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ABSTRACT
Myotonic dystrophy (DM) is an autosomal dominant, multisystemic disorder
characterized primarily by myotonia and progressive muscle weakness. It is the most
common inherited neuromuscular disease affecting both adults and children. DM shows
a marked variability in expression ranging from a severe congenital form, often fatal in
newborns, to an asymptomatic condition associated with normal longevity. Furthermore,
an increase in the severity of the disease with successive generations has been
suggested (termed genetic anticipation). The relative frequency, multisystemic
involvement and variable expression are features of the disease that are poorly
understood at the molecular and biochemical level. A better understanding of the disease
would be facilitated by the cloning and subsequent characterization of the DM gene.
Since there are no chromosomal aberrations or obvious biochemical abnormalities
associated with the disease, cloning of the DM locus relied upon “positional cloning"

strategies to isolate the gene based on its chromosomal location.

The cloning of the DM locus was accomplished in a three part research plan: 1)
the characterization of the DNA excision repair cross complementation (ERCC1) gene
region by genetic and physical mapping to determine the location of the DM gene relative
to this locus, 2) the undertaking of a chromosome walk from the ERCC1 region toward
the DM gene to define a minimal area that is to contain the DM locus, and 3)
characterization of the essential region containing the DM locus for CpG islands and DM

associated abnormalities.
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Previous studies employing both linkage analysis and somatic cell hybrid mapping
gstablished the order of chromosome 19 long arm markers to be: 19qcen - pai1.4 -
APQOC2 - CKM - DM - D18S51 - D19S50 - 19qter and had identified the locus for the
muscle creatine kinase gene (CKM) as the most closely linked marker to DM.
Furthermore, the ERCC1 gene had been physically mapped distal to CKM. To map the
position of ERCC1 relative to the DM locus, an informative polymorphism at or near the
ERCC1 locus was essential. A polymorphic marker, pE0.8 (D19S115), was isolated for
this purpose from a cosmid containing ERCC1 genomic sequences. Physical mapping
of this marker placed it between CKM and ERCC1, about 15 kb centromeric from the
ERCC1 locus. This marker was found to be closely linked to DM. Furthermore, a
recombinant event identified in a Dutch DM family showed pEQ.8 and an ERCC1 variable
simple sequence marker to co-segregate with more proximal markers (D19S37, APOC2)
and recombine with DM. This data clearly showed DM to be distal to ERCC1. A second
key recombinant event was identified in a French Canadian DM family that mapped the
DM locus proximal to D19851. Thus the two recombinant events that flank the DM locus
defined a segment of human chromosome 18q13.2-3 of less than 2 cM that was expected

to contain the DM gene.

Based on the data showing DM to be distal to the markers at the ERCC1 locus
and the tight linkage of D19S115 to DM it was reasoned that pED.8 would be an
appropriate start point for a chromosome walk. By using primarily ALU PCR generated

probes, a cosmid contig of approximately 350 kb was constructed from a chromosome
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19 cosmid library provided by the Human Genome Centre of the Lawrence Livermore
National Laboratory (LLNL} in Livermore, California. The results of the chromosome walk
enabled a construction of a high resolution genetic map in conjunction with a
complementary long range physical map that was used to define the DM region. The
proximal crossover event identified in a Dutch DM family was mapped to a 60 kb segment
between two markers, pKEX0.8 (D19S118) and pKBEO.8 (D19S119), making the
polymorphism at D19S5118 the closest proximal marker to DM. This result also eliminated
over 200 kb of sequence that would have otherwise had to be screened for DM candidate
genes. At the distal end of the chromosome walk, the contig could not be extended
further in a telomeric direction due to an absence of clones with adjacent sequence in the

chromosome 19 library.

To address the cloning limitations of the chromosome 19 cosmid library, a
collaborative chromosome walk was undertaken by a Dutch research team from a newly
cloned marker, pX75b (D15S112) mapping proximal to D19S51 but distal to the first DM
region cosmid contig. After cloning about 200 kb of cosmid DNA sequence no overlap
with our proximal DM cosmid contig could be found again due to the same chromosome
19 cosmid library cloning deficiency for this region. To resolve the gap between the two
cosmid contigs, sequence tagged sites (STSs) from the bcth contigs were used to screen
a Yeast Artificial Chromosome (YAC) library in a collaboration with the Human Genome
Centre at the LLNL in California. YAC clones bridging the two cosmid contigs were

isolated and cosmid libraries constructed from these clones. Ultimately, one large cosmid
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contig was established spanning a region from pE0.8 (D195115) to just short of D19551,

a distance of nearly 700 kb.

The first step in the characterization of the essential region of the cosmid contig
(the minimal region expected to contain the DM locus) was to correlate the mapping of
rare cutting endonuclease sites in the cosmids with genomic data from pulsed field
electrophoretic analysis. By proving the integrity of the cosmid contig, the cloning of the
region of 19gq13.3 which contained the DM locus was confirmed. From a broad
perspective, this enzbled a comparison of genetic and physical mapping data from a
region in excess of 1 Mb spanning the DM locus. This data demonstrated a correlation
between these two parameters oniy if marker intervals with high lod scores (over 22) are
considered. From a more specific perspective, proof of the cosmid contig integrity
permitted fine genetic and physical mapping to define the minimal region that contained
the DM locus. It is from this analysis that two DNA probes were cloned, pGB2.6 and
pGP1.5, which identified a heritable unstable DNA sequence unique to DM affected
individuals. In normal individuais these probes identified a 9 or 10 kb EcoRI fragment (8.5
and 9.5kb Hindlll fragments) but in DM patients expanded alleles from 10.5 to 16 kb were

found.

Extensive linkage analysis of the heritable unstable DNA sequence with DM was
conducted in our laboratory on DM families. In 70% of approximately 200 DM patients

increased allele sizes ranging from 10.5 to 16 kb was revealed. Evidence from three
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generation DM families showed that the increase in expansion of the allele size correlated
with an increase in the severity of ihe disease. These observations from the analysis with
pGB2.6, pGP1.5 and other DNA probes mapping to this locus (found by other members
of an international DM working group) led to the proposal that the heritable unstable DNA
sequence is the molecular basis of genetic anticipation in DM similar to an allelic

expansion which was shown to be the molecular defect in the fragile X syndrome.

Work done in our laboratory and by others have shown the DM associated allelic
expansion to be due to the amplification of a trinuclectide repeat, CTG. This repeat was
mapped to the 3" untranslated region of a gene which based on sequence homology
comparisons encodes a putative serine-threonine protein kinase. This is not unlike the
allelic expansion found in fragile X syndrome that is due to an amplification of a CGG
trinucleotide repeat mapping to the 5' untranslated region of a gene designated FMR-1.
The size of the CTG repeats ascertained in 124 normal chromosomes was found to range
from 5 to 30 with repeat numbers of 5 and 13 the most common. The repeat numbers
in DM chromosomes was found to vary from a minimum of about 50 to over 2000, Oniy
two out of 98 DM families did not show allelic expansion using Southern blot analysis or
PCR protocols to ascertain the repeat numbers. These cases either have other mutations

at or near this locus or they have another clinically similar disorder mapping elsewhere

in the genome.

In summary, it is evident from work presented in this thesis that the DM locus has been

cloned and that the DM mutation has been identified.
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Chapter I: Introduction To Myotonic Dystrophy and Molecular Genetics

Myotonic dystrophy or Dystrophia Myotonica (DM) is the most common form of
muscular dystrophy affecting adults and children with an prevalence of 1 in about 8000
individuals (Harper, 1989). The disease is a genetic disorder with an autosomal
dominant inheritance pattern. DM is distributed worldwide including all races. French
Canadians have the highest reported prevalence of DM, with frequencies of 1 in 529 in
some areas (Mathieu et al., 1990). This situation provides a unique opportunity for the

study of DM in the population of Eastern Ontario and Western Quebec.

Clinical features of DM

The clinical definition of DM is very heterogenous and involves many
combinations of features reflecting the multi-systemic nature of the disease (reviewed
by Harper, 1989). A characteristic DM feature is myotonia, an electrophysiological
disturbance resulting in delayed muscle relaxation. Furthermore, patients can display
muscle weakness, typically involving the muscles of the face, jaw, neck, arms and
legs. Smooth as well as voluntary muscles are involved with these symptoms.
Myotonia can be elicited in almost every patient and is diagnosed through physical
examination and by electromyography (EMG). The repetitive myotonic potentials

detected by EMG vary in frequency and amplitude before eventual decline to produce



a characteristic "dive bomber" response most evident on auditory recordings. DM
patients can also show the complete pattern of muscle weakness and wasting. Other
reported complications of this disease include cardiac conduction disturbances,
cataracts, retinal degeneration, premature balding, abnormal carbohydrate
metabolism, gonadal atrophy, infertility and mental impairment. This multi-systemic

nature of the disease suggests that the DM gene is expressed in a variety of tissues.

There are two distinct clinical forms of DM expression, an adult onset and a
congenital form. Early studies of patients with myotonia resulted in confusion between
two diseases, Thomsen's disease or myotonia congenita and Curschmann-Steinert or
Dystrophia Myotonica (reviewed by Harper, 1989). Initially, it was thought that DM
could not occur during infancy. Thus the congenital form of DM was thought to be a
type of Thomsen's disease. Genetic data from generations of DM-affected families led

to the discovery of the severe congenital DM.

The clinical presentation of congenital DM differs significantly from adult-onset DM
with distinguishing features of congenital DM that are dramatic and often fatal,
Affected newborns are extremely weak, have difficulty sucking and swallowing, and
usually have severe respiratory problems. If the patient survives, there is a teri.'ency
to improve during childhood, followed by a gradual deterioration during adolescence
with eventual manifestations characteristic of the adult-onset form. The early absence

of myotonia and other features in the congenital-onset form of DM is notable in



comparison to the adult form of DM. Furthermore maternal transmission of the DM

gene is a prerequisite of congenital DM. Influence of the transmitting parent's sex is
not completely understood. The involvement of imprinting or some other epigenetic
phenomena has been suggested (Hall, 1990) while others have postulated the

presence of a maternal intrauterine toxic factor (Koch et al., 1991).

Variability in the expressicn of DM ranges from the severe congenital form to an
asymptematic condition associated with normal longevity. Furthermore, in the adult-
onset form of DM, there appears to be an increase in the severity of the disease in
successive generations. Whether this observation is due to bias in case selection
(Penrose et al., 1948) or there exists a biological phenomenon of genetic anticipation

(Howeler et al., 1989) has been a point of controversy,

The relative frequency, the multisystem involvement, the two distinct presentations
of DM (adult-onset and congenital-onset), the influence of sex of the transmitting
parent and genetic anticipation are all features of DM that are poorly understood at the
molecular and biochemical level (Hall, 1990). The discovery of the DM gene would
permit study of the biological process of the disease, increase accuracy of prenatal
diagnosis and could fulfil a prerequisite to improved patient care. Unfortunately, there
are no known chromosomal aberrations or obvious biochemical abnormaiities
associated with DM. Consequently, discovery of the gene relies upon "positional

cloning', that is, isolation of the gene based on its chromosomal location. Application
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of this approach has been most notably successful in the identification and isolation rf
the gene involved in cystic fibrosis (Kerem et al., 1989; Riordan et al., 1989; Rommens

et al., 1989).

Positional cloning

The sirategy of positional cloning relative to finding the DM gene involves a
number of essential resources. The construction of a high resolution genetic map, the
generation of & complementary long range physical map and, the identification of
flanking markers tightly linked to the disease gene, collectively comprise these

essential resources.

1. Genetic Mapning

it two polymorphic markers are consistently passed on together (cosegregate),
then they are said to be genetically linked. If linkage between two markers is
demonstrated then it can ke stated that they are located on the same chromosome.
The higher the degree of cosegregation (e.g. the greater the degree of linkage
observed) between two markers, the smaller the genetic distance between them. In
the case of this thesis genetic linkage between several human chromosome 19q13.3

RFLP's and the DM phenotype is presented.

It is assumed in iinkage analysis that crossing over between two homologous

chromosomes during meiosis occurs randomly over the length of a chromosome such
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that there is a greater chance of recombination between two logi the further apart they

are. The probability of a recombination occurring is called the recombinant fraction
and is usually denoted by the Greek letter theta, 8. The range of & extends from & =
0, when two loci are completely linked, to & = 0.5, when two loci are far apart and are

unlinked.

The direct measure of 8, when the genotype of all family members is known, can
also be obtained simply as the proportion of children with a recombinant gamete,
however the maximum likelihood approach can be used to obtain an estimate of e.
The dual advantage of a statistical analysis is that it permits families in which the
genotype may not be clear in all individuals to be still used to provide some
information and it also provides a means to calculate a confidence interval for a given
8. A probability of observing a recombinant gamete, 8, or a nonrecombinant gamete,
1-8, can be combined to give the total prabability or likelihood of observing this family
given by L(e) = ce (1-8), where the factor, ¢, depends on the gene frequencies of the
alleles. By using regression analysis, with possible values of & as maximum likelihood
estimators, the most accurate estimate of e is attained when L(e) is at a maximum.
The larger the sample size the narrower the confidence interval for a given . This is
ascertained by calculating the lod score. By using the odds ratio of L(8)/L(1/2), the
likelihood of observed recombination versus the likelihood of no recombination, and
converting this to a logarithm, Z(max) = log, [L(8)/L(1/2)), a lod score can be

obtained for a range of possible o values. In this manner, the value for L(e) does not
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have to be determined to get the maximum likelihood estimation of @. The lod scores
from many families can be collectively compared with the highest pooled lod score
pointing to the best estimate of e, The difficulty of calculating the maximum likelihood
estimation of & and the lod score manually has been eliminated by the availability of

computer programs for linkage analysis (Ott, 1985).

A principle concern in linkage analysis is to map the genetic distance between two
loci and determine the order of loci on a chromosome. The value of e provides an
estimate of genetic distance. One centiMorgen represents a @ = 0.01 or a 1% chance
of recombination between two genetic markers. Although inaccurate due to variation
in recombination frequency for different parts of the genome, one centimorgen is
suggested to be the equivalent distance of about one million base pairs. Comparison
of the value of & between sets of different markers provides evidence for the loci order
on a chromosome. Instead of two point & comparisons, it can be more efficient to
take a multipoint linkage analysis approach when there is a high density of genetic
markers (Lathrop et al., 1985). Three point linkage analysis predicts the order of logi
by maximizing likelihoods for recombination over portions of the genome. The strength
of the predicted order is shown by the likelihood ratio test of L(x)/L(=), the map
position versus an infinite or alternative location in the genome. Linkage analysis, for
the purpose of mapping genetic distance and for loci order estimation, can be

accomplished with either DNA or protein polymorphisms.



The first polymorphism reported to be linked to a human disease was the
Lutheran and A,B,H secretor blood group markers to DM (Mohr, 1954; Greenwalt,
1961; Renwick et al., 1971; Harper et al., 1972). Genetic distance between secretor
and Lutheran was estimated at e = 0.15 (Znax = 18.4), between secretor and DM, e
= 0.05 (£ o = 2.37), and between DM and Lutheran, & = 0.10 (Zmax = 1.8). The
linkage group was further extended with C3, the third complement component
(Weitkamp et al., 1974; Eiberg et al., 1983). By using a monoclonal antibody to C3,
which specifically identified somatic cell hybrids expressing C3 from their human
chromosome 19 component, the linkage group was assigned to chromosome 19
(Whitehead et al., 1982) thereby indirectly mapping the DM locus. Peptidase D,
another blood group marker found linked to DM (Cook et al., 1972) was mapped to
chromosome 19 (McAlpine, 1976). ApoE was added to this linkage group (Olaisen et
al., 1982 and Gedde-Dahl et al., 1984), Thereafter, other significant genetic markers

linked to DM were DNA markers.

The frequency of nucleotide variants in the human genome is sufficiently high to
generate polymorphisms for a sufficient number of genetic loci to permit construction
of a human gene map (reviewed by Robann, 1988). There are several approaches to
detect these polymorphisms. The most familiar method involves hybridization with
unique sequence probes which can detect DNA variation in the length of
endonuclease restriction fragments. This class of genetic marker is referred to as a

restriction fragment length polymorphism (RFLP).
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The number of reported RFLP's increases substantially each year. However, the
nature of these RFLP's is not as diverse as one might expect. There are only six
endonucleases (Taql, Mspl, Eco RI, Hindlll, Psti and Bglll) accounting for 69% of the
3370 RFLP's reported at the tenth Human Gene Mapping (HGM10) conference (Kidd
et al., 1989). Taql and Mspl alone detect 40% of these RFLP's. A possible explanation
for the high proportion of Tag! and Mspl RFLP's is that the recognition site of both
enzymes include the CpG dinucleotide which may be preferentially methylated.
Methylation in turn facilitates the mutation of C to T by deamination (Vogel, 1990)
resulting in an RFLP. Many RFLP's have been found for finkage analysis study with

DM.

The DM linage shown by protein polymorphisms characterized in the C3 gene
product was also evident for the RFLP's detected by the C3 cDNA used as a
hybridization probe (Davies et al., 1983). In contrast to the mapping approach of the
C3 gene, the gene for apolipoprotein C2 (APOC2) was mapped directly to
chromosome 19 by DNA in situ hybridization (Hulsebos et al., 1985). A cluster of
three apolipoprotein genes have been iocalized to a 55 kb region on the long arm of
chromosome 19 (Myklebost and Rogne, 1988; Smit et al., 1888a). This region has
yielded several RFLP's (Humphries et al., 1983; Wallis et al., 1984; Appleby et al.,
1886; Korneluk et al., 1887) which have mapped the APOC2 locus to within 2-3
centiMorgans of the DM locus (8 = 0.02 - 0.03, zmax > 90; Shaw et al., 1985).

Linkage disequilibrium detected between APOC2 and DM for the French Canadian
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population suggests the presence of a founder effect (MacKenzie et al., 1989). This

observation was in agreement with an earlier report on linkage disequilibrium with DM

involving the apolipoprotein € locus in this population (Laberge et al., 1985).

Linkage disequilibrium and haplotype analysis are routinely used for fine genetic
mapping. The frequency of genotype combinations between two polymorphic loci is
generally a function of gene frequency (linkage equilibrium). When two polymorphic
loci are close together this independence between genotypes is diminished. Thus a
linkage disequilibrium is evident in haplotypes for polymorphic loci that are closely
linked. In the case of RFLP's linked to DM, linkage disequilibrium manifests itself by
showing a deviation in the prevalence of haplotypes for markers near the DM locus.
For example, when linkage disequilibrium with DM is detected at a polymorphic locus it
suggests a close proximity to the DM locus. Linkage disequilibrium is calculated by
using standard chi-squared formulae or variations thereof resulting in the calculation of

a standardized disequilibrium constant (Hill and Robertson, 1968).

RFLP's at the locus for the creatine kinase subunit M gene (CKM), were found to
be linked to DM (Brunner et al., 1989). This gene was assigned to 19q13.2-13.3 near
APQC2 (Nigro et al., 1987; Schonk et al,, 1989). The genetic distance between the
CKM locus and the DM locus was suggested to be approximately onge centimorgen (e
= 0.01, Z,, = 21.76, Korneluk et al., 1989b). Numerous other RFLP’s from

anonymous loci have also been used for linkage analysis including p17.1 or D19S8
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(Shaw et al., 1986) and pJSB11 or D19516 (Schepens et al., 1987). The D (derivative)

number designation represents the locus from which the clone was derived.

RFLP’s often fail to be informative in linkage analysis due to a limitation in
polymorphic information content (PIC). PIC values can be calculated for a given
marker (Botstein et al., 1980) and represent the probability that a given offspring of a
random mating between a carrier of a rare dominant gene and a noncarrier is
informative for linkage between the locus of the dominant gene and the marker. The
value of PIC depends on the number and frequency of alleles detected at that locus.
One class of RFLP's, that detect size changes between two endonuclease sites due to
the presence of a variable number of tandem sequence repeats (VNTR's, Nakamura et
al., 1987, Jefferies et al., 1985), can provide a very high PIC. These are stretches of
tandem repeats (9-64 bp) that vary in size by the number of repeats present.
Depending on prehybridization and hybridization conditions these RFLP’s detect either
a single locus or multiple loci (Shutler et al., 1988). DNA fingerprinting is using such
markers under conditions of low stringency (Gill et al., 1985) while DNA typing is using
such markers under conditions of high stringency (Nakamura et al., 1987). The use of
VNTR's in genetic linkage is limited by a nonrandom chromosoma! distribution (Royle
et al., 1988, Inglehearn and Cooke, 19980). One such marker, PEWRB1 (D19S50)
showed linkage to DM but was found to be some distance on the distal side, giving an

estimated 9% recombination with DM (Korneluk et al., 1988). Another VNTR marker,
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PEFD4.2 (D19S22; Nakamura et al., 1988a, 1988b) is situated even further distal to DM

than pEWRB1 (Korneluk et al., 1989b).

Other classes of variable length markers range from the large centromere repeats
(Willard et al., 1986) to those with small repeat units of one to four (Litt and Luty, 1989;
Tautz, 1989; Weber and May, 1989). It is estimated that for (GT), repeats alone over
50,000 copies per haploid genome are present (Hamada et al., 1982). Contrary to the
larger VNTR repeats there is yet no evidence for nonrandom distribution (Stallings et
al., 1891). The variable simple sequence motifs (VSSM's) can be detected by
polymerase chain reaction (PCR) ampilification of a unique sequence of DNA flanking
the repeat using a radioactive end labelled primer (Saiki et al., 1985). The product is
analyzed by polyacrylamide gel electrophoresis and visualized by autoradiography.
One of the first applications of inis class of markers to linkage analysis was for DM
(Smeets et al., 1989). A highly informative (TG}),(CA), motif was identified in the
APOC2 gene. Two key VSSM's, one in the ninth intron of the DNA excision repair
gene, ERCC1 (Smeets et al., 1931) and at the locus for the anonymous marker, pX75
(Jansen et al., 1992), permitted powerful execution of linkage analysis in the DM

region.

in the absence of RFLP’s and variable repeat polymorphisms, variation in DNA
sequence for genetic mapping can still be identified by several alternative approaches.

Within a DNA region that has been well characterized, single base pair changes can
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be detected by the use of allele specific oligonucleotides (ASQ's) in combination with
PCR amplification. Under appropriate conditions a mismatch of the primer's 3’
nuclectide with the template DNA will not permit amplification to occur. Alternatively, a
DNA segment can be PCR ampilified and ASO's radioactively labelled for use in a dot
blot assay system. ASO polymorphisms were found during characterization of the
APOC2 (Smeets et al., 1988) and CKM (Bailly et al., 1991) genes. Thare are several
other approaches that can be applied to detect single basepair variation not occurring
in an endonuclease recognition site. One approach is to use denaturing gradient
polyacrylamide gel electrophoresis to detect changes in DNA melting temperature
caused by single base substitution (Lerman et al., 1983). Other techniques include
detecting heteroduplex formation in PCR products (Surh et al., 1991) and single strand

DNA conformation polymorphisms (SSCP's; Orita et al., 1989).

