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Analysis of minisatellites in humans and mice

John David Hadley Stead

Abstract

Mutation processes have previously been studied in human minisatellites with mutation
rates of 1-15% per sperm. In this thesis, this work was expanded in two directions. The first
was to characterise mouse minisatellites to generate a mouse model for the detailed analysis
of minisatellite instability. The second was to analyse mutation in human minisatellites
with lower mutation rates, to determine whether common mutation mechanisms operate at
all human minisatellites.

A screen for endogenous mouse minisatellites identified 77 loci, the majority of which were
structurally similar to human minisatellites. There was no evidence for the existence of
mouse minisatellites with mutation rates above 10™ per gamete, suggesting a fundamental
difference between germline tandem repeat instability in humans and mice.

To extend mutation analysis in humans to minisatellites with lower mutation rates, the
insulin minisatellite was investigated. Allele diversity was characterised by mapping
variant repeat distribution in 876 alleles, and de novo mutations were isolated from both
germline and soma. Two forms of mutation were identified, the major resulting in simple
deletions and duplications which were at least partially of premeiotic origin, and a minor
form involving complex intra- and inter-allelic rearrangements of repeats, similar to
mutation processes observed at hypermutable minisatellites, and almost certainly of meiotic
origin. Homozygosity had no effect on either the rate or complexity of germline mutation.

The insulin minisatellite is the best known candidate for the type 1 diabetes susceptibility
locus IDDM?2. Variant repeat distribution and flanking haplotype were combined to identify
five newly defined ancestral lineages which were used to further characterise association of
the insulin-linked region with disease. This study found that type 1 diabetes risk was
influenced by extended haplotype, raising doubts over the role of the minisatellite in
disease susceptibility. A model to account for IDDM2-associated pathology is presented.

Abstract (viii)



Acknowledgements

First of all, I would like to thank my whole family for their love, support, pizza (Mum),
curry (Dad), beer (both), and for always being there when I needed them. Thanks to Granny
for her continued attempts to fatten me up and to Pags who, like my parents, continues to
show so much interest in my work. Thanks also to my sister Rebecca and to Tim (cracking
stag night - I think) for the London bolt-hole, and to my wonderful cousins Jane, Jack, and
Lizzie, none of whom I see as much as I would like. A very big hug also to my friends
Becky, Gaynor, Marika, Tanya, Laura, Sanne, Sarah, Jayne, and of course the gorgeous
Louise (why are you still living in Dubai?). I am lucky to know any of you, let alone all of
you. Here in Leicester, my thanks first and foremost to Matt for his friendship, for putting
up with me for two whole years for which he deserves a medal, and for keeping me busy
with constant washing up throughout the entire time. Huge thanks to every one in the lab;
to Rita (how many hybridisation?), Ruth (for teaching me how to do thousands of PCR in a
single day), Caroline (even at the very rare 6 a.m. I knew I would have company in the
lab!), Angie and Julia (for constantly taking the mickey), Keiji (nobody can imitate
computer noises like him, or would perhaps wish to), Helen (for ensuring I survived
Denver), Ila (just how much did I pester you?), Gemma (for all the lifts to the climbing
wall), Philippe (for his help when I was starting out), John (at least the lab was never quiet),
Mark (for so much help), Nicola (for not objecting to all my questions), Jérdbme (he actually
smiled once! Really! I saw it happen!), and to everyone else who have made the lab such a
good place to be. Thanks also to Esther and to and Celia for putting up with my constant
stream of questions while writing up. And of course, a drunken salute to the clan of the
New Road Inn. To Carole for being a great friend, for the memory loss, and for the liver
damage, to Yuri for friendship, four letter words, stats, cigarettes and vodka, and to Maria
who is still desperately trying to get me to go clubbing. On the science front, my thanks to
Prof. John Todd, Dr. Mark McCarthy and Dr. Michael Festing for their helpful discussions
and to Dr. Raymond Dalgleish for web site advice. Finally, I would like to thank Alec with
whom it has been a privilege to study, for his excellent supervision, and for ensuring that

science can be so much fun.

Acknowledgements (ix)



Common abbreviations

ASP
BXD RI
CEPH

ESTR

Hm-1
IBD
IDDM?2
IGF2
INS

LD
MDS
MMS
MS
MVR
PCOS
PCR
PH

RR
SDSA
SESP-PCR
SNP
SP-PCR
STR
TDT

affected sib pair

C57BL/6JxDBA recombinant inbred mouse strain
Centre d'Etude du Polymorphisme Humain
degrees of freedom

expanded simple tandem repeat

human leukocyte antigen

hypervariable minisatellite-1

identical by descent

insulin-dependent diabetes mellitus susceptibility locus 2
insulin-like growth factor 2

insulin

linkage disequilibrium

multi-dimensional scaling

mouse minisatellite

minisatellite (human)

minisatellite variant repeat

polycystic ovary syndrome

polymerase chain reaction

protective haplotype

relative risk

synthesis-dependent strand annealing

size enrichment small pool PCR

single nucleotide polymorphism

small pool PCR

simple tandem repeat

transmission disequilibrium test

tyrosine hydroxylase

untranslated region

variable number of tandem repeats

very protective haplotype

Abbreviations (x)



Chapter 1

Introduction

Mutation and evolution

"... I think it would be a most extraordinary fact if no variation ever had
occurred useful to each being's own welfare, in the same way as so many
variations have occurred useful to man. But if variations useful to any organic
being do occur, assuredly individuals thus characterised will have the best
chance of being preserved in the struggle for life; and from the strong principle
of inheritance they will tend to produce offspring similarly characterised. This
principle of preservation, I have called, for the sake of brevity, Natural
Selection.”
From The Origin of Species.
Darwin, 1859.

Without genetic variation, there could be no heritable variation and so no evolution. It is
therefore difficult to overstate the fundamental importance of processes which generate
variation. Variation in the mammalian genome is the result of two fundamental forces;
mutation and recombination. Mutation generates genetic changes which are shuffled by
recombination to produce novel combinations of variants. It will be seen that in some cases,
mutation and recombination are intimately linked. Mutations can occur at a variety of levels
from gross genomic rearrangements such as alterations in ploidy levels or chromosomal
fusions, to minor changes such as alterations of single nucleotides. Within this thesis, I will
be discussing variation, and the underlying mutation mechanisms which generate variation,
at a specific class of tandemly repeated genetic elements in the mouse and human genomes:

minisatellites.
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Population genetics of repetitive DNA

Whilst a variety of mutagenic processes introduce variation into populations, the
persistence of variation depends on a number of forces; natural selection, genetic drift, and
molecular drive. Selection acts on repetitive DNA. Telomeres function to maintain
chromosomal integrity, while centromeric repeats serve as attachment sites for components
of the mitotic and meiotic spindles (Alberts et al., 1989). Rare illegitimate recombination
events between interspersed Alu elements have been observed to cause deletions within the
gene for the low density lipoprotein receptor causing familial hypocholesterolaemia
(Lehrman et al., 1987). Specific minisatellite alleles have been found to associate with
predisposition to cancer and diabetes (Bennett et al., 1995; Ding et al., 1999), whilst
dynamic expansions of a range of triplet repeat arrays can cause diseases such as mental

retardation and neurodegenerative disorders (Richards and Sutherland, 1997).

However, most repeats in eukaryote genomes have no known function. There is an
extraordinary amount of variation in total genome size between eukaryotes which bears
little relation to differences in complexity of the organism, a phenomenon referred to as the
C-value paradox. For example, the newt Triturus cristatus has ~6 times more DNA than
humans, who have ~7.5 times more than the pufferfish Fugu rubripes. It is highly unlikely
that such a large and variable amount of DNA is required for the maintenance of
chromosome viability, and so the synthesis of large amounts of superfluous genetic
material would appear to be selectively disadvantageous. However, selection does not
generally appear to be a potent force acting to remove repetitive DNA, possibly due to the
apparent.inability of genomes to distinguish between essential and non-essential repetitive
sequences. Furthermore, if at any one point in time there is little variation in total genome
size within a population, levels of selection acting against slight increases in genome size
would be minimal. Selection would therefore be essentially blind to a gradual increase in
genome size. The primary forces acting on the majority of repetitive DNA are therefore

likely to be mutation, genetic drift, and molecular drive.
Genetic drift is the random fluctuation in frequencies of polymorphic variants within

populations caused by population sampling effects (Kimura, 1968). Some allelic variants

will make no contribution to the next generation because by chance, their carriers fail to
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survive to maturity, fail to mate, or the gametes carrying those variants are unsuccessful.
The rate at which variation is lost from the population by genetic drift is dependent on three
factors; population size, population substructure, and mutation rate. Molecular drive is
proposed as the basis of concerted evolution which describes the observation that highly
repeated sequences almost always show greater divergence between species than they do
within species (Dover, 1982; Herman et al., 1992). If a new mutation arises within a
repeated element, the new variant appears either to be eliminated, or to spread to all other
repeats both within an individual, and within the population/species. This process has been
observed both within non-coding repeated DNA and multi-gene families such as the
histones, histocompatibility gehes, globins, rRNA genes, and snRNA genes (Dover and
Flavell, 1984; Dover and Tautz, 1986). Although concerted evolution is a widely accepted
phenomenon, the mechanisms which underlie the process of molecular drive remain
obscure but are likely to include unequal exchange, transposition, RNA-mediated events,

and gene conversion.

Classes of repetitive DNA

Dispersed repeats

Short interspersed elements

Short interspersed elements (SINEs) are typically 80-400 bp long and in both humans and
mice are preferentially located within R-bands of chromosomes with copy numbers in
excess of 100000 (Boyle et al., 1990). They display sequence homology to RNA genes and
were probably inserted throughout the genome by a process of reverse transcription and
integration, though they lack genes for reverse transcriptase. Full length SINEs typically
contain internal promotors which can be recognised by RNA polymerase III. About
25 families of SINEs have been found in the genomes of mammals, reptiles, fishes,
molluscs, insects, and plants (reviewed by Ohshima et al. (1993)). There are two main
classes of SINEs. The first displays homology to the 7SL RNA component of the signal
recognition particle and includes primate Alu elements and rodent-specific Bl elements
(Krayev et al., 1980). The second more extensive class includes SINEs which are derived

from tRNA genes (usually tRNA"* or tRNA®Y) and display extensive homology to these
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genes at their 5” end. This second class includes rodent B2 elements (Kramerov et al.,

1979) and the MIR (mammalian-wide interspersed repeat) elements (Smit and Riggs,
1995).

The Alu element is the most abundant SINE in humans and was the first mammalian
dispersed repeat to be isolated and sequenced (Houck et al., 1979). Over 500000 copies of
the 300 bp element are present throughout the human genome, representing 5-6% of the
total genome. The Alu sequence has a dimeric structure composed of direct repeats of a
region bearing homology to the 5” 100 bp, and 3” 45 bp of the 7SL RNA molecule and is
flanked by short direct repeats, indicative of a transposon-like mechanism of chromosomal
integration (Jelinek et al., 1980; Van Arsdell et al., 1981). Comparison of Alu elements
among primates revealed that the majority of insertions were ancient events occurring prior
to the major primate radiation. The ability to group Alu elements into subfamilies and the
different levels of sequence divergence within subfamilies implies that the majority of Alu
elements are transcriptionally and therefore transpositionally inert, and are derived from a
limited number of sequentially activated master genes (Deininger et al., 1992). More recent
insertions have however been documented. For example, the HS/PV subfamily of elements
is specific to humans and great apes, with copy numbers ranging from 2 in the gorilla
(Leeflang et al., 1993) to between 500 and 2000 in humans (Batzer and Deininger, 1991).
MIR elements, with lengths of ~260 bp, are the second most abundant SINE in humans
with an estimated 300000 copies in the human genome. They have been detected in all
mammalian species analysed including marsupials. Their high level of sequence divergence
and their presence at orthologous sites in different mammalian species are indicative of a

very ancient origin and amplification (Smit and Riggs, 1995).

In the mouse genome, the B1 SINE is the most highly dispersed repeat with a copy number
of 130000-180000, constituting 0.7-1.0% of the genorhe (Bennett and Hastie, 1984). Like
Alu elements, they bear homology to 7SL RNA, but have a monomeric structure
130-150 bp in length (Sakamoto and Okada, 1985). B2 elements are 190 bp in length and
are present in 80000-100000 copies, all of which display homology to tRNA™* (Sakamoto
and Okada, 1985). B2 elements in mice and rats can be further divided into two groups;

4.5s, and ID elements (Serdobova and Kramerov, 1998). The rat genome contains
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20-500 times more ID elements than the mouse, indicative of a relatively recent SINE
expansion. In multiple rodent species, the master gene for amplification has been identified
as the BC1 RNA gene (probably derived from tRNA**) which is only found in the genomes
of rodents, thus explaining the rodent specificity of the ID elements (Kass et al., 1996).
A further class of dispersed repeats in mice are the mouse transcript (MT) elements which
have a consensus sequence of 400 bp, copy numbers of 40000-90000, and display structural
features of retroposons (Bastien and Bourgaux, 1987). Whilst initially classified as SINE
elements, the identification of a subpopulation of these elements found to flank a 1.1 kb

internal sequence led to their re-classification as mammalian apparent LTR-retrotransposon

elements (MaLR) (Kelly, 1994).

Long interspersed elements

Long interspersed elements (LINEs) can be 6-7 kb long and in both humans and mice are
preferentially located within G-bands of chromosomes with copy numbers in excess of
100000 (Boyle et al., 1990). They are generally highly heterogeneous in size, with most
elements being truncated copies lacking 5” sequences. LINE expansion occurs through
retrotransposition which requires LINE transcription, reverse transcription, and integration.
Unlike SINEs, they may be able to replicate with greater autonomy as rare full length
copies contain two open reading frames (ORFs) with both 5” and 3" untranslated regions
(UTRs). The 5° UTR contains an internal RNA polymerase II promotor, presumably
required for expression of both ORFs (DeBerardinis and Kazazian, 1998). ORF1 encodes a
protein which binds LINE RNA in a sequence-specific manner, while ORF2 encodes a
protein with reverse transcriptase and endonuclease activities. Both proteins are required
for retrotransposition. LINE transcription from the RNA polymerase II promotor results in
the newly inserted elements lacking promotors unless inserted adjacent to an RNA

polymerase II promotor site (DeBerardinis and Kazazian, 1998).

The most abundant LINE family in humans is the L1 family which has a consensus of 6 kb
although fewer than 5% are full length (Grimaldi et al., 1984). The 5° UTR is conserved
between L1 elements of both humans and gorillas (DeBerardinis and Kazazian, 1998). As
with SINEs, they are flanked by direct repeats of <20 bp formed by duplication of the

genomic site of integration. A predicted 40 active L1 elements are present in humans
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(Sassaman et al., 1997), the first of which (L1.2,') was identified as the progenitor of a
de novo L1 insertion into the factor VIII gene of a haemophilia A patient (Dombroski et al.,
1991).

In contrast to humans, the mouse genome contains at least five L1md (LINE 1 of Mus
domesticus) families; A, F, V, T, and Lx (DeBerardinis and Kazazian, 1998) with a total
copy number of ~100000. Each family has a different 5 UTR consensus sequence, and at
least three families are likely to have been active during the last 6 million years (Schichman
et al., 1992). The concerted evolution observed for mouse L1md elements is therefore due
to the continual dispersion of new L1 elements carrying mutated sequences (Casavant et
al., 1988; Herman et al., 1992). Examples of de novo retroviral insertions associating with
disease phenotypes have also been observed in the mouse such as the dilute mutation (d)

(Jenkins et al., 1981), or a mutation in the hairless (hr) gene (Stoye et al., 1988).

Both LINE and SINE sequences display an A-rich region of variable length at the 3~
terminus, which is likely to be a relic of the polyadenylated RNA intermediate which forms
during retrotransposition. The (A), array is thought to allow the RNA intermediate to fold
back on itself enabling self-priming for reverse transcription prior to integration (Hastie,
1996).

Multi-gene families and pseudogenes

Large genomic deletions and duplications can occur through mechanisms of unequal and
illegitimate crossing over, in some cases encouraged by the distribution of homologous
dispersed repetitive elements. Duplications of genes can result in a degree of genetic
redundancy and so allow functional divergence generating multi-gene families. Examples
include the globin gene family and genes of the major histocompatibility complex (MHC).
Alternatively, genetic redundancy can result in sequence degeneration of one of the
duplicate copies with complete loss of function. The result are pseudogenes; loci which
display sequence homology to functional genes but no longer produce active products.
Pseudogenes can also be formed by reverse transcription and integration of processed
mRNA gene transcripts as is evidenced by the lack of introns within many 'processed’

pseudogenes (Lewin, 1994). This passive process of reverse transcription and integration is
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likely to be similar to processes causing SINE expansions. Generally, such genes will be
non-functional. However, integration near functional promotors may result in the gene

becoming transcriptionally active, generating novel patterns of gene expression.

Tandemly repetitive DNA

Historically, various classes of tandemly repetitive DNA have been defined by three
criteria; size of repeat unit, total size of repeat array, and genomic location. Whilst these
subdivisions are informative when describing the structure of each tandem repeat locus, it is
becoming increasingly apparent that they may not precisely reflect the different mutational

processes which generate polymorphism within different tandem repeat subclasses.

Satellite DNA

Caesium chloride density gradient centrifugation of mouse DNA first led to the initial
identification of genomic fractions, coined satellite DNA, which differed in GC content
from the majority of the genome (Kit, 1961). Satellite DNA now refers to large arrays of
centromeric tandem repeats (usually present in excess of 10000 copies), some of which
differ in GC content from the rest of the genome hence their original detection (Singer,
1982). They are late replicating sequences and display characteristics of constitutive
heterochromatin (Aker and Huang, 1996); Satellites can comprise up to 50% of the
genomes of higher eukaryotes (Hastie, 1996). At least five classes of satellite sequences
have been identified in humans (Tyler-Smith and Brown, 1987). Classes I-IV are composed
of large arrays of short (5-25 bp) repeat units (Prosser et al., 1986), whilst the major
satellite, the a-satellite, is composed of tandem repeats of a 171 bp sequence. Spanning up
to 5 Mb at the centromeres of all human chromosomes, it is polymorphic both in length and
repeat unit sequence, with observed clustering of homogeneous repeat types (Willard,

1990).

Satellite sequences in Mus musculus are relatively AT-rich and methylated at their CpG
dinucleotides (Aker and Huang, 1996). Two different satellites predominate in the mouse.
The major (y) satellite consists of 234 bp repeats composed of two smaller units of 118 and

116 bp, thought to be derived from three ancestral nonanucleotide repeats GAAAAATGA,
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GAAAAAACT, and GAAAAACGT (Horz and Altenburger, 1981). The major satellite,
present at about 10° copies, is located at the centromeres of all chromosomes except the
Y chromosome (Hastie, 1996). The minor satellite is present in about 50000 copies in Mus
musculus constituting up to 0.5% of the genome (Pietras ef al., 1983), and is composed of a
tandemly repeated 120 bp monomer derived from smaller internal repeats similar to those
found at the major satellite. It is located very close to the centromere of all but the
Y chromosome and is flanked by the major satellite (Pietras et al., 1983). Closely related
species of Mus differ both in the amount and type of satellite DNA present. For example,
Mus spretus has relatively little y satellite, whilst Mus caroli has more Yy satellite but totally
lacks the minor satellite. Mus musculus has appreciable amounts of both sequences. High
levels of polymorphism at the minor satellite exist even between closely related strains.
However, this polymorphism is due to copy number as opposed to repeat sequence
variations (Aker and Huang, 1996). This is in contrast to human o-satellites which show
sequence divergence between repeats of between 10% and 40%. (Choo et al., 1991).
Within a subset of repeats of both the human a-satellite and the mouse minor satellite is
found a 17 bp consensus binding site for CENP-B, one of the proteins found at active

centromeres, indicative of a functional role for satellite sequences (Masumoto et al., 1989).

Satellite DNA may promote chromosomal pairing during meiosis, act as specific binding
sites for the mitotic and meiotic spindles, reduce the rate of recombination surrounding the
centromere, or simply be an example of either 'selfish' or 'ignorant' DNA. Whatever its
function, satellite DNAs are capable of rapid evolutionary change. One whale satellite is
composed of 100000 copies of a 1.5 kb repeat unit (about 10% of the whale genome),
whilst the homologous major satellite of dolphins is composed of repeats units 200 bp
shorter. Since the divergence of whales and dolphins an estimated 200 million years ago,
100000 repeats must have undergone the same deletion/duplication event (Majerus et al.,
1996). This not only demonstrates the potentially rapid evolution of satellites, but also the
phenomena of concerted evolution. The observation of extrachromosomal circular satellite
DNA suggests that these repeats may be amplified by a process of rolling-circle replication,

and reinsertion into the genome (Okumura et al., 1987).
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Satellite-like sequences have also been identified in non-centromeric locations such as a
250-500 kb array of a 40 bp repeat unit near the telomere of human chromosome 1
(Nakamura et al., 1987), and a 10-50 kb array of a 61 bp tandem repeat in the
pseudoautosomal region of the human sex chromosomes (Page et al., 1987). These loci are

collectively referred to as midisatellites.

Minisatellites

Minisatellites are typically composed of 10-100 bp tandem repeat units within arrays of
0.5-50 kb (Armour et al., 1990; Wong et al., 1987). The first hypervariable locus to be
described was D14S1 (Balazs et al., 1982; Wyman and White, 1980) and was later shown
to be composed of short tandem repeats (Mulholland and Botstein, 1986). Further
minisatellites were identified by chance due to their proximity to genes, such as a VNTR
(Variable Number of Tandem Repeats) 5° of the insulin gene (Bell ez al., 1981; Bell et al.,
1982), a minisatellite 3° of the Harvey-Ras 1 gene (HRASI) (Capon et al., 1983), and

minisatellites both within and near the a-globin gene cluster (e.g. Proudfoot et al. (1982)).

Minisatellites include some of the most highly polymorphic loci in the human genome
(Jeffreys et al., 1999). This has been exploited with the development of various
minisatellite-based DNA fingerprinting and profiling techniques which have been
extensively used for forensic purposes, as genetic markers for linkage analysis, and to
explore population structure (Armour et al., 1996a; Jeffreys et al., 1985b; Jeffreys et al.,
1986; Spurr et al., 1994; Tamaki et al., 1999a; Tamaki ez al., 1995). The first simultaneous
detection of multiple polymorphic minisatellites (DNA fingerprinting) involved low
stringency hybri‘disation to a genomic Southern blot of a probe derived from a short
minisatellite composed of four tandem repeats of a 33 bp unit located within an intron of
the human myoglobin gene (Jeffreys et al., 1985a). The same probe was used to isolate
further minisatellite loci from a human genomic library, including the clones A33.6 and
A33.15 (Jeffreys et al., 1985a), which are now most commonly used in DNA fingerprinting.
Whilst in humans, PCR-based STR (Simple Tandem Repeat) typing has largely replaced
DNA fingerprinting, the technique is still widely used for analysis of species where large
numbers of microsatellite markers have not been developed (e.g. Signer et al. (1998); Yauk

and Quinn (1996)).
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There are an estimated 1500 minisatellites in both the mouse and human genomes (Bois et
al., 1998a; Jeffreys, 1987a). They are generally GC-rich and composed of tandemly
repeated units of between 10 and 100 bp and in humans are clustered in proterminal regions
of chromosomes. Polymorphism is due both to variation in the number of repeat units
between alleles (length polymorphism), and small differences in repeat unit sequence
within alleles. In contrast to STRs, variant repeats are generally interspersed throughout
minisatellite alleles. These polymorphic interspersion patterns can be mapped by the
technique of minisatellite variant repeat typing by PCR (MVR-PCR) (Figure 1.1) (Jeffreys
et al., 1991a) which greatly increases the informativity of minisatellite loci both for
population studies, and the analysis of minisatellite mutational dynamics. AT-rich
minisatellites show striking differences to GC-rich minisatellites with a typically modular
structure where similar variant repeats are clustered into blocks within the repeat array
(Bois and Jeffreys, 1999).

Telomeres

Telomeres are a class of tandem repeat loci located at the termini of eukaryotic
chromosomes and act to resist chromosomal fusions, degradation, and allow complete
replication of chromosome ends. In both humans and mice, they are composed of tandem
repeats of the hexameric consensus sequence TTAGGG which are added to chromosome
ends by telomerase, a ribonucleoprotein complex which uses an RNA template for repeat
unit addition by reverse transcription (Collins, 1996). This prevents the progressive and
lethal shortening of chromosomes during replication in the germline. In addition to the
germline, telomerase activity has been detected in many types of cancer and immortal cell
lines but not in normal somatic tissues, and has therefore been implicated in cell senescence
(Harley et al., 1990). The action of telomerase to prevent telomere shortening specifically
in the germline was recently highlighted by the detection of reduced telomere lengths in the

cloned sheep Dolly (Shiels et al., 1999).

In humans, telomeres are typically 5-10 kb in length, whilst in mice repeat arrays can be up
to several hundred kb (Kipling and Cooke, 1990; Starling et al., 1990). The acrocentric
nature of all 20 Mus musculus chromosomes means many telomeres at the centromeric

chromosomal ends lie within 1 Mb of minor satellite sequences (Kipling et al., 1991).
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Figure 1.1

Minisatellite variant repeat mapping by PCR (MVR-PCR)
The system of MVR-PCR presented is based on the minisatellite D19520 (investigated in

Chapter 7), and describes the technique in its simplest form. Two variant repeats are present
at this locus named C and T (names here reflect the identity of the variant site within repeat
units). PCR amplification between a universal flanking primer and a repeat-specific primer
which binds to C-type repeats generates a population of amplicons the sizes of which
reflect the positions of C-type repeats within the allele. A second PCR reaction using an
T-type repeat-specific MVR primer similarly generates a population of amplicons which
reflect locations of T-type repeats. Repeat-type distribution can be determined by

electrophoresis of the PCR products and Southern blot hybridisation.

If only two primers were used, larger amplicons would be progressively lost during
subsequent cycles of PCR as large amplicons contain binding sites for the repeat-specific
primers. To reduce this loss, a 5” sequence (referred to as TAG) is added to the repeat
specific primers. A third primer is used with sequence identity to TAG. Both TAG and the
universal flanking primer are used at higher concentrations than the repeat-specific primer,
and so subsequent cycles of amplification preferentially occur between the flanking and

TAG primers, thereby preserving amplicon length.

A complementary approach (employed in Chapter 8) is to elevate the annealing temperature
after a few cycles of PCR to prevént binding of the repeat-specific primer, whilst allowing

the other primers to anneal.



Figure 1.1

Universal primer



Surprisingly high levels of telomere length variation have been observed both between and
within inbred strains of mice (Starling et al., 1990). The mechanisms which underlie this

variation are unclear.

A number of studies have identified chromosomal ends as 'hotspots' for genome evolution
(Maciné et al., 1995; Royle et al., 1994; Trask et al., 1998). Immediately adjacent to
telomeres are subtelomeric domains of between a few hundred bp (human XpYpter (Baird
and Royle, 1997)) to over one hundred kb (human 16pter (Wilkie ef al., 1991)). At 16pter,
4 different subtelomeric allele lengths have been described, some of which show greater
homology to subtelomeric domains of other chromosomes than to other 16pter allelic
variants, indicative of non-homologous chromosomal exchange (Harris and Thomas, 1992;
Wilkie et al., 1991). At XpYpter, three distinct haplotypes were identified over
19 polymorphisms in a subtelomeric region of 850 bp (Baird et al., 1995). Intermediate
haplotypes are apparently absent from modern human populations, despite divergence of
the haplotypes occurring after the separation of Pan and Homo lineages (Baird and Royle,
1997). The mechanisms underlying the generation and maintenance of such highly diverged
haplotypes are unclear. Whilst telomeres act to prevent chromosomal fusions, karyotypes
can be highly diverged between species. For example two acrocentric chromosomes present
in chimpanzees and gorillas, fused to form human chromosome 2 by a Robertsonian fusion.
At the fusion point are located interstitial telomeric repeats, an apparent relic of this fusion
event (Jdo et al., 1991). Similarly, whilst the standard laboratory strains of Mus musculus
have a karyotype of N=20 acrocentric chromosomes, closely related strains from
W. Europe and N. Africa can have as low as N=11 due to the fusion of acrocentric

chromosomes forming metacentric chromosomes (Nachman et al., 1994).

Expanded simple tandem repeats

Expanded simple tandem repeats (ESTRs) are common in the mouse but not human
genome, and often display high levels of instability and polymorphism (Bois et al., 1998b;
Jeffreys et al., 1987b; Kelly et al., 1989; Kelly et al., 1991). These loci were initially
identified by DNA fingerprinting so were classed as minisatellites (Jeffreys er al., 1987b),
although further characterisation revealed them to be composed of very short repeat units

and led to their re-classification as ESTRs (Bois and Jeffreys, 1999). Many ESTRs studied

Chapter 1 Page 11



to date apparently arose by expansion from within dispersed repetitive elements. Mouse
locus Hm-1 (originally called Ms6-hm) is composed of 1-16 kb of the perfect pentameric
repeat GGGCA (Chapter 5; Kelly et al., 1989) whilst Hm-2 is composed of 2-25 kb of the
tetramer GGCA (Gibbs et al., 1993). Both repeats arose by expansions from precisely the
same point within MT elements (Kelly, 1994). In addition, a large family of mouse ESTRs
called the MMS10 family has been identified, composed of GGCAGA repeat units
expanded from within B1 elements throughout the mouse genome (Bois et al., 1998b). The

MMS10 family is rodent-specific, reflecting the rodent-specificity of B1 elements.

ESTRs can display high levels of instability in both germline and somatic tissues. Hm-1
and Hm-2 display germline mutation rates of ~2.5% and ~3.6% per gamete respectively,
with ~2.8% and ~30% of adult mice showing evidence of somatic mosaicism detectable by
genomic Southern blot analysis. The identification of mice which are mosaic for the same
alleles in both germline and soma indicates that mitotic instability arises during the first few
divisions of the developing blastula (Gibbs et al., 1993; Kelly et al., 1989). Mutations are
likely to arise from replication slippage possibly encouraged by the formation of unusual
DNA conformations associated with the repeated array. For example, Hm-1 is capable of
in vitro formation of a hairpin structure, as well as two different intra-strand tetraplexes

(Weitzmann et al., 1998).

Simple tandem repeats

Simple tandem repeats (STRs) or microsatellites have been the focus of intensive study due
to their utility in the construction of genome-wide linkage maps (e.g. Dib et al. (1996)),
their informativity in the analysis of variation within and between populations (e.g. Tautz
(1989)), their utility in human identification (e.g. Gill et al. (1994)), their use in the study of
molecular evolution (e.g. Meyer et al. (1995)) and the association of instability in a
subgroup of STRs with a variety of human genetic diseases (e.g. Stallings (1994)). They are
typically short arrays composed of repeat units of 1-5 bp in length. Array lengths vary
between species, for example 43% of rat STRs have array sizes in excess of 40 bp
compared to only 12% in humans (Beckman and Weber, 1992). They are distributed
throughout all eukaryote genomes with an average frequency in humans of one STR

per 6 kb and display no tendency towards clustering within specific regions (Beckman and
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Weber, 1992). In mice, they show high levels of polymorphism even between inbred strains
of Mus musculus where ~50% of loci are variable, compared to ~90% variability between
Mus musculus and either Mus spretus or Mus castaneus (Hearne et al., 1992). In humans,
the most abundant repeat types are A, AC, AAAN, AAN, and AG (in decreasing order of
abundance) with ~80% of A, AAAN, and AAN loci located within 3~ Alu sequences. In the
rat the most common STRs are (AC), and (AG),, with a lower frequency of both (A), and
(AAAN), loci (Beckman and Weber, 1992). In contrast to humans, studies in mice
demonstrate that mononucleotide repeat arrays are not preferentially associated with SINE

elements (Aitman et al., 1991).

Heritable mutation rate at STRs is typically between 10 and 10 per generation and differs
substantially between loci (Dietrich et al., 1992; Heyer et al., 1997; Weber and Wong,
1993). In humans, pedigree analysis demonstrated that dinucleotides have on average a
four-fold lower mutation rate than tetranucleotides (5.6x10* compared with 2.1x10°
(Weber and Wong, 1993)). Studies in yeast indicate that this difference in mutation rate
results from the tendency for larger repeat units to form larger repeat arrays as mutation
rate was found to correlate with STR size more closely than repeat unit size (Pupko and
Graur, 1999). There is also a strong correlation between mutation rate and the number of
homogeneous repeats (Wierdl et al., 1997) and studies in yeast and in human pedigrees
both indicate that interspersed variant repeats have an inhibitory effect on mutation
(Brinkmann et al., 1998; Petes et al., 1997).

About 90% of mutations are thought to involve the gain or loss of a single repeat unit
(Brinkmann et al., 1998). It is generally accepted that replication slippage is the major
mechanism causing new mutations at STRs (Levinson and Gutman, 1987). Slippage
implies the displacement of strands of a denatured duplex, followed by the mispairing of
complementary bases within an existing STR array. To support this, the germline mutation
rate in humans is ~6-fold higher in males than in females. Furthermore, mutation rate is
significantly higher in older men than younger men (Brinkmann et al., 1998). This
difference reflects the number of cell divisions during germ-cell genesis: oogonia undergo

~22 divisions prior to meiosis, whereas for a 29-year-old man, the average sperm cell is
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derived from a progenitor which has undergone an estimated 350 premeiotic cell divisions,

which increases with age (Vogel and Motulsky, 1997).

Whilst replication slippage is likely to be the major source of mutation, deficiencies in
DNA repair systems can also cause repeat instability as errors resulting from slippage will
remain 1inrepaired. For example, abnormalities in the mismatch repair gene MSH2 result in
elevated microsatellite instability, observed in colorectal cancers (Leach et al., 1993; Umar
et al., 1994). Instability in tumour cells has also been reported for other repeated elements

such as Alu repeats (Ionov et al., 1993) and the minisatellite MS1 (Armour et al., 1989a).

Cryptic tandem repeats

A large number of tandem repeats also exist in cryptic form. To distinguish from STRs,
cryptic repeats are defined (somewhat arbitrarily) as repeat érrays in which any one repeat
unit sequence represents less than 2/3 of the total array (Jacobson et al., 1993). As with
STRs, cryptic repeats can be highly polymorphic. One example is repeats of alternate
purines and pyrimidines (RY), which are highly enriched in human and mouse genomes.
An (RY), repeat in the human factor IX gene displays length polymorphism which may
predispose to deletions causing haemophilia B (see Ricke et al. (1995)). Cryptic (YRR),
arrays are also abundant in both humans and mice. Instability within (YRR), arrays has
been shown to account for a substantial fraction (~30%) of deletions and insertions detected

within protein sequences between species (Ricke et al., 1995).

It has been proposed both that STRs can evolve from cryptic repeats, and that cryptic
repeats can evolve from STRs. An example of the former comes from phylogenetic analysis
of the m-globin locus in primates. In the apes, a G -> A transition at an ATGTGTGT
sequence generated an (ATGT), repeat which evolved to a (ATGT); STR in humans, and
an (ATGT), STR in the African apes. In the lineage leading to the Owl monkey, an A -> G
transition at the same locus generated at (GT), STR which expanded to the present day
(GT), allele (Messier et al., 1996). The degeneration of STRs to form cryptic repeats has
been proposed as a fundamental mechanism underlying protein evolution. In eukaryote
proteins, glutamine is the most common amino acid in homogeneous repeat arrays of over

16 residues. Two genes in humans, involucrin and GRPI, may have both formed from
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polyglutamine arrays which diverged by nucleotide substitution with the coding (CAG),
array. Higher order repeat homogenisation is observed at the involucrin gene, possibly

reflecting the action of a form of molecular drive on the locus (see Djian (1998)).

Dynamic tandem repeat expansions and human disease

The last decade has seen a steady increase in the number of human genetic diseases found
to be caused by dynamic expansions of tandemly repeated loci, primarily of triplet repeats
(Djian, 1998; Mitas, 1997). For disease-associated triplet repeat loci, alleles display size
polymorphism in the unaffected population. A subset of alleles show an increased number
of perfeci tandem repeats. These larger alleles are predisposed to germline expansions
which associate with disease phenotypes. Events which lead to pre-expansions are likely to
be rare, as haplotype analysis reveals that most expanded alleles have a common ancestral
haplotype (Richards and Sutherland, 1997). In general, transmission of expanded alleles to
subsequent generations results in progressive lengthening of the repeat array with increased
severity of disease phenotype and/or earlier age-of-onset. This is referred to as anticipation.
The probability of repeat array expansion depends not only on array length and repeat
homogeneity but also on the parent-of-origin. Large expansions of fragile X arrays occur
only in the female germline, whilst in (CAG), expansions, germline mutations are more
frequent and larger when transmitted from fathers (see Brock et al. (1999)). However, these
parent-of-origin differences in triplet repeat expansions were detected by pedigree analysis
which may not provide a representative picture of germline mutation dynamics, due to

selection acting either pre- or post-fertilisation.

The largest subgroup of triplet repeat disorders identified to date are characterised by
expansions of (CAG), repeats within coding regions of genes, leading to large arrays of
polyglutamine tracts in the mature protein. These unstable expansions have been identified
as the mutation common to at least eight neurodegenerative diseases including spinal and
bulbar muscular atrophy (SMBA), Huntington's disease (HD), spinocerebellar ataxia types
1,2, 6, and 7 (SCA1, SCA2, SCA6, and SCA7), dentatorubral-pallidoluysian atrophy, and
Machado-Joseph disease (MJD, or SCA3) (David et al., 1997; The Huntington's Disease
Collaborative Research Group, 1993; Imbert et al., 1996; Kawaguchi et al., 1994; Koide et
al., 1994; La Spada et al., 1991; Orr et al., 1993; Pulst et al., 1996; Sanpei et al., 1996;
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Zhuchenko et al., 1997). With the exception of the SCA6 expansion, the normal and
affected size ranges of polyglutamine tracts are common between all disease loci with
unaffected individuals containing <30 repeats, and affected individuals with >50 repeats
(Ashley and Warren, 1995). Expanded polyglutamine arrays may cause neurodegenerative
disease by inducing apoptosis through enhanced activity of pro-apoptotic proteases such as
apopairi (see Djian (1998)). Cleavage of the HD locus-encoded protein huntingtin by
apopain has been reported (Goldberg et al., 1996b), and fragments of huntingtin have been
detected in the brains of HD-affected patients (DiFiglia et al., 1997).

Other triplet repeat expansions associated with disease occur in non-protein-coding regions.
In Friedrich's ataxia, disease is associated with an intronic expansion of an (AAG), array
resulting in the inhibition of transcription (Campuzano et al., 1996). Unlike other triplet
repeat expansion disorders, no obvious anticipation is observed. This is due to the recessive
nature of the disease as the consequences of copy number increases in successive
generations are unlikely to be observed. Fragile X syndrome is the most common form of
single locus mental retardation and results from the loss of function of the X-linked FMR1
gene through hypermethylation and altered chromatin structure, caused by the massive
expansion from ~60 to up to 3000 repeats of a (CGG), motif in the 5"UTR (Green and
Djian, 1998). It is this expansion which generates a fragile site on the X chromosome
identifiable as a non-staining gap on the chromosome inducible by certain conditions of cell
culture, after which the disease was named. Myotonic dystrophy (DM) is caused by the
expansion of a (CTG), motif within the 3"UTR of the myotonic dystrophy protein kinase
gene (DMPK) (see Djian (1998)). This expansion may condense chromatin surrounding an
enhancer element of the 3” myotonic dystrophy-associated homeodomain protein gene
(DMHAP) which encodes a transcription factor normally expressed in all tissues affected
by DM, resulting in DMHAP haploinsufficiency and disease (Heath ez al., 1997, Klesert et
al., 1997).

Whilst a stepwise mutation model can account for allele size distribution observed at
disease-associated triplet repeat loci in the unaffected population, it clearly cannot
incorporate the large dynamic expansions observed. As with the mutability of other STR

loci, variant repeats within triplet arrays have been shown to stabilise arrays at SCAI, SCA2
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and FMRI (Chung et al., 1993; Imbert et al., 1996; Zhong et al., 1995) indicating that the
mechanism of expansion may involve polymerase slippage during replication. The question
remains as to why certain triplet repeat arrays are capable of dynamic expansions whilst
other STRs such as dinucleotide repeats are not. One possible answer comes in part from
analysis of an AT-rich minisatellitt FRA16B. This locus is composed of variant tandem
repeats with a 33 bp consensus sequence, and is capable of massive expansions similar to
those witnessed at triplet repeat loci, giving rise to an array of up to 2000 perfect repeats
which generates a fragile site. These expansions are again encouraged by repeat unit
sequence homogeneity (Yu et al., 1997). Sequence analysis of the repeat unit reveals the
potential for the formation of a hairpin loop in which 26 A-T Watson-Crick base pair bonds

may be formed from the 33 bases of a single repeat.

Similarly, biophysical and biochemical studies demonstrate that 5 of the 6 triplet repeat
arrays associated with human diseases (CGG, CCG, CAG, CTG, GAA, but not CTT) form
stable hairpin structures under physiological conditions (reviewed by Mitas (1997)). Other
secondary structures such as triplexes or tetraplexes may also form. It has been proposed
that these secondary structures form when a certain threshold number of perfect tandem
repeats are present, and that these structures promote DNA recombination and/or interfere
with DNA replication resulting in instability (Mitas, 1997). For example during DNA
replication, lagging strand synthesis is depéndent on the processing of Okazaki fragments
by the FEN-1 protein (flap endonuclease and five prime exonuclease 1) (Lieber, 1997).
One model for the action of FEN-1 is that synthesis of an Okazaki fragment displaces the
57 end of the downstream strand creating a flap which is cleaved by the endonuclease
activity of FEN-1 (Lieber, 1997). DNA hairpin structures are resistant to FEN-1 activity
(Harrington and Lieber, 1994), and this resistance may increase the frequency of replication

errors and of strand slippage.

However, if hairpin formation was sufficient to cause instability, other tandem repeats such
as (AT), would be expected to display the same mutational characteristics. It has therefore
been suggested that expansions only result from ‘flexible' hairpins characterised by
imperfect base pairings within the structure. Flexible hairpins would be able to denature

more easily allowing the incorporation of additional repeats. The resulting structure would
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have to be exceptionally unstable to account for observed mutation rates which can be as
high as 98% in sperm (Leeflang et al., 1999). A far more widespread role for secondary
DNA conformation in tandem repeat instability has been proposed following in vitro
observations that triplet repeats, ESTRs (Hm-1), minisatellites (insulin minisatellite), and
satellites are capable of forming fold-back structures in vitro (Weitzmann et al., 1997,
Weitzmann et al., 1998). However, it is unclear whether any such DNA conformations
actually form in vivo so conclusions based upon unusual DNA structures must remain

speculative.

Cis-acting sites adjacent to triplet repeat arrays have been implicated in instability,
suggesting a role for DNA conformation outside the array, or the binding of trans-acting
factors in mutation induction. Therefore a model of mutation based exclusively on the
structure of tandemly repetitive DNA may be at best a simplification (Brock et al., 1999).
Furthermore, the observation that the identity of the normal allele at the SCA3 locus affects
the stability of the expanded allele in heterozygotes indicates that mechanisms of instability

may have an inter-allelic component (Igarashi et al., 1996).

Phenotypic associations of minisateilites

Coding minisatellites

Whilst the majority of minisatellites are located outside known genes, a number of loci
have been identified within coding sequences. Variation in the size of coding VNTRs has,
in some cases, been related to genetic disease. For example, the apo(a) gene is a member of
the human lipoprotein family, all of which contain coding minisatellites composed of
33 or 66 bp tandem repeats (Boguski et al., 1986). The apo(a) VNTR is polymorphic,
ranging in size from 15-40 repeats resulting in variation in the size of its protein product
from 300 to 800 kDa (Koschinsky et al., 1990). There is an inverse correlation between
repeat number and the concentration of the apo(a) protein product in the plasma. High
levels of apo(a) lead to coronary vessel disease in addition to brain vascular and artery
disorders (reviewed by Bliskovskii (1994)). Similarly, members of the mucin gene family
(MUCI-4) have extensive coding minisatellites. MUC! contains 20-125 tandem repeats of
a 60 bp unit (Gendler et al., 1990). MUC1 encodes episalin, a cell surface antigen
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expressed by many epithelial cell types, which has an extracellular domain of between 1000
and 2200 residues depending on VNTR length (Lancaster et al., 1990). MUCI
overexpression has been observed in mammary carcinomas and some other
adenocarcinomas, and may result in metastasis by the episalin molecule masking other cell
surface adhesion molecules (Hilkens et al., 1992). The D4 dopamine receptor (D4DR)
contains a polymorphic 48 bp tandem repeat array, the length of which affects ligand
binding affinity (Asghari et al., 1994; Lichter et al., 1993). D4DR is expressed at high
levels in the limbic areas of the brain, and variation in its ligand binding capacity has been
associated with cognitive and emotional disorders (Ebstein et al., 1996). Coding
minisatellites have also been described in genes for acrosomal protein sp-10 precursor,
cholesterol esterase, neurofilament triplet H protein, coagulation factor V, and the loricrin
and involucrin genes (reviewed by Nakamura et al. (1998)). However, not all coding

minisatellites are known to be polymorphic or associated with disease.

