 
m utation in this patient (see Chapter 9). Six of the cosmids derived from the 
A1010 YAC, however, were found to exhibit aberrant hybridisation patterns 
in hybrid HHW1155 (see figure 8.1). One of these 6  cosmids, ym75, appeared 
to be totally absent in the HHW1155 hybrid and represented, therefore, a very 
strong candidate for containing sequences of the APC  gene. The other five 
cosmids, ym 8 , ym21, ym64, ym72 and ym73, exhibited hybridisation patterns 
suggestive of partial deletion in that m ost of the bands revealed in the 
norm al homolog of chromosome 5 from patient 3214 w ere absent in hybrid 
HHW1155 DNA. (One of these cosmids, ym73, has since been interpreted as 
recognising a polymorphism with at least two variant alleles of 6.5 and 4.4kb).

Page -201-



Table 8.1(a). Hybridisation of YACs on chromosome 5-specific 
cosmid libraries.

YAC probe Nos. cosmids Nos. common 
to both YACs

Nos. cosmids 
positive for MCC

A1010 29 a 7 6

14 b n d c 6

B0624 25 7 2

Table 8.1(b). Direct screening of YAC-identified cosmids on hybrid 
panels.

YACs Nos. cosmids 
screened

Nos. deleted in 
hybrid SD/Ts-1

Nos. deleted in 
in hybrid HHW1155

A1010 2 i  d 8  (40%) 2

8 e 8  (1 0 0 %) 4

B0624 15 9 (60%) 0

Derived from screening *9000 clones (1—9000)
Derived from screening an additional -9000 clones (-9000—18000)
nd; not determined. The B0624 YAC was not screened on this section of the library

From the first cosmid library screen 
From the second library screen
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Figure 8.1. Identification of an interstitial deletion in patient 3214.

This figure show s exam ples of whole cosmid and cosm id sub-fragm ent 
hybridisation onto panels (1 to 5) containing somatic cell hybrids segregating 
chromosomes 5 from FAP patients JT and 3214. The identities of the EcoRI 
digested genomic DNAs used in the panels are indicated above each figure: 
H um an (H u), Old W orld Monkey (Mo), Ham ster (Ha), H ybrid  HHW1159 
(1159), HHW1155 (1155), JT/Ts-1 (JT1), JT/Ts-3 (JT3) and SD/Ts-1 (SD). Panels 
w ere hybridised w ith cosm ids ym2 (1), ym 8  (2), ym21 (3), ym72 (4) and a 
subclone derived from cosmid ym72 (5). The sizes of bacteriophage lam bda 
DNA digested w ith H indm  (co-electrophoresed w ith the digested DNAs) are 
indicated to the left of the figure. The 'altered' sized restriction fragm ents 
revealed in hybrid HHW1155 by cosmids ym 8  (5.1kb), ym21 (5.9kb) and ym72 
(5.9kb) are indicated by the arrow s. Cosmids and the cosm id sub-fragm ent 
were pre-annealed w ith hum an placental DNA prior to hybridisation. The 
filters were washed to a final stringency of 0 . 2  x SSC/0.1% SDS at 65°C and 
autoradiographs were exposed overnight to 3 days.
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Subclones from ym72, in addition to one of the 'partially' deleted cosmids, 
ym 8 , were both found to be entirely absent from HHW1155, confirming the 
presence of a deletion which overlaps w ith YAC A1010. Since neither of the 
MCC cDNA probes (SW15 and MCC40cI) were found to be visibly rearranged 
in the HHW1155 hybrid cell line, it was reasoned that the deletion m ust m ap 
distant to the MCC gene and toward the 'left' pYAC4 vector arm  of the A1010 
YAC.

Com parison of the hybridisation patterns from the 'partially' deleted cosmids 
suggested that three of the probes, ym21, ym64 and ym72, were overlapping as 
they  shared  some of the 'norm al' bands seen in the  o ther hom olog of 
chromosome 5 from patient 3214 (i.e., HHW1159) and in the J.T.-derived cell 
lines. Each of these probes also revealed a single altered sized restriction 
fragm ent of 5.9kb in hybrid  HHW1155, suggesting, a priori, that they 
recognised the breakpoint of this deletion from one, or other 'side'. Cosmid 
ym 8 , however, did not share any of the restriction fragm ents in common to 
the  o ther cosmids, and, in addition, revealed an altered sized restriction 
fragm ent of 5.1 kb, shown repeatedly to be different from the 5.9kb band seen 
by the overlapping set of cosmids (see conclusions to this chapter).

8.2.4. Identification of the APC  gene.

A t this time, a num ber of genes in the im m ediate APC  gene region were 
identified by B. Vogelstein, Y. N akam ura, R. W hite and colleagues (Kinzler at 
al., 1991b; Joslyn et al., 1991). Each of three genes, TB2 (or D P.l), SRP19 and 
A PC  (or DP2.5), identified by both groups, w ere assessed for m utations 
segregating w ith FAP. One of these genes, APC (or DP2.5), was found to 
exhibit m utations segregating w ith polyposis in a num ber of FAP kindreds 
(Nishisho et al., 1991; Groden et al., 1991, respectively), confirming it as the 
APC  gene responsible for the polyposis phenotype. The identification of these 
genes is discussed further in Chapter 9.

The coding region of the APC gene is 8972 nucleotides in length and  contains 
15 exons (Kinzler et al., 1991b; Joslyn et al., 1991). This gene was thought to 
encom pass some 125 kb of genomic DNA on the basis of physical m apping 
(Joslyn et al., 1991). Except for nucleotides representing the first exon, the 
entire gene (including TB2 and SRP19) was reported as deleted in hybrid 
HHW1155 from patient 3214 (Joslyn et al., 1991).
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6.2.5. A detailed YAC-based physical m ap of the APC gene region.

The cosmid m apping experiments clearly dem onstrated that at least part of 
the 3214 deletion m ust overlap the A1010 YAC. It was not clear, however, 
w hether the entire APC  gene (in addition to the other genes m apped close to 
APC) would be contained within the YAC.

The restriction m ap of the A1010 YAC presented in figure 6.2(b), Chapter 6  

w as thought to be too sparse in terms of infrequently cutting restriction sites 
to  place cosmid fragm ents o r cDNA probes except to w ith in  large, and 
therefore crude physical distances. Thus, further digestions were perform ed 
w ith  this YAC to provide a sufficient density of sites for regional m apping. 
Two approaches were taken to achieve this. Firstly, the YAC was digested to 
completion with SacE, Mlul, N ru l and BssHII individually and in all possible 
combinations. Secondly, extensive partial digestions w ere perform ed with 
each of these enzymes, as described in Chapter 6 .

Southern blots of these yeast digestions were then hybridised w ith  left- and 
right-arm  specific pYAC4 probes. The partial digests allowed the construction 
of a detailed and continuous m ap across the A1010 YAC as determ ined from 
both of the pYAC4 vector-specific probes (see figure 8.2 for the derivation of 
the  basic map). The filters w ere then sequentially  hybrid ised  w ith  the 
following probes (kindly provided by Prof. B. Vogelstein; see C hapter 2, 
appendix 2): (1) SW15 and MC40cI, representing nucleotides 133 to 1918 and 
1634 to 3969 of the MCC gene, respectively, (2) a cDNA representing the entire 
coding sequence of the TB2 gene, and (3) FB9A and FB54D, representing 
nucleotides -22 to 2705 and 6640 to 8954 of the APC  gene, respectively.