The use of RFLP’s in linkage analysis is technologically straightforward and
provides sufficient information to genetically map a particular chromosome region
containing the disease locus. VSSM's and methods to detect DNA mutation not
containing an endonuclease restriction site can also be used for fine resolution genetic
mapping and mutation analysis of candidate genes. Complementary to construction of
a genetic map, another key resource required for the positional cloning of the DM

locus is a long range physical map of the DM region.
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2. Physical Mapping

The oldest method for physical mapping is the localization of a cloned gene to a
chromosome by in situ hybridization (reviewed by Buckle and Craig, 1986). The
localization of APOC2 on the long arm of chromosome 19 by in situ hybridization
(Hulsebos et al., 1985a) in combination with the close genetic linkage to DM detected
at this locus (Shaw et al., 1985) indicated the potential diagnostic value of this marker.
This mapping result was further complemented by hybridization to a panel of somatic
cell hybrids containing various segments of chromosome 19 (Hulsebos et al., 1985b;
Lusis et al., 1985, Schonk et al., 1989). Depending on the human chromosome
content of a somatic cell hybrid panel, each cell line contains a particular segment of
the mapping target chromosome region. Hybridization of a unique sequence DNA
probe to such a somatic cell hybrid panel, on dot biots or Southern blots, physically
maps that DNA sequence to a particular chromosome region. In this manner two
genetic loci could thus be shown to be physically finked on the same chromosome

segment.

Somatic cell hybrids are derived by fusing together human and rodent cells.
Continuous passage of these cells in culture results in the loss of much of the human
chromosome content. Particular cell lines can be selected to form a somatic cell
hybrid panel for specific chromosomes and chromosome segments as was done in
the physical mapping of the DM region (Brook et al., 1886). To obtain a higher

resolution of physical mapping, somatic cell hybrids can be constructed using
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cytogenetically identified translocation chromosomes (Schonk et al., 1989; Brook et al.,
1991; Korneluk et al., 1989). Increased resolution can be obtained by fusing lethally
irradiated somatic cell hybrids with rodent cells resulting in a reduction of the human

DNA segment (Benham et al., 1989; Schonk et al., 1989).

The chromosomal breakpoint junction in reciprocal translocations can serve as
important genetic and physical landmarks. The somatic cell hybrid, B-9, was
generated from lymphocytes containing a chromosome 14:19 translocation associated
with chronic lymphocytic leukaemia (CLL). This breakpoint involves the immunoglobin
heavy chain locus at 14g32 and the q13.1 band of chromosome 19 (McKeithan et al,,
1987). By karyotype analysis the B-9 hybrid was found to contain a t(14;19)(14pter-
q32;19q13.1-qter) chromosome. The DNA probe pa1.4, cloned from the 14:19
breakpoint region, detecied an RFLP closely linked to DM (e = 0.03, Z,, = 10.44;
Korneluk et al., 1988b). This marker was mapped by a somatic_cell hybrid panel to
19912-19q13.2 consistent with the karyotype analysis of B-9 (Korneluk et al., 1989a).
Other genetic markers linked to DM were also found to hybridize to the B-9 hybrid cell
line. This result made the pa1.4 (D19S37) translocation breakpoint locus a key
physical landmark as it showed the DM locus and linked markers to be distal to pa1.4

along the long arm of chromosome 19.

The resolution of physical mapping provided by hybridization to somatic cell

hybrids is complemented by restriction mapping with rare cutting endonucleases
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utilizing pulsed field gel electrophoresis separation technology. Restriction enzymes

that cut genomic DNA infrequently generally have six or eight basepair recognition
sequences. Most of these rare cutters have one or twa CpG's in their recognition
sequence that are relatively rare and frequently methylated. The length of the resulting
restriction fragments thus depends upon the frequency of the CpG dinucleotide and
it's methylation status along the chromosome. Commonly employed methods of gel
electrophoresis permit resolution of DNA restriction fragments to less than 50 kb
(Sambrook et al., 1989). The introduction of the concept to use two alternating
electric fields to separate large DNA fragments (50 to 2000 kb) opened the possibility
of long range restriction mapping (Schwartz and Cantor, 1984). This separation

technology was referred to as pulsed field gel (PFG) electrophoresis.

Early endeavours with PFG electrophoresis using nonhomogeneous electric fields
featured problems with gel distortions due to velocity differences of DNA molecules
with respect to gel position that caused extensive diffusion. It was thought that this
type of electric field was necessary to turn the entire DNA molecule in new directions
as it migrated through the gel instead of merely alternating the leading and trailing
ends of the molecule with homogeneous electric fields (Southern et al., 1987).
Application of the principles of electrostatics in using a hexagonal array of electrodes
to generate homogeneous electric fields eliminated the nonuniform mobilities (Chu et
al., 1986). The contour clamped homogeneous electric field (CHEF) system uses two

alternating electric fields at a fixed reorientation angle (Chu et al., 1986) to provide
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undistoried separation. The programable, autonomously controlied electrode gel
electrophoresis (PACE) system is a more sophisticated version of this system with
more electrodes and computer contrcied settings (Clark et al., 1988). This separation

technology permits accurate sizing of large DNA restriction fragments.

The size of restriction fragments resulting from a rare cutting endonuclease
depends upon the methylation status and frequency of the CpG dinucleotide along the
chromosome in a given region. The cleavage sites for these endonucieases ofien
cluster at the 5’ end of actively transcribed genes (Lindsay and Bird, 1986).
Approximately 74% of Eagl, Sacll and BssHI! sites were found to be associated in
these CpG islands. Therefore, mapping the concentration of these endonucleases
which contain CpG in their recognition sites, could lead to the identification of gene

associated regions.

Rare cutting endonucleases restrict DNA into large restriction fragments and when
combined with separation by PFG electrophoresis, provide a means to show physical
linkage between two cloned genetic loci. In this manner the APOC1, APOC2 and
APOE gene cluster was shown to be within 200 kb of pa1.4, the CLL translocation
breakpoint (Shaw et al., 1889). Despite the mapping of a 1300 kb region spanning the
APOC?2 locus, the CKM gene could not be physically linked with the apolipoprotein
gene cluster. Physical mapping by PFG electrophoresis provides approximate

distance estimates between the genetic loci of linked markers. This type of analysis in
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turn complements the physical linkage of genetic markers by cloning strategies such
as chromosome walking. The correlation of distance between rare cutting restriction
endonuclease sites used as landmarks in cloned and genomic sequence verifies the

integrity of a chromosome walk contig.

A chromosome walk involves the systematic isolation of overlapping segments of
contiguous DNA (reviewed by Spoerel and Kafatos, 1987). Genomic libraries are
screened with a unique sequence probe isolated from the end of the starting genomic
clone, leading to the isolation of clones which to varying degrees, extend into the
adjacent region. These new clones are used in turn to isolate clones which extend the
region further still. A genomic library is a cloned collection of endonuciease restriction
fragments, normally severa! fold redundant, that include all the DNA sequences of a
given genome or a specific portion of that genome amplified in an appropriate cloning
vector. Construction of a cloned contig, that is, the cloning of adjacent sequences
which span two genetic loci complements genetic and physical mapping in the
positional cloning of a disease gene. This approach is very labour intensive due to the
amount of cloning, restriction mapping and hybridization involved. It becomes feasible
only if the genomic library from where the clonas are selected contain large stable
inserts (e.g. cosmids and YACs) or the distance to be cloned is relatively small (under

100 kb).
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The selection of a probe for a chromosome walk step usually involves the
mapping and cloning of a unique sequence restriction fragment. This process is
dependent upon the distributions of restriction endonuclease sites and unique
sequence DNA. Alternatively, probes can be selected by using the polymerase chain
reaction with primers derived from the conserved regions of ALU repeat sequence
(Karya et al., 1987) to amplify unique sequence inter-ALU regions (de Jong et al.,
1987). ALU repeats consist of two monomers forming a unit of about 300 bp that is
found on average every 4-7 kb randomly throughout the human genome. When two
ALU repeats are in opposite orientation and a sufficient distance apart, the inter-ALU
sequence will be amplified by PCR with one of the conserved ALU primers. Insert end
fragments to use for probes can also be generated when ALU primers are used in

conjunction with primers to vector sequence flanking the insertion site.

A unique sequence probe generated from chromosome walking or other ¢loning
strategies can be used as a Sequence Tagged Site (STS). By determining the
sequence of such a DNA probe, primers can be designed for it's PCR amplification.
This segment of DNA thus becomes a landmark site identified by PCR analysis for
mapping in the human genome project and can be used to screen human genomic

libraries.

Another cloning approach to long range cloning as an alternative to chromosome

walking, is the combined application of chromosome jumping and linking libraries. in
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chromosome jumping library construction a partial digestion with a moderately
frequent cutting endonuclease, such as Bam Hl (Collins et al., 1987) or complete
digestion with a rare cutting endonuclease, such as Notl (Poustka and Lehrach, 1987)
generates large fragments. Partial digestion fragments are size selected by
preparative PFG electrophoresis. These restriction fragments are ligated to a plasmid
selectable marker (e.g. supF, tRNA amber suppressor gene), then completely digested
with a frequent cutting endonuclease (e.g. Eco RI} and ligated into a lambda phage
with a complementary selectable marker (eg. amber mutated), packaged and
amplified. In the construction of finking libraries, a partial digestion with a frequent
cutting endonuclease and ligation to a selectable marker is followed by complete
digestion with a rare cutting endonuclease prior to the lambda phage ligation (Poustka
et al., 1987). Selection of a jumping library clone provides the spliced ligation product
from a several hundreds kb sized restriction fragment with only both the distal and
proximal ends present. Physical linkage between the two loci at the opposite ends of
the large restriction fragment is thus demonstrated in this manner. Furthermore, a
jump clone from an infrequent cutting endonuclease chromosome jumping library can
be used to select a linking library clone which provides the sequence adjacent to the
ligated restriction fragment end that can then be used to select the next jumping library
clone. Alternatively, two jumping libraries, prepared with digests from different sets of
endonucleases, can be used to select overlapping clones by alternating between
libraries (Spoerel and Kafatos, 1987). A general human chromosome jumping library

complemented by chromosome walking libraries were used in the Cystic Fibrosis (CF)
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positional cloning endeavour (Collins et al., 1987, Rommens et al., 1989). The
limitations of library vector insert size are not a factor in chromosome jumping library
approach, however there is a danger of cloning artifacts (e.g. a clone that is a

chimeric product).

There are other potential problems with genomic libraries. Since adjacent cloned
sequences are selected by hybridization, there is a great risk of selecting a clone
which is not part of the contig due to cross-hybridization with related sequence
elsewhere in the genome. Furthermore, failure to find the adjacent sequence may be
due to one region of the genome being under-represented in the library. To minimize

these risks, genomic libraries can be constructed from individual chromosomes.

Chromosome specific libraries can be generated from a hybrid cell line which
contains a single human chromosome. The resultant library wo_uld however, contain a
high proportion of genomic clones of rodent origin. This rodent background can be
substaritially reduced by fiow sorting the hybrid cell line chromosomes thereby
enriching foi the hurnan chromosomes in question. Such libraries have been
generated by the Lawrence Livermore National Laboratory (LLNL) in Livermore,
California for the Human Genome Mapping (HGM) project (Fuscoe et al., 1987; Van
Dilla et al., 1986). Fluorescently stained chromosomes (using a Hoechst dye) are
separated, according to chromosome type, by passing through charged deflection

plates in successive runs. The degree of deflection for the human chromosome is
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sufficient for separation with a 5% to 50% range of efficiency. After partial restriction

enzyme digestion and size selection, the fragments are ligated into a linearized cosmid
vector, packaged and amplified by standard procedures. The first chromosome
specific cosmid library to be generated in this manner for the HGM project was
chromosome 19 (de Jong et al., 1989). This HGM library, constructed to provide an
eight fold redundancy of chromosome 19, became a valuable resource for identifying
the DM locus on chromosome 19 by the positional cloning approach. An average
insert size in this type of library is about 40 kb. Larger clones can be obtained by

constructing a library using a yeast artificial chromosome (YAC) vector.

Early genomic libraries were limited to bacterial plasmids or phages as cloning
vehicles that restricted the size of cloned insert to under 20 kb. The development of
cosmids (reviewed by Evans and Wahl, 1987), the cloning of large cosmid contigs, the
development of yeast vectors (Burke et al., 1987) and cloning with yeast artificial
chromosomes (YACs) permitted isolation of large contiguous segments of DNA. The
propagation of large DNA fragments with YAC vectors in yeast is therefore another
approach to attain physical linkage. Furthermore, it has been suggested that YAC
genomic libraries contain sequences poorly represented in cosmid library banks
(Coulson et al., 1988). The YAC technique involves the ligation of large (50-1C00 kb)
genomic fragments into a vector that provides centromeric, telomeric and selective
functions. The constructs are introduced into Saccharomyces cerevisiae and replicate

in the same manner as the yeast cliromosomes (reviewed by Schlessinger, 1990).
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YAC clones are selected, arrayed in 96 well microtiter plates and propagated. The
linking of genetic markers by YAC clones is accomplished by PCR based screening
and selection strategies. Once two markers are spanned by YAC clones, a YAC

derived cosmid library can be constructed for further experimentation.

To ensure that YAC clones actually represent physical linkage between two
genetic loci, they must be tested for deletions and rearrangements. This can be done
by mapping the distance between cloned rare cutting endonuclease sites compared to
the genomic result obtained by PFG electrophoresis. A cosmid library derived from
the linking YAC’s permits construction of a cosmid contig. Mapping of the rare cutting
endonuclease sites and identification of unique sequence probes for mapping by PFG
electrophoresis can then be accomplished by characterizing the cosmid contig. If no
deletions or rearrangements are evident in the physical linkage of two cloned genetic

markers, then the genetic and physical distance estimates can be correlated.

Genetic mapping of a disease locus such as DM can be done directly. However,
physical mapping of the disease locus can only be indirectly determined by physical
mapping of cloned markers showing genetic linkage to DM. To obtain higher
resolution genetic and physical mapping of the disease locus the study of single
recombination events and the identification of flanking genetic markers are required.
The physical mapping of flanking markers that identify single recombinant events

physically defines the minimurn region expected to contain the disease gene.
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3. Genetic Markers and Recombinant Events Flanking the DM Locus.

By combining both genetic and physical linkage data, a disease locus such as DM
can be assigned to a specific chromosome interval. The DM locus was indirectly
mapped to chromosome 18 by the observed genetic linkage to a number of markers
(ABH secretor/Lutheran, Renwick et al., 1971, C3, Eiberg et al., 1983) from which one,
C3, was physically mapped to chromosome 19 (Whitehead et al., 1982).
Subsequently, close linkage between APOC2 and DM was reported (Shaw et al.,
1985). The DM locus was indirectly assigned to the chromosome 19 interval, 19cen-
19q13.2, based on the physical mapping of the APOC2 gene (Hulsebos et al., 19854,
1985b; Lusis et al.,, 1885). Physical mapping of numerous DM linked markers, based
on an extensive somatic cell hybrid mapping panel (Schonk et al., 1989), supported

the genetic linkage data assigning the DM locus to the chromosome 19cen-19q13.2

interval,

Further resolution in the genetic mapping of the DM locus within the chromosome
19, 1Scen-19q13.2, interval was made possible by extensive linkage analysis {Korneluk
et al., 1989b), with seven DM linked markers, of a large number of DM families (53
families comprised of 421 individuals). Analysis of recombinant events in this study

identified markers flanking the DM locus. The most likely order of the chromosome 19
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markers was determined by multipoint linkage analysis. This, in combination with the
somatic cell hybrid panel mapping result, showed the following linkage group

orientation:

19cen-p17.1-pJSB11-pat1.4-APOC2-CKM-DM-pEWRB1-pEFD4.2-19qter.

The nearest proximal marker to the DM locus by genetic linkage analysis, was
estimated to be substantially closer to the DM locus (CKM; e = 0.01, 2max = 21.78,
Korneluk et al., 1983b) than the nearest distal marker (pEWRB1; @ = 0.09, Zmax =
15.45, Korneluk et al., 1988b). The DM locus, therefore, was found to lie in the interval

between APOC2/CKM and pEWRB1.

Mapping and identification of flanking markers to the DM locus localized the
essential region expected to contain the DM gene to a genetic distance of 10 cM.
Further progress in the positional cloning of the DM gene depended on the
identification of genetic markers which mapped to this region. These genetic markers
could then used to find and map at least two closely flanking recombinant events.
The crossover points of these recombination events thus could serve as genetic and
physical landmarks defining the proximal and distal boundaries of the essential region
expected io cciitain the DM gene. The recent mapping of the DNA excision repair

(ERCC1) gene distal to the CKM gene (Bachinski et al., 1989; Mohrenweiser et al.,
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1989; Smeets et al., 1990) thus provided an appropriate locus to search for a genetic

marker(s) linked to DM.

Summary of objectives

Identification of the myotonic dystrophy gene would permit study of the biclogical
process of the disease, increase the accuracy of prenatal diagnosis and could fulfil a
prerequisite to improved patient care. The major objective of this thesis was to use
cloning combined with genetic and physical mapping to identify the minimal region that

contained the DM gene. A three part research plan was developed as follows:

1. characterize the ERCC1 region by genetic and physical mapping to determine the
location of the DM gene relative to this locus.

2. Initiate a chromosome walk from the ERCC1 region toward the DM gene enabling
further study of genetic and physical linkage with the disease locus.

3. Characterize the essential region containing the DM locus for CpG islands and DM

associated abnormalities.

There are no known chromosomal aberrations or obvious biochemical
abnormaliities associated with DM. Consequently, discovery of the gene by a planned
molecular genetics approach relies upon positional cloning, that is, isolation of the

gene based on its chromosomal location.
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The first part of the plan was to screen cosmids known to contain the ERCC1
gene for an RFLP with a high PIC. From about 50 kb of overlapping cosmid clones,
an BOO bp unique sequence was found, pEN.8 (D19S115), which identified a useful
RFLP. Once identified and subcloned, this marker was then physicailly mapped
relative to the ERCC1 and CKM genes by PFG electrophoresis. Linkage analysis of a
Dutch DM family with pEQ.8 identified a key recombinant event (Smeets et al., 1990b)
that mapped the DM locus relative to the ERCC1 gene. This recombinant event
provided a proximal boundary for the essential DM region. Furthermore, the close
linkage of pE0.8 to DM confirmed the feasibility of a chromosome walk approach to

cloning the DM gene region. The work is described in Chapter lll.

Part two of the plan was to initiate cloning of the essential region expected to
contain the DM locus by a chromosome walk approach using cosmids. This involved
the preparation of cosmid pools and lifts from a chromosome 18 specific cosmid
library at the LLNL in California. A novel ALU PCR approach for selection of
overlapping clones was applied in the chromosome walk. The newly cloned markers
from the chromosome walk generated new physical and genetic mapping information.
This work is presented in Chapter IV. A second key recombinant event was identified
in a French Canadian DM family (Tsilfidis et al., 1991a) resulting in the definition of the
distal boundary of the essential DM region. Combining the chromosome walk of the
region proximal to the DM locus (Shutler et al., 1992) with efforts from collaborators

involving a chromosome walk of the region distal to the DM locus (Jansen et al., 1992)
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and overlap cloning with YAC's resulted in the cloning of the entire DM region

(Aslanidis et al., 1992).

Part three of the plan involved the characterization of the DM region cloned from
the long range cloning endeavours. This included an RFLP search, physical mapping
and the mapping of CpG islands in the essential region containing the DM locus to
complement characterization of genes identified in the area. The CpG islands were
also tested for DM-associated abnormal methylation. In collaboration with others, two
DNA probes | cloned from the essential DM region, PGB2.6 and PGP1.4, identified an
RFLP which led to the discovery of the genetic basis for DM (Aslanidis et al., 1932)

and the cloning of the DM gene (Mahadevan et al., 1992).
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Chapter II: General Materials and Methods

1. Method of Chromosome Walking

A focus of the Human Genome Mapping (HGM) project, at the Lawrence
Livermore National Laboratory (LLNL) in California, was to generate chromosome
specific genomic libraries from flow sorted human chromosome 19. Two such libraries
were made and used in this study to isolate DM region clones. One consists of
Lawrist 5 cosmid clones (LL19NCO1, de Jong et al., 1989) and the other consists of
charon 40 phage (LL19NLO1, Yokobata et al., 1992). Unigue sequence chromosome
walk probes were used to identify DM region phage during the start of the
chromosome walk to test for any major rearrangements or to determine if any cloning
artifacts were encountered with the cosmids selected to that point. 1hs phage library
was again used when no further cosmids could be found at the end of the oroximal
chromosome walk. Except for the earliest and last chromosome walk steps, the

cosmid library was exclusively employed in this study.

The chromosome 19 cosmid library consists of 10,386 clones arrayed in 108
microtitre plates. Cosmid colony filters were prepared on nylon membranes (Hybond,
Amersham) by using a 96 prong stamp. The membranes were then placed on top of
LB agar media to permit growth of colonies. Standard procedures were then used to

prepare these membranes for hybridization as recommended by the manufacturer,
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Preparations of DNA were made from each microtitre plate using cultured pools of 96
cosmids. The DNA from each plate was digested with Eco R, run on a 1% agarose

gel and transferred to nylon membranes.

A chromosome walk step, shown in figure 2-1, consists of screening by
hybridization with a unique sequence probe to the cosmid poo! membranes which
identifies a particular microtitre plate. The individual cosmid clones are then identified
by further hybridization to the indicated colony membranes. These selected cosmids

can then be propagated and characterized for the next chromosome walk step.

2. PCR amplification of cosmid DNA

Unique sequence hybridization probes were generated from cosmids, as shown in
figure 2-2, by the polymerase chain reaction (PCR, Saiki et al., 1988) using primers
derived from conserved regions of ALU repeat sequence (Karya et al., 1987). The
ALU primers used were:

PDJ33 (5'-GCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCA-3'Y);

PDJ34 (5'-TGAGCCGAGATCGCGCCACTGCACTCCAGCCTGGG-3');
and their truncated versions,

ALUS3 (5’-CTGGGATTACAGGCGTGAGCCA-3");

ALU34 (5’-CGCCACTGCACTCCAGCCTGGG-3).
Inter ALU products are generated if the repeats are within a sufficient distance and

opposite orientation of each other (Fig. 2-2). End fragments were generated from
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Figure 2-1: Strategy for screening the chromosome 19 cosmid library. The
chromosome 19 cosmid library consists of 10,386 clones arrayed in 108 microtitre
plates. Preparations of DNA were made from each plate. These pools of DNA were
digested with Eco RI, electrophoretically separated and transferred to nylon
membrane. Cosmid colony filters were prepared on nylon membranes by using a 96
prong stamp and placed on LB media to permit growth of colonies. The DNA on
these membranes was then fixed for hybridization. A chromosome walk step
consisted of screening by hybridization with a unique sequence probe to the cosmid
pool membranes to identify specific microtitre plates, for example #6 and #11. The
newly identitied individual cosmids were selected by further hybridization to the
indicated colony membranes, #6 and #11. These selected cosmids, plate #6 column
E row #9 and plate #11 column B row 2, were then propagated and characterized for

the next step.
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Figure 2-2: PCR amplification of unique sequence protes for chromosome
walking using conserved ALU repeat sequence based primers. The production of
inter ALU and ALU vector PCR products with ALU33 and ALU34 primers used alone

and in combination with the vector primers Sp6 and T7 is shown.