Regulatory minisatellites

A number of minisatellites located in putative gene regulatory regions have been associated
with elevated susceptibility to disease. Two such loci are located at 11p15.5: the insulin
minisatellite is 596 bp upstream of the insulin gene translation initiation site, with the
HRASI1 VNTR 1kb 3° of the HRASI proto-oncogene polyadenylation signal. The
phenotypic associations of the insulin minisatellite will be discussed in detail in

Chapters 9-10.

The HRASI VNTR is composed of 30-100 copies of a 28 bp repeat which displays
homology to the consensus sequence of the binding site for members of the rel/NF-kB
family of transcription factors (TFs) (Kiaris et al., 1995; Trepicchio and Krontiris, 1992).
Binding of rel/NF-kB TFs to the VNTR activates transcription of a reporter gene in some
cell lines, including cells derived from the FJ bladder carcinoma (Trepicchio and Krontiris,
1992). Five common alleles of the VNTR have been identified in addition to many rare
variants (Phelan et al., 1996). Rare alleles have been shown to associate with elevated risk
of a number of forms of cancer, including carcinomas of the breast, colon, bladder, ovary,
and acute leukaemia, although these associations are unconfirmed in several studies

(reviewed by Krontiris (1995); Nakamura et al. (1998)). For example, women carrying
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mutations in the BRCAI gene have a 2-fold elevated risk of developing ovarian cancer if
they also have one or two rare alleles of the HRASI VNTR, although no increased risk of
breast cancer was detected (Phelan et al., 1996). The mechanism of action of the VNTR in
cancer susceptibility is unclear. Whilst it may act as a transcriptional regulator of the
HRAS1 gene through the binding of rel/NF-xB TFs, it has been proposed that the
identification of rare alleles is an effect as opposed to a cause of cancer susceptibility.
A study which genotyped lung cancer patients at the HRASI VNTR, a minisatellite at
D17S84, and 17 microsatellites, found that cancer patients with rare alleles at HRASI also
tended to have rare alleles at other loci (Lindstedt et al., 1997). It was proposed that rare
HRAS1 alleles are indicators of increased genomic instability which may lead to cancer and

so are not causally related to cancer predisposition (Lindstedt et al., 1997).

Progressive myoclonus epilepsy of the Unverrich-Lundborg type (EPM1) is a rare
autosomal recessive disorder characterised by generalised seizures of progressive and
incapacitating myoclonus and is caused by mutations is the cystatin B gene (CSTB) which
encodes a cysteine protease inhibitor (Virtaneva et al., 1997). The majority of disease-
associated mutations are due to expansion of a tandem repeat array upstream of CSTB
(Lalioti et al., 1997). Normal alleles contain 2-3 copies of the 12 bp repeat. Rare alleles not
associated with disease have been identified of 12-17 repeats, whilst repeat arrays from
EPM1 -affected individuals range in size from 30-75 repeats (Lalioti ez al., 1998). In
contrast to the dynamic expansions associated with triplet repeat diseases there is no
evidence for anticipation, the repeat sequence of the EPM1 minisatellite is not compatible
with hairpin formation, and even in expanded alleles there is a high degree of variant repeat
sequence divergence. Furthermore, whilst expanded alleles show a high mutation rate
(47%), they show no evidence for the gain or loss of large numbers of repeat units (Larson
et al., 1999). Expansion of the minisatellite results in a reduction in CSTB expression
resulting in disease (Pennacchio et al., 1996). Recent in vitro studies of CSTB transcription
replacing expanded minisatellite alleles with a similar size fragment of non-repetitive DNA
demonstrated that this reduction is due to changes in promotor organisation, as opposed to

any direct effects of the tandemly repeated DNA (Lalioti ez al., 1999).

Other VNTRs which may influence transcription of human genes include a minisatellite
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composed of 50 bp tandem repeats within the Dy-J,; interval in the immunoglobulin heavy
chain gene (Trepicchio and Krontiris, 1993), and VNTRs both in the 5” promotor region,
and in the second intron of the serotonin transporter gene (Heils et al., 1996; Ogilvie et al.,
1996).

Minisatellite Mutation

Mutation dynamics of AT-rich human minisatellites

To date, five AT-rich minisatellites have been identified in humans; the autosomal loci
COL2A1 (Berg and Olaisen, 1993), ApoB (Buresi et al., 1996), FRA16B (Yu et al., 1997),
FRA10B (Hewett et al., 1998), and MSY1 located within the non-recombining region of
the Y chromosome (Jobling et al., 1998). The putative role of hairpin formation at FRA16B
has already been discussed. It is therefore striking that each of these 5 AT-rich loci are
composed of repeat unit sequences which display the potential for hairpin formation
suggesting that each locus may have been generated by a common mutational process.
MSY1 displays a high level of germline instability (5% per sperm) which, by definition, is
the result of intra-allelic processes (Jobling et al., 1998). MVR-PCR analysis at MSY1
reveals that variant repeats are clustered in homogeneous blocks, indicative of the linear
diffusion of variants probably through slippage replication which may be encouraged by

hairpin formation (Bouzekri ef al., 1998).

Mutation dynamics of GC-rich human minisatellites

Patterns of population allele variation

The high mutation rate of many minisatellites make them amongst the most variable loci in
the human genome. This high mutation rate, and the capacity to map their internal
structures by MVR-PCR, make them ideal loci for analysing processes underlying genome
turnover. The comparison of allele structures allows inferences to be made as to the
mechanisms which generate the observed variability. One approach is to characterise
patterns of allele variation within populations which generally result from two opposing
forces; de novo mutation which elevates variation, and genetic drift (and in some cases
selection) which reduces variation. The alignment of allele structures allows indirect
inferences to be made concerning mechanisms generating variation. For example, the

minisatellites MS31, MS32, and MS205 display patterns of variation polarised towards one
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end of the repeat array (Armour et al., 1993; Jeffreys et al., 1991a; Jeffreys et al., 1990;
Neil and Jeffreys, 1993), initially indicating either that properties within one end of the
minisatellite predispose to mutation initiation, or that a cis-acting site within the flanking
DNA at the variable end of the array drives mutation. Other minisatellites such as CEB1

(Buard and Vergnaud, 1994) show no obvious polar variation.

Characterisation of allele diversity both within and between populations can also shed light
on the ancestry of populations. MVR-PCR mapping of MS205 allele structures revealed
highly polarised allele variation (Armour et al., 1993). Despite a mutation rate of 0.4% per
generation, the 5” end has a high level of stability allowing alleles which diverged from a
relatively distant common ancestor to be readily aligned into groups (Armour et al., 1993).
MVR-PCR mapping of alleles from both African and non-African populations detected
clear differences in levels of allele diversity between populations. Non-African populations
contained a limited range of 57 allele structures which formed a subset of the diversity
found of African chromosomes, supporting a recent African origin for modern human

diversity at this locus (Armour et al., 1996a).

Detection of de novo mutation events

An alternative approach to determine the basis of allele diversity is to identify and
characterise de novo mutation events. The comparison of mutant allele structures with the
structure of progenitor alleles can be highly informative as to mutation dynamics. De novo
mutations at many minisatellite loci can be detected by pedigree analysis (Jeffreys et al.,
1994). However, this approach is labour intensive, and the small number of children within
pedigrees prevents the comparison of mutation dynamics between different individuals. An
alternative to pedigree analysis is the detection of mutants in sperm DNA. A single
ejaculate can contain in excess of 10® sperm, each of which can be considered analogous to
a potential offspring. For many minisatellites, analysis of sperm DNA can therefore provide
an effectively unlimited number of mutants. However, characterisation of mutation events

arising in the female germline must still rely on pedigree analysis.
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Mutation events can typically be detected in sperm DNA by diluting genomic DNA and
amplifying small pools of 50-100 sperm equivalents of DNA by PCR; a technique called
small pool PCR (SP-PCR) (Jeffreys et al., 1994). Mutant molecules are identified by
changes of length from progenitor alleles. Further dilutions to a level where the average
input of molecules is 0.5-0.8 molecules per PCR reaction allows the number of amplified
molecules to be accurately estimated by Poisson analysis, and so a mutation rate can be
calculated. Whilst SP-PCR has proved to be highly effective for the detection of mutants
for loci with mutation rates in excess of 10 per cell, it is not recommended at loci with
lower mutation rates for two reasons. For a locus with mutation rate of 10, it would be
necessary to perform an average of 1000 PCR reactions to detect a single mutant molecule,
making the process highly labour intensive. Furthermore, jumping PCR and polymerase
priming from slipped single-strand nicks in the template DNA can generate molecules of
different lengths to the progenitor alleles (A. Jeffreys, pers. commun.), so a large proportion
of observed length-changed alleles would be PCR artefacts as opposed to true mutant
molecules. To overcome this deficiency, genomic DNA is digested with restriction
endonucleases which target sites flanking the minisatellite, and length-changed mutants are
separated by size from progenitor molecules by electrophoresis. The recovery of multiple
size fractions of DNA depleted in progenitor molecules, and their amplification by
SP-PCR, allows mutation detection at a frequency of as low as 10" per sperm, although
difficulties in estimating levels of enrichment mean this approach is only semi-quantitative
(Jeffreys and Neumann, 1997). Furthermore, for each PCR reaction the expected size range
of true mutants must correspond to the size fraction from which the DNA was derived,
allowing the differentiation of true mutants from artefacts. This technique is called
size-enrichment small pool PCR (SESP-PCR) (Jeffreys and Neumann, 1997).

Characteristics of minisatellite mutation in humans

Germline mutation events have been extensively studied by SP-PCR at the minisatellites
MS32, MS205, B6.7, and CEB1 which display mutation rates in sperm of 0.8%, 0.4%, 5%,
and 13% respectively (Jeffreys et al., 1994; May et al., 1996; Tamaki et al., 1999b; Buard
et al., 1998). Whilst there are substantial differences in the mutation profiles detected at
these loci, a number of general rules can be seen to apply (reviewed by Jeffreys et al.

(1997)). The majority of mutations involve small changes in allele length. There is also a
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substantial bias towards mutations resulting in repeat gains, for example 74% of
761 germline mutants detected at MS32 were larger than the progenitor (Jeffreys et al.,
1994), with a similar bias detected at CEB1 (Buard and Vergnaud, 1994). Mutation rate is
elevated in the male germline compared to females; at CEB1 mutation rate in sperm can be
as high as 15%, whilst mutation rate in oocytes estimated from pedigree analysis is 0.2%
(Vergnaud et al., 1991). This is however not true for all loci, for example mutation rate at

MS32 is the same for both male and female transmissions (Jeffreys et al., 1994).

MVR mapping of mutants and their comparison to progenitor alleles reveals a highly
complex mutation process involving both intra- and inter-allelic mechanisms resulting in
extensive scrambling of repeat-type distribution (reviewed by Jeffreys et al. (1999)). In
most cases, novel repeat types are not generated and repeat unit length is conserved. The
division of mutations into intra- and inter-allelic events is in some cases difficult. Mutant
structures have been observed in which either variant repeat types or repeat motifs present
in one progenitor allele are transferred to the other allele. Such transfers are frequently in
register between alleles, suggesting that alleles pair within the flanking DNA either prior to
or during processing of the recombination complex. These apparent in-register transfers in
other cases do not introduce novel repeat types into the mutated progenitor allele, but may
be classified as inter-allelic events due to their in-register characteristics. Other mutations
which have no characteristic repeat transfers between alleles, or which clearly result from
repeat motif duplications and deletions are classified as intra-allelic. However, an inter-
allelic component to the generation of such mutants cannot be excluded. The differences in
mutation profile between loci are apparently due to differences in the relative frequencies
of mutational processes and will be described with reference to the two most intensively

studied loci, MS32 and CEB1.

At MS32, at least 80% of mutation events involve complex in-register inter-allelic transfers
of repeats between progenitor alleles, frequently accompanied by duplications flanking the
inserted repeats, and are highly polarised towards the 5 end of the array (Jeffreys et al.,
1994). Conversion is the dominant form of mutation, with the exchange of distal flanking
polymorphic markers occurring at very low frequency (Wolff ez al., 1989). Mutation rate is

variable between alleles and is independent of array length (Jeffreys et al., 1994). In
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contrast to MS32, on average 75% of mutations identified at locus CEB1 involve complex
intra-allelic duplications which display no obvious polarity, hence the lack of polarity of
variation observed in the population (Buard et al., 1998; Buard and Vergnaud, 1994).
Mutation rate varies with allele length (Buard et al., 1998) with a proportional increase of
mutation rate with allele size up to an array length of 40-60 repeats above which mutation
rate reaches a plateau. While there is no obvious polarity of intra-allelic mutation, mutation
events are not randomly distributed throughout alleles but occur at greater frequency in
regions of homogeneous repeats (Buard et al., 1998), reminiscent of the elevated mutation
rate observed at homogeneous microsatellites. However, CEB1 has a highly heterogeneous
population of variant repeats despite having the highest mutation rate of any minisatellite
characterised to date, suggesting that mutation processes operating at CEB1 and at
microsatellites are fundamentally different (Jeffreys et al., 1999). Inter-allelic mutations
also occur at a lower frequency at CEB1 and, similar to MS32, are polarised towards one

end of the repeat array.

Complex intra- and inter-allelic mutations at minisatellites are germline specific and are
probably of meiotic origin (Jeffreys et al., 1999). Many models have been proposed to
describe the process of recombination in eukaryotes (reviewed by Osman and Subramani
(1998)). It has not been possible to develop a model of recombination which accounts for
all rearrangements detected at human minisatellites. One model, developed to account for
the complex gene conversion events which are frequently accompanied by target site

duplications detected at human minisatellites, is presented in Figure 1.2.

The development of SESP-PCR allowed minisatellite mutation events to be characterised in
somatic tissues. The isolation of de novo mutants of minisatellite MS32 from blood DNA
demonstrated that somatic mutation is both quantitatively and qualitatively different from
germinal mutation. In contrast to germline mutation rates of ~107 per sperm, somatic
mutants at MS32 can display mosaicism and arise at frequencies of 1-2x10”° per molecule
(Jeffreys and Neumann, 1997). Somatic mutants have characteristically simple structures,
generated by the simple intra-allelic deletion or duplication of repeats occurring apparently
anywhere within the repeat array, probably due to unequal crossing over between sister

chromatids, although a process of polymerase slippage during replication cannot be
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Figure 1.2

A model for complex converslons at human minisatellites.

The two progenitor alleles, and regions synthesised from each progenitor allele template,

are shown in green and blue. Repeat elements are indicated by boxes and variant repeat

identity shown by numbers (green progenitor allele) and letters (blue progenitor allele).

DNA synthesis is indicated by red arrows, and repeats newly synthesised during the

conversion process are highlighted by black borders. Red repeats indicate repeats of

unknown identity formed from heteroduplex DNA repair.

vii)

viii)

iX)

Two progenitor alleles are shown of 6 and 10 repeats. Alleles are paired within
the 5” sequences flanking the minisatellite array.

A double strand break (DSB) is generated by the introduction of staggered
nicks within the recipient allele.

The double strand break initiates recombination. The 3” end of the DSB from
the recipient allele invades the donor allele creating a displacement loop.

The 37 end of the invading allele acts as a primer site for de novo synthesis
using the donor allele as a template. This extends the displacement loop.

The 3 extension is extruded leaving the donor allele unaltered.

Re-invasion of the same 3 region of the recipient allele occurs but out of
register. A displacement loop is again formed and repeats are once more added
to the recipient allele from the donor template by repair synthesis.

The 3 ends of the recipient allele re-anneal creating heteroduplex DNA
between repeéts h and 2.

Repair synthesis fills the gaps in the recipient allele.

The region of heteroduplex is repaired.

The mutant formed by this process has the structure of a complex in register inter-allelic

conversion. The region inserted from the donor to recipient allele has a complex structure

characterised by the apparent deletion of the f repeat, and possible generation of a novel

repeat type by the process of heteroduplex repair. The inserted region is flanked by the

duplication of repeat type 3. Figure 1.2 was adapted from Jeffreys et al. (1999).
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excluded (Jeffreys and Neumann, 1997; May et al., 1996). The highly complex mutations
detected in sperm are not found in the soma. This qualitative difference, and the prevalence
of germinal inter-allelic mutations, strongly suggest that germline mutation events occur
during meiosis. A meiotic origin is further supported by the lack of mosaicism of complex
mutant structures detected in sperm DNA. Rare large simple deletion mutations detected in
sperm can show mosaicism, consistent with a low frequency of pre-meiotic mutation in

germinal cells (Jeffreys et al., 1990).

Evidence for a recombination hotspot associated with MS32.

Polarity of inter-allelic mutation events has been observed at minisatellites MS31, MS32,
MS205, and CEBI1, suggesting that mutations are initiated at sites located within the
flanking DNA. Support for the existence of such a site at MS32 came from analysis of the
polymorphic O1C/O1G variant located 48 bp 5” of the repeat array (Monckton et al., 1994).
MS32 is exceptionally variable in populations as a result of its high mutation rate.
An estimated >10? different alleles may exist in the current world population (Jeffreys et
al., 1991a). However, studies of allele diversity in African and Afro-Caribbean populations
found a ~70-fold increase in homozygosity compared to Caucasian and Japanese
populations. A major cause of this elevated homozygosity was an allele of 38 repeats
detected at a frequency of ~10% in both Africans and Afro-Caribbeans. Sequence analysis
of the flkanking haplotype identified a base substitutional polymorphism called the O1C
variant. This variant is rare in Caucasians (frequency ~0.004), absent from all Japanese
samples studied (frequency <0.02) but present at frequencies of 10-20% in Africans and
Afro-Caribbeans (Monckton et al., 1994). Comparison of variability patterns of O1C- and
O1G-linked alleles and of other polymorphic sites in the flanking DNA suggested that the
O1C variant specifically associated with reduced variability. Mutation rate at
O1C-associated alleles was analysed by SP-PCR in both O1C/O1G heterozygotes and O1C
homozygotes and found to be suppressed in cis, supporting the existence of an initiator of
mutation located within the 5° flanking region. Analysis of somatic mutations in
O1C-associated alleles found mutations to be both quantitatively and qualitatively similar
to O1G-associated alleles, providing further evidence that somatic and germline mutations
arise by distinct mechanisms, and that the effects of the O1C variant were specific to

meiosis (Jeffreys and Neumann, 1997).
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Pedigree analysis at minisatellite MS31 identified a paternal mutant of the minisatellite
which was apparently accompanied by the exchange of markers flanking the array,
indicative of a true crossover event as opposed to gene conversion (Jeffreys et al., 1998b).
This was the first evidence for a link between minisatellite mutation processes and meiotic
crossover. At MS32, nested allele-specific PCR on size-separated alleles using multiple
heterozygous polymorphic sites in the DNA flanking the repeat array allowed the
identification and isolation of the products of true inter-allelic crossover events. This led to
the detailed analysis of the frequency and distribution of minisatellite-associated crossover
events. True unequal crossovers were detected at a frequency of 5x107 per sperm, ~1% of
the frequency of gene conversion events (Jeffreys et al., 1998b). Unlike conversions, the
majority of unequal crossovers were simple events involving the fusion of one allele with
the other. These crossovers were not restricted to regions of sequence identity and could
occur between highly (4%) diverged regions of repeats. This is in contrast to yeast where
even low levels of sequence divergence inhibit crossovers (Borts and Haber, 1987). As with
conversion mutation events, breakpoints of true unequal crossovers were polarised towards
the 5” end of the array. The detection of isometric crossovers (crossover events which do
not alter minisatellite array length) revealed similar mutant structures to unequal
crossovers, with simple recombinant repeat arrays and breakpoints polarised towards the 5°
end of the minisatellite array. These isometric crossovers occurred at 40% the frequency of
uncqual‘crossovers, far higher than would be expected if alleles paired at random sites
within the repeat array, again indicating that alleles pair within the flanking DNA prior to

both crossover and conversion (Jeffreys et al., 1998b).

The polar distribution of both conversion and crossover events within the minisatellite
suggested that both types of mutation process arose from a common mechanism. The
existence of a conversion initiation site within the MS32 5” flanking DNA was indicated by
the effects of the O1C/O1G variant, suggesting that the variant may affect the efficiency of
a recombination hotspot located within the array flanking the minisatellite, and that this
hotspot initiated a process (possibly by the induction of double strand breaks) which
generated both conversion and crossover products. To identify the boundaries of this
putative hotspot, crossovers were detected within the DNA flanking the minisatellite once

more by nested allele-specific PCR and the position of recombination defined between
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adjacent heterozygous poiymorphic sites (Jeffreys et al., 1998a). A high level of localised
variation in recombination was detected, and an intense, highly localised hotspot with a
maximum recombination frequency of 30-120 cM/Mb identified over a region of 1.5 kb.
This compares with a genome average of ~1 cM/Mb. The peak was located ~200 bp 5” of
the array extending 3” into the minisatellite and a short distance 5” of the hotspot. More
distal sequences both 5” and 3” of the hotspot were recombinationally inert (<0.5 cM/Mb)
(Jeffreys et al., 1998a).

It was suggested that inter-allelic mutation at MS32 was driven by a recombination hotspot
located within the 5” flanking DNA, and that the minisatellite may have been generated by
the resulting recombinational activity. To further support this, recombination analysis of an
O1C-linked MS32 allele found that the frequency of both equal and unequal crossover, the
intensity of the recombination hotspot, and the frequency of conversions, was heavily
suppressed (Jeffreys et al., 1999; Jeffreys et al., 1998a; Monckton et al., 1994). Variation in
hotspot activity between alleles (Jeffreys et al., 1998a) may therefore result in the observed
length-independent allele-specific differences in mutation rate. The hotspot can readily
explain the polarised nature of mutation and variation at this locus. Furthermore, if the
physical extent of the hotspot has remained constant and the bias towards length gain
mutations observed in sperm is not countered by a bias towards deletion in the female
germline, a picture is readily conceived of the minisatellite growing at the variable end and
'pushing’ repeat units 3” outside of the hotspot thus accounting for the presence of tandem
repeats within a recombinationally inert region 3° of the hotspot. The biological
significance of areas of such localised recombination is unclear. It has been suggested that
minisatellites mark chromosomal sites actively involved in homology searches required for
meiotic chromosomal pairing (reviewed by Bois and Jeffreys (1999)). To support this, most
human minisatellites (but not MS32) are clustered near the ends of chromosomes in regions

that are involved in initiating chromosomal pairing (Royle et al., 1988b).

The O1C variant indicates that the activity of recombination hotspots can be greatly
affected by sequence variation. However, comparative sequence analysis of regions
flanking human minisatellites failed to identify any significant sequence similarities

between loci other than the prevalence of dispersed repeats (Armour et al., 1989b),
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suggesting that regions displaying intense recombination are not defined by a common
primary DNA sequence (Murray et al., 1999). Analysis of hotspots in yeast revealed that
the majority are located within promotors, although some have been identified within
coding sequences. It is thought that open chromatin conformation and, in some cases, the
binding of transcription factors, determine hotspot activity. High resolution mapping in
yeast has also demonstrated that double strand breaks which initiate recombination do not
occur at specific sequences, but are distributed across a 50-200 bp region at a given locus
(reviewed by Smith and Nicolas (1998)). In contrast to yeast, recombinational activity in
humans was not found to correlate with associated gene promotors (Murray et al., 1999).

The factors which determine hotspot identity in humans have yet to be elucidated.

Mutation induction.

Radiation and other natural and synthetic components of the environment have the potential
to induce mutations. The most obvious mechanism of mutation induction is where an
external factor directly causes damage to DNA. Minisatellites provide excellent systems for
the detection of induced mutation for a number of reasons. The higher the spontaneous
mutation rate of a locus, the smaller the sample size required to detect a significant shift in
mutation rate induced by external mutagens. DNA fingerprint analysis allows the
simultaneous detection of multiple minisatellite loci, and can be applied to species in which
minisatellite loci are poorly characterised or uncharacterised. Minisatellites are also found
on all mammalian autosomes (Jeffreys et al., 1991b), so provide genome-wide indicators of
mutation induction. In addition, the majority of minisatellite mutations are unlikely to be
subject to selection. Detection of mutation events by pedigree analysis is therefore largely
unbiased by the detrimental phenotypic consequences that result from many single base or

chromosomal mutations.

The explosion at the Chernobyl nuclear power station in 1986 led to the release of
~5x107 Ci of assorted radionucleotides. The immediate health risk was from the release of
1x10" Ci of short-lived "I which has led to a substantial increase in the incidence of
thyroid cancer (Kazakov et al., 1992; Likhtarev et al., 1995). Longer term exposure was
mainly due to contamination of the soil and food chain by *°Sr. A study using DNA

fingerprinting techniques to analyse heritable mutation rates of minisatellites in pedigrees
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from the Mogilev district 'of Belarus 300 km north of Chernobyl, identified a 2-fold higher
mutation rate in this population compared to UK-based controls (Dubrova et al., 1996;
Dubrova et al., 1997). Whilst this study has been criticised on the basis of potential
population mismatching (e.g. Yauk (1998)) it provided evidence that exposure to radiation
can induce heritable mutations in human populations. Further evidence came from dose-
response analysis within the Belarus families which divided families by their levels of
exposure to localised radiation, and found that families more heavily exposed to
radioisotopes displayed significantly higher mutation rates than less exposed families
(Dubrova et al., 1996). Similar results were obtained from studies of the barn swallow
Hirundo rustica breeding close to the Chernobyl site. Segregation analysis of two
hypervariable microsatellite loci revealed a two- to ten-fold excess of mutation events in
exposed swallows compared to control populations from the Ukraine and Italy (Ellegren ez
al., 1997). In contrast, studies in humans looking for changes in inherited minisatellite
mutation frequency in Japan (Kodaira et al., 1995; Satoh and Kodaira, 1996) and amongst
children whose fathers cleaned up after the Chernobyl nuclear power accident (Livshits ez
al., 1999) failed to find significant evidence for radiation-induced minisatellite mutation.
Furthermore, recent studies analysing germline mutation rates at human minisatellites
CEBI1 and B6.7 in the sperm of three seminoma patients following hemipelvic radiotherapy

also found no evidence for mutation induction (C. May, et al., manuscript in preparation).

Mutation induction in mammals can be studied more readily by using the mouse as a model
organism. Typically, irradiated males are mated with non-irradiated females and rates of
de novo mutation, detected by DNA fingerprint analysis, scored in the progeny
(e.g. Dubrova et al. (1993)). Comparison of this rate with the mutation rate of
non-irradiated males from the same strain allows mutation induction to be investigated in a
more controlled environment. Studies of acutely irradiated mice found that they were
extremely sensitive to y irradiation, with a two-fold increase in mutation rate arising from
exposure to just 0.33 Gy (the doubling dose) (Dubrova et al., 1998a). This level of
sensitivity is far too high for each mutation event to be induced by direct DNA damage and
indicates that radiation activates an unidentified trans-acting factor which elevates mutation
rate (Dubrova et al., 1998a). Studies exposing males to X-irradiation at various time points

prior to mating indicated that mutation induction occurs at premeiotic stages of
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spermatogenesis (Dubrové et al., 1998a). It is unknown whether the mechanism of
mutation induction in mice are similar to those operating in humans as the loci analysed in
mice were ESTRs as opposed to true minisatellites. The mechanism underlying
spontaneous ESTR mutation is unclear, although polymerase slippage during replication is
a strong candidate. Therefore the validity of using a mouse model to investigate the process

of mutation induction in humans must be questionable.

The effects of chemical pollution on germline mutation rate have also been investigated. In
a study of heritable mutations induced in herring gulls living near steel mills around the
N. American Great Lakes, an elevated mutation rate was again detected by DNA
fingerprint analysis for gulls living near the mills compared to gulls inhabiting less polluted
regions (Yauk, 1998; Yauk and Quinn, 1996). Furthermore, mutation rate was found to
correlate inversely with the distance of nesting site from the steel mills (C. Yauk et al.,
manuscript in preparation). The steel mills release a wide array of pollutants, and so the
identity of which chemical(s) induce this elevated mutation rate is unclear. The future use

of mouse models may facilitate the identification of which chemicals induce mutation.
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Overview of this thesis.

Allele diversity and mutation dynamics have been extensively characterised at the
minisatellites MS32, MS205, CEB1, and B6.7 (Buard et al., 1998; Jeffreys and Neumann,
1997; Jeffreys et al., 1994; May et al., 1996; Tamaki et al., 1999b). These loci may be
unrepresentative of mammalian minisatellites in general for two reasons. First, they display
unusually high germline mutation rates of >10” per generation. The majority (~90%) of
human minisatellites display lower allele length heterozygosities (typically 70-80%),
implying a mutation rate of perhaps 3-5x107 per gamete (Armour et al., 1990; Nakamura ez
al., 1987). Secondly, each of these loci are found in the human genome. Little is known
about minisatellites or the mechanisms of minisatellite mutation that operate in other

mammals.

The work described in chapters 3-8 investigates minisatellites in mice, and human
minisatellites with estimated mutation rates of <10?. The primary objective to these studies
was to determine whether the mechanisms of minisatellite mutation characterised at
hypermutable human minisatellites also drives instability at less variable human

minisatellites and at mouse minisatellites.

Do mice have minisateilites similar to those analysed in humans?

To further our understanding of mouse minisatellites, a systematic screen for mouse
VNTRs is described in Chapter 3 to ascertain whether mouse counterparts of human
minisatellites do exist. Little is known about the prevalence, genomic distribution, sequence
composition, or variability of minisatellites in mice, and each of these points are addressed.
Two loci identified in this screen displayed characteristics consistent with a form of
dynamic instability similar to those detected at human triplet repeat expansions or the
FRA16B AT-rich minisatellite. To gain further insight into the potential mechanisms
underlying variation at these loci, variant repeat distribution within alleles was determined
by MVR-PCR, and the repeat unit sequences analysed in silico for their potential to form

secondary conformations, as described in Chapter 4.
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In humans, individual minisatellites have been used as tools for phylogenetic analysis
(Armour et al., 1996a). To assess whether mouse minisatellites may be used in a similar
capacity, five loci characterised in Chapters 3 and 4, and in Bois ez al. (1998a) are analysed
in Chapter 5, both individually and in combination to compare and contrast allele structures

between different strains, subspecies, and species of mice.

The mouse ESTR Hm-1 displays high levels of germline instability and has been
extensively used to investigate the effects of radiation and other mutagens on mutation rate.
However, little is known of the biological mechanisms underlying mutation at this locus.
Some preliminary studies aimed at the further understanding of Hm-1 mutation dynamics

are described in Chapter 6.

Do similar mutation processes operate at all human minisatellites?

The majority of human minisatellites display lower levels of variability than any of the
human loci analysed to date for de novo mutation events. The mutation mechanisms
characterised at minisatellites with high (>10?) germline mutation rates may be
qualitatively different from those operating at less polymorphic loci. Alternatively, the
same processes of tandem repeat turnover may affect all human minisatellites but vary
between loci in their frequencies. The work described in Chapters 7 and 8 seeks to
determine which of these hypotheses are correct. The first stage of this project was to
identify loci suitable for mutation analysis. Three loci, described in Chapter 7, were
analysed for their sequence composition and levels of allele length polymorphism. Variant
repeat distribution at two of the loci was characterised by MVR-PCR to determine levels of
allele variation in a CEPH cohort, from which inferences could be made concerning

potential mutational mechanisms operating at each locus.

Ultimately, de novo mutation detection and analysis was not performed at any of the loci
described in Chapter 7. Instead, the insulin minisatellite was selected for mutation analysis
for two reasons. The first was that it has been intensively investigated due to its
associations with type 1 diabetes (Bennett and Todd, 1996a), type 2 diabetes (Ong et al.,
1999), polycystic ovarian syndrome (Waterworth et al., 1997), adult obesity (O'Dell ez al.,
1999), and infant birth size (Dunger et al., 1998), yet nothing was known of the mutational
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mechanisms operating af the locus. The second reason was that a systematic survey of
variant repeat distribution within alleles from a Caucasian cohort, described in this thesis,
had been undertaken at this locus, which would allow a comparison to be made between
patterns of allele variation and patterns of mutation detected at the minisatellite. Allele

diversity and mutation analysis at the insulin minisatellite are described in Chapter 8.

Does the insulin minisatellite predispose to type 1 diabetes?

The final section of this thesis addresses a very different question. As reviewed in
Chapter 9, classification of alleles of the insulin minisatellite by size and by flanking
haplotype led to its identification as the type 1 diabetes susceptibility locus IDDM?2
(Bennett and Todd, 1996a). However allele size, at least at some loci (Armour et al.,
1996a), is relatively uninformative in identifying related minisatellite alleles. Variant repeat
distribution was therefore analysed in 876 alleles from the parents of 219 families of type 1
diabetes affected sib pairs to investigate associations between the internal structures of
minisatellite alleles and type 1 diabetes predisposition. The results of this work are

presented in Chapter 10.

Due to the diversity of questions addressed within this thesis, no overall discussion is

presented.
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Chapter 2

Materials and methods

Materials

Chemical reagents

Chemicals were obtained from Fisher Scientific (Loughborough, UK), Fisons
(Loughborough, UK), Flowgen (Stafford, UK), FMC Bioproducts (Rockland, USA), Serva
(Heidclbérg, Germany), and Sigma Biochemical Company (Poole, UK). Molecular biology
reagents were obtained from Advanced Biotechnologies (Leatherland, UK), Amersham
International Plc. (Little Chalfont, UK), Bio-Rad (Hemel Hemstead, UK), Boehringer
Mannheim (Lewes, UK), Clontech (Palo Alto, USA), Gibco-BRL (Paisley, UK), ICN
Biochemicals Ltd. (High Wycombe, UK), Invitrogen (Leeke, The Netherlands), National
Diagnostics (Hull, UK), NEN Life Sciences (Hounslow, UK), New England Biolabs
(Hitchin, UK), Pharmacia (Milton Keynes, UK), Qiagen Ltd. (Dorking, UK), and Sigma
Biochemical Company (Poole, UK). Specialised equipment was obtained from Advanced
Biotechnologies (Surrey, UK), Bio-Rad (Hemel Hempstead, UK), Cecil Instruments
(Cambridge, UK), Clare Chemical Research (Ross on Wye, UK), Corning (Maine, USA),
Genetic Research Instrumentation (Dunmow, UK), Eppendorf Scientific Inc. (New York,
USA), Heraeus Instruments (Hanau, Germany), Hybaid (Teddington, UK), MJ Research
(Waltham, USA), Nalge Nunc International (Hereford, UK), New Brunswick Scientific Co.
(Edison, USA), Perkin-Elmer/Applied Biosystems (Beaconsfield, UK), Shandon Southern
(Runcorn, UK), and UVP Life Sciences (Cambridge, UK).

Oligonucleotides

Oligonucleotides for PCR amplification were synthesised in-house (Dr. K. Lilley, Protein
and Nucleic Acids Laboratory, University of Leicester, UK). Hexadeoxyribonucleotides for

random primed labelling were obtained from Pharmacia.
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Enzymes

Restriction enzymes were supplied by Gibco-BRL, New England Biolabs, and Boehringer
Mannheim. T4 ligase, Pfu polymerase, calf intestinal alkali phosphatase (CIAP) and
REact™ buffers were obtained from Gibco-BRL. The Klenow fragment of DNA
polymerase I of E. coli was obtained from Pharmacia. Tag polymerase was supplied by

Advanced Biotechnologies. RNase and Proteinase K were supplied by Sigma.

Molecular weight markers

1 kb ladder was supplied by Gibco-BRL.

Bacterial strains

Escherichia coli strain ToplOF', supplied by Invitrogen, was used in all cloning
experiments. Top10F' is a recombination negative strain designed for stable replication of
high-copy number plasmids. The F' episome, which carries the tetracycline resistance gene,
allows isolation of single-stranded DNA from vectors that have an f1 origin of replication.
The genotype of ToplOF' allows blue-white screening of recombinant vectors by
o-complementation of 3-galactosidase. In addition, Top1OF' cells are recAl to increase the
stability of inserts, AsdR to allow cloning without host restriction, and endA1l to improve

the quality of purified plasmid DNA.

Top10F' genotype:
F'{labl%, Tn10(Tet?)} mcrA A(mrr-hsdRMS-mcrBC) ¢80 lacZAM15 AlacX74 deoR recAl
araD139 A(ara-leu)7697 galU galK rpsL (Str*) endA1 nupG

Cloning vector

DNA fragments were cloned into the EcoRV polylinker site of the pBluescript II SK*

vector, supplied by Stratagene.
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Human VNTR clones |

Human VNTR clones were selected from the Human Genome Mapping Project Resource
Centre (HGMP-RC) probe bank, funded by the Medical Research Council, and supplied by
the HGMP-RC (Cambridge, UK).

Mouse genomic library

The commercial mouse genomic library was supplied by Clontech. The library was
generated by the ligation of DNA fragments derived from the liver of an adult male
BALB/c strain mouse into the pWE15 (Amp"®) cosmid vector. Genomic DNA was
mechanically sheared and BamHI linkers added prior to cloning. The host strain for the
library was NMS554 (Genotype recAl13 araD139 A(ara-leu)7696 A(lac)l7A galU galK
hsdR rpsL (St®) mcrA mcrB). The technique used to screen the library for VNTR loci was
designed, developed, and patented by D. Gauguier, G Vergnaud, and J. Buard
(Patents No. 93.12.923-France, and No. 5.573.912-USA). The full methodology is
described by Amarger et al. (1998), with modified methodology described in Chapter 3.

Mouse DNA

Inbred mouse DNA stocks were supplied care of M. Festing by A. Tomlinson from Harlan
UK Ltd. Hillcrest (Loughborough, UK) or courtesy of the Division of Biomedical Services,
University of Leicester. BXD recombinant inbred strains of mice were supplied by the
Jackson Laboratory (Maine, USA). DNA from wild strains of mice was obtained from
F. Bonhomme and A. Orth (Laboratoire Génome et Population, Université de Montpelier 2,
Montpelier, France). Information about the strains of wild mice used in this thesis (BIK,
MGT, 22MO, DOT, DBY, MAM, DJO, BZO, DMZ, DDO, MGL, CIM, MPR, DGA,
BNC, BID, MPB, MBK, CTA, BFM, MBS, MDH, and BIR) is available elsewhere
(Bonhomme and Guénet, 1996).

Human DNAs

Genomic DNA from EBV-transformed lymphoblastoid cell lines was supplied by the
Centre d'Etude du Polymorphisme Humain (CEPH, Paris, France). DNA from the
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population of type 1 diabetic affected sib pair families was derived from EBV-transformed
lymphoblastoid cell lines from the British Diabetic Association-Warren 1 Repository held
at Porton Down (Wiltshire, UK), and supplied courtesy of Prof. John Todd (Cambridge
Institute for Medical Research, Cambridge, UK). Sample collection and processing was
funded by the British Diabetic Association and Wellcome Trust. Clinical criteria for the
diagnosis of diabetes were as defined by Bain et al. (1992). Sperm DNA was derived from

semen samples provided by Caucasian donors based in Leicester, UK.

Standard solutions

Southern blot solutions (depurinating solution, denaturing solution, and neutralising
solution), 20xSodium Chloride-Sodium Citrate (SSC) buffer, 10xTris-borate/EDTA (TBE)
electrophoresis buffer, Luria-Bertani broth (LB) and Luria-Bertani agar (LUA) were as
described by Sambrook et al. (1989), and were supplied by the media kitchen, Department
of Genetics, University of Leicester. 11.1xPCR buffer was supplied by R. Neumann.

Computers

This thesis was produced using a Power Macintosh G3 Minitower and a UMAX Vista-S6E
scanner. It was printed on an HP4000 6MP LaserJet printer. DNA sequences were analysed
by an IRIX Mainframe computer, operating the Genetics Computer Group (GCG)
Sequence Analysis Software Package version 10.0 programs, developed at the University
of Wisconsin (Devereux et al., 1984). Data were stored, analysed, and presented using the
software packages Adobe Acrobat, Adobe Photoshop, Autoassembler, Clarisdraw,
EndNote, Factura, Freehand, Microsoft Word, Microsoft Excel, and Microsoft Powerpoint
all for Macintosh computers. Internet searches were performed using Microsoft Internet

Explorer, the Sherlock search engine, and Netscape Navigator.
The accompanying web site to be found at http://www le.ac.uk/genetics/ajj was produced

using Adobe Acrobat and Dreamweaver software. All computer analyses were performed

on Apple Macintosh computers.
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Methods

Due to the collaborative nature of much of the work in this thesis, detailed methods are
only described for the techniques which I used. Techniques that I did not perform, but
which were used in the projects presented, are either briefly summarised or referenced. The
methods described in this section are general overviews of techniques. Where appropriate,
detailed descriptions of specific applications of each technique are presented in the results

chapters.

1: Selection and growth of bacterial cultures

All bacterial manipulations were performed under sterile conditions to minimise

contamination of cultures.

a: Growth of the mouse genomic DNA cosmid library

A 100 pl aliquot of mouse cosmid genomic library at x100000 dilution was spread on
Luria-Bertani Agar (LUA) containing ampicillin at 80 pg/ml and incubated for 16 hr at
37°C (all antibiotics were supplied by Sigma Biochemical company). Individual clones
were transferred to 96-well microtitre plate arrays (Nunclon, Nalge Nunc International)
containing 100 ul per well of Luria-Bertani (LB) broth and Hogness Modified Freezing
medium (HMFM; 44% glycerol with 5 mM Sodium Citrate, 3.6 mM KH,PO,,
1.3 mM K,HPO,, and 1 mM MgSO,) with 80 pg/ml ampicillin, covered with Mylar sealing
film (Du Pont) and incubated for 16 hr at 37°C. Plates were frozen on dry ice and stored at
-80°C. Aliquots of cultures were transferred individually to sterile test tubes containing
2.5 ml of freshly prepared Terrific Broth (TB) (Tartof and Hobbs, 1987) with 80 pg/ml
ampicillin. Cultures were incubated at 37°C for 22-24 hr in a "Controlled Environment
Incubator Shaker" (New Brunswick Scientific Co.) at 300 rpm. Cosmid cultures were
pooled into four 50 ml Costar centrifugation tubes (Corning). The four pools corresponded
to rows A/B, C/D, E/F, and G/H of the 96-well microtitre array. Where a single colony of
interest had been identified, it was grown in 50 ml TB with 80 pg/ml ampicillin and

incubated as described above.
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b: Growth of plasmid cultures

Colonies containing plasmids were grown in LB broth with appropriate antibiotics.

2: Agarose gel electrophoresis

a: Electrophoresis conditions

Unless stated otherwise, agarose gel electrophoresis was carried out using 1% LE
(SeaKem™) agarose gels in horizontal submarine format with 0.5xTBE
(44.5 mM Tris-borate pH 8.3, 1 mM EDTA) buffer containing 0.5 pg/ml ethidium bromide.
Electrophoresis tanks were manufactured in-house and power packs were supplied by Bio-
Rad and Shandon Southern. DNA was visualised using a UV wand (Chromato-vue
UVM-57, UVP Life Sciences) or a UV transilluminator (UVP High Performance
transilluminator, UVP Life Sciences), or for band excision using the Dark Reader System
(Clare Chemical Research).

b: Gel photography

Photographic records of ethidium bromide-stained gels were generated by visualisation of
the products on a UV transilluminator (UVP High Performance transilluminator) and
photography using a Polaroid MP-4 camera with Kodak negative film (T-Professional
4052) or a Mitsubishi video copy processor (Genetic Research Instrumentation) with
camera (UVP Life Sciences). Negatives and autoradiographs were developed using

reagents recommended by Kodak.

3: DNA transfer to membrane

a: Southern blot

Following electrophoresis, the region of agarose gel required for DNA transfer was excised
and inverted into distilled water. The gel was depurinated in 0.25 M HCI for 2x5 min
(depurinated DNA is cleaved more readily by NaOH), alkali-denatured in 0.5 M NaOH,

1 M NaCl for 8 min and 20 min (to cleave DNA into smaller fragments), and neutralised in
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0.5 M Tris-HCI pH 7.5, 3 M NaCl for 8 min and 10 min. DNA was transferred to
Hybond™-N" (Amersham International Plc.) nylon membrane (pre-soaked in 10xSSC) by
the capillary transfer method using 20xSSC as the transfer buffer (Southern blotting
(Southern, 1975)). Blotting was continued for 1-8 hr, depending on the agarose gel
concentration. The membrane was washed in 2xSSC, dried at 80°C for 15 min, and the
DNA covalently linked to the membrane by exposure to 7x10* J/cm?® of UV light in the
RPN 2500 ultraviolet crosslinker (Amersham).

b: Dot blot
3 ul aliquots of DNA were pipetted onto dry Hybond™-N® membrane and dried at 80°C for

15 min. DNA was crosslinked to the membrane as described above.

c: Preparation of 96-well plate replicate arrays

Hybond™-N" of dimensions 110 mm x 90 mm was placed on the surface of LUA plates
with 80 pg/ml ampicillin. Cell cultures were transferred to the membrane from cultures
arrayed in 96-well plates using a sterile 'hedgehog' and incubated for 16 hr at 37°C. Cells
were lysed by transferring membranes to 3MM Whatman chromatography paper soaked in
5% SDS, 2xSSC for 2 min. DNA from the cultures was fixed to the membrane by
microwaving membranes at 850 W for 150 seconds. Membranes were vigorously washed
in 0.1% SDS, 20xSSC to remove cell debris, rinsed in 2xSSC, and dried for 15 min at
80°C. The DNA was covalently linked to the membrane as described above.