For each of these probes, detailed m aps w ere constructed using the filters 
containing the single and double total restriction enzym e digestions. The 
probes were also hybridised to the partial digest filters but, since the probes 
represent cDNAs (where exons will not necessarily be contiguous across 
sequential restriction fragments) these results were used only to confirm the 
total digest maps. Each of the m aps constructed in this way were then aligned 
w ith the partial restriction map. In all cases, the 'sub'-maps agreed well with 
the overall m ap in terms of genomic distance. This complete m ap is shown 
in figure 8.3.
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Figure 8.2. Construction of a detailed physical map of YAC A1010.

Hybridisation of a filter containing partial digests of YAC A1010 w ith probes 
specific for the 'left' (A) and ’right' (B) pYAC4 vector arm. The enzymes used 
for partial digestions are indicated above the autoradiographs. One th ird  
blocks were digested w ith varying amounts of enzyme for 1 hour. BssHII - 4U 
(1), 0.2U (2), 0.4U (3) and 0.04U (4); M lu l - 15U (5), 1.5U (6 ), 0.15U (7) and 
0.015U (8 ); N ru l - 10U (9), 1U (10), 0.1U (11) and 0.01U (1 2 ); SacII - 20U (13), 2U 
(14), 0.2U (15) and 0.02U (16). The partial digests were electrophoresed in a 1 % 
gel at 5V /cm  for 14 hours with a linear switching time of 1 to 35 seconds. The 
lim iting m obility (LM) of this gel (» 520kb) is indicated to the right of the 
figures. The positions and sizes of coincident restriction sites detected by the 
'left' (L1-L3) and 'right' (R1-R3) pYAC4 vector arms are indicated to the right 
of the figures (see also (C) below). In each autoradiograph the size of the 
smallest hybridising fragm ent is also indicated.

(C) The inferred restriction m ap from the hybridisation experim ents. The 
'left' and 'right' pYAC4 vector arms are denoted by the arrow  and the arrow  
with the circle, respectively. The restriction sites are depicted above the line 
(B « BssHII; M = Mlul; N = N ru l and S = SacII). The positions of the 
coincident sites are depicted below the line. The coincident sites denoted by 
the asterix m ark the position of a central CpG island that is also cut in 
genomic DNA (see figure 8.3).
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Figure 8.3. A detailed physical map of the APC gene-region.

This figure depicts a detailed YAC-based physical m ap of the APC gene-region 
showing the relative location of YACs and cosmids to the deletion in patient 
3214. H um an genom ic DNA (4X) and hybrid HHW1155 DNA are depicted at 
the top of the figure by the thick black lines. The break in the HHW1155 line 
indicates the most likely position and extent (260kb) of the deletion based on 
the physical m ap reported by Joslyn et al., (1991). The YACs are depicted by 
the thin black lines bounded by the circles ('left* arm) and arrow s (‘right’ 
arm). Restriction sites are denoted above these lines: B = BssHII, M = Mlul, N 
= N rul, S = SacII. The restriction sites bounded by circles are those present in 
genomic DNA according to Joslyn et al., (1991). The m ap of YAC B0624 is only 
partially illustrated; the hatched line represents continuity in the YAC in the 
direction of the arrow  (total size = 620kb). The position of the MCC, TB2  and 
APC  genes are illustrated below YAC A010. SRP19 (which was not localised 
on this map) is depicted in the most likely position according to Joslyn et al., 
(1991). The position of microclone insert mc575 is shown on the 200kb BssHII 
fragm ent in YAC B0624. Cosmids are depicted by the thick black lines 
(average size = 35kb) and positioned on the map on the basis of A PC  and TB2  

cDNA hybridisation analyses. The position of cosmid ym 8  was confirmed by 
hybridisation of a sub-fragm ent on the A1010 digests, in addition to the 
presence of rare-cutting restriction sites in the cosmid DNA.
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It is clear that the entire A P C  gene is contained w ith in  this YAC w ith 
approxim ately 160 kb of flanking DNA at the 5' end, relative to the 'left' 
pYAC4 vector arm. The positions of the central N rul and M lul sites (at the 5' 
end of the TB2 gene and at the 3' and 5' ends of the APC  gene; outlined by 
circles in the figure) agree well w ith the sites detected in genomic DNA by 
Joslyn et al., (1991). In addition, it has been possible to align this YAC-based 
physical map w ith the genomic PFGE m ap constructed at ICRF (Mr. T. Ward). 
The YACs align at the central coincident BssHII and M lul sites that divide the 
genomic regions containing the MCC and APC genes.

8.2.6. Relative transcriptional orientation of the MCC  and APC  genes.

The cDNA probes provided for the MCC and APC  genes w ere essentially 
d ivided into 5' and 3' portions and, by hybridisation, it w as possible to 
determ ine the relative transcriptional orientations of each of these genes on 
the restriction m ap (see figure 8.3). It was found that the MCC and APC genes 
are transcribed in inverse orientations with respect to each other as described 
by Joslyn et al., (1991) and that the 3' ends of the genes are about 150kb distant 
from each other.

8.2.7. TB2  is associated w ith a CpG island.

The position of TB2 is shown in figure 8.3. (SRP19 was not available at the 
tim e of these studies and therefore not placed on the YAC map; the most 
likely position of this gene is, how ever, indicated by the  unfilled  box). 
According to the physical m ap constructed by Joslyn et al., (1991), which 
appears to be in agreement with all aspects of the m ap described here, the TB2 
and SRP19 genes are located entirely within a 60 to 70kb N rul-M lul fragment. 
These genes are transcribed in opposite orientations relative to each other. 
The 5' end of TB2 bounds the M lul site of this fragment (Joslyn et al., 1991 and 
this thesis) and is clearly associated with a CpG island cut in both the cloned 
YAC and genomic DNAs. It appears that the 5' ends of the APC  and M CC 
genes are no t associated w ith such islands either in the cloned YAC or 
genomic DNAs.

8.2.8. Deletion breakpoints of 3214.

At the time of writing, the 3214 deletion breakpoints have not been cloned 
and the sites have not therefore been accurately localised on the YAC-based
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physical map. Thus, the approxim ate position of the deletion show n in 
figure 8.3 has been inferred from the genomic m ap constructed by Joslyn et al., 
(1991).

8.2.9. The maximal overlap of YACs A1010 and B0624 is llO kb.

The overlap between the A1010 and B0624 YACs (i.e., at the MCC gene) was 
determ ined by hybridisation of the end-clone 624-575, fragm ent ’2' (see 
Chapter 7) to the partial and total digest filters of the A1010 YAC. This 'end- 
probe' recognises the restriction fragm ent between the first BssHII and SacII 
restriction sites relative to the right end of A1010 (figure 8.3). The size range 
of overlap is therefore between 80 and llOkb, which largely agrees w ith the 
estimate m ade during the original PFGE analysis (see Chapter 6 ).

8 .2 .1 0 . Cosmids ym72 and ym75 contain portions of the APC  gene.