AMPLIFICATION OF UNIQUE SEQUENCE PROBES FOR CHROMOSOME WALKING

ALUZ3 cos  T7 Spé cos
: Human ALU REPEAT — ! LAWRIST 5 VECTOR
ALU33 300 sp B 8 - BAMHI INSERTION
‘ SITE FLANKED BY
T7 AnD SP6 PRIMER
BINDING SITES.
Unzaue seaueNce PCR ProbucTts 1) Two ALU REPEATS ARE SEPARATED BY LKESS THAN 1-2 kB
ARE EXPECTED IF: 2) THERE IS OPPOSITE ORIENTATION FOR THE TWOo ALU REPEATS
3} NO OTHER HOMOLOGOUS REPEAT DNA SEQUENCE IS PRESENT IN
BETWEEN
T
ALU33 A) 2 ALU REPEATS IN OPPOSITE ORIENTATION: ALU33 oNLY
ALU33
R
T
ALU34 B) 2 ALU REPEATS IN OPPOSITE ORIENTATION: ALU34 onLY
ALU34
o
- S—
Se6 ¢) 1 ALU REPEAT NEAR THE La ::IST 5 Sp6 SITE: ALU33 or 34
ALU33 or 34 WITH SpPb
——
T
ALU33 or 34 p) 1 ALU REPEAT NEAR THE Laumist 5§ T7 siTe: ALU33 or 34
T7 WITH T7



32

several cosmids when ALU-PCR was done in conjunction with the vector end primers,
Spé (5'-GATTTAGGTGACACTATAG-3') andT7 (5'-TAATACGACTCACTATAGGG-3").
As shown in figure 2-2, if an ALU repeat is near the vector insert junction a PCR
product will be generated. Cosmid DNA was amplified with Thermus aquaticus (Taq)
DNA polymerase as recommended by the manufacturer (Cetus Perkin-Eimer) except
5% dimethyl sulfoxide (DMSO) was added to the reaction mixture. A cycle consisted
of denaturation at 92°C for 1 min., annealing at 50°C for 1.5 min. and extension at
72°C for 2.5 min. Routinely 30 cycles were performed in a DNA thermal cycler (Cetus
Perkin-Elmer). Amplified products were visualized by electrophoresis on ethidium

bromide stained 1.0% agarose (BRL Ultrapure) gels.

3. DNA Preparation
Genomic DNA

Genomic DNA for RFLP studies and linkage analysis was extracted from either
peripheral blood samples or lymphoblast cultures by using both manual (Madisen et
al., 1987) and automated (Genepure, ABI, following manufacturer’s instructions)
phenol/chloroform procedures or by a salt precipitation method (Miller et al., 1988).
The majority of the DNA extractions from patient samples was performed by
technologists from the Molecular Genetics Diagnostic Laboratory at CHEQ, as a

routine service function.
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Cosmid and Plasmid DNA Preparation

Cosmid and plasmid DNA were isolated by standard rapid alkaline preparation
(Birnboim and Dolly, 1979). Cosmid clones were inoculated into 20 mis of LB broth
(1% Bacto-tryptone, 0.5% yeast extract, 1% NaCl) with 20 pg/mi kanamycin and
grown for a maximum of 14 h at 37°C with vigorous shaking. After the NaOH-
SDS/sodium acetate and alcohol precipitation steps, the pellet was dissolved in 80 ul
of sterile water to yield a final standardized concentration of about 0.2-0.3 149/ul DNA.
Cosmid clones identified as prone to deletions were grown for 8-10 h with a reduction
in final yield of 50 ul standardized to a 0.2-0.3 ug/ut concentration of DNA. Plasmid
clones were cultured in 5 mis of LB broth and 100 ug/mi ampicillin for at least 12 h at
37°C. This resulted in a standardized yield of 100 ul containing about 0.2-0.3 ug/ul

plasmid DNA.

Phage DNA Preparation

The chromosome 19 phage library (107 plaque forming units, pfu) was first titred
and then plated out on 20 NZCYM square plates (10% NZ amine, 5% NaCl, 1%
casamino acids, 5% yeast extract, 2% MgSO,, 1.5% Bacto-agar) to about 10,000
pfu/10cmX10cm plate. The host bacteria used was Escherichia coli strain NM538
(Stratagene). Unique sequence DNA probes, derived from the cosmid library, were
used to identify phage clones from DM region. Secondary and sometimes tertiary
screening was required to obtain pure picks. Phage DNA (Charnn 40) was isolated by

the standard plate lysate method employing polyethylene glycol precipitation and
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phenol/chloroform extraction (Maniatis et al., 1982). The low titres of single plague
picks necessitated an amplification step before DNA cuuld be prepared. In phage
DNA preparation experiments, agarose was substituted for agar in both the top

(0.75%) and bottom (1.5%).

4. DNA Analysis
Digestion of Genomic DNA

The identification of RFLP's involved the digestion of Sug genomic DNA from a
minimum of nine unrelated Caucasian individuals with the a variety of restriction
enzymes (including; AlwNI, Apal, Apall, Avall, Bam HI, Banl, Bcll, Bg!l, Bglll, BstEll,
Dral, Eco Rl, Eco RV, Haelll, Hincll, Hindlll, Hinfl, Kpnl, Mspl, Ncol, Nhel, Nsil, OxaN],

Pstl, Pvull, Rsal, Sacl, Scal, Sphl, Sspl, Stul, Taqgl, Xbal and Xmnl).

Digestion of Cloned DNA

During chromosome walk experiments the pooled DNA of 96 cosmids from each
of 108 microtitre plates, about 3-5 g, was digested with Eco RI. The restriction
mapping of individual cosmid clones required £-3::g DNA to be routinely digested with
Bam HI, Bam HI/Eco RI, Eco R, Sstl, Sstil, Xhol, Miul and Hotl. Cosmid subclones
were restriction mapped generally using the same restriction endonucleases that have
sites in the polylinker of the plasmid being characterized. All digests with restriction
enzymes were performed according to the manufactures specifications (Gibco-BRL,

Pharmacia, New England Biolabs and Boehringer Mannheim).
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Southern Blot Analysis: RFLP's, Cosmid DNA and Cosmid Pool DNA

For RFLP studies, cosmid restriction mapping and cosmid pools, DNA was
digested to completion, electrophoretically separated on 0.8% agarose gels (Gibco-
BRL) in standard 1X TBE buffer (Sambrook et al., 1889) and Southern transferred to
nylon membranes {Amersham Hybond-N). The DNA was fixed to the membrane by

uv light using a Bioslink 312 apparatus (BIOS).

Cloned probes or total human DNA used for hybridization were labelied with a-P%*
dCTP (>3000 Ci/mmol, Dupont) by a random priming procedure (Feinberg and
Vogelstein, 1984) from commercially available kits (Amersham and Stratagene) to a
specific activity of greater than 10° cpm/ug DNA. Blots were hybridized with
radiolabelled probes in 6X §SC, 0.05% SDS, 5X Denhardt's solution and 100 ug/mi
salmon sperm DNA at 65°C for at least 12 h. The final wash conditions varied
depending on the DNA probe used. Generally, the final wash consisted of 0.2X SSC
with 0.1% SDS at 55°C for 20 min..

The iduntification of cosmid end fragments was done by hybridization with Sp6
and T7 primers employed as DNA probes. Oligonucleotides Sp6 and T7 were 5’ end
labelled by T4 polynucieotide kinase (Pharmacia) and y-P* ATP (>3000 Ci/mmol,
Dupont) using the protocol of Thein and Wallace (1986) to specific activity of greater

than 10% cpm/ug. Blots for oligonucleotide hybridization were hybridized in 6X SSC,
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0.2% SDS, 10X Denhardt's solution, 50 mmoi sodium phosphate buffer pHE.8 at 42°C

for at least 12 h. Final wash conditions were 6X SSC, 0.1% SDS at 37°C for 20 min.

Washed blots were exposed to fim (Kodak X-OMAT AR) at -70°C for 1 to 3 h (for

cloned DNA blots) or 1 to 4 days (for RFLP blots). Screen intensifiers were used for

these autoradiographs (Dupont Lightning Plus and Cronex Quanta Il1).

Analysis_of Chromosome Walk Cosmid Colony Filters

The 10,386 cosmid clones of the chromosome 19 library were inoculated on nylon
membranes placed on top of LB agar media and grown overnight at 37°C. The DNA
on these colony filter blots was denatured by placing the membranes, with the
colonies facing up, on filter paper soaked in denaturing solution (0.5 M NaOH, 1.5 M
NaCl) for 1 minute, neutralized by placing the membranes on filter paper soaked in
neutralizing solution (0.25 M tris pH8.0, 1.5 M NaCi) for 5 min. and washed by placing
the membrane on filter paper soaked in 2X SSC for 5 minutes. After drying, the DNA
was fixed to the membranes by exposure to uv light. Prior to hybridization of
individual colony filters, they were first washed in 2X SSC by immersion and rubbing

off bacterial debris with gloved fingers.

Cloned probes and ALU-PCR derived probes for chromosome walk steps were
labelled with a-**P dCTP by random priming as described for Southern blot analysis.

Hybridization conditions for cosmid colony filters were also as described for Southern



37

blot analysis except a minimum of a 4 h hybridization time was occasionally used.
Even after the final wash, the filters were sufficiently labelled that exposure to film for

only 1-3 h was required.

5. Subcloning of Cosmids
Whole Cosmid Subcloning

Subclones of Bam HI and Eco Rl for entire cosmids were generated for detailed
restriction mapping and to search for unique sequence DNA probes from several
cosmids. Restriction fragments were cloned by standard protocol as outlined in
Sambrook et al., 1989. Briefly, cosmid DNA after digestion was run on 0.6% low
meiting temperature agarose (Gibco-BRL) gels in the presence of ethidium bromide
(Sigma), excised with a scalpel under long wave UV light (366 nm), melted at 65°C,
diluted with an equal volume of TE and ligated by T4 DNA ligase (Gibco-BRL) to the
appropriate linearized and dephosphorylated plasmid (pUC13 and pUC18, cut with
either Bam HI or Eco R, Pharmacia). Transformation was by heat shock (42°C, for 1
min.} of Escherichia coli (DH5aMCR, Gibco-BRL) made competent following the
protocol described previously {Hanahan, 1985). Electroporation (Gene Pulser, Bio-
Rad) was also employed for other transformations following the manufacturers
instructions. Transformants appeared as white colonies on LB agar in the presence of
100 ug/mi ampicillin, and the B-galactosidase inducer, isopropy!thio-B-galactoside
(IPTG, 100 mmol, Gibco-BRL) and the enzyme's histochemical substrate, 5-bromo-4-

chioro-3-indolyl-8-D-galactoside (XGal, 2%, Gibco-BRL).
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Forced and Blunt End Cloning of Various Cosmid Restriction Fragments

Subclones of specific single and double digested restriction fragments were
generated for use as DNA probes using essentially the same procedure as previously
described for whole cosmid subcloning. Either pSp65 (Promega) or Bluescript M13-
(pBS, Stratagene) was used as the cloning vector. The plasmid was linearized by two
appropriate restriction enzymes in "forced cloning" at polylinker sites, or linearized at
one appropriate polylinker restriction enzyme site and dephosphorylated using calf or
bacterial alkaline phosphatase (Sigma). In preparation of a plasmid for a blunt end
restriction fragment ligation an alternative approach was often employed. The plasmid
is first linearization by Hincll, leaving blunt ends, then ligated with the target fragment
and subsequently digested with Sall to reduce background. Both sites overlap on the
polylinker, thus the Sall site is present only on plasmid without inserted target DNA at

the Hincli site.

loning of PCR pr t
Subcloning of PCR products was accomplished with the pCR1000 plasmid
(Invitrogen) following the manufacturers protocol. The vector is designed to
accommodate the nontemplated addition of an extra nucleotide onto 3' ends (Clark,
1988). The addition is often a dATP which makes the PCR product compatible with
the 3' dTTP added overhang of the pCR1000 vector. The ligation-transformation
protocol was as previously described above except kanamycin was used for selection

of transformants instead of ampicillin.
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6. DNA probes

Single copy sequences from Southern blots of cosmid and cosmid subclone
restriction fragments were identified by their lack of hybridization to repetitive
sequences when probed with **P-dCTP labelled human DNA. After detailed restriction
mapping, followed by subcloning, the unique sequence probes were tested for RFLP's
and used for physical mapping and linkage analysis. These and the other DNA

probes used for physical mapping and linkage analysis are detailed in subsequent

chapters.

7. Linkage analysis

A total of 85 Canadian families comprising 804 individuals in total were studied.
Approximately half of these families were French Canadian and the majority of the
remaining families were either Scottish Canadian or Anglo Canadian. In addition, 14
Dutch families comprising 128 individuals were studied. The clinical diagnosis of DM
patients in this study was in accordance with guidelines set forth by an international
working group on identification of the molecular defect in myotonic dystrophy (Griggs
et al., 1989). The diagnosis of DM was confirmed by clinical examination, A person
was considered affected if he or she had transmitted the gene or if the family history of

DM transmission was established.

Almost all of the RFLP’s identified in this study were eventually incorporated into

the routine protocol of the DNA Diagnostic laboratory at the Children's Hospital of
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Eastern Ontario (CHEO). The data used for linkage analysis was a composite of
information generated by the initial work up of the polymorphism and from data on DM

families provided by the diagnostic laboratory.

Lod scores were determined using the LINKAGE package of programs (version
4.6 or 5.1, Lathrop et al., 1985) operated by Dr. Alex MacKenzie at CHEO. Briefly, the
pedigree of each family is entered into the program and the phenotype for each DNA
marker is entered for each individual. Compound haplotypes for loci with more than
one polymorphic site (eg. APOC2 and CKM) were constructed as described by

Korneluk et al., (1989b).

8. Pulsed field electrophoresis
Preparation of Human Chromosome DNA in Agarose Blocks

DNA blocks for CHEF electrophoresis were prepared from 20 lymphoblast cultures
in an agarose (Clontech) matrix as described by Finney (1889). Briefly, lymphoblasts
were grown to approximately 2 x 10° cells in tissue culture flasks (T-75, Corning).
After treatment with trypsin, the cells were collected and washed in sterile
physiological saline with three cycles of spinning and decanting. The lymphoblasts
were then resuspended in 0.8 ml physiological saline. Block segments containing
about 25 pg DNA (assuming 1 x 10° cells yields 10 g DNA) were made by mixing 100
ul cell suspension with an equal volume of 1.0% molten low meiting temperature

agarose (Clonetech), pipetted into a mould (Bio-Rad) and cooled on ice. The samples
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were lysed by Tris buffered Sarkosyl and proteinase K at 50°C for at least 12h. Prior

to analysis, DNA blocks were treated with the proteinase inhibitor,
phenylmethylsulfonyl fluoride (PMSF) and washed three times with buffer. DNA from
blocks were cut with a scalpel to segments approximately 1/12 the size of the whole

block. Each segment is expected to contain about 2 Hg DNA.

Digestion of Block DNA

Prior to digestion, the agarose block segments were soaked for a minimum of 3 h
at 4°C in the appropriate restriction enzyme buffer. The block DNA was then digested
with 10 or 20 units of restriction enzyme (routinely Notl and Miul, Promega or
Pharmacia) in a volume of 20 ul according to the manufacturer's specifications. Block
segments treated as above but without restriction enzyme were used to demonstrate

the integrity of the high molecular-weight DNA.,

Electrophoresis Run Conditions

The digested fragments were separated by CHEF electrophoresis in 0.5% or 1.0%
agarose (BRL Ultrapure) gels, stained with ethidium bromide, exposed to a uv light
source, then transferred to nylon membrane (Hybond, Amersham). Optimum
conditions for separating the size of restriction fragments encountered in this study
were done essentially by trial and error. By keeping all other parameters constant and
varying only the duration of the run, the upper (850 kb) to lower (50 kb) size range

appropriate for this study could be resolved. Electrophoresis was in 0.5X TBE at 11.5
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V/cm at 14°C for 38 or 42h with switching linearly ramped from 30 to 150 s. Both

yeast chromosome (Bio-Rad) and concatamerized lambda phage (Pharmacia) were

used as size markers,

Southern Transfer of CHEF Blots

After size separation of the DNA digested to completion, the CHEF gels were
stained with ethidium bromide (1 mg/I), photographed under uv light and further
exposed to uv light for up to 3 min. causing DNA fragmentation which increases the
efficiency of transfer. This was followed by standard denaturation (0.5 M NaOH, 1.5 M
NaCl, for 30 min.), neutralization (0.25 M Tris pH8.0, 1.5 M NaCl, for 30 minutes) and
transferred to nylon membrane (Hybond, Amersham) for 48 h (500 mls 20XSSC day 1
and again for day 2). The blots were then fixed with uv light and analyzed in the same

manner as a standard Southern blot.

9. DNA Sequencing

Two methods were used to determine the sequence of various cosmid subclones.

Manual DNA uencin

Sequence data was obtained with vectcr primers, a-3°S dATP (< 1000 Ci/mmol,
Amersham) and Sequenase (U.S. Biochemical Corp.) in dideoxy chain termination
reactions (Sanger et al., 1977) according to a sequencing protocol described

previously (Korneluk et al., 1985). Briefly, 2-3 ug of Bgll linearized plasmid DNA was
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annealed with 1 4 (8 ng) vector sequencing primer (pUC18; M13/pUC 17-mer

forward or 16-mer reverse, PBS; M13 20-mer forward or 16-mer reverse) 2 ul
Sequenase buffer, to a final volume of 1 Oul. The primer extension labelling reaction
was set up with the addition of 1 41 0.1 M DTT, 2 Hl dGTP labelling mix {diluted 5 fold),
0.5 pl of a-*S DATP and 2 ul Sequenase (diluted eight fold). After 10 minutes at room
temperature, 3.5 i alliqotes were placed in four Separate tubes with 2.5 ul of the
appropriate A, C, G or T dideoxy termination mix for 5 minutes at 37°C prior to the
addition of 4 ul stop mix. These samples were subsequently run on 5% or 8%
polyacrylamide gels (Model S2 Sequencing ge! electrophoresis apparatus, Gibco-BRL),
The gels were then fixed, dried (Gel dryer model 583, Bio-Rad) and exposed to fim

(Kodak X-OMAT AR) at room temperature for -3 days.

Automated DNA nein

Alternatively, DNA sequencing by automated methods were performed by dideoxy
chain termination reactions using vector primers, Taq polymerase and fiuorescent dye-
labelled dideoxynucleotides, according to manufacturers specifications (Applied
Biosystems). These samples were subsequently run on an ABI 373A automated

sequencer. The sequence data was analyzed by AB! software on a Macintosh PC.
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10. Oligonucteotide synthesis

Oligonucleotides for ALU-PCR and STSs were made on an automated DNA
synthesizer (PCR-Mate, model 391, Applied Biosystems). The phosphoramidite
method of oligonucleotide synthesis was followed according to manufacturers
specifications. Briefly, the desired sequence is entered into the microprocessor unit
and a cartridge inserted having the first 3'nucleotide linked to solid support for DNA
chain growth from the 3' to the 5’ direction. The process employs the addition of a
phosphoramidite nucleoside monomer, blocked with a dimethoxytrityl (DMT) group,
from one of four bottles fixed to the unit. There is one for each nucleotide, which
binds to the chain linker at the &' hydroxyl group in the presence of tetrazole. Chaing
that fail to undergo addition are then capped by acetylation of the free 5' hydroxyl
group with acetic anhydride. Next foliows cycles of oxidation by iodine, removal of the
DMT group by trichloroacetic acid and addition of the next phosphoramidite
nucleoside monomer. At the end of the synthesis, ammonium hydroxide at 55°C for 8-
15 h, is used to remove the oligonucleotide from the solid support and remove other
protecting groups. The DNA solution is theri dried in a vacuum centrifuge (Univapo
150 H, Uniequip), reconstituted in water and Quantitated by uv spectrophotometry

before use in ALU-PCR and other applications.
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Chapter lll: Physical and Genetic Mapping ot PEO0.8 (D195115), a Chromosome

19 ERCC1 Marker Showing Close Linkage With Myotonic Dystrophy.

1. Introduction

Studies employing both linkage analysis and somatic cell hybrid mapping
established the order of chromosome 19 long arm markers to be: 19qcen-pa1.4-
APOC2-CKM-DM-D19S50-19qter (Korneluk et al., 1889b) and had identified the gene
encoding the muscle specific isoform of creatine kinase (CKM) as the marker most
closely linked to DM (Korneluk et al., 1989b; Brunner et al., 1989a,b). Subsequently,
the DNA excision repair gene ERCC1 was physically mapped, using somatic cell
hybrids and pulsed field electrophoresis techniques, distal to CKM (Bachinski et al.,

1988; Smeets et al., 1990).

To map the position of the ERCC1 gene relative to the DM locus, an informative
polymorphism at or near the ERCC1 locus was essential, A polymorphic marker,
PED.8 (D195115), was isolated for this purpose from a cosmid containing ERCC1
genoriic sequences. P:iysical mapping of this marker placed it between ERCC1 and
CKM. Results of DM linkage analysis utilizing both Canadian and Dutch DM families
are presented in this chapter. Two recombinant events that corroborate the mapping

of DM distal to CKM and pEQ.8 were identified.



46
2. Materials and Methods

DNA Probes

The ERCC1 cDNA probe pLB1.14 used for the detection of cosmids containing
genomic ERCC1 sequences was a subclone of plasmid pCD4A4 (Cretonne et al.,
1984) and is composed of a 650 bp Psil fragment from the 3' region of the ERCC1
gene. The probes used in linkage analysis are detailed in Table 3-1 and were

previously described in Korneluk et al., (1989b) with the exception of PRKCG.

DNA _Analysis

Genomic DNA was extracted from either peripheral blood samples or lymphoblast
cultures as stated in Chapter Il, using a solvent extraction method (Madisen et al.,
1987) or the salt precipitation method of Miller et al., (1988). Restriction enzyme
digests and Southern blot hybridization conditions were as previously detailed in the

general materials and methods (Chapte: If) and described in MacKenzie et al., (1989).

Pul Field Electrophoresi

Lymphoblast cultures were prepared for pulsec field electrophoresis as detailed in
Chapter II. DNA blocks from a minimum of three unrelated individuals were digested
with 10 units of Notl or 20 units of Miul in a volume of 20 ul according to the
manufacturers specifications (Promega and Pharmacia). The digested fragments were
separated by CHEF electrophoresis {Bio-Rad) in 0.5% agarose (BRL Ultrapure) gels,

fragmented by exposure to a uv light source, then transferred to nylon membrane



47

Table 3-1: Chromosome 19 Probes Used For Genetic Analysis of DM Families.

Probe Enzyme Allelic Size | Allelic PIC Ref.
(Locus) (kb) Frequency
APOC2 Taqgl 3.8/3.5 0.52/0.48 0.38 Humphries
cDNA et al., 1983
(APOC2) Banl 2.5/1.6 0.76/0.24 0.30 Frossard et
al., 1985
Avall 0.6/0.4 0.52/0.48 0.38 Korneluk et
al., 1987
Ncol 14.5/11.4 0.52/0.48 0.38 Frossard et
al., 1986
3’ genomic | Taq| 4.5/3.5 0.21/0.78 0.28 Perryman
CKM et al., 1988
(CKM) Ncol 3.5/2.5 + 0.44/0.56 0.37 Coewinkel-
1.0 Driessen et
al., 1988
PRKCG Mspl 1.6/1.4/1.210.22/0.32/ Harley et
(PKC-GC) 0.46 al., 1991,
Johnson et
al.,, 1988
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(Hybond, Amersham). Electrophoresis was in 0.5X TBE at 11.5 V/cm at 14°C for 38

or 42 h with switching linearly ramped from 30 to 150 s.