4: Hybridisation

Double stranded DNA (5-10 ng) generated (unless stated otherwise) by PCR amplification
of the locus of interest was added to 10 ng of 1 kb ladder (Gibco) and labelled by the
random primed labelling reaction (Feinberg and Vogelstein, 1983; Feinberg and
Vogelstein, 1984) which involves the use of randomly generated hexamers and the E. coli
DNA polymerase Klenow fragment to incorporate o-**P-dCTP (supplied by Amersham
International Plc.) into the DNA. Labelling reactions were performed in 30 ul reaction

volume, and incubated at 37°C for 1-18 hr. The probe was recovered from unincorporated

Chapter 2 Page 41



deoxyribonucleotides by ethanol precipitation using 100 pg high molecular weight herring
sperm DNA (Fluka, Sigma-Aldrich) as a carrier. Probes were dissolved in 0.5 ml distilled
water and denatured by boiling for 3 min immediately prior to use. Membranes were
pre-hybridised for at least 20 min at 65°C in 7% SDS, 0.5 M Na,PO, pH 7.2, 1 mM EDTA
(modified from Church and Gilbert (1984)). Hybridisation was carried out at 65°C for
2-20 hr in a Maxi 14, or Mini 10 hybridisation oven (Hybaid). After hybridisation, the
membrane was washed at 65°C in 3-5 changes of high stringency wash solution (0.1xSSC,
0.01% SDS). The pattern of hybridisation was visualised by autoradiography using Fuji
RX100 X-ray film, either at room temperature for strong signals, or at -80°C with an

intensifying screen.

Fluorescent in situ hybridisation was performed by Jill Williamson (Human Cytogenetics
Laboratory, Imperial Cancer Research Fund, London). The technique is described

elsewhere (Bois et al., 1998a).

5: Methods of DNA extraction and purification

a: Ethanol precipitation

Unless stated otherwise, double-strand DNA was precipitated in microcentrifuge tubes by
addition of 1/10 volumes 2 M NaAc pH 5.5, and 2 volumes 100% ethanol followed by
incubation on ice for 10-30 min and centrifugation for 15 min at 15000 rpm in a Heraeus
Septatech Biofuge 15 centrifuge. The pellet was washed in 80% ethanol and allowed to air
dry. Single-strand DNA was precipitated in microcentrifuge tubes by addition of
1/10 volumes 2 M NaAc pH 5.5, and 2.5 volumes 100% ethanol followed by incubation at
-80°C for 30 min and centrifugation for 30 min at 15000 rpm in a Heraeus Septatech

Biofuge 15 centrifuge. The pellet was washed in 80% ethanol and allowed to air dry.

b: DNA extraction from agarose gels

i: Home-made spin column purification
Spin column DNA extraction is as described by Heery et al. (1990). Spin columns were

prepared by removing lids from 0.5 ml microcentrifuge tubes, punching a hole in the base
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of the tube using a 1.1 mm x 40 mm hypodermic needle, and packing the base with
synthetic filter wool ("SUPA" Aquatic supplies Ltd., Sheffield, UK) to a depth of 4-6 mm.
Columns were placed inside carrier tubes (1.5 ml microcentrifuge tubes with lids removed)
and rinsed by addition of 70 ul TE (10 mM Tris-HC1 pH 7.5, 1 mM EDTA) and
centrifugation at 6000 rpm for 6 min in a Heraeus Septatech Biofuge 15. Columns were
transferred to fresh carrier tubes. Agarose bands excised from gels were transferred to the
spin columns and centrifuged as before. DNA from within the eluate was used for

subsequent reactions

ii: Electroelution

The band was excised from the agarose gel and transferred to a slot cut within a second gel,
slightly wider than the excised fragment. A piece of dialysis membrane was prepared by
boiling for 10 min in TE and inserted into the gel slot curled under, and folded over the
excised band. The gel was run at 4 V/cm allowing the DNA to electroelute onto the
membrane. Electroelution was monitored using a UV wand. With continuous application of
the current, the membrane was smoothly removed from the gel and placed into a
microcentrifuge tube with a corner of the membrane trapped in the lid. Droplets of buffer
containing the DNA fragment of interest were collected from the dialysis membrane by
centrifugation at 15000 rpm for 30 seconds in a Heraeus Septatech Biofuge 15. DNA was

recovered from the eluate by ethanol precipitation

iii: Freeze-thaw extraction

The excised band was transferred to a microcentrifuge tube and frozen at -20°C. The band
was allowed to partially thaw, and physically fragmented using a pipette tip. 50 ul of
dilution buffer (5 mM Tris-HCI pH 7.5, 5 pg/ml carrier herring sperm DNA) was added,
and the sample snap-frozen on dry ice/IMS. The sample was allowed to thaw in a 37°C
water bath and vortexed for 10-20 seconds, followed by centrifugation at 15000 rpm for 2
min in a Heraeus Septatech Biofuge 15. This procedure was repeated 3 times. DNA in the

solution was used for subsequent analysis.
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iv: Qiaex II kit purification
DNA was recovered from excised bands using the Qiaex II purification kit (Qiagen) in

accordance with the manufacturer's instructions.

c: 'Maxiprep' alkali lysis extraction of cosmid DNA

50 ml cultures of bacterial cells containing cosmid DNA were transferred to 50 ml Costar
tubes (Corning) and centrifuged at 43000 rpm at 4°C in a Heraeus Septatech Megafuge
1.0R for 30 min and the supernatant removed. The pellet was thoroughly resuspended in 10
ml ice-cold P1 solution (50 mM Tris-HCI, pH 8.0, 10 mM EDTA) supplemented with
0.1 mg/ml RNase. Cells were lysed by addition of 10 ml of P2 solution (1% SDS,
200 mM NaOH) and incubation at room temperature for 5 min. Lysis was terminated and
cell debris precipitated by addition of 10 ml ice-cold P3 solution (KAc and glacial acetic
acid to a concentration of 3 M K*, 5 M Ac, pH 5.5) and incubation on ice for 20 min.
Debris was compacted by centrifugation at 43000 rpm at 4°C in a Heraeus Septatech
Megafuge 1.0R for 10 min. Supernatant was removed and filtered through a mesh. DNA
was purified via Maxi-Qiagen columns (Qiagen) according to manufacturer's instructions
and precipitated by addition of 0.7 volumes of isopropanol followed by centrifugation at
43000 rpm at 4°C in a Heraeus Septatech Megafuge 1.0R for 30 min. The pellet was

washed in 80% ethanol, redissolved in 200 pl TE, and transferred to a microcentrifuge tube.

d: 'Miniprep' alkali lysis extraction of cosmid and plasmid DNA

AlKali lysis of bacterial cultures was as described above, scaled down to the required cell
culture volume. DNA was purified by addition of 1/2 volumes of a 24:23:1 mixture of
phenol: chloroform: isoamyl alcohol, followed by vortexing, brief centrifugation, and
removal of the aqueous phase. Phenol/chloroform extraction was repeated 2-3 times. DNA

was ethanol precipitated as described above.

e: DNA extraction from mouse tails

Tail DNA from wild and inbred mice was prepared as described elsewhere (Allen e al.,

1987).
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f: DNA extraction from human sperm

DNA extraction from sperm was performed in a category II laminar flow hood under
conditions designed to minimise contamination, and in the absence of sharp objects to
reduce the risk of infection. Frozen semen samples were thawed on ice for 1 hr. 250 ul of
semen was transferred to a 1.5 ml screw top tube and diluted in 900 pl 1xSSC. Somatic
cells were lysed by addition of 100 pl 1% SDS with immediate mixing and centrifugation.
Supernatant was removed and lysis in 0.9xSSC, 0.1% SDS repeated three times. The pellet
was washed in 1 ml 1xSSC and resuspended in 450 pl 0.2xSSC. Sperm heads were lysed
by addition of 1% SDS and 1 M 2-mercaptoethanol and incubation at room temperature for
5 min. Proteinase K was added to a concentration of 200 pg/ml and incubated for 1 hr at
37°C with occasional mixing. Proteins were removed by phenol/chloroform extraction with
gentle mixing for 5-10 min on a vertical rotor to allow emulsification. Extraction was
repeated twice on both bulk and interphase. DNA was ethanol precipitated as described
above, resuspended in distilled water, and re-precipitated. The pellet was air dried and

resuspended for 16 hr at 4°C in 50 pl 5 mM Tris-HCI pH 7.5.

6: Enzymatic manipulation of DNA

Enzymatic manipulation of DNA was carried out in the reaction buffer supplied with the

enzyme éccording to the conditions recommended by the supplier, unless stated otherwise.
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7: DNA amplification

a: PCR buffer

11.1xPCR buffer (Jeffreys et al., 1990) was produced in Leicester by R. Neumann with the
following components. ANTPs and BSA were supplied by Pharmacia.

Component Concentration of Volume Final Concentration
Stock Solution (arbitrary units)  in PCR Reaction

Tris-HCI pH 8.8 2M 167 45 mM
Ammonium Sulphate 1M 83 11 mM
MgCl, 1M 33.5 4.5 mM
2-mercaptoethanol 100% 3.6 6.7 mM
EDTA pH 8.0 10 mM 34 4.4 pM
dATP 100 mM 75 1 mM
dCTP 100 mM 75 1 mM
dGTP 100 mM 75 1 mM
dTTP 100 mM 75 1 mM
BSA 10 mg/ml 85 113 pg/ml
Total Volume 676

b: PCR conditions

i: General PCR

DNA was amplified using the Polymerase Chain Reaction (PCR) (Saiki et al., 1988) on a
PTC-225 DNA Engine Tetrad Peltier thermal cycler with heated lid (MJ Research). PCR
reactions were performed, unless stated otherwise, in 10 pul reactions with 0.9 ul of
11.1xPCR buffer as described above, supplemented with 12 mM Tris base, 1 pug/ml carrier
herring sperm DNA, plus 0.4 pM of each primer, 0.07 U/ul Taq polymerase and 0.007 U/ul
Pfu polymerase. Pfu removes base mismatches, allowing Taq to resume extension of the
new strand. Additional Tris increases the pH of the reaction, reducing the risk of template
depurination at high temperatures. To minimise contamination, precautions were taken to
ensure that the reagents and materials used in the PCR reaction were kept separate from

general laboratory chemicals, and PCR reactions were set up in a category II laminar flow
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hood. Details of specific PCR thermal cycling conditions are included in relevant chapters.

Primer sequences are listed in Table 2.1.

ii: MVR-PCR

Minisatellite variant repeat mapping by PCR (MVR-PCR) uses variant repeats within
minisatellite loci to generate internal maps of minisatellite alleles by a simple PCR assay
(Figure 1.1; Jeffreys et al. (1991a)). MVR-PCR reactions were performed, unless stated
otherwise, in 7 pl reactions with 1 pl DNA from previously separated alleles at a
concentration of 0.1-1.0 pg/ul, 0.63 ul of 11.1xPCR buffer supplemented with
12 mM Tris base, 1 ug/ml carrier herring sperm DNA, plus 0.25 pM of TAG and flanking
primer, 0.035 U/ul Taq polymerase and 0.0035 U/ul Pfu polymerase. Unless stated

otherwise, repeat-specific MVR primers were at concentrations of 10 nM.

8: Size-enrichment small pool PCR at the insulin minisatellite

Genomic DNA was digested to completion with Hinfl. Size enrichment and small pool

PCR were performed as described elsewhere (Jeffreys and Neumann, 1997).

9: Automated DNA sequence analysis

Sequencing was carried out using a PE Applied Biosystems Model 377 DNA Sequencing
System, with the ABI PRISM BigDye™ Terminator Cycle Sequencing Ready Reaction Kit,
in accordance with the manufacturers instructions. Sequencing reactions were cycled at
96°C for 10s, 60°C for 4 min for 25 cycles using ~20 ng/kb of DNA template. Reactions
were purified by ethanol precipitation and dissolved in 2 pl 83% de-ionised formamide,
8.3 mM EDTA, prior to loading onto the sequencing gel. Gel running and analysis was

carried out in the Protein and Nucleic Acid Laboratory (PNACL), University of Leicester.

Sequence data generated on mouse minisatellite loci has been deposited with the
GenBank/EMBL Data Libraries under Accession Nos. AJ002239-57 and AJ002934-39.
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Table 2.1

List of primers
Primers are listed in 57-3” orientation. Regions of MVR-PCR primers with sequence

identity to TAG are presented in lower case. Primers 51-A, 51-B, MINS-C, and TAG were
designed by A. Jeffreys. Hm1pA, HMA, and HMB were designed by R. Kelly. KS and SK
were commercially available primers, obtained from Stratagene. With the exception of
primers KS and SK, all oligonucleotides were synthesised in-house (Dr. K. Lilley, Protein
and Nucleic Acids Laboratory, University of Leicester, UK). Prior to use, primers were
ethanol precipitated and dissolved in distilled water. The concentration was determined
measuring A, using a Cecil Instruments 2040 UV spectrophotometer, and adjusted to a

working stock concentration of 10 uM.



Table 2.1

List of primers

KSs TGC AGG
SK CGC TCT
TAG TCA TGC
57-C ACT GTC
57-D CAT GAC
57-MA tca tgc
57-MG tca tgc
58-C GTC ATA
58-D GGA AGG
58-MC tca tgc
58-MT tca tgc
Hmlpl CCT GGG
Hmlp2 TGT ATC
Hmlp3 CTA TCC
Hmlp4 CCG GGT
HmlpA GAT GTA
Hmlp5 CAA CAG
Hmlp6 TGT AGC
Hmlp7 TAT GGC
Hmlp8 CAG AGG
Hmlp9 GCT GGT
HmlplO GGC ACT
Hmlpll TAG ACG
Hmlpl2 GGC GGA
Hmlp20 GAG TTT
Hmlp21 GGG AGC
Hmlp22 CCA ATG
Hmlp23 GGG ATT
Hmlp24 GGG AAG
Hmlp25 TGT AGA
Hmlp26 GGA GAT
HMA GGG CAG
HMB CCC GTC
118-C CGG GTG
118-D AAG GCC
118-MC tca tgc
118-MT tca tgc
426-C CCC CAG
426-D CCC CTT
51-A GAT CAG
51-B TCC ACA
51-C GGG AGT
51-D GCG TGT
51-MA tca tgc
51-MB tca tgc
51-MC tca tgc
51-MG tca tgc
51-MT tca tgc
INS-5 CCC AGA
INS-3 AGG GCC
INS-1296 CTG CTG
INS-23+ CAG AAG
INS-23- CAG AAG
MINS-A TGC CGC
MINS-B GGC CAG
MINS-C GGG GCA
INS-MA tca tgc
INS-MB tca tgc
INS-MC tca tgc
INS-MD tca tgc
INS-ME tca tgc
INS-MF tca tgc
INS-MH tca tgc
INS-MER CTG CTG
3580-A CCC CAG
3580-B GGG CTG

TCG
AGA
GTC
TGG
ACA
gtc
gte
TGC
GTT
gte
gtc
CTA
AGG
CTC
TTC
AAC
TTA
GTC
CcCcT
GAT
CTC
TAC
TGG
CAG
AGA
AAG
CTT
GTT
GGC
AGA
CAC
GGC
cCce
ATC
CAA
gtc
gtc
ACC
TCC
CGA
TTG
TGA
cca
gtc
gtc
gtc
gtc
gtc
TCA
ATG
AGG
GAC
GAC
CAC
ACC
AAT
gtc
gtc
gtc
gte
gtc
gtc
gtc
AGG
GTC
GAG

ACG
ACT
CAT
TGG
AGC
cat
cat
TCC

cat
cat
TGT
GAA
CGA
TGT
CAG
CAA
ACT
GGT
GAT
TGT
TGA
GAC

TAA
CCA
TAG
GTA
TTA
GCC
TCT
AGG
TCC
TGG
GAG
cat
cat
TCC
CTC
ACT
AGG
GGC
GAT
cat
cat
cat
cat
cat
CAC
GCA
ACT
AGT
AGT
cccC
TGT
GTC
cat
cat
cat
cat
cat
cat
cat
ACT
ACC
GCA

GTA
AGT
GGT
GTA
cca
ggt
ggt
cac
ACG
ggt
ggt
AGT
GGC
TGG
CCT
ACT
CAA
GAG
CcTC
GCT
AAG
CCA
AGG
AGC
AGG
GTA
TTC
ACT
TTC
TTC
TAG
GCA
CGT
GAG
GTG
ggt
ggt
TGA
TAT
TCC
ACT
TTT
GTG
ggt
ggt
ggt
ggt
ggt
GGA
GAA
TGC
GAT
GAT
CAG
cce
TCC
ggt
ggt
ggt
ggt
ggt
ggt
ggt
TGC
CCA
GCT

TC

GGA
CCG
ACA
AGA
ccg
cecg
ATT
TGC
ccg
ccg
CTA
ATG
CCC
GAT
ATA
TCC
GAG
CAA
AAG
TAA
CAG
AAG
ATG
GAC
AGC

GTT
GAC
TTT
ATA
GGG
CCC
TGG
GCT
ccg
ccg
ATC
cCcAa
TCT
GTG
CTT
CTT
ccg
ccg
ccg
ccg
ccg
AGA
GGA
TGC
CTG
CTG
ATC
TGC
AGG
ccg
ccg
cecg
ccg
cecg
ccg
ccg
TGC
TGT
GAG

TC
GA
TC
GA
gaC
gaC
CTG
TAG
gaA
gaA
TG
TC
TTA
TTC
TGG
CAG
TC
CA
AG
TGC
CA
AC
TA
TGT
AG
AGA
GCC
TCA
TCC
ACG

TG

TGC
TGC

TGC
TGC

CTA
GTA

GTA

CTA

CGT
CGT

CTC
AGC
GG

ACC
ACC
TCC
ACC
ACC
ACT

ccc
ccc
[elele
[elele
ccc
ccc
CCcC
CAG

TCT GTC TAC ACA A
TCT GTC TAC ACA G

TCA CTT GGT TAG G
TCA CTT GGT TAG A

GGA
GGA

TGC
ACC
TGC
TGC
TKC

CTG
CTG
CTG
CTG
CTA
CTG
CTG

CGC
CGC

CCT
TGC
CCT
CcCT
CCT

TCC
TCC
TCC
TCC
TCC
TCC
TGC
TGT

ccc
CcccC

CcCcT
CCT
cCcT
CCT
CCT

CCa
cca
CCA
CCG
cCa
CCG
CCAa
GGG

ACT
ACT

GCC
CBT
GCC
GCC
GCC

GAT

Qaey
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10: Subcloning techniques

a: Digestion and dephosphorylation of vector

20 pg of uncut pBluescript I SK* vector was digested with 50 units of EcoRV in REact™ 2
buffer for 2 hr at 37°C, and dephosphorylated by the addition of 50 units of calf intestinal
alkali phosphatase (CIAP, Gibco) with incubation for 30 min at 37°C. The reaction was
stopped by addition of SDS and EDTA to concentrations of 0.5% and 5 mM respectively,
followed by incubation at 65°C for 20 min for enzyme denaturation. The vector was ethanol
precipitated, washed in 80% ethanol, and redissolved in 50 pl TE. Concentration of the
stock solution was assayed by measuring A,y using a Cecil Instruments 2040 UV

spectrophotometer, and adjusted to 100 pg/ml.

b: End-filling and ligation

The éosmid fragment for subcloning was isolated by digestion of 6 pug of cosmid DNA with
appropriate enzymes, agarose gel electrophoresis and excision of the band of interest,
generating ~200 ng of the fragment for cloning. The band was gel purified by
electroelution, ethanol precipitated and redissolved in 5 pl of distilled water. For purposes
of simplicity, all ligations were designed for blunt ended fragments. Where necessary,
fragments for ligation were end-filled by addition of 5 mM of each dNTP with 2 units of
Klenow in a 20 pl reaction volume with REact1™ buffer (Gibco-BRL) and incubation at
37°C for 30 min. End-filled fragments were purified by gel electrophoresis, electroelution,

and precipitation as described above.

Ligations were performed in a 10 pl reaction volume containing 7.5 ng of EcoRV-digested
and dephosphorylated pBluescript II SK*, 75 ng of insert DNA, 1 unit T4 DNA ligase and
T4 DNA ligase buffer (Gibco-BRL). Reactions were incubated for 16 hr at 16°C in a
PTC-225 DNA Engine Tetrad Peltier thermal cycler (MJ Research). Ligation products were

recovered by ethanol precipitation and redissolved in 10 ul of distilled water.
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c: Preparation of electrocompetent Top10F' cells

A single colony of Topl10F' cells, grown at 37°C on LUA supplemented with 25 pg/ml
tetracycline, was transferred to 5 ml of LB with 25 ug/ml tetracycline and incubated for
16 hr at 37°C with shaking at 300 rpm. The culture was transferred to 600 ml of LB with
25 pg/ml tetracycline and incubated for 4-6 hr as above until cells reached a density of
OD4y=0.5-0.6. Unless stated otherwise, all further stages of electrocompetent cell
preparation were performed at 4°C in a temperature controlled room using equipment
pre-cooled to 4°C. Cells were chilled for 15 min in an iced water bath then transferred to
centrifugaﬁon bottles and centrifuged at 4000 rpm at 2°C for 20 min in a Sorvall RC-5B
centrifuge (Du Pont Instrumentation) using a pre-cooled GS-3 rotor. The pellet was gently
resuspended in 5 ml ice cold distilled water followed by addition of a further 200 ml ice
cold water and gentle mixing. Cells were centrifuged as before, and the wash repeated
3 times. The pellet was resuspended in 25 ml 10% glycerol and transferred to 50 ml Costar
tubes (Corning). Cells were pelletted by centrifugation at 4000 rpm at 2°C for 10 min in a
Heraeus Septatech Megafuge 1.0R and resuspended in 0.5 ml 10% glycerol. The
suspension was transferred in 40 pl aliquots to individual tubes pre-chilled to -80°C,
immediately frozen on dry ice/IMS, and stored at -80°C. Cells were used for

transformations within 3 months of preparation.

d: Electroporation and selection of transformants

4 ul of ligation products were added to a 40 pl aliquot of electrocompetent cells thawed on
ice and transferred to an electroporation cuvette (Bio-Rad) cooled to 4°C. Cells were
transformed using a Bio-Rad Gene Pulser™ electroporation unit at 1.5 kV with capacitance
of 25 mF. 1 ml of ice cold LB was immediately added and the cell suspension transferred to
a test tube. Isopropyl thio-b-D-galactoside (IPTG, Sigma) was added to a concentration of
1 mM and cells incubated in a shaker for 45 min at 37°C and 300 rpm. Cells were diluted
x20 and x100 in LB with IPTG, and 200 ! of culture plated onto LUA supplemented with
80 ug/ml ampicillin, 25 pg/ml tetracycline, and previously spread with 100 pl of 20 mg/ml
X-gal solution (Sigma). Plates were incubated for 16 hr at 37°C. For each ligation, 5 white
colonies were selected, cultured in 2.5 ml LB, and DNA extracted by alkali lysis. Inserts

were excised by digestion with BssHII, and electrophoresed to check for correct insert size.
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The identity of the insert was confirmed by Southern blot hybridisation using the probes

which originally identified the locus to be of interest (see Chapter 3).

e: Ligation reaction and electroporation controls

For each newly prepared stock of either pBluescript II SK* vector or electrocompetent cells,

the following control electroporations were performed.

Control Vector Vector Vector Control
Present Digested Dephosphorylated Ligated Insert
1 b b P b b 4
2 v P x b b
3 v v x b 4 b
4 v v P v b
5 v v v v b
6 v v v v v

Expected resulits from controls:

1) No cells should be detected due to the absence of vector, and therefore the Amp®
gene.

2) A large number of blue colonies should be detected due to the presence of both
antibiotic resistance genes and an undisturbed LacZ operon.

3) Linearised vector should not be viable so no colonies should be present. Any colonies
can be assumed to be the result of incomplete digestion.

4)  When ligase is added, the cut vector should re-ligate giving results similar to control
2. ‘

5) The dephosphorylated vector should not re-ligate. Any blue colonies present are
indicative of either incomplete digestion or incomplete dephosphorylation.

6) The 1.35kb band from the ¢x Haelll ladder was selected as the control insert
fragment. Most colonies should be white due to LacZ disruption by the insert DNA.

Blue colonies should occur at similar frequency to control 5.
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Chapter 3

Isolation and characterisation of mouse
minisatellites

Summary

Minisatellites provide the most informative system for analysing processes of tandem
repeat turnover in humans. However, little is known about minisatellites and the
mechanisms by which they mutate in other species. Furthermore, a mouse model of
minisatellite mutation would allow the detailed investigation of mechanisms of
minisatellite mutation. To this end, 77 endogenous mouse VNTRs were isolated and
characterised. A correlation was identified between allele variability and mean array length.
Fifty-one loci have been localised on mouse chromosomes and, unlike in humans, show no
clustering in proterminal regions. One minisatellite was identified within intron 16 of the
mouse hairless gene. Sequence analysis of 28 loci revealed the majority to be authentic
minisatellites with GC-rich repeat units ranging from 14 to 47 bp in length. In contrast to
humans, there was no evidence for the existence of mouse loci with mutation rates >10°.
The mouse is therefore not a good model organism for the analysis of mechanisms of

minisatellite mutation.

Introduction

Attempts to isolate and characterise endogenous mouse minisatellites held two long-term
objectives. The first was to characterise mutation processes operating at mouse
minisatellites. Whilst minisatellite mutation has been intensively studied at a number of
human loci (Jeffreys et al., 1999), it was unknown whether similar processes of tandem
repeat turnover operate in other organisms. Mutation analysis in the mouse would allow
comparisons to be made between mutation dynamics in two different mammalian species.
The second objective was to generate a mouse model to facilitate the detailed investigation
of mechanisms of minisatellite repeat turnover. If mouse minisatellites mutate by similar

mechanisms and at similar rates to human loci, a mouse model would permit the
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investigation of generic mechanisms of mutation using methodologies which, for either

technical or ethical reasons, cannot be used in humans.

Potential applications of a mouse model of minisatellite instability

Effects of genomic context on instability

Levels of heterozygosity may affect minisatellite mutation. The recombinational nature of
minisatellite mutation in humans (Jeffreys et al., 1999) raises the possibility that complex
mutation events are triggered in heterozygotes either by mismatches in allele length or in
heterodupléxes arising from strand invasions between alleles that are thought to be involved
in generating recombination initiation complexes (Nassif et al., 1994; Paques et al., 1998).
In contrast, even low levels of heterozygosity greatly suppress local recombination in yeast
(Borts and Haber, 1987; Borts et al., 1990). Whilst the degree of sequence mismatch
between alleles does not appear to suppress recombination at human minisatellite MS32
(Jeffreys et al., 1998b) or within the mouse major histocompatibility complex (Yoshino et
al., 1995), heterozygosity may nevertheless affect mouse minisatellite mutation processes.
Selective breeding would allow the effects on mutation of both heterozygosity at a specific
locus and genome-wide levels of heterozygosity to be systematically investigated. The
genomic location of minisatellites may also effect mutation. The creation of transgenic
strains with unstable mouse loci inserted at ectopic locations would permit position effects
to be analysed. Mutation analysis in mutant strains of mice, such as mice with defects in
. genes involved in double-strand break repair (e.g. Essers et al. (1997)), could also facilitate

the identification of components of the mutation pathway.

Determination of mutation rate variation

At human minisatellite MS32, inter-allelic mutation rate is likely to be determined by the
intensity of the flanking recombination hotspot (Jeffreys et al., 1998a), whilst at CEB1
intra-allelic mutation rate is a function of array length and repeat homogeneity (Buard et
al., 1998). Mouse models may further clarify the basis of mutation rate heterogeneity
between alleles, between individuals, and between loci. Inter-allelic mutation rate variation

may result from cis-acting factors either within the minisatellite array or the flanking DNA.
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Cis-acting sites could be defined by creating transgenic strains with deletions of repeats or
of flanking sequences and characterising their effects on mutation. Alternatively, by
replacing repeat arrays of specific minisatellites by homologous recombination with either
single copy DNA or repeat arrays from other tandem repeat loci, the relative contributions
of repetitive DNA and flanking DNA to instability could be elucidated. Genes which
encode putative trans-acting factors that affect mutation rate could theoretically be
identified through classical linkage analysis. Hybridisation of two strains which display
substantially different levels of genome-wide minisatellite instability may allow the
identification of genetic components of the mutation pathway by segregation analysis,

using the phenotype of minisatellite instability as a marker.

Characterising mutation processes from a range of tissues

In humans, the detection of female germline mutation is restricted to pedigree analysis.
A mouse model would allow the isolation of oocytes, greatly increasing the number of
potential germline mutants available from a single female mouse. Furthermore, the
availability of tissues such as testes would facilitate the biochemical identification of
components of the mutation initiation and processing complex, whilst separation of cells at

various stages of gametogenesis would further elucidate the timing of mutation events.

Mechanisms of mutation induction

The effects of exposure to radiation and other mutagens have been discussed (Chapter 1).
The mouse loci previously analyse for induced mutation were ESTRs as opposed to true
minisatellites (Bois et al., 1998b; Dubrova et al., 1993; Dubrova et al., 1998a). The
mechanisms for either spontaneous or induced mutation operating at ESTRs are unknown.
The large array lengths and lack of known variant repeats in the most unstable ESTRs have
made the detailed analysis of patterns of repeat turnover intractable. The application of
MVR-PCR to the analysis of spontaneous and induced mutation at true mouse
minisatellites would allow more detailed investigations of the mechanisms of mutation
induction. Furthermore, studies in humans of the effects of radiation on tandem repeat
mutation have analysed true minisatellites (Dubrova et al., 1996; Dubrova et al., 1997). It is

unknown whether the mechanisms of mutation induction operating at human minisatellites
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and at mouse ESTRs are the same, or indeed whether radiation definitely induces
minisatellite mutation in humans (Yauk, 1998). The analysis of induced instability at true
mouse minisatellites would therefore provide a more appropriate model for characterising

the effects of mutagens on humans.

Characteristics of the ideal model locus

The ideal mouse model for analysing minisatellite mutation may be defined by four criteria:
1) The minisatellite should be detected by a single-locus probe. If the minisatellite is a
member of a multi-locus family, the identification of specific loci is not possible using
genomic Southern blot hybridisation; ii) To easily isolate de novo mutation events, to detect
differences in mutation rates between mice, and to identify statistically significant changes
in mutation rate due to exposure to environmental mutagens using relatively small numbers
of mice, a high spontaneous mutation rate is essential; iii) To detect de novo mutation
events in both the germline and soma using SP-PCR, alleles must be amplifiable by PCR so
ideally would be less than ~4 kb in length; iv) The characterisation of allele variation and
the structures of mutants requires the establishment of systems of MVR-PCR, and so the

model locus should display patterns of variant repeat dispersion throughout alleles.

Two approaches to establish a mouse model of minisatellite mutation have been attempted;
the identification of endogenous mouse minisatellites (as described in this chapter), and the

generation of mice transgenic for human hypermutable minisatellites.

Transgenic mouse models of minisatellite instability

The first attempts to generate mice transgenic for human minisatellites used a short
construct of an MS32 allele with a few hundred bases of flanking genomic DNA resulting
in both single-copy and multi-copy integrants (Allen et al., 1994; Collick et al., 1994).
Multi-copy integrants did display instability, but this was due to the palindromic nature of
inserted multi-copy transgenes, as opposed to being a direct consequence of the
minisatellite itself (Collick et al., 1996). Single-copy integrants could not be bred to

homozygosity preventing the analysis of inter-allelic mutation processes, but the
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hemizygous strains displayed no signs of germline instability in pedigrees (Allen ef al.,
1994).

Further transgenic lines were created using 29 kb constructs of DNA (Bois et al., 1997)
which included the MS32 recombination hotspot later characterised in humans (Jeffreys et
al., 1998a). Somatic instability was detected for both single- and multi-copy integrants with
similar rates and patterns of mutation to those detected in the human soma (Bois et al.,
1997, Jeffreys and Neumann, 1997). However, no mutations were detected in the germline
corresponding to a >600-fold suppression of mutation rate compared to humans. The total
lack of mutations in sperm DNA indicated that the mouse germline was protected from
mitotic instability and supported other work indicating that germline and somatic mutations
in humans arise by distinct mechanisms (Jeffreys and Neumann, 1997). Furthermore, there
appears to be a major barrier to the transfer of minisatellite germline instability from
humans to mice, potentially mediated by incompatibilities between the species in any
cis- or trans-acting factors involved in the mutation mechanism (Bois et al., 1997).
Alternative explanations for the lack of instability include insufficient flanking DNA within
the transgenic construct, position effects suppressing mutation at the various integration
sites, the failure to organise the chromatin conformation at the transgene, and either locus-

specific or genome-wide homozygosity in transgenic lines inhibiting mutation initiation.

In contrast to minisatellites, mice transgenic for triplet repeat loci associated with human
disease do in some cases display instability. Early attempts to transfer disease-associated
(CAG), repeats from cDNAs of the human androgen receptor gene and from the genes for
HD, SCA1, and MJD/SCA3 displayed no evidence of instability (Bingham et al., 1995;
Burright et al., 1995; Goldberg et al., 1996a; Ikeda et al., 1996), indicating that the
mechanisms underlying tandem repeat instability in k‘humans may not operate in mice.
However, instability has since been reported in transgenic models of the (CAG), repeats
which cause HD, DM, and DRPLA (Gourdon et al., 1997; Lia et al., 1998; Mangiarini et
al., 1997; Monckton et al., 1997, Sato et al., 1999; Wheeler et al., 1999). The reasons for
the success of some models and the failure of others are unclear. The average length of
STRs is greater in mice than humans (Beckman and Weber, 1992) indicating that mice may

have a higher length threshold for instability. However, the size threshold effects cannot
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account for all differences between stable and unstable constructs (Bates et al., 1997).
Other hypotheses include variation in cis- and trans-acting factors, variation in expression
of the construct, and position effects due to the site of transgene integration (Bates et al.,
1997). Nevertheless, the presence of triplet repeat instability in at least some transgenic
~ mice compared to the apparent total absence of germline mutation in mice transgenic for
human minisatellites further indicates that germline mutation processes which operate at

human minisatellites are fundamentally different from those operating at STR loci.

Methods

A large-scale screen of the mouse genome for minisatellites is described in this chapter. In
total, four approaches were employed to identify minisatellites in a collaborative project
spanning many years. Whilst my own contribution was to apply a single strategy to isolate

loci, the results of the entire project are here presented.

Strategies for the isolation of minisatellites

1: Synthetic tandem repeat probe cross-hybridisation to a cosmid library

Four thousand bacterial cosmid clones from a commercial mouse genomic library were
screened with synthetic tandem repeat (SyTR) probes 14C2, 16C2, and 16C24 (Mariat and
Vergnaud, 1992; Vergnaud, 1989; Vergnaud et al., 1991) known to detect polymorphic loci
in rodent genomes (Mariat and Vergnaud, 1992). DNA was prepared from positively
hybridising bacterial clones by alkaline SDS lysis (Birnboim and Doly, 1979) and digested
with Alul (AGCT), Haelll (GGCC), and Msel (TTAA) double-digest combinations. These
three restriction enzymes were chosen for their different recognition sites to reduce any
sequence bias. Tandemly repetitive DNA has a lower sequence complexity, and therefore a
lower diversity of endonuclease restriction sites than non-repetitive DNA. Digestion
therefore enriches for repetitive DNA. The largest digestion-resistant fragments were

isolated using home-made spin columns (Heery e? al., 1990).
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2: Cross-hybridisation to size-selected charomid libraries

Two charomid libraries were constructed as described by Armour et al. (1990) using
3-14 kb size-selected fractions of Mbol- (GATC) or Tsp5091- (AATT) digested genomic
DNA. Minisatellites can be difficult to clone using standard vectors in E. coli hosts (Wong
et al., 1986; Wyman et al., 1985) and are prone to gross rearrangements, commonly
deletions of the repeat array (Brutlag et al., 1977). Charomid vectors (Saito and Stark,
1986) are less sensitive to a reduction in insert size caused by repeat loss (Armour et al.,
1990). Two different enzymes were used to reduce any sequence bias during cloning, and
therefore increase the number of clonable mouse tandem repeats. An estimated 1200 clones
represented one haploid genome equivalent for these size selected fractions. Five thousand
clones from each library were grown in 96-well ordered arrays and replicated onto filters as
described in Chapter 2. Filters were hybridised with a series of multi-locus probes
(A33.15, A33.6, MS1, and Hm-2) known to detect large numbers of polymorphic tandem
repeat loci in mouse DNA (Jeffreys et al., 1987b; Kelly et al., 1989). Positively hybridising

inserts were recovered using home-made spin columns.

3: Cross-hybridisation to size-selected A libraries

MMS80, a locus previously named Mml1 (Jeffreys et al., 1997), was isolated from a
genomic library of 4-9 kb size-selected Sau3Al fragments cloned into the AL47.1 vector
(Loenen and Brammar, 1980), by hybridisation with probe A33.6 (Jeffreys et al., 1985a;
Kelly et al., 1989; R. Kelly unpublished data).

4: Isolation of restriction endonuclease-resistant fragments from a cosmid
library

The strategy which I employed for the identification of mouse minisatellites was adapted
from a procedure designed, developed, and patented by D. Gauguier, G. Vergnaud, and
J. Buard (Patents No. 93.12.923-France, and No. 5.573.912-USA), and described by
Amarger et al. (1998). Individual cosmids were selected at random from a mouse genomic
cosmid library and cultured in a 96-well microtitre plate. The ordered cosmid library was
replicated onto nylon filters as described in Chapter 2. Each colony was individually grown

in 2.5 ml TB and pools of 24 cultures, each representing two rows of the microtitre array,
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were pooled into 50 ml Costar tubes. Within each pool of 24 was included a
CEB1-containing cosmid as an internal positive control. Growing cultures separately
ensured that each cosmid within the pool was at a relatively uniform concentration. Cosmid
DNA was extracted from each pool (Qiagen extraction, Chapter 2) and 15 pug of DNA
digested with each Alul, Haelll, and Msel double-digest combination (enzyme selection
was as described above). Digestion-resistant fragments were separated by agarose gel
electrophoresis (Figure 3.1) and isolated from the gel by home-made spin columns (Heery
et al., 1990). CEBI is digested by Haelll but not by Alul or Msel so provided an internal
control for both the quality of DNA purification, and the efficiency of endonuclease

digestion (Figure 3.1).

The isolated fragments were used as probes on Mbol-digested genomic Southern blots of
DNAs from six inbred strains of mice, and 23 laboratory stocks of mice recently derived
from wild colonies (Figure 3.2). Descriptions of wild mice strains are provided in Table 3.1
All genomic Southern blots and hybridisations were performed by R. Neumann. Initially,
probes were hybridised to Southern blots of genomic DNA from inbred strains of mice
only. The majority of minisatellites identified were monomorphic between strains and so
these blots were not informative as to the differences in the levels of variability between
loci. Analysis of wild mice DNA greatly increased the observable levels of polymorphism
between strains allowing variability to be compared between loci. VNTR loci were
identified both by patterns of allele length variability between strains, and by the
hybridisation signal intensity (probes for repetitive loci produce signals of greater intensity
than probes for non-repetitive DNA). To identify the cosmid clone from which the VNTR
probe was derived, the same probe was hybridised to the 96-well replicate of the ordered

cosmid library (Figure 3.3a).

MMS10 is a multi-locus family of ESTRs (Bois et al., 1998b) which was frequently
isolated using this procedure. The ideal mouse minisatellite for analysis would be detected
by a single-locus probe. To exclude MMS10 family members, all probes were initially
transferred to membrane by dot blot and screened with an MMS10 probe prior to their

hybridisation to genomic Southern blots (Figure 3.3b).
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Figure 3.1
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Isolation of digestion-resistant fragments from 96 cosmid clones

Each double-digest combination using enzymes AM, Haelll, and Msel was performed on
15 p,g of DNA extracted from a pool of 24 cosmids. The four pools shown in Figure 3.1
represent a single 96-well ordered cosmid array, with for example pool A corresponding
to cosmids within rows A and B of the 96-well plate. Within each pool, one cosmid containing
the human minisatellite locus CEB1 was included as an internal control. CEB1 is resistant
to digestion by A/ul and Msel, but is cut by Haelll resulting in a single band of -3.5 kb
visible in the AluHMsel double-digest. Digestion-resistant fragments such as the 1.6 and
2.6 kb bands in pool B were extracted from the gel and used as probes on MMI-digested
mouse genomic DNA Southern blots (Figure 3.2). Depending on the quality of DNA
extraction and digestion, digestion-resistant fragments of as small as 0.9 kb could be isolated.
Some of the bands below 1.3 kb in length were derived from the pWE15 cosmid vector so

were present in each pool (e.g. compare Alul/Msel digest patterns between pools).
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Figure 3.2
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MMS64 allele variability in inbred and wild mice

Probe cMMS64 was hybridised to M&ol-digested genomic DNA from 6 inbred laboratory
strains and 23 wild strains of mice. Pools of DNA from wild mice 1-12 (Pool 1) and 13-
23 (Pool 2) were used to facilitate comparison of allele sizes between strains. Information
about wild mice is presented in Table 3.1. No length polymorphism was observed between
the 6 inbred strains. High levels of polymorphism (18 different alleles) and heterozygosity
(10 heterozygotes) were observed amongst the 23 strains of wild mice. All M&cd-digested

Southern blots and hybridisations were performed by R. Neumann.
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Table 3.1

Strains of wild mice analysed

Number of founding mice

Origin of strain

Strain Male Female Total Generations Sub-species City Country
BIK/g 5 6 11 31 Mus m. domesticus Haifa Israel
MGT 1 3 4 9 Mus m. musculus Tbilissi Georgia
22MO 5 9 14 26 Mus m. domesticus Odis Denmark
DOT 4 2 6 25 Mus m. domesticus Tahiti
DBV 1 4 5 21 Mus m. domesticus Vlas Bulgaria
MAM 2 2 4 8 Mus m. musculus Megri Armenia
DJO 1 1 2 18 Mus m. domesticus Orcetto Italy
BZO 1 1 2 27 Mus m. domesticus Oran Algeria
DMZ 2 2 4 11 Mus m. domesticus Azzemour Morocco
DDO 2 2 4 18 Mus m. domesticus Odis Denmark
MGL 3 2 5 7 Mus m. musculus Lagodekhi Georgia
CIM 3 3 6 8 Mus m. castaneus Masinagudi India
MPR 3 3 6 9 Mus m. musculus Rawalipindi ~ Pakistan
DGA 1 1 2 6 Mus m. domesticus Adjarie Georgia
BNC N/A N/A N/A 29 Mus m. domesticus Cairo Egypt
BID 1 1 2 5 Mus m. musculus Birjand Iran
MPB 2 3 5 8 Mus m. musculus Bialowieza Poland
MBK 4 4 8 24 Mus m. musculus Kranevo Bulgaria
CTA 3 3 6 8 Mus m. castaneus He-Mei Taiwan
BFM N/A N/A N/A 47 Mus m. domesticus Montpellier France
MBS 1 1 2 25 Mus m. musculus Sokolovo Bulgaria
MDH 3 2 5 10 Mus m. musculus Hov Denmark
BIR 0 3 3 10 Mus m. bactrianus Machad Iran

Stocks of mice recently derived from wild colonies are listed in the same order as in
Figure 3.2. Levels of heterozygosity at different minisatellites will depend on levels of
allele variation in the wild colonies from which these stocks were derived, the number of
founding members of the laboratory stock, and the number of generations between
founding of the stock and DNA collection from the strains. N/A: information was not
available. Further information on these strains is available elsewhere (Bonhomme and

Guénet, 1996).
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Figure 3.3

Hybridisation screens

VNTR clone localised
to position C4

a: Localisation of a VNTR clone on a 96-well plate replicate

MMS45 was identified as a VNTR locus by hybridisation to a genomic Southern blot as
in Figure 3.2. The probe was generated by digestion of pool B of cosmid DNA derived from
the 96-well plate, so was known to have originated from a cosmid clone contained within
rows C and D of the ordered array. Hybridisation of the VNTR probe to a filter replicate
of the plate (Chapter 2) identified the location of the clone (in this case location C4), from
which a stock of DNA from a single cosmid could be generated. The membrane was marked

at each corner to facilitate alignment of the autoradiograph with the 96-well plate.
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b: Screen of probes for MMS10 loci

MMS10 is a multi-locus family of ESTRs present in the mouse genome with an estimated
copy number of 1000-3000 (Bois et al., 1998b). The screen for mouse minisatellites was
aimed at the isolation of loci detected by single-locus probes, and so MMS10 loci were
excluded from analysis at an early stage. Each probe derived from the restriction digestion-
resistant assay was dot-blotted onto membrane (Chapter 2). Hybridisation with a known
MMS10 probe identified any additional MMS10 loci, which were excluded from further

analysis.
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In the next section, a summary of my own results is initially presented, followed by a

description of the results from the completed project.

