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ABSTRACT

Myotonic dystrophy (DM) is an autosomal dominant genetic disease which affects
approximately 1 in 8000 individuals globally. This is a multisystemic disorder which
primarily targets muscle tissues. The genetic defect underlying DM is a highly unstable
trinucleotide CTG repeat sequence located in the 3’ untranslated region of a gene
encoding a protein with serine/threonine protein kinase activity. The number of CTG
repeats in non-DM individuals ranges from 5 to 35, whereas in DM individuals it can
range from 50 to over 2000. The mechanism of disease and the role of the kinase are

currently unknown.

The main characteristics of the mutation are its expanded length and high instability.
The instability usually leads to an increase in the number of CTG repeats as the mutant
allele is transmitted from one generation to the next. This is seen concurrently with an

increase in the severity of the clinical phenotypes through successive generations.

The mechanism(s) underlying the unstable behaviour of this mutation have been

unknown. I studied several possible elements that might affect the observed instability.

These studies were performed on a large number of intergenerational transmissions of
the mutant allele in DM patients, as well as on different tissues from the same patients.

In vivo studies revealed that both the gender of the transmitting parent and the size of
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the mutation had a significant effect on its intergenerational dynamics. Instability was
also seen in cells that underwent mitosis and meiosis, as well as in patients’ cells with
very low mitotic activity. In addition, in vitro studies showed instability of this
sequence in cells from DM patients which were grown in tissue culture. This instability
was seen to not necessarily be associated with the cell-cycle-coupled DNA replication
in those cells. Since my previous analyses had ruled out recombination between
homologous chromosomes as a major element involved in the instability I focused my
studies on tests for the possibility that DNA repair was associated with the instability
of this mutation. These analyses revealed that there were breaks or gaps occurring
specifically within the mutation. Since breaks and gaps are DNA repair intermediates
this suggested that the high instability of this mutation in DM patients was due to repair

attempts on the structure adopted by the long arrays of CTG repeats.

The results of the previous studies on intergenerational transmissions of the mutation,
as well as in vivo and in vitro studies of the unstable properties of this sequence are

also compatible with a DNA repair model of repeat instability.

These data point the way to a more focused approach to the identification of specific
mechanistic pathways underlying the expansion of this highly unstable CTG repeat in
DM. The results of this research may also help in defining the mechanism(s) of
expansion of the mutations of an increasing number of human genetic diseases found

to be caused by highly unstable trinucleotide repeats.
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CHAPTER 1

INTRODUCTION: THE BASIS OF MYOTONIC DYSTROPHY AND

INSTABILITY OF ITS MUTATION

Clinical presentation and epidemiology

Myotonic dystrophy (DM), also known as Dystrophia Myotonica and Steinert disease,
is the most common inherited adult form of neuromuscular disorder, affecting
approximately 1 in 8000 individuals globally (Harper, 1989). Canadians are known to
have one of the highest incidences of this disease, with frequencies as high as 1 in 529
in the Saguenay-Lac-Saint-Jean region of Quebec (Mathieu et al., 1990). DM is
inherited in an autosomal dominant fashion, whereby only one of the two alleles needs
to be mutated for disease manifestation to occur. This disease is multisystemic and its
primary characteristics are myotonia and muscle weakness, although neurological,
cardiac, respiratory, endocrine, and ophthalmological manifestations are also common.
Both the phenotype of individuals with DM and the expressivity and penetrance of the
disease are quite variable (Harper, 1989). There are two distinct clinical manifestations

of DM: an adult onset form and a congenital form (CDM), which is present at birth.

The first symptoms of the adult form of DM may appear in adolescence or later in life.

Myotonia (delayed muscle-relaxation capacity) appears as the prominent symptom and
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is often followed by premature balding and testicular tubular atrophy (in males), as well
as cataracts, retinal degeneration, cardiac conduction defects, diabetes and calcifying

epithelia (Harper, 1989).

CDM is a more severe form of DM, differing significantly from the adult form (Vanier,
1960). CDM is obvious at birth, and is often fatal at this stage. Clinical features include
extreme hypotonia, muscular atrophy, facial paralysis, respiratory distress, and feeding
difficulties. Mental retardation is a common characteristic in infants able to survive the
neonatal period. This form of the disecase was observed to be exclusively transmitted
by mothers with DM although there have been reports suggesting rare cases of CDM
from paternal transmission (Nakagawa et al., 1994; Ohya et al., 1994; Koga et al.,
1994). Two prominent features of adult onset DM, myotonia and cataracts, are

characteristically absent in CDM (Harper, 1989).

In addition to the wide range of clinical symptoms, the age of onset of this disease can
also be quite variable. Whereas symptoms of CDM appear at birth, and often lead to
death at this stage, the adult form of DM can appear at any stage later in life and only
be manifested by cataracts and/or mild myotonia. The number and severity of disease
symptoms is quite variable in the different individuals, even among those of the same

pedigree.

Genetic anticipation is another characteristic of this disease, and is defined as an
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increase in disease severity following transmission of the mutation from one generation
to the next. In DM pedigrees this is manifested as a decrease in the age of onset
together with an increase of disease severity and symptoms following intergenerational

transmission of the mutation (Howeler et al., 1989).

Cloning the DM mutation

No clues to the biochemical basis for DM were available prior to the identification of
the mutation. Positional cloning was performed in order to study the putative area of
the genome in search of possible candidate genes (reviewed in Shutler, 1993, PhD
thesis). Initial linkage studies had mapped the genetic defect to the long arm of
chromosome 19 (Hulsebos et al., 1985; Myklebost and Rogne, 1988; Smit et al., 1988).
Genetic and physical mapping identified a region bracketed by two genetic markers,
ERCC1 (Smeets et al., 1989) and X75b (Jansen et al., 1992a) from which a contig (of
700 kbp) was constructed. This contig consisted of overlapping cosmids and YACs
(Shutler et al., 1992; Aslanidis et al., 1992; Jansen et al., 1992a). Systematic screening
of likely gene candidates within those sequences was performed. The genes were
sequenced in search of base substitutions, insertions and/or deletions specific to DM
patients. The search culminated with the discovery of an unstable CTG repeat sequence
associated with DM. An amplified CTG repeat segment was found to be specific to
individuals with the disease. Initially, only approximately 70% seemed to show this

mutation (using genomic Southern blot analysis) in one of their chromosomes (Harley
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et al., 1992b; Buxton et al., 1992; Aslanidis et al., 1992). As a result, using primers

flanking the mutation, PCR was performed with the rest of the obligate carriers. A
mutant allele, albeit of minimal expansion, was detected in these individuals. Sequence
analysis of the region flanking the mutation revealed the location of these CTG repeats
in the 3’ untranslated region (UTR) of a gene. This gene was found to have significant
homology to a family of genes encoding serine/threonine protein Kinases (Brook et al.,
1992; Fu et al., 1992; Mahadevan et al., 1992) and is known as the DM Kkinase or

DMK.

Characteristics of the DMK gene

The structure of the DMK gene consists of approximately 14 kbp of unique sequence
(GeneBank accession number L08835) containing 15 exons (ranging in size from 47
to 936 bp), two Alu repeats preceding exon 9, and three Alu repeats following this exon
(Mahadevan et al., 1993a). These Alu repeats have been referred to as the 1 kb
insertion/deletion polymorphism within this gene and are located 5.3 kb upstream of the
CTG repeat. The introns vary in size from 2331 bp (first intron) to 76 bp (Mahadevan
et al., 1993b; Figure 2-4). The human DMK sequence has high homology (>90%) to
the murine gene (Jansen et al., 1992b; Mahadevan et al.,, 1993b). Both homologues
seem to present with a variety of alternatively spliced mRNAs (Jansen et al., 1992b)
and the predicted full length mRNA of the human gene is approximately 3.4 kb. The

putative translational start codon was identified based upon the maintenance of the open
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reading frame for cDNAs previously identified in both species. No clear TATA or
CAAT box motifs were found to be present in either species but computer analysis
revealed the presence of putative binding sites for transcription factors in the putative

promoter and first intron regions (Mahadevan et al., 1993b).

Characteristics of the DMK gene product

The predicted full-length human DMK gene encodes 629 amino acids (Jansen et al.,
1992b; Mahadevan et al., 1993b). Potential structural coding domains of this gene
include: a leucine zipper domain in exon 1, a cAMP-dependent serine/threonine protein
kinase activity domain in exons 2 to 8, and a coiled-coil region resembling that found
in the myosin heavy chain in exons 9 to 12. Exons 13 and 14 do not show any
homology to known structures but exon 15 codes for a hydrophobic region in the
protein that could act as a transmembrane domain. The murine homologue of the human
DMK gene shares 86% identity and 90% similarity at the amino acid level. The exact
function of the DMK protein is unknown. Human DMK, as identified by a polyclonal
antibody against a DMK fusion protein, appears as two distinct protein species of
approximately 71-74 and 80-82 kDa (Whiting et al., 1995a; Maeda et al., 1995). This
protein was localized at the postsynaptic neuromuscular junction in skeletal muscle, to
intercalated discs in cardiac tissue, and to ventricular ependymal cells and choroid
plexus in the brain (Whiting et al., 1995a; van der Ven et al., 1993). The mutation in

the 3° UTR is not expected to directly affect the amino acid sequence but alterations
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in mutant DMK could arise from different spliced versions of this protein. Although the
function of this protein is currently unknown, recent studies suggest that the DMK is
not membrane-integrated although it may have a molecular organization which favours
peripheral association with membranes (Waring et al., 1996). This preferential
association is predicted to be mediated through the C terminus, and the protein appears
to participate in the formation of high molecular weight disulphide-linked complexes

(Waring et al., 1996).

What causes DM?

There is consensus on the causal relationship between the existence of an amplified
CTG repeat in the 3° UTR of the DMK gene and the disease. However, there is no such
consensus when it comes to explaining how the disease is induced by the mutation.
Studies of the expression of DMK in tissues from patients are controversial and differ
in their results. Most studies report a DMK haploinsufficiency mediated model of
disease induction. This has been proposed to be caused by decreased DMK gene
expression levels, either through decreased expression of steady state DMK transcript
levels (Fu et al., 1993; Novelli et al., 1993; Carango et al., 1993; Tachi, 1996), through
lower levels of mutant gene transcripts (Carango et al., 1993; Hoffman-Radvanyi etal.,
1993) or as decreased levels of DMK protein in patients (Fu et al., 1993; Koga et al.,
1994; Maeda et al., 1995). In contrast, Sabourin et al., (1993), reported increased DMK

gene mRNA levels in tissues originating from an infant suffering from CDM. More
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recent studies, in which allele specific quantitative reverse transcription PCR was
performed, seemed to suggest no change (Krahe et al., 1995a) or a small decrease
(Wang et al., 1995) in total DMK transcripts. The use of various antibodies against the
DMK protein suggest either a reduction (Fu et al., 1993; Koga et al., 1994; Maeda et
al., 1995), an increase (Dunne et al., 1996), or practically no change (Sabourin, 1996,

PhD thesis) in the levels of the DMK in tissues in affected patients.

Models of human disease in mice, even with the undisputed gene alterations known to
cause disease in humans, are not always successful. Lack of the expected phenotype
does not necessarily show that the putative gene defect is not the cause of disease.
Nevertheless, reports of DMK knockout (Jansen et al., 1996; Reddy et al,, 1996) and
transgenic mice (Jansen, et al., 1996; Narang et al., submitted manuscript) seem to
suggest that this protein can play a role in maintaining skeletal muscle function.
Moreover, loss of the DMK gene is associated with very little, if any, phenotypic
changes. Indeed, none of these mouse models recreate the multisystemic DM phenotype.
As a result, investigators are questioning the hypothesis that alterations of the DMK
alone (whether it is through under- or over-expression or by affecting alternative
splicing) could be responsible for DM (Wieringa, 1994; Harris et at., 1996; Hamshere
and Brook, 1996). Indeed, the DM kinase may not be the sole gene that is affected in
DM, that is, the only one in which expression is affected by the presence of the
expanded CTG repeats. The transcription of other genes in cis to the mutation may be

affected in DM patients.
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A model of disease phenotype induction, mediated by the DMK mRNA, has been

proposed. In this model the disease would be mediated through altered nuclear
transport, or impaired mRNA processing in the nucleus (Sabourin, 1996, PhD thesis).
Accumulation of nuclear foci, apparently corresponding to the mutant allele mRNA
transcript, was detected in fibroblasts from DM patients (Taneja et al., 1995). It has
been proposed that the 3’ UTR of the mutant transcript could become a sink for nuclear
proteins involved in a variety of processes and in this way induce the disease. While
these and other hypotheses based on the toxic accumulation of DMK gene mutant
mRNA transcripts should be tested, the emphasis of some researchers has focused on
the characterization of genes in the vicinity of DMK and the study of their possibly
altered expression patterns. The DMK gene is also part of a large CpG island associated
with a novel downstream gene encoding a putative homeodomain protein (DMAHP,
Boucher et al., 1995). Upstream of the DMK gene, at a distance of only 0.5 kb there
is another gene, called gene 59 (DMR-N9 in the mouse), (Jansen et al., 1995), whose
function is still unknown but which was found to be highly expressed in testes and

brain.

There have been multiple reports on the formation of alternative DNA structures in
vitro by the disease-linked trinucleotide repeats (Fry et al., 1994; Gacy et al., 1995;
Mitas et al., 1995; Pearson and Sinden, 1996; Mariappan et al., 1996). Loss of DNasel
hypersensitivity in vivo at a site located in the proximity of the DM mutation (Otten and

Tapscott, 1995) may suggest a disease mechanism mediated by short or long-range
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chromatin effects. Histones were reported to bind preferentially to the DM repeats
(Wang et al., 1994b; Wang and Griffith, 1995; Godde and Wolffe, 1996). Effects
similar to those in heterochromatin-induced position effect variegation in Drosophila
are suspected to be responsible for some human diseases (Hendrich and Willard, 1995;
Milot et al., 1996). It is possible that the exceedingly long tracts of CTG repeats, with
their associated in vivo structures, would affect the DMK and neighbouring genes at the
transcriptional level. Even subtle alterations in the regulation of gene expression in the
DM region could possibly induce, through multigene involvement, the multisystemic
phenotypic features of this disease. The chromosomal locus of the DMK was seen to
be early replicating within the S-phase of the cell cycle (Barceld et al., unpublished
results). This observation, and the fact that DM is a dominant disease, are consistent
with a model of disease induction in which the mutation disrupts the suspectedly tight

transcription control needed at this genomic region.

Known highly unstable trinucleotide repeat sequences in the human genome

To date, fourteen genomic loci in humans have been seen to exhibit expansion of a
trinucleotide repeat sequence upon intergenerational transmission. Of those, twelve have
been seen to cause disease and five cause a chromosomal perturbation called a fragile
site (Table 1-1). At least two of these fragile sites are apparently benign. Instability is

manifested as a predilection towards amplification, which translates into



Notes on Table 1-1:

Fragile sites refer to folate-sensitive chromosomal aberrations that appear as poorly
condensed regions in metaphase chromosomes (Sutherland and Hecht, 1985).

SBMA = Spinal and bulbar muscular atrophy or Kennedy’s disease
DRPLA = Dentatorubral pallidolusyan atrophy

SCA = Spinocerebellar ataxia

HD = Huntington’s disease

The first line in the number of repeating units refers to the status in normal individuals,
the second line refers to mutation carriers and affected individuals.

References:

Oberlé et al., 1991; Verkerk et al., 1991; La Spada et al., 1991; Mahadevan et al., 1992;
Brook et al., 1992; Fu et al., 1992; Brown et al., 1993; Snow et al., 1993; Barcelé et
al., 1993; Campuzano et al., 1996; Warren, 1996; David et al., 1996; Sanpei et al.,
1996; Pulst et al., 1996; Imbert et al., 1996; and various posters and oral presentations
at the American Society of Human Genetics Meeting, San Francisco, CA, Oct-Nov,
1996



Table 1-1. Highly unstable triplet repeats in humans

Gene Location in | Repeat | No of Disease Chromoso-
gene unit repeats mal site
FMR1 5’ UTR CGG 10-55 Fragile X Xg27.3
43->2000 syndrome (Fragile
site
Xg27.3)
CBL2 5¢ UTR CGG 8-32 Jacobsen 11g23.3
75->1000 syndrome? (Fragile
site 11B)
FMR2 57 CGG 6-25 FRAXE mild Xgz28
50->2000 mental (Fragile
retardation | site XM
MR)
X25 Intron GAA 7-22 Frieareichs | 9qi13
200->900 ataxia
AR Exon CAG 12-34 SBMA Xg1l1-12
40-62
SCAl Exon CAG 6-39 SCA type 1 6p22-23
41-81
SCA2 Exon CAG 17-29 SCA type 2 12g23-24
35-59
SCA7 Exon CAG not SCA type 7 3pl12-13
reported
Hunting- Exon CAG 6-37 HD 4pl6.3
tin 35-121
DRPLA Exon CAG 7-34 Haw River 12p12-13
54-70 syndrome or
DRPLA
MJD1/ Exon CAG 12-36 Machado- l14g24.3-
SCA2 68-79 Joseph 32.1
disease
DMK 3’'UTR CTG 5-37 DM 19g13.3
50->2000
unknown unknown CGG 10-38 unknown unknown
300-500 (Fragile
site XF)
unknown unknown CGG 16-49 unknown unknown
1000-2000 (Fragile
site 16A)

10
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intergenerational expansions with siblings showing mutations of different size among
them and distinct from those of the transmitting parents. Genetic anticipation is a
hallmark in these diseases, and is linked to the intergenerational amplification of the
trinucleotide repeat. These mutations have been found in different locations in relation
to the putative genes involved in disease etiology (Table 1-1). One of the most recently
discovered trinucleotide repeat expansions causing human disease is the GAA repeat
responsible for Friedreich’s ataxia (FA), an autosomal recessive disease. FA is caused
by the expansion of this trinucleotide in an intron of the frataxin (or X25) gene
(Campuzano et al., 1996). Except for this GAA repeat, all the rest contain either CGG
or CAG repeats in either strand. Interestingly, in all of them the expansion occurs in a
trinucleotide as opposed to a di- or a tetra- nucleotide, for example. Also, except for
FA, these disorders show genetic anticipation, are transmitted as dominant traits (except
for SBMA and fragile X syndrome, which are X-liked) and have the repeat mutation
in exons of the respective genes. Again, with the exception of the case of FA, all the
described unstable repeats have a high GC content in their sequence. Furthermore, all
of the trinucleotide repeat expansion mutations are, to a certain extent, involved in the
induction- of neurological disorders. The biological basis of these coincidences is
unknown. The largest expansions of an unstable triplet repeat are found when the
mutation is located outside the coding region, as is the case for fragile X and DM. In
FA, where the triplet expansion mutation is located in an intron, the number of GAA
triplets has been seen to be over 900 (Campuzano et al., 1996). The rest (see Table 1-1)

present with moderate expansions of their trinucleotides (usually fewer than 100



12
repeats). This may reflect a link between transcription and expansion or the fact that
transcribed larger expansions constitute embryonic lethals. The trinucleotide repeats in
coding regions seem to induce a gain- or change-of-function through the addition of

polyglutamine tracts in their respective proteins. In FA and fragile X the mutation

seems to lead to a loss of function of the protein.