Linkage Analysis

Sixty-two Canadian DM families comprising 463 individuals were studied.
Approximately half the families were French Canadian and the majority of the
remaining families were either Scottish Canadian or Anglo Canadian. Details of the

linkage analysis approach were as outlined in Chapter Il

3. Results
ERCCI mig Characterization

Two ERCC1 containing cosmids were selected by hybridization of the
chromosome 19 flow sorted cosmid library previously described in Chapter 1, with
pLB1.14 which contains genomic ERCC1 sequence from the 3' end of the gene.
These cosmids were given the Lawrence Livermore National laboratory identification

numbers 8697 and f15123.

Overlap between the two ERCC1 cosmids was determined by restriction mapping
(Fig.3-1). The mapping of rare restriction endonuclease sites was undertaken to
identify them as reference landmarks of physical mapping for the comparison of

genomic pulsed field data to restriction mapping from long range cloning.
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Figure 3-1: Partial restriction map of the ERCC1-containing cosmids. {A) Eco Rl
fragments derived from these cosmids that were subcloned into pUC13. (B) Cosmid
human DNA insert junctions contained in cosmid 8697, (C) Cosmid human DNA
insert junctions contained in cosmid f15123. The shaded boxes and Roman numerals
represent exons of the ERCC1 present in the Sfil restriction site-containing subcloned

region. Abbreviations: E, Eco RI; H, Hindlll; M, Miul; S, Sfil.
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Sfil digestion of the cosmids yielded a 2.5 kb fragment that has been reported to

contain exon two and parts of exons one and three (van Duin et al., 1986). A
relatively high density of Sfil sites, for a rare cutting endonuclease, lies in this region as
yet another Sfil site was reported nearby, 32 bp from the exon 1 Sfil site {Smeets et
al., 1980). The cosmid 8697 was found to contain two Miul sites at opposite ends of
the clone, one within 2.0 kb of the 5' terminus and the other located at the 3' end of
the cosmid (Fig. 3-1). The cosmid 15123 contained only the latter Miul site. No Notl

sites were found in these cosmids.

DNA Pr Isolation

A unique sequence 500 bp Pstl fragment was idertified from a 4.4 kb Eco Rl
subclone (cloned into pUC13) of cosmid f15123. This probe, pERCC1-int, was used
for physical mapping with CHEF electrophoresis blots. No polymorphisms were
identified with this probe. After an exhaustive search, a unique sequence restriction
fragment was identified from the cosmids that detected polymorphism. This 800 bp
Eco Rl fragment, unique to one end of cosmid 15123, was subcloned in pUC13. The

probe identified as pEQ.8 (D19S115) was used for both genetic analysis and physical

mapping.
Physical Mapping

Hybridization of pCKM3', pERCC1-int and pEC.8 to Notl digested genomic DNA

revealed a single common 300 kb fragment (Fig. 3-2), demonstrating physical linkage
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between these loci. This result is in general agreement with the physical mapping data
of Smeets et al., (1990}). The pE0.8 and pPCKM3' probes hybridize to a common 450
kb Mlul fragment (Fig. 3-3), while pERCC1-int identifies a smaller 40 kb fragment (data
not shown). This result is consistent with the mapping of PEO.8 prorimal to ERCC1.
Furthermore. given that pE0.8 was isolated from an area of cosmid {15123 that does
not overlap with cosmid {8697 (Fig. 3-1), 15123 appears to extend centromeric to
f8697. Cosmid f8697 contains two Miul sites while cosmid 15123 contains only one
such site, suggesting that the additional Miul site is derived from sequences extending

telomeric from cosmid f15123.

An Mlul RFLP was detected in one individual with both PED.8 and pCKM3' (lane 5,
Fig. 3-3). The approximate 40 kb difference in size between the 490 and 450 kb
alleles suggests that the polymorphic Miul site is one of the two sites flanking the
ERCC1 locus. However, the fact that PERCC1-int does not detect this polymorphism
indicates that the polymorphic Miul site is instead at the centromeric end of the 450 kb

Miui fragment.

netic Link Analysi
The probe pE0.8 detects a two allele system (p=0.62, q=0.38, PIC=0.36) in DNA
digested separately with at least three restriction enzymes (Bam HI, 7.0/6.5 kb; Bagll,
6.5/6.0 kb; Ncol, 4.5/4.0 kb). The number of enzymes and the constant size

differential between the two alleles is characteristic of an insertion polymorphism.
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Figure 3-2: CHEF electrophoresis of Notl-digested genomic DNA. Southern biot
analysis with pCKM3' (A), pERCC1-int (B), and PEOD.8 (C) of Notl-digested DNA

isolated from lymphoblasts of three unrelated individuals. Physical linkage of the loci
for these three probes is demonstrated by the identification of a common 300 kb Noti

fragment.
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Figure 3-3: CHEF electrophoresis of Miul-digested genomic DNA. Southern bilot
analysis with pCKM3' (A) and pE0.8 (B) of Mlul-digested DNA isolated from
lymphoblasts of five unrelated individuals. Physical linkage of the loci for both of these

probes is demonstrated by the identification of a common 450 kb Miul fragment.
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The pEOD.8 probe is closely linked to APOC2, CKM and DM (e = 0.01) and shows

moderate linkage to D19550 (8 = 0.10; see Table 3-2). A recombinant event (shown
in Fig. 3-4) was detected between APOC2/CKM and both pE0.8/DM and the more
telomeric protein kinase C gene (PKCC; Coussens et al., 1986). Another recombinant
event was identified in a Dutch DM family wherein pEQ.8 cosegregates with the more
proximal 19g markers (D19S37, APOC2) and recombines with DM. This recombination
suggests a mapping of the disease gene locus distal to pE0Q.8. This family is fully
detailed in Smeets et al., (1991), who document the recombination of an ERCC1
variable simple sequence marker (VSSM) with both DM and more telomeric 19q

markers.

The order of chromosome 19 markers bracketing the DM locus has been shown
to be 19qcen - APOC2 - CKM - DM - D19S50 - 19gter (Korneluk et al., 1988b).
Consequently, the suggested placement of pE0.8 based on this‘data presented in this
chapter is: 19qcen - APOC2 - CKM - pE0.8 (D19S115) - DM - D19S50 - 19qter.
Multipoint linkage analysis of the genetic data in our Canadian families is also

compatible with this ordering (Fig. 3-5).

4. Discussion
The mapping of ERCC1 distal to and within 300 kb of CKM was in agreement with

the analysis of Bachinski et al., (1989), Mohrenweiser et al., (1989) and Smeets et al.,
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Table 3-2: Lod Scores Characterizing the Linkage of pE0.8 to ApoC2, CKM, DM

and D19550.
0 APOC2 CKM DM D19550

| 0.001 18.27 26.53 15.12 -11.30

| 0.01 28.46 26.93 19.29 2.69
0.02 28.00 26.56 19.17 6.03 .
0.03 27.43 26.07 18.90 7.80
0.04 26.81 25.53 18.59 8.89
0.05 26.16 24.94 18.25 9.61
0.06 25.50 24.34 17.87 10.09
0.07 24.82 23.71 17.49 10.39
0.08 24.13 23.07 17.10 10.58
0.09 23.44 22.42 16.69 10.66
0.10 22.80 21.83 16.28 10.68
0.20 15.59 15.02 11.85 8.57
0.30 8.54 8.37 7.18 4.95
0.40 2.72 2.78 2.72 1.58

Note. Z_,, is underlined; 8, = o,
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Figure 3-4: DM family showing a recombination between the proximal markers
APOC2 and CKM and the distal loci ERCC1(as detected by pE0.8), DM, and

PKC-GC.
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Figure 3-5: Multipoint linkage analysis-generated odds against placement of
PEO.8 in various map intervals versus the proposed CKM-DM interval for
mapping the Canadian DM families. It is 665 times less likely that pEO.8 is proximal
to CKM versus the proposed distal mapping. Furthermore, it is 1.7 times less likely

that pEQ.8 is distal to DM versus the proposed proximal mapping.
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(1980). Despite the close genetic linkage between pEO0.8 and DM, no significant

linkage disequilibrium was detected between pE0.8 and DM in our French Canadian
population [standardized disequilibrium constant (Hill and Robertson, 1968), ¢ = 0.15].
This result was somewhat unexpected, as there has been significant linkage
disequilibrium observed with more weakly linked DM markers in the same poputation

{(MacKenzie et al., 1989; Korneluk et al., 1989a, b).

There are at least three possible explanations as to why linkage disequiiibrium
would be less despite being closer to the DM locus. Ongoing analysis of several DM-
inked markers has revealed two major French Canadian DM haplotypes, one of which
may have evolved from the other. One pE0.8 allele is on one major DM haplotype and
the other pEQ.8 allele is present on the second major DM haplotype. This has led to
significant attenuation of the pEQ0.8/DM linkage disequilibrium. Other markers such as
CKM have the same genotype on both DM haplotypes with no resultant diminution of
linkage disequilibrium. A second possibility is that the pEOQ.8 insertion polymorphism is
relatively unstable, resulting in a decay of pE0.8/DM linkage: clisequilibrium. A third
factor underlies the limits of linkage disequilibrium. Genotypes that are rare in the
normal population generate linkage disequilibrium which is strcager than more
common alleles (genotypes). Consequently, & relatively distant locus (with a rare
genotype) may demonstrate significant linkage diserulibrium with a disease gene in
contrast to a locus mapping nearer to the diser.se gene (with a common genotype)

that manifests relatively weak linkage disequilibrium.
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The RFLP identified by pEQ.8 in this study and the VSSM polymorphism described

in Smeets et al., (1991) represented the closest proximal markers to DM reported at
the time. The pEQ.8 marker has proved to be of great value in the prenatal and
preclinical diagnosis of DM in the CHEQ diagnostic laboratory and elsewhere. In
addition to close linkage between DM and the ERCC1 region markers, both this report
and that of Smeets et al,, (1991) mapped the disease locus distal to ERCC1.
Consequently, a chromosome walk was initiated from pEO.8 in a telomeric direction
toward the DM locus to map and eventually identify the genetic mutation responsible

for this disease.
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Chapter IV: Physical Mapping and Cloning of the Myotonic Dystrophy Gene

Region.

1. Introduction

The positional cloning approach to cloning a disease gene such as DM requires a
number of essential resources: the construction of a high resolution genetic map, the
generation of a complementary long range physical map and the identification of
flanking markers tightly linked to the disease gene. Once a minimal genetic ard
physical region has been defined, isolation and detailed characterization of the

corresponding genomic sequences can be undertaken.

Two recombinant events were identified that map the DM gene to a region of
about 2 cM or less on 19q13.3 (Shutler et al., 1991; Tsilfidis et al., 1891a). The order
of chromosome 19 long arm markers around DM was shown to be: 19qcen -
D19837 - APOC2 - CKM - D19S115 -ERCC1 - DM - D19S51 - D19S50 - 19qter
(Korneluk et al., 1989, Bachinski et al., 1989, Smeets et al., 1990a, Johnson et al.,
1880 and Shutler et al., 1991a). As presented in Chapter lll, the DNA probe pE0.8
(D198115) was identified as a polymorphic marker. This marker was found to be
closely linked to DM and shown to be corresponding to a genomic sequence that lies
15 kb centromeric from ERCC1 (the excision repair cross complementing 1 gene;
Shutler et al., 1991a). A recombinant event identified in a Dutch DM family showed

PEO0.8 and an ERCC1 variable simple sequence marker (VSSM) to co-segregate with
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more proximal 19q markers (D19537, APOC2) and recombine with DM (Shutler et al.,

1991a and Smeets et al., 1990b). This data clearly showed DM to be distal to ERCCA.
The results of another key recombinant event in a French Canadian DM family,
described by Tsilfidis et al., (1990a), mapped DM proximal to p134c (D19S51). The
DNA probe p134c is an anonymous marker that was cloned from a somatic cell hybrid

containing a portion of the long arm of chromosome 19 (Johnson et al., 1990).

Based on the data showing DM to be distal to markers at the ERCC1 locus and
the tight linkage of D18S115 to the DM locus it was reasoned that pEO.8 would be an
appropriate start point for a chromosome walk from pE0.8 towards the DM geneina
telomeric direction. In this chapter the cloning of a cosmid contig extending
approximately 350 kb from pEO.8 towards 19qter is described. Single copy probes
derived from the contig were used for genetic and physical mapping in order to define
a minimal area that is to contain the DM gene. Furthermore, another 250 kb freim the
distal DM regicn was cloned by collaborative studies to complete the cloning of the

DM region.

2. Materials and Methods
Chromosome 19 Cosmid Library

The myotonic dystrophy chromosome walk cosmids in this study were isolated
from a previously described flow sorted chromosome 19 cosmid library (de Jong et

al., 1989). The library consists of 10,368 single colony clones arrayed in the wells of
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108 microtitre plates. Preparation of the cosmid library for this study was illustrated in

figure 2-1 of Chapter Il. Individual cosmids from each microtitre plate were cultured on
nylon membranes in duplicate and the DNA fixed for hybridization by standard
procedures. DNA was prepared from a pool of cosmids for each pla.e. The pools of
DNA were digested with Eco RI (Gibco-BRL), size separated by agarose (Ultrapure,
Gibco-BRL) gel electrophoresis and transferred to nylon membrane (Hybond,
Amersham). A duplicate set of membranes was also generated. One set of cosmid
pool blots consisted of three membranes with two lanes of size markers (lambda DNA
digested with Hindlll, Gibco-BRL) flanking 30 lanes of cosmid pool DNA for each
membrane. The fourth membrane to complete the set, contained DNA from the

remaining 18 pools.

Method of Chromosome Walking

A chromosome walk step consisted of hybridization of a unique sequence DNA
probe to a set of cosmid pool Eco RI blots. This procedure was detailed in Chapter Il
The detectic n of an Eco RI fragment from a particular lane of pooled DNA indicated
which of the 108 microtitre plate colony filters to examine. Hybridization of the
indicated colony filters with the same DNA probe then identified the individual cosmids
containing unique sequence in common with the screening probe. The cosmids
identified in this manner include previously identified cosmids and new cosmids
representing physically linked adjacent sequence. These new cosmids were

propagated and characterized for the next chromosome walk step.
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DNA Probes for Chromosome Walking

.

Two methods of selecting DNA probes for chromosome walk steps were
employed in this study. The conventional approach invoived restriction mapping the
cosmids and searching for unique sequence restriction fragments that map nearest to
the cosmid end oriented toward the direction of the chromosome walk. Alternatively,
rapid progress in chromosome walking was made when unigue sequence DNA
probes were identified using the polymerase chain reaction. A pair of two short
(22mer) primers derived from the ALU consensus sequence separately and in
combination with Spé and T7 vector end primers, were used to amplify unique
sequence DNA from the walk cosmids as detailed in Chapter Il. These PCR products
were run on an ethidium bromide stained agarose gel to reveal the overlap between
cosmids by fingerprinting the location of ALU repeat sequences. A non-overiapping
band was sought from the most telomeric cosmid or the ALU-vector end primed PCR
product for the telomeric end. These PCR product bands were used, as unique
sequence probes for chromosome walking, simply by isolating the desired band after
low melting temperature agarose gel electrophoresis. DNA from the gel slice was

labelled by the multiprime protocol described in Chapter II.

DNA Analysi
Unique sequence DNA probes generated by both conventional and ALU-PCR
means were evaluated for genetic and physical mapping purposes. The probes were

screened for RFLP's as described in Chapter Il. Genetic analysis of the Dutch
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recombinant family detailed by Smeets et al., (1990) was performed with these newly

generated markers. DNA probes employed in physical mapping were hybridized to
CHEF pulsed field electrophoresis blots prepared as detailed in Chapter II. Several of

these unique seguent:e probes from the chromosome walk were subcloned.

nce T it nd YAC Libr reenin
A sequence tagged site (STS) consists of a short, unique DNA sequence that can
be recognized by PCR assay. An STS serves as a basic landmark on the physicai
map of the human genome (Olson et al., 1989) and thus it's map position must be

well defined. Markers generated from chromosome walk clones are amenable to STS

conversion.

Three unique sequece DNA probes, PKEQ.6, pKBEQ.8 and an ALU34 PCR
product from phage cione cw13¢5 were sequenced by manual and automated DNA
sequencing using the protoco! described in Chapter il. A primer set for pKED.6 was
devised consisting of primer #76 (5'-GCAGGGATTCAACTGCCCGCCG-S') and primer
#78 (5'-TTCCTCTTCCAGCAATGGCTCT-3'). A primer set for pKBEQ.8 was devised
consisting of primer #73 (5'-GCCCACAACCGGAGTATAGTC-S') and primer #74 (5'-
CCCGGACTGGATAATGCGGT-3"). Both these sets of primers work with the same
amplification parameters. A cycle consisted of denaturation at 84°C for 1 min.,
reannealing at 55°C for 1.5 min. and extension 72°C for 1 min. Routinely 30 cycles

were performed. Primers for PKEO.6 amplified a 580 bp product while the primers for
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PKBEO.8 amplified a 750 bp product. A primer set for the ALU34 PCR product was

also devised consisting of primer #269 (5'-TACCTCAGAAGGTACTTTGGAA-3') and
primer #361 (5'-GAGCACCCCAGCTGAGTCTGA -3'). These primers amplified a 280
bp product. A cycle consisted of denaturation at 94°C for 1 min., annealing at 55°C
for 1.5 min. and extension at 72°C for 1.5 min. A total of 30 cycles were performed.
The pKED.6 and pKBEQ.8 primers along with primers from the VSSM at the pX75b
locus were used in the selection of YAC clones from the DM region (Aslanidis et al.,

1992).

The "St. Louis" YAC library, Burke et al., (1987), was screened with the pKE0.6
and pKBEO.8 STSs along with the STS at the pX75b locus (Jansen et al., 1992a) for
DM region clones by Drs. Charalampos Aslanidis and Chris Amemiya at the Human
Genome Centre of the LLNL (Livermore, California) using PCR amplification. The YAC
library consists of individual clones arrayed in 96 well microtitre plates. Pooled DNAs
from each microtitre plate were screened by STS PCR amplification. The YAC clones
containing sequence homologous to these STSs were then identified from these pools
by analyzing individual clones in the selected microtiter plate by STS PCR
amplificaticn. ALU PCR was then performed on the YAC clones to obtain probes for
screening the chromosome 19 cosmid library. In addition, a cosmid library was also
made from the YAC clones. This library was also screened with the ALU PCR
generated jprobes. Cosmids selected from these libraries were used to connect the

proximal and distal DM region cosmid contigs.
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3. Resuits

The experimental approach in this study was designed to clone the DM region of
human chromosome 19. Application of ALU-PCR to generate unigue sequence DNA

probes to select chromosome walk cosmids was used for this purpose.

hromosome Walkin

An example of ALU-PCR analysis for a chromosome walk step is provided in figure
4-1. Typically, amplification was performed on four or more previously selected
cosmids from the last two sequential chromosome walk steps with the ALU33 and
ALU34 primers alone and in combination with the vector end primers (Fig. 4-1, results
from ALU34 lanes 1-4, ALU34 with Sp6 lanes 5-8 and ALU34 with T7 primer lanes 9-12
are shown). The cosmids appear in figure 4-1 ordered in a contig from the most
centromeric to the most telomeric (cosmid 19; lanes 1, 5 and 9, cosmid 20; lanes 2, 6
and 10, cosmid 21; lanes 3, 7 and 11, cosmid 22; lanes 4, 8 and 12). Common bands
between the cosmids are due to overlapping ALU repeat sequences. A unique band
or a band appearing only in combination with a vector end primer from the most
telomeric cosmid and from the telomeric end of the cosmid would be selected as a
probe for the next chromosome walk step. A PCR product of ALU primer combined
with a vector primer was preferable to an iritcr-ALU product since it could potentially
be more efficient for chromosome walking than just the ALU PCR derived products.
This is because the extending distance is at a maximum for cosmid end fragments. In

the example provided, the ALU34 SpS product from cosmid 22 was selected to screer:
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Figure 4-1: ALU PCR amplification of overlapping cosmids by ALU34 both with
and without vector end primers. Amplification by PCR was performed on four
overlapping cosmids previously selected from the cosmid chromosome 19 library.
The ALU PCR products are visualized under uv after agarose gel electrophoresis with
ethidium stain. The products are arrayed according to the ariginating cosmid from a
centromeric to telomeric orientation {fanes 1, 5 and 9, cosmid 19; lanes 2, 6 and 10,
cosmid 20; lanes 3, 7 and 11, cosmid 21; lanes 4, 8 and 12, cosmid 22) and
according to the primer set used (lanes 1-4, ALU34: lanes 5-8, ALU34 and Sps; lanes
8-12, ALU34 and T7). The size marker, first lane on left side of figure, is a 123 bp
ladder. A unique band that appears only in combination with a vector end primer
(indicated by arrows in lanes 7, 8 and 11) represents an insert end fragment. The
arrow in lane 7 identifies a fragment from cosmid 22 that was used as a DNA probe
{following the protocol previously described in Chapter 1) to extend the contig by

identifying adjacent cosmids from the chromosome 19 cosmid library.
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the cosmid library due to it's telomeric orientation and low non-specific nybridization

background.

The probes selected for the next chromosome walk step are hybridized initially to
the cosmid pool membranes. One of the ALU PCR vector end probes is expected to
hybridize only to pools with cosmids identified from the previous chromosome walking
step while the opposite end probe identifies additional cosmid pool lanes indicating the
presence of adjacent chromosome walk cosmids in these pools. Figure 4-2 shows the
hybridization result for two cosmid pool blots with a unique ALU33-Sp6 primer PCR
band from cosmid 14 used as a DNA probe. The identification of four cosmid pool
lanes corresponding to plates 115, 166, 182 and 185 from these Eco R digested
cosmid pool CNA blots is evident (Figure 4-2 lower, lane 9; Figure 4-2 upper, lanes 4,
20 and 23 respectively). The colony filters indicated by these cosmid pool results
were then hybridized with the ALU33-Sp6 cosmid 14 probe and the individua! cosmids
identified as illustrated in figure 4-3. The cosmid from microtitre plate 166 row H
column 3 was the originating cosmid 14 clone (Lawrence Livermore identification
number f20927). The cosmid from microtitre plate 182 row B column 9 (f22397) was
also identified during the previous chromosome walking step, cosmid 11 (f22397),
along with four others (Table 4-1). The cosmids from plates 185 and 115 (Figure 4-3
row C column 4 and row B column 6 or F15962 and F22692, respectively) represent

new clones in the contig, cosmids 15 and 16 (Table 4-1). These cosmids were
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Figure 4-2: Selection of cosmids from the chromosome 19 cosmid library by
chromosome walking; Screening cosmid pools. The ALU33/Sp6 PCR product
from cosmid 14 used as a hybridization probe to screen the cosmid pool blots
prepared from the chromosome 19 cosmid library. This results in the identification of
clones from four lanes, three on one blot (panel A upper - lanes 4, 20 and 23
corresponding to plates 166, 182 and 185, respectively) and one on a second blot
(panel A lower - corresponding to plate 115). Two of the signals were from previously
identified overlapping cosmids, plate 166 coordinants H3 or cosmid 14 (f20927) and
plate 182 coordinants F4 or cosmid 13 (f22440). The other signials were from
previously untested pools likely containing overlapping cosmids with an extension of

adjacent sequence.
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Figure 4-3: Selection of cosmids from the chromosome 19 cosmid library by
chromosome walking; Identifying cosmid colonies. Individual cosmids were
identified from the screened pools shown in figure 4-2 by hybridization of colony filters
for both plates 115 and 185 with the ALU33/Sp6 cosmid 14 probe. Signals were
obtained from coordinants B6 of plate 115 (panel B upper) and C4 of plate 185 (panel
B lower). These cosmids (115/B6 or cosmid 15, given LLNL id# {15962 and 185/C4
or cosmid 16, f22692) were retrieved from their microtiter plates and propagated for

further characterization.
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Table 4-1: Cosmids identified by a chromosome walk through the prorimal
segment of the myotonic dystrophy gene region.