In independent hybridisation experiments carried out by Ms. S. Cottrell and 
Mr. T. W ard, exons from both the APC and TB2 genes were found on some of 
the 6  cosm ids that exhibited the aberrant hybrid isation  patterns in the 
HHW1155 hybrid. Specifically, exons from the 5' and 3' regions of the APC  
gene (i.e. probes FB9A and FB54D), were found to be present in cosmids ym75 
and ym72, respectively. Exons from the TB2 gene were found in cosmid ym 8 . 
Cosmids ym21 and ym64, however, (which had been show n to overlap with 
ym72) did not appear to contain any exons from either of these two genes. On 
the basis of these hybridisation experim ents, the likely positions of these 
cosmids are indicated on the m ap in figure 8.3. The positions of cosmids ym 8  

and ym75 were, in addition, confirmed by the presence in the cosmids of rare- 
cutting restriction sites localised to the same regions in the YAC and also by 
hybridisation of cosmid sub-fragments on the A1010 digests.

These results, however, presented some interpretive difficulties in that none 
of the cosmids should exhibit altered sized restriction fragm ents as they are 
pred ic ted  to be contained entirely  w ithin  the 3214 deletion. Possible 
explanations for these discrepancies are discussed below.

8.3. Conclusions.

The use of YACs B0624 and A1010 for direct screening on the g ridded  
chromosome 5-specific library allowed the rapid detection of cosmids specific
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to the region of interest and provided an essentially random  sam ple of about 
1Mb of cloned DNA. However, in the initial YAC screens, a large num ber 
(about 50%) of cosmids did not m ap back to the YACs (table 8.1(b)). These 
included cosmids that had been independently identified by the region of 
overlap between A1010 and B0624. The exact reason for this is unknow n but 
may have been due to insufficient blocking of low- or m oderate-copy num ber 
repeat elem ents possibly present in the YACs. Cosm ids containing these 
repeats would therefore appear as representing sequences specific to the YACs. 
Further attem pts using the A1010 YAC as probe on the library gave rise to a 
set of 14 cosmids, all of which m apped to the region of interest (that is, by 
m apping analysis or by cross-hybridisation to M CC  cDNA probes). It is 
presum ed that more efficient quenching of repeat sequences occurred in this 
case.

Sufficient num bers of cosm ids w ere identified  such th a t a 260kb sub- 
microscopic deletion could be identified. The genomic region covering the 
deleted DNA is entirely contained in A1010. This YAC identified a total of 16 
bona fide cosm ids representing  a coverage of about 650kb assum ing an 
average insert size of 40kb for each cosmid. N ot all of the cosm id 
hybridisation patterns were rigorously com pared and it is therefore not 
know n w hat degree of redundancy  exists in  the set used. H ow ever, 
restriction enzyme digestion analysis on a large num ber of these cosmids has 
suggested that m ost are likely to be independent (Mr. T. W ard, personal 
com m unication).

Analysis of cosmid hybridisation patterns on the HHW1155 som atic cell 
hybrid, in addition to hybridisation of cDNAs representing the APC  and TB2 
genes on the cosmids exhibiting the aberrant hybridisation patterns present 
some difficulties in fully understanding the nature of the 3214 deletion. It 
was at first assumed that the group of three overlapping cosmids (ym21, ym64 
and ym72) recognised one 'side' of the deletion. However, since cosmid ym72 
contains a portion of the 3* end of the A P C  gene, this cosm id (and by 
extension, the other tw o cosmids) m ust be p resen t en tirely  w ith in  the 
deletion, assum ing that this genomic alteration arose by sim ple excision of 
DNA.

That ym 8  contains a portion of the TB2 gene and also exhibits an altered sized 
restriction fragm ent in hybrid  HHW1155 is also difficult to explain (in 
particular because this altered band is different from that of the other three
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overlapping cosmids). The breakpoint of the 260kb deletion relative to the 
'right' pYAC vector arm  of this YAC m ust extend at least 80-100kb distant to 
the position of this cosmid since the first exon of APC is not deleted (see 
figure 8.3). Thus, it is unlikely that ym 8  reveals the deletion breakpoint. The 
difficulty, therefore, lies in accounting for the recognition of altered sized 
restriction fragments in hybrid HHW1155.

One explanation is that the deletion is complex, resulting in the retention of 
rearranged  DNA fragm ents from this, or, indeed, from  another genomic 
region by an insertion/deletion mechanism. However, it is unlikely that all 
of the four cosmids w ould recognise a small segment(s) of foreign DNA or 
even a small segment(s) of the APC  gene-region rem aining after deletion had 
occurred. A nother, and perhaps m ore likely explanation, is that these 
cosm ids recognise an hom ologous locus or loci p resen t on  a m arker 
chrom osome (other than chromosome 5) segregated in only the HHW1155 
hybrid. In this respect, it is interesting that each of the cosmids revealing 
altered bands are in a genomic location likely to harbour the SRP19 gene. 
Cross-hom ology to related SRP genes (on different sized exon-containing 
restriction fragm ents for the overlapping and ym 8  cosm ids, respectively) 
m ight reveal such bands upon whole cosmid hybridisation. A t the time of 
w riting, these and other possibilities are under investigation. Regardless of 
the exact reason for this anomaly, two of the cosmids found by this approach 
recognised exons from  the A P C  gene, show ing tha t th is strategy  was 
successful.

Extensive physical m apping of A1010 showed that this YAC contains all of the 
genes recently identified in the vicinity of MCC (Joslyn et al., 1991; Kinzler et 
al., 1991b). A lthough the m ap correlates extrem ely well to the genomic 
physical m aps constructed by Joslyn et al., (1991b) and at ICRF (Mr. T. W ard, 
unpublished), some discrepancies exist between this m ap and the YAC-based 
physical m ap of Kinzler et al., (1991). This is thought to be due  to a m is­
alignm ent of one of their YACs at the 5' end of the APC  gene. The A1010 
YAC isolated in this project provides an ideal tool for studying the APC  gene 
(as well as the MCC gene) in a biological context by YAC transfer to cell lines 
derived from colorectal tum ours (see Chapter 9 for further discussion).
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Chapter 9

D iscussions.

9.1. Isolation of DNA probes in the APC  gene-region.

9.1.1. Interspersed repetitive sequence (IRS)-PCR.

Studies presented in Chapter 3 of this thesis dem onstrated that the use of just 
a single a/w-directed prim er, m ore highly conserved in the hum an genome 
(primer IV), could generate highly specific and reproducible banding patterns 
from a somatic cell hybrid containing one copy of chromosome 5 as the only 
hum an constituent (i.e. PN/Ts-1). The 'inter-a / m ' sequences generated from 
this hybrid cell DNA were shown to be truly hum an in origin on the basis of 
m apping studies from cloned material.

The hum an DNA content of PN/Ts-1 can be estim ated to represent some 2- 
3% of the total hybrid cell DNA content. Since none of the probes tested from 
the 'inter-a/w' PCR product library appeared to be ham ster in origin, a very 
high degree of enrichm ent for hum an sequences w as attained. It is, in 
addition, likely tha t m ost of these sequences are actually derived  from 
chrom osome 5 on the basis of cytogenetic characterisation of the PN /Ts-1 
hybrid (Varesco et al., 1989). Isolation of chromosome-specific probes from 
com plex sources such as som atic cell hybrids u sua lly  involves the 
construction of highly representative cosmid or bacteriophage libraries from 
w hich a p roportionally  small num ber of hum an sequences have to be 
isolated and processed. The alu-PCR m ethod dem onstra ted  tha t hum an 
chromosome-specific probes could be generated after a sim ple PCR reaction 
and rap id  cloning procedure. Moreover, on the basis of the library clone in 
situ hybridisation (in addition to the chromosomal hybridisation studies), a 
large proportion of these probes w ould appear to be useful for m apping 
studies in containing little or no additional repeat sequences; at least no more 
than w ould be expected by cloning similar sized fragments in a plasm id based 
library from a hum an source (Ludecke et al., 1989; 1990).