Simple repetitive sequences in the human genome

The highly unstable sequences described are located at, and are the result of, expansions
of already existing shorter arrays of the same trinucleotide repeats at the same sites.
These short interspersed simple repetitive DNA sequences are common in the human
genome and are polymorphic in length because of variability in the number of tandemly
repeated units. These sequences are also found in the genomes of a variety of species

of vertebrates, invertebrates, and plants.

One class of repetitive sequences that are highly polymorphic are the VNTR (variable
number of tandem repeats) sequences. The number of repeating units in VNTRs ranges
from 9 to 40 (Jeffreys et al., 1985; Nakamura et al., 1987). VNTRs are not randomly
distributed in the human genome; instead, they are preferentially located in the

telomeric regions of chromosomes (Royle et al., 1987; Nakamura et al., 1988).

Microsatellites are another class of tandemly repeated sequences that are more evenly
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distributed. They consist of repeated mono-, di-, tri-, tetra-, penta-, or hexanucleotides.
The trinucleotide repeats that are associated with human genetic disease have been
classified as microsatellites. The most widely studied microsatellite consists of a
variable number of the dinucleotide repeat (CA)n where n ranges from 10 to 60. There
are estimates of the existence of 50,000-100,000 copies of (CA)n repeats in the human
genome (Miesfel et al., 1981; Hamada et al., 1982; Litt and Lutty, 1989), occurring at
an average frequency of once every 30 kb (Stallings et al, 1991). Their mean
heterozygosity index is 70% (Dib et al., 1996), whereas heterozygosity indices of

VNTRs can be as high as 90%.

There is a third class of tandem repetitive sequence which is located adjacent to Alu
sequences and is also quite polymorphic. These kinds of sequences have been called
“Alu sequence-related polymorphisms™ (Zuliani and Hobbs, 1990). Their heterozygosity

index is similar to that seen in microsatellites (Weber and May, 1988).

The function, if any, of these repetitive sequences is not well understood. The fact that
they are ubiquitous and very polymorphic has converted them into valuable markers in
linkage analysis and gene mapping. Their polymorphic information content, manifested
as the variable number of repeating units, has led to speculations about possible

mechanisms for their generation.

Homologous and unequal crossing-over as well as slipped-strand mispairing within the
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repeats during DNA replication have been proposed as likely candidate mechanisms for
the generation of their high polymorphism. The estimation of minisatellite mutation
rates to new length alleles in human pedigrees has shown that maternal and paternal
mutations arise with similar frequency, consistent with length-change being restricted
to one stage of gametogenesis, possibly meiosis (Jeffreys et al., 1988). However,
analysis of markers flanking new mutant minisatellite alleles failed to show unequal
crossing-over between homologous chromosomes for 12 different mutants of two
VNTRs (Wolff et al., 1988, 1989). The study of clonal tumour cell populations (Armour
et al., 1989) and early mouse embryos (Kelly et al., 1989) indicate that instability of

microsatellites is also possible in the absence of meiosis.

Slipped-strand mispairing can occur in the absence of unequal crossing-over of sister
chromatids and could potentially occur whenever unpaired loops form, such as during
DNA replication or repair. Slippage has been proposed as a possible mechanism of
amplification of DNA repetitive sequences (Drake et al., 1983; Streisinger et al., 1966;
Wells et al., 1965; Morgan et al., 1974; Efstratiadis et al., 1980). Levinson and Gutman,
(1987), proposed that slipped-strand mispairing could be the major force behind the
expansion of simple repeat sequences. However, the precise mechanisms by which the
microsatellite sequences seen in human genetic diseases (Table 1-1) can be so highly
unstable and expanded to such high copy numbers, is still largely unknown and

constitutes an area of intensive research.



Towards an understanding of the mechanistic basis for the instability of the CTG

repeat in DM

The primary objective of my research was to study possible mechanistic pathways
underlying the high instability of the DM CTG repeat. This thesis describes the

highlights in this pursuit.

There are various reasons why the definition of the basis of the expansion of the DM
mutation is important. First, a high and increasing number of genetic diseases occur due
to unstable triple repeats. Hence, finding the mechanism of expansion of the CTG
repeat in DM is likely to help understand the same process in the other diseases.
Second, the inheritance of highly unstable repetitive DNA, such as that seen in these
diseases, is a newly discovered process that challenges the traditional understanding of
the inheritance of genetic information. Understanding the basis of the instability of this
repeat sequence will help understand aspects related to DNA metabolism and unstable
DNA in general. Third, since the expanded CTG repeat in DM underlies the disease,
future therapeutic approaches could be derived from understanding the process of
expansion. Therapeutic advances towards the control of the disease which are based on
targeting the affected gene products (mRNA and/or proteins) would have to await

undisputed results on disease mechanisms.

Some of the results of my research into factors linked to the instability of the DM
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mutation contributed to the research into other aspects of this disease. For example,
studies on how the length of the DM CTG repeat array contributes to the dynamics of
the mutation provided molecular data that could help to explain epidemiological aspects
of DM. The analyses of parental-gender effects on the intergenerational dynamics of the
mutation gave an insight on the possible origin of the distinct phenotypic manifestations

of CDM.

[t is not clear why the high instability of the described trinucleotide repeat sequences
shown in Table 1-1 occurs. Although the composition of these mutations is the same
as that of microsatellites, the same instability mechanism(s) may not be shared.
Microsatellites in general are not usually found as such long arrays of usually perfect
repeating units, and the rate of instability of microsatellites is orders of magnitude lower

than that seen, for example, in the DM mutation.

As an initial approach to examining the CTG repeat instability in DM, [ studied the
events surrounding intergenerational transmission of this mutation. My research started
with the characterization of the newly discovered CTG repeat sequence in the DM and
non-DM populations (Chapter II; Mahadevan et al., 1992; Neville et al., 1994),
followed later by the study of the transmission of the DM mutation in a large
population (Chapters III-I[V; Barceld et al., 1993, 1994; Tsilfidis et al., 1992; Ashizawa
et al., 1994). The size of the mutation refered to in these studies corresponds to that

found in peripheral blood leukocytes. This size does not necessarily reflect that of other
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tissues (Chapter V). Intergenerational transmission of normal size alleles (<35 CTG
repeats) was seen to result in no changes in the number of repeats. Although normal
alleles were quite polymorphic in size, their relative stability was also revealed by the
fact that they were in linkage disequilibrium with other single base polymorphic

markers in close proximity to the mutation (Neville et al., 1994).

While normal alleles were stable, mutant alleles exhibited an amplification following
intergenerational transmission which was partly determined by the size of the mutation
in the parent. Transmission of the mutation from parents with a low number of repeats
(<80) in their blood leukocytes often resulted in little or no changes in the mutation in
their offspring (Barceld et al., 1993). Transmission of the mutation from parents with
a higher number of repeats was seen to result, in most cases, with a considerable

expansion (Chapters III-IV).

Parental-gender related differences in transmission outcome were also observed. As a
consequence of one of these studies [ obtained evidence of the additive pathology of
both maternal and offspring DM CTG repeat array lengths in the development of CDM
(Chapter IV; Barceld et al., 1994). Notably, transmission of the mutation by fathers who
showed very large CTG repeat expansions in the DNA of their peripheral blood
leukocytes was seen to lead, in a high percentage of cases, to reductions in the number

of CTG repeats in their offspring (Ashizawa et al., 1994).
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The study of tissues from DM patients (Chapter V) revealed age and tissue type linked

mutation dynamics. The mutation sequence showed a higher heterogeneity in length in
older DM patients. Skeletal muscle tissues in adult patients showed the largest

expansions (Anvret et al., 1993; Thornton et al., 1994a; Zatz et al., 1995).

These investigations were followed by tissue culture studies of the mitotic behaviour
of the DM mutation. Possible changes in mutation size were monitored in cells
originating from DM patients growing in tissue culture. The development of technical
improvements allowing for the PCR amplification of DM mutation sequences of any
length (Chapter VI; Cheng et al., 1996) led to a more accurate measurement of those

changes.

The use of the described cell culture system circumvented the need for cloning the CTG
repeat sequence that other systems would have required. (The maximum number of
perfect CTG repeats reported to have been integrated in a plasmid is no more than 100).
This system was adequate in providing a model for the study of the dynamics of the
DM mutation since the mutation sequence remained in its own cellular and genomic

context (Chapter V-VI).

Linkage analysis revealed that homologous chromosome recombination did not seem
to play a major role in the dynamics of the DM mutation (Neville et al, 1994);

therefore, [ examined two other major processes in DNA metabolism in relation to the
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expansion of this mutation, cell-cycle-coupled DNA replication and DNA repair
(Chapter VI). The belief that cell-cycle-coupled DNA replication could underlie the
instability of this mutation relies, in part, on models of microsatellite instability that are
based on slippage during replication of the repeat units. Indeed, the in vitro replication
of long stretches of CTG repeats with standard techniques is unusually difficult (Brook
et al., 1992; Fu et al., 1992; Mahadevan et al., 1992). Nevertheless, a simple model of
slippage during DNA replication could not explain the characteristics of the behaviour
of this mutation. After observing expansion of this mutation regardless of cell-cycle-
linked DNA replication my research was focused towards the investigation of the
possibility of DNA repair as an alternative (Barcelé and Korneluk, 1997). This is
studied in Chapter VI along with the presence and nature of intermediates of repair

processes, such as DNA breaks.



CHAPTER II

ANALYSIS OF THE DM KINASE CTG REPEAT SEQUENCE

1. Introduction

This chapter gives a general overview of my research on the characteristics of the DM
microsatellite and basic aspects of its transmission. The methodology section describes
the general materials and methods used in DM CTG repeat detection in this and the

following chapters.

As noted earlier, the DM mutation consists of an unstable CTG repeat sequence in the
3’ UTR of the DMK gene. In DM patients, particularly in those with the most severe

clinical symptoms, this repeat sequence is greatly expanded.

Non-DM chromosomes have a range of 5 to 35 CTG repeats at this locus (Brook et al.,
1992: Fu et al., 1992; Mahadean et al., 1992; Davies et al., 1992) that can be detected
by standard PCR protocols. These alleles reveal high polymorphism as well as stable
intergenerational transmission. The presence of a series of polymorphic markers (base
substitutions and an Alu sequence insertion/deletion) within the DMK gene and flanking
regions (Neville et al., 1994) allowed further assessment of their long-term relative

stability.
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Mutant alleles were analysed and their transmission was studied in a large number of
DM families. The development of appropriate molecular diagnosis protocols allowed
the detection and quantification of the number of CTG repeats. The number of CTG
repeats in mutant alleles was seen to range from 50 to over 2000 (Brook et al., 1992;
Fu et al., 1992; Mahadevan et al., 1992; Davies et al., 1992). The instability of these
alleles was revealed through both their somatic heterogeneity and their intergenerational
expansion. Detection of mutant alleles and quantification of the number of CTG repeats
was done by PCR and genomic DNA Southern blotting. The same polymorphic markers
that were used for the assessment of long-term relative stability of normal alleles

allowed the assessment of the possible role of homologous chromosome recombination

in the expansion process.

The results of these analyses gave the first indications of factors that were or were not

likely to be linked to the high instability of this CTG trinucleotide in DM families.

2. Methodology

Myotonic dystrophy diagnosis
All DM families were ascertained with probands who presented clear clinical symptoms
of the disease. Criteria for clinical diagnosis were as described previously (MacKenzie

et al., 1989) adhering to published recommendations (Griggs and Wood, 1989).



DM and non-DM population study group

The transmission of the mutation was studied in approximately 500 DM families. These
included approximately 2000 individuals. DNA samples were collected from clinically
affected individuals, obligate mutation carriers (with or without clinical symptoms of
DM), and non-mutation carriers in the same families. Most of the DNA samples
corresponded to individuals of French-Canadian origin. The "non-DM mutation”
carriers, referred to as normal (or non-DM) individuals in the studies, were often either

spouses or siblings of mutation carriers or clinically affected individuals.

Genomic DNA preparation

Genomic DNA used for diagnosis of the disease was normally obtained from peripheral
blood leukocytes. DNA was also obtained from a variety of tissues from these patients.
DNA extraction was either performed with an automated ABI DNA extractor according
to the manufacturer’s instructions or manually following the protocol of Birnboim
(1992) when from cells in culture. The GNA was reconstituted in TE to a concentration

of approximately 500pug/ml and kept at 4°C.

Oligonucleotide synthesis

Oligonucleotides used for PCR amplification, sequencing, and as DNA probes on
Southern blots, were synthesized on an automated DNA synthesizer (PCR-Mate, model
391, Applied Biosystems). They were generated according to the manufacturer’s

instructions using the phosphoramidite method. At the end of the synthesis they were
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removed from the solid support and deblocked from the protective group using
ammonium hydroxide at 55°C overnight. The oligonucletide DNA was then dried and
kept at -20°C until needed, at which point it was dissolved in water to an appropriate

concentration for use.

Probes

Preparation of probes used in genomic DNA hybridization. The pGB2.2 (a subclone
of pGB2.6, Mahadevan et al., 1992) is a 2.2 kb DNA sequence that maps to the 9-10
kb EcoRI fragment that contains the 1 kb Alu repeat insertion/deletion polymorphism
(Mahadevan et al., 1993a) and the DM mutation locus (Aslanidis et al., 1992;
Mahadevan et al., 1992). The probe 750bpBamHI is a 0.7 kb DNA fragment obtained
from a plasmid insert flanked by BamHI restriction enzyme sites. This fragment maps
to a genomic region within DMK that is flanked by Bg// and Pst/ restriction enzyme
sites and contains the DM mutation locus. The probes were generated through
electrophoretic gel fractionation of the corresponding plasmid inserts on a 0.6% low
melting temperature agarose (GIBCO) gel, followed by purification of the DNA with
glass powder, according to the manufacturer’s instructions (BIO 101, Geneclean kit).
These probes were radioactively labelled with [o-?P]-dCTP (Amersham). This was
done by following the method of Feinberg and Vogelstein (1983), or in a labelling
reaction that included the use of rediprime® (Amersham), a random primer nucleic acid

labelling kit, according to the manufacturer’s instructions.
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Preparation of probes used for the hybridization of PCR generated DNA. A [y-*P]

(Amersham) labelled (CAG),, oligonucleotide was used as a probe in Southern blots
of PCR DNA. This probe was generated by a labelling reaction in which the [y-"P] of
[y-*P]ATP was linked to a (CAG),, oligonucleotide. The labelling reaction took place
at 37°C for 1 h in the presence of the oligonucleotide, T4 polynucleotide kinase, and
the appropriate exchange reaction buffer (GIBCO). Ethanol precipitation of the DNA
preceded the use of this oligonucleotide as a probe. The alkaline phosphatase conjugated
(CAG),, oligonucleotide probe, also used in the hybridization of the same blots, was
generated using a commercial kit (E-Link Plus oligonucleotide labelling kit) and
following the manufacturer’s instructions. Aliquots of this non-radioactive probe were

kept at -20°C for up to | year prior to use.

Analysis of normal size alleles

Normal alleles were detected through PCR amplification with CTG repeat flanking
oligonucleotide primers 409 and 410 (for exact sizing of the repeat sequence in these
alleles), or 406 and 409 (Mahadevan et al., 1992; Figure 2-1). The mutation sequence
was PCR amplified using genomic DNA as template in a standard reaction mixture. A
50 ul PCR reaction mixture contained 1.5 pl (approximately 750 ug) of genomic DNA,
22 ul of distilled H,0, 5 ul of 10 x Taq polymerase buffer with 100 mM Tris-HCI pH
8.3, 500 mM KCl, 15 mM MgCl,, 5 ul of each of either one of the oligonucleotide
primer pairs 406 and 409 or 409 and 410 (at an initial concentration of 20 pg/pl), 8 ul

of a dNTP mix containing the four precursors at a concentration of 1.25 mM each, 2.5
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pl of DMSO, and 0.5 ul of Taq polymerase (Cetus, 5 U/ul). When using the primer
pair 409 and 410 in the reaction 10 ng of radiolabelled primer 409 were also added. In
this case the primer 409 (1pg) was end-labelled with [y-**P] in a reaction containing [y-
32p]-dATP, T4 polynucleotide kinase, and an appropriate buffer (GIBCO) at 37°C for
30 min. The PCR took place in a Perkin-Elmer thermal cycler 480 using a standard
protocol and 25 to 30 cycles of 96°C for 1 min, 60°C for I min, and 72°C for 1.5 min,
followed by 10 min at 72°C. Products were resolved by denaturing electrophoresis on
8% polyacrylamide urea-containing vertical gels. Gels were exposed to X-AR film
(Kodak) at room temperature for 17 hours. Sequencing reactions generated from a
control template were used as molecular size standards. The non-radioactive PCR
products (reactions containing primers 406 and 409) were submitted to 1-3% agarose
(GIBCO) gel electrophoresis for 1-3 h on horizontal gels in 1 x TBE buffer. The
products were seen by adding ethidium bromide to the TBE during gel preparation. The
123 bp molecular size marker (GIBCO), loaded in flanking lanes, provided a means of
measuring the approximate size and concentration of the products in Polaroid

photographs.

Analysis of mutant alleles

Southern blot analysis of PCR DNA. PCR and 1 % agarose gel electrophoresis as
described was followed by alkaline (0.4 M NaOH) overnight Southern blot transfer of
products onto cationic nylon membranes (Amersham). Membranes were subsequently

neutralized in 0.2 M Tris-Cl (pH 7.5) and 2 x SSC, and heat treated to 80°C for 1-2
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hours prior to hybridization. Prehybridization took place in a solution containing 5 x
SSC, 0.5 % SDS and 5 x Denhardt’s solution for 30 min to 1 h at 50°C. Hybridization
took place overnight under the same conditions using the identical solution as for
prehybridization but also containing 10 ng/ml of [y-P] linked to a (CAG),
oligonucleotide as the probe. The membranes were subsequently washed in 6 x SSC and
0.1 % SDS at increasing temperatures up to 45°C, and exposed for 1 h to 20 h at -70°C
to X-AR autoradiographic film. Non-radioisotopic mutation detection was performed
under the same prehybridizing and hybridizing conditions except that an alkaline
phosphatase-conjugated (CAG),, oligonucleotide was used as a probe instead, and
hybridization took place for 30 min to 1 h. The membranes were subsequently washed
for 5 min in 1 x SSC and 0.5 % SDS at 50°C and for another 5 min in 0.25 x SSC and
0.5 % SDS at 50°C. This was followed by a final wash in 1 x SSC at RT for 5 min.
The membranes were then exposed to X-AR autoradiograph film at 37°C for 2 h to

overnight.