Cosmid LLNL 1D.# Selected by Rare cuter site
1 f15123 pE0.8 M', M2
2 fa697 pEO.8 M?
3 18191 pN2.1 M2 N
4 10080 pN2.1 N'
5 f5118 pKE2.1
6 {13544 pKE2.1
7 123770 pKE0.6 M3, N2
8 18905 pKEQ.6 M3, N2
9 f20720 ALU33-cosmid 8 M3, N2
10 f24206 ALU33-cosmid 8 M3, N?
11 {22397 ALU33-cosmid 8 | M3, N2
12 {18226 ALU33-cosmid 8 M3 N2
13 {22440 ALU33-cosmid 8 M3, N2
14 f20927 ALU33-cosmid 8 | M3, N?
15 15962 ALU33/Sp6- M3, MY, N2
cosmid 14
16 f22692 ALU33/Sp6- M
|| cosmid 14
N 17 124860 ALU33/Sp6-
caosmid 16
18 {20007 ALU33/Sps-
cosmid 16
" 19 120829 ALU33/Sp6- M
cosmid 16
|| 20 {16149 pKBEO.8 N?
| 21 122266 PKBEO.8
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Cosmid LLNL ID.# Selected by Rare cuter site

22 {25267 ALU34/Sp6- M3, N*
cosmid 19

23 {20000 ALU34/Sp6- N4 N®
cosmid 22

24 15243 ALU34/Sp6- MS, N, N°
cosmid 22

25 16236 ALU34/Sp6- M®, N4 N°
cosmid 24

phage cw13¢5 ALU34-cosmid 25

The LLNL ID # indicates the identification numbers of the clones in the arrayed
cosmid library, as assigned at the Human Genome Centre, Lawrence Livermore
National Laboratory as part of the chromosome 19 contig mapping effort.
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retrieved from the appropriate microtitre plates, propagated, characterized and the

procedure repeated for subsequent steps.

The alignment of cosmids and the corresponding location of the probes used in
the chromosome walk are shown in figure 4-4. Nine of the fourteen probes used in
the chromosome walk were ALU PCR derived. In addition, six of the nine ALU PCR
derived probes were surprisingly, end fragments. This demonstrated the usefulness of
the entire A' 1! PCR approach, particularly when combined with vector end primers.
Furthermore, comparison of the inter-ALU PCR products generated with PDJ33 and
PDJ34 from different ccsmids was used by Dr. Peter de Jong at the Human Genome
Centre of the LLNL (Livermore, California) to confirm putative overlaps. The longer
primers compared to the truncated versions revealed more inter-ALU products that
were preferable for fingerprinting and assigning cosmid sequence overlap. In contrast,
truncated versions provided fewer and less complicated patterns that were preferable
for probe selection. Figure 4-5 shows the ALU34 set of results for the cosmid contig.
Many patterns appear identical which suggests a clustering of ALU repeats with the

appropriate orientation in the region of overlap for those particular cosmids.

As a supplement to the cosmid library, a flow sorted chromosome 19 phage
library (LL19NLO1, Yokobata et al., 1992) was plated out as described in Chapter Il

and used in the beginning and at the end of the chromosome walk. A unique
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Figure 4-4: Schematic representation of the proximal bMm region cosmid contig
detailing the position of rare cutter restriction sites and mapping of unique
sequence DNA probes used for the chromosome walk. The positions of the
cosmids derived from the walk are shown (top) in reference to the six Miul (marked
and numbered M' - M®) and five Notl (marked and numbered N - N®) restriction sites
contained within the cosmid contig. The relative location of the probes used to identify
the contig are indicated (bottom). The probes marked with a triangle were used in the
selection of contiguous cosmids from the library (see Table 4-1). Most are ALU PCR
products which were used as hybridization probes. For example, the ALU33/Sp6 PCR
product from cosmid 16 identified cosmids 17, 18 and 19. Other probes shown were
generated from the walk and used for genetic mapping studies and/or physical

mapping (see Table 4-2).
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Figure 4-5: ALU34 PCR products from the proximal DM region chromosome
walk cosmids. ALU-PCR reactions with the ALU34 primer from the 25 cosmid contig
are shown after electrophoresis on an ethidium bromide stained 1.0% agarose gel.
The 123 bp ladder was used for the two marker lanes. Overlap of cosmid clones ¢an
be seen from similar band patterns that are generated by this approach. The ALU34
primer was one of the truncated ALU primers used for the generation of inter-ALt
products from cosmids. These products were used as unique éequence DNA probes

in the DM region chromosome walk.
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sequence probe from an 8 kb Eco R subclone (pE8.0) of cosmid 2 {{4697) and pN2.1

containing the N' Notl site (cosmids 3, 4, and 5, Figure 4-4) and a 900 bp unique
sequence Bam HI fragment subcioned from cosmid 3, pB900, were used for selecting
phage clones in the stages of the walk. Screening of the chromosome 19 phage
library during a chromosome walk step involved hybridization with a unique sequence
probe and selecting at least six signals previously undetected. A typical result is
shown in figure 4-6 using pN2.1 which identified numerous plaques on every phage
library plate (unmarked signals were previously detected with the more centro‘meric
pE8.0 probe). Six signals were picked from two plates. After a secondary screen, 12
single plagues were picked (Figure 4-7) and DNA prepared. The phage DNA was
digested with Ssti (to release the insert from the phage arms), size separated by
electrophoresis with an ethidium bromide stained agarose gel, photographed under uv
(Figure 4-8) and transferred to nylon membrane. Hybridization with pN2.1 revealsd
that six of the 12 picks had sequence homologous to pN2.1 (Figure 4-9, lanes 5-9,
and 11). The unique sequence DNA probe pB900 (derived from cosmid 3 and not
present in cosmids 1 or 2) identified four of the six phage picks that vwere extending

more in the telomeric direction (Figure 4-10, lanes 5, 6, 8 and 11).

No obvious sequence discrepancies were found between the cosmids and phage
in mapping experiments with other DNA probes found in both the cosmid and phage

chromosome 19 libraries. The phage library was again used at the end of the



77

Figure 4-6: A chromosome walk step in the chromosome 19 phage library with
the DNA probe pN2.1; Primary screen. The screening of the chromosome 19
phage library (LL1SNLO1, Yokobata et al., 1992) was done as a supplement to the
chromosome 19 cosmid library (LL19NC01, de Jong et al., 1989) at the beginning and
the end of the proximal DM region chromosome walk to test for any obvious sequence
discrepancies. Shown here is the screening of two plates consisting of approximately
10,000 pfu/plate from the chromosome 19 phage library with pN2.1, a unique
sequence DNA probe subcloned from a previously isolated phage clone. Several
signals are evident on both plates. Six plugs, corresponding to the new signals, were
picked (using a glass pipet end) from these plates during the initial screen (numbered
1-6, panel A). To prepare for a secondary screen with pN2.1 the phage from each

plug was eluted, tittered and plated, following the protocol outlined in Chapter |I,

P RS ¥ EALAT
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Figure 4-7: A chromosome walk step in the chromosome 19 phage library with
the unique sequence DNA probe pN2.1; Secondary screen. The primary screen of
the chromosome 19 phage library with the unique sequence DNA probe pN2.1
resulted in six newly identified signals in this chromosome walk step. These phage
were titered and plated at about 200 pfu/plate (marked 1B-6B). The secondary
screen with pN2.1 collaborated the primary screening result and provided 12 pure
picks (single isolates numbered 1-12). DNA from these isolates was prepared for
characterization to confirm and determine the overlap with previously isolated phage

and cosmid clones.
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Figure 4-8. Characterization of pN2.1 selected chromosome 19 phage Isolates;
Electrophoresis of Sstl digested phage DNA. Phage DNA was prepared from the
12 isolates selected by the secondary pN2.1 screen of the six initial chromosome 19
phage library primary picks. After digestion with Sstl to release the vector arms the
phage DNA was run on an ethidium bromide stained 1.0% agarose gel. The first
marker lane is kb fadder, the second marker lane is lambda DNA digested by Hindill
and the outside marker lane is 123 bp ladder. DNA from a previously selected
overlapping phage isolate is in lane 1 while lanes 2-13 are DNAs from the 12 pN2.1
selected phage isolates. At ieast one common band was found in lanes 57,89,

and 11 (about 2 kb).
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Figure 4-9: Characterlzation of pN2.1 selected chromosome 19 phage isolates;
Hybridization with pN2.1. The gel containing the Ssti digested DNA from the 12
PN2.1 selected phage shown in figure 4-8 was transferred to nylon and probed with
pN2.1. A common band of about 2 kb was identified ov pN2.1 hybridization for six
lanes. Thus one half of the 12 picks show sequence homology to pN2.1 (lanes 5-9
and 11). This probe was also shown to be present in the chromosome 19 cosmid
library (cosmids 3, 4 and 5, Figure 4-5). The phage picks that did not show homology
to pN2.1 in this experiment may have initially been selected due to cross hybridization

with pN2.1,
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Figure 4-10: Characterization of pN2.1 selected chromosome 19 phage isolates;
Hybridization with pB900. Hybridization of the blot containing Sstl digested DNA
from the pN2.1 selected chromosome 19 library phage with a unique sequence DNA
probe, pB300 is shown. The pB900 probe was subcloned from cosmid 3. Four of the
six pN2.1 homologous phage were identified by pB90O (lanes 5, 6, 9 and 11). The
pN2.1 and pBSOO unique sequence DNA probes are thus present in both cosmid and

phage c'ones of this region.
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chromosome walk when no more cosmids could be found to extend the contig in a
telomeric direction. After one phage clone was found to extend the contig, CW13¢5,
no others were found. Thus the proximal segment of the myotonic dystrophy gene
region is represented in 11 chromosome walk steps which includes 10 with cosmids

and 1 with phage (Figure 4-4).

Characterization_of Cosmid Clones

A total of 28 cosmids were isolated by chromosome walking. Deletions and/or
rearrangements were found in propagating three of the cosmids. These unstable
clones are not included in the contig as they proved to be redundant. Overlap
between cosmids was evaluated by severa! methods including restriction mapping,
ALU PCR fingerprinting ard hybridization between overlapping unigue sequence

restriction fragments.

The integrity of the cosmid contig was confirmed by the mapping of rare
endcnuclease sites within the cosmids (Figure 4-4) and the subsequent correlation
with CHEF data. The cosmids and the rare endonuclease sites are listed in Table 1.
A total of six Mlul (Figure 4-4, marked and numbered M) and five Notl (Figure 4-4,
marked and numbered N"®) restriction sites served as landmark reference points for
the chromosome walk. The presence of two MIul sites (Figure 4-4, marked M' and
M?) in cosmid 1 (Table 4-1) was previously reported (Shutler et al., 1991a). An

additional two Milul sites (Figure 4-4, marked M? and M* were found in cosmid 15
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(Table 4-1). Only one of either the proximal or distal Miul sites was present in the
other overlapping cosmids. A further two MIul sites (Figure 4-4, marked M® and M®)
were found, one detectable in cosmids 19 and 22 and the other in cosmids 25 and 25
(Table 4-1). Cosmids 3 and 4 (Table 4-1) were found to contain a Notl site (Figure 4-
4, marked N'). A second Notl site (Figure 4-4, marked N?) was identified in cosmids
7-15 inclusive (Table 4-1). Another Notl site (Figure 4-4, marked N* was found in
cosmids 20 and 22 (Table 4-1). Two adjacent Notl sites (Figure 4-4, marked N* and

N°), within a 11 kb interval, were identified in cosmids 23-25 inclusive (Table 4-1).

Isolation_and Subcloning of DNA Probes

A total of nine unique sequence DNA probes were subcloned from cosmids.
These along with four of the ALU-PCR products (Table 4-2) were used for CHEF
pulsed field electrophoresis studies. One ALU34 PCR product from cw13¢5 was
subcloned into the pCR1000 plasmid (Invitrogen) and subsequently characterized as a
sequence tagged site (STS). Furthermore, five of these probes were found to detect
RFLP's and were applied to subsequent linkage analysis studies (Korneluk et al., 1991:
Shutler et al., 1991a, b, c; Tsilfidis et al., 1991b, c). The DNA probe, pKE2.1
(D195116) was subcloned from a 2.1 kb Eco RI fragment from cosmid 3 (18191) into
PUC13 (Shutler et al., 1992; Tsilfidis et al., 1991b). It is homologous to chromosome
19 sequences located approximately 80 kb telomeric to pE0.8 the start point of this

chromosome walk (Fig. 4-4). The DNA probe pKEO.6 (D195117) is a 0.6 kb Eco Rl

fragment of cosmid 6 (f13544) subcloned in pUC13 (Shutler et al., 1991¢; Shutler et
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al., 1992). It is homologous to a sequence located approximately 100 kb telomeric to
PEQ.8 (Figure 4-4). The DNA probe pKEX0.8 is a 0.8 kb Eco RI/Xbal genomic
fragment from cosmid 16 (f22692) subcloned into Bluescript (Shutler et al., 1992:
Tsilfidis et al., 1991¢). It is homologous to chromosome 19 sequences located
approximately 180 kb telomeric to pE0.8 (Figure 4-4). The DNA probe PKBEQ.8 is a
0.8 kb Bam HI/Eco RI fragment frbm cosmid 21 (f22266) subcloned into pSPE5
(Shutler et al., 1692; Korneluk et al., 1891) and is homologous to chromosome 19

sequences approximately 240 kb telomeric to pE0.8 (Figure 4-4),

Physical Mapping

A common 450 kb Mlul fragment was detected with the PEOD.8 and pCKM-3'
prc' es as previously stated (Chapter Nll) and reported (Shutler et al., 1991a). The next
telomeric Mlul fragment was found to be 40 kb in size, also as previously stated
(Chapter Iil) and reported (Shutler et al., 1991a). These sites (Fjgure 4-4, marked M’
and M?) flank tihe ERCC1 gene in this 40 kb region. Hybridization with the more distal
DNA probes, pN2.1, pKE2.1 and pKEO.6, revealed both a 90 kb Mlul fragment and a
partial 260 kb fragment (panel B, Figure 4-11). The Miul endonuclease is expected to
be methylation sensitive {Nelson and McClelland, 1987). Thus a partial methylation of
the next telomeric site (Figure 4-4, marked MY is suggested. The second Miul site in
cosmids 15 and 16 (Figure 4-4, marked M*) along with the Miul site in cosmids 19 and

22 (Figure 4-4, marked M®) were not evident in the CHEF electrophoresis data. This
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Probe Cloning Reference size of fragment (Kb)
Miul Noti
pPERCC1-int Shutler et al., 1991a 40 300
PEQ.8 (D19S115) Shutler et al., 1991a, b 450 300
PN2.1 Shutler et al., 1992 90, 260 70
pPKE2.1 (D18S116) Tsilfidis et al., 1991b 90, 260 70
Shutler et al., 19g2
PKEOD.6 (D19S117) Shutler et al., 1991c, 90, 260 70
1992a
pB2.8 Shutler et al., 1992 90, 260 70

ALU33/Sp6-cosmid 14

Shutler et al., 1992

170, 260 160

ALU33/Sp6-cosmid 16

Shutier et al., 1992

170, 260 160

PKEX0.8 (D19S118)

Tsilfidis et al., 1991¢
Shutler et al., 1992

170, 260 160

pKBE0D.8 (D19S119)

Korneluk et al., 1991
Shutler et al,, 1992

170, 260 160

pMO.5

Shutler et al., 1992

ALU33-cosmid 25

Shutler et al., 1992

ALU34-phage cw13¢5

Shutler <i al., 1992

170, 260 S0
100 50
100 S0
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Figure 4-11: Physical map of the proximal DM chromosome walk. Southern blot
analysis of CHEF pulsed field gel electrophoresis are shown for Miul (panels A-D) and
Notl (panels E-H) digested DNA isolated from the lymphoblasts of unrelated
individuals. These top panels show the common restriction fragments identified by
DNA probes from the chromosome walk (listed in table 4-2). Panel A shows the 450
kb Miul fragment identified by pE0.8. Panel B shows the common 90 and 260 kb Miul
fragments identified by pN2.1, pKE2.1, pKEQ.6 and pB2.8. Pane! C shows the
common 170 kb and 260 kb Mlul fragments identifiad by the two ALU-PCR derived
probes, ALU33/Sp6 from cosmid 14 and ALU33/Sp6 from cosmid 16, and pKEX0.8,
pKBED.8 and pMO0.5. Panel D shows the 300 kb Notl fragment identified by pERCC1-
int and pED.8. Pane! F shows the 70 kb fragment identified by pN2.1, pKE2.1, pKEQ.6
and pB2.8. Panel G shows the 160 kb Notl fragment identified by ALU33/Sp6 from
cosmid 14, ALU33/Sp6 from cosmid 16, pKEX0.8 and pKBEO.B.. Panel H shows the
50 kb Notl fragment identified by pM0.5, ALU33/Sp6 from cosmid 25 and ALU34 from
phage cw13¢5. The alignment of the Mlul (M) and Notl (N) restriction sites identified
within the chromosome walk relative to the pulsed field ge! electrophoresis results are
shown in the physical map below. Methylated restriction sites are shown with a
shaded circle while partially methylated restriction sites are shown with an unshaded

circle,
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may be due to complete CpG methylation within the Miul recognition site for
lymphoblast DNA. The DNA probes pKEX0.8, ALU33-SP6 PCR product from cosmids
14 and 16, and pKBED.8 hybridize to a common 170 kb Mlul fragment and the 260 kb
partial Mlul fragment (panel C, Figure 4-11). This is consistent with the mapping of the
Miul site in cosmids 24 and 25 (Figure 4-4, marked M®). On the distal side of the last
cioned Mlul site, two unique sequence DNA probes were generated by ALU-PCR,
namely an ALU33 primed PCR product from cosmid 25 and an ALU34 primed PCR
product from phage clone cw13¢5. Both of these probes detect an Miul fragment of

100 kb (panel D, Figure 4-11).

In addition to the 300 kb Notl fragment previously stated (Chapter IIl) and reported
(Shutler et al., 1991a) to be detected by pCKM3', pERCC1-int and pED.8, a 70 kb Notl
fragment was detected by pN2.1, pKE2.1, pKEO.6 and pB2.8 (pane! F, Figure 4-11),
This correlated with the Notl site mapped in cosmids 7-11 (Figure 4-4, marked N3).
The Notl site found in cosmids 20 and 22 (Figure 4-4, marked N* was not evident in
the CHEF electrophoresis data which may be the result of complete methylation in the
lymphoblast DNA. Notl is also expected to be methylation sensitive (Nelson and

McClelland, 1987).

The next telomeric Notl site mapped in cosmids 23-25 (Figure 4-4, marked NY,
corresponded to a 160 kb Notl fragment detected by the ALU33-SP6 PCR product

from cosmid 14, pKEX0.8 and pKBEQ.8. The DNA probe pM0.5 derived from cosmid
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24, the ALU33 PCR product from cosmid 25 and the ALU34 PCR product from phage

Ccw13¢5 all detected a 50 kb Not! fragment. These probes are distal to the tandem

Noti sites mapped 11 kb apart in cosmids 23, 24 and 25 (Figure 4-4, marked M* and
M®).

Genetic Mapping of Key Recombinant Events

Two key recombinant events bracket the DM locus. The results of a recombinant
event in a Dutch DM family, detailed by Smeets et al., (1990b) and discussed in
Chapter Jll, maps the DM locus distal to the ERCC1 gene and pE0.8 (D19S115), the
latter being the start point of the chromosome walk in this study. Figure 4-12 shows
the haplotyping of this family conducted with the addition of genetic markers from this
chromosome walk (listed in Table 4-3). The recombinant event (Figure 4-12, individual
#2) shows pKEX0.8 (D19S118) to Co-segregate with the more proximal markers pED.8
(D198115), ERCC1 and APOC2 and recombine with PKBED.8 (D19S119), pEWRB1.4
(D19S50) and DM, the distal markers. Thus PKEX0.8 and pKBEO.8 flank the proximal
crossover point. This recombinant event maps to within a 60 kb interval based on the

physical mapping of these probes in this study (Figure 4-11).

The results of another key recombinant event in a French Canadian DM family,
previously described by Tsilfidis et al., 1991a, mapped DM proximal to p134c

(D19S51). This prabe is closely linked to DM (8max = 0.006, Z,,,,, = 35.8, Tsilfidis et
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Table 4-3: Chromosome 19 probes used in genetic analysis of the recombinant

event in the Dutch DM family.

Probe Enzyme Allelic Size Allelic Reference
(Kb) Frequency
APQOC2 Ncol 14.5/11.4 0.52/0.48 Frossard et
(CONA) al., 1986
Taqgl 3.8/3.5 0.52/0.48 Humphries et
al., 1983
APOC2 PCR based 12 alleles Smeets et al.,
(VSSM) 1989
CKM Ncol 3.5/2.5+1.0 0.44/0.56 Coerwinkel-
Driessen et
al., 1988
ERCC1 PCR based 10 alleles Smeets et al.,
(VSSM) 1990a
pEQ.8 Balt 6.5/6.0 0.62/0.38 Shutler et al.,
1991b
pKEX(0.8 Hincll 16.5/11.5 0.46/0.54 Tsilfidis et al.,
1991¢
pKBEQ.8 Hincll 16/10 0.85/0.15 Korneluk et
al., 1991
pEWRB1.4 Taql 2.3-4.0,6 0.07/0.03/0.66 | Korneluk et
alleles 0.01/0.01/0.22 1989

al.,
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Figure 4-12: Dutch DM family showing a recombination between the proximal
markers APOC2, CKM, pE0.8 (D198115), ERCC1 and pKEX0.8 (D19S118) with
the distal markers pKBE0.8 (D1 95119), DM and pEWRB1.4 (D19S50). This

genetic data suggests that the DM gene lies telomeric to the D19S118 locus.



e Ol o

- o~ (4] o™ (4] o - - [}
(r J1 I Jr I I I I I 70 111

L2 ! [ ___J | |} _[]
N ~- - - - L) - - -t

- o~ ™~ o™~ [ ] (2] -~ - Lo
e 1y F I I J I T 11 I L

N N = &N = N = @«

Y &N o ™ o - - o
W D SN IS D S NN S T ) A R A

- &N N ™ N = NN N ™

ApoC2-Ncol
ApoC2-Taql
ApoC2-VSSM
CKMM-Ncaol
pEO0.8-Bgll
ERCC1-VSSM
pKEX0.8-Hincll
pKBEO0.8-Hinctl
pPEWRB1.4-Taql



9N
al., 1991a). Thus the DM locus is bracketed by D19S118 as the closest locus on the

proximal side and D19S51 on the distal side.