Results

Isolation of restriction endonuclease-resistant fragments from a cosmid
library

Approximately 3000 cosmids were screened by restriction endonuclease digestion
representing ~100 Mb of DNA (~3% of the mouse genome). A total of 188 fragments of
sizes >0.9 kb resistant to digestion were identified. In some cases, digestion-resistant
fragments were present in each double-digest combination. If each of the bands were of
similar intensity, it was assumed that they were derived from a single locus and so only one
band was selected for further analysis. The remaining 140 fragments were gel-purified
using home-made spin columns (Heery et al., 1990). Pre-screening of each DNA with
MMS10 identified 13 positively hybridising loci. All other 127 fragments were
radiolabelled with o-**P-dCTP and hybridised to genomic Southern blots (Figures 3.2).

Minisatellites are only one of several classes of tandemly repetitive DNA which could be
identified by this method. Satellite or midisétellite sequences were detected by 13 probes.
These probes produced characteristically strong signals repeated at intervals of 0.5-1 kb
with hybridisation patterns monomorphic between strains (data not shown). The observed
pattern was assumed to result from Mbol restriction site polymorphisms between satellite
repeat units. Fourteen probes produced variable multi-locus patterns upon hybridisation
which differed from the patterns observed with MMS10 probes, indicating that multi-locus
families of variable repeat arrays other than MMS10 are present in the mouse genome. No
signal was generated by 57 probes for which there are a number of potential explanations:
i) The quality or concentration of DNA isolated from the gel was poor; ii) The probe may
have formed DNA conformations which prevented efficient labelling or hybridisation;
iii) The probe may be AT-rich and so labels poorly with o-**P-dCTP; iv) The probe detects
a VNTR which is digested by Mbol so will not be detectable by Southern blot hybridisation
to Mbol-digested DNA; and v) The probe was single-copy DNA which was resistant to

digestion. Monomorphic VNTRs would be distinguishable from monomorphic single copy
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DNA due to the greater signal intensity generated by repetitive probes upon hybridisation.
The remaining 43 probes identified 38 different VNTR loci, the majority of which
displayed length polymorphism between strains of wild mice. The remaining chapter will
consider the results of the entire screen for mouse VNTRs. In general, my own further

experiments were specific to the 38 loci described above.

Combined results of various approaches to identify mouse minisatellites

Two main approaches have been described for the isolation of mouse minisatellites. First,
three different mouse DNA libraries (cosmid, charomid and A) were screened with a range
of tandem repeat probes known to detect multiple polymorphic mouse loci. The main
limitation of this approach is that the number of loci detected is limited by the probes used,
and will show an inherent sequence bias. The second cloning approach used the frequent-
cutting endonucleases Alul, Haelll, and Msel, to identify restriction digestion-resistant
putative tandem repeat loci. This approach largely avoids the sequence bias inherent in
cross-hybridisation strategies. However, limitations to this approach remain: i) Tandem
repeat arrays within restriction fragments shorter than ~0.9 kb in the BALB/c mouse from
which the cosmid library was derived will be undetectable against the background of
cosmid vector restriction fragments (Figure 3.1); ii) Arrays containing sites either for Mbol
or for two of the three test enzymes (Alul, HaeIII, and Msel) will be lost; iii) The labelling
and hybridisation conditions do not favour detection of AT-rich loci; and
iv) Any sequences prone to collapse in cosmids will be under-represented or undetectable
in an amplified cosmid library. The results of each screening approach are presented in
Table 3.2.

A total of 77 different mouse VNTRs were identified (Table 3.3). Neither the results of the
charomid screen nor the SyTR screen can be readily used to estimate the total number of
VNTR loci present throughout the mouse genome due to the bias for larger VNTR arrays
inherent in the size-selection strategy, and the sequence bias due to the hybridisation probes
selected. Based on the restriction digestion screen and correcting for repeated isolations of
the same locus, an estimated 700 loci are present throughout the mouse genome (Bois et al.,
1998a). This is an underestimate due to the limitations inherent in this cloning strategy

described above.
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Table 3.2

Comparison of screens for mouse VNTRs

Charomid SyTR Digestion Total

Number of clones screened by hybridisation 5000 4000 9000
Number of clones selected for probe isolation 212 122 6700 7034
Number of probes isolated 132 34 251 418
Number of probes detecting:
No signal 97 18 136 251
Satellites 6 0 32 38
MMSI10 loci 4 10 22 36
Single locus VNTRs 25 6 61 92
Different single locus VNTRs 23 6 51 77

A total of 5000 charomid clones from a size-selected library (representing four haploid
genome equivalents) were screened by hybridisation with tandem repeat probes. The SyTR
(synthetic tandem repeat probe) screen of a commercial mouse library analysed 4000
cosmids representing ~5% of the mouse genome. In a joint project between P. Bois, S.
Bakshi, and myself, 6700 cosmids from the same library (an estimated 235 Mb representing
12% of the mouse genome) were screened for fragments resistant to endonuclease
digestion. For the charomid screen, a number of positive clones did not contain large
fragments of mouse DNA, suggesting collapse of repeat arrays within the vector. The high
proportion of MMS10 loci isolated using the SyTR screen was due to cross-hybridisation
with the 14C2 SyTR probe under low stringency hybridisation conditions. A total of 77

different single locus probes for VNTR loci were identified.
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Table 3.3

Characteristics of cloned mouse VNTRs

Where available, the chromosomal localisation is provided for each locus, together with the
distance in cM from the centromere. In situ localisation data are presented in parentheses.
The cloning strategies employed to isolate mouse VNTRs are listed as follows:
Char. (cross-hybridisation to size-selected charomid library), SyTR (cross-hybridisation to
cosmid library), AL47.1 (cross-hybridisation to size-selected AL47.1 library), and
Dig. (digestion-resistance screen of cosmid library). The number of different alleles
detected in inbred and wild mice is shown, with the number of heterozygotes (H) identified
in wild mice. Mbol-digested allele size range and mean size (including an unknown amount
of flanking DNA) are given in kb. Some alleles were too small to be included within the
size range of the Southern blots. In these cases, allele numbers are underestimated and are
signified by * and a < in the allele size range column. ND, not determined; these probes
were either too small or contained internal Mbol cleavage sites and could not therefore be
hybridised to the mouse Mbol-digested genomic Southern blots. * Cloned twice with the
same methodology.  Cloned twice using two independent methodologies. ° cMMSI0 is a
member of a novel family of unstable mouse VNTRs (Bois et al., 1998b). ¢ Cloned with all
three methodologies. To clarify my own contribution, all VNTR loci isolated using the
digestion-resistance screen of a cosmid library which were not identified by me are

indicated by Dig.¥.



Table 3.3

Characteristics of cloned mouse VNTRs

Probe Localisation Cloning Number of alleles Size  Mean
Chr cM(FISH) method Inbred Wild H range  Size

cMMS2** 16 31  Char+SyTR 4 12 5 1366 3.0
cMMS3 7 29 Char. 2 4 1 <20 15
cMMS4 ND Char. 2 3 0 1530 29
cMMS5 11 47 Char. ND

cMMS6 - 15 62 Char. 3 15« 5% <66 2.3
cMMS7 4 59 Char. 2 5 1 0815 12
cMMS9 12 10 Char. 3 15 7 3066 40
cMMS10° Char.

cMMS11 11 31 Dig.t 3% g 1* <13 0.7
cMMS12* 7 74 Char. ND

cMMS13 4 70 Char. ND

cMMS15 4 54 Char. ND

cMMS16 7 22 Char. ND

cMMS18¢ 7 22 Char.+SyTR+ Dig.t 5 9 3 1419 16
cMMS19 4 49 Char. 2 4 0 0513 10
cMMS20 6 51 SyTR ND

cMMS21 2 217 SyTR ND

cMMS22 12 66 Char. 2 17 7 1244 26
cMMS24* 7 22 Dig. 4 11 6 1445 25
cMMS25* 15 23 Dig.f 2 12 5 10-100 3.0
cMMS26° 9 68 (F3) Dig.} 2 19 9 0945 20
cMMS28 16 (A3-Bl)  Digt 1 15 6 1530 20
cMMS30 X 43 Dig. 3 8 1 1025 18
- cMMS34 4 (Cl) Dig.t ND

cMMS35* 12 (B) Dig. 1 17 8 1245 28
cMMS36 2 (B) Dig.f ND

cMMS37 16  (C3-4) Dig.t 2 8 3 0645 14
cMMS38 17  (O) Dig. 1* T 2% <14 06
cMMS39 14  (D3) Dig. 2 8 6 1216 14
cMMS40 18 (D) Dig.t 3 11 4 1925 21
cMMS41 19 1(A-B) Dig.t 3 11 6 0923 14
cMMS42 15  (B) Dig. 1 3 11 5 0815 10
cMMS44 15  (F) Dig. 2 9+ 6* <13 08
cMMS45* 5 (A2) Dig. 3 14 1 0825 15
cMMS46 8 (B2 Dig. 2 12 7 0625 15
cMMS47 1 (El) Dig. 2 g% 1* <24 11
cMMS48 4 59 Dig. 5 9 3 0820 15
cMMS49® 2 35 SyTR+Dig. 4 12 3 0930 18

Chapter 3 Table 3.3 (i)



Table 3.3 (continued)

Probe Localisation Cloning Number of alleles Size  Mean
Chr cM(FISH) method Inbred Wild H range  Size

cMMS52* 2 (H3) Dig. 1 10 6 0940 1.9
cMMS53 2 (E8) Dig. 1 3+ 1* <09 05
cMMS54 ND Dig. 1 17 9 0950 21
cMMS55 ND Dig. 3 12 5 1330 19
cMMS56 1  (H5-6) Dig. 2 6+ 6* <23 15
cMMS57 8  (E2) Dig. 2 16 7 10-11.0 24
cMMS58 © 3 (G) Dig. 2 7 0 1423 14
cMMS59 ND Dig. 2 16 8 1694 34
cMMS60 ND Dig. 1 5 1 1922 21
¢cMMS61 9  (AS) Dig. 1 3 1 1330 14
cMMS62 12 (F1) Dig. 1 11 7 1330 17
cMMS63 16  (B4-5) Dig. 2 10 6 0924 17
cMMS64* 1 D) Dig. 2 18 10 0540 22
cMMS65* 19 2(B)  Char+Dig. 3 10 5 1340 18
cMMS66* 9 66 Dig. 2 11 6 1440 23
cMMS67 5 21 Char. 2 6 3 2023 22
cMMS69 5 51 Dig. 3 13 3 0520 12
cMMS71 1 50 Dig. 2 12 5 15100 26
¢cMMS73 ND Dig. 4 16 10 1340 29
cMMS74 ND Char. 2 24 11 10200 42
cMMS75 ND Char. 1 8 3 4066 50
cMMS76 ND Char. 1 3 0 4650 48
cMMS77 ND Char. 1 15+ 6* <100 29
cMMS78 ND Dig. 3 16 4 1125 14
cMMS80 9 79 ALA7.1 3 18 8 1466 24
' ¢cMMS82 ND SyTR 2% g% 4% <18 12
cMMS85 ND Dig. 2 2 0 0809 09
cMMS86 ND Dig. 2 3 0 1213 13
cMMS87 ND Dig. 2 31 2124 22
cMMS88 ND Dig. 1 2 0 0708 08
cMMS89 ND Dig. 1 1 0 14 14
cMMS90 ND Dig. 1 1 0 1.0 1.0
cMMS91 ND Dig. 1 1 0 08 0.8
cMMS92 ND Dig. 2 4 0 0708 07
cMMS93 ND Dig. 3 4 1 2022 21
cMMS94 ND Dig.f 2 4 7 0960 20
cMMS95 ND Dig.t 0* 4% 1* <11 10
cMMS96 ND Char. 1 2 0 2930 30
cMMS97 ND Char. 2 2 0 2728 28
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Analysis of VNTR length polymorphism

All VNTR probes were hybridised to Mbol-digested Southern blots as in Figure 3.2.
A selection of allele length diversity profiles of 16 VNTR loci is presented in Figure 3.4.
A range of variabilities were displayed by different loci. As expected, the 23 strains of wild
mice revealed considerably greater levels of allele diversity than seen in inbred strains.
A few loci such as MMS87 were largely monomorphic between both wild and inbred
strains of mice whilst other loci such as MMS80 displayed high levels of length
polymorphism. Some probes (e.g. cMMS35) detected >2 bands in some strains of mice. In
this example, hybridisation of the same probe to an Alul-digested genomic Southern blot
demonstrated that the multiple bands were the result of an internal Mbol restriction site
within alleles. Different loci also showed a diversity of allele size ranges. Despite relatively
high allele diversity, MMS39 alleles are confined within a small size range from 1.2-1.6 kb.
In contrast, alleles of MMS57 range in size from 1.0-11 kb. At this stage of analysis, all
allele sizes represent the length of the VNTR repeat array plus an unknown amount of
flanking DNA. An interesting variability profile was obtained at locus MMSS58. In the
majority of wild and inbred strains, alleles were composed of very short repeat arrays (as is
apparent from the low signal intensity upon hybridisation). However, in two wild and one
inbred strain, much larger alleles were identified. Whilst the process of VNTR expansion
was unclear, it may reflect a form of dynamic expansion similar to that observed at a
number of triplet repeat loci (Richards and Sutherland, 1997), or at some AT-rich
minisatellites such as FRA16B (Yu et al., 1997).

Levels of heterozygosity in the wild strains of mice were strongly and linearly correlated
with the number of different alleles (Figure 3.5a). Assuming an effective population size
(N,) for wild mice of 10* (Kimura and Crow, 1964), heterozygosity (H) yielded a mutation
rate (i) for the most variable locus (MMS74) of 2.3x10° per gamete, as estimated from

= I—L%I%I”—- (Falconer, 1960), and corresponding lower rates for other loci. It therefore
+ e

appears that unstable minisatellites with germline mutation rates in the range of

0.1%-2% per gamete which have been the subject of intensive analysis in humans, do not

occur in mice. However, these estimates of instability are crude and will be perturbed by

demographic factors in the populations from which the wild mice were derived, and by the
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Figure 3.4
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Variability profiles of 16 mouse VNTR loci

Each mouse genomic Southern blot is as described in Figure 3.2, with similar size ranges
depicted. A wide range of variabilities are identified, from the monomorphic MMS87
(identified as a VNTR by the characteristically strong hybridisation signal) to the highly
variable MMS57 with an allele size range from 1-11 kb. MMS39 displays relatively high
levels of polymorphism, but alleles are restricted to a narrow size range. Loci MMS57 and
MMSS58 are considered in detail in Chapter 4.
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Figure 3.5
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Allele variability and allele size at mouse minisatellite loci

A positive correlation was observed between the number of different alleles observed in
wild mice and both the number of heterozygous wild mice (a) and the mean size of the
mouse VNTR (b). The mean minisatellite array length contains an undetermined length of
DNA flanking the repeat array. Figure 3.5 was adapted from Bois et al. (1998a)
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inevitable inbreeding during propagation of the wild strains (although great care was taken
to minimise inbreeding; A. Orth and F. Bonhomme, Montpellier, pers. commun.). There
was also a positive correlation between the mean size of mouse VNTR loci and the number
of different scorable alleles per locus in wild mice strains (Figure 3.5b). This observation
strongly suggests that germline instability at mouse VNTR loci is influenced by the array

size.

A more direct approach used to estimate mutation rate of specific mouse minisatellites was
to use the VNTR clones as probes on Southern blots of Mbol- or Tsp509I-digested genomic
DNA from the 26 BXD recombinant inbred (RI) strains of mice (Taylor, 1978). BXD mice
were generated by hybridisation of the progenitor stains C57BL/6J and DBA/2J, crossing
the F1 sibs, then systematically inbreeding isolated lines of sib-pairs to homozygosity. The
entire BXD RI set represents 2800 generations of breeding (Ben Taylor, the Jackson
Laboratory, Bar Harbour, ME, pers. commun.). A total of 48 VNTRs were hybridised to the
BXD genomic Southern blots. For all loci, allele sizes detected in the RI strains were
identical to allele sizes within the BXD progenitor strains, demonstrating a total lack of
mutation to electrophoretically distinguishable new length alleles during the breeding of the
RI lines. This corresponds to a germline mutation rate for each locus of <10 (no observed
mutations in 2800 generations carries a 95% upper confidence limit of 3 mutations

corresponding to a rate of 10°) (Bois et al., 1998a).

Chromosomal localisation of VNTR loci

Any locus which displays polymorphism between inbred mouse strains C57BL/6J and
DBA/2J can be mapped genetically using BXD RI strains. The segregation patterns of a
large number of strain-specific markers have been analysed in each BXD strain.
Comparison of strain distribution patterns (SDPs) of alleles of a VNTR locus dimorphic
between C57BL/6]J and DBA/2J strains with SDPs of other markers with known
chromosomal locations using the MapManager software (Manly, 1993) allows the
localisation of a VNTR locus. A total of 29 VNTRs were localised in this manner, an
example of which is presented in Figure 3.6. Minisatellite MMS80 was localised using the
EUCIB backcross mice (as described by Bois et al. (1998a)). An additional 22 loci were

assigned to chromosomal positions by cosmid fluorescent in situ hybridisation
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Figure 3.6
Recombinant Inbred Strain
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MMS65 hybridisation to 26 BXD recombinant inbred strains

Alleles of locus MMS65 are dimorphic between strains C57BL/6J and DBA/2J (first and
last samples depicted). Hybridisation to a Southern blot of Mbol-digested genomic DNA
from the 26 BXD recombinant inbred (RI) lines generated a characteristic pattern of allele
sizes between strains. Comparison of this strain distribution pattern (SDP) with SDPs of
loci at known chromosomal locations using MapManager software (Manly, 1993) allowed
MMS65 to be localised to chromosome 19. Furthermore, no alleles of sizes detectably
different from the C57BL/6J and DBA/2J progenitor strains were observed amongst the RI
strains indicative of the absence of germline mutation at the minisatellites during the breeding

of the RI strains.
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(FISH analysis by J. Williamson, ICRF, London) (Bois et al., 1998a). The cloned loci were
dispersed over all autosomes except 10 and 13, with one locus (MMS30) located on the

X chromosome (Figure 3.7).

Restriction mapping of mouse VNTR loci

Restriction map analysis was performed for 30 VNTR loci for two reasons. The correlation
between mean array length and allele number has been described (Figure 3.5b). However,
for each locus an unknown length of flanking DNA was present between the two most
proximal Mbol restriction sites adjacent to the repeat array. Restriction map analysis would
determine ‘the total size of this flanking DNA allowing the correlation between array size
and allele number to be more precisely defined. In addition, no information was available
on repeat unit sequence identity within the array. It was therefore unknown whether the
VNTR loci identified were true GC-rich minisatellites similar to those detected in humans,
or had the characteristics of other tandem repeats such as ESTRs. The determination of the
repeat unit sequence required the identification of a region of the cosmid containing
minimal amounts of flanking DNA which could be ligated into a pBluescript II SK* vector
and sequenced using vector-specific primers, thereby maximising the amount of sequence
data generated from within the repeat array. Restriction map analysis would identify the

most appropriate fragments for subcloning.

The strategy used to restriction map the locus of interest is presented in Figure 3.8, using
the example of locus MMS55. Each locus was mapped with at least 5 restriction
endonucleases selected from a panel of 8 enzymes. Sau3Al is an isoschizomer of Mbol so
was included to allow the amount of flanking DNA present on the locus variability profile
detected by hybridisation to the Mbol-digested Southern blot (Figure 3.2) to be determined.
The panel of 8 enzymes were selected for their compatibility of buffers allowing efficient
double-digest combinations as required for restriction mapping, and for their target site
recognition sequences. The generation of high resolution restriction maps surrounding the
VNTR would facilitate identification of the boundaries of the repeat array. Each of the 8
enzymes therefore had 4-5 bp recognition sites; Alul (AGCT), Avall (GG*/;CC),
Ddel (CTNAG), Haelll (GGCC), Hinfl (GANTC), Msel (TTAA), Rsal (GTAC), and
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Figure 3.7
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Distribution of 51 cloned VNTRs localised in the mouse genome

Each chromosome is represented as a vertical line with a circle denoting centromeric
location. Loci which were dimorphic between strains C57BL/6J and DBA/2J were mapped
to chromosomal locations by Southern blot hybridisation to BXD RI strains (Figure 3.6).
Loci monomorphic between these strains were localised by fluorescent in situ hybridisation
(FISH analysis by Jill Williamson, ICRF, London). Locus MMS80 was localised using the
EUCIB backcross (Bois et al., 1998a). Loci are distributed along the lengths of chromosomes,
with evidence of interstitial clustering (e.g. MMS16, MMS18, MMS24 on chromosome 7).
Figure 3.7 was adapted from Bois et al. (1998a).

Chapter 3 Figure 3.7



Figure 3.8
Proximal restriction map analysis of MMS55

a: Selection of enzymes for restriction map analysis
A panel of 8 enzymes was screened for their suitability for the restriction mapping of locus

MMSSS by performing single digests of the MMSS55 cosmid, followed by electrophoresis
of the digestion products and Southern blot hybridisation with the VNTR probe. Enzymes
which cut within the repeat array (e.g. Rsal) were excluded. Of the remaining enzymes,
those generating the largest fragments (to maximise the size of the mapped region) and
more importantly the smallest fragments (to increase map resolution proximal to the repeat
array) were selected. From the 8 enzymes screened, 5 (Alul, Avall, Ddel, Haelll, and Msel)
were selected for restriction map analysis. Sau3AI was included at a later stage (data not

shown).

b: Cosmid digestion products
Each single- and double-digest combination of the cosmid was performed using the five

enzymes selected from Figure 3.8a. Electrophoresis of the digest products revealed multiple

bands from digestion of the vector and insert.

c: Identification of cosmid digestion products containing the VNTR
The gel from Figure 3.8b was Southern blotted and hybridised using a probe for the VNTR.

Cosmid digestion products containing the repeat array were identified, from which a
proximal restriction map surrounding the VNTR locus could be generated. The size of each
positively hybridising band was determined from the distance migrated during
electrophoresis using software modified by Y. Dubrova from Schaffer and Sederoff (1981),
which was based on the linear relationship between the size of DNA fragment and the

reciprocal of fragment mobility (Schaffer and Sederoff, 1981; Southern, 1979).
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Figure 3.8 (continued)

d: Schematic proximal restriction map of MMS55

A proximal restriction map was generated from the banding pattern of Figure 3.8c. The
boundary of the VNTR array is approximated as the distance between the two most
proximal restriction endonuclease target sites. For this locus, Sau3 Al restriction sites were
mapped in a separate experiment performing single- and double-digests of the cosmid with
Sau3Al and each other enzyme (data not shown). For the majority of loci, proximal
restriction maps could be unequivocally established from the band sizes observed. In the
case of MMSS55 (Figure 3.8d), comparison of band sizes of the Haelll and Msel single- and
double-digests clearly demonstrates that there is overlap at each end between the products
of each single enzyme digest, so the order of restriction sites is
Haelll-Msel-VNTR-Haelll-Msel. Analysis of digestion fragments generated by Alul and
Avall indicates that the two most proximal Alul restriction sites both lie nested within the
most proximal Avaell sites, giving an order of restriction sites of
Avall-Alul-VNTR-Alul-Avall. Similar proximal restriction maps of all 30 loci analysed are
presented in Appendix 1. In some cases (e.g. MMS65, Appendix 1), the precise order or
restriction sites could not be determined. In this example, the more proximal restriction
sites for enzymes Haelll, Hinfl, and Sau3Al are nested within the more distal sites for Msel
and Rsal. The two sets of digestion products do not overlap and so the orientation of the
outer sites relative to the inner sites cannot be determined. Whilst the sum (denoted X) of
- the 5" and 3~ distances between outer and inner nested restriction sites can be determined,

each specific 5" and 3" distance cannot.

A cosmid fragment for subcloning was identified. The smallest fragment containing the
repeat array was generally selected to maximise the amount of repeat sequence information.
For MMS55, the Alul fragment was selected and not the smaller Alul/Ddel fragment, as all
ligations were performed under conditions optimised for blunt-ended ligations, and Alul
generated blunt-ended restriction fragments whilst Ddel generated sticky ended fragments.
Selection of the Alul fragment avoided the need for end-filling of the insert DNA prior to
ligation, both simplifying the procedure, and avoiding the loss of yield that would resuit

from the end-filling reaction (Chapter 2).



Sau3Al (GATC). Proximal restriction maps of all 30 loci analysed are presented in

Appendix 1.

Correction of allele sizes using restriction map data

Using the proximal restriction maps containing Sau3Al sites, the amount of flanking DNA
surrounding the VNTR on the Mbol-digested genomic Southern blots (Figures 3.2 and 3.4)
could be more accurately estimated. For three loci (MMS24, MMS46, and MMS59) for
which restriction maps had been generated, the amount of flanking DNA determined by
proximal restriction map analysis was greater than the size of some alleles on the
Mbol-digested Southern blot, indicating that a polymorphic Mbol site was present in these
strains near the VNTR, but was absent from the BALB/c strain from which the genomic
library and therefore restriction map was derived. To support this assumption, the signal
intensity of some small alleles of the VNTR detected by genomic Southern blot was greater
than for larger alleles, indicative of larger arrays of repetitive DNA despite smaller
Mbol fragment size (e.g. MMS24, Figure 3.4)

Excluding these three loci, the correlation between corrected array length and allele number
was greater than for the uncorrected array lengths for all 77 loci (corrected array length for
27 loci, r=0.55; uncorrected array length for 77 loci, r=0.37, Figures 3.9a and 3.9b).
Surprisingly, this improved correlation was not due to the array size correction as the same
loci showed a correlation between allele number and uncorrected array length of r=0.54
(Figure 3.9¢). The loci selected for restriction map analysis were amongst the most variable
minisatellites. This selection apparently identified two groups of loci which displayed
different linear regressions between allele size and variability (Figure 3.9a). Each set of loci
considered separately therefore displayed stronger correlations than when all loci were
combined (selected loci, r=0.54; unselected loci, r=0.41, combined, r=0.37). Therefore, not
only did the correction of mean array size for the amount of flanking DNA by restriction
map analysis fail to improve the correlation between array length and allele variability, but
it is possible that Mbol sites polymorphic between strains are present adjacent to other loci

which would lead to inaccuracies in the calculated mean array size.
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Figure 3.9

Correlation between allele variability and allele size corrected for flanking
DNA

All 77 mouse VNTRs were divided into loci which were selected for restriction map
analysis and those which were not selected. Restriction mapping allowed mean array sizes
to be corrected for the amount of flanking DNA present on Mbol-digested Southern blots.
For all loci combined, mean uncorrected allele size positively correlates with allele number

(correlation coefficient; r=0.37).

(a) Mean uncorrected array size is plotted against allele number for all loci. Loci selected
for restriction map analysis (represented as ®) have a higher regression coefficient than loci

which were not selected (represented as A).

(b) Mean corrected array size of restriction mapped loci correlates better with allele number

than for all loci combined (corrected loci, r=0.55; all loci uncorrected, r=0.37).

(c) The improved correlation was due to locus selection as opposed to the size correction as
the same loci display a similar correlation when corrected and uncorrected for flanking
DNA (corrected, r=0.55; uncorrected, r=0.54). Statistical analysis and preparation of

Figure 3.9 was by Y. Dubrova.




Figure 3.9
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Subcloning tandem repeat arrays for sequence analysis

The cosmid fragments containing the VNTR which were subcloned were selected using
three criteria. The first, as mentioned above, was to minimise the amount of flanking DNA
thereby maximising the amount of sequence generated ffom within the repeat array. The
second reflected the ease with which the band to be digested could be excised from a gel. In
the case of MMSS55 (Figure 3.8), the obvious band to select based on the first criterion is
the product of the Alul/Ddel double digest. This could be readily gel-purified as the
VNTR-containing fragment was easily identifiable on an ethidium bromide-stained gel
(Figure 3.8b). However, a fragment such as the Avall digestion product would not be
selected due to the obvious difficulty in identifying and purifying the band of interest. The
third criterion related to the ease with which the subcloning ligation reactions could be
performed. A large number of cosmid fragments surrounding different loci generated by
digestion with different enzyme combinations were to be ligated into the pBluescript IT SK*
vector. Fragments of insert DNA would therefore have multiple different combinations of
sequence termini, some blunt ended (Alul-, Haelll-, or Rsal-digested termini), others
sticky-ended (Avall-, Ddel-, Hinfl-, Msel-, or Sau3Al-digested termini). To generate a
uniform procedure for VNTR ligations, all sticky-ended termini were end-filled and all
ligations performed under conditions to maximise blunt-ended ligations into the
EcoRV-digested pBluescript II SK* vector (Chapter 2). To avoid end-filling and the
consequential loss of yield during fragment re-purification, enzymes generating blunt-
ended fragments were sometimes preferentially selected (e.g. MMSS5S5, Figure 3.8d). All

subcloned fragments are indicated in Appendix 1.

Successfully transformed clones were identified by blue-white selection of colonies grown
in the presence of X-gal and IPTG (Chapter 2). To confirm the identity of the insert prior to
sequence analysis, the recombinant plasmids of 5 colonies for each cloned VNTR locus
were purified and the insert excised with BssHII which cuts either side of the EcoRV
insertion site within the vector. Electrophoresis confirmed insert size (Figure 3.10a), whilst
Southern blot hybridisation using the original VNTR probe confirmed insert identity
(Figure 3.10b). It is clear from Figure 3.10 that the number of false positives was
surprisingly high and were characterised by either clones with no insert, inserts of

approximately the correct size but lacking VNTR sequences, or inserts of both incorrect
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Figure 3.10
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Verification of size and sequence of the subcloned fragment

Colonies transformed with recombinant pBluescript Il SK+vector containing insert DNA
were identified by blue-white selection. For each locus, five colonies were selected and
grown individually. Plasmid DNA was purified by alkali SDS lysis (Chapter 2) and digested
with BssHIl (GCGCGC) to excise the cloned fragment in accordance with manufacturer's
instructions. Electrophoresis of digestion products allowed cloned fragments to be identified
by size (Figure 3.10a) whilst Southern blot hybridisation with the VNTR probe confirmed
the identity of the insert DNA (Figure 3.10b). Successful transformants were sequenced as

in Chapter 2.
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size and sequence. The reasons for the false positives are unclear but may include a failure
of blue-white selection of colonies due to low efficiency of X-gal digestion by
B-galactosidase, the failure to pick single clones resulting in the outgrowth of cells carrying
recombinant plasmids by cells lacking recombinant plasmids, collapse of the VNTR repeat
array during cloning, and contamination of insert DNA with non-VNTR sequences. Despite
these difficulties, of the 30 loci for which restriction maps were generated, 25 VNTR repeat

arrays were successfully subcloned into the pBluescript II SK* vector.

Sequence analysis of VNTR loci

In total, repeat arrays of 28 cloned VNTR loci were sequenced. A full description of the
sequence data is provided in Appendix 2, with the VNTR repeat unit identities summarised
in Table 3.4. Of the 28 loci, 25 were composed of tandem repeat units 14-47 bp long and
were generally GC-rich with an average 55% GC content, compared to the rodent genome
average of 42% (Robinson et al., 1997). The lowest GC content of any locus sequenced
was MMS58 with %GC=37. This locus had previously been of interest due to its unusual
variability profile detected on genomic Southern blot hybridisation (Figure 3.4) where the
variation pattern was consistent with a form of dynamic expansion operating at the locus.
Each sequenced locus showed variant repeats polymorphic for at least one nucleotide with
the exception of MMSS57, in which nokrepeat unit variants were identified in over
40 tandem repeats. This locus was also notable for having the second largest range of allele
sizes (Table 3.3). Curiously, the repeat unit of MMSS57 has the potential to form a hairpin
structure involving 16/24 bases, raising the possibility of dynamic mutation processes
operating at this locus. Three loci, MMS49, MMS52, and MMS65, appear to be large
degenerate STRs (Appendix 2). Their allele size distributions and levels of variability were

similar to those seen for authentic mouse minisatellites (Table 3.3).

Despite efforts to minimise the amount of mouse genomic DNA flanking the VNTR that
was cloned and sequenced, many subcloned loci did contain flanking sequences. In each
case, homology searches were performed using the BLAST and FASTA software packages
within the Genetics Computer Group (GCG) Sequence Analysis Software Package version
10.0 programs (Devereux et al., 1984). A single positive result was identified. Sequences

flanking MMS39 displays perfect homology to cDNA from the mouse hairless (hr) gene
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Table 3.4

Mouse VNTR repeat unit sequences and polymorphisms

Locus Repeatunit %GC Repeat unit sequence
size (bp)
MMS5 24 63 CTTARGRTCYGTGGGCAGGCTCAV
MMS9 20 65 GGRGYAGGGTASGAGAGTGA
MMS18 14-17 67 GGGTGACA[V] [H]G,_A[CIDGRT
MMS24 28 64 TGTGAGCACRTGMCTGCAGTGTCTGCYV
MMS25 17 70 GGGTCCCTMCTCCYCAT
MMS26 46 59 GCACACTGCTGCTTCTCYGCAGTGKTCTCMTGCCCATAGTCTCCAT
MMS30 39 47 AGGAGATTCMSTTCACACTATACAGAAGATGGTGTCAGC
MMS35 28 57 GGCCATGCCAGTGGTCCTTTCACWCTCA
MMS38 47 62 GGGGATTCCACAGGGKGCCTGTGGTCCAGCACCTGGACAACATGGCT
MMS39 30 60 GATGTYSCWGTGYGTGCTCCCACCTCCTGT
MMS41 42 71 GGCCCACACCAGGGGCTGACTCCSAGGAGCAGGCTGGGAGCA
MMS44 39 43 CCTGCTGASASCATCTTCTGTATAGTGTGAASKGAATCT
MMS45 40 44 GGGTAGGGTRGAGATACTCAGTTGTTACACTGTCATCTAA
MMS47 38 45 TTTYCTGACCTAGCTTACCTTTGGTGTTAGAGCGTGTG
MMS48 19 68 GGCASAGGGANGRSAGCAG
MMS49 3-17 58 Ci(T8) 145
MMS52 4-9 57 C,.. T, ,CA[T] [YT]
MMS54 20 60 ARGA [TGCTG] GTGAGYACAGC
MMS55 44 48 GGRKGAGGGCASATRCTGAG (TG) ,_ [T1ACATG (T) ;_sGCATGAT
MMS57 24 50 GCTGTGTAGACAGAGCAGTAGAGT
MMS58 27 37 TTGGTTAGRTAGTTGATACATGCTCAC
MMS60 25 60 cCcTCc[TeC] [A] TGTGCTCCY [Y] TGT [TCT]
MMS63 31 55 TCCCCAGTCTGACCTCRTAGTCTATCTGTCC
MMS65 62 GC-rich STR
MMS69 41 54 GGGTRCCAGCATYCCCAGCTCTATCTGAGCACACTCTCTAT
MMS71 20 45 CYKGCTRTAGATGWTGACTT
MMS73 31-39 47 (TG);TA(TG) .4 [C] [A] [T] [G]1CACTATASCCY
MMS80 40 53 CCAGCCCATGGGACAGACTGTA [TA] RCACTAGGTCAGTCCT

The sequence of the common repeat for each VNTR locus is given, together with the size

of repeat and GC content (%GC). Polymorphic bases are highlighted in bold and described

using international degeneracy codes. Square brackets indicate bases, or groups of bases,

that are deleted in some variant repeats. Internal dinucleotide repeats are indicated by

parentheses. In general, variant sites are only indicated if variants were detected in 22

repeat units. Poor sequence quality or very high levels of variant repeat diversity mean that

some repeat unit sequences are simplifications or approximations. A full description of

VNTR sequences is provided in Appendix 2.
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(Figure 3.11) identifying a new VNTR located within intron 16 of the gene (hairless cDNA
sequence: GDB accession number AA760207).

Discussion

Screening for VNTR loci

Two independent approaches have been employed to isolate mouse minisatellites. The first
mainly used the cross-hybridising properties of previously isolated VNTR probes and of
synthetic tandem repeat probes to screen either a size-selected charomid library or a
commercial genomic cosmid library. The screening of 9000 clones led to the generation of
166 probes of which 31 hybridised to single VNTR loci (Table 3.2). The second approach
relied on the restriction digestion-resistant characteristics of tandem repeat arrays. From
6700 clones of the genomic cosmid library, 251 probés were generated of which
61 hybridised to single VNTR loci (Table 3.2). A total of 77 different VNTRs were
identified (Table 3.3).

In general, the digestion-resistance screen may be considered a preferable approach towards
the identification of VNTRs for a number of reasons. i) Whilst there are inherent biases
within each cloning strategy, the digestion screen, by avoiding most of the sequence bias of
the hybridisation strategy, will identify a more representative selection of mouse VNTRs.
ii) To identify one single-locus VNTR probe, an average of 110 colonies were screened by
digestion-resistance compared to 290 clones for the cross-hybridisation approach. This
difference is not surprising as the largely sequence-independent digestion strategy would be
capable of identifying a wider range of tandem repeat sequences, and the insert size within
the cosmid library was greater than the charomid library. iii) The ideal locus for analysis
would have all alleles of sizes below 4 kb. The digestion resistant screen identified loci
with significantly shorter alleles (defined from Mbol-digested genomic Southern blots) than
the hybridisation screen (median test, ’=4.20, 1 df, p<0.05). This difference is most likely

due to the size-selection procedure employed to generate the charomid library.

When data from each cloning strategy are combined, 60% of all probes used for Southern

blot hybridisation generated no signal (Table 3.2), severely hampering the efficiency of
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MMS39 is located within intron 16 of the hairless gene

The sequence of the repeat array and flanking DNA of locus MMS39 is presented in a 3'to 5" orientation with the region of
homology to exon 16 of the hairless gene underlined. The sequence contained 93 bp of complete identity to the published cDNA
sequence (data not shown). The minisatellite repeat begins 42 bp from the 5" end of intron 16. The 5" sequence of the clone was

not characterised.



each technique. Possible reasons for this lack of signal have been discussed and include
poor quality of probe DNA or of o-**P-dCTP radiolabelling, and the possibility that
single-copy DNA resistant to digestion with the enzymes selected had been isolated. An
obvious solution to overcoming the problem of single copy DNA for the digestion-resistant
strategy is to discard smaller digestion-resistant fragments as the probability that a region of
single-copy DNA will be digested increases with its size. The mean size of probes which
detected single locus VNTR loci isolated by this approach was 1.59 kb, compared to
1.46 kb for probes which generated no signal (data not shown). Whilst a small difference in
probe sizes can therefore be detected, the similarity of the sizes argues against any
recoverable probes being discarded. Furthermore, 2/3 of all VNTRs were identified using
probes of <1.5 kb, so removal of such probes from this screen would greatly reduce

screening efficiency.

VNTR variability profiles
The 77 VNTR loci displayed a wide range of variabilities between both inbred and wild

strains of mice (Figure 3.4), and a correlation was identified between mean size of alleles
and locus variability. Intra-allelic mutation rate at human minisatellite CEB1 is dependent
on allele size (Buard et al., 1998). Whilst it is tempting to speculate that the length-
dependent variabilities observed at mouse VNTRs indicates that mouse minisatellite
mutation is dominated by similar intra-allelic mutation processes, Armour et al. (1994)
identified a similar trend between repeat number from within the original VNTR clone and
the number of alleles identified at different human minisatellite loci, despite a high
frequency of inter-allelic mutation events having been identified at a number of human loci

(Jeffreys et al., 1999).

Forty-eight loci including the most highly polymorphic clones were screened for evidence
of de novo mutation by analysis of allele size in the BXD RI strains of mice. Surprisingly,
no loci with mutation rates of 210 were detected. By comparison, cross-hybridisation
methods used to screen human size-selected libraries yielded 32 independent minisatellites,
at least 5 of which displayed a level of instability in excess of 0.5% per gamete (Armour ef
al., 1990; Royle et al., 1992; Wong et al., 1986; Wong et al., 1987). Whilst it is possible

that a small number of mouse minisatellites with mutation rates of =10 do exist, this
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difference suggests a systematic shift in instability profiles between the human and mouse
genomes, and raises the possibility that mouse minisatellites are processed in the germline
differently from their human counterparts. Due to the apparent absence of hypermutable
mouse minisatellites, no further attempts to identify endogenous minisatellites from mice

are planned.

VNTR sequence analysis

To confirm that authentic minisatellites had been identified, proximal restriction maps were
generated for 30 loci (Appendix 1) and the repeat arrays of 28 loci were subcloned and
sequenced ‘(Table 3.4, Appendix 2). Sequences of the majority of loci were very similar to
true human minisatellites (Armour et al., 1993; Buard and Vergnaud, 1994; Jeffreys et al.,
1991a; Neil and Jeffreys, 1993), with GC-rich repeat units of 14-47 bp in length, and the
presence of sequence polymorphisms between repeats inbeach array with the single
exception of MMSS57. Three loci were large degenerate GC-rich STRs. This was not
surprising given that the screening strategies tend not to select for repeat unit size within
the array, but rather for the base composition, repetitive nature, and overall size of the
cloned locus. It was not possible to compare sequences of loci isolated by the digestion-
resistance screen with those from the hybridisation screen to determine whether a
difference existed between the loci identified using the alternate approaches as only 3 of the

sequenced loci were identified exclusively using the hybridisation strategy.

Three minisatellites, MMS39, MMS57, and MMS58, were of particular interest due to their
unusual characteristics defined both by sequence analysis (Table 3.4) and allele size
variability profiles (Figure 3.4). MMS39 displays moderate levels of polymorphism despite
the restriction of allele sizes to a range of just 400 bp (representing 10-15 30 bp repeats).
Only two other loci, MMS60 and MMS67 showed similar levels of variability over such a
small size range. Sequence analysis of the DNA flanking MMS39 identified the locus to be
situated within intron 16 of the hairless gene (hr). hr encodes a putative transcription factor
with a single zinc-finger domain, which is highly expressed in both brain and skin (Ahmad
et al., 1998a; Cachon-Gonzalez et al., 1994; Thompson, 1996). Homozygous recessive
mice with the hr mutation or the more severe rhino mutation (47*) in the hairless gene

become essentially naked by the third week of life (Mann, 1971). Furthermore, immune
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defects associate with the hr mutation with kr/hr mice of the HRS/J strain having a higher
incidence of leukaemia than their normal sibs and a lower cellular immune response against
viruses (Heiniger et al., 1976; Hiai et al., 1977). Analysis of its human homologue (HR)
revealed high levels of conservation of both sequence and genomic organisation between
the species (Ahmad et al., 1998b; Ahmad et al., 1999). Mutations in the human hairless
gene have been implicated in congenital atrichia, a rare form of hereditary hair loss
characterised by the complete shedding of hair shortly after birth (Ahmad et al., 1998a;
Nothen er al., 1998). The hr mutation in the HRS/J strain was caused by the insertion of a
murine leukaemia provirus into intron 6 of the gene which was thought to interfere with
mRNA splicing (Cachon-Gonzalez et al., 1994; Stoye et al., 1988), whilst the more severe
rhino phenotype is due to a nonsense mutation within exon 4 (Ahmad et al., 1998b). The
intronic location of MMS39 may explain its narrow size window of allele variation as large
alleles may interfere with either gene transcription or mRNA splicing and so be selected
against. It is unknown whether any hairless strains of mice carry MMS39 alleles of unusual
sizes, or whether any phenotype would be associated with VNTR alleles outside of the size
window described in Table 3.3. No further work was undertaken at MMS39 due to time
constraints. The intronic minisatellite was instead brought to the attention of Dr. Angela
Christiano who has worked extensively on the mouse hairless gene (e.g. Ahmad et al.
(1998a); Ahmad et al. (1998b); Ahmad et al. (1999)).

Minisatellites MMS57 and MMSS58 display characteristics consistent with a form of
dynamic mutation operating at the loci. Both loci will be considered in greater detail in
Chapter 4.

Variant repeat distribution in three mouse minisatellites

Systems of MVR-PCR were established for three of the most variable mouse minisatellite
loci (MMS24, MMS26, and MMSB80) to investigate allele structures (MVR-PCR was
performed by P. Bois) (Bois et al., 1998a). All loci showed human-like interspersion of
variant repeats with considerable structural allelic variability between strains of wild mice
(data not shown). Alleles could be readily divided into closely related groups by aligning
regions of MVR map similarity (Bois et al., 1998a). This ability to define allele lineages

means that mouse minisatellites may be used as tools for the study of population diversity
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and evolution. The application of mouse minisatellites to phylogenetic analysis will be

considered in Chapter S.