Southern blot analysis of gemomic DNA. Purified genomic DNA (2-5 ug) was
digested with EcoRI, Bgll, or Pstl, and appropriate buffers (GIBCO or NEB) at 37°C
for 1 h to 20 h. Reaction products were loaded on 0.6-0.8 % agarose gels in 1 x TBE
buffer without ethidium bromide. Electrophoresis took place for 20-22 h at 37 V, 40
mA, and increased to a maximum of 45 V, 50 mA for an additional 5 to 8 h in the case
of EcoRI digested products. Electrophoresis time was reduced in the case of Bg// and

Pstl digests. Appropriate molecular size markers (GIBCO) were added to flanking lanes.
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Gels were subsequently stained with ethidium bromide and photographed. Both DNA
denaturing and Southern blot transfer to a positively charged nylon membrane took
place in the presence of 0.4 M NaOH. Membranes were then neutralized and the DNA
was then fixed through heat exposure (80°C) for 1-2 h. Membranes were prehybridized
at 65°C for 1-3 h in a solution containing 5 x SSC, 0.5% SDS, and 5 x Denhardt’s
solution. Hybridization took place overnight in the same, but fresh solution and at the
same temperature, in the presence of a [a-"P]dCTP-labelled pGB2.2 (or 750bpBamHI)
probe sequence. Blots were washed in 0.2 x SSC and 0.1% SDS at 65°C and exposed
to X-AR autoradiographic film for 1-4 days. CTG repeat numbers in the mutant alleles
were assigned based on the mobility of the mutant compared to the normal allele and

a DNA size marker.

3. Results

Size distribution and transmission of normal alleles

Gel electrophoresis (Figures 2-1 and 2-3) and sequence analysis (data not shown)
revealed that the different sizes of the normal alleles corresponded to variability in the
number of CTG repeats. Polyacrylamide gel electrophoresis (Figure 2-1) allowed the
detection of the exact number of repeats in normal alleles. The number of CTG repeats
in normal alleles ranged from 5 to 35 in the 240 chromosomes analysed. The CTG
repeat numbers 5 and 13 were the most common in the group with a frequency of 35%

and 19%, respectively. The size distribution of normal alleles in the population that was



Figure 2-1. Location and size distribution of the CTG repeat sequence in the
normal allele through polyacrylamide gel electrophoresis. Analysis of [’P]-labelled
PCR products by 8% denaturing polyacrylamide gel electrophoresis showing sequences
containing from 5 to 28 CTG repeats. The most common size ranges in the general
population (5 repeats, 35%; 13 repeats, 19%) are indicated. The PCR primers (409 and
410) used in the reaction and their locations in relation to the CTG repeats are indicated
in the sequence below the photograph. The sequence shown contains 20 CTG repeats
and includes the location of some common restriction enzyme sites and two other PCR
primers.

Reprinted with permission from Science (Mahadevan et al., Myotonic Dystrophy: An
Unstable CTG repeat in the 3' Untranslated Region of the Gene, 255: 1253-1255, 6
March 1992) ®1992 AAAS




61
121
181
241
301
361

421

‘e

SmaIl
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primer 409 »
GGGGCCGGGTCCGCGGCCGGCGAACGGGGCTCQAAQQQTCCTTGTAGCCGGGAATGCTGC
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< primer 410 PstI
GATQACAGACCALLLLLLLLLLLthLLAGGCTGAGGCCCTGACGTGGATGGGCAAACTG
4 primer 406
CAGGCCTGGGAAGGCAGCAA&LLuubLLb1LL2191LgLATCCTCgAGCGCACCCCCACC
HindIII < primer 407
TATCGTTGGTTCGCAAAGTGCAAAGCTTTCTIGTGCATGACGCCCTGCTCTGGGGAGCGT

CTGGCGCGATCTCTGCCTGCTTACTCGGGAAATTTGCTTTTGCCAAACCCGCTTTTTCGG
BamHI



Figure 2-2. Analysis of the distribution of normal size DM alleles. This bar graph
reveals the high polymorphism of this microsatellite and its bimodal distribution. Of
240 genes analysed over 40% had 5 and 18% had 13 CTG repeats.



% of Chromosomes

100
90
80
70
60
50
40
30
20
10

0-

Repeat Size Distribution of Normal Alleles
at the DM Locus

(number of DM Loci
analyzed=240)

rl[lllllllllll

5 10 15 20 25 30 35
Number of CTG Repeats



Figure 2-3. Appearance of normal and mutant alleles following agarose gel
electrophoresis of PCR products and Southern blotting. The top panel (A) in this
figure shows the appearance of PCR products (using primers 406 and 409) generated
with the genomic DNA of DM and normal individuals following electrophoresis on a
1% agarose gel containing ethidium bromide. The two external lanes correspond to the
123 bp ladder. The sequence of the oligonucleotide PCR primers used in this reaction
and their locations are indicated in Figure 2-1. The normal alleles (5-35 CTG repeats)
are the bottom bands present in all lanes. Lanes 1 and 10-16 also contain mutant allele
bands or smears. Non-DM individuals can appear as homozygous for the normal allele
(one band) or as heterozygous (two bands). DM individuals (lanes 1 and 10-16) should
appear as one normal size band and an upper faint band or smear that in most cases is
not visible in these gels (lanes 11 and 13-16). Samples in A correspond to the same as
in B. (B) Mutant alleles can be detected as smears above the normal allele band on
Southern blots following the transfer of these products to a nylon membrane and
probing with a (CAG),, oligonucleotide probe.

Bottom panel reprinted with permission from Science (Mahadevan et al., Myotonic
Dystrophy Mutation: An Unstable CTG Repeat in the 3’ Untranslated Region of the
Gene, 255: 1253-1255, 6 March 1992) ©1992 AAAS.
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studied revealed its bimodal nature (Figure 2-2). The frequency of some allele sizes is
very low and some repeat numbers were not observed. The overall heterozygosity
amongst normal individuals in this population was 81%. Analysis of the size of these
alleles in different tissues and following intergenerational transmission showed no
changes in the number of CTG repeats. This result was obtained through the analysis
of the transmission of the normal alleles in over 100 families refered to the laboratory

for molecular diagnosis of DM.

Size distribution and transmission of mutant alleles

Standard PCR and agarose gel electrophoresis could be used for the detection of both
normal and mutant alleles. Normal and small mutant alleles (50-200 CTG repeats) could
be seen directly on agarose gels stained with ethidium bromide (Figure 2-3 (A)).
Southern blotting of these gels and probing with a (CAG),, oligonucleotide probe

allowed the detection of mutant alleles in general as bands or smears (Figure 2-3 (B)).

Estimation of the size of the larger mutant alleles was performed by Southern blotting
of whole genomic DNA from patients. Restriction digests with enzymes with target
sites flanking the mutation allowed the detection of enlarged size bands corresponding

to genomic fragments containing the CTG repeat expansion.

Figure 2-4 shows a map of the DM genomic region that includes the DM kinase and

the mutation locus in its 3> UTR. The orientation of this map shows the mutation in



Figure 2-4. Map of the genomic region encompassing the CTG repeat in DM. The
black boxes represent the 15 exons of the DMK gene. Two probes (pGB2.2 and
750bpBamHI), used on genomic Southern blot detection of the level of amplification
of the CTG repeat mutation are also shown. The position of the mutation is indicated
by a (CTG)n within exon 15. The size of three possible restriction fragments is also
indicated. The size of the mutant allele (and therefore the number of CTG repeats) can
be calculated by subtracting the size of the band of the normal allele from that of the
mutant allele in Southern blots. On EcoRI restriction digests the mutant allele band also
contains the 1 kb insertion/deletion Alu sequence (5.3 kb upstream of the CTG repeat,
left) whereas the normal allele presents this segment in only about 50% of the
chromosomes.
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exon 15 of the DMK gene at the centromeric end. The restriction sites and
corresponding DNA fragments of three commonly used restriction enzymes are shown.
Depending on the enzyme used in restriction digests, it is possible to change the
resolution of mutant allele bands. EcoRI restriction fragments of the mutant alleles
provide higher molecular weight and more compact Southern blot band signals. The
probe pGB2.2 maps to this fragment and detects the presence or absence of the 1 kb
insertion/deletion polymorphism within it. This 1 kb sequence is in linkage
disequilibrium and always present on the same allele as the expanded repeat. Pst/
fragments can provide a better resolution of the size of mutant allele bands than EcoR/
fragments (Figure 2-5). BglI digests provide intermediate size bands. As shown in the
map in Figure 2-4, neither Pst/ nor Bgll restriction digests allow the detection of the
1 kb insertion/deletion sequence 5° to the mutation on Southern blots. Increased mutant
allele band size resolution and detection of size heterogeneity is possible with Pst/
restriction digestions. The heterogeneity in the number of repeats present in mutant
alleles becomes especially obvious with the use of this enzyme to the point of the
apparent disappearance of the mutant allele band in some cases (Figure 2-5 (b), lane 6).
Interestingly, the most smeared and faint bands were seen later to correspond to DNA
samples of older individuals and of cells kept in culture for a long time period,

especially in very large mutant alleles (data not shown).

Study of possible interactions between the normal and mutant alleles

The 5 to 35 repeats present in normal alleles represent another polymorphic marker that



Figure 2-5. Examples of autoradiographs of two possible Southern blotting-probing
systems used in order to analyse the level of expansion of the CTG repeat sequence
in DM as well as its heterogeneity. The genomic DNA samples obtained from
peripheral blood leukocytes on a) originate from the same individuals as in b) and are
in the same numbered order. The N above lanes 5 and 7 refers to samples from non-
DM individuals and were used as controls. Lane 5 shows the presence of two normal
alleles that do not have the 1 kb insertion/deletion Alu sequence and lane 7 shows two
normal alleles with this sequence. The numbers beside the lanes refer to the molecular
weight of the bands in kb. a) Autoradiograph of an EcoRI Southern blot probed with
pGB2.2. The lower bands (8.6 and 9.7 kb) correspond to the normal allele. The
increased size (over 9.7 kb) of the upper bands reflects the increased number of CTG
repeats present in the mutant allele. b) Autoradiograph of a Pst/ Southern blot probed
with 750bpBamHI. Bands of 0.8 and 1.1 kb correspond to the normal allele. Mutant
allele bands or smears are larger. As shown, Pstl restriction digestions allows a finer
detection of size and heterogeneity of mutant allele bands than EcoR/. Lane 9 in b, for
example, shows heterogeneity and mosaicism in the size of the mutant allele band.
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could be studied in relation to the level of expansion of the mutant allele. This analysis
was performed on over 40 DM individuals selected randomly from over 200 DM
pedigrees. The degree of expansion in mutant alleles of those individuals ranged from
50 to over 2000 CTG repeats and the normal alleles had from 5 to 24 repeats. No
significant degree of association was found between the sizes of the two alleles (data

not shown).

The presence of a series of polymorphic markers within and flanking the DMK gene
spanning approximately 15 kb 3* and 15 kb 5’ to the CTG repeat (Neville et al., 1994),
allowed for a thorough linkage analysis of the DM locus. The segregation of these
markers in relation to the expanded CTG repeat in over 100 DM families showed
complete linkage disequilibrium. None of the transmissions that we analyzed, except for
a rare transmission resulting in an apparent gene conversion (O’Hoy et al., 1993) and
described in Chapter IV, gave any indication of recombination events between the

homologous chromosomes at this site.

4. Discussion

Sequence analysis of the DM mutation’s expanded genomic fragment revealed the
presence of a long stretch of CTG repeats at chromosomal location 19q13.3. Standard
DNA sequencing and PCR amplification techniques proved to be inefficient on this

template and, therefore, techniques were developed in order to detect and quantify the



number of CTG repeats in mutations of different sizes.

Normal alleles had a low number of repeating units, not exceeding 35 in the study
group. The transmission of normal alleles both in DM and non-DM families proved to
be stable. All the individuals affected with DM or obligate mutation carriers had an
enlarged number of repeats associated with the disease. Late onset, mildly affected
individuals, start with approximately 50 repeats, but there can be much higher numbers
in the rest of the DM patients, sometimes over 2000. This unstable trinucleotide repeat
represented a new kind of mutation which was known to occur, at tne time of
discovery, in only two other genetic diseases: fragile X syndrome (Verkerk et al., 1991;
Yu et al., 1991; Oberlé et al., 1991) and spinal and bulbar muscular atrophy (La Spada

et al., 1991).

The DM population that was studied originated mainly from the Saguenay-Lac-Saint-
Jean region of Quebec. The laboratory had access to the largest collection of peripheral
blood leukocyte DNA samples from DM families in the world. This provided the
unique opportunity of a thorough study of the behaviour of the mutation on
transmission from parent to offspring. The mutation was found to be present in 98% of
the individuals with clinical symptoms of DM in the study group (Mahadevan et al.,
1992). No other mutations in the DMK gene, or in other genes, were found to be
responsible for DM although symptoms of DM were detected in some patients with no

DM CTG repeat expansion (Thornton et al., 1994b; Abbruzzese et al., 1996).
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Intergenerational transmissions generally resulted in amplification of the mutant CTG
repeat array whereby, in most cases, offspring were seen to have larger alleles than their
parents, in blood leukocytes. This was seen to occur concurrently with genetic
anticipation. The molecular basis of the genetic anticipation observed in DM was then
established when various studies showed a positive correlation between the severity of
the clinical phenotype and the size of the mutation in DM families (Hunter et al., 1992,

Harley et al., 1992b; Tsilfidis et al., 1992).

Although models of triplet repeat sequence instability in human genetic diseases have
been proposed (Caskey et al., 1992; Richards and Sutherland, 1992, 1994), the
mechanism remains to be established. Amplification of triplets occurs in the absence
of recombination between markers flanking the mutation in DM, and the number of
repeats in the homologous normal and mutant alleles do not seem to be related. Unlike
as suggested for the CAG repeat in Machado-Joseph disease (Igarashi et al., 1996),
inter-allelic interaction does not seem to be involved in the intergenerational instability
of the DM mutation. The data provide evidence that genetic recombination does not
play a major role in the dynamics of the mutation. It may be significant that the
mutation rate of tandem-repetitive hypervariable loci in human DNA seems to be
proportional to the repeat length (Jeffreys et al., 1988). Long stretches of CTG
trinucleotides in DM could allow for slippage during reannealing of the sequence during
replication. The proposed model may have to account for intergenerational

amplifications of the DM CTG repeat of up to an order of magnitude or more as well
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as the occasional size reductions (Chapter III) observed on transmission of mutant DM

alleles.

Studies of how different parameters affect the outcome of transmission of the DM

mutation may help in the development of an adequate model of its expansion.



CHAPTER Il

ANALYSIS OF THE EFFECTS OF THE TRANSMISSION OF THE MUTATION

AND ITS INTERGENERATIONAL STABILITY

1. Introduction

This chapter describes studies of the outcome of intergenerational transmission of
mutant alleles in DM families as reflected by the number of CTG repeats in the
mutation. The emphasis is placed on the transmission of mutant DM alleles with a low
number of CTG repeats, and which show little or no change in size following

transmission.

My analyses provided evidence of the role of the mutant allele size in its own
mutability and therefore the role of this component in the possible mechanism of
expansion. Moreover, they also provided molecular evidence for a model that could

explain the maintenance of the DM allele in the population.

The incidence of DM may be higher than previously reported, given the variability in
penetrance, expression, and age of onset. Some DM individuals have a minimal
amplification of the repeat in peripheral blood leukocytes, ranging from 50 to 80 CTG

copies. In these cases the disease is very mild and tends to go undetected until
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ascertained genetically. We designated this class of the DM mutation a protomutation
because it is the mutation itself at an early stage of intergenerational evolution. We set
the upper limit of the protomutation size at 80 repeats, this being the upper threshold
of observed stable transmission. DM alleles containing over 80 repeats are defined as

full mutations and are seen to expand when transmitted from one generation to the next.

Individuals with the protomutation are comparable to those carrying the premutation in
fragile X syndrome (Oberlé et al, 1991), a genetic disease which involves the
amplification of a CGG trinucleotide repeat (Kremer et al., 1991; Verkerk et al., 1991).
Individuals with the fragile X premutation appear clinically asymptomatic (Fu et al.,
1991). However, as with DM, transmission of the fragile X mutant allele has been

associated with amplification of the trinucleotide repeat leading to severe phenotypes.

We conducted a survey among DM families in order to obtain an estimate of the
frequency of the protomutation, to examine its inheritance pattern, and to determine the

role of the initial degree of amplification in its intergenerational evolution.

The triggers of CTG repeat amplification in DM were not known and the question of
how the length and/or purity of the CTG repeat sequence array might affect the
outcome of transmission had still barely been investigated. It was a primary aim of my

research to begin to explain these processes.
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2. Methodology

Population study group
The DM CTG repeat was examined in 536 DM and 651 non-DM individuals from 158

families. The majority were of French-Canadian origin.

DNA preparation and mutation size analyses

DNA was isolated from peripheral blood samples. Detection of the level of expansion
of the DM allele in all of the individuals involved in the study was done by PCR
analysis and Southern blotting. Genomic DNA was PCR-amplified using CTG repeat
flanking primers (406-409 or 409-410) and a standard protocol. Protomutation allele
sizing was performed through PCR amplification followed by ethanol precipitation and
resuspension of the PCR product in 1/5 of the original reaction volume. This was
followed by 1% agarose or 1% agarose-2% NuSieve (FMC BioProducts) gel
electrophoresis against sequenced protomutation alleles and molecular-weight standards.
Stable transmission was defined as no apparent differences in electrophoretic mobility
(the margin of error was estimated at up to +3 repeats for protomutation alleles). Sizing
of DM alleles exceeding 150 repeats was done by Southern blotting on genomic DNA
as described. Alleles containing between 100-150 repeats were sized by PCR analysis
followed by Southern blotting of the products as described. In addition to the [*P]-
(CAG),, oligonucleotide probe, an alkaline phosphatase-conjugated  (CAG)

oligonucleotide probe was used for assessment of the number of CTG repeats. DNA
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sequencing revealed that the electrophoretic mobility of the CTG repeat was consistent
with the DNA size markers. Due to increased somatic heterogeneity in some large DM
alleles, assignment of number of repeats was decided on the basis of an estimated

average.