Sequence Tagged Sites and YAC Clone Selection

Two unique sequence DNA probes, pKEO.6 and pKBEOQ.8 (Figure 4-4) and the
ALU34 PCR product from cw13¢5 were sequenced and primers made for PCR
amplification to generate sequenced tagged sites (STSs; short, unique sequences of
DNA that can be recognized by PCR assay). One of the STSs was used to screen the
chromosome 19 cosmid library. The STS from the ALU34 PCR product of cw13¢5
failed to identify any homogeneous cosmids. The other STS's along with an STS
distal to the DM locus, at the pX75b locus (D19S5112), were used to screen a YAC
library by Dr. Peter de Jong's group at the Lawrence Livermore National Laboratory.
The St. Louis YAC library designations were used for the YACs selected. One
chimeric YAC clone, 483E7-14, selected by the pKBEOQ.8 STS and three YAC clones,
168D1, 215B3 and 231G8, selected by the X75 STS failed to overlap (Figure 4-13).
ALU-PCR YAC vector end products were generated from YAC clone 231G8,
sequenced, primers derived and the centromeric set (Figure 4-13, designated
LL145/146) used to rescreen the YAC library. One of the three clones selected was a
highly unstable but intact YAC clone, 483E7-14, that overlaps with the proximal walk
cosmids (Figure 4-13). A cosmid library was then generated by the Human Genome
Centre using a partial Mbol digestion of the DM region YAC clones followed by ligation

into Lawrist 13 vector. The characterization of these clones is described in Chapter V.
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Figure 4-13: Physical map showing the DM region cosmid contigs and
overlapping YAC clones. The region spanned by the DM proximal (A) and distal (B)
cosmid contigs (shaded bars) are shown relative to the overlapping YAC clones (1-7,
grey bars). YAC clones 1, 2 and 3 were selected by the D19S112 STS while YAC
clone 7 was selected by the D19S119 STS. The cross hatched region shown for
clone 7 indicates a chimeric segment. YAC clones 4, 5 and 6 were selected by an
STS (with primers LL145 and LL146) derived from an ALU PCR YAC vector end
product of clone 1. The dashed lines shown for clones 5 and 6 show deleted regions
due to the instability of these clones. The St. Louis YAC library aesignations for these
clones are as follows: clone 1, 231G8: clone 2, 21583; clone 3, 168D1; cione 4,

4B3E7-14; clone 5, 483E7-C; clone 6, 483E7-11; clone 7, 101F2.
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Discussion

An absence of associated chromosome abberations or biochemical abnormalities
underscores the role of positional cloning in the isolation of the DM gene. In the
search for the causative gene, the DM locus has been bracketed with flanking markers
defining two recombinant events. The proximal event is found in a Dutch DM family
(Smeets et al., 1990a) and the distal one in a Canadian DM family (Tsilfidis et al.,
1991a). The results of the chromosome walk into the proximal segment of this defined
region has enabled a high resolution genetic map to be constructed in conjunction
with a complementary long range physical map that can be used to define the DM
region. By using primarily ALU-PCR generated probes, a cosmid-phage contig
extending approximately 350 kb telomeric from D19S115 was generated for these

purposes.

The success of the chromosome walk is contingent upon the integrity of the
contig and this has been validated in several ways. Restriction sites deduced from
CHEF pulsed field electrophoresis are in agreement with the alignment of rare cutter
sites in the cloned sequences of the contig. The new genetic markers generated from
the chromosome walk all show tight linkage relationships to DM (Korneluk et al., 1991:
Shutler et al., 1991b, ¢; Tsilfidis et al., 1991b, ¢} and have been used for extensive
linkage analysis in Canadian DM families (Tsilfidis et al., 1892b). Furthermore, the
ALU-PCR patterns generated by cosmids from successive chromosome walk steps

show common centromeric components. Results of restriction mapping the cosmids
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and hybridization of overlapping fragments {primarily as a result of determining the
orientation of ALU-PCR primer/vector end products) also support the validity of the

cosmid contig.

There are two key recombinant events that bracket the DM locus as previously
addressed. One recombinant occurs in a Dutch DM family which maps DM distal to
the ERCC1 gene (Smeets et al., 1990b) and D19S115 (Shutler et al., 1931a). The
D19S115 locus is detected by the DNA probe PEOQ.8 which is the start point of the
chromosome walk in this study. The other recombinant event is in a French Canadian
DM family which maps DM proximal to D19851 (Tsilfidis et al., 1991a). The genetic
distance between D18S115 and D19S51 is calculated to be 2 cM or less. In this study
we were able to map the proximal crossover point in the Dutch family between two
probes, pKEX0.8 (D185118) and pKBEQ.8 (D195119) which are approximately 60 kb
apart (Fig. 4-4). This established pKEX0.8 as the closest proximal marker to DM in
this chromosome walk. More significantly, this resuit eliminates approximately 200 kb
of sequence between pEO0.8 and pKEX0.8 that would have otherwise been screened

for DM candidate genes.

At the distal end of the chromosome walk, no further telomeric cosmids could be
found. A similar result was obtained with the chromosome 19 phage library. This
suggests the presence of DNA sequence that is difficult to clone in bacterial hosts

using cosmid and phage vectors. To approach the problem we initiated an overlap
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cloning attempt from the distal side by collaboration with Gert Jansen and Dr. Bé
Wieringa of the University of Nijmegen in the Netherlands, using the approach
developed during the proximal DM region chromosome walk. This effort involved a
chromosome walk through the chromosome 19 cosmid library from a locus defined by

the anonymonous marker, pX75b (Jansen et al., 1992a),

A search for markers distal to the DM locus resulted in the clening of th2 DNA
probe, pX75b by the Dutch group. ALU PCR products were generated from a somatic
cell hybrid (XP3542-1) containing the DM region of human chromosome 19, These
products were used to screen the phage chromasome 19 library and a phage library
that was made from the XP3542-1 somatic cell hybrid. Several unique sequence
probes were subcloned from the phage selected and physically mapped using a
hybrid cell mapping panel. Two of these probes mapped proximal to the p134c locus.
One of these probes mapped at about 30 kb telomeric from the.ERCC1 gene in the
proximal DM region chromosome walk cosmid contig. The other probe, pX75b, was
not present in this cosmid contig thus revealing its distal location. Genetic mapping
of the X75b (D19S112) region was accomplished by finding a highly informative VSSM
marker from this locus which was found to recombine :n the French Canadian DM
family previously shown to have the distal recombinant event (presented in Tsilfidis et
al, 1981a). Both genetic and physical mapping data placed this locus distal to Dl

mutation, but closer than p134c. An "essential region” that contains the DM locus is
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thus flanked by the nearest crossover markers, D19S118 (pKEX0.8) and D19S112

(pX75D).

The chromosome walk initiated by our Dutch collaborators from the D19S112 locus
using the chromosome 19 codmid library established a 200 kb cosmid contig before
reaching a cloning impasse where no further cosmids could be found (Jansen et al.,

1992a).

To resolve the impasse in the DM cloning endeavour a YAC library (Burke et al.,
1987) was screened at the Human Genome Centre at the LLNL in California with three
STS systems, one for pKBED.8 (D19S119) and one for pKEQ.6 (D195117) from the
proximal chromosome walk and one for pX75b (D19S112) from the distal chromosome
walk. One chimeric YAC clone was selected by the pKBE0.8 STS and three intact
YAC clones were selected by the pX75b STS. These first clones failed to overlap the
proximal and distal cosmid contigs. ALU-PCR products from an pX75b STS selected
YAC clone, 231G8, were gengrated and used to probe the chromosome 19 cosmid
library. Two overlapping cosmids were identified that bridged part of the gap between
the proximal and distal cosmid contigs. Alu-PCR YAC vector end products were also
generated from YAC clone 231G8, sequenced, primers derived and the centromeric
end set (LL145/146) were used to rescreen the YAC library. A highly unstable YAC
clone was found from this second screening. This clone and the YACs from the first

screening formed a YAC contig that overlapped with the two cosmid contigs. A
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cosmid library was then generated from these YAC clones and the gaps between the
proximal and distal chromosome walk cosmid contigs were closed. A characterization

of these cosmids is presented in the subsequent chapter.
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Chapter V: Identification of The DM Locus

1. Introduction

An extensive region of human chromosome 18q13.3 that contains the DM locus
has been cloned in this study and by a collaborative effort as addressed in Chapter V.
The endeavour consisted of: a 350 Kb chromosome walk from the pE0.8 locus
(D19S115) located 15 kb centromeric to the DNA Excision Repair (ERCC1) yene, in a
telomeric direction toward the DM locus (Shutler et al., 1992a); a 200 kb chromosome
walk from the pX75 locus (D198112) in a centromeric direction toward the DM locus
(Jansen et al., 1992a); and linking the two segments with cosmids derived from a YAC

contig spanning the region (Aslanidis et al., 1892).

The integrity of the cosmid contig from the proximal DM region chromosome walk
was supported by correlating the mapping of rare endonuclease restriction sites in
cosmids with results from CHEF pulsed field electrophoresis of genomic DNA as
discussed in Chapter IV. Similarly, the integrity of the cosmid contig from the distal
DM region chromosome walk and the cosmids derived from overlapping YAC clones
was established by comparing rare restriction endonuclease sites in these cosmids
with results from CHEF pulsed field electrophoresis. This was facilitated by mapping
Notl and Miu! sites in tha distal DM region and YAC derived cosmid contig, searchirg

for unique sequence DNA probes in this contig and analyzing CHEF Southern biots
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with these DNA probes. Establishment of the cosmid contig's integrity ensures the

presence of the DM locus mapped within this interval.

Both genetic and physical mapping data are essential for positional cloning
strategies to find a disease gene locus. The point when tight genetic linkage indicates
what cloning strategies are appropriate is often rot clear. Defining a relationship
between marker to marker genetic distance and physical distance estimates would
assist in making such a decision. Previous studies that have correlated genetic to
physical mapping data were based on large poorly characterized regions of several
Mb. These studies used long range physical mapping data obtained from pulsed field
gel electrophoresis with partiaily digested DNA (Higgins et al., 1890) or from somatic
cell hybrid mapping panels (Carson and Simpson, 1991; Julier et al., 1988) and
genetic data from anonymous markers. Evidence from these studies suggest a
variable sex dependent relationship between marker to marker physical and genetic

distance estimates.

The opportunity to compare complementary genetic and physical mapping data
from a well characterized region in excess of 1 Mb spanning the DM locus was
afforded during the course of mapping the DM gene by positional cloning. The
cloning of large cosmid contigs, pulsed field electrophoretic analysis and somatic cell
hybrid data was correlated in this study of the DM region to provide marker to marker

distance measurements for six polymorphic loci over a 1.5 Mb region.
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Complementary linkage analysis of these six polymorphic loci distributed through out

the DM region on a total of 85 Canadian DM families comprising 804 individuals was

thus undertaken to analyze the genetic distance to physical distance relationship.

In the final phase of this study the fine mapping and partiai characterization of the
cosmids to define the minimal area containing the DM locus is presented. This
includes the cloning of unique sequence DNA probes that identify the DM mutation

and the identification of CpG islands flanking the DM locus.

2, Materials and Methods
DNA Analysis

Genomic DNA was extracted from either peripheral blood samples by using a
modification of Madisen et al., (1987) or by the salt precipitation method of Miller et al.,
(1988). Cosmid and plasmid DNA was isolated by rapid alkaline preparation (Birnboim
and Dolly, 1978). Cloned probes or total human DNA used for hybridization were
labelled with *P dCTP by the random priming method of Feinberg and Vogelstein
(1983). Restriction enzyme digests and Southern blot hybridization conditions were as

previously described (MacKenzie et al., 1989).

DNA Probes
Single copy sequences from Southern blots of cosmid restriction fragments were

identified by their lack of hybridization to repetitive sequences, when probed with ¥p-
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dCTP labelled human DNA. Atter subcloning, these single copy sequence probes
were used for physical mapping and if they detected restriction length polymorphisms,
they were also used for genetic mapping. The other DNA probes used for linkage
analysis and/or physical mapping are as described in Korneluk et al., (1989a),

Johnson et al., (1990), Shutler et al., (19913, b, 1992a).

Pulsed Fiel | Electrophoresi
Contour clamped homogeneous electric field (CHEF) pulsed field electrophoresis
gels were run on the CHEF DRIl system (BIO-RAD). Electrophoresis run conditions

and preparation of DNA from lymphoblasts were as previously described in Chapter |l.

Link Analysi

A total of 85 Canadian DM families comprising 904 individuals were studied.
Approximately half of the families were French-Canadian and the majority of the
remaining families were either Scottish-Canadian or Anglo-Canadian. The clinical
diagnosis of DM and linkage analysis using the LINKAGE version 5.1 package of
programs (Lathrop et al., 1985) were as previously outlined (MacKenzie et al., 1989;
Korneluk et al., 1989a). Compound haplotypes for loci containing more than one
polymorphic site (eg. APOC2 and CKM) were constructed as previously described

(Korneluk et al., 1989b).
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3. Resuits

To construct a consensus physical map of the DM region a characterization of the
cosmids derived from the distal DM region chromosome walk and overtapping YAC
clones was undertaken and combined with previously characterized proximal DM
region data (Chapter IV). From a broad perspective, this enables correlation of
genetic and physical mapping data throughout a region in excess 1 Mb spanning the
DM locus. More specifically, this also permits fine genetic and physical mapping to

define the minimal region expected to contain the DM mutation.

Characterization of Cosmid Clones

In order to confirm the integrity of the cosmid contig from the distal DM region
chromosome walk and Yac derived cosmids spanning the DM locus, the correlation of
previously mapped landmark rare endonuclease sites in these cosmids (Jansen et al.,
1992a; Aslanidis et al., 1992) with genomic CHEF puised field electrophoresis data
derived from six DNA probes found in this region was undertaken. A total of 10 Miui
sites were reported, 8 Miul sites from the proximal chromosome walk (Figure 5-1,
marked and numbered M'), Shutler et al., (1992a), and 4 Mlul sites from the distal
chromosome walk and YAC overlap cloning (Figure 5-1, marked and numbered M”19,
Jansen et al., (1992a) and Aslanidis et al,, (1992). A total of 9 Notl sites were
reported, 5 Notl sites from the proximal chromosome walk (Figure 5-1, marked and
numbered N'*%), Shutler et al,, (1992a), and 4 Notl sites from the distal chromosome

walk and YAC overlap cloning (Figure 5-1, marked and numbered N®9), Jansen et a,,
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(1992a) and Aslanidis et al., (1992). Other Miul sites, M'"" and Noti sites, N'*"! are

predicted by the CHEF pulsed field electrophoresis data,

The MIul and Notl sites mapped in the cosmids are listed in Table 5-1. The
positions of cosmids derived from YACs and the distal DM chromosome walk are
shown with reference to the landmark Miul and Notl sites in Figure 5-2. Cosmids 23,
24 and 25 are the three most telomeric cosmids from the proximal DM chromosome
walk (Table 5-1 and Figure 5-2). The YAC derived cosmids are shown as cosmids 26
to 28 inclusive, 32 and 33 (Table 5-1 and Figure 5-2). Cosmids 30 and 31 (Table 5-1
and Figure 5-2) are two contiguous cosmids derived from the chromosome 19 cosmid
library that does not overlap with other cosmids in the library. Cosmids 34 to 43
inclusive, were derived from the distal DM chromosome walk (Table 5-1 and Figure 5-

2).

Isglation_of DNA _Probes

A total of eight unique sequence DNA probes were subcloned from cosmids in
this study. Four of these (pKM1.4, pS1.8, PGB2.6 and pX1.7) along with three other
chromosome 19 DNA probes were used for CHEF pulsed fiald electrophoresis studies
(Table 5-2). Three of the probes were found to detect RFLP's (pKM1.4, pGB2.6 and

PGP1.5). These new probes along with six other chromosome 19 DNA probes were
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Table 5-1: Cosmids and rare endonuciease sites identified from the DM region

chromosome walks and overlapping YAC clones (listed in a centromere to
telomere order).

Cosmid LLNL id# | Rare cutter site Ref.
1 F15123 M2 Shutler et
al., 1992
2  F8697 M2 ibid
3 F8191 M? N’ ibid
4  F10080 N' ibid
5 F5118 ibid
6  F13544 ibid
7 F23770 M3, N2 ibid
8  F18905 M3, N2 ibid
8  F20720 M3, N2 ibid
10  F24206 M3, N2 ibid
11 F22397 M3, N2 ibid
12 F18226 M3, N2 ibid
13 F22440 M2, N2 ibid
14 F20927 M3, N2 ibid
15  F15962 M* N2 ibid
16 F22692 M? ibid
17 F24860 ibid
18 F20007 ibid
19 F20829 ibid
| 20 F16149 ibid
| 21 Fozoes ibid
ui 22 F25267 M®, N° ibid
" 23 F20000 NS ibid




Cosmid LLNL id# | Rare cutter site Ref.
—_24 F15243 M8, N*5 ibid
25 F16238 M, N5 ibid
26 Ya100075 NS Aslanidis et
al., 1992
27 Ya100068 ibid
28  Ya100157 M7, N7 ibid
29  Ya100124 M7, N7 ibid
30 F18894 M7, N7 Jansen et
al.,, 1992
31 F18431 M7, N7 ibid
32  Yc10025% M7, N7 Aslanidis et
al., 1992
33  Yc100263 M7, N7 ibid
34 F16625 M8 Jansen et
al., 1992
35 F23948 Mm® ibid
36 F25609 ibid
I 37 F14255 M° ibid
II 38  F25240 M0 ibid
39 F5864 M0 ibid
40 F18029 M ibid
41  F17058 M0 ibid
42  F23842 N8 ibid
43  F20192 NE&® ibid

105
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Figure 5-1: Long range restriction map of over 1 Mb spanning the DM gene
reglon. The approximate positions for the ApoC2, CKM, ERCCI and DM genes are
indicated in brackets. Loci for the DNA probes are marked and indicated with an
arrow. The landmark rare endonuclease restriction sites identified in the DM cosmid
and YAC contig, Mlul (M) and Notl (N), are marked and numbered in a centromere
(CEN) to telomere (TER) orientation. The unshaded circles above the restriction sites
indicate partial digestion and shaded circles indicate no digestion observed in gencmic
DNA. The unshaded square above the restriction sites indicate restriction sites subject
to partial digestion predicted solely on pulsed field electrophores_is results (discussed
latter in text). In the enlarged area, between Miul sites M”®, the shaded triangle marks
the position of the unstable CTG repeat associated exclusively with the DM
chromosome (discussed in text latter), while the unshaded triangle marks the position

of the insertion polymorphism detected at the DM locus.
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Figure 5-2: Rare cutter restriction map of YAC derived chromosome 19 library
gap and distal DM region cosmid contig. The positions are shown of the most
telomeric three cosmids from the proximal DM chromosome walk (cosmids 23, 24 and
25), the YAC derived cosmids (cosmids 26 to 29, 32 and 33), a small contig of two
chromosome 19 library derived cosmids (cosmids 30 and 31), and cosmids derived
from the distal DM chromosome walk are shown in reference to four Miut sites
(marked and nurribered M®'°) and seven Notl sites (marked and numbered N0
contained in the cosmid contig. The shaded circles above the restriction sites indicate
that they have not been observed in genomic DNA. The loci of three probes used for
physical mapping are indicated as a reference points below, D195195 (localized to
about 100 kb from pGB2.6 and about 20 kb from the most telomeric end of cosmid
25), pGB2.6 (a2 unique sequence probe detecting the unstable CTG repeat
polymorphism exclusively associated with DM) and D19S112 (the starting point for the

distal DM chromosome walk, mapped to about 100 kb from pGB2.6).
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Table 5-2: Chromosome 19 probes used for extending the physical map of the

DM gene region by pulsed field ge! electrophoretic analysis.

Prdbes size of fragment Cloning
identified (kb) Reference
Miul Not!

pKM1.4 100 50-60 this study

pS1.8 100 50-60 this study

pGB2.6 800 (750, 245-260 Aslanidis et al.,
600, 500) 1992 and this

study

pX1.7 800 (750, | 245-260 this study

600, £00)
pX75 800 (750, 245-260 Jansen et al.,
600, 500) 1992a
It
p134c¢ 800 (750, 50-60 Johnson et al.,

600, 500) 1890
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used in linkage analysis for this thesis and elsewhere (Table 5-3). Three of the

probes, pBMB0O, pS400 and pBP600, were used to map CpG islands.

The pKM1.4 probe is a 1.4 kb Bam HI/Hindlll fragment from cosmid 24 subcloned
in pUC18. Both the pS1.8 and pS400 probes are 1.8 kb and 400 bp Sstil fragments
respectively from an 11 kb Eco Rl subclone of cosmid 39 (f18894). The pGB2.6 and
PGP1.5 probes are a 2.6 kb Bam Hi fragment and a 1.5 kb Pstl fragment from cosmid
33 (Yc100263) subcloned into pUC18 and pBS, respectively. The pX1.7 probe is a 1.7
kb Xbal fragment from a 10 kb Bam HI subclone of cosmid 34 (f18625). The pBPB00
probe is a 600 bp Bam HI/Pstl fragment from a 1.8 kb Bam HI/Hindlll subclone of
cosmid 24 (f16625). The pBM800 probe is a 800 bp Bam HI/Miul fragment from a 14

kb Bam Ht subclone of cosmid 33 (Yc100263).

Physical in

Previous studies have shown that both pE0.8 ad pCKM-3' identify a common
Mlul fragment of 450 kb and a common Notl fragment of 300 kb (Shutler et al.,
1891a). The telomeric ends of the fragments flank the ERCC1 gene (Figure 5-1, M’
and N') thus mapping the CKM locus to within 259 kb of the ERCC1 locus (Shutler et
al., 1991a; Smeets et al., 1990). Several studies have shown that the APOC2 locus is
in close proximity, centromeric to the CKM locus (Korneluk et al., 1989a; Smeets et al.,

1990; Stallings et al., 1988; Harley et al., 1991; Shaw et al., 1985; Schonk et al., 1989:
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Table 5-3: Chromosome 19 probes used for linkage analysis of the DM gene

region.
Probe Enzyme Allelic size Allelic Retference
(kb) frequency
pail.4 Banl 3.0/2.2 0.72/0.28 Korneluk et
(D19837) al., 1989
APOC2 cDNA | Ncol 14.5/11.4 0.52/0.48 Frossard et
(APOC2) al., 1986
Taql 3.8/3.5 0.52/0.48 Humphries et

al.,, 1983
cCKM3' Ncol 3.5/25+1.0 0.44/0.56 Coerwinkel-
(CKM) Driessen, et

al., 1988
pEOD.8 Bam HI 7.0/6.5 0.62/0.38 Shutler et al., ,
(D19S115) Bgll 6.5/6.0 1991a, b

Ncol 4.5/4.0 l
pGB2.6 Eco RI 10/9.0 Aslanidis et
(DM gene) Hindlil 8.5/8.5 al., 1992
p134c Bgil 50/4.4 0.85/0.15 Johnson et
(D19851) al., 1990
_—'_—-_—_—._.._____—___ ——— = -
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Brooke et al., 1991). Physical linkage by pulsed field electrophoretic analysis between
APOC2 and pa1.4 loci has been reported (Shaw et al., 1889), but not between the
APOC2 and CKM loci due to the presence of numerous rare endonuclease sites.
However, consistent coretention of APOC2 and CKM in somatic hybrid experiments
suggest a close physical proximity between these loci (Stallings et al., 1988; Brooke
et al, 1991). Furthermore, based on the pulsed field electrophoresis data available,

APQC2 can be mapped at just over 260 kb proximal to CKM (Smeets et al., 1990).