Comparison of allele structures also provided indirect evidence for the mechanistic basis of
mouse minisatellite instability. Structural differences between closely related alleles tended
to invol\}e small numbers of repeats, with evidence of local reduplications and no clear
signs of polarity or inter-allelic exchange in contrast to the polarised inter-allelic processes
observed to operate at high frequency at a number of human minisatellites. While this
indicates that mouse minisatellites are likely to mutate mainly by intra-allelic mechanisms,
an inter-allelic component to mutation cannot be excluded. The modest allelic diversity
observed suggested a rate of germline instability well below 10 per gamete. Mutation
analysis by SESP-PCR at locus MMS80 indicated that the mutation rate is likely to be well
below 10 as a screen of 10° sperm from a BALB/c mouse homozygous for a 47 repeat

allele failed to detect any mutations (Jeffreys et al., 1997).

Chromosomal localisation of mouse VNTRs

In humans, minisatellites tend to be clustered in proterminal chromosomal regions (Royle
et al., 1988b). In contrast, previous studies in mice have demonstrated that large VNTRs
have interstitial distributions (Jeffreys et al., 1988; Julier et al., 1990). Similarly, we found
no evidence for clustering towards telomeres, although there was evidence of interstitial
clustering. This distribution of VNTRs is interesting given the recombination-based
instability of human minisatellites, which has been proposed to be a result of their possible
involvement in pairing between homologous chromosomes at meiosis. In the mouse
genome, meiotic chromosomes pair at multiple interstitial locations, whilst in humans,
pairing is initiated near chromosomal termini reflecting the differential distribution of

VNTRs observed between the species (Carpenter, 1987).

A screen for minisatellite loci from the human, pig, and rat genomes identified similar
differences in VNTR distribution patterns with 90% of human VNTRs clustered in
subtelomeric regions compared to 66% and 30% in pigs and rats respectively. We detected
the localisation of only 15% of mouse VNTRs in these regions. Comparative mapping of

the locations of minisatellite-containing regions in the human, pig and rat genomes
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demonstrated that the VNTR-rich interstitial sites in pig and rat often correspond to
terminal cytogenetic bands in humans (Amarger et al., 1998). For example, 3 of the
11 interstitial VNTRs detected in pigs are clustered on chromosome 6q2.1-q2.2 which
corresponds to the position of an ancestral chromosomal fusion event and contains
remnants of the telomere array (Gu et al., 1996). The homologous regions in humans are
present on chromosomes 1 and 19 (Goureau et al., 1996; Yerle et al., 1997). It was
therefore suggested that minisatellites were created near telomeres, and that their
internalisation arose from cytogenetic rearrangements involving chromosomal ends

(Amarger et al., 1998).
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Chapter 4

Variant repeat distribution in two mouse
minisatellites

Summary

Variant repeat distribution was analysed at two endogenous mouse minisatellites, MMS57
and MMSS58, both of which were identified in Chapter 3 with characteristics suggesting the
possible operation of dynamic mutation processes. MMS57 displays the second greatest
range of allele sizes of all true mouse minisatellites characterised to date. Sequence analysis
of the MMS57 clone revealed complete uniformity in tandem repeat sequence, and the
potential for the repeat array to form a hairpin conformation involving 16/24 bases within
each repeat. In this chapter, analysis of alleles from a number of mouse strains identified
variant repeats which differed in their capacity to form hairpin conformations. The
purine-rich strand of a variant termed 'G' formed predicted hairpin conformations with
thermodynamic stability comparable to the FRA16B repeat array. MVR-PCR analysis
identified large homogeneous arrays within large alleles composed entirely of G-type
repeats, consistent with the operation of hairpin-mediated dynamic expansions at this locus.
Large homogeneous arrays of variant repeats which were not predicted to form stable
hairpins were not detected. MMSS58 was the most AT-rich mouse minisatellite identified.
Despite the majority of MMSS58 alleles being small, large alleles were identified in a small
number of strains, suggesting that MMSS58 undergoes dynamic expansions. However,
MVR-PCR and DNA conformation analyses failed to identify evidence for dynamic
mutation processes operating at this locus. Instead, MMSS58 is likely to be a recently
expanded minisatellite, which may have undergone independent expansions in both

Mus m. domesticus and Mus spretus.

Introduction

Three of the most variable loci isolated in Chapter 3, MMS24, MMS26, and MMSS80, had
been further analysed by MVR-PCR (Bois et al., 1998a). Mutation screening at MMS80 by
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SESP-PCR failed to identify any do novo mutation events in 10° sperm analysed (Jeffreys
et al., 1997), demonstrating the severe limitations of using these loci to analyse
mechanisms of minisatellite mutation in mice. While such systems of MVR-PCR have
potential use in mouse phylogenetic analysis (discussed further in Chapter 5), the detailed
analysis of further loci displaying similar levels of variability was unlikely to improve our
understanding of mutation processes operating at mouse minisatellites. However two loci,
MMS57 and MMS58, displayed characteristics consistent with mutation mediated by a

form of dynamic instability and so warranted further investigation.

Dynamic mutation refers to the large expansions of tandem repeat arrays which occur
within a single generation at a subset of triplet repeat loci (Mitas, 1997; Richards and
Sutherland, 1997) and AT-rich minisatellites (Bois and Jeffreys, 1999; Yu et al., 1997).
Typically, these expansions occur from within an array of homogeneous repeat units above
a certain size threshold (Richards and Sutherland, 1997). Dynamic instability may occur by
polymerase slippage during DNA replication where the nascent strand dissociates from the
template allowing the two strands to slip relative to each other. Successful priming from the
slipped strand results in a change in repeat number. The putative formation of hairpin
structures, triplexes, or tetraplexes by both unstable triplet repeats and AT-rich
minisatellites such as FRA16B may mediate dynamic expansion events at these loci (Bois
and Jeffreys, 1999; Mitas, 1997; Yu et al;, 1997) as unusual DNA conformations may
stabilise the slipped strand intermediate, thereby increasing the probability that synthesis
would re-initiate from the slipped strand position (Weitzmann et al., 1997). Variant repeats
which disrupt secondary structure formation would reduce the probability of dynamic
expansions occurring (Richards and Sutherland, 1997). However, despite the standard
dogma that dynamic mutation occurs through intra-allelic mechanisms of slippage, there is
evidence that flanking sequences (Brock ez al., 1999) and even the identity of the allelic

homologue (Igarashi et al., 1996) may affect mutation rate.

MMS57 displays the second largest range of allele sizes (1-11 kb) of all loci identified in
Chapter 3, suggesting that mutation events may involve unusually large changes in repeat
array length. Analysis of over 40 repeats from the cloned minisatellite found complete

sequence identity between all repeats. The repeat array also displayed the potential for
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hairpin formation in which 16/24 bases within each repeat could form Watson-Crick base
pairings. These characteristics are all consistent with mutation processes mediated by

dynamic instability.

The allele size distribution of MMS58 (Figure 3.4) revealed that whilst alleles in most
strains were very short, a minority of mice displayed much longer alleles again consistent
with large changes in array length. Furthermore, the locus is the most AT-rich minisatellite
identified in the mouse, although in contrast to the human AT-rich minisatellite FRA16B
which is bsubject to dynamic mutation, the MMS58 repeat unit displays no apparent

palindromic characteristics.

If both MMS57 and MMSS58 do undergo dynamic expansions, two testable predictions can
be made. The first is that the repeat array would show the potential for the formation of
secondary conformations from single-stranded DNA. The second is that large (and
therefore potentially dynamically expanded) alleles would be composed of large arrays of
homogeneous hairpin-forming repeat units. Both predictions are tested in this chapter, the
first by computer analysis of the repeat unit sequences for their potential to form secondary
structures, the second by the characterisation of variant repeat type distribution by
MVR-PCR.

Computer analysis of putative DNA conformation

Two programs were employed to determine the potential for DNA secondary structure
formation. The first is the stemloop algorithm within the GCG molecular biology software
package (Devereux et al., 1984) which searches for inverted repeats (therefore putative
DNA hairpins) within the selected sequence. The algorithm compares the input sequence
with the inverted input sequence at each base, and in every register, to identify the most
stable putative hairpin loops. A more sophisticated algorithm for the identification of
putative hairpin structures is provided by the Mfold version 3.0 software, available at
http://mfold.wustl.edu/~folder/dna/forml.cgi. The software, described by SantaLucia
(1998), is based on the nearest-neighbour (NN) model for nucleic acid binding, which
calculates the stability of a given base pairing modified by the identity and orientation of

neighbouring nucleotides. The binding energies assigned to each NN pair were derived
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from seven studies on natural polymers, synthetic polymers, oligonucleotide dumbbells,
and oligonucleotide duplexes (Allawi and Santal.ucia, 1997; Breslauer et al., 1986;
Delcourt and Blake, 1991; Doktycz et al., 1992; Gotoh and Tagashira, 1981; SantaLucia et
al., 1996; Sugimoto et al., 1996; Vologodskii et al., 1984) and were empirically corrected
for salt dependencies (SantalLucia, 1998; Santal.ucia et al., 1999). Salt concentrations were
set at 10 mM Na*, 0.5 mM Mg*, reflecting the intra-cellular concentrations of each ion in
mammalian cells (Alberts et al., 1989). The stability of hairpin structures was calculated at
37°C.

Analysis of variant repeat distribution

The analysis of minisatellite loci based purely on allele size provides a very limited picture
of allelic variation. Analysis of variant repeat distribution, most typically by MVR-PCR,
allows relationships between the structures of different alleles to be compared. MVR-PCR
can rapidly determine repeat type distribution throughout regions in excess of 100 repeats.
Division of alleles by MVR code into distinct subgroups also allows minisatellites to be
used as tools to study phylogeny at the locus, from which population structure may be
inferred (see Chapter 5). Patterns of variation both within and between allele groups may be

informative as to the mutational mechanisms which underlie the observed variation.

The design of a system of MVR-PCR can be broadly divided into 3 stages. Initially,
systems must be established for the amplification by PCR of the locus which allows: i) The
accurate sizing of alleles; ii) The physical separation and purification by electrophoresis of
amplified alleles from a heterozygous subject, from which MVR codes may be determined
unequivocally for each allele, and; iii) The sequencing of amplified alleles without the need
for cloning. The second stage is to generate sequence data from alleles derived from
different strains of mice, in order to identify variant repeats which may be distinguished by
MVR-PCR. Some sequence data for repeat-type distribution of both MMS57 and MMS58
has been described in Chapter 3. However, these sequences were derived from cosmid
subclones which may have undergone rearrangements during the cloning process.
Furthermore, variant repeat identity can vary substantially between strains of mice (for
example at locus MMS26 (Bois et al., 1998a)) so repeat types common in many strains

may have been absent from the BALB/c mouse from which the cosmid library screened in
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Chapter 3 was derived. Finally, the system of MVR-PCR needs to be designed and
optimised with the criteria of maximum informativity and efficiency (the ability to detect
and distinguish as many variant repeats as possible, whilst minimising the number of MVR

primers and therefore the number of reactions required to type each allele).

No variant repeats had been identified at MMSS57. This was highly unusual for both human
and mouse minisatellites. Initially, MVR-PCR at this locus was considered as a technique
by which large numbers of repeats from within a range of alleles could be screened for
variants, which would be potentially identifiable as null repeats (unamplifiable repeats due
to the presence of sequence variants which prevented annealing of the MVR primer). An
alternative approach to MVR-PCR analysis was considered for locus MMS58. Genomic
Southern blot hybridisation (Figure 3.4) and restriction map analysis (Appendix 1) of this
locus demonstrated that the repeat array of the largest allele detected was only ~1 kb and so
all alleles could potentially be analysed directly by sequencing of PCR products. However,
where multiple alleles were to be analysed, MVR-PCR was considered to be a quicker and

cheaper approach than direct sequence analysis.

Results

PCR amplification of MMS57 and MMS58

Prior to the investigation of either putative DNA conformations by computer analysis, or
variant repeat distribution by MVR-PCR, methods were established for the amplification of
alleles at each locus for the reasons described above. Sequence data for both MMS57 and
MMS58 had been previously generated from cloned fragments designed to include minimal
amounts of flanking DNA to maximise information available from within the repeat array
(Chapter 3). As a result, <50 bp of flanking sequence were available for each locus
(Appendix 2). Further regions of each cosmid were therefore selected from the restriction
maps (Appendix 1) to include either 5" or 3" flanking regions and the repeat array, as
indicated in Appendix 1. For MMSS57, 807 bp of 5” and 385 bp of 3" flanking sequence
were generated, whilst for MMS58, 956 bp of 5” and 185 bp of 3” sequence were produced.
(The designation of 5” and 3" in these non-coding regions is arbitrary.) Primers for PCR

amplification were designed either side of each locus. Sequence data and primer location
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for each locus are presented in Appendix 3. The products of PCR amplification are

presented for both MMS57 (Figure 4.1) and MMS58 (Figure 4.2).

Variability profiles for both loci have been described. Alleles including the ~10 kb MMS57
allele from strain MBK were successfully amplified (Figure 4.1). Levels of size variation
amongst the smaller alleles of both loci are more clearly apparent when typed by PCR
compared with genomic Southern blot hybridisation. A number of additional strains of
mice were amplified, including two strains of Mus spretus which diverged from
Mus musculus approximately 1-2 million years ago (Boursot et al., 1996). MMSS57 displays
a fairly continuous allele size distribution with alleles of between 0.5 kb and 10 kb. In
contrast, the majority of MMSS58 alleles are small and composed of between 2 and 5 repeat
units. Larger alleles are present, most notably in inbred strain BALB/c (35 repeats), and the
Mus m. domesticus wild strains 22MO and BFM (both alleles were identical by size at
22 repeats). As with the mouse loci MMS24, MMS26, and MMS80 (Bois et al., 1998a),
MMS57 alleles in Mus spretus are shorter than in most strains of Mus musculus, indicating
expansion of the minisatellite to have occurred after the Mus spretus/Mus musculus
divergence, reminiscent of the minisatellite differences observed between primates and
humans (Gray and Jeffreys, 1991). However, in contrast to MMSS57 and all other mouse
minisatellites analysed by MVR-PCR (Bois et al., 1998a), alleles of MMSS58 in
Mus spretus are larger than in most strains of Mus musculus (Figure 4.2) indicating that
either the ancestral state was an expanded form of the locus which had suffered deletions in
most Mus musculus strains, or that the locus has expanded independently in both

Mus spretus and a subset of Mus musculus strains.

Sequence analysis of minisatellite alleles

Sequencihg of the cloned MMS57 and MMS58 loci derived from a single BALB/c mouse
had demonstrated that for MMS57, no variant repeats were present, while there were two
variants of MMS58 which displayed repeat sequence divergence at a single nucleotide
(Chapter 3). To extend the range of alleles from which sequence information on the repeat
array was available, a selection of alleles of each locus was amplified and sequenced from a
number of mouse strains. Each allele selected was <1.6 kb to facilitate clean (i.e. without

PCR collapse) amplification to levels detectable on ethidium bromide-stained gels prior to
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Figure 4.1

PCR amplification of MMS57

Genomic DNAs from strains of wild and inbred mice were amplified, and products detected
by Southern blot hybridisation. PCR amplification clarifies the level of variation between
the smaller alleles at this locus compared with hybridisation of the same probe to genomic
Southern blots (Figure 3.4). The first two samples from Mus spretus failed to amplify on
the autoradiograph presented, suggesting that polymorphisms may exist between Mus
spretus and Mus musculus within the primer sites. However, Mus spretus alleles were
successfully amplified in further experiments and were shown to be very short, composed

of just three repeat units.

General PCR conditions were as described in Chapter 2. Alleles were amplified with
flanking primers 57-C and 57-D from 20 ng of genomic DNA at 96°C for 40 s, 60°C for 30
s, 70°C for 3 min for 22 cycles. PCR products were electrophoresed through a 40 cm 1%
agarose gel, Southern blotted, and hybridised. To amplify alleles to levels detectable on

ethidium bromide-stained gels, 28 cycles of PCR were performed.
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Figure 4.2
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PCR amplification of MMS58

Genomic DNAs from strains of wild and inbred mice were amplified, and products detected
by Southern blot hybridisation. The majority of alleles were very small and composed of
2-5 repeats. However, large expansions were detected in strains BALB/c, 22MO, and BFM.
Alleles from Mus spretus strains of mice were also larger than in most strains of Mus

musculus, composed of 9 repeat units.

Alleles were amplified with flanking primers 58-C and 58-D from 20 ng of genomic DNA
at 96°C for40 s, 55°C for 30 s, 70°C for 2 min for 21 cycles. PCR products were electrophoresed
through a 40 cm 1.5% agarose gel, Southern blotted, and hybridised. To amplify alleles to

levels detectable on ethidium bromide-stained gels, 27 cycles of PCR were performed.
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sequencing. The results of this sequence analysis are presented in Figure 4.3. In contrast to
the sequence from the MMS57 cosmid clone, 4 variant repeats were detected after partial
sequencing of only 4 alleles. The two most common repeat types, designated A and G, were
present in each allele analysed. At MMSS58, within the 9 alleles sequenced only two variant
repeats, designated C and T, were identified and were identical to those detected in the
cosmid clone. Names of the two most common variant repeats at each locus were

determined by the nucleotide identity at the variant site (Figure 4.3).

Computer analysis of DNA conformation

MMS57

The two common variant repeats of MMS57, A and G (Figure 4.3), were analysed for their
potential to form secondary DNA conformations using the stemloop (Devereux et al., 1984)
and Mfold (SantaLucia, 1998) algorithms. The stemloop program revealed a difference in
the potential of the two variants to form hairpins, with the A-type repeat forming a
stemloop involving 14/24 nucleotides per repeat unit, compared with 16/24 nucleotides for

the G-type repeat (Figure 4.4).

Sequences of 10 identical repeats from each strand of each of the two variants were
analysed using the Mfold software (Figure 4.5a). Neither strand of the A-type repeat
displayed any propensity for hairpin formation. However, complex structures were formed
from the G-type repeat, most notably for the purine-rich (67% purine) strand. For 10 repeat
units, the predicted free energy for this structure was AG=-23.5. In contrast to analysis by
the GCG program, this predicted hairpin structure involved only 14/24 nucleotides within
each repeat with the discrepancy most likely attributable to the NN factors and steric

hindrance taken into account by this more sophisticated form of analysis.

To evaluate whether a DNA conformation with an associated AG=-23.5 could potentially
have an impact on mutation dynamics, Mfold analysis was performed on each strand of
each of the two common repeat units from the FRA16B locus (Yu et al., 1997) (Figure
4.5b). Sequences representing 7°/;; repeats at FRA16B (total length identical to 10 repeats
of MMS57) were analysed. Structural analysis with Mfold demonstrates that each strand of
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Figure 4.3

(a) MMS57
Variant Sequence
G CACTCTACTGCTCTGTCTACACAG
A CACTCTACTGCTCTGTCTACACAA
D CA--CTACTGCTCTGTCTACACAA
E ACTCTACTGTTCTGTCTACACAA
Strain Variant repeat distribution

5->3
C3H GAAGGGG:- - -
MBK GAAAGGG - - * GGGGGGGGE
C57BL/6 GAGGGAA
DOT GAAGGGAADAA
(b) MMS58
Variant Sequence
c CCTAACCAAGTGAGCATGTATCAACTA
T TCTAACCAAGTGAGCATGTATCAACTA
Strain Variant repeat distribution

3"->5
BALB/c « - TTTTCCTTTTTTCTTTTT
22MO CTTTTCCCTTTTTTCTTTTT
DBV CTTTTCTTT
DGA CTTCTTT
DDO ccrccT
C57BL6 CTTTT
DJO CTTT
DOT CTT
MDH CT

Minisatellite sequences from inbred and wild strains of mice

Sequence data were generated from the repeat arrays of 4 alleles of MMSS57 (Figure
4.3a) and 9 alleles of MMS58 (Figure 4.3b). Four and two variant repeats were
identified for MMS57 and MMS58 respectively, the sequence identities of which are
presented. Sites polymorphic between variant repeats are underlined. Repeat-type
distribution within sequenced alleles is represented as codes of variant repeats. Dots

represent breaks in allele code due to incomplete sequence data.
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Figure 4.4

G-type repeat
CACTCTACTGCTCTGTCTACACAG
TCTGTCTACACAGCACTCTACTGCTCTGTCTACACAGCACTCTACTGCTCTGTC

s I .

ACACATCTGTCTCGTCATCTCACGACACATCTGTCTCGTCATCTCACGACACAT

16/24 base pairs formed per repeat

A-type repeat:
CACTCTACTGCTCTGTCTACACAA
TCTGTCTACACAACACTCTACTGCTCTGTCTACACAACACTCTACTGCTCTGTC

N N i A e e

ACACATCTGTCTCGTCATCTCACAACACATCTGTCTCGTCATCTCACAACACAT

14/24 base pairs formed per repeat

Stemloop analysis of MMS57 variant repeats

Arrays of (G), and (A), tandem repeats were analysed with the stemloop single-strand
DNA folding program within the GCG package of molecular biology software (Devereux
et al., 1984). Single copies of the G and A repeats are indicated in grey, and sites
polymorphic between the variant repeats underlined. Positions for the putative formation
of Watson-Crick base pairs are indicated with vertical lines. G-type repeats may form
hairpins involving 16/24 bases per repeat, whilst A-type repeats may form hairpins with
14/24 bases per repeat.
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Figure 4.5

Mfold identification of putative variant repeat DNA conformations

The  Mfold program (SantaLucia, 1998), available at
http://mfold.wustl.edu/~folder/dna/form1.cgi, uses the nearest-neighbour model for nucleic
acid binding which assumes that the stability of a given base pair is dependent on the
identity and orientation of neighbouring base pairs (Crothers and Zimm, 1964). Sequences
of a single repeat unit, and the (arbitrary) designation of sense and antisense strands are
presented. In each case, the structure with the lowest associated free energy (AG) is shown.
(a) Ten tandem copies of each strand of each of the two MMSS57 variant repeats were
analysed under conditions of 37°C, 10 mM Na*, 0.5 mM Mg** (Alberts et al., 1989). There
is clearly a striking difference between the propensity for G-type repeats to form hairpin
structures compared with A-type repeats, most notably within the purine-rich (designated
antisense) strand. Neither strand of the A-type repeat formed any secondary conformation,
with the exception of a small loop at the start of the sequence which results from end
effects associated with the analysis of a linear sequence. (b) Variant repeats of FRA16B
(Yu et al., 1997) were also analysed for comparison between the values of AG associated
with MMS57 secondary structures, and the secondary structures of a locus known to
undergo dynamic expansions. For FRA16B, 7°/;, (7.3) repeats were analysed to keep the
total array lengths analysed (240 bp) consistent between both MMS57 and FRA16B.


http://mfold.wustl.edu/~folder/dna/forml.cgi

Figure 4.5

a
Repeat G Repeat G
Strand Sense Strand Antisense

Sequence (CACTCTACTGCTCTGTCTACACAG)10 Sequence (CTGTGTAGACAGAGCAGTAGAGTG)10

1A

dc ®  -5.9  MMS57 G-type strand 1 dG *  -23.5 MMS57 G-type strand 2

Repeat A Repeat A
Strand Sense Strand Antisense
Sequence (CACTCTACTGCTCTGTCTACACAA)10 Sequence (TTGTGTAGACAGAGCAGTAGAGTG)10

dG * 0.6  MHS57 fl-tape strand 1 dG = 0.4  MHS57 fl-type strand 2
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b

Repeat A Repeat A
Strand Sense Strand Antisense
Sequence (ATATATTATATATTATATCTAATAATATATCTA)7.3 Sequence (TAGATATATTATTAGATATAATATATAATATAT)7.3

A— ft

w /> e vV \
A/ wmVYV

7
0
-0 )
dac m -21.8 FRH16B H.1 dG - -20.3 FRR1GB fl.2
Repeat B Repeat B
Strand Sense Strand Antisense

Sequence  (ATATATTATATATTATATCTAATAATATATATA)7.3 S equence (TATATATATTATTAGATATAATATATAATATAT)7.3

C Q

dc m -27.2 FRB1G8 B.2

d= -%i.3 HHGBBI

Chapter 4 Figure 4.5b



each variant is capable of forming secondary structures with a range of AG from AG=-20.3
to AG=-27.2 (Figure 4.5b). The AG of the MMS57 putative hairpin lies within this range,

consistent with the hypothesis that hairpins may form at this locus and result in dynamic

mutation.

MMS58

Neither variant repeat at MMS58 displayed any obvious potential to form DNA secondary

structures when analysed by either the stemloop of Mfold programs (data not shown).

Variant repeat analysis by MVR-PCR

Systems of MVR-PCR were established to distinguish between MMS57 variants A and G,
and MMS58 variants C and T. Orientation of the MVR system can often be arbitrary
(i.e. which flanking PCR primer is selected for use in the MVR-PCR system). However, to
maximise discrimination of PCR primers, a thymidine residue at the 3” end of the
oligonucleotide should be avoided (Gelfand and White, 1990), and for each locus this
criterion determined the MVR orientation (Appendix 3). Examples of alleles analysed by
MVR-PCR are presented for both MMS57 (Figure 4.6) and MMS58 (Figure 4.7).

Variant repeat distribution at MMS57

Of the 54 alleles of MMS57 from the 44 strains of mice, 53 were analysed by MVR-PCR
(Figure 4.8). One allele, the 10 kb allele from strain MBK, could not be typed by
MVR-PCR due to its size. Visual inspection allowed 51 alleles to be assigned to just two
groups called 57A and 57B. Alleles of group 57A were short (3 to 20 repeats) and
composed of dispersed A and G repeats in a ratio of 53% to 47% respectively. By contrast,
57B alleles were larger (13 to =140 repeats) and composed of large arrays of homogeneous
G-type repeats (mean composition of alleles; 9% A repeats, 91% G repeats). Two alleles
from strains MPR and BFM bore no obvious similarities to any other allele analysed
(Figure 4.8). Strikingly, allele 57C-55a (allele 'a' of 55 repeats in length from group 57C)
contained 10 null repeats due to the presence of novel repeat sequence variants preventing

annealing of the MVR primer. The greatest number of null repeats in any other allele was 1.
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Figure 4.6

MVR-PCR at MMS57

A system of two-state MVR-PCR was established for MMS57, with A- and G-type repeats
identified. Perfect discrimination between repeat types was not achieved, but was sufficient
to distinguish between the two repeats. In general, small alleles were composed of
interspersed repeats whilst large alleles were composed of long uninterrupted arrays of
G-type repeats. The presence of repeat types other than the A and G repeats is apparent
from either gaps in repeat code (such as the multiple null repeats within the MPR allele) or
faint repeats such as two weak G-type repeats (classified as g-typed repeats) within the BIR
allele. Up to 140 repeats within an allele could be typed. General MVR-PCR conditions
were as described in Chapter 2. To separate alleles in heterozygous mice, samples were
amplified to levels visible on ethidium bromide-stained gels as described in Figure 4.1 and
bands excised. DNA was gel purified using home-made spin columns and diluted x500
prior to MVR-PCR analysis. For homozygous mice, MVR-PCR was performed directly on
stocks of genomic DNA. Samples were amplified with flanking primer 57-C and MVR
primers 57-MA or 57-MG at 96°C for 40s, 55°C for 30 s, 70°C for 2 min for 23 cycles.
PCR products were electrophoresed through a 40 cm 1.2% agarose gel, Southern blotted,
and hybridised.



Figure 4.6
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Figure 4.7
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MVR-PCR at MMS58
A system of two-state MVR-PCR was established for MM S58, with C- and T-type repeats

identified. Complete MVR codes are not discernible for every allele on the autoradiograph
presented. Faint repeats could be identified by longer exposure of the radiolabelled Southern
blot. A single null repeat was detected within the MBS-derived allele. Full MVR codes
could be easily generated for each allele due to their small size range (from 2-35 tandem

repeats)

DNA was prepared for MVR-PCR analysis as described in Figure 4.6. Samples were
amplified with flanking primer 58-D and M VR primers 58-MC or 58-MT at 96°C for 40s,
55°C for 30 s, 70°C for 1 min for 21 cycles. PCR products were electrophoresed through
a40 cm 1.5% agarose gel, Southern blotted, and hybridised.
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Figure 4.8

MMS57 MVR codes aligned by visual inspection

MVR codes were read 5 to 3” from the bottom to the top of the autoradiograph. Repeat
distribution patterns of all alleles were aligned by eye. G- and A-type repeats are as
described in Figure 4.3. Alleles were divided into four groups, 57A-57D. Groups 57C and
57D each contain a single representative allele. Allele names denote allele group, repeat
number, and a discriminating letter. The strain from which each allele was derived is
indicated. (s) and (1) indicates the small and large alleles from heterozygous mice
respectively. The Mus species or subspecies is described as: bact., Mus m. bactrianus;
cast., Mus m. castaneus; dom., Mus m. domesticus; mol., Mus m. molossinus; mus., Mus m.
musculus; spr., Mus spretus; 1, Inbred strain. MVR primers at this locus only bind to a
17 bp region within the 24 bp repeat unit. Consequently, variants outside of this 17 bp
region will not be detectable. 'o' denotes null repeats (unidentified repeats due to the
presence of additional unknown polymorphic sites) whilst 'a' and 'g' denote repeats which
are detected only weakly with MVR primers specific for A-type and G-type repeats
respectively. This weak signal is assumed to result from novel polymorphisms at positions
towards the 5° end of the repeat-specific region of the MVR primer. >> indicates
incomplete MVR code generated for an allele, and ? denotes repeat types which were
untyped due to a weak signal resulting from conditions of MVR-PCR (the start of MVR
codes is often faint from larger alleles, see Figure 4.6). Hyphens were inserted to improve

MVR code alignments.




Figure 4.8

Strain

129
FVB
SWR
DBA
DMZ
CBA/C
CBA/J
C57BL/6J
NIH
SJL
22M0 (s)
22MO (1)
MPR (s
BIK/g
BNC
BZO
DBV (s)
DJO
TEH (1)
BID(s)
KAK
TEH(s)
DOT
DGA
AKR
DDO
MF1

BALB/c

MPR (1)

BFM

Species

§-§-HHHHH§.HHHH

T

B2

§ FgEE

n -
1%

cast.

spr.
oast.

mus.

Allele

57A-Ta
57A-7a
57A-T7a
57A-"7a
57a-7a
57a-7a
57A-Ta
57a-T7a
57a-Ta
57A-7a
57a-17a
57A-20a
57A-9a
57A-19a
57A-20b
57A-20b
57a-20C
S7A-20d
57A-19b
57A-7b
57A-Tb
57A-13a
57a-1la
57A-7C
57A-6a
57A-6a
57A-6a
57A-3a
57A-3a

57B-52a
57B-51a
57B-51b
57B-51b
57B-51b
S7B-51b
S7B-59a
57B-41la
57B-31a
57B-?a
57B-61la
57B-63a
57B-133a
57B-68a
57B-91a
57B-91b
57B-71a
57B-73a
57B-140a
57B-13a
57B-13a
57B-15a

57C-55a

57D-39a

MVR code (5' -> 3' orientation)

GAGGGAA
GAGGGAA
GAGGGAA
GAGGGAA
GAGGGAA
GAGGOVA
GAGGGAA
GAGGCAA
GAGGGAA
GAGGGAA
GAGGAAAA--GAG-AGGGAA
GAGGAAAAAAGAGGAAGGAA
GAGGAAGG-A
GA— GGAAAAAAGAGGAAGG-A
GA-- -GGAAAAAAGAGGAGGGAA
GA— GGAAAAAAGAGGAGGGAA
GA— GGAAAAGAGAGGAGGCAA
GA— GGAAAAARaGAGGAAGGAA
G- ~-GGGGAAAAAAGAGGA--GAA
GGGAA——— GA
GGGAA--— GA
GAAGGGGAAAAAA
GAAGGG-AAAAA
Go—— GGAAA
GGAAAA
GGAAAA
GGAAAA

A A YGGGGE

DGGGGG

GAAA-———— .. ... GGGQGGQ
GAAAGGAGAGGA-GA- -GGGGGGGGGGGGGGGGG
27222?7AAA )GOQGOGOOGOO00C )GOQGGGOQGOGGES DG )GGGG:

XGGGQ QGGGGQOGQGGGROGGGGGGQOGGGGOQQGGE

GGGGGQGGGQ DOGGGaGQ!

GGQGGA

GG
?? TAGGAGAGGAGAGAGGGA--QGOOQQGGOGGOGG GC ele )GGGQGGG

?? TAGGAGAGGAGAGAGGG- -G YGGQQGGGGGQQOGGQGG

227 3V— GGGGG( )C

227 GGQC

????27GA A ] DGGGG

GAGGAGA-A- -GaAAG

GAGGAGA-A- -GaAAG

GG®AGAGA-A- -GaAAG
GAGGGAGGAAGAAGOGAAGGGGOAAAGAAGaAOGAAGAAOGOOGOGOAOGAGAAG

GAAAGAAGAAGAGGA A GaGA AAAAA

TA



Variant repeat distribution at MMS58

All 48 alleles of MMS58 derived from 44 strains of mice were analysed by MVR-PCR
(Figure 4.9). Visual inspection divided all alleles into three groups, 58A, 58B, and 58C. Of
the 48 alleles, 40 were within groups 58A and <5 repeats in length. With the single
‘exception of allele 58A-3b (allele 'b' of 3 repeats in length from group 58A) which
contained a null repeat, all differences between 58A alleles were attributable exclusively to
the number of tandemly repeated T-type repeats. Group 58B contained the largest alleles
ranging from 7 to 35 repeats. Structurally, they were similar to 58A alleles being apparently
composed of imperfect duplications of entire 58A arrays. MMS58 alleles from Mus spretus
were longer than in most strains of Mus musculus and were composed entirely of

homogeneous T-type repeats, so were assigned to a distinct allelic group, 58C.

Problems with allele alignment and subdivision

A consistent deficiency in the analysis of data generated by MVR-PCR is the criteria used
to subdivide alleles into groups. Most commonly, alleles are divided by visual inspection.
However, this approach is subjective as it requires decisions to be made as to what
differences between alleles are sufficient to generate novel allele subgroups. This difficulty
can be clearly illustrated with the subdivisions of alleles of both MMS57 and MMS58
described above. For MMS57, the decision to include alleles 57B-13a and 57B-15a within
group 57B is certainly questionable as alignments between these alleles and alleles of group
'57A are possible. Their inclusion into group 57B was based on the presence of a
3” G repeat, and the regular interspersion of G and A repeat types at the 5” end of alleles
which is common to 57B alleles but is generally only observed towards the 3" of 57A
alleles. Similarly, for alleles of MMS58, 58B-9a and 58B-7a could be included within
group 58A if the difference between groups 58A and 58B was defined as the presence of
(C),, tandem repeats, as opposed to the difference between 1 and >1 C-type repeats.
Alternative strategies to subdivide and align MVR codes will be considered in Chapter 5.
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Figure 4.9

MMS58 MVR codes aligned by visual inspection

MVR codes were read 3” to 5” from the bottom to the top of the autoradiograph. Repeat
distribution patterns of all alleles were aligned by eye. C- and T-type repeats are as
described in Figure 4.3. Alleles are divided into three groups, 58A-58C. Allele names
denote allele group, repeat number, and a discriminating letter. The strain from which each
allele was derived is indicated. (s) and (lI) denote the small and large alleles from
heterozygous mice respectively. The Mus species or subspecies is as described in
Figure 4.8. MVR primers at this locus only bind to a 17 bp region within the 27 bp repeat
unit. Consequently, variants outside of this 17 bp region will not be detectable. 'o' denotes
null repeats (unidentified repeats due to the presence of additional unknown polymorphic

sites). Hyphens were inserted to improve MVR code alignments.



Figure 4.9

Strain

129
AKR
A/J
SJL
SWR
C3H
C57BL/6J
CBA/C
MF1
CBA/J
DBA
NIH
DMZ (1)
FVB
MPR (1)
BIK/g
BNC
BZO
DJO
BIR
CIM
CTA
DOT
MPB
MAM
MBK
MOL
MGA (1)
MGL
MAC
DMZ (s)
KAK (1)
MGT
MBS
BID
KAK (s)
MDH
MGA (s)
MPR (s)
TEH

DBV
DGA
22MO
BFM
BALB/c
DDO

SEG
SPE

Species

HHHHHH

HHHHH

dom.

mus.
dom.

dom.

dom.

dom.

bact.
cast.
cast.
dom.

mus .
mus.
mus.
mol.
mus.
mus.
mus.
dom.

mus.
mus.
mus.
mus .
mus.
mus.
mus.
mus.
mus.

dom.
dom.
dom.
dom.

dom.

spr.
spr.

Allele

58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-5a
58A-4a
58A-4a
58A-4a
58A-4a
58A-4a
58A-3a
58A-3a
58a-3a
58A-3a
58a-3a
58A-3a
58A-3a
58a-3a
58A-3a
58Aa-3a
58A-3a
58A-3a
58A-3a
58A-3a
58a-3b
58A-2a
58A-2a
58A-2a
58A-2a
58A-2a
58A-2a

58B-9a
58B-7a
58B-22a
58B-22a
58B-35a
58B-6a

58C-9a
58C-9a

MVR code (3 1->51 orientation)

CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CTTTT
CT-TT
CT-TT
CT-TT
CT-TT
CT-TT
CT- -T
CT- -T
CT- -T
CT- -T
CT- -T
CT--T
CT--T
CT- -T
CT--T
CT--T
CT--T
CT--T
CT--T
CT--T
C-o-T
C---T
cC—T
cC—T
C---T
C—T
cC—T

CTTTTC-TTT
CTT--C-TTT

CTTTTCC—————-——————— CTTTTTTCTTTTTCT
CTTTTCC————-———————— CTTTTTTCTTTTTCT

CCTTTTCCTTTCTTTTTTTCCTTTTTTCTTTTTCT

CC---TCCT

TTTTTTTTT
TTTTTTTTT

Chapter 4 Figure 4.9



e

Discussion

MMSST may undergo dynamic expansions

The wide range of allele sizes, absence of variant repeats, and potential for the formation of
hairpin structures within the repeat array as described in Chapter 3, suggested that MMS57
may undergo a form of dynamic mutation similar to triplet repeats (Mitas, 1997) or
FRA16B (Yu et al., 1997). If dynamic expansions had occurred at MMS57, the formation
of complex DNA secondary structures and the presence of homogeneous arrays of repeats
would be predicted within large alleles. Both predictions were tested in this chapter and

found to be consistent with mutation by dynamic expansion.

Sequence analysis of MMSS57 identified two common variant repeats, A and G, which
differed by a single base transition. Simulations of single-strand DNA structures predicted
to form underﬂphysiological\_ conditions demonstrated that complex hairpins could form
exclusively from G-type repeats, and primarily within the purine-rich strand. The
thermodynamic stability of the putative hairpin was comparable to that of the FRA16B
AT-rich minisatellite which undergoes dynamic expansions in vivo to form a fragile site.
The strand asymmetry observed in the potential for secondary structure formation at the
MMS57 G-type repeat indicates that if hairpin formation does mediate dynamic expansion,
it is likely to do so only if the purine-rich strand is the nascent strand during DNA
replication (hairpin formation in the template strand would most likely result in deletion
mutations). If instability was due to hairpin formation in Okazaki fragments leading to
resistance to FEN-1 digestion (Chapter 1; Lieber (1997)), levels of instability may be at
least partially dependent on the orientation of DNA replication. However, whether any such
secondary structures are capable of forming at MMSS57 in vivo, or affect mutational
mechanisms, is unknown. Both components of chromatin, and single strand DNA binding

proteins, may interfere with formation of the predicted hairpin structure.

Dynamic mutation is thought to be mediated by, and result in, homogeneous arrays of
repeat units with the potential to form secondary conformations (Mitas, 1997). If dynamic
instability occurred at MMS57, long homogeneous arrays of G-type repeats would be

predicted within large minisatellite alleles. Similar arrays of A-type repeats would not be
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- expected to form. MVR-PCR analysis demonstrated that precisely this pattern of variant
repeat distribution is found. The largest uninterrupted array of A-type repeats was only
6 repeats long, and found within many 57A alleles. These short alleles displayed patterns of
variant repeat 1nterspers10ns characteristic of most minisatellites studied to date. In contrast,
the ‘lar.gest homogeneous array of G-type repeats successfully typed was 90 repeats long
(~2.2 kb) within allele 57B-140a from strain MDH. Similar (G), arrays were observed in
many strains of Mus m. bactrianus, Mus m. molossinus, and Mus m. musculus mice, but
were largely absent from Mus m. domesticus, Mus m. castaneus, and Mus spretus. The
37 repeat interspersion patterns observed in alleles with long 3~ homogeneous G-type repeat
arrays are similar to the distribution of variant repeats observed at expanded alleles of the
FRA16B minisatellite (Yu ez al., 1997), further supporting a common mutational process
operaﬁng at these two loci.

Allele 57C-55a from the Mus m. musculus MPR strain of wild mice contained 10-fold more
null repeats than any other allele analysed. The allele is likely to represent an ancient
lineage highly diverged from the other lineages detected, and which was present at a low
frequency in the mice analysed. High levels of repeat sequence divergence may have been
generated by point mutation within the lineage resulting in the accumulation of novel repeat
types. A more probable explanation (due fo the low frequency of point mutation) is that a
single novel variant repeat arose and spread throughout the allele by intra-allelic

duplication.

The presence of a high frequency of null repeats within a single allele lineage is, at least
superficialiy, reminiscent of a recent study of the minisatellite MSY1 (DYF155S1)
(Bouzekri et al., 1998). MSY1 is the only known polymorphic minisatellite located on the
Y chromosome (Bouzekri et al., 1998). It consists of ~50-115 repeats of an AT-rich 25 bp
unit which is predicted to form stable hairpin structures and displays a mutation rate of
2-11% per generation (Jobling et al., 1998). Within an African-specific Y chromosome
lineage (haplogroup 8), MVR-PCR analysis identified a high frequency of null repeats.
Sequence analysis demonstrated that these null repeats were identical to variants detected in
other lineages, with the exception of a single base transition mutation which had become

homogenised throughout the repeat array (Bouzekri et al., 1998). This homogenisation was
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‘position-specific within the repeat unit as other variant sites within repeats, common to
variants in other lineages, were not homogenised (Bouzekri et al., 1998). It was suggested
that this‘nansition had spread throughout the allele by either slippage replication or unequal
sister chromatid éxchange, with mispaired intermediates within heteroduplexes repaired in
a biaséd manner, and with heteroduplex repair restricted to a single position within the
repeat unit (Bouzekri ez al., 1998).

While a similar process of hairpin-mediated base-specific homogenisation may have
resulted in the high frequency of null repeats identified in allele 57C-55a, the MSY1
repeats containing the novel variants occur within uninterrupted blocks of repeats,
indicative of the linear diffusion of the novel variant between adjacent repeats (M. Jobling,
pers. ¢ommun.). In contrast, null repeats within 57C-55a are generally separated by known
repeat types. While this suggests that at MMS57, the spread of null repeats is driven by a
different mechanism than that operating at MSY1, it is possible that differences in hairpin
conformation between the loci result in homogenisation at MMSS57 between non-adjacent
repeat units bought into apposition by hairpin formation. The apparent restriction of this
high frequency of null variants to one allele is indicative of a low frequency of inter-allelic

mutation processes operating at MMS57.

On balance, current evidence favours the operation of dynamic mutation processes at
MMSS57. However, the predicted germline mutation rate at this locus is low. For example,
identical alleles containing 48 perfect tandem G-type repeats were identified in the inbred
strains A/J, BALB/c, and C3H, and in the Mus m. molossinus strain MOL. Furthermore, the
analysis of this locus in BXD RI strains failed to identify any new mutant alleles,

demonstrating the mutation rate to be <10 (p>0.95) (Bois ez al., 1998a).

It is currently not possible to demonstrate beyond doubt that the putative MMS57 hairpin
forms in vivo, or affects mutation dynamics at the locus. However, further support could be
derived from two sources. The first would be the detailed characterisation of in vitro DNA
conformation of both A-type and G-type repeats by, for example, nuclear magnetic
resonance (NMR) analysis (e.g. Catasti et al. (1996)). The second would involve mutation

detection and analysis of a variety of alleles at MMSS57. Mutation studies of two alleles

!

Chapter 4 Page 84



with similar sizes but very different internal structures such as 57C-55a and 57B-51b
(Figure 4.8) would allow mutation rates between the alleles to be compared. If long regions
of homogeneous G-type repeats induce mutation, a higher mutation rate would be expected
for 57B-51b compared with S7C-55a. However, if such a difference in mutation rate was
detected, alternative explanations for this difference such as a role for flanking sequences
would be possible. A similar approach would be to compare mutation rates between alleles
containing short and long (G), repeat arrays. Mutation rate would be predicted to rise with

allele size if mutation induction was a property of the repeat array.