DNA sequencing

PCR reactions were prepared using genomic DNA (as template) from several
individuals that had <80 CTG repeats at the DM locus and showed its stable
‘ntergenerational transmission. The reactions contained CTG repeat flanking primers
406 and 483 (5’-TGTGGGCCAGTGCCCGCTG-3"), (DMK gene, GeneBank accession
number L08835), which flank the repeat sequence within 111 and 648 bp respectively.
PCR was conducted as described in the presence of a gene 32 protein (a single-stranded
DNA binding protein) (see Appendix). The products were submitted to electrophoresis
on a 1% agarose gel and the mutant allele band corresponding to each DM individual
was excised and purified with the Qiagen® PCR DNA purification kit according to the
manufacturer’s instructions. The sequencing reaction used the internal primers 409 or
485 (5-TGCCACCCGCTTAGCTGCG-3") in the forward sequencing reaction and 410
or 520 (5’-GCCCATCCACGTCAGGGC-3") in the reverse sequencing reaction.
Purified DNA sequencing was performed on an ABI 373A automated sequencer using
Taq polymerase and fluorescent dye labelled dideoxynucleotides, according to the
manufacturer’s instructions (Applied Biosystems). The sequence data were analysed by

ABI software on a Macintosh computer.



2. Results

Intergenerational amplification of the DM mutation

Expanded DM alleles were found in the probands who had a clinical diagnosis of this
disease. When the mutation was traced back to the previous generation it was found
that, in general, a smaller mutant allele could be found in one of the two parents. Figure
3-1 provides an example of three generations of a DM family in which the expanded
allele in the proband could be traced back to the father. In this case the father had a
minimally expanded mutant allele that was seen to be greatly expanded in the next

generation.

Size of the mutation in offspring as a reflection of the size of the mutation in
parents

The study of the effect of the size of the mutant allele on transmission outcome
revealed an interesting trend. The 320 parent-offspring transmissions analysed were
divided into subsets depending on the size of the mutant allele in peripheral blood
leukocytes in parents. Overall, the mean intergenerational increase in the number of
repeats was a function of the number of repeats present in the mutant allele in those
parents. The results could be represented as a sigmoid curve where the smallest parental
allele sizes (50-79 CTG repeats) led to relatively small intergenerational amplifications.
More pronounced amplifications occurred as the size of the parental allele increased up

until a certain parental allele size range (>700 CTG repeats) where intergenerational



Figure 3-1. Transmission of the mutation in a DM kindred. This figure represents
three generations of a family in which a small size DM mutation is transmitted from
a father that has minimal clinical symptoms of the disease (square with dot, top right)
to his daughter (full black circle), who presents DM clinical symptoms. Solid symbol
means clinically affected and open symbol not clinically affected. The bands in this
figure correspond to a Southern blot of an EcoR[ restriction digest probed with pGB2.2.
Lower and upper bands correspond to the normal alleles (of approximately 9 and 10 kb
respectively). In individuals with the mutation the upper band is larger although this
may be undetected by genomic Southern blot analysis (see last lane as an example) or
much larger (lane that corresponds to the proband, or full black circle) depending on
the number of CTG repeats present.
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amplifications became more moderate and in some cases intergenerational reductions

Wwere seen.

Mutation frequency and protomutation stability

We surveyed the status of the DM locus in 158 families (536 DM mutation carriers,
with and without clear clinical symptoms, and 651 non-DM individuals). All the
families were ascertained by the clinical diagnosis of the proband; an expanded DM
allele was subsequently identified in each of the probands and the rest of the mutation
carriers were either first of second degree relatives of those probands. PCR
amplification of the repeat sequence, using primers immediately flanking the repeat site
(Mahadevan et al., 1992), permitted the detection of small changes in the allele size of
normal individuals (5-35 repeats) and in DM mutation carriers with minimal expansion
(50-150 repeats). Short length mutant allele bands were seen on agarose gels stained
with ethidium bromide (Figure 3-2). Larger lengths (150 repeats or over) were seen as
more smeared bands; these could also be seen as hybridization signals on Southern blots

of EcoRI digested genomic DNA hybridized with probe pGB2.2.

[t was found that 11% (60/536) of the DM individuals studied carried the protomutation
(50 to 80 repeats). In 10 of the larger DM kindreds the frequency of the protomutation
among DM mutation carriers was much higher (55%). The protomutation was found at
a very high frequency in the lateral branches of these extended families. In such cases

the protomutation was seen to be inherited with either no change or a very small



Figure 3-2. Appearance of the CTG repeat following PCR amplification of the
mutation in DM individuals with a low number of repeats in the mutant alleles.
This is an example of a 1% agarose gel containing the products of a PCR reaction using
primers 406 and 409 and stained with ethidium bromide. The upper band represents
DM alleles ranging from 50 (lane 1) to 150 (lane 8) repeats. The lower band shows the
normal size allele in these individuals. A 123 bp DNA size marker flanks the sample

lanes.

Reprinted with permission from Human Molecular Genetics (Barcelo et al.,
Intergenerational stability of the myotonic dystrophy protomutation. 2, 705-709) ©1993,
Oxford University Press
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Figure 3-3. Example of a kindred exhibiting intergenerational stability of the
protomutation. PCR products of the DM locus using primers 406 and 409 were
submitted to 1% agarose gel electrophoresis, Southern blotting, and probing with an
alkaline-phosphatase conjugated (CAG),, oligonucleotide probe. In this kindred the
mother (circle with dot) transmits the mutation to five of her offspring. Only one of her
daughters (full black circle) inherits a greatly expanded allele. The number of repeats
is indicated. Lane 9 contains the maternal protomutation allele. Relative
intergenerational stability occurred in four of the five offspring that inherited the mutant
DM allele (lanes 2, 3, 5 and 6). Lane 8 shows the smear typically appearing on PCR
amplified DM loci containing from 160 to 300 CTG repeats. The shadow bands visible
in lanes 2, 3, S, 6, and 9 are commonly found in PCR products of protomutation alleles
and have been attributed to somatic heterogeneity and/or the subproducts of standard
PCR amplification of long sequences of CTG repeats.

Reprinted with permission from Human Molecular Genetics (Barcelo et al.,
Intergenerational stability of the myotonic dystrophy protomutation. 2, 705-709) ©1993,
Oxford University Press
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increase in the number of repeats (Figure 3-3). In one large kindred, the relatively stable
transmission of an approximately 60 (+3) repeat allele through four successive

generations was observed (data not shown).

Transmission of the DM protomutation

When DNA was available to trace the mutation back for several generations it was
found that the protomutation was present in the oldest DM mutation carriers (29
kindreds). No cases were observed in which the protomutation originated from a normal
size allele. The lowest number of repeats observed in a DM allele in the study group

-

was 50.

Sixty DM-parent/DM-offspring pairs in which the parent had the DM protomutation
were identified; 20 resulted in the inheritance of the protomutation (50-80 repeats), that
is, no change (n=11) or a small size increase (n=9) was observed. No reductions of the

DM allele as a result of transmission of a protomutation were observed.

Some gender differences in the intergenerational amplification of the DM protomutation
can be seen (Figure 3-4). The majority of parents that were DM protomutation carriers
were males (36/60). Only eight paternal transmissions resulted in the inheritance of a
protomutation. In contrast, 16 maternal transmissions resulted in the inheritance of a
protomutation. Only transmissions from protomutation carrying fathers resulted in

alleles containing over 600 repeats in this study group and protomutation carrying



Figure 3-4. Number of repeats inherited from DM parents with mutant allele sizes
ranging from 50 to 100 repeats. A rectangle represents a transmission from a male
and a circle represents a transmission from a female. The number beside some of the
symbols represents the number of overlapping data points at the same position. The
graph shows the general trend of diminished intergenerational stability as the number
of CTG repeats in the parental allele increases. Small protomutations can evolve into
full mutations in a single step and the frequency of this occurrence increases with the
increasing size of the parental allele.

Reprinted with permission from Human Molecular Genetics (Barceld et al.,
Intergenerational stability of the myotonic dystrophy protomutation. 2, 705-709) ©1993,
Oxford University Press
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mothers had offspring with a lower number of repeats (Figure 3-4). Further analysis of
the size of the DM allele in the progeny of DM protomutation carriers revealed that
smaller size alleles were generally more stable than larger ones. For example, inherited
mutant alleles having in excess of 200 CTG repeats were observed in 21% of
transmissions from the 50-60 repeat parental group, 32% of transmissions with 61-70
repeats, 57% of transmissions of DM alleles with 71-80 repeats, and 71% of
transmissions of DM alleles with 81-90 repeats (Table 3-1). All transmissions of DM
alleles with approximately 81 or more repeats resulted in large amplifications, ranging
from 120 to 1250 repeats. Amplification of the DM allele did not necessarily occur in
all of the DM offspring of a given protomutation carrier and when it did, it was not

necessarily to the same extent.

The stability of the DM protomutation is not due to interruptions of perfect CTG
repeat arrays

We analysed the possibility that intergenerational stability of the protomutation was due
to perfect repeat sequence interruptions. For this purpose we studied the sequence
composition of the protomutation in eight DNA samples obtained from patients in
which stable transmission had been observed. The sequence of the two (CTG and CAG)

complementary strands showed no interruptions or base substitutions (data not shown).



Table 3-1. Summary of amplification results over a range of parental allele sizes

Parental
number of
repeats

50-60

61-70

71-80

W

81-90

Number of DM-
parent/DM-
offspring
pairings

14

25

21

24

Number of
cases with
stable
transmission

3

(21.5%)

7 (28%)

(5%)

(0%)

Number of
cases with
allele size
undexr 200
repeats

8 (57%)

10 (40%)

8

(38%)

7 (29%)

Number of
cases with
allele size
over 200

3

(21.5%)

8 (32%)

12

(57%)

17

repeats

(71%)

Reprinted with permission from Human Molecular Genetics (Barcelo et al.,
Intergenerational stability of the myotonic dystrophy protomutation. 2, 705-709) ©1993,
Oxford University Press
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4. Discussion

This chapter deals with the overall study of DM mutation size and composition as a
relevant component of intergenerational dynamics. The relatively high number of
transmissions analyzed and the overall consistency of the results obtained give validity
to such a study. However, since data on mutation size was obtained from only one of
the tissues in those patients (peripheral blood leukocytes), including individuals of all
ages, there is a limit to the extent to which correlations could be made. The results of
these analyses indicated, nevertheless, that the size of the mutation must be an important

component of the intergenerational dynamics of the CTG repeat array.

Molecular analysis of DM kindreds is typically only done following ascertainment of
a symptomatic individual. None of our kindreds was ascertained through a proband with
a protomutation. Nevertheless, over 11% of individuals with the DM mutation in our
survey (60/536 DM mutation carriers with and without clear clinical symptoms of the
disease) had the protomutation. Furthermore, the frequency of the protomutation among
DM mutation carriers was considerably higher than 11% in many of our larger DM
kindreds, and the frequency was highest in the lateral branches of these extended
families. Because the data analysed in this study originate from families ascertained
with DM, where amplification of a protomutation had already occurred, they are not
truly representative of the situation in the general population. Only a very large

population screening, such as that of Reiss et al., (1994), or Rousseau et al., (1995), on
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the prevalence of the premutation in fragile X syndrome, would provide reliable indices
of DM protomutation prevalence and stability. What this study suggests, nevertheless,
is a higher frequency of the DM allele than previously estimated, as well as a high level

of stability of the DM protomutation in the general population.

[t was clear that the DM protomutation could be transmitted from one generation to the
next with minimal or no amplification. In the study group of 158 families, 20 of the 60
DM-protomutation-parent/DM-offspring pairings were characterized by the inheritance
of a protomutation (that is, the offspring inherited a maximum of 80 repeats). Similar
to the inheritance observed for the fragile X premutation, we observed the stable
transmission of the DM protomutation through four generations in one large kindred.
These results suggest a model in which the maintenance of this disease allele in the
population is based on the existence of a metastable protomutation with sufficient
stability to be passed down through many generations. This could explain the
persistence of an autosomal dominant disease such as DM, despite the presence of

genetic anticipation and low reproductive fitness of severe DM phenotypes.

A genealogical reconstruction of DM in the Saguenay-Lac-Saint-Jean area (Quebec,
Canada), (Mathieu et al., 1990), where most of the DM families originated, revealed
that all patients in that study could be traced back to a couple who settled in “Nouvelle-
France” in 1657 (Figure 3-5). This genealogical reconstruction provides a strong

argument in favour of the genetic homogeneity or common origin of



Figure 3-5. Genealogical reconstruction of DM in the Saguenay-Lac-Saint-Jean
region. DM could be traced back to one couple (centre of the pedigree) that immigrated
to this region from France in the seventeenth century. This pedigree represents 746
individuals over 14 generations. From generation II to generation [X only the
individuals responsible for the kinships are illustrated. In the more recent generations,
the asymptomatic healthy persons were omitted. Square = male; circle = female; / =
deceased; solid symbols = affected; half-solid symbols = carrier of a partial syndrome;
grey symbols = screened.

Reprinted with permission from Neurology (Mathieu et al., Genealogical reconstruction
of myotonic dystrophy in the Saguenay-Lac-Saint-Jean area (Quebec, Canada) 40, 838-
842)©1990, Little, Brown and Company Publishers
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the mutation, at least within the French-Canadian population. This, together with the
total linkage disequilibrium observed between the DM mutation and nearby
polymorphic markers (Mahadevan et al., 1993a; Neville et al., 1993; Whiting et al.,
1995b), again lends credence to the hypothesis that originally only one or at most very

few amplifications of normal size alleles resulted in the first protomutation(s).

Only one case of a recent formation of a DM mutation has been reported (Krahe et al.,
1995b). Since such events seem very rare, the maintenance of a relatively high
prevalence of this disease allele in the population, despite the rapid loss of reproductive
fitness in affected families, could be explained with the maintenance of an
intergenerationally stable form with no or hardly any clinical consequences. The number
of progeny from DM protomutation carriers in our study group gives no indication of

diminished reproductive fitness.

The maintenance of this disease allele in the population could also be explained by
reversions of the amplification process, that is, by intergenerational reductions of the
number of CTG repeats, as reported by our laboratory (O’Hoy et al., 1993) and others
(Shelbourne et al., 1993; Brunner et al., 1993a; Ashizawa et al., 1994). Reductions
resulting in alleles containing over 80 repeats could prolong the reproductive fitness of
DM kindreds (perhaps by one or two generations). However, only the reduction events
leading to allele sizes in the range of 50 to 80 repeats, would contribute to the pool of

protomutation carriers and therefore to the possible long-term transmission of these
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disease alleles. Even if such reductions were a source of protomutations, the long-term
maintenance of the DM allele in the population would still depend upon the

intergenerational stability of this allele class.

A variety of gender differences in the transmission of DM protomutations were
observed in the study group. The majority of DM protomutation carriers were males
and no mothers with less than 60 repeats were detected. Intergenerational amplifications
from fathers led to larger allele sizes (Figure 3-4). A similar phenomenon was observed
when the study of the transmission of DM mutations with less than 100 CTG repeats
in 38 Dutch kindreds revealed an excess of males who did not manifest disease. These
males preceded the generation of the probands, and therefore individuals with

considerably expanded mutdfions (Brunner et al., 1993b).

In fragile X an overlap was found between the highest number of CTG repeats in
normal individuals and the lowest number of the same repeats in individuals from these
families (Fu et al., 1991). In DM such overlaps were not observed. Nevertheless, as
proposed for the CGG repeat in fragile X (Fu et al., 1991; Yu et al., 1992), a direct
relationship between increased DM trinucleotide repeat number and repeat instability
was observed. Amplification of a given protomutation occurred with a frequency that
was influenced by the number of repeats present (Figure 3-4 and Table 3-1).

Transmission of DM alleles containing 80 or more CTG repeats resulted in significant

amplification. The strong correlation between allele length and the frequency and extent
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of repeat sequence amplification provides a clear indication of the pivotal role of the
DM CTG repeat in its own amplification process. While the data presented strongly
suggest that instability of the DM locus is primarily due to its increased size, the
absence of a complete allele-length/allele-amplification correlation suggests a role for

other as yet unidentified factors.

Some size ranges appear more frequently than others. An example of this is the absence
of any DM protomutation carrier offspring bearing repeats in the 300-600 repeat range
(Figure 3-4). This may reflect an extreme instability of this size range, the underlying

amplification process, or it may be merely a sampling artefact.

In other genetic diseases with a similar molecular basis it was found that interruptions
(such as base substitutions) of the perfect repeat sequence array led to an increase in
allelic stability (Eichler et al., 1994; Chung et al., 1995). Sequence analysis of some of

the most stable protomutations revealed no interruptions.

The fact that instability is dictated by a minimum threshold of CTG repeats suggests
a link between a novel structure acquired when the number of repeating units is
sufficiently high and the mechanism of expansion of this repeating unit. The fact that
instability increases dramatically beyond the upper threshold of protomutation size may
suggest a sequence-structure-linked mechanism of expansion. The perfect repeat

sequence interruptions found in the more stable mutant alleles in other trinucleotide
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repeat diseases should perhaps be expected to interfere with this structure and mediate

changes in the dynamics of those mutations.

The results of this study also suggest that the gender of the parent affects the

intergenerational dynamics of the DM mutation. This is examined in the next chapter.



CHAPTER IV

PARENT OF ORIGIN DIFFERENCES IN EXPANSION OF THE DM

MUTATION AND THE CASE OF CONGENITAL DM (CDM)

1. Introduction

Previous studies (Chapter III) suggested that the gender of the transmitting parent, at
least for mutant DM alleles containing <80 CTG repeats, had an effect on the
intergenerational evolution of this mutation. This chapter analyses in more depth the
possible differential effect of maternal and paternal transmissions both on the

intergenerational dynamics of the CTG repeat and on disease severity.

[ studied the size of the mutation in males and females in general as well as the
differences in outcome when the CTG repeat is transmitted by male and female parents.
Different trends were seen in both cases. Fathers with a high number of repeats showed
a higher probability than mothers of intergenerational reductions of the mutation. So,

in general, the outcome of transmission was seen to be dependent on a combination of

the size of the mutation and the gender of the transmitting parent.

Another gender-related component of this mutation plays a role in CDM. Although both

males and females seem to have the same risk of inheriting this form of the disease, the
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only unquestionable cases of CDM were seen following maternal transmission of the
mutation. I conducted a study of the maternal and paternal transmission of the mutation
and compared the transmissions that resulted in CDM to those that resulted in the adult
form of the disease. The mothers and their CDM infants were shown to have CTG
repeat numbers in mutant alleles which were, on average, significantly higher than those

seen in non-CDM (Tsilfidis et al., 1992; Barcel6 et al., 1994).

The identification of the factors responsible for the gender-related differences in
transmission should help to focus the research towards the understanding of the

mechanism(s) of expansion of this mutation.