The m ethod developed to efficiently clone the inter -alu PCR products has the 
following advantages: (1) No digestion of the PCR products are required and 
thus clones w ith internal restriction sites for the sam e enzym e will not be
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reduced in size and, (2) none of the inserts can be co-ligated together before 
insertion into the vector since the PCR products are not 5-phosphorylated.

It was expected that the amplification and cloning procedures w ould prove 
useful for the production of libraries from selected or non-selected hum an 
chromosome fragments generated by irradiation and fusion (e.g. Goodfellow 
and Pritchard, 1988; Cox et al., 1990; Benham et al., 1989) or from small 
num bers of flow sorted chromosomes. In general, these goals have been 
realised by independent studies (Brookes-Wilson et al., 1990; Cotter et al.,
1991). Prior to the developm ent of this technique, the  construction of 
libraries from flow sorted chromosomes had been arduous w ith respect to the 
num bers of chromosomes required for a single cloning experim ent (at least 5 
x 105; e.g. see Krimlauf et al., 1982; Nizetic et al., 1991). It is now  possible to 
generate useful libraries from as few as 100-200 flow sorted chromosomes 
(Cotter et al., 1991).

More recently, the basic alu-PCR m ethod has been used to generate specific 
banding patterns from somatic cell hybrids that retain non-selected segments 
of hum an chromosomal DNA thought to overlap at regions of interest. PCR 
products in com m on betw een the chrom osom al segm ents, w hich are 
assum ed to come from the region of overlap, can be directly isolated and 
m apped, thus avoiding any cloning procedures (e.g. see Benham and Rowe,
1992)

The observation of highly reproducib le  and  d iscrete band ing  patterns 
dem onstrated for the PN/Ts-1 hybrid led to the hypothesis that homologs of a 
chrom osom e exhibiting in terstitial deletions m ight show  differences in 
banding patterns as compared to the normal chromosome. Although prim er 
IV did  not show such alterations in pattern, amplification using other alu- 
based prim ers alone or in com bination w ith a prim er based on the LIHs 
repeat family (Ledbetter et al., 1990) led to the identification of a num ber of 
fragments; one of which, L5.4, was localised to the m inim al region near the 
APC gene.

Although this comparative technique has been used to a greater effect on the 
X-chromosome at Xq28 (Ledbetter et al., 1990), a m ajor lim itation in their 
stud ies, and  the stud ies described here, has been the  com pounding  
background smears observed in the PCR reactions, particularly w hen using 
alu-based prim ers in combination w ith the LIHs primer. These smears make
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identification of potential difference products difficult, especially in the 
higher molecular weight ranges. Some of the m ore highly conserved alu- 
based primers (e.g. primer IV and 559), in addition, also suffer from this effect.

The least contaminating smears are seen in the inter-LIHs PCR products and 
this probably reflects the lower num ber of these repeat sequences in  the 
genome. Ledbetter et al., (1990) have shown that no additional products were 
observed in a comparison of hybrids containing Xq28 with hybrids containing 
the w hole X chrom osome which suggested a low er tem plate com petition 
effect w ith this primer. Thus, the pattern generated for chromosome 5 using 
the LIHs prim er show n in this thesis probably reflects the actual num ber of 
repeat-pairs that m eet all of the criteria of inverse orientation and  distance. 
Indeed, comparison of this pattern  to that generated from an independent 
chromosome-5 only hybrid by Ledbetter et al., (1991), are extremely similar, if 
not identical.

In contrast, comparison of chromosome X with region Xq28 using fl/w-based 
primers shows that additional products appear in the latter w ith an associated 
reduction in background smear (Ledbetter et a l, 1990). This argues that other 
less favourable products will be generated under reduced com petitive IRS- 
PCR reactions.

Recently, methods have been developed to counter the background effects. In 
principal the most effective has been the prior digestion of the hybrid DNA 
sam ples w ith  frequently cutting restriction enzym es. This pre-digestion 
strategy restricts the genomic DNA between a num ber of the potential repeat 
pairs and therefore leads to greatly reduced banding patterns (Guzzetta et al., 
1991). Interestingly, this also results in a considerably reduced background 
smear w ith the apparent generation of entirely new, or previously 'hidden', 
in te r -alu products. This can be a ttributed , again, to a reduction of the 
competitive tem plate effect.

Further adaptations of the basic IRS-PCR m ethod have led to other strategies 
for the identification of inter-hybrid difference products. For exam ple, 
chrom osom e-specific genomic cosm id or bacteriophage libraries can be 
screened sequentially w ith the IRS-PCR products of a deleted and then 
norm al chromosome (Bernard et al., 1991) or, chromosomes w ith a num ber 
of different translocations (Cotter et al., 1991). In the latter approach, genomic 
clones can be identified in the region between two translocation breakpoints

Page -218-



(Cotter et al., 1991). Conversely, non-subtractive enrichment m ethods such as 
coincidence cloning, where probes from a region of overlap between hum an 
chromosomal fragments retained in somatic cell hybrids, have also proved 
successful (Aslanadis and dejong, 1991). In sum, these m ethods illustrate the 
pow er of IRS-PCR-based approaches in generating m arkers for a region of 
interest, depending on the resources available.

9.1.2. M icrodissection and M icrodoning.

The use of genomic libraries constructed from DNA derived by the physical 
dissection of chromosomal sub-region 5q21-q22 proved to be a valuable source 
of probes m apping near the APC  gene, as defined by the breakpoints of two, 
and later three interstitial deletions. However, as discussed in Chapter 4, the 
use of these microclone inserts was generally difficult because of the small 
insert sizes, thus requiring the optimisation of the hybridisation procedures.

It is clear also that even with these modifications (see Chapter 4), application 
of the microclone inserts to other elements in the positional don ing  strategy 
aimed at the APC gene were found to be difficult. For example, experiments 
aimed at the at the construction of genomic physical m aps have m ost recently 
been carried out entirely w ith sub-fragments of cosmid inserts isolated w ith 
the m icroclone sequences, ra th e r than  w ith  the  m icroclone inserts 
themselves (Mr. T. W ard, personal communication). In addition, the failure 
to detect YACs with a significant num ber of the m icrodone inserts (Chapter 4) 
supports this observation (see part II of this discussion).

N onetheless, 14 m icroclone inserts were m apped  to the m inim al region 
harbouring  the APC  gene (i.e., interval II) which has provided a valuable 
resource, in conjunction with other m arkers, for the construction of physical 
and  YAC-based genom ic m aps of the region. Indeed , tw o of these 
m icroclones have been confirm ed to flank the A P C  gene at a m axim al 
distance of between 900kb to 1Mb by a combination of YAC coinddence and 
genomic physical m apping (see figure A7.1, appendix to Chapter 7). Thus, 
even in the absence of the doned  MCC gene, it may have been the case that a 
YAC contig seeded with microclone insert mc575 w ould have progressed to 
include mc241, and therefore have encompassed the APC  gene leading to its 
identification (see below).

P age-219-



One of the key questions that could be addressed was the distribution of the 12 
physically localised microclone inserts produced by m icrodissection and 
m icrocloning around the APC gene-region. On a gross chromosomal level, 
extensive deletion m apping studies w ith a large num ber of library II inserts 
suggested that the probes were evenly distributed across the dissected area; in 
line with published reports on similar libraries (Davis et al., 1990; MacKinnon 
et al., 1990; H irst et al., 1991a). At the level of cosmids, YACs and genomic 
physical m aps of large restriction fragments, however, the clones were found 
to be tightly clustered in a num ber of cases.