MMS58 may be a recently expanded minisatellite

Whilst variation in allele sizes between strains was consistent with the operation of
dynamic mutation processes at MMSS58, the absence of any apparent DNA secondary
conformations, and the interspersion patterns of variant repeat units within the largest
alleles, do not support this model for minisatellite instability. Instead, some MMS58 alleles
may have undergone relatively recent expansion. All of the larger MMSS58 alleles (>5
repeats) are within lineages 58B and 58C. With the exception of the BALB/c inbred strain,
groups 58B and 58C include alleles exclusively from strains of Mus m. domesticus and Mus
spretus respectively. The shorter alleles (group 58A) are found in strains of Mus m.
domesticus, Mus m. musculus, Mus m. castaneus, Mus m. bactrianus, and Mus m.
molossinus. It can therefore be concluded that either the ancestral state of MMS58 was an
expanded form which collapsed in Mus m. domesticus, Mus m. musculus, Mus m.
castaneus, Mus m. bactrianus, and Mus m. molossinus, or that the ancestral alleles were
small and expanded in both Mus spretus and in some strains of Mus m. domesticus.
Analysis of variant repeat distribution indicates that the putative Mus spretus expansion
may have been independent from the putative Mus m. domesticus expansion, as variant
repeat distribution differs substantially between 58B and 58C alleles, consistent with the
divergence of Mus m. domesticus from Mus spretus earlier than the divergence of Mus m.
domesticus from the other Mus musculus subspecies of mice analysed (Bonhomme and

Guénet, 1996).

Whilst it is perhaps more likely that MMS58 expanded in the two mouse lineages Mus

spretus and Mus m. domesticus than collapsed in most strains from all five of the Mus
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musculus subspecies, confirmation of the ancestral state would require the analysis of
MMS358 alleles in a range of other diverged species of Mus such as Mus macedonius and
Mus caroli. Similarly, the short alleles of mouse minisatellites MMS24, MMS26, MMS57,
and MMSB80 characterised in Mus spretus were assumed to represent ancestral states of the
loci each of which are both expanded and polymorphic between strains of Mus musculus
(Bois et al., 1998a), although it is possible that the ancestral state was the expanded form

which collapsed in strains of Mus spretus.

It is not possible to make any substantive inferences as to the mutation dynamics of
MMS58 due to the low level of informativity of the 2-state system of MVR-PCR, the short
lengths of most alleles, and the lack of qualitative differences between repeat-type
composition in the majority of alleles. However, the apparent expansions generating alleles
of group 58B may have resulted from relatively complex intra-allelic duplications which,
due to the distribution of C-type variants centrally within 58B alleles, would have

incorporated the 3 region of a putative 58A progenitor repeat array.

Finally, it is possible that mouse minisatellites showing relatively recent expansions could
be more prevalent than would be expected from the allele size distributions of the loci
described in Chapter 3. Most mouse minisatellites characterised to date were derived
ultimately from the DNA of a BALB/c mouse. For MMS58, this was the only inbred strain
of Mus musculus analysed in this study with alleles larger than 5 repeats (135 bp), and had
the largest allele identified to date (35 repeats, 945 bp). Other loci which display similar
expansions in strains other than BALB/c would not have been isolated. This strain-specific
bias towards expanded alleles could be avoided by screening a cosmid library derived from

multiple diverged strains of Mus musculus.
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Chapter 5

The application of MVR-PCR to phylogenetic
analysis

Summary

MVR-PCR analysis has been carried out at a total of five mouse minisatellites in wild mice
from each of the five Mus musculus subspecies, and in a range of inbred strains. Alleles at
each locus may be divided by eye into lineage groups. An alternative method of allele
subdivision using MultAlin software (Corpet, 1988) was investigated, but found to be
inappropriate for MVR data. Lineage data from each locus and each mouse strain were
simultaneously analysed by multidimensional scaling (MDS) to test for consistent genetic
similarities and differences between strains. Four of the five Mus musculus subspecies had
very similar minisatellite allele lineages, but differed substantially from Mus m. domesticus.
Inclusion of MVR data derived from inbred strains of mice demonstrated that the major
genetic component of the inbred strains was from the Mus m. domesticus subspecies.
Mouse MVR data can therefore be analysed on two different levels; simultaneous analysis
of multiple loci provides a general overview of the genetic similarities and differences
between strains, whilst the consideration of single loci in isolation indicates patterns of

gene flow between populations.

Introduction

The analysis of polymorphisms in mitochondrial DNA (Boursot et al., 1996) and proteins
(Din et al., 1996) have indicated that the Mus musculus species originated from within the
Indian subcontinent (Bonhomme and Guénet, 1996). Geographical separation led to the
divergence of subspecies from the Mus musculus ancestor, creating the subspecies Mus m.
bactrianus, Mus m. castaneus, Mus m. domesticus, Mus m. molossinus, and Mus m.
musculus. However, these subspecies exchange genes whenever they come into contact,
hence their designation as subspecies as opposed to distinct species (Bonhomme and

Guénet, 1996). For example, genetic exchanges have been characterised in some detail
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between European populations of Mus m. domesticus and Mus m. musculus (Bonhomme et
al., 1983; Selander and Yang, 1969), and between Japanese populations of Mus m.
musculus and Mus m. castaneus (Moriwaki, 1987; Yonekawa et al., 1988). Mus spretus
represents a distinct species which diverged from Mus musculus 1-2 million years ago
(Bonhomme and Guénet, 1996). The two species can be hybridised, but F1 males exhibit
sterility hence the classification of Mus spretus as a distinct species (Copeland et al., 1993).
Inbred strains of laboratory mice are thought to have been developed with contributions
from more than one species/subspecies of wild mice. For example, some strains carry the
Mus m. domesticus Y chromosome, whilst others carry the Mus m. musculus
Y chromosome (Bonhomme and Guénet, 1996). However, there is no record of the original
breeding patterns by which most laboratory strains were ultimately derived from wild mice
stocks (Festing, 1996).

MVR-PCR at mouse minisatellites MMS24, MMS26, and MMS80 has been described
elsewhere (Bois et al., 1998a). It was found that closely related alleles were usually derived
from the same Mus musculus subspecies. Similar alleles were also identified in different
subspecies. For example Mus. m. molossinus alleles of MMS24 were structurally similar to
those of Mus m. musculus, and MMS80 alleles from Mus m. bactrianus were closely
related to Mus m. musculus alleles (Bois et al., 1998a). However, phylogenetic analysis
based on individual loci in a small number of mice from a limited number of wild mice
populations is open to sampling effects. A more robust method to determine genetic
differences between different populations would involve the simultaneous analysis of

multiple loci in a variety of strains.

Variant repeat distribution has now been analysed at a total of five mouse minisatellites,
MMS24, MMS26, MMS57, MMS58, and MMSB80, in a range of inbred and wild strains of
mice (Chapter 4; Bois et al. (1998a)). These loci are distributed across 4 autosomes;
chromosomes 7, 9, 8, 3, and 9 respectively (Chapter 3). Within this chapter, patterns of
variant repeat distribution at all loci are combined to provide a picture of the overall genetic
similarities and differences between different strains. This work had two objectives. The

first was to detect genetic difference between mice from different Mus musculus
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subspecies. The second was to use any potential differences identified to attempt to define

which subspecies of mice were the dominant founders of a range of inbred strains.

The approach to this analysis is simple. Alleles of each locus can be divided into subgroups
based upon similarities and differences between MVR codes. These allele subdivisions are
performed blind (i.e. without reference to the strain from which each allele mapped by
MVR-PCR was derived). The assignation of a number to each lineage group generates a
multi-state matrix including data from each of the five minisatellites for each mouse strain
analysed. Similarities and differences between each strain may then be determined by
multidimensional scaling (MDS) analysis of the multi-state matrix. MDS here uses
pairwise comparisons between each strain and across all loci to determined the levels of
divergence between strains. This divergence is converted to a distance which may be
displayed graphically. The combination of the distances between every pairwise
combination of strains converts the multi-state matrix to an N-dimensional graph
(N may range from 1 to n-1 where n is the number of strains analysed) from which

genetically similar strains may be observed as clusters.

The main problem with this approach lies in the criteria used to subdivide alleles into
lineage groups. Typically, alleles typed by MVR-PCR are aligned by eye and then divided
into groups. This is clearly a subjective approach to allele division as the criteria for the
extent to which similarities and difference must exist between alleles for them to be
assigned to different groups is a matter of personal judgement. In addition, short alleles
may by chance display regions of similarity to alleles of several groups, and again the
assignation of such alleles to specific lineages would be questionable. An alternative
approach, described by Jeffreys et al. (1991a) was to use the dotplot program within the
GCG software package (Devereux et al., 1984) to perform each combination of pairwise
alignments of MVR codes. The degree of similarity between different codes may then be
used to determine allele groups. However, the definition of the degree of similarity required
for two alleles to be grouped together was again subjective. One program which has
previously been successfully applied to the alignment of MVR codes at mouse
minisatellites (P. Bois, pers. commun.) is the MultAlin program developed by F. Corpet

(INRA, Toulouse, France) (Corpet, 1988) and available at
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http://www.toulouse.inra.fr/multalin.html. This program was designed for the alignment of
sequences of both nucleic acids and proteins, and employs pairwise alignments of multiple
sequences to establish hierarchical subgroupings of similar sequences, which are then

aligned into a single group. Its application to MVR data will be assessed in this chapter.

Results and Discussion

Subdivision of alleles using MultAlin software

MVR codes of both MMS57 (data not shown) and MMS58 (Figure 5.1) were analysed with
MultAlin software. From Figure 5.1, it is clear that the software is unsuitable for the
alignments of MVR codes. For example, MVR codes from alleles in strains 22MO and
BFM are identical, yet the BALB/c allele is positioned between the two codes despite a
difference in length between the alleles of 13 repeats. Furthermore, several examples are
readily apparent where identical alleles (such as the CTT alleles of strains DOT and BIR, or
the (T), alleles of the Mus spretus strains SEG and SPE) are presented with different MVR
code alignments. Similar inappropriate alignments were obtained for analysis of MVR

codes of MMS57 (data not shown).

There appear to be two main features of the program which make it unsuitable for its
application to MVR codes. The first is the implicit assumption that all sequences are
meaningfully alignable. Whilst it may be assumed that all alleles at a given locus arose
from a common progenitor, many of the intermediate alleles between the progenitor and the
present population of alleles are likely to have been lost by genetic drift. Allele lineages
may therefore be so distantly diverged that meaningful alignments of all alleles are not
possible. The second deficiency is that all alignments are based on positive criteria. The
similarity between two sequences is defined by the total number of matches between
sequence units, whilst the number of mismatches is not considered as a contributing factor
to the alignments. While it may be possible to modify the program to incorporate penalties
for both mismatches and gaps introduced to improve alignments, any decision of the
relative importance of different forms of variation between two codes will be either
completely subjective, or based on empirical evidence obtained at loci previously

investigated by mutation analysis. Unless mutation has been analysed at the locus of
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Figure 5.1

MMS58 MVR codes aligned by MultAlin and by eye

The MultAlin program (Corpet, 1988) uses pairwise comparisons of sequence codes to
align and group alleles based on the number of matching sequence units between alleles.
Sequence mismatches and gaps are not penalised. MVR codes of MMS58 were aligned
using MultAlin. A comparison with alleles aligned by visual inspection (as previously
depicted in Figure 4.9) is presented. MultAlin does not produce reasonable alignments or
subgroupings of alleles. Whilst this conclusion is a subjective judgement of a method used
to generate objective subgroupings, the presence of identical alleles such as C(T), and (T),
which are neither grouped together nor presented with identical alignments, clearly

supports this judgement.
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Figure 5.1

Aligned by MuitAlin Aligned by visual inspection

Strain Species Allele Strain Species Allele MVR code
129 I 58A-5a 129 I 58A-5a CTTTT

AKR I 58A-5a AKR I 58A-5a CTTTT

A/T I 58A-5a A/J I 58A-5a CTTTT

SWR I 58A-5a SJL I 58A-5a CTTTT

SJL I 58A-5a SWR I 58A-5a CTTTT

C3H I 58A-5a C3H I 58A-5a CTTTT
C57BL/6J I 58A-5a C57BL/6J I 58A-5a CTTTT

CBA/C I 58A-5a CBA/C I 58A-5a CTTTT

MF1 I 58A-5a MF1 I 58A-5a CTTTT

CBA/J I 58A-5a CBA/J I 58A-5a CTTTT

DBA I 58A-5a DBA I 58A-5a CTTTT

NIH I 58A-5a NIH I 58A-5a CTTTT

DGA dom. 58B-7a DMZ (1) dom. 58A-5a CTTTT

DMz (1) dom. 58A-5a FVB I 58A-5a  CTTTT

FVB I 58A-5a MPR (1) mus . 58A-4a  CT-TT

22MO dom. 58B-22a C-TTTTCC CTTTTTT-C-TTTTT -CT BIK/g dom. 58A-4a CT-TT
BALB/c I 58B-35a BNC dom. 58A-4a CT-TT

BFM dom. 58B-22a C-TTTTCC CTTTTTT-C-TTTTT-CT BZO dom. 58A-4a CT-TT

SPE spr. 58C-9a DJO dom. 58A-4a CT-TT

DBV dom. 58B-9a BIR bact. 58A-3a CT--T

SEG spr. 58C-9a CIM cast. 58A-3a CT--T

MPR (1) mus . 58A-4a CTA cast. 58A-3a CT--T

BIK/g dom. 58A-4a DOT dom. 58A-3a CT--T

DJO dom. 58A-4a C-TT---—————————————————em -T MPB mus . 58A-3a CT--T

BNC dom. 58A-4a C-TT----—————————————————————— T MAM mus . 58A-3a CT--T

BZO dom. 58A-4a C-TT--—--————————————————————— T MBK mus . 58A-3a CT--T

DOT dom. 58A-3a C-TT MOL mol. 58A-3a CT--T

MAM mus . 58A-3a  C-TT MGA (1) mus . 58A-3a  CT--T

CTA cast. 58A-3a C-TT MGL mus . 58A-3a CT--T

CIM cast. 58A-3a C-TT MAC mus . 58A-3a CT--T

MBK mus . 58A-3a C-TT DMZ (s) dom. 58A-3a CT--T

MPB mus. 58A-3a C-TT KAK (1) mus . 58A-3a CT--T

MAC mus. 58A-3a C-TT MGT mus . 58A-3a CT--T

KAK (1) mus . 58A-3a C-TT MBS mus . 58A-3b C-o-T

MOL mol. 58A-3a C-TT BID mus . 58A-2a C T

MBS mus . 58A-3b CoT KAK (S) mus. 58A-2a (o] T

BIR bact. 58A-3a C-T--. ..ot T MDH mus . 58A-2a C---T

DDO dom. 58B-6a CCT i C..... CT MGA (S) mus . 58A-2a C---T

DMZ (s) dom. 58A-3a C-T MPR (s) mus . 58a-2a C---T

MGA (1) mus . 58A-3a C-T' TEH mus. 58A-2a C---T

MGL mus. 58A-3a C-T' DBV dom. 58B-9a CTTTTC-TTT
MGT mus . 58A-3a C-T DGA dom. 58B-7a CTT--C-TTT
BID mus. 58A-2a C-T 22MO dom. 58B-22a CTTTTCC----—--—--—-—- CTTTTTTCTTTTTCT
KAK (s) mus. 58A-2a C-T BFM dom. 58B-22a CTTTTCC----—--——-———~ CTTTTTTCTTTTTCT
MDH mus. 58A-2a C-T BALB/c I 58B-35a CCTTTTCCTTTCTTTTTTTCCTTTTTTCTTTTTCT
MGA (s) mus . 58A-2a Cc-T DDO dom. 58B-6a ccC TCCT
MPR (s) mus. 58A-2a C-T SEG spr. 58C-9a

TEH mus. 58A-2a C-T SPE spr. 58C-9a



interest, this would introduce the assumption that mutation processes operating at all

minisatellites are the same.

Multidimensional scaling analysis using five mouse minisatellites

In the apparent absence of alternatives, alleles at MMS24, MMS26, MMS57, MMSS58, and
MMS80, were divided into lineage groups by eye as described by Bois et al. (1998a) and in
Chapter 4. A number was assigned to each group (group A becomes 1, etc.) and a matrix
constructed of MVR code lineages for each strain (Table 5.1). Twenty-three strains had
been typed at all 5 minisatellites generating 21 different combinations of alleles. These
21 strains represented 7 inbred strains, 7 Mus m. domesticus wild strains, and 1-2 wild
strains each of Mus m. bactrianus, Mus m. castaneus, Mus m. molossinus, Mus m.
musculus, and the Mus spretus species. The results of MDS analysis of the multi-state

matrix are presented in Figure 5.2. All MDS analysis was performed by Y. Dubrova.

The distribution of points on the graph in Figure 5.2 along dimension 1 represents the
greatest component of the observed variation between strains. A clear distinction was
identified between minisatellite allele lineages present in Mus m. domesticus compared with
all other wild strains of mice as is apparent from the gap between the two groups in
dimension 1 (Figure 5.2). The relatively diffuse cluster of Mus m. domesticus strains
generated by MDS analysis indicates much higher levels of genetic heterogeneity between
these wild strains than between each of the other four Mus musculus strains analysed. The
high levels of similarity between four of the five Mus musculus subspecies may be
interpreted in two ways. Either the four subspecies diverged more recently than all five
subspecies, or that more recent interbreeding occurred between the subspecies resulting in
their genetic similarities. With the current data, it is not possible to differentiate between
these two hypotheses. However, expansion of the study to incorporate more loci and more
wild mice from a diversity of populations might allow levels of allele diversity both within
and between subspecies to be compared. If the similarities between subspecies were due to
a more recent common origin after which relatively little interbreeding occurred, diversity
of minisatellite allele lineages within a subspecies would be much lower than the diversity

between subspecies. However, if the similarities were due to recent interbreeding, a range
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Table 5.1

Matrix of MVR code lineages analysed by MDS

Five minisatellites have been analysed by MVR-PCR in 23 wild and inbred strains of mice.
Alleles at each locus were divided by eye into lineage groups (Chapter 4; Bois er al.
(1998a)) and each lineage assigned a number (e.g. group A corresponds to 1). Each
previously ungrouped allele (Bois et al., 1998a) was designated with a unique lineage
number. For at least one minisatellite, strains 22MO, DBV, and MGT were heterozygous
for alleles of different lineages. In these strains, each combination of allele lineages at the
five loci were treated as a distinct strain during multidimensional scaling (MDS) analysis.
Strains MPB and CBA had identical allele lineages at each locus to strains BIR and AKR
respectively, so were not included in MDS analysis. The species or subspecies from which
each strain was derived is indicated as follows. bact., Mus m. bactrianus; cast., Mus m.
castaneus; dom., Mus m. domesticus; mol., Mus m. molossinus; mus., Mus m. musculus;

spr., Mus spretus; 1, Inbred strain

MBDS uses pairwise combinations between allele lineages to determine the distance between
two strains (the more differences, the greater the distance). The number assigned to each
lineage was arbitrary so that the difference between alleles from lineages 1 and 2 was

identical to the difference between lineages 1 and 12.



Table 5.1

Matrix of MVR code lineages analysed by MDS

Strain Species MMS24 MMS26 MMS57 MMS58 MMS80
BIR bact. 1 3 2 1 1
CIM cast. 5 7 2 1 2
CTA cast. 5 2 2 1 2

22MO/1 dom. 4 4 1 2 7
22MO7/2 dom. 4 6 1 2 7
BFM dom. 3 4 4 2 4
BIK/g dom. 4 1 1 1 3
DBV/1 dom. 2 4 1 2 5
DBV/2 dom. 2 4 1 2 7
DBV/3 dom. 2 4 2 2 5
DBV/4 dom. 2 4 2 2 7

DDO dom. 4 4 1 2 7
DJO dom. 2 5 1 1 4
DOT dom. 4 4 1 1 5
MOL mol. 1 2 2 1 6
MBS mus. 1 8 2 1 1

MGT/1 mus. 8 2 2 1 1
MGT/2 mus. 9 2 2 1 1
MGT/3 mus. 8 9 2 1 1
MGT/4 mus. 9 9 2 1 1
SPE Spr. 12 13 1 3 11
A/l I 13 4 2 1 7
AKR I 3 4 1 1 5
BALB/c I 13 4 2 2 7
C3H I 3 4 2 1 7

DBA I 13 4 1 1 5
FVB I 3 4 1 1 7
SWR I 3 4 1 1 6
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Figure 5.2

Multidimensional scaling analysis of 5 minisatellites in 21 strains of mice

The principles of multidimensional scaling are described in the text. Distances between
each strain are represented in two dimensions. The greatest similarities and differences
between strains are represented by dimension 1. The four Mus musculus subspecies Mus m.
bactrianus, Mus m. castaneus, Mus m. molossinus, and Mus m. musculus form a single
cluster which is distinct from Mus m. domesticus. There is a high level of diversity within
the Mus m. domesticus group. Inbred strains of mice display greatest similarity to Mus m.
domesticus strains. Clusters of inbred strains are apparent such as C3H and A/J, suggesting
that the two strains may be derived from a more recent ancestry than for all inbred strains

combined. MDS analysis and Figure 5.2 were by Y. Dubrova.
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of diverged allele lineages both within each subspecies and common to each of the four

subspecies would be expected.

The simultaneous analysis of MVR data from multiple mouse minisatellites can therefore
be used to generate an overall picture of the genetic similarities and differences between
multiple strains. In contrast, analysis of the distributions of individual alleles at individual
minisatellites can be used to examine patterns of gene flow between different populations
(Bois et al., 1998). For example, the subspecies Mus m. domesticus and Mus m. musculus
are known to have interacted and inbred along a hybrid zone ranging from Denmark
(Selander and Yang, 1969) to Bulgaria (Bonhomme et al., 1983). The Mus m. domesticus
strain DBV analysed in this study was derived from Denmark (Table 3.1) and found to be
heterozygous for MMSS57 allele lineages 57A and 57B (Figure 4.8). Lineage 57A is most
commonly associated with Mus m. domesticus, whilst lineage 57B is common in Mus m.

musculus strains, consistent with a recent hybridisation between the two subspecies.

Incorporation of MVR data from inbred strains of mice allows their origins to be
investigated. MDS analysis suggests that the major contribution to inbred stocks was from
Mus m. domesticus strains (Figure 5.2). However, MDS also reveals a shift in the position
of the inbred lines towards the other Mus musculus subspecies, consistent with other
evidence that laboratory mice have been developed from more than one subspecies of
mouse (Festing, 1996). Consideration of individual loci supports this multi-strain origin, for
example at MMSS57 the inbred stocks A/J, BALB/c, and C3H all had alleles of the 57B
lineage which are common to Mus m. musculus but which, with the exception of the single

57B allele from strain DBV described above, are absent from the Mus m. domesticus mice.
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Conclusion

Genome-wide similarities between strains of mice may be determined by the simultaneous
analysis of a variety of different minisatellite loci. These similarities may be the result of
either recent interbreeding between populations, or a recent common ancestry of the
populations. In contrast, the consideration of individual alleles at single loci may allow
levels of interbreeding between two diverged populations to be assessed. In this way, the
analysis of one set of data in two distinct ways may allow the population histories of

different groups of mice to be investigated on two different levels.
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Chapter 6

Analysis of the Hm-1 expanded simple tandem
repeat

Summary

The mouse expanded simple tandem repeat (ESTR) locus Hm-1 has a spontaneous germline
mutation rate of >10 and has been extensively used as a tool for analysing mutation
induction in response to external mutagens (e.g. Dubrova et al. (1993); Dubrova et al.
(1998a); Dubrova et al. (1998b); Fennelly et al. (1997)). To further understand the
mechanisms of mutation operating at this locus, attempts were made to identify variant
repeat units within the Hm-1 array which could be used to analyse patterns of mutation
within the ESTR. Hm-1 alleles were screened for repeat variants using multiple restriction
endonucleases which would cut within putative variant repeats of the locus. No variant
repeats were identified. As an early step towards recombination analysis at the locus using
multiple rdunds of nested allele-specific PCR, strategies were developed for the systematic
sequencing of regions flanking Hm-1 to identify polymorphisms. This work proceeded no

further than the correction and completion of previously published sequence data.

Introduction

DNA fingerprint analysis of Hinfl-digested genomic DNA from the BXD recombinant
inbred (RI) strains of mice using probe A33.6 identified a highly polymorphic locus present
as a 7 kb allele in strain C57BL/6]J, but varying in length from 5-13 kb across the 25 BXD
RI strains (Jeffreys et al., 1987b). It was proposed that these fragments were allelic and
represented a locus so unstable that new mutant alleles had arisen in all BXD strains
(Jeffreys et al., 1987b). The locus was initially named Ms6-hm (minisatellite detected by
probe A33.6, hypermutable) (Jeffreys et al., 1987b), and is here referred to as Hm-1
(hypervariable minisatellite-1). Southern blot analysis of Hm-1 in a variety of inbred strains
identified a size range from 2 kb (AKR) to 16 kb (C57BL/6J), with many of the inbred
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lines showing alleles heterozygous by size, further supporting a high mutation rate (Jeffreys
et al., 1987b).

The 7 kb C57BL/6]J allele was cloned by size fractionation of Sau3Al-digested genomic
DNA followed by ligation of the fractionated products into vector AL47.1 and screening of
the resulting library with probe A33.6 (Kelly et al., 1989). Many of the positively
hybridising clones did not contain the Hm-1 fragment, but instead a true minisatellite
termed Mm1, which was later renamed MMS80 (Chapter 3; Bois et al. (1998a)). One clone
contained an insert of 2 kb. It was unlikely that this fragment would have survived size
fractionation, and it was concluded that it must have collapsed from a larger fragment
during cloning. Upon hybridisation of the clone to a mouse genomic Southern blot, the
Hm-1 locus was detected, in addition to a number of other weakly hybridising loci. Transfer
of the 2 kb insert to pUC13 and propagation of the clone resulted in further collapse
generating an insert of 0.4 kb. Sequence analysis of this clone identified a residual tandem
repeat array composed of 19 identical GGGCA repeats located within a region with
homology to a mouse transcript (MT) dispersed repeat (Kelly et al., 1989). This short
repeat unit and the lack of apparent repeat sequence variation led to its later reclassification
as an expanded simple tandem repeat (ESTR) as opposed to a true minisatellite (Bois and
Jeffreys, 1999).

The same clone was used as a probe to construct a restriction map of the Hm-1 region from
genomic DNA, and led to the identification of two polymorphisms between strains
C57BL/6J and DBA/2J. The first was an insertion/deletion of a 2 kb fragment of unknown
identity located 2-3 kb 5° of Hm-1 (Kelly et al., 1991). The second was an
Alul polymorphism located immediately 3” of the repeat array and present in DBA/2J but
absent from C57BL/6J mice. This site was used to map Hm-1 to an interstitial location on
chromosome 4 near the murine interferon-o gene cluster using the BXD RI strains (Kelly ez
al., 1989). Interestingly, this locus is near a breakpoint between regions showing synteny
with human chromosomes 1p and 9p (Kelly, 1990), raising the possibility that both the
Hm-1 ESTR and true mouse minisatellites may have a subtelomeric origin (Amarger et al.,
1998). Furthermore, the Alul polymorphism allowed each allele from the BXD RI strains to
be traced to either a C57BL/6J or DBA/2J ancestor and demonstrated that the sizes of the
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mutant alleles were more similar to the progenitor alleles from which they were ultimately
derived, indicating that most Hm-I mutation events involved relatively small changes in

allele length (Kelly et al., 1989).

To characterise the sequences either side of the Hm-1 array, a 15 kb BamHI fragment from
a C57BL/6J mouse containing ~1.4 kb of 5" and ~2.4 kb of 3 DNA flanking the repeat
array was selected for cloning into a charomid 9-36 vector (Kelly et al., 1991). The
resulting clone contained a 4.4 kb fragment due once again to collapse of the Hm-1 repeat
array. Complete 5” and incomplete 3” sequence data were generated from the clone,
including 60 Hm-1 repeat units all of which were identical to the GGGCA consensus
sequence (Kelly ef al., 1991). Within the flanking DNA, three regions with homology to
MT elements, and a 3” B2 dispersed repeat were identified (Figure 6.1). The Hm-1 array
had expanded from within the central MT element (Kelly et al., 1991).

Germline mutation rate was determined by pedigree analysis at 2.5% per gamete (Kelly et
al., 1989), although this was likely to be an underestimate as changes in length of a just few
repeats would be undetectable by Southern blot hybridisation. Mutants displayed gains and
losses in length at similar frequencies and, as predicted from BXD analysis of allele size
(Jeffreys et al., 1987b), generally involved small changes in length. Mutation rate was
biased towards the male germline (Kelly ez al., 1989). In contrast to human minisatellites, a
high incidence of somatic mutation has also been detected at Hm-1 with 2.8% of mice
detectably mosaic by Southern blot hybridisation with the intensity of the mutant allele
indicating that between 8% and 60% of cells in somatic mosaic tissues contained the
mutant allele (Kelly ez al., 1989). Analysis of allele transmissions from two mosaic mice
revealed three-way non-Mendelian segregation of Hm-1 demonstrating mosaicism in both
germline and somatic tissues (Kelly et al., 1989). This indicated that somatic instability
occurred during early development prior to the separation of the germline and somatic

progenitor cells.
The mechanism of mutation at Hm-1 is unclear. It has been suggested that the formation of

complex DNA secondary structures may initiate mutation by slippage replication. Under

physiological conditions, the Hm-1 repeat forms a hairpin as well as two different
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Figure 6.1
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repeat elements. Three MT-elements are associated with Hm-1, and a B2 repeat is located 3’ of the repeat array. The
region depicted represents the area previously sequenced (Kelly ef al., 1991). The Hm-1 repeat was amplified either
using primers HmIpA and HmIpB (Kelly, 1990), or HmIpA and Hmlp5 (this chapter).
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intra-strand tetraplexes (Weitzmann et al., 1998). Intra-strand tetraplexes form when four
G-rich motifs on a single strand interact to form a series of tetrads. In vitro DNA replication
assays using the Hm-1 repeat demonstrated that tetraplex formation is capable of blocking
DNA polymerase progression which may promote strand slippage (Weitzmann et al.,
1997). Whilst it is unclear whether such structures form in vivo, a variety of
tetraplex-binding proteins have been isolated from eukaryotic cells (Fang and Cech, 1993;
Frantz and Gilbert, 1995; Giraldo et al., 1994; Liu et al., 1993; Liu and Gilbert, 1994;
Schierer and Henderson, 1994; Weisman-Shomer and Fry, 1993), supporting the hypothesis
that DNA confirmation may affect Hm-1 repeat array stability.

In the absence of true mouse minisatellites with high mutation rates (Chapter 3; Bois et al.
(1998)), the high frequency of spontaneous instability at Hm-1 has made it an attractive tool
for investigating the effects of a range of mutagens on mutation rate (Dubrova et al., 1993).
Hm-1 has been extensively used to assess the impact on mutation rate of for example
y-radiation (Dubrova et al., 1993), X-radiation (Dubrova et al., 1998a; Fennelly et al.,
1997), and the tumour promoting factor okadaic acid (Nakagama et al., 1997). Instability
has also been investigated in mouse cell lines such as cultures derived from severe
combined immunodeficiency (SCID) mice (Imai ef al., 1997). However, as little is known
of the mechanisms underlying either spontaneous or induced mutation at this locus,
conclusions are largely limited to a description of observed changes in mutation rate as

opposed to an interpretation of the biological basis of the mutation induction.

The work described in this chapter held three main objectives all of which would contribute
both to an increased understanding of the mechanisms of mutation operating at the locus,
and to the further development of Hm-1 as a tool for investigating mutation induction in the
mouse in response to mutagens. The first objective was the establishment of systems of
small pool PCR (SP-PCR) at Hm-1. The detection of de novo mutations had previously
been performed by pedigree analysis which carries a number of disadvantages. The
determination by pedigree analysis of mutation rate and changes in mutation rate in
response to exposure to mutagens produces an estimate of the mean mutation rate across all
mice analysed, without being informative as to variation in mutation rate between different

mice. In addition, whilst mutation rate may be accurately assessed by analysing a relatively
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small cohort of mice due to the high spontaneous mutation rate of Hm-1, SP-PCR analysis
of mutation in sperm DNA would reduce the numbers of mice that need to be analysed to
generate a statistically meaningful result, thereby reducing both the labour intensity of

mutation detection, and the number of mice to be culled for any mutation analysis study.

The second objective was to screen Hm-1 alleles for the presence of variant repeats. The
informativity of mutation analysis at true minisatellites has been greatly enhanced by
MVR-PCR, and the establishment of analogous systems at Hm-1 was therefore a major
objective. To date, no variants of the GGGCA pentameric consensus repeat sequence have
been identified. However, only ~300 bp (60 repeats) of the repeat array had been
sequenced. Hm-1 alleles can be up to 16 kb in length, and so the presence of variant repeat

types could not be excluded.

The third long term objective was to analyse recombination frequency and distribution
surrounding the Hm-I locus. Analysis of human minisatellites has demonstrated a
fundamental link between minisatellite mutation and recombination. Recombination events
surrounding MS32 have been analysed using multiple rounds of nested allele-specific PCR
to screen for recombinant combinations of polymorphic markers flanking the repeat array
(Jeffreys et al., 1998a; Jeffreys et al., 1998b). Whilst it is widely believed that STRs and
ESTRs mutate by intra-allelic slippage-like mechanisms, there is no conclusive evidence to
support this dogma. To investigate whether recombination has a role in Hm-1 mutation, the
long-term objective was to screen sperm DNA for crossover events using a similar strategy
to that employed at human minisatellites (Jeffreys et al., 1998a; Jeffreys et al., 1998b). This
form of analysis requires the identification of multiple polymorphisms between different
strains of mice surrounding the locus of interest. The creation of an F1 hybrid between
diverged strains would generate mice heterozygous at polymorphic sites which could be
used to screen for the products of recombination, and to determine whether crossovers
localise to within or near the Hm-1 array. The first stage of this project was therefore to

screen different strains of mice for polymorphisms flanking the Hm-1 repeat.
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The analyses described within this chapter are preliminary as my involvement with Hm-1
was terminated at an early stage due to commitments to other projects. Studies on Hm-1 are

currently being continued at Leicester University by C. Yauk.

Results and Discussion

1: PCR amplification at Hm-1

PCR analysis of Hm-1 had been previously established by R. Kelly with alleles of <3.7 kb
successfully amplified. Alleles of 6 kb and 9 kb from strain C57BL/6J were not amplifiable
to levels detectable by Southern blot hybridisation. However, this work was done prior to
1990 and an elevated PCR efficiency would obviously be expected using current resources.
The original system of PCR used the 5" HmlpA primer in conjunction with a primer
(Hm1pB) specific to a site 3” of the repeat array and within the MT-1 elements
(Figure 6.1, primer sequences are described in Chapter 2). Whilst specificity was
apparently achieved using this primer combination, it was decided to move the 3" primer to
a site outside any known dispersed repeat. Primers Hm1pA and Hm1p5 were therefore
chosen to amplify Hm-1. Examples of Hm-1 alleles amplified from stocks of mice held
either at the Division of Biomedical Services, University of Leicester, or supplied by

Harlan UK Ltd., Loughborough are provided in Figure 6.2.

Alleles from strain C57BL/6J of 5-6 kb were readily amplifiable by PCR. However, no
product was obtained from amplifications of Harlan strains A/J and 129, or the Leicester
C57BL/6J and C3H strains. Whilst the reasons for these failures are unclear, they may
include either the Hm-1 repeat being too large for PCR amplification, the presence of
polymorphisms within these strains generating mismatches at the primer sites, or simply
low quality or low concentration of input DNA. Amplification of the same strains from
both the Leicester and Harlan stocks demonstrated that alleles from a single strain were of
similar size despite being derived from different stocks, consistent with previous studies
demonstrating that whilst the mutation rate of Hm-1 may be high, the majority of mutations
result in small changes in array length (Kelly, 1990). Due to time constraints, no attempts at

establishing SP-PCR at Hm-1 were made.
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Figure 6.2
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PCR amplification of Hm-1

DNA from a variety of inbred strains of mice from either the Division of Biomedical
Services, University of Leicester, or from Harlan UK Ltd., Loughborough was amplified.
Three mice (denoted 1, 2, and 3) from each of the mice stocks obtained from Harlan UK
Ltd. were amplified. There is substantial variation in signal intensity between strains. This
is likely to result from variation in the quality and concentration of input DNA used for
PCR amplification, although the presence of polymorphisms between strains at primer sites

affecting PCR efficiency cannot be excluded.

Amplification was performed with primers HmIpA and Hmlp5 at 96°C for 40 s, 56°C for 30 s,
70°C for 3 min for 22 cycles using 20 ng of input genomic DNA. Samples were electrophoresed
through a 40 cm 0.8% agarose gel, Southern blotted and hybridised using a probe generated
by PCR amplification using oligonucleotides (HMA and HMB) of overlapping and

complementary sequence, each of which contained 4 complete repeat units (Kelly, 1990).
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2: Screens for variant repeats at Hm-1

Three strategies were considered to screen Hm-1 alleles for the presence of variant repeats.
The most obvious approach was the direct sequencing of repeat arrays. However, this had
various disadvantages. The simplest method for DNA sequencing is to amplify the region
of interest to levels detectable on ethidium bromide-stained gels, excise the band of interest,
and sequence the amplicon directly using the PCR primers. Attempts to amplify Hm-1
alleles to visible levels failed due both to the large size of the repeat array and the
propensity of such highly repetitive GC-rich regions to collapse during amplification.
Sequence analysis would therefore require subcloning of the locus. Subcloning is not only
time consuming, but the Hm-1 repeat array has been shown to be unstable when cloned in
E. coli (Kelly, 1990). Furthermore, sequence analysis is limited by the length of sequence
that can be generated in a single reaction, so that sequence data for each allele would be
limited to an estimated maximum of 1-1.5 kb. This difficulty could be overcome by
shotgun cloning of the repeat array, but again problems of clone instability could be

expected.

An alternative strategy would be to use a range of synthetic oligonucleotides to detect
repeat variants. The short repeat unit of Hm-1 makes it possible to predict what sequence
variants are most likely to exist (i.e. variants which differ from the GGGCA repeat by a
single nucleotide). The use of MVR-PCR primers which include different putative variant
repeats could allow true variants to be identified. Alternatively, a range of synthetic
oligonucleotides could be used as probes of the Hm-1 array with strong hybridisation
indicative of the presence of variants. However, this approach was excluded due to the

expense of synthesising large numbers of oligonucleotides.

The third strategy was to screen for variants using restriction endonuclease digestion.
No restriction endonucleases cleave within (GGGCA), repeat arrays. However, the
introduction of a range of variant sites within the GGGCA repeat would generate restriction
enzyme target sites. By screening alleles with appropriate enzymes, such variants could be
detected. This method also carries a number of disadvantages. Not all putative variants
generate restriction sites and so could not be detected. Furthermore, most enzymes that cut

any one variant will cut several putative variants, so even if the technique detects variant
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sites, it may not directly identify the variant sequence. Despite these disadvantages, the
digestion approach was considered the most rapid and cost-effective method to screen for

variants,

To select the appropriate restriction enzymes for the detection of variant repeats, every
putative variant which differed from the GGGCA sequence by a single base addition,
substitution, or deletion was inserted in silico in multiple copies into a (GGGCA), array,
and the synthetic sequences analysed using the restriction mapping (map) program within
the GCG molecular biology software package (Devereux et al., 1984). Of the 33 putative
variants, 25 generated new restriction sites (Table 6.1). Nine enzymes (Acil, Bfal, Bsgl,
Bsp12861, Cac8l, Haelll, Hhal, Mnll, and Nlalll) were selected which together cut within
20 of the 25 variants. Criteria for enzyme selection included the number of different
variants detected by each enzyme, the sequence diversity of variants cleaved by the
combination of all enzymes, and the cost and availability of each endonuclease. With the
exception of Bfal, each enzyme cleaves >1 different putative repeats. However, 15 of the
20 putative repeats potentially identifiable by these enzymes have unique digestion profiles
(a unique combination of different enzymes that either cut or fail to cut the variant) so
digestions with additional enzymes would permit the exact sequence identity of these
variants to be determined (for example of the two repeats cut by Bsgl, only the GTCGA
variant is also cut by Bs#I). The five exceptions are digested exclusively by either Mnil or
Nlalll (Table 6.1).

Four different strains of mice were selected for analysis (C57BL/6J, C3H, BALB/c, and
CBA/J) to provide a wide size range of amplifiablé alleles. To eliminate any possible
variation in PCR efficiency between reactions, Hm-1 was amplified in all strains and PCR
products pooled and precipitated prior to digestion. The digestion products are shown in
Figure 6.3. Of the nine enzymes selected, seven had known restriction endonuclease target
sites within the amplified DNA flanking the repeat array (data not shown) resulting in
changes in size of the product detected (Figure 6.3). Digestions were partial for four of the
nine enzymes. To control for digestion efficiency, other amplicons adjacent to the Hm-1

repeat array which contained known endonuclease target sites were amplified and digested
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Table 6.1

Putative variant repeats generate novel restriction sites

Every putative variant repeat which differed from the GGGCA consensus by a single base
addition, substitution, or deletion is listed at left, with variant sites underlined. The three
classes of variant are separated by bold horizontal lines with the GGGCA consensus at the
top. Each variant was embedded in silico within a (GGGCA), array and the sequence
analysed for restriction endonuclease target sites using the map program of the GCG
software package (Devereux er al., 1984). Every enzyme which cuts at least one repeat is
listed. Black boxes denote which variant repeats are cut by which enzymes. The 9 enzymes
selected are indicated in grey, as are the 20 putative variant repeats cut by these enzymes.
Enzyme selection was based on the total number and diversity of variant sites which could

be detected, and on the relative costs and availabilities of enzymes.
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Hm-1 alleles from the strains CBA/J, BALB/c, C3H, and C57BL/6J were amplified by PCR
and all PCR products pooled and precipitated. Samples were digested with each of the 9

selected enzymes to screen for 20 putative variant repeats. Enzyme selection is described

in Table 6.1, and in the text. For each enzyme, digestions were performed in duplicate

(digestion reactions are indicated by +) and accompanied by a negative control containing

digestion buffer but without enzyme (designated -). Sequence analysis of the Hm-1 amplicon

identified restriction sites for seven of the enzymes selected within the flanking DNA of

the repeat array. The expected size shift due to digestion at these sites is indicated. No

evidence for digestion within the repeat array was detected, indicating that amongst the 6

alleles screened,

none of the 20 putative variant repeats

were present.
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with the same enzymes. Each enzyme cleaved at least partially at the expected sites (data

not shown).

Despite the incomplete pattern of digestion for some enzymes, comparison of signal
intensity between partially-digested and undigested products demonstrated that the only
restriction sites within the amplicons analysed lay within the flanking DNA. Whilst variant
repeats may exist at Hm-1 it could be concluded that, at least within the 6 alleles tested
from 4 strains of mice, 20 of the 33 putative variants which differed from the GGGCA
motif by a single nucleotide were not present. It was therefore considered likely that Hm-1
was indeed homogeneous, and the screen for variant repeats was terminated. This repeat
unit homogeneity is consistent with a proposed role of DNA conformation within the repeat

array mediating allele instability (Weitzmann et al., 1997; Weitzmann et al., 1998).

3: Sequence analysis of the Hm-1 flanking region

The flanking region depicted in Figure 6.1 had been previously sequenced (Kelly et al.,
1991). Using this sequence data, a series of primers were designed from which
resequencing of the region could be performed in a variety of diverged inbred strains of
mice in order to screen for polymorphisms. The initial primers selected were denoted
Hmlpl-4 (Hm-1 primers 1-4), and Hm1p6-11, covering the 5° and 3~ regions respectively
with recognition sites lying, where possible, outside of repetitive MT or B2 elements
(Figure 6.4). Primers Hm1p4 and Hm1p6 were adjacent to the Hm-1 repeat array so were
within the MT-1 element. BLAST searches of the MT-1 region using the GCG software
(Devereux et al., 1984) allowed regions of sequence identity between MT-1 and other

MT elements to be defined and avoided during primer design (data not shown).