2. Methodology

Population study group

Analysis of mutation status for the purpose of examining the differential effects of
maternal and paternal transmission was done on a total of 174 DM-mother/DM-
offspring and 126 DM-father/DM-offspring pairs. CDM studies were done on over 300
transmissions of the mutation (174 maternal and 127 paternal). This included 37 CDM

cases and their mothers.

Myotonic dystrophy diagnosis

The clinical diagnosis of DM was as described previously (MacKenzie et at., 1989)
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adhering to published recommendations (Griggs and Wood, 1989). The diagnosis
criteria for congenital DM were: (1) marked hypotonia at birth; (2) respiratory failure
necessitating ventilation at birth; (3) absence of an underlying condition which would
lead to hypotonia or respiratory failure (for example, infection); and (4) a diagnosis of
DM in the infant’s mother. Additional signs associated with the disorder, including
talipes, facial displegia, the presence of polyhydramnios and reduced fetal movements
were noted. However, the latter findings alone, in the absence of the above criteria were
not sufficient for the diagnosis of CDM. Only 47% of the CDM infants in one study
(Harper, 1975) had respiratory failure. It is therefore likely that infants with milder
forms of CDM existed in the population but were not diagnosed. Nevertheless it is
likely that the ascertainment of the more clinically relevant severe CDM approached

100%.

DNA preparation and analysis

Genomic DNA (2-5ug) was digested with EcoRl (NEB), submitted to electrophoresis
on 0.8% agarose gels, and transferred onto nylon membranes. Southern blots were
probed with pGB2.2. Blots were washed in 0.2 x SSC and 0.1% SDS at 65°C and
exposed to X-AR autoradiographic film for 1-4 days. CTG repeat array length in mutant
alleles was assigned based on the mobility of the mutant compared to the normal allele

band and a DNA band size marker.



3. Results

General parental-gender dependent effects on the transmission of the mutation

An analysis of the size of the mutation in peripheral blood leukocytes was conducted
in over 100 DM families. These families had been refered to the laboratory for
molecular diagnosis of the disease. They were ascertained through a member with
clinical symptoms of the disease, refered to as a proband. Probands belonged, in the
great majority of cases, to the youngest generation in those pedigrees. The analysis of
the number of CTG repeats present in the mutant allele in the youngest generation
(proband and siblings) in our DM families revealed that the mean number was
approximately 800. When these individuals were divided into males and females we
found that males presented approximately 770 and females 820 CTG repeats. This
difference was not found to be significant. In contrast when, within the same
population, only the DM parents of these offspring were selected, on average, the mean
number of CTG repeats in the mutant alleles of DM mothers was approximately 350
whereas in fathers it was approximately 230 (Figure 4-1). In addition to having, in
general, a higher number of repeats in mutant alleles, DM mothers have DM offspring
with a significantly larger number of repeats (mean = 930 CTG repeats, 166
chromosomes analysed) than DM fathers (mean = 800 CTG repeats, 124 chromosomes
analysed). It may be significant that father to female offspring and father to male
offspring transmissions show discordant parental numbers of repeats (174 versus 289

respectively). Moreover, female offspring of those fathers show a mean increase of



Figure 4-1. Maternal and paternal inheritance of the mutation. Mean number of
CTG repeats in mutant DM alleles in leukocytes of mothers and fathers and mean
increase (offspring minus parent) inherited by their DM male and female offspring
(white bars). The numbers on top of the bars refer to the average number of repeats and
N is the number of transmissions in each set. Unlike fathers, DM mothers have and
transmit, on average, large expansions and show similar patterns of transmission

outcome for male and female offspring.
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Figure 4-2. Mean number of repeats present in DM mothers and fathers and
increase over this number acquired by their DM offspring. DM parents were
subdivided into sets according to number of CTG repeats present in the mutant allele
(black bars). The adjacent white bars represent the increase in number (not the total
number) of CTG repeats acquired by the mutant allele in their DM offspring. N
represents the number of transmissions in each set. A = maternal transmissions, B =
paternal transmissions.
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approximately 340 CTG repeats whereas in male offspring this increase is of

approximately of 230 CTG repeats instead.

The paternal and maternal transmissions were then segregated according to the number
of CTG repeats in the mutant allele in parents (Figure 4-2). The results revealed
significantly different patterns of transmission. As the number of CTG repeats in
mothers increases from 50 to over 1000, the increase in repeats in offspring shows a
slow start, followed by relatively steady intergenerational amplifications that seem to
reach a plateau in transmission from parents with a high number of repeats (Figure 4-2
(A)). Paternal transmissions, in contrast, show a greater intergenerational amplification
at a low number of repeats that reaches an earlier plateau and overall negative

amplification at the high end (Figure 4-2 (B)).

Reductions in the size of the mutant allele on transmission.

Although intergenerational transmission of the DM mutation tends to result in its
expansion, four cases of intergenerational reductions were observed in our study group.
One of those resulted in the complete loss of the mutation (O’Hoy et al., 1993). In this
case, genomic Southern blot and PCR based molecular diagnosis methods revealed that
the transmission of a mutant allele from a DM father who had an average of 750 CTG
repeats in blood leukocytes resulted in a 13 CTG repeat allele in his normal phenotype
daughter. Extensive and high resolution haplotype analysis revealed that this was very

likely the result of a recombination event that resulted in discontinuous gene conversion
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tracts that included the paternal 13 repeat normal allele sequence. Gene conversion can
only be determined by examination of all meiotic products which were not available in

this case.

Three other cases of intergenerational reductions in the number of CTG repeats were
detected. These losses were more moderate and it did not seem likely that they involved
gene conversion events. In the first case the transmitted DM allele of the affected father
(with an average of 1000 CTG repeats in the mutant allele of peripheral blood
leukocytes) resulted in an affected son with approximately 500 CTG repeats in
leukocytes. In the second case a father with approximately 600 CTG repeats in the
mutant allele in leukocytes, had a daughter in which the same allele had lost
approximately 170 CTG repeats. The only maternal transmission, in the same study
group, that resulted in loss of CTG repeats was seen when an individual with
approximately 1000 CTG repeats in the mutant allele transmitted the same allele to her
son who had approximately 900 repeats. Other, more moderate, losses of CTG repeats
on transmission could likely occur and nevertheless be undetected by the currently used

molecular diagnosis systems.

Maternal effects in the transmission of the mutation: correlation between CTG
repeat length in offspring and frequency of CDM
An increased number of CTG repeats in the mutant allele was found in most CDM

individuals as compared to those that had the adult form of the disease. Within non-
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CDM individuals the majority had undergone only moderate mutation amplification
(less than 3% had over 1500 CTG repeats) and 57% had less than 500 CTG repeats.
In contrast, 55% of individuals affected with CDM had over 1500 CTG repeats in their
peripheral blood leukocytes. These data suggest a correlation between the CTG repeat
length and CDM. Interestingly, a proportion of severe CDM children (5/37) had only
modest size mutations (500-1000 CTG repeats), and some infants with non-CDM
presented with the largest expansions (over 2000 CTG repeats). Therefore, while
amplification of the mutation was seen in all CDM cases, it did seem to be neither a

necessary nor a sufficient condition for the development of this form of the disease.

Discordant CTG repeat lengths in the mothers of CDM infants were also found. The
majority of DM mothers with non-CDM children had fewer than 500 CTG repeats
while mothers of CDM patients tended to show larger expansions. The same study
showed that the degree of DM-mother/DM-offspring intergenerational amplification

does not appear to be greater in CDM than in non-CDM (Tsilfidis et al., 1992).

Additive influence of maternal and offspring DMK gene CTG repeat lengths in the
genesis of CDM

[ investigated the possibility that CDM occurs only following maternal transmission of
the mutation due to the fact that fathers do not transmit large enough alleles to their
offspring. Analysis of the dynamics of the mutation in over 300 transmissions (174

maternal and 127 paternal) indicated that while a high number of repeats seems to be
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a necessary condition for CDM it cannot, by itself, explain its exclusive maternal
inheritance. One-quarter of the offspring in this group who inherited the mutant allele
from their fathers had CTG repeat arrays larger than those found in the CDM cases

with the lowest number of CTG repeats (around 700 repeats).

CDM offspring from mothers with a relatively low number of repeats generally had a
number of repeats in the upper end of the CDM range. Mothers with a relatively high
number of repeats tended to have a higher percentage of CDM offspring, even when
the number of repeats in these offspring was in general at the lower end of the CDM

spectrum (Figure 4-3).

4. Discussion

[ conducted an overall survey of gender-related differences that might affect the
dynamics of the intergenerational transmission of the DM mutation. [n agreement with
previous reports (Brunner et al., 1993b; Lavedan et al., 1993a; Harley et al., 1993), the
data indicate that the intergenerational dynamics of this mutation are both linked to the

number of CTG repeats and the gender of the transmitting parent.

Unlike in fragile X (Rousseau et al., 1994; Loesch et al., 1995), males and females with
the disease seemed to have the same probability of inheriting mutant alleles of any size.

On average, the later generation of offspring in the study group was seen to have



Figure 4-3. Relationship between maternal and offspring numbers of repeats and
CDM. Squares represent the transmissions resulting in the congenital form and circles
represent the transmissions resulting in the adult form of DM. The distribution of these
symbols indicates a tendency for CDM to occur when both the maternal and the
inherited number of repeats in blood leukocytes is high.

Reproduced with permission from The American Journal of Human Genetics (Barcelo
et al., Additive Influence of Maternal and Offspring DM-Kinase Gene CTG Repeat
Lengths in the Genesis of Congenital Myotonic Dystrophy. 54, 1124-1125) ©1994, The
University of Chicago Press
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practically the same number of repeats regardless of the gender. Although the data
presented in Figure 4-1 for male transmissions of the mutation may not give a clear
indication of this fact, the explanation for the discordance in the size of the mutation
in male and female offspring of DM fathers could be found when parental transmissions
were divided according to the number of repeats in males and females (Figure 4-2).
Nevertheless, as seen in the fragile X syndrome (Fish et al., 1995), SBMA (Biancalana

et al., 1992), HD (Kremer et al., 1995), SCAl (Jodice et al., 1994), and other
trinucleotide repeat mutation diseases, the gender of the parent had a clear effect on the
intergenerational dynamics of the CTG repeat in this disease. This is reflected in the
fact that changes in the CTG repeat happen to different degrees depending on which
parent (mother or father) with a defined size allele transmits the mutation. These
differences are most striking in transmissions from parents with a high number of CTG
repeats where, unlike for mothers, paternal transmissions result, in a high percentage
of cases, in losses of CTG repeat array tracts. In agreement with our results, an
international research report (Ashizawa et al., 1994), that grouped together the
intergenerational transmissions that resulted in reductions, revealed that paternal
transmissions result in a higher and more dramatic frequency of reductions (loss of
repeats) than maternal transmissions. Those reductions were seen to occur at a higher
frequency from fathers that had a high number of repeats in the mutant allele in blood
leukocytes. The reason(s) behind the differences in the size of the inherited mutant

allele in maternal and paternal transmissions are not known.
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Inheritance of CDM from mothers
While the inheritance of the different allele sizes may not be linked to gender, DM
mothers have a significantly higher number of CTG repeats than fathers (Figure 4-1).

The reason for this difference seems to have a sociological basis.

The CDM offspring of these mothers also had a higher number of CTG repeats in
mutant alleles, although intergenerational amplification of the mutation from those

mothers did not appear to be greater in CDM than in non-CDM.

Reports on the observation of a higher number of CTG repeats in mutant alleles of
CDM patients (Tsilfidis et al., 1992) were combined with the observation of CTG
repeat losses on transmission of large size mutant alleles from fathers in small
population study groups. These led some investigators (Mulley et al., 1993; Lavedan
et al., 1993b) to propose that the exclusive maternal inheritance of DM was derived
from the incapacity of fathers to transmit large enough alleles for CDM to occur. My
study of this possibility revealed that a considerable number of paternal transmissions
resulted in mutant alleles in offspring that were as large or larger than those seen in
CDM. Therefore, the number of repeats in those offspring does not seem to be a
sufficient condition for CDM to occur. It was also noted that the number of repeats in
CDM offspring of DM mothers did not need to be very high if those mothers had a
relatively high number of repeats themselves. Hence, a very high number of repeats in

offspring is neither a necessary nor a sufficient condition for CDM to occur.
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These two observations, together with previous studies on maternal phenotypes of CDM
offspring (Koch et al., 1991), suggested that CDM arises from an “additive” pathology
comprised of both maternal and offspring components (Barcelé et al., 1994). This
unusual basis for the more severe phenotypic variation of DM could perhaps be
included in a broad definition of “imprinting”, which has been defined as differential
phenotypic manifestations of disease based on the gender of the transmitting parent.
[mprinting has been seen to be sex-linked to methylation status differences in CpG
sequences that affect the expression of relevant genes. Analysis of the methylation
status of DMK and surrounding regions have revealed, so far, no disease- or gender-

related differences (Jansen et al., 1993; Shaw et al., 1993).

The differential phenotypic manifestations of CDM may be due to metabolic
disturbances of a DM mother on a developing DM fetus with a sufficiently high number
of CTG repeats. The DM mother must make some contribution to the phenotype of the
CDM fetus in addition to having transmitted a large mutant allele -- since DM fathers
can transmit large alleles without giving rise to CDM. The maternal influence may be
related to (or mediated by) her phenotype (which is in turn due to the number of CTG
repeats in her mutant allele) since only the more severely affected mothers tend to have
CDM offspring. A sufficiently high number of CTG repeats in the fetus is also
important (Figure 4-3). Notably, non-DM mutation carrier siblings of CDM offspring

have not been reported to suffer from any abnormal phenotypic features.
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There is not yet an explanation for the exclusive maternal inheritance of CDM and it
is not likely to be a simple one. The explanation may be found when the
pathophysiology of the disease is better understood in terms of gene expression and

metabolic pathways associated with it.

Parent of origin differences in the outcome of transmission of the DM mutation
and implications for the mechanism of expansion of the CTG repeat

As seen in the previous chapter (Figures 3-2 and 3-5), parent-offspring mutation sizes
show some degree of correlation and, as shown in Figures 4-1 and 4-2, DM mothers
have, and have offspring with, a higher number of repeats in the mutant allele than DM
fathers. In general, a higher number of CTG repeats and more severe clinical
phenotypes are seen in offspring of maternal transmissions. However, in paternal
transmissions intergenerational reductions in the number of CTG repeats are seen more
often. More specific parental-gender related differences can be seen when the
intergenerational mutation dynamics, as represented in Figure 3-1, are divided into
paternal and maternal transmissions (Figures 4-1 and 4-2). Paternal and maternal
outcome of transmission of the same size mutations differ. Reductions in the size of the
mutation are more likely in paternal transmission of DM alleles containing over 700

CTG repeats.

There is little information conceming the stage(s) in intergenerational transmissions at

which expansions and contractions occur. We were unable (either due through a
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previous vasectomy or unwillingness of the relevant individuals) to analyse the size of
the mutation in the sperm cells of the relevant DM fathers in order to see if the
contractions were already present in those cells. Although both expansions and
reductions in the number of CTG repeats seem to depend on the mutation size and
gender of the transmitting parent they may not occur through the same mechanism(s).
Parental rather than offspring dependent mutation dynamics may suggest that pre-
zygotic components are relevant to the observed intergenerational changes in the DM

mutation.

[n conclusion, mutation size and the gender of the transmitting parent are seen to affect
the intergenerational transmission dynamics of this mutation. Cell-type, mitotic, meiotic,
and/or physiological differences between males and females may influence the dynamics

of amplification and contraction of this CTG repeat.

Further studies will be needed in order to discern the possible role of each one of these

components.



CHAPTER V

CHARACTERISTICS AND BEHAVIOUR OF THE MUTATION IN TISSUES

FROM DM PATIENTS

1. Introduction

This chapter presents a summary of my analyses of the possible effects of mitosis and
meiosis on the instability of CTG repeat mutation in DM. In order to study the
possibility that the cell-cycle-linked DNA replication which occurs in mitosis affects
the stability of the DM mutation, [ conducted in vivo and in vitro analyses of various
tissues from DM patients. Somatic and germ-cell, embryonic, new-born. and adult DM
patient tissues, as well as tissues obtained at different stages within a lifespan, were

studied in relation to mutation size changes.

Unlike individuals with "normal" chromosomes, DM patients showed heterogeneity in
the number of CTG repeats in the mutant allele in the different tissues and within the
same tissue. This heterogeneity seemed to derive from a mitosis-linked or a time-

dependent tendency of the mutation to expand.

The possibility that meiosis in males could contribute to the intergenerational dynamics

of the DM mutation was investigated. This was done by comparing the size of the
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mutation in the sperm cells of DM fathers to the size of the mutation in peripheral

blood leukocytes in their affected offspring.

Changes in the mutation were observed when cells obtained from affected tissues were
kept in in vitro culture under conditions of exponential growth. These changes were

seen as a steady increase in the size heterogeneity and in the number of CTG repeats.

The type of studies that could be conducted were generally limited, due to the difficulty
in accessing key patient tissue materials. The conclusions derived from the studies that
were carried out were, nevertheless, extremely useful in helping to identify some of the

basic components which may be linked to the instability of this mutation.

2. Methodology

DNA analysis

The DNA obtained directly from the tissues of DM patients was extracted with an ABI
automated DNA extractor according to the manufacturer’s protocol. The DNA from
cells in culture was extracted following the method of Birnboim (1992). PCR analysis
and Southern blotting was conducted as described in the methods section in Chapter II.
The probes used for band detection in the Southern blots were either pGB2.2 (in EcoR/

restriction digests) or 750bpBamHI (in Bg/! restriction digests).
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Tissue culture

Primary cell cultures originating from skin fibroblasts and amniotic fluid derived
amniocytes were established. The tissues were obtained from human embryos with the
DM mutation that were at their 3rd to 4th month of development. These adherent cells
were maintained in an incubator at 37°C in the presence of 5% CO,. The tissue culture
medium consisted of alpha-MEM supplemented with 15% fetal calf serum as well as
penicillin and streptomycin (all from GIBCO). Exponential cell growth was maintained
through successive cell passages. Cell passages were performed by washing the cells
in 1 x PBS (phosphate buffered saline) followed by exposure to trypsin (GIBCO) once

they attained 90-95% confluence, and followed by replating at 1/4-5 split ratios.