This distribution, which m ay be due to preferential restriction site clustering 
(see below), or perhaps due to the selective cloning of DNA least physically 
dam aged by acid depurination  during  chrom osom e preparation  (Dr. B. 
Horsthem ke, personal communication; see also Brown and Greenfield, 1987), 
m ay have precluded the construction of a com plete YAC contig across 
Interval II in the absence of other sub-localised probes. In retrospect, this 
becam e irrelevant for cloning the A P C  gene on the basis of m apping 
microclones that flanked this region, but does w arrant caution in assum ing a 
totally random  genomic distribution.

Except for the Wilm’s tum our region at 11 p i 3 (Davis et al., 1989) and, to some 
extent, the fragile-X region, few published reports exist concerning the 
localisation of microclone inserts from these library types at the level of 
pulsed field gel (PFG) maps. In the case of the W ilm’s tum our gene-region, 
six microclone inserts assisted in the construction of a 7.5Mb genomic PFG 
m ap, although some suggestion of clustering is apparent from  their report. 
At the level of PFG and YAC-based maps, H irst et al., (1991b) have show n the 
localisation of tw o m icroclone inserts flanking the FRAXA m utation  at 
Xq27.3, analogous to the case of the APC  gene-region described in  this thesis. 
How ever, apart from an apparently even distribution of m icroclone inserts 
across an extensive panel of somatic cell hybrids retaining X chrom osome 
variants (Hirst et al., 1991a), there is no published data to ascertain the actual 
physical distributions of these Xq-derived microclones.

An interesting feature of these and other studies, has been the observation of 
cross-species sequence conservation in a significant proportion num ber of 
m icroclone inserts exam ined. A pproxim ately  25% of the m icroclones 
characterised in the large scale m apping analysis described here were found to
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be conserved in rodent DNA; some displaying very strong cross-hybridisation 
signals (e.g. see figure 4.2(b), panel 2).

In tw o independent studies at least, this conservation has been show n to 
represent the identification of gene-regions. Sequencing of a conserved 
microclone; EAN04, derived from  m icrodissection of chrom osom e region 
22qll.2 -q l3 .1 , established that it is entirely hom ologous to the leukemia 
inhibitory factor gene (LIF) previously m apped to 22ql2-ql3.1. Interestingly, 
the Rsal restriction site at the 5’ end of the clone is part of a splice acceptor site 
in the LIF gene (Fiedler et al., 1991). In addition, the m icroclone - m cl 
(D15S62), characterised in m icrodissection library I (Chapter 4) appears to 
recognise a splice donor site in an unreported gene m apping to 15qll.2-ql2.2 
(K. Buiting; B. Horsthemke, personal communication).

From the coincident YAC hybridisation analysis and genomic PFG m apping 
studies presented in Chapters 6 and the appendix to Chapter 7, it appears that 
a num ber of these clones m ay also be associated w ith CpG islands cut in 
genomic a n d /o r  cloned DNA. Taken together w ith the observation of cross­
hybridisation in rodent DNA, this suggests that m any of the microclones 
studied may be part of, or close to genes at 5q21-q22. It is unclear whether any 
of the m icrodones clustered at the YN5.48 site or clustered distal to this locus 
recognise other gene-containing regions. If one could generalise on the 
observation of preferential splice-site recognition (on the basis of the two 
studies outlined above), then other genes not associated w ith CpG islands 
m ight also be recognised. Perhaps such genes are present in these regions.

The bias in d istribu tion  tow ard genes in the m icrodissection libraries 
constructed by this method m ust be a result of Rsal restriction digestion, since 
hum an genomic microclone libraries constructed in other ways do not show 
such features (Bates et al., 1986; Kaiser et al., 1987; Weber et al., 1990; Kao and 
Yu, 1991). These libraries may, therefore, provide a distinct advantage in 
reverse genetic strategies where genes are being sought in particular genomic 
regions. However, if one were to rely entirely on this strategy, a very large 
num ber of clones m ust be m apped to ensure, at least, sufficient 'gene- 
coverage'.
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9.2. Identification and characterisation of YACs in Interval II.

9.2.1. YAC isolation.

The isolation of YACs by m icroclone hybrid isation  w as only partially  
successful. In total, 4 of 10 microclones studied in detail gave rise to positive 
signals on the high density gridded YAC library filters. Poisson statistics 
calculated for YAC libraries similar to the one used in these studies predict 
that some 86.5% of probes should recognise at least one cognate YAC in a 2-hit 
library1 (Abidi et al., 1990; Schlessinger et al., 1991). The identification of YACs 
for 23 of 30 autosom al hum an probes (76%) in the  ICRF tw o-genom e 
equivalent filters largely agrees with these expectations (Larin et al., 1991). A 
'null' class will always be observed representing sequences for which no YAC 
exists in the library (e.g. 14% in the case of the ICRF library; Larin et al., (1991)). 
This is not thought to represent ’non-clonability’ in the YAC system  as 'null' 
probes have been show n to detect cognate YACs in o ther independent 
libraries (Schlessinger et al., 1991). The 'null' class is therefore due to 
statistical variation. That 60% of the microclones did  no t detect a cognate 
YAC suggests a signal-to-noise problem rather than a 'null' class. Moreover, 
the m icrodones that did identify positive YACs recognised an average of 2 per 
probe (see table 5.1, Chapter 5); exactly as w ould be predicted for a two-genome 
equivalent library.

These results do support the use of alternative detection m ethods for small 
insert probes; particularly by PCR selection (e.g. see Hirst et al., 1991a; H irst et 
al., 1991b) where the signal-to-noise ratios can be equalised by changing the 
probe form at to prim er-pairs. However, at the tim e of these studies YAC 
DNA pools were not available. Thus, a more relevant conclusion here would 
be that a greater num ber of microclones could have been investigated by 
somatic cell hybrid m apping to increase the pool of ’usable' probes.

In retrospect, however, little inform ation w ould have been gained by the 
detection of further YACs w ith the microclones that had  been localised to 
interval n  in this study. In total, 8 of the 14 clones in this interval have been 
localised to one or m ore YACs, e ither by p rim ary  hyb rid isa tion  or 
coincidental m apping. A further 3 have been localised distal to APC  by 
genomic physical m apping and only 2 (mc5 and mc452) rem ain unlocalised at

1 l/en is the fraction of YACs expected to be missing from the library where n 
= the number of genome equivalents; in this case 2 (Abidi et al., 1990).
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the tim e of writing. Probe mc241, which flanks the APC  gene proxim al to 
mc575 (see above), m ay have been useful, however, for linking the YAC 
contigs around the APC  gene-region and the mc434-p3.1-mc534 probe region. 
However, identification of YACs for mc241 (in addition to the unlocalised 
m icrodones mc5 and mc452) was not possible on the filters used.

9.2.2. YAC overlap detection.

Initial attem pts to detect overlap between YACs or sets of YACs isolated by 
independent probes was based on regional coinddent m apping (Abidi et al., 
1990). In a study of chromosome Xq24-q28, Abidi et al., (1990) used 70 localised 
probes in hybridisation assays across a collection of 467 YACs. A reasonable 
num ber of the probes detected coincident overlap as expected from essentially 
random  probe distributions and random  cloning in YACs. A lthough this 
study dealt with only 17 YACs and 17 probes, these YACs were expected to be 
limited to a distance of some 5Mb (compared w ith about 50Mb in Xq24-q28). 
This did not result in the linking of any YACs or YAC contigs bu t did help to 
sub-localise 6 (33%) interval II markers (see above).