Eight strains of mice (129, A/J, BALB/c, C3H, C57BL/6, CBA/J, DBA, and NIH) were
selected in consultation with Dr. M. Festing, Leicester University, for sequence analysis
based on their mating compatibilities, the ease with which stocks could be maintained, and
to maximise divergence between strains and therefore elevate the expected frequency of
sequence polymorphisms between selected mice. Serious difficulties were experienced at
an early stage in the amplification and sequencing of the region of interest (data not

shown). The most obvious explanation was that errors existed in the previously published
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Figure 6.4
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Primer positions surrounding the Hm-1 locus

Primer positions are indicated to scale with the centre of each primer representing its position within the flanking sequence. Primers
1 (HmlIpl) to 11 (HmIpll) were initially designed based on the sequence data of Kelly ef al. (1991). Primers 12 (HmIpl2) and 20-
26 (Hmlp20-Hmlp26) were designed where possible from within resequenced regions. The resulting sequence is presented in

Appendix 4.



sequence at sites where the primers had been designed. It was unlikely that strain-specific
polymorphisms within primer sites were responsible for the problems, as the original
sequence was derived from a C57BL/6 mouse, and difficulties were experienced in the
amplification of DNA from all strains. As a result, the sequencing strategy was reassessed
and prifners Hmlpl2 and Hm1p20-26 designed, based where possible on the minimal
amounts of new sequence information that had been generated. PCR reaction conditions for
each primer combination are presented in Table 6.2. Problems were still experienced with
amplicons A and F (Figure 6.4), possibly due to primer mismatches at the 5” and 3” termini
of the published sequence which could not be re-sequenced using the adopted strategy.
Ultimately, time constraints resulted in this project proceeding no further than the
correction of the previously published sequence using DNA amplified from a BALB/c
mouse. The full sequence with primer sites indicated, and with a comparison to previously
published sequence, is presented in Appendix 4. It is clear that primer mismatches cannot
account for all of the sequencing difficulties encountered as the frequency of mismatches
between the two sequences is only ~2%, and only primers Hm1p2 and Hm1p9 did not
match the corrected sequence. The cause of many of the sequencing problems experienced

remained unresolved.

Conclusion

It has been shown that alleles of Hm-1 of at least 6 kb may be amplified by PCR. Six alleles
with a size range from 1.9-6 kb were screened for variant repeats using a restriction digest
procedure capable of detecting 20 of the 33 putative variant repeats which differed from the
GGGCA consensus sequence by a single nucleotide. No variants were identified. Upstream
of the Hm-1 repeat, 1.41 kb of flanking DNA was resequenced from a BALB/c mouse,
along with 2.35 kb of 3" flanking DNA. The sequence diverged from previously published
sequence by ~2%, due either to sequencing errors in the original sequence or to
polymorphisms between the C57BL/6 and BALB/c strains from which the two sequences

were generated.

Chapter 6 Page 103



Table 6.2

PCR conditions for Hm-1 primer pairs

Region 5° primer 3’ primer T, Cycle Number
A 1 2 53°C 27
1 20 58°C 26
B 3 4 61°C 28
21 4 62°C 24
22 4 54°C 29
C A 5 56°C 22%
A B 60°C t 24+*
D 6 7 61°C 28
6 24 N/A N/A
23 7 N/A N/A
23 24 60°C 24
E 8 9 51°C 31
8 25 54°C 26
F 10 11 PCR failed PCR failed
10 12 54°C 35
F 26 11 PCR failed PCR failed
26 12 54°C 35

Each combination of 5” and 3" primer from each of the 6 regions presented in Figure 6.4 are
listed. Annealing temperatures (T,) and cycle numbers for PCR amplifications are
described. PCR products were amplified to levels visible on ethidium bromide-stained gels,
with the exception of * where products were amplified to levels detected by Southern blot
hybridisation. 1 denotes PCR amplifications described by Kelly (1990). N/A denotes not

available, where primer combinations listed were never used.
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Chapter 7

Characterisation of human minisatellites with
discontinuous allele length distributions

Summary

Mutation dynamics and processes have been extensively characterised at human
minisatellites which display mutation rates of >10~ per sperm, have continuous allele size
distributions, and population heterozygosities of >98%. However, the majority of human
minisatellites display lower levels of heterozygosity (70-80%) indicative of a mutation rate
of ~107 per gamete. It is unknown whether mutation mechanisms which operate at
hypermutable minisatellites also operate at minisatellites with lower mutation rates. As a
result, three minisatellites (MS51, D19S520 and D17S574) with reported heterozygosities of
70%-90% were characterised as potential candidates for mutation analysis. D17574 was
found to be unsuitable due to high levels of allele size diversity and population
heterozygosity. In contrast, both MS51 and D19520 displayed heterozygosities of ~80%,
trimodal allele size distributions, and patterns of variant repeat interspersion making them
good candidates for the characterisation of de novo mutation. Systems of MVR-PCR were
established to further characterise patterns of allele diversity. There was little evidence for
polar variation at either locus indicating that if polar mutational processes do operate, they
occur at a lower frequency than non-polar mechanisms. Patterns of variation consistent
with intra-allelic duplications were observed at both loci. The highly informative system of
MVR-PCR established at MS51 made it a good candidate for future mutation analysis.

However, due to time constraints these experiments were not continued.

Introduction

Germline mutation processes have been extensively characterised directly from sperm
DNA at the human minisatellites MS205, MS32, B6.7 and CEB1 (Buard et al., 1998;
Jeffreys et al., 1994; May et al., 1996; Tamaki et al., 1999b). These loci all display high

levels of allele diversity both in length and internal structure due to the operation of
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complex mutation processes generating mutants in the male germline at rates of
0.4-15% per sperm. Characterisation of patterns of allele variation by MVR-PCR in
Caucasian populations at MS32, MS31, and MS205 demonstrated that most variability was
concentrated towards one end of the repeat array (Armour et al., 1993; Jeffreys et al., 1990,
May et al., 1996; Monckton et al., 1993; Neil and Jeffreys, 1993; Tamaki et al., 1993;
Tamaki et al., 1992). Analysis of germline mutants both in pedigrees and in sperm
confirmed that polarised variation reflected polarity of mutation, which at MS32 has been
shown be due to a localised recombination hotspot within the flanking DNA (Jeffreys et al.,
1998a; Jeffreys et al., 1998b). Most mutations at this locus result from the conversion-like
transfer of repeats usually occurring in register between alleles, suggesting an allele pairing
function in DNA flanking the unstable end of the repeat array. Polarised variation in allele
structure was not observed at the hypermutable loci CEB1, MS621 and D7S22 (Andreassen
and Olaisen, 1998; Armour et al., 1996b; Buard ef al., 1998; Buard and Vergnaud, 1994).
However at CEB1, polarised inter-allelic repeat transfers have been characterised in sperm
DNA, and the lack of polar variation was due to the high frequency of complex non-polar
intra-allelic mutation at this locus (Buard et al., 1998). Therefore while polar variation is
indicative of polar mutation potentially due to a flanking recombination hotspot, a lack of

polarity does not demonstrate the absence of such a hotspot.

Similar mechanisms of mutation operate at all hypermutable loci characterised to date. In
addition, most germline mutations result in small changes in allele size, with a bias towards
an increase in repeat number (Buard et al., 1998; Jeffreys et al., 1994; May et al., 1996;
Tamaki et al., 1999b). Mutation increases allele diversity, whilst factors such as genetic
drift and (at some loci) selection reduce allele diversity. A high mutation rate at
minisatellites will maintain high levels of allele diversity both in allele length and internal
structure, and multiple consecutive incremental changes in array length by mutation could
readily result in the continuous distribution of allele sizes observed at hypermutable loci.
For minisatellites with lower mutation rates, a subset of alleles would be expected to
increase in frequency due to the effects of drift resulting in a discontinuous allele size
distribution, as is seen at minisatellite D2544 (Holmlund and Lindblom, 1998). Analysis of
variant repeat distribution at this locus by MVR-PCR revealed that its bimodal allele size

distribution corresponded to three distinct allele lineages, with small alleles derived from a

Chapter 7 Page 105



single lineage and large alleles derived from two lineages (Holmlund and Lindblom, 1998),
consistent with a low mutation rate and population sampling effects. Alternatively,
mutation rate may not be low, but instead there may be selection for alleles of specific
sizes. However, it can be assumed that discontinuous size distributions and low levels of

length heterozygosity both indicate a low mutation rate.

The majority of human minisatellites display much lower levels of allele length
heterozygosity (typically 70-80%) than the hypermutable loci characterised by mutation
analysis (Armour e? al., 1990; Nakamura et al., 1987). Heterozygosity of 70-80% implies a

mutation rate of ~5x107° per gamete by H=ﬁ, where H is homozygosity, the
i

effective population size (N,) is 20000, and p is the mutation rate. It is unknown whether
all human minisatellites mutate by similar mechanisms, or whether mechanisms operating
~ at hypermutable loci are specific to that class of minisatellites. However, there are
indications that complex mutation mechanisms do operate at minisatellites with low
mutation rates as extensive sequence analysis of the HRASI minisatellite found evidence
for conversion-like mutation processes (Ding et al., 1999), although confirmation would

require the characterisation of de novo mutation events.

Mutation analysis at minisatellites with low mutation rates and variabilities would also
allow the effects of minisatellite homozygosity to be investigated. In heterozygotes,
mismatches in length and repeat array sequence between interacting alleles may serve to
trigger the abortion of recombination initiation complexes and instead result in complex
rearrangements without crossover. The low frequency of true homozygotes at hypermutable
loci has prevented analysis of the effects of homozygosity on mutation. At minisatellite
MS32, true crossovers between interacting minisatellites generate simpler mutant structures
than the products of conversion (Jeffreys et al., 1998b). In homozygotes, the absence of
sequence mismatches between alleles interacting in register could be expected to reduce
gene conversion and increase the frequency of true crossovers, therefore reduce the
complexity of mutant structures generated. If inter-allelic recombination in homozygotes
led to a high frequency of in-register crossover without rearrangement, the products of
recombination would be identical to progenitor alleles, so a reduced mutation rate could be

expected.
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The ultimate objective of the work within this chapter was to analyse mutation dynamics at
human minisatellites with lower levels of allele diversity and heterozygosity, in order to
compare the mutation mechanisms that operate at minisatellites with low and high mutation
rates, and to determine the effects of homozygosity on mutation. The first stage was to
identify and characterise suitable candidate loci for analysis. The ideal locus would display
allele sizes of <4 kb, and be composed of interspersed variant repeats allowing MVR-PCR
analysis. Target heterozygosities were between 70% and 90% corresponding to mutation
rates of between 2x107° and 1x10™ per gamete, substantially lower than the hypermutable
loci characterised to date, but sufficiently high to allow the detection of de novo germline
mutants. One obvious candidate was MS51 (D11597) (Royle et al., 1988a) which was
isolated as a Sau3 AI-EcoRI-digested DNA fragment cloned from a DNA fingerprint
(Jeffreys et al., 1988) and displayed an estimated heterozygosity of 77% with an allele size
range of 1.3-4.3 kb (Jeffreys et al., 1988). Furthermore, 113 bp of 5" and 193 bp of 3° DNA
ﬂanking the repeat array had been previously sequenced, and PCR established for
amplification of the locus (Jeffreys et al., 1988). In order to identify additional candidate
loci, the VNTRs DI17574 (pCMMS86) and D19520 (pJCZ3) (Nakamura et al., 1988;
Nakamura et al., 1987) were selected from the Human Genome Mapping Project (HGMP)
probe bank on the basis of the reported range of allele sizes (1.0-3.5 kb and 1.5-4.0 kb
respectively) and heterozygosities (90% and 75% respectively). (Information about probes
available from the HGMP was derived from the HGMP probe bank web site which is no

longer in existence.)

Results

Sequence analysis of candidate loci

Sequence analysis of MS51 identified multiple variant repeats of 25 and 33 bp in length
(Jeffreys et al., 1988). This, combined with an allele size range of between 1.3 kb and
4.3 kb, made the locus amenable to MVR-PCR analysis. To determine the suitability for
variant repeat typing at D17S574 and D19520, each locus was sequenced. However for
reasons unknown, attempts to amplify these loci using primers specific to the pUC18 vector
into which the inserts were cloned were unsuccessful. This work was undertaken

simultaneously with the subcloning of mouse loci described in Chapter 3, so it was decided
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to transfer the repeat regions of each locus to a pBluescript II SK* vector for sequence
analysis. The repeat regions were identified by restriction endonuclease-resistance as
described in Chapter 3, and were used as probes to generate proximal restriction maps
surrounding the VNTRs from each of the clones obtained from the HGMP, as described in
Figure 3.8.

Further problems were encountered for locus D19520. Sequence analysis of the cloned
region revealed that the original insert in the pJCZ3 clone (Nakamura et al., 1988) lacked
flanking DNA on one side of the repeat array. Without flanking sequences, PCR
amplification of the locus from genomic DNA would not be possible. Fortunately, a cosmid
clone (cMCOB19) (Nakamura et al., 1987) covering the same region was also available
from the HGMP probe bank. Proximal restriction map analysis of the cosmid using the
repeat region derived from the corresponding plasmid as a probe led to the identification of
appropriate regions for subcloning and sequencing. Restriction maps of the D17574
plasmid and the D19520 cosmid, with subcloned regions indicated, are presented in Figure
7.1a. Repeat composition of D17574, D19520, and MS51 are presented in Figure 7.1b.
Each of the three loci were GC-rich with high levels of purine-pyrimidine strand
asymmetry and variant sites present between repeat units making each locus amenable to
MVR-PCR analysis. Repeat units of both MS51 and D19S20 were strikingly similar,
composed of multiple A(G),A degenerate motifs, with at least some repeat units of 33 bp in

length. Known sequences flanking each locus are presented in Appendix 5.

PCR amplification of three minisatellites

PCR amplification has been previously performed at MS51 using primers 51-A and 51-B
(Table 2.1; Appendix 5; Jeffreys et al. (1988)). These primers were located at or near the
outer limits of known sequence flanking the locus. For mutation detection and analysis,
nested primer pairs are required to avoid contamination between consecutive experiments.
Initial amplification of samples uses outer primers for a limited number of cycles only.
These reactions are set up in a dedicated single-molecule clean flow hood. Mutants are then
reamplified outside of the flow hood to detectable levels using internal primers..This
combination of spatial separation and primer nesting serves to minimise contamination

between experiments. With the potential for future single molecule mutation detection
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Figure 7.1

Primary sequence characteristics of three human minisatellites

Proximal restriction maps were generated as described in Figure 3.8 for D/9520 and
D175874, from the clones cMCOB19 and pCMM&86 respectively (Nakamura et al., 1988;
Nakamura ef al., 1987) (Figure 7.1a). Regions containing the tandem repeat array plus
flanking DNA were subcloned into pBluescript II SK* vectors and sequenced. Full
sequences are presented in Appendix 5. Sequence data from the repeat array of each locus
and of MS51 are presented (Figure 7.1b). MS51 sequences were as described in Jeffreys et
al. (1988). The repeat units for each locus are GC-rich and display purine-pyrimidine strand
asymmetry. Polymorphic sites, where each variant was identified in at least two repeats, are

underlined. 5" and 3” orientations are designated as in Appendix 5.



Figure 7.1

a

PD19S20

b
Locus D19S20
Clone pICZ3.1, cMCOB19
Location 19p13.3
Heterozygosity 75%
Repeat Length 33 bp
GC content 70%
Purine content 78%

Repeat sequence from clone

3”- CTGGGGCGTCCACGCAGGAGGAGAGAGGAGGaA
GTGGGGCGTCCACGCAGGAGGAGAGAGGAGGGA
GTGGGGCGTCCACGCAGGAGGAGAGAGGAGGGA
GTGGGGCGTCcCACGCAGGAGGAGAGAGGAGGGA
GTGGGGCGTCCACgCAgGAGGAGAGAGGAGGGA
GTGGGGCGTCCACGCAGGAgGAGaGAGGAGGgA
GTGGGGCGTCCACGCAGGAGGAGAGAGGAGGGA

GTGGGGCGTCCACGCAGGAGGAGAGaGGAGGAA -5

Locus MS51

Clone MS51
Location 1q13
Heteroz r\jgosuy T7%

Repeat 25 and 33 bp
G .content 69%

Purine content 82%

Repeat sequence from clone

5’- GGCAGGAGGGCAAGTGGAGGGACA
TGGCAGGAGGGCAGGTGGAGGGACA
TGGCAGGAGGGCAGGTGGAGGGACA
TGGCAGGAGGGCAGGTGAAGGGA - -
GGGCAGGAGGGCAAGTGGAGGGACATGGCATGA
TGGCAGGAGGGCAGGTGGAGGGACATGGCAGGA
GGGCAGGAGGGTAGGTGGAGGGACA
CGGCAGGAGGGTAGGTGGAGGGACA
CGGCAGGAGGGCAGGTGGAGGGACA
CGGCAGGAGGGCAGGTGGAGGGACA
CGGCAGGAGGGCAGGTGGAGGGACA
CCGCAGGAGGGCAGGTGGAGGGACA
CGGCAGGAGGGCAGGTGGAGGGACA -3~

Locus D17S74
Clone pCMMZ86
Location 17921
Heterozygosity 90%
Repeat Length 24 bp

GC content 67%
Purine content 75%

Repeat sequence from clone
AGGGTGGGTGTGTTGGAGGGGGTG
AGGGTGGGTGTGITGGAGGGGGTG
AGGGTGGGTGTGTTGGAGGGGGTG
AGGGTGGGTGTGCTGGAGGGGGTG
AGGGTGGGTGTGTTGGAGGGGATG
AGGGTGGGTGTGITGGAGGGGATG
AGGGTGGGTGTGTTGGAGGGGGTG
AGGGTGGGTGTGCTGGAGGGGGTG
AGGGTGGGTGTGITGGAGGGGGTG-3”
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studies at MS51, it was necessary to avoid use of the outer primers. New primers for
amplification of the locus were designed, named 51-C and 51-D. Primers were also
designed for the amplification of both D17574 and D19S20. Sequences of primers are
presented in Table 2.1, and positions indicated in Appendix 5. Each locus was amplified in
the same panel of 45 unrelated CEPH DNAs. Allele size distributions detected by PCR are
presented for loci MS51 (Figure 7.2), D19520 (Figure 7.3) and D17574 (Figure 7.4).

Both MS51 and D19S20 display strikingly similar trimodal allele size distributions as well
as repeat vunit sequences. Heterozygosities for the two loci were determined from
Figures 7.2 and 7.3 at 82% and 80% respectively, corresponding to an estimated mutation
rate of ~5x107° per gamete (N,=20000). All alleles at both loci were below ~4 kb in size so
could potentially be analysed completely be MVR-PCR. In contrast, D17574 displayed
much higher levels of allele size variability with alleles showing a continuous size
distribution between 1.0 kb and 6.0 kb. Heterozygosity was determined from Figure 7.4 at
93%, corresponding to an estimated mutation rate of 2x10™ per gamete. This mutation rate
was higher than the target range. Furthermore, with a size range from ~30-250 repeats,
many alleles were too large to be analysed along their entire length by MVR-PCR. The loci
MS51 and D19S20 were therefore suitable candidates for the characterisation of de novo

mutation events, whilst D17574 was excluded from further analysis.

' MVR-PCR analysis of D19520

As described in Chapter 4, the first stage in establishing a system of MVR-PCR was to
sequence alleles from genomic DNA to ascertain levels of variant repeat sequence
diversity. Diversity within the cloned allele of D19520 was very low with polymorphism
restricted to a single dimorphic site (Figure 7.1). A single 0.8 kb allele from CEPH DNA
133202 was sequenced, and is presented in Figure 7.5. Repeat size heterogeneity was
observed within this allele, with two 28 bp and eight 33 bp repeat units. MVR primers were
designed to distinguish two repeat types called C and T, which differed by a C/T transition
at a single site (Figure 7.5). The 5 bp deletion/insertion polymorphism which was
apparently restricted to a subset of C-type repeats was not detected by the MVR primers.
Examples of alleles of D19520 analysed by MVR-PCR are presented in Figure 7.6.
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Figure 7.2

CEPH DNA
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PCR amplification of MS51

MS51 was amplified in a panel of 45 unrelated CEPH DNAs with flanking primers 51-C
and 51-D from 20 ng of genomic DNA at 96°C for 40s, 68°C for 30 s, 70°C for 3 min for
18 cycles. PCR products were electrophoresed through a 40 cm 1% agarose gel, Southern
blotted, and hybridised. To amplify alleles to levels detectable on ethidium bromide-stained
gels, 26 cycles of PCR were performed. Amplification efficiency was found to be greatest
when reducing the input of 1I.IxPCR buffer to 80% of the standard concentration, and
elevating the concentration of Tris base by 20% to 14.4 mM. Alleles display a broadly
trimodal size distribution ranging from -1.3-4.1 kb with allele length heterozygosity of
82% (37/45 heterozygous individuals).
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Figure 7.3

CEPH DNA
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PCR amplification of D19S20

D19820 was amplified in the DNA samples described in Figure 7.2 under standard conditions

with primers 118-C and 118-D (118 refers to the probe identification number used by the
HGMP probe bank) from 20 ng of genomic DNA at 96°C for 40s, 62°C for 30 s, 70°C for
3 min for 20 cycles. PCR products were electrophoresed through a 40 cm 1% agarose gel,

Southern blotted, and hybridised. To amplify alleles to levels detectable on ethidium bromide-

stained gels, 26 cycles of PCR were performed. As with MS51, alleles display a trimodal

size distribution ranging from -0.8-2.8 kb with allele length heterozygosity of 80% (36/45

heterozygous individuals).
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Figure 7.4

CEPH DNA
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PCR amplification of D17S74

D17S874 was amplified in the DNA samples described in Figure 7.2 under standard conditions
with primers 426-C and 426-D (426 refers to the probe identification number used by the
HGMP probe bank) from 20 ng of genomic DNA at 96°C for 40 s, 60°C for 30 s, 70°C for
3 min for 18 cycles. PCR products were electrophoresed through a 40 cm 1% agarose gel,
Southern blotted, and hybridised. To amplify alleles to levels detectable on ethidium bromide-
stained gels, 25 cycles of PCR were performed. In contrast to both MS51 and D19520,
D17874 displays a continuous allele size distribution between -1.0 kb and -6.0 kb, with
allele length heterozygosity of 93% (42/45 heterozygous individuals). This continuous size

distribution and high heterozygosity suggest a high germline mutation rate.
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Figure 7.5

CEPH DNA 133202
0.8 kb allele

5° CCTCCTGITGTGGACGCCCCACTT
CCTCCCCTCTCCTCCTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTT
CCTCCTCTC--—-~-~- CTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTC
CCTCCTCTCTNCTCCTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTT
CCTCCTCTC-=-—~- CcTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTT
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTT
CCTC -3’

Sequence from cloned allele

5° TCCTGYGTGGACGCCCCACTT
CCTCCECTCTCCTCCTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTC
CcTCCTCECTCcTCCTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCcTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGgACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTC
CCTCCTCTCTCCTCCTGCGTGGACGCCCCACTL
CCTCCTCTCTCCTCCTGCGTGGACGCCCCA-3

Sequence analysis of D19S20

Ha 000000300

CHeoNoNoNoNoNo N

MVR primers were designed from sequence data generated from a 0.8 kb allele amplified
from CEPH DNA 133202 and the cloned sequence from the cMCOB19 cosmid (Nakamura
et al., 1987). 5 and 3" are as designated in Appendix 5b. The regions of each variant repeat

detected by the MVR primers 118-MC or 118-MT are underlined, with variant sites which

distinguish repeat types double underlined. Predicted MVR-PCR repeat-type identity is

listed at right.
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Figure 7.6

MVR-PCR at D19S20

A system of two-state MVR-PCR was established at D19S20 with C- and T-type repeats
identified. General MVR-PCR conditions were as described in Chapter 2. To separate
alleles in heterozygotes, samples were amplified to levels visible on ethidium bromide-
stained gels as described in Figure 7.3 and bands excised from the agarose gel. DNA was
gel purified using home-made spin columns and diluted x10 prior to MVR-PCR analysis.
Alleles were MVR mapped with flanking primer 118-D and MVR primers 118-MC or
118-MT at 96°C for 40 s, 65°C for 30 s, 70°C for 2 min for 15 cycles. PCR products were
electrophoresed through a 40 cm 1.2% agarose gel, Southern blotted, and hybridised.

MVR-PCR analysis of 17 alleles is presented, and includes both the smallest (D19A-12a)
and largest (D19B-74a) alleles detected in this study. Allele names reflect allele group
(defined in Figure 7.7), repeat number, and a further discriminating letter so that D19R-13b
is the second (b) allele of 13 repeats identified in group D19R. Null repeats (unamplifiable
or poorly amplifiable repeats due to additional polymorphisms which prevent efficient
annealing of the MVR primers) can be clearly distinguished in many alleles as faint bands,

for example at the top of alleles D19R-13b and D19A-19a.
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All 81 alleles of D19520 defined by size from the 45 CEPH DNAs amplified previously
(Figure 7.3) were typed by MVR-PCR. Nine individuals were homozygous for allele
length. MVR analysis revealed two of these nine homozygotes to be heterozygous for allele
structure resulting in a corrected heterozygosity of 84% (38/45 heterozygous individuals)
with a corresponding estimated mutation rate of 7x10° per gamete. Alleles in the two
individuals heterozygous for allele structure but homozygous for length were not analysed
separately. The remaining 79 alleles represented just 25 different MVR codes which could
be divided by eye into three groups, D19A, D19B, and D19R as shown in Figure 7.7. The
two alleles within D19R (R represents rare alleles) bear little structural similarity to any
other alleles identified. The low level of informativity of this MVR-PCR system seriously
limits any conclusions which may be drawn from these data, and makes the division of
alleles into these three groups questionable. It is possible to align all alleles into a single
homogenous group, in which D19R aligns with D19A at the 3” end, and D19B aligns with
D19A at the 5” end. The division of alleles presented is based on the absence from group
DI19R of a 57 (C)s,TCo motif, and the presence of (T),; motifs in group D19B (Figure 7.7).

There are indications of weak polarised variation between alleles. Most alleles share a
5" (C)scTCo motif, and D19B alleles share complete MVR code identity across the
57 35 repeats. However, all alleles also share a common 3” (T), ;C motif and most variation
between D19A alleles is located centrally. If there is polar variation at this locus, it is
clearly less pronounced than at loci such as MS32, MS205, or MS31 (Armour et al., 1993;
Jeffreys et al., 1991; Jeffreys et al., 1990; Neil and Jeffreys, 1993).

MVR-PCR analysis of MS51

A 6-state system of MVR-PCR was ultimately established at MS51 based on the sequence
data presented in Figure 7.8. MVR primers 51-MA, 51-MC and 51-MG distinguish
between three repeat types (A, C and G) which differ by a three-way polymorphism at a
single site. 51-MT identifies repeats which differ from either A-, C- or G-type repeats by a
transversion polymorphism 14 bp 3” of the A/C/G polymorphism (Figure 7.8, 5" and 3" are
designated with by reference to the sequence presented in Appendix 5c). Analysis of
variant repeat distribution using this 4-state system was problematic due to a high

frequency of null repeats. MS51 repeats are 25 and 33 bp in length. A gap of ~100 bp in the
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Figure 7.7

MVR-PCR codes at D19S20

MVR codes were read 3" to 5” from the bottom to top of the autoradiographs. Seventy-nine
alleles were typed by 2-state MVR-PCR with the identification of 25 different MVR codes.
Repeat distribution patterns of all alleles were aligned by eye, and hyphens were inserted to
improve alignments. Alleles were divided by eye into three groups, D19A, D19B, and
DI9R. DI9R is a heterogeneous group of Rare alleles which bear comparatively little
structural similarity to any other allele analysed. Allele names are as described in

Figure 7.6. The number of copies of each allele detected in this sample is presented.



Figure 7.7

Allele

D19R-13b
D19R-13a

D19A-12a
D19A-13a
D19A-19a
D19A-20a
D19A-18a
D19A-21a
D19A-19b
D19A-23a
D19A-24a
D19A-25a
D19A-23b
D19A-25b
D19A-30a
D19A-22a
D19A-25C
D19A-23C
D19A-25d
D19A-32a
D19A-21b

D19B-46a
D19B-53a
D19B-55a
D19B-74a

Copies

1
2

HHH;HMAHNHHNWHHHHHZ

— N = N

MVR code (3' -> 5' orientation)

TTCCCCTCTCToo
TTCTCCCCCTCCT
TTC TCCCCCTCo
TTTC TCCCCCTCo
TTCT- CCCCCC TCCCCCToo
TTCTCCCCCCC TCCCCCTCo
TTC cccce § oy J—— CCCCCTCo
TTCCT- CCCCC § (o) J— CCCCCTCo
TTC-T- - CCCC § (o) — CCCCCTCo
TTC- T- CCCCCTCC- TCTmmmmmmmmv CCCCCTCo
TTC- - CTCCCCTCCTTCT-mmmmmmmmme CCCCCTCo
TTTC- - CTCCCTCTCTTCT———- CCCCCTCo
TTC- - CCCTCTCTCTT-nmmrmmmmeee CCCCCCTCo
TTTC- - CCCCTTCTCTTCT--mmmmmmmmev CCCCCTCo
TTC- TCCCCTTCCCTTCTCTCTT-CCCCCTCo
| \f o — CCTTCTCTCTT- CCCCCTCo
§ ¢ ) G— CCCCTTCTCTCTTCCCCCCTCo
| f | o — CCTTCTCTCTTCCCCCCTCo
§ | | oR— TCCCTTCTCTCTTCCCCCCTCo
TTCCCTTCTCTCCCTTCTCTCTTCCCCCCTCo
TTT TTCTCTCTTCCCCCCTCo
§ | | o — TTTTTTTC
) It | G R— TTTTTTTCT

TTCCTTCTCTCCCCCCCTTCTCTCTCTCCCCCTCo

CCTTTTTTCCTTCTCTCCCCCCCTTCTCTCTCTCCCCCTCo

TTC TC-TTTTTTTCCCCTTTTTTCCTTCTCTCCCCCCCTTCTCTCTCTCCCCCTCo
TTCCCTTCTTCTTTTTTTTCTTCTTTTTTTTCCCCCTTTTTCCTTCTCTCCCCCCCTTCTCTCTCTCCCCCTCo




Figure 7.8

Sequence analysis of MS51

Partial sequence data were generated from 3 small (1.2-1.5 kb) and one large (~3.0 kb)
alleles of MS51. 5” and 3” are designated as in Appendix 5c. The 3.0 kb allele was too large
for the central region to be sequenced from primers flanking the repeat array. The allele
was therefore amplified to levels visible on an ethidium bromide-stained gel using
0.4 uM flanking primer 51-C and MVR primer 51-MC. Bands were excised and sequenced
using the TAG primer. Regions of each repeat detected exclusively with either 51-MA,
51-MC, 51-MG, or 51-MT are underlined. Regions detected exclusively by 51-MB are
underlined in bold. Regions detected by 51-MB and another MVR primer are underlined
twice. A subset of A-type repeats would not be detected by 51-MB due to a transversion
polymorphism 18 bp from the 5” end of the repeat unit. These repeats were denoted 'a’. The

predicted repeat type as defined by MVR-PCR is presented (separated from the repeat by

Heterogeneity in repeat unit length is likely to have arisen from duplication of part of a
repeat unit. For example in the 1.3 kb allele from CEPH DNA 134101, the first 33 bp
repeat from the 5” end contains an additional TGGCAGGA sequence which is identical to
the first 8 bases of an A-type repeat. This sequence identity continues for a total of 15 bp
making the definition of the start and end of each repeat problematic. The division of the
sequence into repeat units presented is based on the identity of the residue 16 bp from the

57 end of the repeat unit.



Figure 7.8

CEPH DNA 134101
1.3 kb allele

5’ -GGGCAGGAGGGCAAGTGGAGGGACA
O.evn. TGGCACGAGGGCAGGTGAAGGGACA
B..... CAGCACGAGGGCAGGTGGAGGGACA
G- CGGCAGGAGGGCAGGTGGAGGGACA
A..... TGGCAGGAGGGCAGGTGGAGGGACA
A..... TGGCAGGAGGGCAGGTGGAGGGACA
a..... TGGCAGGAGGGCAGGTGAAGGGACA
G..w.. CGGCAGGAGGGCAGGTGGAGGGACA
G..... CGGCAGGAGGGCAGGTGGAGGGACATGGCAGGA
Covnnn GGGCAGGAGGGCAGGTGGAGGGACG
A..... TGGCAGGAGGGCAGGTGGAGGGACA
A..... TGGCAGGAGGGCAGGTGGAGGGACA
A..... TGGCAGGAGGGCAGGTGGAGGGACATGGCACGA-3 *
3 "-TGTCCCTCCACCTGCCCTCCTGCCG . -« - - G
TGTCCCTCCACCTGCCCTCCTGCGG. . - . . B
TGTCCCTCCACCTGCCCTCCTGCCG. - . . « G
TGTCCCTCCACCTGCCCTCCTGCCG . - . - - G
TGTCCCTCCACCTGCCCTCCTGCCG. - . - « G
TGTCCCTCCACCTGCCCTCCTGCCG . - - - - G
TGTCcCTCCACCTGCCCTCCTGCCC . - - - - C
TCCTGCCATgTCCCTCCACCTGCCCTCCTGCCC . - - - - C
TCATGCCATGTCCCTCCACTTGCCCTCCTGCCC. . . . « T
TCATGCCATGTCCCTCCACTTGCCCTCCTGCCC-57. . T
CEPH DNA 4502

1.5 kb allele

5 * - TGGCAGGAGGGCAGGTGAAGGGACA

B..... CAgCAGGAGGGCAGGTGGAGGGACA
Gount. CGGCAGGAGGGCAGGTGGAGGGACA
A..... TGGCAGGAGGGCAGGTGGAGGGACA
... TGGCAGGAGGGCAGGTGAAGGGACA
B..... CAGCAGGAGGGCAGGTGGAGGGACA
Gevnn CGGCAGGAGGGCAGGTGGAGGGACATGGCAGGA
Covnn GGGCAGGAGGGCAGGTGGAGGGATG
Ac.... TGGCAGGAGGGCAGGTCGAGGGACA
A..... TGGCAGGAGGGCAGGTGGAGGGACA
A..... TGGCAGGA@G_CAGG:I_QAAgGGACA
Go.ut CGGCAGGAGGGCAGGTGGAGGGACA
Go.... CGGCAGGAGGGCAGGTGGAGGG-3 *

3 ' -TGTCCCTCCACCTGCCCTCCTGCCG . -« - -
TGTCCCTCCACCTGCCCTCCTGCGG. - - - .
TGTCCCTCCACCTGCCCTCCTGCCG . - - - - G
TGTCCCTCCACCTGCCCTCCTGLCG . - - - -
TGTCCCTCCACCTGCCCTCCTGCCG. - - - - G

TGTCcCTCCACCTGCCCTCCTGCCG-5". .G

CEPH DNA 2302

1.2 kb allele

A. .5 -TGGCAGGAGGGCAGGTGGAGGGACA

Counn GGGCAGGAGGGCAGGTGGAGGGACG
A.... mCAGGAGGGCAGG‘IG@GGACA
A..... TGGCAGGAGGGCAGGTGGAGGGACA
A..... TGGCAGGAGGGCAGGTCGAGGGACATGGCAGGA
Coun.. G&CAGGAGGGCAGG’IG@GGACG’I‘GGCAAGA—3 ’

3 "-TGTCCCTCCACCTGCCCTCCTGCCG. - . . - G
TGTCCCTCCACCTGCCCTCCTGCGG. . . . . B
TGTCCCTCCACCTGCCCTCCTGCCG. . . .. G
TGTCCCTCCACCTGCCCTCCTGCCG. . . . . G
TGTCCCTCCACCTGCCCTCCTGCCG. .. . . G
TGTCCCTCCACCTGCCCTCCTGCCG. . . . . G
TGTCcCTCCACCTGCCCTCCTGCCC . . . . . c

TCCtGCCATGTCCCTCCACCTGCCCTCCTGCCC . . .. . C
TCATGCCATGTCCCTCCACTTGCCCTCCTGCCC-5". . T

CEPH DNA 134101
3.0 kb allele (sequenced with the TAG primer)

3 "-TCGTGCCATGTCCCTCCACTTGCCCTCCTGCCC. . . .
TCCTGCCATGTCCCTCCACTTGCCCTCCTGCCC. . .

TCCTGCCATGTCCCTCCACCTGCCCTCCTGCCA. .« .
TGTCCCTCCACCTGCCCTCCTGCCG . .«
TGTCCCTCCACTTGCCCTCCTGCC . . . . .

TcCTGtTGTGTCTGTCCACTTTCCCTCCTGCCC. . . .

CTcCTGCCATGTCCCTCCACCTGCCCTACTGCCG. . .

TGNNCCTCCACCTGCCCTCCTGTTG. . . .
NGTCTGTCCACTTGCCCTCCTGCCA. . . .
TGTCCCTTCACCTGCCCTCCTGCCA.. . . .
TGTCCCTCCACCTGCCCTCCTGCCA. . . .
CGTNCCTCCACCTGCCCTCCTGCCC - - -
TCCTGCATGTCCCTTCACCTGCCCTCTTGCCA. . .
CGTTCCTCCACCTGCCCTCCTGCCC -5

Q@ an

=]

Qo n»o 3 wo A

3 " ~-TCATGCCATGTCCCTCCACTTGCCCTCCTGCCC.
TCATGCCATGTCCCTCCACTTGCCCTCCTGCCC.

TcCTGCCATGTCCCTCCACTTGCCCTCCTGCCA . -
TGCCCCTCCACCTGCCCTCCTGCTG.

.T
.T
.T
.B
TGTCCCTCCACCTGCCCTCCTGCCG. .. .G
A
.C
.C

TGTCCCTCCACCTGCCCTCCTGCCA .
CGTCCCTCCACCTGCCCTCCTGCCC .
TCCTGCCATGTCCCTCCACCTGCCCTCCTGCCC-5
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MVR code could therefore represent either 3 or 4 consecutive null repeats. In addition,
without careful measurement it was difficult to determine the size of a region containing
null repeats by comparing band positions between lanes on the autoradiograph. A fifth

primer, 51-MB, was therefore designed to detect the majority of repeats to facilitate the

scoring of consecutive repeat types.

Predicted MVR codes of sequenced alleles are presented in Figure 7.8. 51-MB detects all
C- and G-type repeats, and most A-type repeats. The transition polymorphism 18 bp from
the 5” end of the repeat which prevents 51-MB binding was only associated with the
A-residue which defines all A-type repeats. Such co-association of specific variants at
different polymorphic sites within repeats appears to be unusual for minisatellites (Tamaki
et al., 1999b; Tamaki et al., 1993). This polymorphism divided A-type repeats into two
further repeat types named A and a. Repeats detected exclusively by 51-MB were named as
B-type repeats. Due to potential difficulties in using an MVR primer which detected too
many repeats (possibly resulting from interaction between amplicons during the
simultaneous amplification of multiple amplicons of different sizes), 51-MB was designed
to not detect T-type repeats (Figure 7.8). Examples of alleles of MS51 analysed by
MVR-PCR are presented in Figure 7.9.

All 82 alleles from the 45 CEPH DNAs analysed in Figure 7.2 were typed by MVR-PCR.
No individuals homozygous for allele length but heterozygous for MVR code were
identified, so the true heterozygosity remained unchanged at 82% (37/45 heterozygous
individuals). From the 82 alleles, 29 different structures were defined by MVR-PCR, and
alleles were aligned by eye and divided into 4 groups, 51A, 51B, 51C and 51D
(Figure 7.10a). The six variant repeats identified produced highly informative allele
structures. Variation within allele groups was mainly due to either switches in repeat
identity within regions containing higher order repeat motifs, or the deletion or duplication

of repeat motifs.
There was substantial evidence for duplications, especially amongst the larger group 51A

alleles. For example, allele 51A-103a (allele 'a’ of 103 repeats in group 51A) differed from
other 51A alleles by the complex reduplication of a 5° motif (Figure 7.10a). 51A alleles
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Figure 7.9

MVR-PCR at MS51

A system of 6-state MVR-PCR was established at MS51 using 5 MVR primers. Prior to
MVR-PCR, alleles weré separated as in Figure 7.6, and samples diluted x200. Due to
variation between the regions within variant repeats detected by different MVR primers, no
one set of MVR-PCR conditions could be attained for optimal specificity of all primers.
Whilst MVR-PCR could be performed at 96°C for 40 s, 65°C for 30 s, 70°C for 2 min for
21 cycles (using the same modified buffer as described for flanking amplifications; see
Figure 7.2), greater specificity was obtained when adjusting annealing temperature, cycle
number, and primer concentration independently for each primer as described below.

MVR-PCR was performed using flanking primer 51-C.

Primer Annealing Cycle Primer
temperature number  concentration (nM)

51-MA 67°C 22 2

51-MB 65°C 22 20

51-MC 67°C 20 3

51-MG 67°C 20 5

51-MT 65°C 21 5

MVR-PCR at 6 alleles is presented. Allele names reflect allele group (defined in Figure
7.10), repeat number, and a further discriminating letter so that 51A-81a is the first (a)
allele of 81 repeats detected in group 51A. All repeats detected by primers 51-MC and
51-MG were also detected by 51-MB. Repeats detected by 51-MA but not 51-MB were
denoted 'a', and example of which is indicated. Only repeats detected exclusively by 51-MB
were called B-type repeats. The first 1-3 repeats of each allele were not visible on the

autoradiograph presented.




Figure 7.9

51A-81a 51B-49a 51C-47a 51C-41a 51C-39b 51D-43a
ACBGTACBGTACBGT ACBGT ACBGT ACBGT

2.0 kb

m 1.6 kb

1.0 kb

i @

i * 0.51 kb

0.40 kb
0.34 kb

0.30 kb
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Figure 7.10

MVR-PCR codes at MS51

MVR codes were read 5° to 3” from bottom to top of the autoradiographs. Eighty-two
alleles were analysed with the identification of 29 different MVR codes. Repeat distribution
patterns of all alleles were aligned by eye, and hyphens were inserted to improve
alignments. Alleles 51A-103a and 51A~140a are divided over several lines to highlight
regions which are likely to have been generated by duplication. Allele names are as
described in Figure 7.9. The repeat number of allele 51A~140a was estimated as the allele
was too large to be completely analysed by MVR-PCR, as is indicated by >>. '?" denotes
repeats which could not be identified as they represent small, weakly hybridising bands
upon Southern blot hybridisation. 'o' denotes null repeats. Alleles were divided by eye into
four groups, 51A, 51B, 51C and 51D (Figure 7.10a). The number of copies of each allele is
presented. Alleles of each group could be meaningfully aligned as is indicated in
Figure 7.10b where the most common alleles from each lineage are aligned by the insertion

of hyphens and division of alleles over multiple lines.
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51D43a

MVR code (5' -> 3' orientation)

BGCAAaGG
CAAa
BGCAAaG
B--AAa
BGCAAaGGCACoCAAA BGo
AaBGCAAaGGCACoCAAA BGo
AAaBGCAAaGGCACoCAAA BGo
?AA-BGCAAaGGCACoCAAA BGo
AaBGCAAaGGCACoCAAA BGo
AaBBCAAaGGCACoCAAA BGo
AaBGCAAaGGCACoCAAA BCo
ARAaBGCAAaGGCACoCAAA BGo
???BGCAAaGGCACoCAAA BGo
AaBGCAAaGGCACoCAAA BGo
AaBGCAAaGGCACoCAAA BGo

?BGAaBGCAAaGGCoCACoCAA0
?BGAaBGCAAaGGCoCACooAAO
BGAaBGCAAaGGCoCACoCAA0
BGAaBGCAAaGGCoCACoAAAO
BGAaBGCAAaGGCoCACoCAAO0
BGAaBGCAAa-GCoCACoCAAO

?AaGGC--AAaGG——— CoCAA B
AaGGC--AAaGG——— CoCAA B
AAaGGC --A- -GG——— CoCAA B
AaGGC--A--GG—— CoCAA B
AAaGGCAAAAaAGGCAAACOCAA B
AaGGCAAAAaGGCAAACOCAA B
ARAaGGCAAACOCAA B
???AAaGGCAAACOCAA B
ARAaGGCAAACOCAA B
AaGGCAAACOCAA B

AaB CAAaGGCoCAA BGo GA
??B CAAaGGCoCAA BGo GA

AAaBGCAAaGG--CACoCAAA B
CoCAA- B

BGAaBGCAAaGGCoCACoCAAO -Go

AAaGGCAAACoCAA- B
AaB CAAaGG——— CoCAA- B

GA BCAAB CoCAA BGo GA
GA BCAAB  CoCAA BGo GA
GA BCAAB  CoCAA BGO GA
GA BCAAB CoCAA BGo GA
GA BCAAB CoCAA BGo GA
GA BCAAB  CoCAA BGo GA
GA BCAAB  COCAA BGo CA
GA BCAAB  COCAA BGo GA
GA BCAAB  CoCAA BGo GA
GA BCAAB  CoCAA BGo GA
GA BCAAB CoCAA BGO GA
B COCAA--BGo GA
Go GA BCAAB CGGGGGGBG
Go GA BCAAB CGGGGGGBG
Go GA BCAAB CGGGGGGBG
Go GA BCAAB CGGGGGGBG
Go GAo BCAAB CGGGGGGBG
Go GA BCAAB CGGGGGGBG
Go GA CCAGB CCGGGGBG
Go GA CCAGB  CCGGGGBG
Go GA CCAGB  CCGGGGBG
Go GA CCAGB  CCGGGGBG
Go GA CCAGB CCGGGGBG
Go GA CCAGB  CCGGGGBG
Go GA CC-GB  CCGGGGBG
Go GA CCAGB  CCGGGGBG
Go GA CCAGB  CCGGGGBG
Go GA CCAGB  CCGGGGBG
BCAAB CAGBBGGBGB
BCAAB  -CAGBBGGBGB
Go GA BCAA--B
Go GA  CAAAAB
CBAAAB  CAGGGGGGGG
ACG  -A
C- -GGGGBG
GA BCAA--B -CGGGGGGBG
Go GA CCA--GB  -CC--GGGGBG
Go GA BCAA--B CAGBBGGBGB

CAAAAB

CAAAAB
CAAAAB
CAAAAB
CAAAAB
CAAA-B

CAGGGGGGGGAB--CG
CAGGGGGGGGGB-0oCG
CAGGGGGGG--A--CG
CAGGGGGGGG-A--CG
CAGGGGGGGG -ACCGG
CAGGGGGGGGGB--CG
CAGGGGGGGGGA--CG
CAGGGGGGGG-A--CG
CAGGGGGGGG-A--CG
CAGGGGGGGG-A--CG
CAGGGG

GGGGBG
GGGGBG
A-C---GGGGBG
A-C---GGGGBG
AACCGGGGGGBG
A-C---GGGGBG
A-C---GGGGBG
A-C---GGGGBG
A-C---GGGGBG
A-C---GGGGBG

A-C
A-C



could also be split into those with and those without a central duplication of an (A),B(T),C
motif. The similarity of this motif to a region immediately 3~ strongly argues in favour of

this polymorphism arising by duplication and not deletion.