3. Results

Tissue distribution of mutant allele sizes

Analysis of mutation size was conducted on various tissues obtained from DM mutation
carriers. The tissues originated from fetuses, infants, and adults with the disease. This
analysis provided some indication of the dynamics of the mutation in vivo and of the
possible relation between mitotic activity and instability of the CTG repeat. Figure 5-1
shows the results of some of these analyses. In general, and as shown, fetal tissues (A)
from a fetus known to carry the mutation at the end of the first trimester in
development present a less heterogeneous mutation size than newborn infants with the

disease (B). In turn, adults with the disease have the greatest amount of mutant allele



Figure 5-1. Southern blot analysis of the status of the mutation in tissues from a
fetus, a newborn infant, and an adult. A represents a fetus, B represents a new-born,
and C represents an adult. The lower bands represent the normal allele and the upper
bands represent the mutant allele. In A and C EcoRI restriction digestion preceded the
Southern blot analysis whereas in B BglI digestion was performed instead. The different
mobility and intensity of the bands shows the tissue variations in band size and
heterogeneity. Letters on top of the lanes represent the tissue type. A represents tissues
from a fifteen-week old fetus. To = tongue, Te = testicle, S = skin, P = pancreas, M
= skeletal muscle, I = intestine, L. = lung. B represents tissues from a new-born. H =
heart, B = brain, D = diaphragm, M = skeletal muscle, L = liver. C represents spleen
tissue from a 55-year-old DM patient. The lower arrow points to the normal allele and
the upper arrow points to the heterogeneous and smeared mutant allele bands.
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size heterogeneity. An example of this as can be seen in the spleen tissues from a 55-

year old patient (C).

Mitosis or time-dependent variation in the size of the mutation

The assessment of the effect of age -- and therefore also possibly the involvement of
mitotic activity -- on changes in the size of the DM mutation was performed by
analysing the DNA of various individuals with DM. Given the technical limitations in
the measurement of changes with the size of very small mutations, PCR analysis of
relatively small size mutant alleles seemed the most appropriate technique to use in
these experiments. Comparisons were made on the size of the mutation in peripheral
blood leukocytes over a defined time period. Figure 5-2 shows the result of an
experiment where the position of hybridization smears, which correspond to the mutant
alleles, are compared. Molecular analysis was conducted on six DM patients with a
number of CTG repeats in the mutant allele ranging from 60 to 400. Although not
apparent in all samples, a slightly elevated smear on the right hand side lane in sets C.
E and F, are suggestive of an increase in the number of CTG repeats during the defined

time period.

Possible effect of meiosis on mutation size changes: size distribution of the

mutation in sperm cells
A basic event involved in the intergenerational transmission of genetic material is

meiosis. In order to assess the possible role of male meiosis in the intergenerational



Figure 5-2. Expansion of the DM mutation in patient’s leukocytes over a time
period. This figure shows the results of the PCR analysis of possible increases in the
number of CTG repeats in small-size mutations. The top panel shows the samples in
an agarose gel stained with ethidium bromide, the bottom panel shows the same
products after Southern blot transfer and probing with a (CAG),, oligonucleotide probe.
A to F represent six different individuals. The number of CTG repeats in their mutant
alleles ranges from approximately 60 to 400. The lower bands correspond to the normal
alleles (not seen in A, due to inefficient hybridization of the probe). The smeary
appearance of the bands indicates the inefficiency of a standard PCR reaction on mutant
DM alleles. The left lanes in A to F give an indication of the number of CTG repeats
in the mutation by the relative position of the smear. The right lane is equivalent except
that the DNA used as template in the PCR reaction was obtained from the patient a
rumber of months later, as indicated by the number on the top of the respective lanes.
The slightly upward shift of the smear in some of the right-hand side lanes suggests
somatic instability.
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expansions and contractions of the mutation, a comparative tissue study of the size of
the mutant CTG repeat from four DM individuals who presented approximately 80-100
CTG repeats in their blood leukocytes was conducted. The size of the mutation in these
tissues was compared to the size of the mutation in the leukocytes of their DM
offspring. In all cases, sperm cells showed an average increased size and a very high
heterogeneity of the mutant allele compared to the same allele in peripheral blood
leukocytes. This heterogeneity was seen as a smear in both PCR and genomic DNA
Southern blots. Figures 5-3 and 5-4 show a representative example of one of the
kindreds analysed for this purpose. Although the bands are faint, the genomic Southern
blot (derived from a Bgll restriction digest) is also included to provide a better
appreciation of the allele sizes present in genomic DNA (Figure 5-4). Sperm cells in
these individuals showed a much increased size and heterogeneity of the mutant allele
than blood leukocytes. The size of the mutant allele in leukocytes in their progeny
showed great variations, including offspring with an average mutant allele size possibly

smaller than the average mutation size in the sperm of the father (Figure 5-3, lane 6).

Possible effect of mitosis on DM mutation size changes: tissue culture study

In order to assess the possibility that this mutation is not stable in mitotically active
cells, tissue culture was conducted on skin fibroblasts from a newborn infant with CDM
and amniocytes obtained from a DM fetus. Serial passages were performed in order to
allow for exponential growth. A subset of these cells was selected at each passage and

used for DNA analysis. The results of one of these experiments is shown in Figure 5-5.



Figure 5-3. Comparative PCR analysis of mutant allele sizes in an individual’s
blood leukocytes, sperm cells, and blood leukocytes of his offspring. Products of
PCR amplification of the mutation on an agarose gel (A) and following Southern
blotting and hybridization with a (CAG),, oligonucleotide probe (B). This pedigree
represents the transmission of a mutant allele from an affected father (black square top
left) to four of his five offspring. g refers to the germ-line (sperm) cells and s refers to
the somatic cells as represented by blood leukocytes. The PCR reaction was performed
with mutation flanking primers 406 and 409. An alkaline phosphatase linked (CAG),
oligonucleotide was used as a probe in the Southern blot.
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Figure 5-4. Comparative genomic Southern blot analysis of mutant allele sizes in
an individual’s blood leukocytes, sperm cells, and blood leukocytes in his offspring.
(Same pedigree as in Figure 5-3). Autoradiograph of a genomic DNA Southern blot
corresponding to a Bgl[ restriction digest probed with the probe 750bpBamHI. Pedigree
representing the transmission of a mutant allele from an affected father (black square
top left) to four of his five descendants. g refers to the germ-line (sperm) cells and s
refers to the somatic cells as represented by blood leukocytes. The mutant alleles are
shown as the upper bands or smears in lanes 1-3 and 5-7 whereas the normal alleles are
the lower compact bands.






Figure 5-5. Study of the behaviour of the mutant allele in tissue culture. Bgil
Southern blot representing the tissue cultured amniocytes (a), and fibroblasts (b), from
a fetus and a new-born respectively. Arrows point to the bands corresponding to the
mutant allele (of approximately 1800 CTG repeats in this case). Lower bands
correspond to the normal alleles. Lanes 1-5 represent the passages following primary
cell culture. The mutation does not appear to be stable through the mitotic division of
these cells in culture. The changes seem to involve a slight increase in size and
heterogeneity of the mutant allele band.
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BglI restriction digestion of the DNA from those cells at each passage, followed by gel
electrophoresis, Southern blotting and probing with the 750bpBamHI probe showed a
slight increase in the size of the mutant allele (upper band). This increase seemed to be

coupled with a decrease in intensity and an increase in heterogeneity of the same allele

band.

4. Discussion

Studies such as those described in this chapter are limited by the fact that key patient
material is difficult or practically impossible to access. This limits the conclusions that
can be drawn in relation to the in vivo effects of mitotic and meiosis. The results
presented here, nevertheless, were confirmed by others with respect to somatic
heterogeneity of the mutation (Anvret et al., 1993; Thorton et al., 1994a; Zatz et al.,
1995), the increase in size and heterogeneity of the mutation with number of CTG
repeats and with age (Wong et al., 1995), the possible meiotic instability (Brunner et
al., 1993a; Monckton et al., 1995), and the mitotic instability of the mutant CTG repeat
in cells grown under tissue culture conditions (Hecht et al., 1993; Abeliovich et al.,

1993; Wahrle et al., 1995).

A tendency for this mutation to expand in somatic tissues from patients was observed.
A direct example of this was obtained through the observation of slight mutation size

increases, in vivo, in peripheral blood leukocytes with time, in some patients (Figure 5-
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2). At the time when these tests were done there were technical limitations associated
with an accurate assessment of small changes in the size of DM mutant alleles.
Accessibility of appropriate DNA samples from patients was limited and therefore
comparisons became difficult; nevertheless, some indication of subtle but definite
increases in the size of the mutant allele were obtained and later confirmed
independently by Wong et al., (1995), and others. These tests did not distinguish
between expansion due to possible slippage during the cell-cycle-linked DNA

replication of the CTG repeat sequence in mitosis and expansion due to other processes.

The fainter and more heterogeneous mutant allele bands and smears corresponded to
DNA extracted from older DM patients. Direct analyses of tissues suggested increased
mutation size heterogeneity with age (see Figure 5-1 for an example). This result is in
contrast with what has been observed in the mutation responsible for the majority of
fragile X syndrome cases (Rousseau et al., 1991). These results suggest an increase in
size and heterogeneity of the mutant allele band that occurs as a mitosis-linked or as

a time-dependent process in cells from DM patients.

The size of the mutation was also seen to vary with tissue type, as shown in Figure 5-1.
Nevertheless, the variety of tissues and the number of different tissues from DM
patients was insufficient to assess the consistency of the size heterogeneity patterns. If
some degree of consistency in relation to the dynamics of the mutation in the different

tissues was present, it would be possible to compare or seek a correlation between
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mitotic activity (and therefore cell-cycle-linked DNA replication) and expansion of this
mutation in vivo. Interestingly, nevertheless, it was observed that mutant allele band size
heterogeneity was increased in older DM patients (in DNA obtained from leukocytes).
Moreover, the comparison of the size of the mutation in skeletal muscle and leukocytes
in adult DM patients (Anvret et al., 1993; Thornton et al., 1994a; Zatz et al., 1995)
showed considerably larger expansions in muscle cells. This is suggestive (together with
Figures 5-1 and 5-2) of a mechanism of expansion that is not necessarily linked to the

mitotic activity of the cell.

The observed allelic instability in somatic tissues would be expected to interfere with
a study of the possible effect of meiosis on DM mutation dynamics on tissues obtained
from patients. I proceeded, nevertheless, to analyse the sizes of the mutation in sperm
cells and peripheral blood leukocytes of DM patients and to compare them to the sizes
of the mutation in their offspring. DM males with 80-100 CTG repeats in the mutant
allele in blood leukocytes had larger and more heterogeneous mutant alleles in sperm
cells. Their DM offspring also showed large CTG repeat expansions. Mutant alleles in
the sperm cells of parents were reported to be similar in size to those found in
peripheral blood leukocytes in their offspring (Brunner et al., 1993a). In the cases that
I studied, it appears that an important part of the intergenerational expansion of the
mutation observed in peripheral blood leukocytes could already be seen in the
terminally differentiated germ-cells of the fathers. A representative example of our

results is shown in Figures 5-3 and 5-4 where the average size of the mutation in
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peripheral blood leukocytes in DM offspring with the mutation is comparable to the
average size of the mutation in the father’s sperm cells. Since the differences in the size
of the mutant alleles in siblings are often quite pronounced, it is possible that the
intergenerational expansions depend, considerably, on the size of the mutant allele
passed on by the affected parent. Moreover, the fact that the bands representing the
mutant allele show relatively low heterogeneity within and among fetal tissues (Figure
5-1 (A)), also favours the argument of pre-zygotic intergenerational changes being

important components in the intergenerational dynamics of this mutation.

Our results are in contrast with those found in fragile X, where the full mutation in the
FMRI gene in affected males is absent in their sperm (Reyniers et al., 1993). In this
case post-zygotic events may be more likely to underlie the intergenerational dynamics
of the mutation. Unlike in DM, mutation size heterogeneity within tissues in individuals
with the fragile X syndrome is often manifested as a few major discrete bands that can,
in some cases, already be seen in fetal tissues (Devys et al., 1992). Moreover, in DM,
and in contrast to equivalent studies in the fragile X mutation (Wéhrle et al., 1993) and
in the CAG repeat responsible for SBMA (Table 1-1), (Spiegel et al., 1996), fetal
tissues in culture show clear changes in the size of the mutant allele. These observations
(together with studies of monozygotic twins) may suggest that, perhaps unlike in DM,
the major events involved in the observed intergenerational expansions of the CGG
repeat in the fragile X syndrome are due to mutational processes occurring at a very

early stage in development. Since the DM and the fragile X mutations share many
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features (see Table 1-1), if there is a common model for the mechanism of expansion

for these mutations it must account for those differences.

Meiosis leading to the formation of mature germ cells involves at least 10 times more
mitotic cell divisions in males than in females. Since mothers do not pass on smaller
mutant DM alleles than fathers (Chapter IV) it is possible that mitosis itself is not a
main determinant in the expansion of the DM mutation. It may, nevertheless, perhaps
be linked to the higher percentage of intergenerational reductions in the number of CTG

repeats seen in paternal transmissions.

In conclusion, these studies suggest that DM mutation’s instability is seen in cells that
undergo mitosis and meiosis, although cell-type and other unknown elements may affect
more directly the dynamics of the mutation. This conclusion is based on the fact that
although there is a tendency for this mutation to expand, the rate of expansion does not
necessarily correlate with the rate of mitotic activity of the tissue (Anvret et al., 1993;

Lavedan et al., 1993a; Thornton et al., 1994b; Zatz et al., 1995; and Figure 5-1).

The differences in the size of the mutation in sperm cells as compared to somatic cells
in the progeny of DM fathers seems to indicate that pre-zygotic as well as post-zygotic
components may be important determinants of the observed intergenerational

expansions, and especially contractions.
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The observed expansion of the DM mutation in tissue cultured cells (at least in
fibroblasts and amniocytes), (Figure 5-5), provides a system in which to study triggers
of instability. In such a system it is possible to test the possible link between cell-cycle-
coupled DNA replication and instability of this mutation. This is studied in the next

chapter.
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CHAPTER VI

THE CELL-CYCLE-LINKED, DNA-REPLICATION-INDEPENDENT
MECHANISM OF EXPANSION OF THE DM MUTATION: A STUDY OF THE

POSSIBILITY OF DNA REPAIR AS THE BASIS FOR INSTABILITY

1. Introduction

Although the mechanisms are unknown, models have been proposed which may explain
the highly unstable nature of the trinucleotide repeat sequences that cause human
disease (Richards and Sutherland, 1992, 1994; Caskey et al., 1992). These models are
based on slippage of either DNA polymerases, Okazaki fragments, or the leading or
lagging strands of the repeat sequence itself during DNA replication. Microsatellite
instability was observed in the tumours of individuals carrying mutations in DNA
mismatch repair genes (Fishel et al., 1993; Leach et al., 1993; Bronner et al., 1994;
Papadopoulos et al., 1994). However, to date, there is no evidence of the involvement
of these or any other mechanisms in the high instability of the known microsatellites

that cause human disease (Table 1-1).

The observation of DM mutation instability in cells from patients in culture (Chapter
V) enabled us to examine the possible involvement of cell-cycle-coupled DNA

replication in this process. I conducted in vitro tissue culture experiments with cells
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obtained from DM patients. Analysis of possible chromosomal DNA replication-
dependent expansion of the mutation was performed by a parallel comparison of mutant
CTG repeat array length in mitotically active and quiescent fibroblasts and myoblasts.
The cells originated from primary cuitures of fetal tissues taken at different

developmental stages and containing 700 or 1800 CTG repeats in the mutant allele.

Previous reports had shown expansion of this mutation when cells derived from DM
embryos were grown in these conditions (Hecht et al., 1993; Abeliovich et al., 1993;
Wéhrle et al., 1995). Interestingly, [ also observed the same phenomenon when contact
inhibition impaired the capacity of these adherent cells to proliferate. Such results
questioned the role of chromosomal DNA replication as the primary cause of expansion
of this mutation. In the proposed slippage models DNA replication is key, yet in contact
inhibited cells the only replication expected to take place is the DNA replication
associated with DNA repair. Following this observation I focused on events that could
explain the expansion of this mutation in the absence of cell-cycle-coupled DNA

replication.

[ focused on DNA repair as a possible cause of instability. Since DNA breaks are
intermediates of DNA repair processes, assays for the presence of DNA breaks and
gaps within the mutation were performed. For this purpose, cell culture was conducted
in the presence of DNA repair inhibitors. The possible presence of breaks was studied

through semi-quantitative PCR measurement of blocks to the polymerase in the reaction.
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Analysis of break type (whether single- or double-strand break) was done by Sl

nuclease sensitivity analysis, and denaturing and non-denaturing gel electrophoresis.

2. Methodology

Cell culture

Primary cultures of cells originating from fetal tissues were established and maintained
in an incubator at 37°C and 5 % CO,. The tissue culture medium consisted of D-MEM
supplemented with 15% fetal calf serum and antibiotics for fibroblasts or F12
supplemented with 20% fetal calf serum and antibiotics for myoblasts (all from
GIBCO). The 15% fetal calf serum was substituted by 3% calf serum (GIBCO) for
contact inhibited cells which were later treated with DNA repair inhibitors, and in long-
term confluent cultures. Exponential cell growth was maintained through cell passaging
at split ratios of 1/4-5. In each passage cells were allowed to grow to 90-95%
confluence. Viability of cells that had been maintained in long-term confluent cultures
was determined through FACS (fluorescent activated cell sorting) and proliferation

curve analysis following trypsinization and cell replating.

Chemicals
Stock solutions of cytosine arabinoside (Ara C), adenine arabinoside (Ara A), and
aphidicolin (all from Sigma) were prepared by dissolving these chemicals to appropriate

concentrations in | x PBS.
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DNA analysis

Genomic DNA from the cells in culture was extracted with the use of a phenol-
chloroform extraction protocol according to the instructions provided with the Applied
Biosystems 341 Nucleic Acid Purification System. The oligonucleotide pair DMK9003
(5'-CACAGGCTGAAGTGGCAGTTCCA-3’) and DMKI1111l (5% -
TGTCGGGGTCTCAGTGCATCCA-3’), (DMK gene, GeneBank accession number
L00727) bracket 2.1 kb of DMK gene sequence around the mutation. They were used
as primers in PCR reactions as described (Cheng et al., 1996), in 50 ul reactions that
consisted of 1 x GeneAmp® XL PCR Buffer (Tricine, K-acetate, glycerol, and DMSO);
0.2 mM each of dATP, dCTP, and dTTP; 0.2 mM total of dGTP and 7-deaza-dGTP;
0.2 uM of each primer; 1 U of rTth DNA polymerase, XL; 1.2 mM Mg(OAc),; and
approximately 15-50 ng of total genomic DNA. All PCR reagents were from Perkin-
Elmer, except for the 7-deaza-dGTP (Boehringer Mannheim). The percentage of 7-
deaza-dGTP in the dG/deaza-dGTP reaction component varied from 25 to 50 %
depending upon the size of the repeat expansion. Conditions approaching quantitative
detection of PCR products were achieved by serial collection of samples in the late
exponential phase of the reaction. Amplifications were performed in a GeneAmp® PCR
thermal cycler System 9600 (Perkin-Elmer). The initial template denaturation step was
15 sec at 95°C followed by 22-30 cycles of denaturation at 95°C for 10-12 sec,
followed by annealing and extension at 67°C for 6 min. A final incubation at 68°C for
10 min was used for completion of strand synthesis. The products were loaded in 0.8%

agarose gels without ethidium bromide and submitted to electrophoresis for 3 h (DNA
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break analyses) or 30 h (mutation size analyses). The gel analysis and Southern blot
detection of products was performed as described in Chapter II. Quantitative
measurement of signals on autoradiographs was performed with a Bio-Rad Model GS-
670 Imaging Densitometer. The possible presence of widespread breaks in DNA treated
with the repair inhibitors was analysed through gel electrophoretic analysis of the
mobility of whole genomic DNA and quantitative long- and short-range PCR on various

sequences at 19q13.3 and 7q31.