After coincident m apping, a detailed consideration of all m ethods available 
for overlap detection was made before the initiation of a major study. For the 
reasons outlined in the introduction to Chapter 7, it was decided to isolate the 
term inal sequences from the YACs of interest; particularly from the term ini 
thought to represent the distant extremes of the YAC contigs.

Several m ethods for insert termini isolation were assessed. A lu-vector PCR 
gave rise to sequences from only 20% of term ini investigated. This is in 
contrast to the frequencies reported by Nelson et al., (1991) w here 60% of 
term ini w ere isolated in a set of 110 YACs on the X chromosome. However, 
their experiments were carried out w ith an alu-based primer; 278, w hich is 
localised to the most 5' end of the consensus sequence, in addition to 517 and 
559. This prim er appears to be highly suitable for use on yeast backgrounds 
and, because of its position on the alu elem ent, m ay allow  a lu -ve  c to r  
amplification from a greater num ber of alu repeats in either orientation. The 
frequency of termini generated by the 'vectorette' m ethod (Riley et al., 1990) 
was also found to be too low for rigorous analysis (i.e., 37%). Com parative 
statistics have not been reported for this system but it has been favoured to 
lib ra ry  construction  or subclon ing  in YA C-based genom e pro jects
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(Schlessinger et al., 1991) and has proved rap id  in attem pts at genomic 
walking (Butler et al., 1992).

Analysis of the limitations of both of the m ethods discussed above led to the 
form ulation of a novel protocol for term inal sequence isolation, term ed 
’junction-trapping'. The two principal features of this system were (1) the use 
of Sau3Al partial yeast digestions to create sufficiently close points in the 
insert DNA to be w ithin a distance amenable to PCR (in combination w ith 
pYAC4-specific primers) and, (2) the m anipulation of ligation conditions to 
favour drcularisation such that junction sequences w ould  be preferentially 
am plified w ith specific prim er pairs. O ther selection m echanism s, such as 
secondary PCR and altered prim er ratios were also em ployed to increase the 
fidelity of the system. The isolation of both YAC insert term ini from both of 
the YACs present in the B0624 yeast demonstrates the power of this approach.

In general, junction-trapping proved to be useful for the generation of 
candidate insert term ini for all of the YACs investigated. These candidate 
fragments were shown to be bona fide in all but one case by rigorous analysis 
of the sequence origins. This single case (that is, the right hand end of YAC 
y 12.75) proved difficult to assess because of the small insert size.

Hybridisation of the insert termini on EcoRI digests panels of the interval II 
YACs did not dem onstrate overlap between YACs isolated w ith independent 
loci. In retrospect, this is not surprising based on the frequency of YAC 
chimerism (see below) and the actual physical distribution of the YACs on the 
genomic physical map. Now that a near complete physical m ap is available, it 
is clear that none of the YACs or YAC contigs in interval II are expected to 
dem onstrate overlap.

In conclusion, experience with the APC  gene-region YACs has suggested that 
isolation of term inal YAC insert sequences provided a potentially effective 
m ethod for overlap detection. H ow ever, the finding of a sm all non­
contiguous stretch of DNA in the cL5.4.s-l YAC (see conclusions to Chapter 7) 
has suggested  tha t repetitive  sequence approaches, such as a/w -PC R  
fingerprinting or fingerprinting by Southern blotting and repeat sequence 
hybridisations, m ay have been useful. Thus, overlap detection should  
probably be carried out by a combination of both of these approaches. Similar 
conclusions have been recently reported for the Xq24-q28 YAC-based genome 
project (Schlessinger et al., 1991; Little et al., 1992).
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9.2.3. YAC chim erism .

Crude physical m apping and YAC insert termini isolation dem onstrated that 
about 50% of the YACs investigated w ere chimeric; tha t is, containing 
sequences non-contiguous in the genom e. Investigation of YAC contigs 
around  the D uchenne M uscular D ystrophy (DMD) gene region in itially  
suggested that chimerism may be only about 20% in the ICRF library (Monaco 
et al., 1992). However, in this case, aberrant YACs were only inferred to exist, 
largely on the basis of DMD cDNA hybridisation and crude Sfil PFG analysis. 
YAC insert term ini were not isolated and their estim ate (22%) is likely to be 
under the real level since small non-contiguous pieces of YAC insert, like 
that found in the L5.4 YAC here, would not have been detected. O ther more 
recent investigations on YAC contigs around the Ewing’s Sarcoma breakpoint 
region on chromosome l l q  and the the HLA class II gene-region constructed 
with YACs from the ICRF library have, in addition to this thesis, suggested 
that chimeric YACs should, in fact, be expected about 50% of the time (Drs. K. 
Patel and J. Ragoussis, personal communications).

The origin of chimeric YACs is still debatable (Abidi et al., 1990; Schlessinger 
et al., 1991) bu t may be due to recombination between large DNA fragments at 
hom ologous sequences in the sam e yeast cell in vivo, co-cloning of 
fragm ented DNA in the ligation mixes or a combination of both. Evidence 
for intra-chrom osom al recom bination is, however, increasing. Green et al., 
(1991a) have investigated the chimeric junction of a single YAC which 
contains sequences from chromosomes 7 and 10. The junction appears to 
occur at an alu sequence and recombination w ould be a likely explanation for 
this.

Studies of a YAC library constructed from a somatic cell hybrid  containing 
Xq24-q28 as the only hum an component have also provided some possible 
insights into chimerism (Abidi et al., 1990; Schlessinger et al., 1991). The 
frequency of rodent-hum an chimeras in this library w as found to be about 
15%; m uch lower than the frequency of inter-hum an chimeras found in the 
St. Louis hum an YAC library which is about 50% (Green and Olson, 1990b). 
Schlessinger et al., (1991) have proposed that this m ight be a direct result of 
the lower degree of homology between the rodent and hum an genomes such 
that recom bination w ould be less frequent in the hybrid  YAC library. 
Moreover, in their studies 3 of 820 characterised YAC clones have been found
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with sequences from different locations on hum an Xq. The frequency of co­
cloning Xq sequences should be about 1 in 105 YAC clones, since the rodent 
DNA represents a 300-fold excess over the hum an DNA content, suggesting, 
again, a recom bination m echanism  in the origin of these YAC clones 
(Schlessinger et al., 1991).

Most recently, Nussbaum  and colleagues have show n that the chimeric YAC 
population in a library constructed from  a somatic cell hybrid  retaining 
hum an Xpter to Xq27.3 represents only 11%, in line w ith Abidi et al’s., study, 
and further supporting the idea of recombination as the origin of these YACs. 
However, even in the presence of chimeric YACs, it should still be possible to 
construct YAC-based physical m aps providing that sufficient num bers of 
YACs can be isolated per probe and that the region of interest is saturated to a 
sufficient extent with random  probes (for example, see Little et al., 1992).