Agreement of restriction mapping Miul sites M to M® with CHEF pulsed field
electrophoresis results has already been demonstrated in Chapter IV. Hybridization of
PKM1.4 and pS1.8 (unique sequence probes subcloned from cosmids F15243 and
F18894, Table 5-1 and Figure 5-1) to Miul digested genomic DNA revealed a common
100 kb fragment (Figure 5-3) which correlated to the mapping of Miul site M (found in
cosmids Ya100157, Ya100124, vc100259, Yc100263, F18431 and F18894, Table 5-1

and Figure 5-2) to about 100 kb distal to M® (Figure 5-1).

Hybridization of four unique sequence orobes from different loci (pGB2.6, pX1.7,
pX75b and p134c, Table 5-2 and Figure 5-1) to Miul digested DNA, revealed &
com:non 800 kb fragment, in the DNA tested from most individuals (Figure 5-4, lanes 1
and 2). There was however, a common complex pattern of four fragments
(approximately of 800, 750, 600 and 500 kb) also observed (Figure 5-4, lanes 3 and

a).
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Figure 5-3: CHEF pulsed field electrophoresis results of Miul digested genomic
DNA; Presence of Miul sites M® and M’. Southern blot analysis of Miul digested
genomic DNA prepared from lymphoblasts and separated on a CHEF pulsed field
electrophoresis gel. Hybridization of this blot with the unique sequence DNA probes
PKM1.4 and pS1.8 identifies a common 100 Kb tragment. The hybridization result for
PKM1.4 is shown. The identification of a 100 Kb fragment with these probes is
consistent with the mapping of Miul sites M8 and M’ about 100 kb apart in the cosmid

contig.
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Figure 5-4: CHEF pulsed field electrophoresis results of Miul digested genomic
DNA; Absence of Miul sites M® and M®, Southern blot analysis of Miul digested
genomic DNA prepared from lymphoblasts and separated on a CHEF pulsed field
electropharesis gel. Hybridization of this blot with the unique sequence DNA probes
pGB2.6, pX1.7, pX75 and p134c identifies two distinct band patterns (pGB2.6 is
shown); a single 800 Kb band (lanes 1 and 2) or a multi-band pattern (lanes 3 and 4).
Miul sites M®, M and M'® were mapped about 40 kb, 90 kb and 130 kb from Miul site
M’ in the cosmid contig. Miul fragments of this size range were not found in pulsed
field analysis of genomic DNA in this region. The next Miul site evident in genomic

DNA (M") is thus about 500 kb from Miul site M’.
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This complex pattern is difficult to resolve and had hampered previous efforts to
construct a pulsed field electrophoresis based map of the region distal to Miul site M7
(Jansen et al., 1992a; Aslanidis et al., 1992). Consequently the expected Miul sites,
M?' (Figure 5-1), restriction mapped in cosmids F16625, F23948, F14255, F25240,
F5864, F18029 and F17058 (Table 5-1 and Figure 5-2), are not evident in genomic
lymphoblast DNA by CHEF pulsed field electrophoretic analysis. Presumably, these
results can be explained by differences in the methylation status between these
restriction sites. The recognition sites for both Miul and Notl include the CpG
dinucleotide which when methylated, inhibits digestion by both enzymes (Nelsen and

McClelland, 1987).

To substantiate the CHEF pulsed field electrophoresis evidence that Miul site M8 is
not detected in genomic DNA while Miut site M’ is detected was provided by
experiments with Bam HI/Mlul double digests of leucocyte DNA. Hybridization with
pBMBO0O (Figure 5-6), a unique sequence probe subcloned from cosmid Yc100263
(Table 5-1 and Figure 5-2), for Miul site M” (Figure 5-1) and pBPB0O (Figure 5-5), a
unique sequence probe subcloned from cosmid F16625 (Table 5-1 and Figure 5-2) for
Miul site M® (Figure 5-1) was used to test for the presence of these Mlul sites. The
predicted 800 bp Bam HI/Mlul double digested fragment was observed with the
pBMBO00 hybridization result (Figure 5-6, panel A) which supports the pulsed field

electrophoretic evidence for the detection of Miul site M in genomic DNA.
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Figure 5-5; Restriction map of the genomic segment between two landmark
Miul restriction sites, M"and M?, flanking the DM locus. The map was constructed
by the analysis of subclones derived from cosmids F18894, Yc100263 and F16625
covering the region from Miul site M7 to M8, Map orientation is from centromere to
telomere. The shaded triangle marks the position of the DM variable length
polymorphism while the unshaded triangle marks the position of the insertion
polymorphism detected at the DM locus. The shaded diamond indicates the proposed
CpG island mapped 3' to the DM gene while the unshaded diamond indicates the
proposed CpG island mapped 5' to the DM gene. DNA probes used to map
restriction sites of rare endonucleases inhibited by methylation of the dinucleotide CpG
in their recognition site for genomic DNA are indicated below. Restriction sites that
could not be identified in genomic DNA (leucocyte) are marked with a shaded circle.
The position of various relevant restriction sites are given: S, Sstil; M, Miul; N, Noti: B,

Bam HI; E, Eco RI; P, Pstl; H, Hindlll: Eg, Eagl; Bs, BssHIl; X, Xhol.
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Figure §-6: Southern blot analysis of Miul sites M’and M®. Normal (lanes 3 and
4) and DM patient (lanes 1, 2, 5 and 6) genomic DNA digested with Bam HI (odd
numbered lanes) and double digested with Bam HI and Miul {even numbered lanes)
was probed with pBMB0O (A) and pBP60Q (B). The double digest anticipated Bam HI
to Miul site M7 800 bp product (marked by an arrow) was detected by pBMBOO (A).
The expected 4 Kb product of Bam HI to Miul site M® was not detected by pBP600

hybridization (B).
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Conversely, hybridization with pBP600 did not yield the expected 4 kb fragment (panel

B, Figure 5-6) which supports the pulsed field electrophoretic analysis result of not
detecting Miut site M® in genomic DNA. Both normal and DM patient leucocyte DNA

were used in these experirrents with no detectable differences.

The common complex pattern of Miul fragments detected by the probes with loci
distal to Miul site M, that was evident in the lymphoblast DNA of some individuals,
suggests the presence of at least four more Mlul sites (Figure 5-1, marked and
numbered M'""*) distal to cosmid F20192 (Table 5-1 and Figure 5-2). Furthermore,
partial methylation of these Miul sites, M™%, could account for the number of
fragments detected in these individuals. Hybridization of these CHEF pulsed field
electrophoresis blots with probes from loci proximal to Miut site M” did not indicate a
general problem with partial digestion of these samples. This phenomenon was not
observed with Notl digested DNA in the DM gene region tested proximal to the p134c

locus.

Agreement of Notl sites N5 in the cosmids with genomic CHEF pulsed field
electrophoresis results has already been demonstrated in Chapter IV. Hybridization of
pKM1.4 to Notl digested genomic DNA revealed a 50-60 kb band (Figure 5-7, panel A)
that supports the restriction mapping of Notl site N® (Figure 5-1) in cosmid Ya100075

(Table 5-1 and Figure 5-2). Hybridization of pS$1.8 to Notl digested genomic DNA,
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Figure 5-7: CHEF pulsed field electrophoresis results of Notl digested normal
and DM patient genomic DNA. Southern blot analysis of Notl digested DNA
prepared from lymphoblasts and separated by CHEF pulsed field electrophoresis is
shown. Hybridization with pKM1.4 identifies a 50-60 Kb fragment (A), pS1.8 identifies
another 50-60 Kb, fragment (B), while pGB2.6, pX1.7 and pX75 identifies a common

245-260 Kb fragment (C). Hybridization with p134c identifies a 50-60 Kb fragment (D).
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detected a 50-60 kb fragment (Figure 5-7, panel B) which correlates with the restriction
mapping of the Noti site N7 found i cosmids Ya100157, Ya100124, F18894, F18431,
Yc100259 and Yc100263 (Table 5-1 and Figure 5-2). Hybridization of pGB2.6, pX1.7
and pX75 (Table 5-2) to Notl digested genomic DNA revealed a commaon 245-260 kb
fragment (Figure 5-7, panel C), which does not correlate with the restriction mapping
of Notl sites N®? found in cosmids F23842 and F20192 (Table 5-1 and Figure 5-2),
The next Notl site distal to N7 that is evident in genomic DNA is at a distance of about
245 kb while the restriction mapping of Noti sites N®° in cosmids F23842 and F20192
indicates they are only at about 60 kb and 110 kb from N7, respectively. The Noti site,
N', is expected to occur in more distal cosmids. Hybridization of p134c (Table 5-2)

with Notl digested genomic DNA shows a 50-60 kb fragment (Figure 5-7, panel D).

rrelation of Genetic and Physical Distance Estimat
Both genetic and physical mapping data are essential for locating a disease gene
locus. The point when tight genetic linkage indicates that cloning strategies are
appropriate is often not clear. Defining a relationship between marker to marker
genetic and physical distance estimates would assist in making such a decision.
Comparison of complementary genetic and physical mapping data from the over 1 Mb

region spanning the DM locus was undertaken to examine this relationship.

Distance estimates between !oci of the various probes used for both physical and

genetic mapping were deduced by combining CHEF pulsed field electrophoresis
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results and restriction mapping of Miul and Notl sites (Fig 'ie 5-8). Genotypic data

was obtained from 85 families comprising 905 individuals using six DM region probes.
The genetic distance in cM with confidence intervals and lod scores (Z,,) were
calculated and are shown both in table 5-4 and figure 5-8. Lod scores from the
marker to marker recombinant fractions ranged from 13.5 to 69. Genetic distance
(cM) was estimated directly from the recombinant fractions for the various marker
pairs. Separation of recombinant fractions based on gender showed only minor
differences (Table 5-5). Thus the combined male and female recombinant fractions

are used for comparison to physical distance data.

Linear regression analysis of the two parameters using the method of least
squares (Figure 5-9) failed to reveal a significant linear correlation (cosefficient of
determination, r? = 0.19). The effect of using the most accurate linkage data was then
studied. We found the lack of correlation can be eliminated if only marker pairs with
the highest lod scores are considered by using marker pairs with lod scores greater
than 22 to select for tighter confidence intervals. A linear correlation between the two
parameters (r> = 0.64) was t\ien observed. This correlation was within the broad
confidence intervals of the eliminated marker pairs (Figure 5-9). Furthermore, the
omitted marker pairs (Table 5-4 and Figure 5-9, #3, pGB2.6 to p134c; #7, pal.4 to
CKM; #9, pa1.4 to CKM; #10, CKM to p134c; #11, CKM to p134c; #13, pal.4 "

pGB2.6; #15, pal.4 to p134c) do not originate from a common region (Figure 5-10).
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TABLE 5-4. Estimates of genetic and physical distance for DM reqisi: markers.

Interval Mb - cM (confidence Z . Ii
interval)

1 | pet.4to APOC2 025 |0.001 (0.001-3.5) 329 |
l2 | ckmtopE0s 025 |05 (0.001-3.0) 35.9
| peB26topi3dc (028 | 0.60 (0.001-6.5) 150
a | Apoc2 to CKM 0.26 |03 (0.001-2.0) 69.0
5 | pE0.8 to pGB2.:6 040 | 0.001 (0.001-2.2) 24.4
6 || APOC2to pEDS 061 |05 (0.001-2.7) 36.4
7 | pat.4 to ckm 061 | 2.7 (0.1-6.5) 21.2

8 | cxmtopeB2s 065 | 0.4 (0.001-2.1) 509 |
9 | pE0.8 to p134c 068 |04(000175) | 150
| 10 || pa1.4 to pEO.S 076 | 0.4 (0.005-8.0) 135
11 | CKM to p134c 083 |28 (0.1-9.0) 18.1
12 | APOC210pGB26 | 089 |07 (0.001-2.2) 60.4
13 || pat.4 to pGB2.6 121 |56 (1.511) 15.8
14 || APOC2 to p134c 124 | 1.9 (0.001-6.0) 28.6
J5 Joatstopisie |15 |o0o1 oot [ 113
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Figure 5-8: Consensus physical and genetic map of the DM region. The marker
to marker physical distance in kb for 6 loci from the DM region is shown on the left.

Marker to marker recombinant fractions and lod scores (bracketed) are shown on the

right.
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Table 5-5: Male and female recombination fractions for PM region markers.

Interval © (male) 8 (female} | Z .,
1 pail.4 to APOC2 | 0.000 0.000 33
2 CKM to pEO.8 0.011 0.000 36
3 | p134cto pGB2.6 | 0.000 0.013 33
4 APOC2 to CKM 0.006 0.000 69
5 pEQ.8 to pGB2.6 | 0.000 0.000 24
6 APOC2 to CKM 0.009 n.000 37
7 | pat.4 to CKM 0.000 0.044 22
8 CKM to pGB2.6 0.008 0.000 51
9 pEO.8 to p134c 0.000 0.000 15
10 | pai.4 to pEO.8 0.000 0.008 13
(—
11 CKM to p134c 0.033 0.025 18
12 | APOC2 0 pGB2.6 | 0.007 0.008 60
13 | pal.4to pGB26 | 0.054 0.057 16
14 | APOC2 to p134c | 0.017 0.022 29
15 | pail.4 to p134c 0.000 0.000 11

123
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Figure 5-9: Plot of the genetic distance versus the physical distance between
markers from the DM region. A comparison of genetic distance in cM (including
confidence intervals) to physical distance in Mb for 15 marker to marker intervals in
the DM region is shown. Linear regression analysis using the method of least squares
revealed a correlation between t* - two parameters only if intervals with high lod
scores are considered. The coefficient of determination for this correlation was
determined to be 0.64, the coefficient of correlation was found to be 0.80 while the
standard error of estimate was shown to be 0.40. The shaded squares renresent
genetic to physical distance ratios for intervals with high lod scores (Z,,,, > 22) the
unshaded squares indicate genetic to physical distance ratios for intervals with lower

lod scores ( 2., < 22).
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Figure 5-10: Location of DM region marker Intervals used for comparison of
genetic to physical distances. The locations of the marker intervals from the DM
region used for genetic distance to physical distance comparison (from Figure 5-8) are
shown. There are seven points with lod scores below 22 that were omitted from the
linear regression analys.s shown in figure 5.9 (interval #3, pGB2.6 to p134c; interval
#7, pal.4 to CKM; interval #9, pa1.4 to CKM: interval #10, CKM to p134c; interval
#11, CKM to p134c; interval #13, pai.4 to PGB2.6; interval #15, pa1.4 to p134c). it
can be seen here from the location of those intervals that they do not originate from a
common region. The physical distance between the loci for the six DM region

markers is shown separately in brackets.
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ldentification_of the DM _Mutation with Genomic Probes

The DNA probes pGB2.6 and pGP1.5 are a 2.6 kb Bam Hi fragment and a 1.5 kb
Psti fragment subcloned from cosmid Yc100263 into pUC18 and Bluescript plasmids,
respectively. Both of these probes map to a 9 kb Eco Rl fragment present in the YAC
derived cosmid Yc100263 and a 10 kb Eco Rl fragment in the chromosome 19 cosmid
library derived cosmid {18894 (Fig. 5-5). These two Eco Rl fragments represent the
alleles of an insertion polymorphism evident in genomic DNA from normal individuals
(lanes 1, 2 and 6, Figure 5-11). Both of these prabes also detect a variable length
polymorphism with Eco Rl or Hindlll digested genomic DNA from DM affected
individuals (lanes 3, 4, 5 and 7, Figure 5-11). An extensive linkage analysis of this
variable length polymorphism with DM, primarily using pGB2.6, was conducted in our
laboratory on DM families (Aslanidis et al., 1992). In nearly 70% of approximately 200
DM patients, increased allele sizes ranging from 10.5 to 15 kb was revealed. This
mutation was subsequently identified in our laboratory as an amplification of a CTG
trinucleotide repeat found to be present in the 3' untranslated region of a gene for a

serine/threonine protein kinase (Mahadevan et al., 1 992).

In the analysis of DM pedigrees it was discovered that the expansion on the DM
chromosome observed in successive generations correlated with the increased
severity of the disease (Asianidis et al., 1992: Mahadevan et al., 1992; Buxton et al.,
1992; Harley et al., 1992; Brook et al., 1992; Fu et al., 1992; Tsilfidis et ai., 1992). The

amplification of the CTG trinucleotide repeat thus forms the molecular basis for genetic
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Figure 5-11: Southern blot analysis showing the various degrees of allelic
expansion in DM-attected individuals. Genomic and cDNA probes that map to the
same 10 kb Eco Rl from human chromosome 19g13.3 detect an unstable CTG repeat
unique to individuals with DM. The two Eco Fi alleles, 9 kb and 10 kb, identified by
these probes (pGB2.6 is shown) are found in the normal population (lanes 1, 2 and 6).
The 10 kb allele contains the trinucleotide repeat that is polymorphic put stably
inherited in the normal population. The trinucleotide repeats range in size from 5 to 30
with repeat numbers of 5 and 13 the most common. In DM patients there are
increases in the size of the 10 kb allele that are due to an increased number of CTG
repeats ranging from 50 repeats to several kb. The CTG trinucleotide repeat maps to
the 3’ untranslated region of a putative serine-threonine protein kinase gene. Nearly
all cases of DM displayed expansion of the CTG repeat region (discussed in text and
latter in Chapter VI). An increase in the severity of the disease in successive
generations (genetic anticipation) is accompanied by an increase in the number of
CTG trinucleotide repeats. Expansion of DM alleles seen by Soutriern blot analysis
was classified in the following manner: EQ, no expansion; E1, expansion of 0 to 1.5 kb;
E2, expansion of 1.5 to 3.0 kb (lane 3); E3, expansion of 3.0 to 4.5 kb (lanes 5 and 7);

E4, expansion of 4.5 kb or greater (lane 4).
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anticipation observed in DM patients. These observations led to the conclusion that

the expansion likely constitutes the DM mutation. Results of collaborative studies

Support these conclusions and are further examined in the next chapter.

The DM Mutation and Mapping CpG Islands that Flank the DM Gene

In the characterization of the DM locus a search for associated CpG islands was
conducted. CpG islands are CpG rich areas that are hypomethylated and near the 5
end of "housekeeping” genes and many tissue specific genes (Bird, 1987; Razin and
Ceder, 1991). Rare cutting endonucleases such as Sstll, Eagl, BssHll and Miy have
the CpG dinucleotide in their recognition sequences and are often associated with
CpG rich areas (Lindsay and Bird, 1887). The 10 kb Eco Rl fragment from cosmid
18894 and the homologous 9 kb Eco RI fragment from cosmid Yc100263 that
contains the DM mutation maps between Miul sites M” and M® (Figure 5-1). The Miul
site M” maps to a 400bp Sstil fragment (Figure 5.5) which Suggests it to be a CpG
rich area. This 400bp Sstil fragment was found to be unique sequence DNA and was
used as a probe to determine whether it represents a CpG island. Hybridization of
PS400 to Sstll digested genomic DNA revealed a 400bp fragment both for normai and
DM patient leucocyte DNA (Figure 5-12, panel A). The two Sstll sites around Miul site

M’ likely reside in a CpG island (Figure S3-5, marked with a shaded diamond).

To map the adjacent CpG island, distal to the Miyt M’ site and proximal to the Miuf M8

site, Bam HI and Eco R subclones of cosmics 18894, Yc100263 and 116625 were
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Figure 5-12: Southern blot analysis of CpG islands fianking the DM locus.
Normal (lanes 1, 3, 4 and 6) and DM patient fianes 2 and 5) genomic DNA digested
with Sstll was probed with pS400 (A) and pPEP600 (B). The expected restriction
tragment size was identified with both probes, 400 bp by pS400 (A, marked by arrow)
and 356 bp by pS350 (B, marked by arrow). The small size of the fragments detected

by these siobes is presumed to be the cause of the faintness in the signal.
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surveyed for Sstil, Eagl and BssHIl restriction sites (Figure 5-5). After restriction
mapping these sites, unique sequence probes were identified that would test for these
sites in genomic DNA (Figure 5-5, pBS800, pE400 and PBPB00). The five Eagl, one
BssHIl and four of the six Sstll sites mapped in these cosmids were not evident in
leucocyte DNA from normal #nd DM patients (Figure 5-5, marked with a shaded
circle). Thus no evidence of a CpG island was found with these restriction sites.
However, two Sstll sites about 350 bp apart found less than 30 kb distal to Miul site
M’ and at least 3 kb proximal to Miul site M® were detected by hybridization with
pBPB00 in both normal and DM patient leucocyte DNA (Figure 5-12, panel B). This
region likely represents the next CpG island mapping distal to the CpG island at Miul

site M’ (Figure 5-5, marked with an unshaded diamond).

Recently, a gene expressed in brain and testes was mapped between the putative
DM protein kinase gene and the CpG island distal to Mlul site M? (Jansen et al.,
1892b). There is no evidence of another CpG island between these two genes, Thus
the closesi CpG island to the DM mutation is around Miul site M7, approximately 3 kb

centromeric to the CTG repeat.

Additional evidence that the area around Miul site M7 is a CpG island was
provided by the Mspl and Hpall restriction fragments identified by the DNA probe

PS400 in the genomic DNA from both normal individuals and DM patients (Figure 5-
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Figure 5-13: Southern blot analysis of Hpall and Mspl digested genomic DNA
with pS400. Normal (lanes 1 and 2) and DM patient (lanes 3-6) genomic DNA was
digested with either Hpall (lanes 1, 3 and 5) or Mspl {lanes 2, 4 and 6) was probed

with pS400. Equivalent sized fragments of about 300 bp were evident for both digests

in normal and DM individuals.
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13). A common Hpal and Mspl fragment was identified by hybridization with pS400 in

DNA from both normal and DM individuals. Since both restriction endonucleases have
a common recognition sequence (CCGG) and Hpall is sensitive to CpG methylation
while Mspl is not, they are often used to confirm methylation patterns. Furthermare,
no evidence of an abnormal methylation pattern was apparent in DMA tested from DM
patients at the closest CpG island to the DM mutation detectable in leucocyte DNA

(Figure 5-13).