S1 nuclease sensitivity assay and denaturing gel electrophoresis

A series of 10 pg aliquots of DNA were digested with 50 U of S1 nuclease (GIBCO)
in 40 mM potassium acetate (pH 4.6), 300 mM NaCl, and 1.3 mM ZnSO, for 2 to 10
min at 45°C. The reaction was terminated by adding EDTA to a final concentration of
5 mM and followed by heat inactivation at 70°C for 10 min. The DNA was then
extracted with phenol-chloroform and ethanol precipitated. This DNA was then digested
with EcoRI, submitted to denaturing (NaOH) agarose gel electrophoresis, Southern

blotted, and probed with pGB2.2 as described.

FACS and [“C]-thymidine incorporation analyses

FACS analysis was preceded by cell permeabilization with the use of a standard
protocol involving ethanol and acetic acid treatment followed by propidium iodid
staining. FACS analysis was performed through the use of a fluorescent activated cell

sorter from Coulter electronics and the data were analysed with XL® and Multicycle®
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(Phoenix Flow software products) software on a standard PC. Assessment of cell cycle
status was done on sets of approximately 5 x 10* actively cycling and confluent cells.
A complementary DNA replication status test was performed by measuring the
incorporation of [**C]-methyl thymidine (Amersham) into control cycling and confluent
cells in culture. The release of DNA for this test was performed by incubating the cells
at 37°C overnight in 0.2 N NaOH, 0.5% SDS, and carrier DNA. This was followed by
the addition of HCI and incubation at 0°C. Radioactivity was measured following
resuspension of the pellet in NH,OH and readings with a Beckman LS-7000

scintillation counter.

3. Results

Cell cycle analysis

Cycling and 100% confluent (exhibiting the typical swirling pattern) cells in culture
were trypsinized and immediately permeabilized, stained, and submitted to FACS
analysis. FACS analysis in confluent cells revealed one only sharp peak corresponding
to cells at GO within the cell cycle (>99% of the population), (Figure 6-1 bottom as an
example). The simultaneous FACS analysis of the same cells, although non-confluent
or cycling, maintained in parallel tissue culture conditions showed a regular cell cycle

distribution (Figure 6-1 top, as an example).



Figure 6-1. Cell cycle profile obtained through FACS analysis of non-synchronous
cycling and confluent (synchromous at GO) fibroblasts. Top figure shows the
distribution of a population of asynchronous cells through the different stages of the cell
cycle. The bottom figure shows the profile of synchronous cells at G1 at 97.7 % of the
(also referred to as GO when the cells are at this stage because of cell cycle

withdrawal).
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A cell-cycle-linked DNA-replication-independent mechanism of expansion of the
DM mutation

The study of a possible link between DNA replication and amplification of the CTG
repeat was undertaken by comparing changes in the mutation in mitotically inhibited
fibroblasts and myoblasts from DM individuals to the same cells after a period of
normal proliferation. Early passage cell cuitures from fetal tissues were established,
brought to confluence, and divided into three sets. The first set was used for immediate
DNA analysis. The second contained cells that at this point were replated at a lower
density and allowed to proliferate at an exponential rate. The third consisted of the
original contact-inhibited cells which were not allowed to proliferate because of contact
inhibition during the same time-period in which the other set of cells were proliferating.
Verification of cell proliferation and cell cycle status was performed through [“cl-
thymidine incorporation into DNA and flow cytometric (FACS) analysis. The contact-
inhibited cells remained as a monolayer and were found to be in GO (>99%) as
determined by FACS, and incorporated virtually no ["*C]-thymidine compared to those

that were actively proliferating.

The results of this experiment are shown in Figure 6-2. The bands represent the mutant
allele (of approximately 700 CTG repeats) in these cells, and were generated by PCR
using the described DM mutation flanking primers. The products were submitted to
long agarose gel electrophoresis in order to increase the resolution of the mutant bands.

The normal allele band (2 kb) had, at this point, run off the gel. The bands are of 4 kb



Figure 6-2. Analysis of expansion of the mutation through active cell cycling and
through contact inhibition. DNA sequences produced by PCR following gel
electrophoresis, Southern blotting membrane transfer, and probing with a [*P]-(CAG),,
oligonucleotide are shown. The template DNA originated from DM cells in which the
number of CTG repeats in the mutant allele is approximately 700. The products were
submitted to long agarose gel electrophoresis in order to increase the resolution of the
mutant band. The band in this figure contains 4 kb of sequence of which 2.1 kb
correspond to the CTG repeat. Lanes 1 and 7 represent the size of the mutation
following cell growth to contact inhibition (control). Lanes 2, 3, 4 and 6 represent four
consecutive cell passages following contact inhibition, lane § represents cells held as
confluent cultures (contact inhibited) during the time period needed for four successive
cell passages. The mobility of the bands indicates an increase in size of the mutation
in the long-term contact inhibited cells (lane 5) compared to the same cells at the start
of this period (lanes 1 and 7).
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of which 2.1 kb correspond to the mutation sequence. The mobility of the bands
indicates an increase in size of the mutation in contact inhibited cells (lane 5) compared
to the same cells at the start of this period (lanes 1 and 7). The size of the band in
passage 4 cells indicates that the acquisition of CTG repeats was slightly higher in the
cells that were mitotically active during the same time period. The actively replicating
cells in culture, at approximately 2.5 cell divisions per passage, showed an increase in
the number of CTG repeats relative to the number present at the start of the culture
(lane 1) as had already been reported, and was within observed margins (Wéhrle et al.,
1995). This increase (although slightly smaller) was also apparent in cells that were held

in culture for the same time period but were mitotically quiescent (lane 5).

For a better appreciation of band shifts indicative of changes in the number of repeats
in the absence of cell-cycle-linked DNA replication, cells in culture were maintained
at confluence for a longer time period. Figure 6-3 shows the result of an experiment in
which contact inhibition was allowed to proceed for approximately two months. The
bands contain the mutation sequence flanked by 2.1 kb of the DMK gene. One can
clearly see the increase in the number of repeats that occurred during this time period
when the mutant allele band size was compared between cells at the beginning and at
the end of this period at confluence. In the cells represented in figure 6-3 this increase

during 65 days at confluence is approximately 30-50 CTG repeats.



Figure 6-3. Analysis of the extent of expansion acquired by cycling and contact-
inhibited cells. The bands are equivalent to those shown in the previous figure (same
cells and size). In this case the cells had been contact-inhibited for the number of days
indicated on top of each lane. Lane 1 corresponds to the size of the mutation
immediately following cell growth to contact inhibition. Lanes 2 and 3 show the bands
obtained after the same cells had been kept (further) contact-inhibited for the number
of days indicated on top of their respective lanes. The ladder in the most right had side
lane indicates the size of the bands.
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Detection of DNA repair intermediates within the mutation

The expansion of the mutation which we observed in DNA replication-inhibited, or
quiescent, cells led us to consider the possibility that DNA repair was involved in this
process. The same, confluent, cells were kept in culture in the presence of different
amounts and combinations of aphidicolin (as a DNA polymerase a and & inhibitor) and
the DNA repair inhibitors cytosine arabinoside (Ara C) and adenine arabinoside (Ara
A) (as chain terminators). Figure 6-4 shows the presence of DNA repair intermediates,
such as gaps or breaks, within the mutation. The breaks were detected with a semi-
quantitative PCR assay. This highly sensitive technique for DNA break and gap
detection (Grimaldi et al., 1994; Pogribny et al., 1995) is based on the ability of a
strand-break to halt the progression of DNA polymerase. Cells were cultured for 7 days
in the presence of different amounts of the described inhibitors (lanes 2 to 8). Following
cell harvest, analysis of the mutation was performed. A shorter interval of
electrophoresis prevented excessive separation of the normal (N, 2.1 kb) and mutant (M,
4.2 kb) allele bands. N was used as an internal control. Increasing the amounts of the
described repair inhibitors resulted in gradual reduction of mutant allele band intensity.

This is not paralleled by the reduction of the intensity of the normal allele band.



Figure 6-4. Detection of breaks in the DNA of cells treated with DNA repair
inhibitors. Semi-quantitative PCR analysis of the mutation in untreated cells and cells
treated with DNA repair inhibitors. Band M represents the same band as the one seen
in Figure 6-3. Shorter time-interval gel electrophoresis resulted in the close migration
of the corresponding normal allele band (N), which contains the same sequence as M
except with a normal (<35) instead of a mutant (approximately 700 in this case) number
of CTG repeats. All cells were brought to confluence previous to treatment with the
inhibitors. Lane 1 represents the bands of an untreated subset of cells and was used as
a control. Lanes 2 to 8 represent the bands of the same cells following exposure for 7
days to the following: lane 2: 2 uM aphidicolin; lane 3: 2 uM Ara A; lane 4: 2 uM Ara
C; lane 5: 2 uM aphidicolin +2 uM Ara A +2 uM Ara C; lane 6: 20 uM Ara C; lane
7: 100 uM Ara C; lane 8: 5 uM Ara C + 2 uM Ara A + 2 uM aphidicolin. The
disappearance of the bands at increasing inhibitor concentrations is not parallelled by
the disappearance of the normal allele band which served in this case as an internal
control. Above a certain concentration of repair inhibitor, polymerization of the mutant
allele band is impaired.
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Disappearance of bands with this technique reveals the presence of obstacles to chain
elongation such as breaks or gaps. These obstacles must be within the mutation since
this is the only difference between bands M and N. In order to rule out an alterative
explanation for the observed results, the integrity of the total genomic DNA from the
same cells cultured for the same time period under a relatively high concentration of
Ara C (1 mM) was studied. Gel electrophoretic analysis of total genomic DNA and
quantitative long- and short-range PCR on sequences close to (yet excluding) the DM
CTG repeat and in other various regions of the genome (at 7q31) were performed and
revealed no significant differences compared to the control DNA (template DNA in

Figure 6-4, lane 1) (data not shown).

Differentiation between single-stranded breaks (SSBs) and double-stranded breaks
(DSBs)

In order to distinguish between DSB and SSB, EcoRI restriction digestion of whole
genomic DNA, obtained from cells treated with DNA repair inhibitors, was performed
and followed by gel electrophoresis, Southern blotting, and probing with pGB2.2.
Figure 6-5 shows the results of this analysis. N and M represent the normal
(approximately 9 kb) and mutant allele (approximately 12 kb) bands respectively. They
were obtained from the same genomic DNA used as template in the PCR-based break
detection assay (Figure 6-4). There is a gradual, albeit slower, reduction in the intensity
of the mutant allele band at increasing concentrations of inhibitors. This indicated the

possibility that DSBs, closely spaced SSBs, or overlapping gaps on complementary



Figure 6-5. Detection of double-stranded breaks (DSBs) in the DNA of repair-
inhibitor treated cells. Genomic DNA Southern blot analysis of the mutation in
untreated cells and cells treated with DNA repair inhibitors. Band M (12 kb) represents
the DM mutant allele containing approximately 700 CTG repeats and flanked by
approximately 10 kb of DMK sequence (including a 1 kb insertion polymorphism)
bracketed by EcoRI restriction sites. Band N (of approximately 9 kb) is the
corresponding band for the normal allele. Probing was performed with pGB2.2. All
cells were brought to confluence prior to treatment with the inhibitors. Lane 1
represents the bands of an untreated subset of cells and was used as a control. Lanes
2 to 8 represent the bands of the same cells following exposure for 7 days to the
following: lane 2: 2 uM aphidicolin; lane 3: 2 uM Ara A; lane 4: 2 uM Ara C; lane §:
2 uM aphidicolin + 2 uM Ara A + 2 uM Ara C; lane 6: 20 uM Ara C; lane 7: 100 uM
Ara C; lane 8: 5 uM Ara C + 2 pM Ara A + 2 pM aphidicolin. The disappearance of
the bands at increasing inhibitor concentrations is not parallelled by the disappearance
of the normal allele band which served in this case as an internal control. The rate of
disappearance of the mutant allele band is slower than in Figure 6-4 and therefore
possibly indicative of the presence of SSBs as well as DSBs.
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strands within the mutation were present. In order to further distinguish between these
possibilities, denaturing gel electrophoresis analysis was performed. The fainter
appearance of the mutant allele band in the DNA originating from inhibitor-treated cells
indicated that the majority of breaks were on one of the two strands. Sl nuclease
treatment of the same products followed by non-denaturing gel electrophoresis led to

a similar result (data not shown).

4. Discussion

Finding DNA breaks

The results presented confirm the observed instability of the DM mutation in cells from
DM patients in culture and showed that this instability was not dependent on the cell-
cycle-linked DNA replication but was time-dependent, at least in cells from patients
cultured in vitro. The use of a PCR technique that is efficient in the amplification of the
DM long CTG repeat arrays (Cheng et al., 1996) greatly facilitated the analyses. The
use of DNA repair inhibitors allowed for increased sensitivity in the detection of DNA
breaks and gap intermediates during DNA repair. The presence of breaks within the DM
mutation, and expansion regardless of genomic DNA replication, suggest the

involvement of DNA repair in the unstable properties of this mutation.

There is a substantial variation in the repair rates in mammalian cells in the different

stages in the cell cycle (Kaufmann and Wilson, 1990). Moreover, the efficiency of the
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different DNA repair inhibitors varies substantially and is affected by the composition
of the tissue culture media. For this reason the cells in the experiments that involved
the detection of repair intermediates were submitted to a wide gradient of different

repair inhibitors.

Gel electrophoresis analysis, together with enzymatic analysis, allowed partial
differentiation between nicks and gaps (SSB) on one of the two strands, and DSBs. The
results suggest that a high number of single-stranded aicks and gaps are present within
the mutation although one cannot rule out the existence of DSBs. Those could be due
to artefactual breakage of single-stranded DNA during extraction or handling, the
presence of closely located nicks or gaps in complementary strands, and/or structure-

based lesions induced in situ.

The causal relationship between the presence of breaks and the amplification of the DM
mutation was confirmed. The presence of breaks is especially pronounced in cells in

which the mutation is undergoing a more active amplification (data not shown).

A feature common to the trinucleotide repeat sequences causing human disease which
have been described to date is that a high degree of instability is attained when the
number of repeat units is sufficiently high. This instability is dependent on the length
of the repeat sequence array (Chapter III). Interruptions of the perfect repeat, such as

base substitutions, have been seen to render some of these repeat sequences more stable
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(Eichler et al., 1994; Chung et al., 1993). In vitro studies show that CTG repeat arrays
and their complementary CAG arrays form alternative DNA structures, such as hairpin-
like structures (Gacy et al., 1995; Fry et al,, 1994; Mitas et al., 1995; Pearson and
Sinden, 1996; Mariappan et al., 1996). Peculiar to the DM mutation sequence are its
DNA-histone interactions (Wang et al., 1994b; Wang and Griffith, 1995; Godde and
Wolffe, 1996). Chromatin alterations have also been found in the vicinity of the DM
mutation in vivo (Otten and Tapscott, 1995). These data are suggestive of structural

transitions based on both the composition and length of the sequence.

In addition to these structural effects, the stability of this mutation must also be
influenced by chromosomal location. The dynamics of the DM and other trinucleotide
repeat mutations are usually quite different in different tissues (Chapter V), different
diseases (even when sharing the same repeat sequence, Table 1-1), and especially in

transgenic mouse models (Bingham et al., 1995; Burright et al., 1995).

Interestingly, in adult DM patients, the length of the CTG repeat array is significantly
higher in skeletal muscle (primary target of DM pathology and highest expression of
the DMK gene) than in leukocytes (Anvret et al., 1993; Thornton et al., 1994a; Zatz et
al., 1995). This is consistent with the hypothesis that DNA repair is involved in the
expansion of the DM mutation. DNA repair, at least nucleotide excision repair, is more
rapid at or near transcriptionally active genes (Bohr et al., 1985; Hanawalt, 1989; Bohr,

1991). Long arrays of CTG repeats could become sequence-dependent pause sites for



109

RNA polymerase II and mistakenly trigger a repair reaction cascade. The frequency of
repair would depend, in these conditions, on the transcriptional activity of the specific

site.

Slipped-strand mispairing has been proposed as a mechanism for the evolution of
simple repeat sequences and also as a cause of frameshift mutations in such sequences
(Levinson and Gutman, 1987; Murphy et al., 1989). Instability of the DM mutation
seems to occur (at least partially) by a sequence-length directed mechanism. There is
no indication that any of the genes involved in microsatellite stability/instability are
differentially affected in DM patients. Moreover, the normal size triplet repeats in DM
and fragile X are stable in human mutator mismatch repair cell lines, which show

general instability of microsatellites (Kramer et al., 1996).

Slippage by itself, as a cause of trinucleotide repeat expansion, cannot explain multiple
findings, at least not in DM. For example, it cannot explain (a) the high instability
acquired beyond a minimal threshold of repeating units, (b) the high tendency of the
mutation to expand, rather than contract, (c) the variable outcome on mutation
transmission according to the gender of the transmitting parent, (d) the apparent cell-
type and not necessarily mitotic activity linked dynamics of the mutation, (¢) the
different behaviour of the mutation when in a different genomic context (transgenic
models), and (f) the fact that there is clear instability whether or not there is cell-cycle-

linked DNA replication. In contrast, DNA repair could explain all of these results.
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Recognition and processing of DNA damage

There is a close relationship between the enzymes involved in DNA replication and
DNA repair. The proteins involved have been seen to act in both processes, and damage
recognition has been seen to be mediated through pauses in DNA and RNA
polymerization. The pauses occur at sites perceived as lesions. DNA damage can be
defined, in a cellular context, as any unusual alteration in the structure of this molecule.
The cell has evolved pathways designed to deal with such altered structures by repairing
them. Some of the replication and repair enzymes, eg, polymerases a, B, 5, and €, have
direct counterparts in yeast, whereas enzymes such as poly(ADP-ribose) polymerase.
p53, and DNA-dependent protein kinase, which are elevated in response to DNA strand
breaks, have not been found in the same organism. It appears, thus, that the cellular
responses to DNA strand breaks differ considerably between higher and lower

eukaryotes.