9.3. Identification of genes at 5q21-q22.

9.3.1. The MCC gene.

Studies on sporadic colorectal carcinomas around region 5q21-q22, revealed a 
small region, centred on a random  polym orphic probe, L5.71, that showed a 
dram atically increased frequency of allele-loss (Kinzler et al., 1991a). The 
find ing  of a som atic a ltera tion  in a single tum our, rep resen ting  a 
heterozygous lOOkb deletion, led to the identification of a candidate gene, 
term ed MCC (for m utated in colorectal carcinoma; Kinzler et al., 1991). This 
gene was predicted to code for a protein of 829 amino a d d s  w ith a noted 19 
am ino acid hom ology to the G protein-activating region of the ra t m3 
m uscarinic acetylcholine receptor (mAChR). PCR-based 'exon-connection' 
assays (see Fearon et al., 1990) on rat tissue cDNAs dem onstrated that the gene 
is expressed in m ost norm al organs (including the colon), w ith the highest 
expression in the brain.

Com parative rodent-hum an sequencing identified six exons, and  analysis of 
these exons in tum ours identified a further tw o m utations; both of which 
w ere found to be conservative changes in different am ino a d d s . These 
results d id , initially at least, suggest a role for this gene in colorectal 
tum origenesis.
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9.3.2. YACs for the MCC  gene.

For the reasons outlined in the introduction to Chapter 5, YACs were selected 
for the MCC gene. Three YACs were identified and, on the basis of standard 
Southern blotting and PFG analyses, two of these were found to be useful, 
covering a contiguous stretch of 1.1Mb of DNA centred on the MCC gene. 
The circum stantial evidence presented in the in troduction  to C hapter 8 
prom pted an analysis of this contig in an attem pt to identify other potential 
candidates for the APC gene.

The strategy chosen, that is, direct cosmid library screening, proved to be a 
useful approach, and, given sufficient coverage of the YACs, allowed the 
identification of a 260kb interstitial deletion in patient 3214, d istant from the 
MCC gene and overlapping with the A1010 YAC. A num ber of the cosmids 
representing sequences from the deleted region, and in particular the ym75 
cosmid, were thought to represent strong candidates for containing sequences 
of the polyposis gene. Similar rearrangem ents were not detected in either of 
the somatic cell hybrids segregating each of the homologs of chromosome 5 
from patient J.T. The association of mental retardation with polyposis, in this 
patient at least, may have been coincidental to a m utation in the APC gene.

9.3.3. The APC  gene.

At the same time as these studies, a further three genes were identified in the 
imm ediate genomic region near the MCC gene (Kinzler et al., 1991b; Joslyn et 
al., 1991). In exactly analogous approaches to those described in this thesis, 
both groups used YAC-based approaches to identify these genes, seeding each 
of the contigs with the MCC gene. White and colleagues (Joslyn et al., 1991) 
identified  pu tative  deletions in tw o FAP patien ts (including the 3214 
deletion) on the basis of variantly sized pulsed field restriction fragm ents 
detected by probe L5.71 (see above). Subclones from YACs know n to span 
both of these deletions were used to identify cDNAs representing tw o genes; 
DPI and DP2.5, in addition to one gene, SRP19, previously  reported  but 
unlocalised at the time (Joslyn et al., 1991). All of these genes were found to 
be deleted (except the most 5’ end of DP2.5) in patient 3214, bu t only parts of 
DPI and DP2.5 were found to be deleted in patient 3824 (Joslyn et al., 1991).

Vogelstein and colleagues constructed a 1.6Mb YAC contig w ith 9 overlapping 
YACs around the MCC gene and used each of these to screen, directly, cDNA
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libraries from normal colonic mucosa. This also led to identification of the 
same three genes; TB2 (or DPI); SRP19 and APC  (or DP2.5) (Kinzler et al., 
1991b). These three genes were found to be expressed at reasonable levels in 
the colon, judged by identification of transcripts on N orthern blots (Kinzler et 
al., 1991b).

On the basis of a gross somatic alteration found in a single tum our using 
cDNA probes from the APC  gene (Kinzler et al., 1991b), and  the relative 
positions of the three genes w ith respect to the constitutional deletions in 
patients 3214 and 3824 (Joslyn et al,, 1991), extensive m utation studies were 
carried out. Constitutional mutations in FAP patients were only found in the 
APC  (or DP2.5) gene, segregating precisely w ith the polyposis phenotype in 
each of 10 cases (Nishisho et al., 1991; Groden et al., 1991).

Of these 10 A P C -specific sequence variations, the m ajority  (80%) w ere 
predicted to result in prem ature term ination of the APC  transcript (Nishisho 
et al., 1991; Groden et al., 1991). One of these p rem ature  term ination 
m utations was found to be a heterozygous 2bp deletion in a patient shown by 
VNTR analysis to be the true sibling of two aged and unaffected parents. Two 
of three of this patient's offspring have polyposis concurrent w ith inheritance 
of this 2bp deletion. This elegantly dem onstrated the transm ission of a new  
m utation at the DP2.5 locus; perhaps the m ost convincing confirm ation of 
this candidate gene as APC.

Interestingly, two of the m utations described by Nishisho et al., (1991) w ere 
found to be identical in two patients clinically diagnosed as exhibiting FAP 
and G ardner's Syndrome (GS), respectively. The GS patient was 46 years of 
age and had, at the time, no evidence of extra-colonic m anifestations which is 
not an uncomm on observation in GS kindreds (see Chapter 1). A lthough no 
genetic heterogeneity  has been found  betw een FAP an d  GS pa tien ts  
(Nakam ura et al., 1988), it is apparent that the specific APC gene m utation is 
not sufficient to give rise to the extra-colonic m anifestations. The exact 
phenotype is therefore likely to be a result of other genetic or environm ental 
influences.

A sim ilarly high frequency (75%) of potentially inactivating m utations has 
also been observed in prim ary colorectal tum ours. These m utation-types 
support the hypothesis of the APC  gene as coding for a tum our suppressor 
product, analogous in its formal genetics to Retinoblastoma (Knudson, 1985).
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It m ay be that m ore conservative changes, such as m issense am ino acid 
substitutions commonly found in the p53 gene (reviewed in de Fromentel 
and Soussi, 1992), are not sufficiently damaging to the APC gene product.

Nonetheless, more conservative changes may occur in the APC  gene, giving 
rise to m ilder phenotypes not currently recognised as familial polyposis. In 
this respect, one large family, called kindred 353, has recently been identified 
in  w hich ind iv iduals have a high risk of colorectal cancer b u t exhibit 
relatively  few adenom atous polyps. This phenotype, how ever, clearly 
segregates w ith polym orphic alleles flanking the APC gene (Leppert et al., 
1990). If a threshold effect exists for the APC  gene-product in  colorectal 
epithelial cells (Bodmer et al., 1987), where fluctuations of the gene product in 
he terozygo tes is sufficien t to allow  occasional d e reg u la ted  cellu lar 
p ro life ra tion , functionally  abrogating  m uta tions, such  as p rem atu re  
term ination, w ould be more likely to give rise to the greater num bers of 
polyps observed in polyposis patients. If, however, more 'simple' amino acid 
substitutions could be considered phenotypically m ilder in effect (on the basis 
of the m utation types so far described), then these aberrant gene products may 
be m ore tolerated w ith respect to this threshold effect, giving rise to fewer 
polyps overall. The hypothesis is, of course, dependent on m utations in the 
APC gene being dom inant w ith respect to the initiation of polyp formation, 
w hich is alm ost certainly the case in polyposis indiv iduals. It w ill be 
interesting to see if inheritance of small polyp num bers in  families, by virtue 
of allelic heterogeneity at the APC  locus, is responsible for some of the risk of 
colon cancer in the general population (Burt et al., 1985).