5. Discussion

Critical to the mapping of the DM gene in the overlap cloning endeavour is the
integrity of the cosmid contig spanning over 500 kb from the PEO.8 locus to the pX75b
locus. Previous correlation of rare cutting restriction endonuclease sites in cosmids
with CHEF pulsed field analysis of genomic DNA supported the integrity of the 350 kb
cosmid contig from the proximal DM region chromosome walk. ‘Similarly, the integrity
the cosmid contig from the distal chromosome walk and the cosmids derived from
overlapping YAC clones was established by comparing rare cutting restriction
endonucleasg sites in these cosmids and the CHEF pulsed field data from genomic
DNA analysis in this chapter. Consequantly, the presence of the DM locus is ensured

within this cosmid contig.
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Comparison of the genetic and physical maps

The genetic and physical mapping data generated in the cloning of the DM region
permitted comparison of genetic distance to physical distance in over a 1.5 Mb region
of 19q13.3 spanning the DM locus. The cloning of large cosmid contigs, pulsed field
electrophoretic analysis and somatic cell hybrid analysis has furnished marker to
marker distance estimation to provide a consensus physical map between loci of the
DNA probes used in linkage analysis (Shutler et al., 1992a; Jansen et al., 1992a;
Aslanidis et al., 1992; Shutler et al., 1991; Smeets et al., 1990; Korneluk et al., 1989;
Stallings et al., 1988; Harley et al., 1991: Shaw et al., 1985; Schonk et al., 1989: Brook
et al., 1981; Shaw et al., 1989). Genetic typing data was obtained from a total of 85
families comprising 804 individuals. Linkage analysis was then performed to calculate
marker to marker recombination fractions that were converted directly to genetic
distance {cM). The two sets of data equated about 1.5 Mb of physical distance to a
previously estimated less than 2 cM genetic distance on human chromosome 19q13.3

(Tsiifidis et al., 1991a).

Earlier studies that compared genetic maps to physical maps over large
regions of several Mb suggested a variable relationship between marker to marker
genetic distance and physical distance. Carson and Simpson (1891) compared the
genetic and physical maps of chromosome 10 by converting physical localizations to

centimorgans (cM) based on estimates for the whole chromosome as oppaseti to the
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whole genome based assumption of 1cM equivalent to 1 Mb (Ott, 1985). They

consequently identified a region of high recombination frequency for chromosome 10.

This approach could also be tested for to chromosome 19. It has been estimated
that chromosome 19 is about 62 Mb (Mendelsohn et al., 1973; Southern et al., 1982;
Darnel et al., 1986) and the genetic linkage map has been estimated ‘o cover a
genetic distance of 137 cM in males and 189 cM in females (Nakamura et al., 1988).
The marker to marker genetic distance estimates can then be compared to the
physical distance estimates using the alternative assumption of 1 cM is the equivalent
to 0. 45 Mb in males and 0.32 Mh in females or 0.39 Mb combined for

chromosome 18.

The initial analysis of the DM region data did not reveal a statistically significant
correiation between physical and genetic distance. Linear regression analysis of the
two parameters showed a correlation only if marker intervals with higher lod scores
(with corresponding narrow confidence intervals) were considered. Consequently,
seven marker pairs were eliminated. Furthermore, those intervals defined by the seven
marker pairs do not originate from a common region. Thus, there is no indication of
recombination suppression or the presence of .. recombination "hot spot” in the DM
region to explain the initial lack of correlation observed. Rather, the related inaccuracy

of the broad confidence intervals for the seven marker pairs (with lod scores > 22)
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resulted in the initial lack of correlation. Calculation of the 1 cM equivalent in Mb using
only marker intervals with high lod scores gave a mean of 1.2 Mb with a standard
deviation of 0.4 Mb. Although a genetic/physical distance correlation was shown,
predictions of physical distance on the basis of genetic distance should be limited to
intervals with high lod scores. Two previous studies that cornpared genetic to physical
maps and found poor correlation did not mention the possible infiuence of lod scores
(Higgins et al., 1990, for the retinoblastoma chromosome 13q14 region and Fulton et

al., 1988, for the cystic fibrosis chromosome 7g31 region).

There is evidence to suggest that uneven distribution of recombination frequency
reported for the chromosome 10p13 to 1023 region is gender specific (Carson and
Simpson, 1991). In contrast to the chromosome 10 study, no sex difference was
found in the genetic map of chromosome 22 (Julier et al., 1988). Estimates of gender
specific recombination rates for the DM region either revealed roughly equivalent rates
or so few recombinant events (less than or equal to 3) for a given interval that it is
impossible to derive any significance to the gender differences observed. A possible
exception is the pa1.4-CKM interval for which no male recombinants were seen but
four female recombinants were seen (Table 5-5). The genetic map by Nakamura et
al., (1988) for chromosome 19 reflects however a strong gender difference, 137 cM in

males and 189 cM in females.
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DM mutation

Two unique sequence DNA probes, pGB2.6 and pGP1.5 subcloned from cosmid
Ya100263, along with a mouse brain cDNA probe cloned by collaborators in the
Netherlands, pDMR B15, were found to identify two polymorphisms. One of the
polymorphisms is an insertion polymorphism of about 1 kb that is evident as an 8.5 or
9.5 kb Hindlll fragment and a 9 kb or 10 kb Eco RI fragment in the genomic DNA of
normal individuals. The other polymorphism is an expanded allele found exclusively in
DM individuals. The degree of allele expansion from one generation to the next
correlates with the increase in severity of the disease, genetic anticipation (Aslanidis et
al.,, 1992). In a survey by our laboratory of over 100 normal individuals and over 200
DM individuals the expanded allele was found only in DM individuals. Increased allele

sizes in the range of 10.5 to 15 kb were found in nearly 70% of the DM individuals.

Our laboratory and others have shown the allele expansion found exclusively in
DM individuals is due to an amplification of a CTG trinucleotide repeat {Mahadevan et
al,, 1892; Fu et al., 1992; Brooke et al., 1992). The amplification of the CTG repeat
gives a molecular basis for genetic anticipation. The unstable CTG repeat sequence in
DM chromosomes is found ¢ nly in the large Eco RI fragment. This sequence was
further mapped and shown to be present within a 1.5 kb Bam HI fragment (Figure 5-5,
shaded triangle) approximately 3 kb dista! to Miul site M’. The mutation maps tc a
locus for the 3’ untranslated region of a gene that encodes a putative serine-threonine

protein kinase (Mahadevan et al., 1992; Fu et al., 1992; Brooke et al., 1992). The
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unstable CTG repeat amplification is not unique to DM as Fragile X syndrome (Verkerk
et al., 1991; Kremer et al., 1931; Fu et al., 1991) and Kennedy disease (La Spada et

al., 1991) also have trinucleotide repeat mutation sites.

CpG islands and methylation

OM and fragile X syndrome seemingly share a common molecular basis, a
hereditable unstable trinucleotide repeat (Oberle et al., 1991; Kremer et al., 1991; Fu et
al., 1991). Abnormal methylation of a CpG island led to the mapping of the fragile X
locus and may be associated with the trinucleotide repeat amplification. This
prompted a preliminary search for DM associated abnormal methylation. The DM
mutation maps to a 10 kb Eco RI fragment (Aslanidis et al., 1992; Buxton et al., 1992;
Harley et al., 1992) situated between Miul sites M7 and M®. CHEF pulsed field
electrophoresis data indicates that Miul site M’ is evident in lymphoblast genomic DNA
but Miul site M? is not in both normal and DM individuals. Double digest experiments

with leucocyte DNA confirmed these results.

The Miul site M7 is about 3 kb distal to the unstable CTG repeat DM mutation.
This restriction endonuclease site maps to a 400 bp Sstil fragment (Figure 5-5). The
Sstll fragment is readily detectable in digests of genomic DNA from both DM and
normal individuals with the DNA probe pS400 (pane! A, Figure 5-12). Both Miul and
Sstll have the dinucleotide CpG in their recognition sites which reveals two significant

features for this 400 bp area which are: 1) identification of the area as CpG rich, 2)
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indication of the methylation status of the area because the CpG dinucleotide when
methylated inhibits digestion. Areas that ars CpG rich and hypomethylated generally
occur at the 5’ end of housekeeping genes and many tissue specific genes and are
called CpG islands (Bird et al., 1987; Razin et al., 1991). Since the DM mutation maps
to the 3’ untranslated region of a serine-threonine protein kinase encoded at this
locus, the island identified by pS400 is most likely assnciated with an adjacent gene

proximal to the DM locus.

A search for a CpG islarid on the 5' side of the DM gene led to the identification of
a 350 bp Sstll fragment detected by the DNA probe pBP&00, present i both normal
and DM individuals, that maps approximately 30 kb distal to the 3' CpG island and
about 3 kb proximal to the Miul site M®, There is another gene at this locus in addition
to the protein kinase gene bstween these two sites (Jansen et al., 1992a). There is no
evidence of ancther CpG island between these two genes. Thus there is either no
CpG island for the DM gene or the CpG island is due to the presence of both genes
or solely the testes and brain gene. Furthermore, no evidence was found to suggest
any DM associated aberrant methylation at these CpG islands for lymphoblast and
leucocyte DNA. However a complete study on a possible role for methylation in DM
would require that other tissues, in which tha expression of the gene is likely most
significant such as heart, skeletal muscle and brzin, be analyzed. In addition, the fate

of the DM region during development could provide vital information.
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Chapter 6: General Discussion

Myotonic dystrophy (DM} is the most common inherited neuromuscular disease
affecting both aduits and children with a global incidence of 1 in 8000 individuals
(Harper, 1989). The disease is an autosomal dominant disorder characterized
primarily by myotonia and progressive muscle weakness, although central nervous
system, cardiovascular and ocular manifestations also frequently occur. These
features reflect the multi-systemic nature of this disease. DM shows a marked
variability in expression, ranging from a severe congenital form, often fatal in newborn,
to an asymptomatic condition associated with normal fongevity. Furthermore, the
involvement of genetic anticipation, an increase in the severity of the disease with
successive generations has been suggested for DM families (Howler et al., 1890). The
retative frequency, multivystem involvement and variable expression are features of DM
that are poorly undersood at the molecular and biochemical Iev_el (Hall, 1990; Koch et
al., 1891). The opportunity to study these features would be facilitated by the cloning
and subsequent characterization of the DM locus. Since there are no known
chromosomal aberrations or obvious biochemical ¢bnormalities associated with the
disease, cloning of the DM locus relies upon "positional cloning" strategies, that is, the

isolation of the gene based on its chromosomal location.

The objective of this thesis was to use long range cloning methods along with

genetic and physical mapping to define the minimal region expected to contain the DM
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locus. The strategy shown in Chapter Il addressed the initial concern of localizing the
DM gene relative to the ERCC1 locus. A polymorphic marker, pE0.8 (D18S115) was
found in the ERCC1 region and used for physical and genetic mapping. CHEF pulsed
field electrophoretic analysis of human genomic DNA with three probes, pCKM3'
(CKM), pERCC1-int (ERCC1) and pED.8 (D19S115) supported the mapping of ERCC1
to within 300 kb distal to CKM. The mapping of a cosmid containing ERCC1
sequence positioned pED.8 about 15 kb centromeric from the ERCC1 locus. Genetic
mapping revealed close linkage of pE0.8 to DM (e = 0.01, Z,, = 19.29)
Furthermore, a key recombinant event was identified in a Dutch DM family wherein
pE0.8 cosegregates with the more proximal markers (D19537, APOC2) and
recombines with DM. This recombination maps the disease gene locus distal to

pEO.8.

A second key recombinant event was identified in a French Canadian DM family,
previously described by Tsilfidis et al., (1991a) that maps the DM locus proximal to
p134c (D19S51). This probe was isolated from a cosmid library of a somatic cell
hybrid containing a small portion of chromosome 19 including the DM region (Johnson
et al., 1990). These two recombinant events define a less than 2 cM region expected
to contain the DM locus from pEO.8 to p134c (Tsilfidis et al., 1991a). Based on the
tight linkage of pED.8 (D195115) to DM and the recombinant event which maps the

DM locus distal to the ERCC1 locus it was reasoned that pEQ.8 would be an
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appropriate start point for a chromosome walk from D19S115 towards the DM locus in

a telomeric direction.

By using primarily ALU PCR generated probes, a cosmid contig of approximately
350 kb was constructed from a chromosome 19 cosmid library as detailed in Chapter
IV. The results of the chromosome walk has enabled construction of 3 high resolution
genetic map in conjunction with a complementary long range physical map that was
used to define the DM region. The proximal crossover event identified in a Dutch DM
family (Chapter IIl) was mapped to a 60 kb region between two probes centrally
located in the chromosome walk, pKEX0.8 (D195118) and pKBEQ.8 (D18S119),
establishing pKEX0.8 as the closest proximal marker to DM, This result also
eliminates over 200 kb of sequence that would have otherwise been screened for DM
candidate genes. At the distal end of the chromosome walk the contig could not be
extended further in a telomeric direction due to an absence of c_Iones with adjacent

sequence in the chromosome 19 libraries.

To resolve the cloning limitations of the chromosome 19 cosmid library, a
chromosome walk was initiated from a newly cloned marker, pX75b (D19S112), that
mapped between DM and p134c (D19S51). The work was done by collaboration with
Gert Jansen and Dr. Be' Wieringa from the University of Nijmegen in the Netherlands.
Utilizing the method of chromosome walking by ALU PCR developed during the

proximal chromosome walk endeavour, a bidirectional chromosome walk established a
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200 kb contig before no more cosmids could be found at the centromeric end.
Overlap of the proximal and distal cosmid contigs was accomplished by using two
STS's, one from the proximal side at pKBEQ.8 (D19S119) and one from the distal side
at pX75b (D195112), to screen a YAC library for YAC clones spanning the two cosmid
contigs. This work was done by collaboration with Dr. Peter de Jong at the Human
Genome Centre in the Lawrence Livermore National Laboratory in Livermore,

California.

A third STS from an ALU PCR generated vector end product of a pX75b STS
selected YAC clone was used to screen the "St. Louis* YAC library (Burke et al., 1887)
in order to find intact YAC sequence that spanned the proximal and distal DM cosmid
contigs. Cosmid libraries were made from the YAC clones for this region. Cosmid
clones that connected the proximal and distal DM region cosmid contigs were then

selected.

A consensus physical map of the DM cosmid contig consisting of the proximal DM
region chromosome walk, the distal DM region chromosome walk and overlapping
YAC derived cosmids was presented in Chapter V. The YAC derived and distal
chromosome walk cosmids were screened for single copy sequence. CHEF pulsed
field electrophoretic analysis of human genomic DNA with the newly generated probes
from the distal DM region was undertaken to correlate rare cutting endonucleass sites

in the Yac derived and distal cosmid contig to confirm the integrity of the long range
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cloning effort. Establishment of the cosmid contig integrity ensured the presence of

the DM locus within this cloned expanse of DNA.

The region of human chromosome 19913.3 is well characterized due to the
positional cloning strategy to identify the DM gene. This provided the opportunity for
comparison of genetic distance to physical distance estimates between markers on a
consensus physical map spanning 1.5 Mb. Linear regression analysis of marker to
marker genetic distances to physical distances showed a linear correlation between
these two parameters only when intervals with high lod scores (over 22) were
considered. There was no evidence for recombination suppression or for a
recombination "hot spot” in the DM region. On average 1 ¢cM was found to be the

equivalent to 1.2 Mb + /- 0.4 Mb for this region.

Several unique sequence DNA probes were cloned and useq for CHEF pulsed
field electrophoretic analysis of the region. This was done for three main purposes.
The first purpose was to confirm the integrity of the YAC derived cosmid contig
through the chromosome 19 cosmid library cloning gap and the distal DM region
cosmid contig. The second purpose was to extend the physical map from the
proximal DM region cosmid contig as previously discussed. A third purpose was to
search for polymorphic markers to use in the high resolution genetic mapping of the
region expected to contain the DM gene. Two of the newly cloned probes, pGB2.6

and pGP1.5, found to be within 10 kb of Miul site M7, also mapped to a 9 kb Eco Rl
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fragment in YAC derived cosmid Yc100263 and a 10 kb Eco R fragment in the

chromosome 19 derived cosmid f18894. These two Eco RI fragments were identified
as the two alleles of an insertion polymorphism evident in the DNA from normal
individuals. More significantly, these two probes identified an expansion of the 10 kb

Eco R! allele in genomic DNA exclusively from DM affectec individuals.

Extensive linkage analysis of the expanded allele with DM was conducted in our
laboratory on DM families. In 70% of approximately 200 DM patients increased allele
sizes ranging from 10.5 to 15 kb was revealed (Aslanidis et al., 1992). Evidence from
three generation DM families show that the increase in expansion of the allele size

correlated with an increase in the severity of the disease (genetic anticipation).

The expansion in the unstable alleles was found to be due to amplification of a
CTG trinucleotide repeat. The smallest subclone from cosmid Yp100263 containing
the repeat was a 1.5 kb Bam HI fragment cloned into pUC18. Primers flanking the
CTG repeat were designed from the sequence of this subclone. PCR amplification of
genomic DNA using this primer set was done with one of the primers radioactively
labelled with y-[*3P] adenosine triphosphate. The PCR products along with a
sequencing ladder were run on an 8% polyacrylamide sequencing gel. The dried gels
were autoradiographed to reveal the size of the repeat. The size of repeats in 124
normal chromosomes analyzed ranged from 5 to 30 with repeat numbers of 5 and 13

the most common. The repeat numbers found in DM chromosomes were greater
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than 50, smeared and often too large to resolve. Southern blot analysis of PCR

amplified genomic DNA from DM individuals with a radioactively labelled (CTG),,
oligonucleotide probe showed a distinct smearing of the hybridization signal above the
normal alleles likely due to the heterogeneity of the expanded allele. in contrast to the
DM unstable CTG repeat, the CTG repeat in normal individuals was found to be both

meiotically and mitotically stable despite being very polymorphic.

In all populations studied thus far, the amplification of the CTG repeat seems to be
the sole mutation responsible for DM (Mahadevan et al., 1992; Brook et al.,, 1992; Fu
et al., 1992; Jansen et al., 1992b). The only exception was for two out of 98 DM
families that did not show allelic expansion using both methods of detection
{(Mahadevan et al., 1992). Either the two negative families have other mutations at or
near this locus or they have another clinically similar disorder. Amplification of the

trinucleotide repeat is exclusive to DM patients.

The CTG trinucleotide repeat amplification has been proposed as the molecular
basis for genetic anticipation in DM families. There is a correlation between the clinical
severity of DM with the increase in amplification of the CTG repeat (Aslanidis et al.,
1992; Mahadevan et al., 1892; Buxton et al., 1992; Harley et al., 1992; Brook et al.,
1992; Fu et al., 1992). Furthermore, a study in our laboratory of the CTG repeat
status in 272 DM patients revealed that infants with severe congenital DM, as well as

their mothers, have on average greater amplification of the trinucleotide repeat than
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observed in the non-congenital population (Tsilfidis et al., 1982a). Thus, the

trinucleotide amplification in DM is likely the molecular basis for genetic anticipation.

Heritable unstable DNA sequences are not unique to DM. Trinucleotide
amplifications have also been shown to be the molecular defect in the fragile X
syndrome (Verkerk et al., 1991; Kremer et al., 1991; Fu et al., 1991 ) and Kennedy
disease which is also known as spinal and bulbar muscular atrophy (La Spada et al.,
1991). In fragile X, allelic expansion is due to an amplification of a trinucleotide repeat,
CGG, mapping to the 5’ untranslated region of a gene identified as FMR-1.
Amplification of a CAG trinuclectide repeat that encodes a polyglutamine in the
androgen receptor gene was found to be responsible for Kennedy disease. Therefore,
there are three examples to date of hereditable unstable DNA sequences which resuit
in genetic disease. However, unstable DNA sequence manifesting in a heritable

disease could be more wide spread.

The CTG trinucleotide repeat maps to the 3' untranslated region of a gene which
based on sequence homology comparisons encodes a putative serine-threonine cAMP
dependent protein kinase (Mahadevan et al., 1992; Fu et al., 1992; Brook et al., 1992).
By Northern blot analysis the gene was found to have the highest expression in heart
and to a lesser extent in skeletal muscle. There is also some expression evident in
brain as detected by Northern analysis and lymphocytes as seen by reverse

transcriptase PCR. The full length transcript is between 3 to 3.3 kb with evidence of
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tissue specific alternative splicing (Jansen et al., 1992b). The gene is oriented in a 5'

to 3' direction from telomere to centromere. Another gene located just upstream is
also oriented in ine same transcriptional direction. This gene was found to be highly
expressed in brain and testes (Jansen et al., 1992b). The coding region for both of

these genes is flanked by Miul sites M”® (Chapter V, Figure 5-1).

The Miul site M is about 3 kb distal to the CTG repeat. Evidence was presented
in Chapter V that this CpG rich area constituted a CpG island. Since the DM
associated VLP has been mapped to the 3' untranslated region of the putative serine-
threcnine protein kinase and CpG islands are generally found at the 5' end of all
housekeeping genes and many tissue specific genes (Stein et al., 1983; Bira ot al.,
1886, Razin and Cedar, 1991), this CpG island is most likely associated with an
adjacent gene proximal to this locus. The only candidate CpG island distal to the CTG
repeat was found to be about 3 kb proximal to Mlul site M® and‘is likely associated
with the §' end of the gene expressed in brain and testes upstream from the protein
kinase. There are several interpretations for this CpG island mapping. Cne
explanation is that there simply is no CpG island associated with the protein kinase
gene. A second possible explanation is that the island is associated with both genes.
Alternatively, another CpG rich region, possibly around the three Eagl sites 15 kb
distal to the CTG repeat, is hypomethylated but only in tissues that show high
expression of the protein kinase such as heart and muscle. Therefore an extensive

study using DNA from these different tissues should be conducted.
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The similarity between allele expansion of DM and fragile X syndrome along with
the involvement of abnormal methylation at the CpG island associated with fragile X
syndrome prompted a search for abnormai methylation associated with DM. A
comparisen in lymphoblasts between normal and DM individuals of methylation status
for CpG islands located 5' and 3' to the protein kinase using methylation sensitive
endonucleases did not reveal any differences in methyiation patterns between affected
and unaffected individuals. However a complete study on a possible role for
methylation in DM would require that other tissues, in which the expression of the

gene is likely most significant (eg. heart and skeletal muscle) be analyzed.

Concluding Remarks

By using the basic strategy of positional cloning the DM locus has been identified.
Over 350 kb from the proximal DM region was cloned in this study and another 250 kb
from the distal DM region was cloned by collaborative studies. The resultant
consensus physical map of the DM region spanned 1.5 Mb of human chromosome
19g13.3. Unique sequence probes subcloned in this study and their use in genetic
linkage analysis of the DM families served by the Childrens Hospital of Eastern Ontario
resulted in the identification of a heritable unstable CTG repeat sequence found

exclusively in DM patients.

The increasing of the unstable CTG trinucleotide repeat amplification correlated

with an increasing severity of the disease found in DM families {genetic anticipation) is
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possibly the strongest argument that this is the molecular defect causing DM. The

finding of allelic expansion based on the amplification of a trinucleotids repeat in fragile
X syndrome and spinal and bulbar muscular atrophy makes this argument even more
compelling. The mapping of the CTG repeat to the 3' untrarislated region of a putative
serine-threonine protein kinase expressed in a variety of tissues, including heart and
skeletal muscle, may account for at least in part of the multisystemic nature of the

disease.

While it is evident that the DM locus has been found there are rnany questions yet
to be answered. These include the reason for the instability of the CTG repeat in DM
patients, the consequences of the trinucleotide rapeat amplification to the protein
kinase and other genes in the region and th2 biological process of the disease. These
and other pertinent questions may now by studied as a result of the discovery of the

genetic defect responsible for myotonic muscular dystrophy.
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