Excision repair is a cellular pathway involved in the processing of DNA damage. There
are three main forms of DNA-excision-repair pathways, with little overlap between
them: (a) nucleotide-excision repair, (b) mismatch repair, and (c) base-excision repair

(Lindahl, 1995). Base-excision repair is a relatively well understood repair pathway.

Base-excision repair in mammalian cells involves recognition of damage at a specific
base by a specific glycosylase which modifies the damaged base. The resulting

information-less base site is then recognized by an endonuclease that catalyses the
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hydrolysis of the base-sugar bond. The excised residue(s) result in repair patches of
variable size. DNA polymerase f fills-in the gap (Dianov et al., 1992; Singhal et al.,
1995). The damaged base(s) is displaced and its deoxyribose-phosphate residue is
excised. The last step involves ligation (probably through ligase III/XRCC1), which
restores the initial, undamaged DNA structure. The ligases involved seem to be

distributed in a tissue specific fashion.

Signals at DNA strand breaks

Long branched polymers of poly (ADP-ribose) are synthesized very rapidly in response
to DNA strand interruptions resulting from ionizing radiation or alkylation. The function
of these polymers in response to DNA damage is unknown. [t has been proposed that
they may serve to reorganize the chromatin structure at the lesion site (Panzeter et al.,
1993) in order to suppress homologous recombination in tandem repeat sequences
which would result in genomic instability. PARP, which is associated with the nuclear
matrix, is the enzyme responsible for this synthesis and has been seen to undergo

extensive automodification following DNA damage.

Several other nuclear enzymes are known to compete for strand breaks in DNA. These
include the large DNA-dependent protein kinase that is defective in scid cells (Blunt et
al., 1995), and other protein kinases. The binding and activation of such enzymes at
those breaks apparently leads to a stress response with the generation of signals that

account for the accumulation of the p53 protein (Lu and Lane, 1993). The short half-life
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of p53 depends on its degradation through a ubiquitin-dependent pathway. It has been
proposed (Lindahl, 1995) that the accumulation and stabilization of p53 should be
dependent on the interference of these DNA-break-response proteins with ubiquitin-
conjugating enzymes. Supporting this idea is the observation that S cerevisiae mutants
which are hypersensitive to DNA damage are also defective in ubiquitin conjugation

(Jentsch et al., 1987).

A model to explain the instability of the DM mutation

DNA breaks are intermediates of DNA repair processes. The detection of breaks within
the DM mutation, mutation expansion despite lack of chromosomal DNA replication,
and other findings, make the hypothesis that DNA repair is the basis for the expansion
of this mutation a compelling one. Although slippage could well be involved in this

instability a simple model of slippage cannot explain multiple observations.

[ propose a model of “macro-structure repair” to explain the dynamics of the DM
mutation. In this model the DM mutation becomes a repair “hotspot” by virtue of its
size, sequence composition, and location in a transcriptionally active region of the
genome. The structure adopted by the long CTG (and complementary CAG) repeat
arrays in the genomic region where the mutation is located becomes the primary signal
for repair. This process could perhaps be induced directly by the recognition of the
chromatin structure adopted by these long repetitive arrays by structure-specific

enzymes (Harrington and Lieber, 1994) or indirectly by polymerase pauses. The
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sequence itself could, by nature of its composition, present a challenge to the cellular
repair mechanism. Amplification would then occur through active repair attempts and
reiterative generation of repair patches at endonucleolytic nicks situated at the base of
complementary strands in possible loops or hairpins. Sequence-induced error-prone
repair DNA synthesis may in turn, perhaps due to slippage, increase the length of the
repeat sequence array and in this way trigger the enzymatic machinery involved into a
positive feedback mode. Slightly increased mutation size in cells that undergo active
DNA replication, compared to quiescent cells (Figure 6-2), suggests a role for slippage

in the described repair DNA synthesis.

[t is tempting to imagine a common basis for the mechanism(s) by which instability of
the different trinucleotide repeat sequences described in Table 1-1 occurs. Nevertheless,
if as seen in some trinucleotide repeat disease mutations, the intergenerational dynamics
depend on the genotype of the normal chromosome (Igarashi et al., 1996), a common

mechanism would have to allow for this possibility.

The gene conversion seen in the DM and fragile X regions (van den Ouweland et al.,
1994) may be due to the presence of DSBs, since there appears to be a correlation
between the two processes (Orr-Weaver et al., 1988; Weng et al., 1996). It may be
significant that there seems to be a hotspot for deletions in the CGG repeat region of
FMRI in fragile X patients (de Graaff et al., 1995). If randomly induced DSB occur in

cis close to and/or within the mutation (due perhaps to torsional stress in this
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chromosomal region) CTG repeat amplification could instead be the result of a break-

healing process through breakage-fusion-bridge cycles.

Although little is known about them, post-replicative mechanisms are likely to operate
in the elimination and/or repair of large DNA secondary structures (Leach, 1994). Pre-
or post-replicative repair is likely to act as means of reducing the risk of introducing
errors during the replication of damaged DNA (Kaufmann, 1989). Recognition of
unusual large structures adopted by specific DNA sequences, may be more likely than,
for example, single-base damage recognition and therefore not directly dependent on

replication fork progression pauses or transcription.

Instead of being recognized through direct features of the DNA structure adopted by
the long arrays of CTG repeats, the DM mutation may be recognized through the
proteins that bind to this sequence, and this way become a substrate for nuclear
enzymes involved in DNA metabolism. The DM mutation DNA sequence has been seen
to bind to ssDNA binding proteins (Yano-Yanagisawa et al., 1995) and DNA mismatch
repair enzymes (C.E. Pearson -Dep. of Biochem. & Biophys., Texas A & M University-

personal communication). These proteins are also part of the DNA repair machinery.

Studies on the behaviour of the DM mutation out of its natural structural and
environmental context, e.g., in E coli plasmids (Kang et al., 1996), may be of limited

value for explaining its mechanism of expansion. The available data show instability
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to be strongly modulated by the genetic and cellular environment although, because of
the sequence effects on the local DNA topology, chromatin structure and stochastic
components may also have major roles. Future research should focus on the study of
the proteins that recognize, bind, and participate in the events leading to the unusual

properties of this highly unstable sequence of DNA.
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CONCLUSIONS

The epidemiological and molecular studies presented in this thesis provide evidence of
the pivotal role of the size of the DM mutation in its own intergenerational dynamics.
Moreover, the relative intergenerational stability of the DM protomutation suggests a
higher frequency of mutant DM alleles in the general population than previously
estimated, and provides a means of explaining the maintenance of DM in the

population.

The intergenerational dynamics of this mutation are linked to both the number of CTG
repeats and the gender of the transmitting parent. In general, there is a certain degree
of predictability of the outcome of transmission of a mutant allele that depends on a

combination of mutation size and whether it is a maternal or a paternal transmission.

CDM is a clinical form of the disease that is strongly influenced by the gender of the
transmitting parent as well as by the number of CTG repeats in the mutant allele in both
the mother and the fetus. A very high number of repeats in the offspring is neither a
necessary nor a sufficient condition for CDM to occur. CDM also depends on a high
number of repeats in the mutant maternal allele. The additive effect of both suggests
that the distinctive phenotypic features of CDM are only indirectly derived from the

presence of an expanded CTG repeat sequence in the cells.
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The study of the size of the mutant allele(s) in sperm cells in individuals with the
disease revealed comparatively greater expansions in this tissue than in peripheral blood
leukocytes. The size of the mutant alleles in the offspring of these individuals revealed
that pre-zygotic events are important factors in the intergenerational dynamics of the

DM CTG repeat.

In general, the tissues from DM patients showed increased somatic mosaicism and
increased mutation size and heterogeneity as a function of time. These increases were

also evident in patients’ cells maintained in tissue culture.

In addition, the CTG repeat expansion was found to take place in the absence of cell-
cycle-coupled DNA replication. Separate studies revealed that recombination between
homologous chromosomes and effects of the normal allele on the mutant allele could
be discarded as major sources of instability. This, together with the results of studies
of somatic and intergenerational instability of the mutation, left DNA repair as a prime
candidate to be explored. The presence of repair intermediates exclusive to this
mutation, together with findings concerning the mutation’s structure and dynamics,
suggest that DNA repair plays a major role in causing the high instability of this
sequence. The observation of a slightly higher expansion in actively cycling cells,
compared to mitotically inactive cells, may also suggest a role for slippage within the

repair processes of the DM mutation.
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APPENDIX: IMPROVEMENT OF PCR YIELDS IN THE MYOTONIC

DYSTROPHY AMPLIFIED CTG REPEAT SEQUENCE BY A SINGLE-
STRANDED DNA BINDING PROTEIN

1. Introduction

The molecular diagnosis of DM requires the estimation of the size of the mutant allele,
which is determined by the number of trinucleotide repeats. Since the size of the
mutation correlates positively with the severity of the clinical symptoms in DM, its
estimation is important. Two complementary procedures are used for the molecular
diagnosis of myotonic dystrophy (Surh et al., 1994): the first consists of the Southern
transfer of restriction enzyme-digested DNA to nylon membranes followed by detection
of the specific DMK band containing the (CTG)n repeat tract with a labelled probe. The
second procedure consists of PCR amplification of the repeat sequence with flanking
primers followed by Southern transfer to a nylon membrane and detection with a
labelled (CTG)n or (CAG)n oligonucleotide probe. Both procedures have been shown
to be necessary in most cases (Surh et al., 1994). The first method is needed for the
detection of large mutant alleles and the second one gives a much more accurate
measurement of small mutant alleles which are otherwise often indistinguishable from
normal alleles in genomic Southern blot analysis. A faster, simpler, and less costly
mutation detection protocol, based exclusively on the non-isotopic detection of PCR
products directly in an agarose gel, is currently not feasible due to the poor visibility
of the mutant allele bands. Standard PCR protocols applied to the detection of large DM

alleles result in very faint or invisible smears on agarose gels. These smears are clearly
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visible only after Southern blot transfer of this DNA to nitrocellulose membranes

followed by specific probe-mediated detection (see Mahadevan et al.,, 1992, for

examples).

The following describes a protocol in which gene 32 protein (gp32, a single-stranded
DNA binding protein from bacteriophage T4) is added to the PCR reaction mixture.
This results in a 2- to 25-fold increase in the amount of product obtained from the PCR
amplification of this CTG repeat sequence. In contrast, when the same protocol is
applied to DNA templates containing non-repeat sequences, the yield of the PCR

products decreases.

MATERIALS AND METHODS

Preparation of Genomic DNA

Genomic DNA was obtained from peripheral blood leukocytes following a standard
phenol-chloroform extraction method and diluted in TE to a concentration of

approximately 500 ng/ul.

Reaction Mixture

A 50 ul PCR reaction mixture contained 1.5 pl of genomic DNA, 22 ul of distilled
H,O, 5 ul of 10 x Taq polymerase buffer with 10 mM Tris-HCI pH 8.3, 50 mM KCl,
15 mM MgCl,, 5 ul of each of either one of the oligonucleotide primer sets 406 and

409 or 409 and 410 (at an initial concentration of 20 pg/ul) (Mahadevan et al., 1992),
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8 ul of a INTP mix containing the four precursors at a concentration of 1.25 mM each,

2.5 ul of DMSO, 0.5 ul of Taqg polymerase (Cetus, 5 U/ul) and 0.5 pl of gp32

(Pharmacia Biotech, 4.1 pg/pl).

Amplification Conditions

A Perkin-Elmer Cetus 9600 Gene-Amp thermocycler was used for the experiments. The
reaction mixture was submitted to a program that included 3 min of DNA denaturation
at 95°C followed by 25 cycles of 30 s at 95°C, 20 s at 61°C and 30 s at 72 °C followed
by 10 min extension at 72°C. The oligonucleotide primers employed in the experiment
designed to check on the specificity of gp32 for the CTG repeat, and described in
Figure A-2, are the following: Set A: 458 (5-CTGCAGAAGGTTTAGAAAGAGC-3’)
and 424 (5’-TCATCCTGTGGGACACCGAGG-3’), set B: 414 (5'-
GTTCGCAAAGTGCAAAGCTTTCT-3’) and 417 (5°-
TTCCCGGCTACAAGGACCCTTC-3’), setC:485(5’-TGCCACCCGCTTAGCTGCG-

3’) and 417 (sequences from the DMK gene, GenBank accession number L08835).

Detection and Quantification of Products

A total of 10 pl of the PCR products were submitted to electrophoresis on a 1.5%
agarose gel containing ethidium bromide. Quantitative measurement of the relative
efficiency of the PCR reaction was performed by densitometry scanning (with BIO-
RAD Model GS-670 Imaging Densitometer) of the polaroid image of the agarose gel

containing the PCR products.
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3. Results and discussion

This simple modification of the basic PCR protocol allows, and in fact favours, the use
of PCR primers that flank very closely the CTG repeat sequence. The advantage of
using such primers is that the number of repeats can be directly and precisely
determined without having to resort to restriction digestions and/or Southern transfer

followed by probe-mediated detection.

An example of the effect of the presence of gp32 in the reaction is shown in Figure A-
1. The increase in the amount of product in the mutant allele band varied from 2 to 25
fold. The protocol allows for direct detection and sizing of bands in the gels. This is in
contrast to PCR protocols applied to templates with high G/C content in which
inclusion of the nucleotide analogue 7’-deaza-2’-deoxyguanosine-5’-triphosphate

(C’dGTP) is used as a strategy to allow for a more efficient amplification of the
expected sequence. With these protocols additional steps are often needed in order to
see the obtained products since DNA containing this nucleotide analogue have a very

low capacity to emit fluorescent radiation (Weiss et al., 1994).

The increased efficiency of the PCR reaction with this repeat sequence in the presence
of gp32 is not due to an effect of this product on the oligonucleotide primers. Different
primer sets flanking the CTG repeat yielded comparable amounts of PCR product. A
striking reduction in PCR efficiency with gp32 was found when randomly selected

DNA templates that did not contain the same motif (Figure A-2). These results



Figure A-1. Analysis of the effect of gp32 on the efficiency of PCR amplification
on the CTG repeat template: a) PCR reaction conditions as described using
oligonucleotide primers 406 and 409 (Mahadevan et al., 1992). A 10 pl aliquot of each
product was analysed by electrophoresis on a 1% agarose gel which was subsequently
stained with ethidium bromide. A, B, C and D correspond to the DNA of four different
DM patients. Upper and lower bands correspond to the PCR products of the mutant (m)
and normal (m), alleles respectively, of the same individuals. The mutant alleles
contained approximately 170 (A), 250 (B), 76 (C) and 235 (D) CTG repeats and normal
alleles contained 10 (A), 5 (B), 11 (C) and 24 (D) CTG repeats. Reaction products in
which gp32 was added prior to the PCR amplification are shown in lanes 2, 4, 6 and
8. Lanes 1, 3, 5 and 7 correspond to the same reactions without gp32. The increase in
the yield of the mutant allele band in PCR reactions containing gp32 ranged from 2 to
25 fold. With larger-size normal alleles the increase in efficiency of the PCR reaction
is also evident with gp32. b) Autoradiograph of products described in a) transferred to
a nitrocellulose membrane and probed with an alkaline phosphatase conjugated (CAG),,
oligonucleotide. The smeared appearance of the upper bands is a characteristic of this
PCR assay on DNA originating from DM patients and is due to both somatic
heterogeneity and the technical difficulty in amplification of these CTG repeats.
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Figure A-2. Analysis of the specificity of the effect of gp32 on different DNA
templates. Conditions were as described as for Figure A-1 except that three different
sets (A, B and C) of oligonucleotide primers were chosen in a PCR reaction so that the
DM CTG repeat would not be part of the template. The decrease in the yield of PCR
products is obvious in reaction mixtures containing gp32 (lanes 2, 4 and 6). The
numbers on either side of the photograph represent the size of the bands in base-pairs.
The differences between the results of Figure A-1 and this figure reflect the specificity
of the interaction of gp32 with the CTG trinucleotide repeat.
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suggest a specific interaction of gp32 with the DM CTG repeat sequence that somehow
affect its amplification. Long stretches of CTG repeats may result in an unusual DNA
conformation which makes their PCR amplification inefficient. The higher yields of
PCR products containing this sequence, in the presence of gp32, may indicate the

partial disruption of this structure.

The difficulty in cloning large stretches of CTG repeats into plasmids is partly due to
the difficulty of obtaining enough repeat-containing PCR product. [n my experience the
use of gp32 in the PCR amplification of patient material improves significantly the

cloning efficiency of relatively large CTG repeat sequences.

The structural basis of the interaction between gp32 and the CTG repeats remains to be
determined. There is considerable interest in the structure adopted by this DNA
sequence and study of its interaction with gp32 and other nucleic-acid-binding proteins
may shed light on this problem. Ultimately, knowledge of the structure adopted by large
stretches of CTG repeats in vivo may be a key to the understanding of the mechanism

of instability of this sequence leading to the disease.

Although the described method cannot entirely substitute for the one(s) in current use
for the molecular diagnosis of DM (Surh et al., 1994), we found that the addition of
gp32 considerably improves the results obtained with the PCR portion of the current

mutation detection protocols. As a result, this modification of the PCR protocol is being
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used on a regular basis for the diagnosis of DM at the Molecular Genetics Diagnostics

laboratory at the Children’s Hospital of Eastern Ontario in Ottawa.

REFERENCES

Mahadevan M.S., C. Tsilfidis, L. Sabourin, G. Shutler, C. Anemiya, G. Jansen, C.
Neville, M. Narang, J. Barcelé, K. O’Hoy, S. Leblond, J. Earle-MacDonald, P.J. de
Jong, B. Wieringa, and R.G. Korneluk. (1992). Myotonic dystrophy mutation: and
unstable CTG repeat in the 3” untranslated region of the gene. Science 255, 1253-1255

Surh, L.C., M. Mahadevan, and R.G. Korneluk. (1994). Analysis of trinucleotide repeats
in myotonic dystrophy, p. 9.6.1-9.6.8. In N.C. Dracopoli et al (Eds), Current Protocols
in Human Genetics, Vol. 1. John Willey & Sons, Inc. USA.

Weiss, J., H.-D. Zucht, and W.-G. Forssmann. (1994). Amplification of gene fragments
with very high G/C content: ¢’dGTP and the problem of visualizing the amplification
products. PCR Methods and Applications 4, 124-12502