The frequencies of somatic or constitutional gross alterations at the APC  locus 
appears to be quite low: only 2 of 40 FAP patients have shown alterations at 
the APC  locus judged by PFGE analysis (Joslyn et al., 1991). W ork in the 
C ancer G enetics Laboratory, ICRF, extends th is observation . Of 50 
independent FAP patients analysed in a similar fashion by PFGE with similar 
probes, no gross alterations have been detected (Ms. S. Cottrell, unpublished). 
This suggests a frequency in the range of 2%. However, it m ust be noted that 
such a frequency m ay be an underestim ate since detection w ill be highly 
dependent on the restriction enzymes used and the PFGE conditions under 
which the restriction fragm ents are resolved (this is discussed further in 
Viskochil et al., 1990). Gross somatic alterations have been judged from 
screening cDNAs from the APC  gene across tum our samples. Since only one 
alteration was detected in this way (Kinzler et al., 1991b), which has recently
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been shown to be caused by the insertion of a LIHs sequence into the gene 
(Miki et al., 1992), the frequency may be in the range of 0.5%.

The general frequencies of gross som atic or constitu tional a lterations 
observed at the APC  locus are certainly m uch lower than the frequencies 
observed at the Rb locus (about 12-30%; see Goodrich and Lee, 1991 for a 
review) on which our original expectations were based. They are, however, 
essentially in line w ith the frequency of constitutional aberrations reported at 
the NF-1 locus (about 5%; Viskochil et al., 1990) and somatic rearrangem ents 
at the WT-1 locus (about 3%; Gessler et al., 1990).

Gross structural analyses of the predicted APC  gene product have provided 
relatively little suggestion of a particular function for the protein (Nishisho et 
al., 1991; Groden et al., 1991). There are no indications of any signal peptides, 
transm em brane regions, or nuclear targeting signals which, together with a 
noted hydrophilicity, has suggested a cytoplasmic localisation for the gene 
product. M ultiple serine phosphorylation motifs, glycosylation motifs and 
m yristoylation sites have been detected bu t the functional significance of 
these rem ains to be established (Groden et al., 1991). To detect similarities 
w ith other reported  gene motifs, Kinzler et al., (1991b) have carried out 
sim ilarity searches w ith short stretches of the predicted APC  protein. The 
most suggestive has been a similarity to the ral2 gene in yeast implicated with 
regulation of ras gene activity, but the m atches do not appear to be highly 
statistically significant.

9.3.4. A possible role for MCC in colorectal tum origenesis ?

The studies of Vogelstein and colleagues on the MCC gene raise im portant 
questions regarding a possible role for this gene in colorectal tumorigenesis 
(Kinzler et al., 1991a; Kinzler et al., 1991b). Firstly, detailed allele-loss studies 
on chrom osome 5q have shown that a num ber of tum ours exhibit proximal 
allele-loss up  to, and possibly including the MCC locus, w ith  som e other 
tum ours, how ever, exhibiting the reverse pattern  (Kinzler et al., 1991b). 
These allele-loss patterns would suggest, a priori, that there are two targets of 
somatic alteration in colorectal tumours; that is, MCC and APC.

Secondly, the frequency of non-functional m utations in tum our cells has 
been calculated at <5 x 1 O'6 per base pair per cell generation, on the basis of 
observing two m utations in one allele of the p53 gene (w here one of the
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m utations is expected to be inconsequential; cited in Kinzler et al., 1991b). 
This figure apparently agrees with the frequency of loss or gain of restriction 
sites detected by anonymous probes in colorectal tum ours (Baker et al., 1989; 
Vogelstein et al., 1989). Somatic m utation rates for the APC and MCC  genes 
in tum our samples have been estimated at 4 x 10-5 and 6 x 10-5, respectively, 
correcting for the sensitivity of the ascertainment m ethods and  the num bers 
of nucleotides sequenced (Kinzler et al., 1991b). Thus, the  frequency of 
m utation  at the M CC locus is about an order of m agnitude above that 
expected for ’random ’ or inconsequential m utation. One w ould expect that 
such a h igh m utation rate  w ould be reflective of fixation in the donally  
expanding tum our because of a selective growth advantage.

Furtherm ore, the types of m utations so far observed at th is locus are 
suggestive of functional effects: A lthough 4 of the m utations represent 
conservative am ino acid substitutions, 2 of the m utations are predicted to 
affect either a splice donor or splice acceptor site. If m utations in the MCC 
gene w ere tru ly  inconsequen tia l, one w ou ld  expect to  observe an 
approxim ately equivalent num ber of 'silent changes'. All of those described 
affect the second base of each of the relevant codons. As Kinzler et al., (1991b), 
po in t out, "The dem onstration  of som atic m utations in such (tum our- 
specific) genes generally provides, at least initially, the m ost cogent evidence 
in  favour of their involvem ent (in tum origenesis). If a substan tia l 
proportion of such m utations turn  out to be inconsequential, the search for 
such genes will be considerably complicated". However, that such m utations 
are random  cannot be ruled out.

Kinzler et al., (1991b) and Groden et al., (1991) have proposed a two-gene 
model to encompass these observations. Comparison of short stretches of the 
two predicted gene-products has revealed heptad  repeat elem ents in both 
which have a strong potential for coiled-coil formation; such structures are 
know n to m ediate intra- and inter-protein m ultim ers. If these tw o gene- 
products w ere to interact by the form ation of hetero-dim ers, then  somatic 
m utations in one or other of these genes m ight be expected to give rise to 
similar phenotypic effects.

9.4. Future studies.

The argum ents set out above pose a critical question of the role of M CC, in 
addition to A P C , in colorectal tum origenesis. These questions m ay be
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answ ered, in part, by functional analysis of these genes in combination or 
isolation. To this end, the A1010 YAC which contains, entirely, both of these 
genes (see C hapters 5 and 8), provides an ideal tool for fu tu re  studies. 
Functional assessment of tum our suppressor genes on chromosome 5 has, so 
far, only been addressed at the level of chrom osome transfer. A lthough 
microcell m ediated transfer of chromosome 5 to colorectal tum our derived 
cell lines shows suppression of tum origenicity in athym ic nude mice with 
associated alterations in cellular morphology (Tanaka et al., 1991; Hoshino et 
al., 1991; Goyette et al., 1992), this and related m ethods can not differentiate 
which, or how m any genes, are required for the effect.

At the tim e of w riting the A1010 YAC has been ’retrofitted’ w ith  a novel 
vector (term ed pRAN4; Markie et al., in preparation) containing genes that 
confers resistance to drug selection in m am m alian cells (my ow n studies). 
This m odified YAC (A1010-pRAN4) is being transferred  to a variety  of 
colorectal cell lines w here the m utation  in the A P C  gene have been 
characterised (Dr. D. Markie, Cancer Genetics Laboratory, ICRF, and G. 
H am pton, in progress). The exact roles of both the MCC and APC genes in 
colorectal tum origenesis should then be am enable to investigation by the 
establishm ent of cell lines containing the A1010 YAC (on the assum ption that 
this YAC contains all of the appropriate cellular controlling sequences at the 
5' ends of the MCC and APC genes). Analysis of one or other of the genes in 
isolation may then be achieved either by gene-specific YAC fragmentation, for 
example at the TB2 locus, or by functional inactivation of either of the APC  or 
M CC genes by m utatgenesis using yeast in tegration  vectors containing 
sequences from the gene of interest.
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