It is also striking that alleles from all groups contained all six variant repeats detected in
this study, and that all allele structures could be meaningfully aligned (Figure 7.10b).
Group 51D is perhaps the most distantly related group of alleles. While they share common
central motifs, they differ substantially from all other alleles at both the 5° and 3~ ends.
Overall, there is little evidence for polarity of variation at this locus with most alleles

sharing a common 3” (G), ;BG motif, and variations of a common 5~ AaGGC motif.

Relationship between allele lineage and size

Both D195S20 and MS51 display broadly trimodal allele size distributions which reflect
different allele lineages as defined by MVR code (Figure 7.11). For example at MS51, the
smallest group of alleles represents almost exclusively allele lineage 51C, with the medium
size group dominated by 51B. Large alleles at this locus all lie within group 51A
(Figure 7.11a). Similarly, at D19S20 the largest alleles represent a structurally distinct
group, whilst the two clusters of smaller alleles mainly represent different alleles from
group D19B. Of the 31 alleles within the smallest size group, 27 have identical MVR
structures (D19B-12a; Figure 7.7). This restriction of alleles within each lineage to a small
size range indicates that most mutations at both loci involve small changes in repeat

number.

Discussion

Differences between patterns of variant repeat distribution in alleles of a minisatellite from
a population reflect historical mutation events. Without knowledge of the identity of the
progenitor alleles from which mutant structures were derived, any inferences as to the
mechanisms which generated observed levels of variation must in general be treated with
caution. Nevertheless, analysis of both MS51 and D19520 found evidence of duplication
events which were most likely of intra-allelic origin. For example at D19S20 multiple

copies of a (T),, motif were identified within most alleles of group D19B, but was absent
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Figure 7.11
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Correlation between allele size and lineage at D19S20 and MS51

Alleles of D19520 and MS51 were divided by eye into groups as described in Figure 7.7
and Figure 7.10 respectively. Allele size generally correlates with lineage for both D719S20
(Figure 7.11a) and MS51 (Figure 7.11b). On each bar chart, the x-axis is split as indicated

to exclude size windows within which no alleles were identified.
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from any other lineage (Figure 7.7), whilst at MS51 the largest group of alleles (51A) may
have expanded from a smaller allele lineage (most likely group 51B) by the complex intra-
allelic duplication of a central region (Figure 7.10). However, inter-allelic mechanisms
cannot be excluded. No convincing polarity of variation was observed at either locus,
indicating that if polar inter-allelic repeat transfers do occur, they occur at a lower
frequency than non-polar mutation events. In the absence of any repeat types detected by
MVR-PCR which were specific to single allele lineages, the transfer of repeats between

lineages is difficult to demonstrate.

There was a clear correlation at both MS51 and D19520 between allele lineage and allele
size. This indicates that, as with hypermutable minisatellites, most mutation events
probably result in small changes in allele length. A striking feature of both loci is that MVR
codes of all alleles could be meaningfully aligned. The differences between lineages, both
in size and internal structure, are consistent with complex mutation events which radically

alter both allele structure and size occurring at low frequency.

The high level of informativity of the MVR-PCR system designed for locus MS51
(compared with D19520) made it a strong candidate for mutation analysis. However, time
constraints prevented this work from being performed. At this stage, intensive analysis of
allele diversity in a Caucasian population was proceeding at the insulin minisatellite to
investigate the relationship between variant repeat distribution at this locus and its
associations with susceptibility to type 1 diabetes (Chapters 8-10). The potential for
comparison of mutation dynamics with levels of allele diversity observed in Caucasians,
combined with widespread interest in the insulin minisatellite due to its multifarious
associations with disease, made it a prime candidate for mutation analysis. Allele diversity

and mutation dynamics of the insulin minisatellite are considered in Chapter 8.
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Chapter 8

Allele diversity and germline mutation at the insulin
minisatellite

Summary

The insulin minisatellite has been intensively studied due to its associations with type 1
diabetes, type 2 diabetes, polycystic ovary syndrome, adult obesity and infant birth size.
However, little is known of levels of structural diversity at this locus. Furthermore, its
bimodal allele size distribution in Caucasian populations, combined with strong linkage
disequilibrium surrounding the minisatellite, both indicate that mutation processes
operating at the insulin minisatellite may be very different to those which operate at
previously characterised hypermutable loci. A system of MVR-PCR was established to
analyse allele diversity within a Caucasian cohort. Complete MVR maps were generated
for 876 alleles with the identification of 189 different codes, almost all of which could be
assigned to one of three very distinct lineages. The dominant form of mutation appeared to
involve small insertions and deletions of repeats primarily in homogeneous regions of the
repeat array, occurring at a frequency of perhaps 10~ per gamete. There was also evidence
for more complex mechanisms of repeat turnover involving inter-allelic transfers and
complex intra-allelic duplications. Mutation mechanisms were analysed directly by the
detection of mutants in blood and sperm DNA. Two forms of mutation were identified, the
major resulting in simple deletions and duplications which were at least partially of
premeiotic origin, and a minor form occurring at a frequency of ~2x10” per sperm which
results in complex intra- and inter-allelic rearrangement of repeats similar to mutation
processes observed at hypermutable minisatellites, and almost certainly of meiotic origin.
Characterisation of germline mutation in an individual homozygous for both allele length
and MVR code demonstrated that homozygosity reduced neither the rate nor complexity of

germline mutation.
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Introduction

The insulin minisatellite, located 596 bp 5° of the insulin gene translation initiation site on
chromosome 11p15.5 (Figure 8.1), was the first minisatellite io be sequenced (Bell et al.,
1982). It displays a bimodal size distribution in Caucasian populations with small class I
alleles (28-44 repeats) and large class III alleles (138-159 repeats) representing ~70% and
~30% of all alleles respectively (Bell et al., 1984). Class II alleles of intermediate size are
rare in Caucasian populations (Bennett and Todd, 1996a). Fourteen variant repeats of
14-15 bp in length (named a-n) based on the consensus sequence ACAGGGGTGTGGGG
have been identified (Bennett and Todd, 1996a). Of these 14 variants, 2 (1 and m) were
found exclusively in an allele of African-American origin (Rotwein et al., ;1986), whilst

variant n has‘only been found in chimpanzees (Seino et al., 1992).

In 1984, an association was identified between the insulin minisatellite and susceptibility to
type 1 diabetes (Bell ez al., 1984). Class I alleles associate with predisposition to type 1
diabetes whilst class III alleles associate with dominant protection. More recently, the locus
has é]so been associated with predisposition to type 2 diabetes (Ong et al., 1999),
polycystic ovary syndrome (PCOS) (Waterworth et al., 1997), adult obesity (ODell et al.,
1999), and variation in birth size (Dunger et al., 1998). Transmission ratio distortion has
also been reported, with class I alleles transmitted to unaffected offspring from class I/II1
heterozygous parents at an average frequency of 54% (Eaves et al., 1999). It has been
proposed that the minisatellite acts as a transcriptional regulator both of the insulin gene
and IGF2 (Paquette et al., 1998), and that this regulation may be affected by the
composition of different variant repeats within alleles (Awata et al., 1997; Bennett et al.,
1995; Catasfi et al., 1996; Kennedy et al., 1995). (The phenotypic associations of the
insulin minisatellite will be discussed in detail in Chapter 9.) However despite intensive
analysis of the locus, variant repeat distribution has only been characterised by sequence

analysis of a small number of alleles (Bennett and Todd, 1996a).

The bimodal size distribution, combined with strong linkage disequilibrium surrounding the
minisatellite (Lucassen et al., 1993), suggest that mutation processes operating at the
insulin minisatellite may be fundamentally different from those operating at hypermutable

loci. In addition, the medical interest in the locus made it a prime candidate for analysis.
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Figure 8.1
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Location of the insulin minisatellite

The insulin minisatellite is located on chromosome 1llp15.5, 596 bp upstream of the insulin gene (INS) translation start site. /NS is
flanked 5" by the tyrosine hydroxylase (TH) gene which contains the TH microsatellite (HUMTH(0I) within intron 1~9 kb upstream
of INS, and 3' by the gene for insulin-like growth factor Il (/GF2). An Hphl restriction site polymorphism is located 23 bp upstream
of the insulin gene translation start site (-23Hphl) within intron 1 and is in tight linkage disequilibrium with the two classes of

minisatellite allele as defined by size. Other features of the /NS region will be discussed in Chapters 9 and 10.



The work presented in this thesis on-the insulin minisatellite had two aims. Thefirst was to
characterise patterns of allele diversity at the minisatellite by MVR-PCR, and to investigate
mechanisms of de novo mutation. The second aim, to be discussed in Chapter 10, was to
investigate the association of variant repeat distribution at the minisatellite with
suscgeptibility- to type 1 diabetes. This work involved the analysis by MVR-PCR of
876 alleles from the parents of 219 families of type 1 diabetes affected sib pairs (DNA
samples were supplied by Prof. John Todd). Patterns of allele diversity between alleles are
described in this chapter. This choice of popuiation resulted in pre-selection for alleles
which predispose to type 1 diabetes and so of the alleles typed 704 (80%) were class I, with
164 (Ié%) class III. It is unlikely that this pre-selection resulted in a qualitative difference
between alleles typed in these families compared to the general population, as all parental
alleles whether transmitted or not transmitted to affected offspring were analysed, and the
relative risk to sibs of type 1 diabetic patients conferred by the insulin minisatellite is low
(As=1.25) (Todd and Farrall, 1996).

This chapter is divided into three sections which describe i) the establishment of
MVR-PCR at the insulin minisatellite; ii) patterns of allele diversity, and; iii) the detection
and characterisation of de novo mutation events from both blood and sperm DNA. The
detection. and isolation of all de novo mutants was performed by A. Jeffreys; my
contribution was the analysis of all alleles and mutants by MVR-PCR and the interpretation
of their structures.

Results

PCR amplification of the insulin minisatellite

Extensive sequence data surrounding the insulin minisatellite (GENBANK accession
No. L15440) were used to design all flanking primers for amplification of the locus. A 3 kb
region surrounding the minisatellite taken directly from this sequence is presented in

Appendix 6 with'primer sites indicated.

A limited amount of DNA was available from each family of type 1 diabetic affected sib

pair families. Samples were therefore immortalised by pre-amplification with primers
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INS-5 and INS-3 (Table 2.1, Appendix 6). A base substitution polymorphism which
generates an Hphl restriction site 23 bp upstream of the insulin gene translation start site
(-23Hphl; Figure 8.1) (Ullrich et al., 1980) is in almbst complete linkage disequilibrium
with the two major minisatellite classes as defined by size. To determine allele size within
each family, the minisatellite was amplified from immortalised DNA stocks with primers
INS-1296 and allele specific primers INS-23+ or INS-23- (Figure 8.2). With the exception
of a single class I allele, INS-23+ amplified all class I alleles with INS-23- amplifying all
class III alleles.

Establishment of MVR-PCR at the insulin minisatellite
Eight alleles (five class I alleles, one class II allele and two class III alleles) for which

sequence data were available were selected from the literature (Awata et al., 1997; Bell et
al., 1982; Rotwein et al., 1986) to determine which variant repeats would be appropriate for
detection by MVR-PCR. There is substantial heterogeneity in the literature between
defmitions of variant repeat sequences (Table 8.1), so repeats were renamed to be
consistent with Table 2 of Bell et al. (1982) prior to the determination of their relative
frequencies. The six most frequent variants (a-f) were selected as was the h-type repeat
which, by in vitro transcription studies, had been implicated as a putative enhancer of
insulin gene transcription (Kennedy et kal., 1995). Previous definitions of repeat unit
sequence had located the most polymorphic region of the repeat centrally. In order to
maximise specificity of MVR-PCR primers, the repeat unit was redefined as described in
Table 8.2. Redefined repeats are distinguished from previous definitions by the use of
capital letters. Six MVR primers were initially designed to distinguish the seven variant
repeats with D- and F-repeats both detected with primer INS-MD. Upon completion of the
allele diversity study described in this chapter, 36 alleles were reanalysed with primer
INS-MF which distinguished between D and F repeats. All 166 variant repeats detected in
these alleles by INS-MD had the sequence of F-type repeats.

Prior to MVR-PCR, alleles from heterozygotes were separated either by allele-specific PCR
in -23HphI*" heterozygotes, or by amplification to levels detectable on ethidium bromide-
stained gels and band excision for -23HphI*" homozygotes. In 23HphI* heterozygotes

(therefore class I/II heterozygotes), class I and class III alleles were amplified as described
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Figure 8.2

Allele-specific PCR amplification of the insulin minisatellite

Alleles of the insulin minisatellite are shown amplified by allele-specific PCR in each of
four families denoted 320, 322, 323, and 324. Numbers 1-4 represent family members with
1 being fathers, 2 mothers, and 3-4 the children. +/- indicates which allele-specific primer
was used (INS-23+ amplifies class I alleles, INS-23- amplifies class III alleles). Both
offspring in each family were affected by type 1 diabetes. DNA was supplied courtesy of
Prof. John Todd.

DNA samples were preamplified due to limited DNA resources under standard PCR
conditions from 10 ng genomic DNA with primers INS-5 and INS-3 at 96°C 40 sec,
60°C 30 sec, 70°C 3 min for 10 cycles and PCR products were diluted x128 in dilution
buffer (5 mM Tris-HCI pH 7.5, 5 ug/ml carrier herring sperm DNA). Cycle number was
limited to 10 as in class I/III heterozygotes there would be preferential amplification of the
small class I alleles. Samples were reamplified with primers INS-1296 and allele specific
primers INS-23+ or INS-23-. Class I alleles were amplified at 96°C 40 sec, 61°C 30 sec,
70°C 3 min for 20 cycles. Class III alleles were amplified under the same conditions for 22
cycles. PCR products were detected by Southern blot hybridisation as shown. To amplify
alleles to levels visible on ethidium bromide-stained gels, both class I and class III alleles

were amplified as above for 32 cycles.
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Table 8.1

Definitions of variant repeat sequences

Reference
1 Table 2 of Bell ef al. (1982)
2 Figure 3 of Bell ez al. (1982), and Awata et al. (1997)
3 Rotwein et al. (1986)
4 Owerbach and Gabbay (1993)
5 Kennedy ez al. (1995)
6 Owerbach and Gabbay (1996)
7 Bennett and Todd (1996a)
Repeat sequence Name of sequence in each reference
1 2 3 4 5 6 7

ACA GGGG TGT GGGG
ACA GGGG TCCT GGGG
ACA GGGG TCT GGGG
ACA GGGG TCC GGGG
ATA GGGG TGT GGGG
ACA GGGG TCCC GGGG
ACA GGGG TCT GAGG
ACA GGGG TGT GGGC
ACA GGG. TCCT GGGG
ACA GGGG TGT GAGG
ATA GGGG TGT GTGG
ACA GGGG TCCG GGGG -
ACA GGGG TCCC GGGT - -
ACA GGGG TCG TAGG - -

ACA GGGG TCT GTGG

"—""'D-OQ""J@D-OO-N
= T O TR D
e = TN 0Q RO QDT D
e = T h O AT 6 R

B8 —&xe = D0 w0 A0 O

S e e = 500 0O TS
XA e me— — 0 20 1 T o

There is substantial heterogeneity in the literature between definitions of variant repeats.
Seven publications were selected and variant repeat definitions compared. The repeat unit
sequence is presented at left with sites which differ from the a-type consensus underlined.
Repeats defined differently from either Table 2 of Bell er al. (1982) or Rotwein et al.
(1986) are indicated in bold. Differences in repeat unit definitions were most notable for the
common b-, c-, d- and f-type repeats. For the remainder of this thesis, variant repeat

definitions will be based on Table 2 of Bell et al. (1982).
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Table 8.2

Re-definition of variant repeat sequences at the insulin minisatellite

Previous repeat definition ~ Redefined repeats MVR primers

a ACAGGGGTGT - GGGG A -GTGGGGACAGGGGT INS-MA

b ACAGGGGTCCTGGGG B CCTGGGGACAGGGGT INS-MB and INS-MC
c ACAGGGGTCT - GGGG C -CTGGGGACAGGGGT INS-MC

d ACAGGGGTCC - GGGG D -CCGGGGACAGGGGT INS-MD

e ATAGGGGTGT - GGGG E -GTGGGGATAGGGGT INS-ME

f ACAGGGGTCCCGGGG F CCCGGGGACAGGGGT INS-MD and INS-MF
h ACAGGGGTGT-GGGC H -GTGGGCACAGGGGT INS-MH

Repeat register was redefined to maximise MVR-PCR primer specificity. The identity of

variant repeats was based on Table 2 of Bell et al. (1982), and named with capital letters to

distinguish from previous definitions. Positions of repeat sequence divergence from the

A-type repeat consensus are underlined. MVR primers which detect each variant are listed.
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in Figure 8.2 for 20 and 22 cycles respectively and diluted 500-fold and 100-fold
respectively in dilution buffer (5 mM Tris-HCl pH 7.5, 5 ug/ml carrier herring sperm
DNA). Class I alleles separated by gel electrophoresis were gel-purified by freeze-thaw and
diluted 1000-fold in dilution buffer. Class III alleles separated by gel electrophoresis were
gel purified using the Qiaex II gel purification kit (Qiagen) and diluted 100-fold in dilution
buffer. The necessity for dilutions in buffer containing carrier DNA is described in
Figure 8.3. Examples of class I alleles analysed by six-state MVR-PCR are presented in
Figure 8.4.

While class 1 alleles could be readily analysed using this technique, difficulties were
experienced when analysing class III alleles. Alleles of up to 213 repeats were identified
with 250% of repeats in each allele being A-type repeats. Full MVR-PCR analysis of
alleles of this size would therefore require simultaneous amplification of >100 different
amplicons in a single reaction, followed by their resolution by electrophoresis (requiring
the resolution of two amplicons of ~3 kb which differed by just 14 bp). The MVR system
described above uses a universal primer which anneals to flanking DNA 57 of the
minisatellite. As described in Figure 8.5, amplification of the repeat array using a
37 universal primer and a reverse MVR primer created a series of deletion amplicons
containing only the 3" repeats from the minisatellite allele. This reduced both the number of
repeat units within the amplicon, and the size of the amplicon compared to full length
alleles. Forward MVR mapping of deletion fragments therefore allowed large alleles to be
accurately typed along their entire length, with full allele codes assembled from

overlapping codes generated from the whole allele and each deletion amplicon.

The system of reverse MVR-PCR was designed using a single MVR primer which detected
E-type repeats (primer INS-MER; INSulin MVR primer detecting E-type repeats in
Reverse). INS-MER is a composite primer with the 3” sequence specific to E-type repeats
and the 5” sequence identical to primer INS-1296. PCR generated a population of
amplicons starting with the INS-1296 primer sequence and extending from each E-type
repeat to the 3~ flanking site (Figure 8.5b). Amplicons were separated by gel
electrophoresis (Figure 8.5c) and DNA from 1-2 amplicons (depending on allele size) was

gel purified by freeze-thaw and diluted 100-fold in dilution buffer. The INS-1296 5~
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Figure 8.3

All Dilutions are performed in the presence of carrier DNA

The greatest specificity of variant repeat discrimination for the system of MVR-PCR
established at the insulin minisatellite was obtained when diluting template DNA to very
low concentrations (c. 0.1 pg/pl of pre-amplified DNA) and elevating PCR cycle number
accordingly (data not shown). DNA from bands excised from agarose gels was initially
diluted up to 5000-fold in water. If amplifications of diluted samples were done immediately,
consistent results were obtained (data not shown). However, after storage of diluted samples
for ~1 month, amplifications were sporadic (Figure 8.3a; all amplifications were of DNA
from class I alleles to levels visible on ethidium bromide-stained gels). It was suggested
that at such low dilutions, DNA is adsorbed onto the sides of the polypropylene storage
tubes, so all samples should be diluted in a buffer containing high molecular weight carrier
DNA (A. Jeffreys, pers. commun.). To test this hypothesis, the same samples were diluted
from stock solutions by a factor of x2000 either in water (Figure 8.3b) or in dilution buffer
(5 mM Tris-HCI1 pH 7.5, 5 pg/ml carrier herring sperm DNA) (Figure 8.3¢) and dilutions
incubated at room temperature for 30 minutes. Subsequent PCR amplification demonstrated
that amplification of stocks diluted in water were sporadic, whilst amplification of samples
diluted in dilution buffer were consistent, indicating that carrier DNA was necessary in all

dilutions.

Chapter 8 Figure 8.3



Figure 8.4

MVR-PCR of class | alleles

All class I alleles were MVR mapped with primers INS-MA, INS-MB, INS-MC, INS-MD,
INS-ME, and INS-MH. INS-MC detects both B- and C-type repeats (Table 8.2). INS-MB
discriminates between these two variants. Similarly, INS-MD should detect both D- and
F-type repeats. However, further analysis of a selection of alleles with primer INS-MF
which detects only F-type repeats indicated that all repeats detected by INS-MD were
F-type repeats. No E- or H-type repeats were detected in class I alleles. The first few
repeats were often not detectable after short (14 hr at room temperature) exposure of the
autoradiograph. Autoradiographs of each radiolabelled Southern blot were therefore also
produced after 36 hr exposure at -80°C with intensifier screen (longer exposure is presented
at the bottom). A subdivision of class I alleles is apparent from the autoradiograph
presented, most readily defined by the presence or absence of F-type repeats located at the

centre and top of alleles. This division will be considered further in Figure 8.7.

MVR-PCR reactions were performed under standard conditions with primers INS-1296,
TAG, and one MVR primer, and PCRs cycled at 96°C 40 sec, 58°C 30 sec, 70°C 2 min for
8 cycles followed by 96°C 40 sec, 65°C 30 sec, 70°C 2 min for 12 cycles. MVR primer
concentrations were INS-MA, 8 nM; INS-MB, 10 nM; INS-MC, 25 nM; INS-MD, 15 nM;
INS-ME, 50 nM; INS-MF, 10 nM; INS-MH, 3 nM. Samples were electrophoresed through
a 40 cm 1.5% LE agarose gel at 3 V/cm for 18 hr and detected by Southern blot
hybridisation. The MVR system was very sensitive to input DNA concentration, so a test
MVR of each allele using only INS-MA was initially performed and input DNA

subsequently adjusted according to signal strength and quality.
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Figure 8.5

Analysis of large class Il alleles by "reverse-forward"” MVR-PCR

Class III alleles were too large to be accurately mapped by MVR-PCR along their full
length. A system of reverse MVR-PCR was therefore established using a single MVR
primer INS-MER, which detects E-type repeats (indicated as white squares), and the class
III allele-specific primer INS-23- (shown in grey; Figure 8.5a). INS-MER is a composite
primer in which the 5 sequence is identical to flanking primer INS-1296. PCR generates a
series of amplicons between the INS-23- flanking site and each E-type repeat, each of
which carries a 5 extension with INS-1296 sequence identity. Reverse MVRs were
performed on separated class III alleles in 10 ul reactions with 0.4 uM primers INS-23- and
INS-MER at 96°C 40 sec, 60°C 30 sec, 70°C 2 min for 1 cycle followed by 96°C 40 sec,
65°C 30 sec, 70°C 2 min for 26 cycles. Two of these bands (1 and 2) selected for MVR
mapping are presented (Figure 8.5b). The deletion amplicons are separated by agarose gel
electrophoresis (Figure 8.5¢), and gel purified by freeze-thaw extraction. Based purely on
the reverse MVR with the single primer, two structurally distinct classes of class III alleles
can be identified (Figure 8.5c) which were called IIIA and IIIB (these lineages are
described in detail in Figure 8.7). MVR mapping of the entire allele and each of the two
deletion amplicons (Figure 8.5d) allowed full MVR codes of each class III alleles to be

unequivocally determined.
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extension on the deletion amplicon allowed them to be analysed by forward MVR-PCR as
described in Figure 8.4. Two examples of class III alleles mapped by MVR-PCR are

presented in Figure 8.6.

Allele diversity at the insulin minisatellite

A total of 876 alleles (representing over 50000 repeats) of the insulin minisatellite were
analysed by MVR-PCR with the identification of 189 different alleles over 39 size classes.
MVR codes of over 99% of alleles could be readily assigned by eye to one of three highly
diverged lineages; class I, class IIIA, and class IIIB (Figure 8.7a, all allele codes are
presented in Appendix 7 and may be viewed at http://www.le.ac.uk/genetics/ajj/insulin). As
with D2544 (Holmlund and Lindblom, 1998), lineage diversity was reflected by allele size
distribution, with small class I alleles representing a single lineage, and large class III
alleles representing two very different lineages. Each lineage had a very different
distribution of variant repeats, preventing alleles from different lineages from being
meaningfully aligned. In contrast, variation within each lineage was minor. Alleles of both
class I and class ITIA lineages could be further divided by eye each into two groups, classes
IC (189 alleles) and ID (511 alleles), and IITAi (111 alleles) and IIIAii (15 alleles) (Figure
8.7a, Appendix 7). This division was confirmed by the conversion of variant sites within
each lineage to a multi-state matrix, and analysing the matrix by multi-dimensional scaling
(MDS) (class IITA matrix produced by A. Jeffreys, MDS analysis was by Y. Dubrova, data

not shown).

Seven alleles could not be confidently assigned to any of the allele lineage groups described
above so were collectively called Rare (R) alleles (Appendix 7). Two alleles, R42.1 and
R188.1 bore no apparent structural similarity to any other alleles analysed in this study
(allele names reflect allele lineage, repeat number, and a further discriminator so that allele
R42.1 was the first allele structure identified in class R composed of 42 repeats). R42.1 was
also unusual in being the only allele of class I size which was linked to the
class ITI-associated absence of an Hphl site at -23Hphl. Three allele codes were identified
(IC60.1, IMTB110.1 and IIIB128.1) of class II allele sizes. These alleles could all be readily
aligned with one of the major defined lineages indicating that, at least in Caucasians,

class II alleles do not represent a distinct lineage.
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Figure 8.6
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MVR-PCR of class Ill alleles
Two class III alleles, IIIA152.2 and IIIB 145.1, were MVR mapped from the full allele and

two deletion amplicons generated as described in Figure 8.5. MVR-PCR conditions were
as described in Figure 8.4. Allele names reflect allele lineage, repeat number, and a further
discriminator so that IITA 152.2 is the second allele in lineage IIIA identified of 152 repeats
in length (allele lineages are described in detail in Figure 8.7). Substantial structural
differences between the two alleles are readily apparent. The H-type repeat is present as a
single copy in allele I1TIA152.2, and is absent from IIIB 145.1.
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Figure 8.7

Structural diversity in insulin minisatellite alleles

MVR codes are presented in a 5” to 3” orientation with the insulin gene to the right.
'0' denotes null repeats (unamplifiable repeats due to additional unknown variants).
Hyphens were inserted to improve alignments. Alleles were initially divided by eye into
three lineages, class I, ITIIA and IIIB (Figure 8.7a). Visual inspection and multi-dimensional
scaling further divided class I alleles into classes IC and ID, and class IIIA into IITAi and
IITAii (IITAii indicated by *). All allele codes are presented in Appendix 7, and at
http://www.le.ac.uk/genetics/ajj/insulin. Three rare alleles which may have arisen by
complex mutation processes are also shown aligned to potential progenitor alleles detected
in the diversity survey (Figure 8.7b). The complex duplication product IC60.1 is split
across several lines to facilitate alignment of the mutant with the putative progenitor.
Regions showing apparent inter-allelic transfers are underlined in the allele and the
potential donor allele. A-type repeats are shown in green, B in red, C in blue, E in cyan,

F in yellow, H in pink, and null repeats in black.
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Class IC Class ID

1C28.1 CBoBo A BABABC--AAABBB ID37.1 CBoBo A AAAC--AAA-- ACAAAABAAA-----BABCAAA BBB

IC31.1 CBoBo A BABABC--AAABBB ID38.2 CBoBo A AAACACAAAA- ACAAAABAAA-----BABCAAA-B-B

IC31.2 CBoBo A BAAA-BABABC-AAAABBB 1D39.1 CBoBo A AAACACAAAA- ACAAAABAAA-- -BABCAAA-BBB

1C33.1 CBoBo A .BAAAABABABC-AAAABBB 1D39.4 CBoBo A AAACACAAAA- ACAAA-BAAA---BABCAAA BBB

1C34.1 CBoBo A BAAAABABABC-AAAABBB 1D39.6 CBoBo A AAACACAAAA- ACAAAABAAA-- -BABCAAA B-B

1C30.6 CBoBo A -- BABABC--AAABBB 1D40.2 CBoBo A AAACACAAAA- ACAAAABAAA-----BABCAAA BBB

1C32.6 CBOBO A ID41.5 CBoBo A AAACACAAAAA ACAAAABAAA-----BABCAAA BBB

1C32.7 CBoBo A ID41.1 CBoBo A AAAC--AAAA- A AAAABAAAABABABCAAA BBB

1C35.4 CBOBO A 1D42.2 CBoBo A AAAC-CAAAA- ACAAAABAAAABABABCAAA BBB

1C37.1 CBoBo A --CAAAAA- -BAAAABABABCC-AAABBB 1D42.4 CBoBo A AAACACAAAA- ACAAAABAAAABABABCAAA B-B

1C38.3 CBoBo A AAAAACAAA-CAAAA- - -BAAAABABABC- - -AABBB 1043.9 CBoBo A AAACACAAAAA ACAAAABAAAABABABCAAA B-B

1C41.2 CBoBo A AAAAACAAAACAAAAA--BAAAABABABC-AAAAB-B ID44.1 CBoBo A AAACACAAAAA ACAAAABAAAABABABCAAA BBB
Class IITA
IITA 138 .1 CBoBACAACAO0A- -CAACABAAAABABAA! AABBAABAAAA-0ACABA! AACAA0ACAAABAAACAOACACAAAABAABAAAOAAA--- -0ACAACAAACAAABAC AABCEAAABCIAAAABCAAAA--------== ~omemceeenn BAA AAAA AABoHBBB
1I1A 143 .2 CBoBACAACAO0A CABAAAABABAA AABBAABAAAA-OACABA: AACA-0ACAAABAAACA0ACACAAAABAABAAAOAAAA- -OACAACAAA- -AABAC AABC: AAABCEAAAABCAAA-BAAA- -AAABAABAA AAAA AABoHBBB
111A146 .2 CBoBACAACAO0A- -CAACABAAAABABAA- AABBAABAAAA-0ACABAEAACA-OACAAABAAACA0 ACACAAAABAABAAAO AAAA- - 0ACAACAAACAAABAC *"AABCFAAABA-AAAABCAAAABAAAAA BAABAA AAAA AABoHBBB
111A 147 .2 CBoBACAACAO0A--CAACABAAAABABAAFAABBAABAAAA-0ACABAFAACA-0ACAAABAAACA0ACACAAAABAABAAAOAAAA. -OACAACAAA--AABAC: EAABCFAAABCFAAAABCAAAABAAA-i-AAABAABAA AAAA AABoHBBB
111A 149 4 CBOBACAACAOA- - CAACABAAAABABAA-AABBAABAAAA- OACABAEAACA - 0 ACAAABAAACA0AAACAAAABAABAAAOAAAA- -—-0ACAACAAACAAABAC CAABCFAAABCtAAAABCAAAABAAA- -AAABAABAA AAAA AABoHBBB
111IA150.3 CBoBACAACAO0A- -CAACABAAAABABAAI-AABBAABAAAA-0ACABAIIAACA-aACAAABAAACA0ACACAAAABAABAAAOAAAA.- 0ACAACAAACAAABAC, mABC-AAABCi AAAABCAAAABAAAA AAABAABAA AAAA AABoHBBB
11TA150.5 CBoBACAACAO0A- - CAACABAAAABABAA; AABBAABAAAAAOACABA:MMACA- OACAAABAAACA0ACACAAAABAABAAAOAAAA. .0ACAACAAACAA- BAC iAABCFAAABAFAAAABCAAAABAAAAEAAABAABAA AAAA AABoHBBB
1ITA 152 .2 CBoBACAACA0A0ACAACABAAAABABAA-. AABBAABAAAAAOACABA-AACA-OACAAABAAACA0ACACAAAABAABAAAOAAAA. .0ACAACAAACAAABAC! EAABCFAAABCEAAAABCAAAABAAA- FAAABAABAA AAAA AABoHBBB

IITA 158 .3* CBoBACAACAO0A- -CAACABAAA-BABAA-AABBAABAUVAAADACABA.-AACA-OACAAABAAACAOACACAAAABAABAAAO AAAAO ACAACAA/MAADACAACAAACAAABAC AABCE.AAABCEAAAABCAAAABAAA- -AAABAABAA AAA- AABoHB-B
IITA 159 .2* CBoBACAACAO0A- -CAACABAAA-BABAAFAABBAABAAAA/O ACABA AACA-aACAAABAAACA0ACACAAAABAABAAAOAAAAOACAACAAAAA0ACAACAAACAAABACIAABCFAAABCE'AAAABCAAAABAAA- FAAABAABAA AAA- AABoHBBB

Class 111B
ITIB110 CBoBoBAo AEAAACEAAACA AAAA ACEAAACACA ACECCA AoBoBAO ACEAAACAAA A CAAEAABAAAA- AAA AAAABCAA AAAAA AABoACA0AAAAAB
I111B 128 CBoBoBAo AFAAACFAAACA AAAA ACEAAACACA ACSCCA AoBoBAO ACEAAACAAA AACAA... EAAEAAACACA AACAAEAABAAAA- AAA AAAABCAA AAAAA AABoACAOAAAAAB
111B 141 CBoBoBAo AEAAACEAAACA AAA- ACEAAACACA ACECCA AOBOBAO ACFAAACAAA A-CAAACACAAAA CAAA- ACEOFA AEA ACAA ACEAEAABAA AAA AAAABCAA AAAAA AABOACAOAAAAAB
111B 142 CBoBoBAo AEAAACFAAACA AAAA ACEAAACACA ACECCA AoBoBAO ACEAAACAAA A-CAAACACAAAA CAAA- AC O A A:A ACAA AC. A; AABAAAA- AAA AAAA-CAA AAAA- AABOACAOAAAAAB
11IB 143 CBOBOBAO AEAAACEAAACA AAA- ACEAAACACA ACECCA AOBOBAO ACEAAACAAA A-CAAACACAAAA CAAA- AC O A AEA ACAA AC A-AABAAAA- AAA AAAABCAA AAAAA AABOACAOAAAAAB
ITIB 143 CBoBoBAo AEAAACEAAACA AAAA ACEAAACACA ACFECCA AoBoBAO ACEAAACAAA A-CAAACACAAAA CAAA- AC o A AEA ACAA ACi A! AABAAAA- AAA AAAABCAA AAAA- AABOACAOAAAAAB
11IB 144 CBoBoBAo AFAAACEAAACA AAAA ACEAAACACA ACECCA AoBoBAO ACEAAACAAA A-CAAACACAAAA CAAA- ACEOEA AEA ACAA ACEAEAABAAAA- AAA AAAABCAA AAAAA AABoACA0AAAAAB
I11B 144 CBOBOBAO AEAAACEAAACA AAAA ACEAAACACA ACECCA AoBoBAO ACEAAACAAA A-CAAACACAAAA CAAA- ACEOEA AEA ACAA ACEAEAABAAAAA AAA AAAAB-AA AAAAA AABOACAOAAAAAB
I11B 145 CBOBOBAO AEAAACEAAACA AAAA ACEAAACACA ACECCA AOBOBAO ACEAAACAAA A-CAAACACAAAA CAAA- ACEOEA AEA ACAA AC: A: AABAAAAA AAA AAAABCAA AAAAA AABoACA0AAAAAB
11IB 145 CBoBoBAo AFAAACEAAACA AAAA ACFAAACACA ACECCA AoBoBAO ACEAAACAAA A-CAAACACAAAA CAAAA AC O A A A ACAA AC AEAABAAAA- AAA AAAABCAA AAAAA AABOACAOAAAAAB
Complex duplication Inter-allelic in register conversion
1C30.6 CBoBo A AAAACAAAAABABABCAAABBB TITA coreeeee. AAAABCAAAABAAAI AAABAABAA MAA AABoHBBB
IC60.1 CBoBo A AAAACAAAAA 1C38.3 CBoBo A AAAAACAAACAAAABAAAA- BABABCAABBB
AAAAABABABC R44 .1 CBoBo A AAAAACAAACAAAABAAAAAAA AABABABCAABBB
ACAAAAABABAB
ACAAAAABABABCAAABBB

Inter-allelic conversion

1IIB144 .1 CBoBoBAo AEAAACIAAACA AAAA ACEAAACACA ACECCA AoBoBAo ACEAAACAAA ACAAACACAAAA CAAA AC: O A AEA ACAA ACEAEAABAAAA AAA AAAABCAA AAAAA AABoACAoAAAAAB

R213.1 5°' CBoBoBAo A:AAACEAAACA AAAAOBACAACAOACAACAACABAOACAACAACAOACAACAACA

R213.1 3' 0BACAACA0ACAACABAAAABABAAFAABBAABAAAAOACABAEAACA0ACAAABAAACAOAAACAAAABAABAAAOAAAAOACAACAAACAAABACEAABCEAAABCEAAAABCAAAABAAAFAAABAABAA AAAA AABoHBBB
I1ITA 149 .4  CBoBACAACA0ACAACABAAAABABAA AABBAABAAAAOACABA AACA0 ACAAABAAACA0 AAACAAAABAABAAAO AAAAOACAACAAACAAABAC AABC .AAABCIAAAABCAAAABAAA AAABAABAA AAAA AABoHBBB



Levels of MVR code diversity varied substantially between different allele iineages. For
example the 126 alleles analysed within the class IIIA lineage were represented by
73 different MVR codes, whereas in group ID, 511 alleles had only 36 different codes.
Three allele structures in group ID accounted for over 70% of all ID alleles with ID40.2,
ID42.4 and ID44.1 being present in 112, 184, and 69 copies respectively. 91% of parents
were heterozygous determined by MVR-PCR analysis (compared with 89% allele length

heterozygosity) suggesting a mutation rate of 1x10“* by H = T-—l-:ll-l:]—_ In contrast, mutation
M

rate was estimated at 9x10™ using Ewens' distribution (Ewens, 1972) which considers the
number 6f different alleles detected within the population (Table 8.3) (estimations of
mutation rate by Ewens distribution were by A. Jeffreys). A possible explanation for the
9-fold difference in mutation rate obtained using these two approaches is described in
Chapter 10. Mutation rate estimated by Ewens' distribution was greatest for the large class
IITA alleles, although there was no consistent relationship between estimated mutation rate
and allele size (Table 8.3). However, these estimations of mutation rate include
assumptions which are questionable for this locus such as an infinite allele model (which is
invalid if de novo mutation generates alleles already present in the population), mutation-
drift equilibrium (low levels of allele lineage diversity suggest mutation-drift equilibrium
has not been achieved in Caucasians), and the absence of selection (selection will act upon

the insulin-linked region due to its disease associations).

Patterns of variation in the insulin minisatellite

Patterns of variation between alleles within a lineage provided clues about the mechanisms
underlying mutation at the insulin minisatellite. Most variation within a lineage was minor,
and due to small deletions and duplications of repeats most notably within uninterrupted
arrays of A-type repeats. For A, arrays of 3-5 repeats, most changes involved the gain or
loss of a single A-type repeat. Arrays of over 5 A-type repeats were generally located in
regions that were interrupted with variant repeats at equivalent sites in other alleles of the
same lineage, suggesting that large A, arrays may be formed by the deletion of variants
causing the apposition of two shorter A, arrays. Higher order repeated motifs were also
identified such as the ABABAB motif towards the 3 end of many class I alleles. There was

also evidence for imperfect duplications, such as variations of a ABACEA motif duplicated
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Table 8.3

Allelic variability at the insulin minisatellite in Caucasians

Mean number Number of different  Estimated

Allele of repeats Number of alleles defined by: mutation

class (range) alleles length MVR code rate x10™
IC . 33.6 (28-60) 189 14 59 17
ID 41.6 (37-44) 511 8 36 2
IIA 149.1 (138-159) 126 16 73 63
1B 140.2 (110-145) 43 7 14 17
All 60.5 (28-213) 876 39 189 9

Germline mutation rates were estimated from Ewens' distribution (Ewens, 1972), where the

expected number of different alleles defined by MVR structure, n,, in a sample of n alleles
0
0+i-1

population size for Caucasians, assumed to be 20000, f is the proportion of all alleles that

of a given class is given byna=21l ; 0 =4Nfu, where N, is the effective

belong to the class being tested, and p is the mutation rate. Mutation rates were estimated

by A. Jeffreys.

Chapter 8 Table 8.3



towards the 3” end of class IIIA alleles. In addition to large duplications,- there was
evidence for large deletion events. Allele IIIB110.1 is identical to many other class IIIB
alleles at both 3” and 5° ends, but contains the simple deletion of a region of a central ~35
repeats (Figure 8.7a). Furthermore, the first allele ever sequenced (clone AH1.1) was
composed of 34 repeats but closely resembles a class IIIA allele with a large internal
deletion (Bell et al., 1982). However, this allele was not detected in this study and whilst
there is evidence that this allele exists at low frequency in the general population (Bennett
et al., 1995), it is possible that the deletion event arose during generation and propagation

of the library from which the clone was derived (Bell et al., 1981).

While most differences between aligned alleles could be explained by small and simple
deletions and duplications, there was evidence for more complex turnover of repeats. Allele
I1IB128.1 shows a deletion relative to other class IIIB alleles plus the insertion of 20-repeat
motif at the site of deletion which was not present in any other allele typed (Figure 8.7a).
Indications of complex intra-allelic duplications come from allele IC60.1 which is identical
to IC30.1 at the 5” end but has undergone an apparent triplication event towards the 3" end
of the array, doubling allele size (Figure 8.7b). The largest allele detected (R213.1) was
identical to many class IIIB alleles at the 5” end, and displayed complete identity to allele
IIIA149.4 over 147 repeats at the 3” end (Figure 8.7b). These regions of allele code identity
were separated by the complex reduplication of a motif located at the 5” end of class IIIA
alleles. Analysis of allele length at the tyrosine hydroxylase microsatellite (HUMTHOI)
9 kb upstream of the insulin gene identified an allele commonly associated with class IIIA
haplotypes (Bennett et al., 1995) (the relationship between MVR code and flanking
haplotype will be considered in detail in Chapter 10) suggesting that R213.1 was produced
by a complex inter-allelic conversion-like event between a class IIIA allele and a class I1IB
allele. Further evidence for inter-allelic repeat transfers comes from allele R44.1 which is
similar to the class IC allele IC38.3 except for the insertion of an F-type repeat 14 repeats
from the 3~ end of the array (Figure 8.7b). Most class IIIA alleles have an F-type repeat at
the same position suggesting that R44.1 was produced by an in-register gene conversion-
like transfer between a IC allele and a IIIA allele. However, major differences in

repeat-type composition do exist between allele lineages, for example E-type repeats are
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present only in class IIT alleles, whilst H-type repeats are restricted to the class A lineage,

suggesting that inter-allelic repeat transfers only occur at a very low frequency.

Detection of de novo mutants

The detection and isolation of de novo mutants at the insulin minisatellite was performed by
A. Jeffreys, so the technique will only be described in brief. Germline mutation rate at this
locus was too low for mutants to be detected by small pool PCR (SP-PCR) of sperm DNA
(Jeffreys et al., 1994). Sperm DNA was therefore digested to completion with Hinfl and
digestion broducts electrophoresed to enrich for mutant molecules which differ in array
length from the progenitor (Jeffreys and Neumann, 1997). Hinfl was selected as it cleaves
at sites close to the minisatellite (255 bp 5” and 144 bp 3” of the repeat array; Appendix 6).
Furthermore, the more distal HinfI sites were located 1104 bp 5" and 825 bp 3~ of the most
proximal sites (Appendix 6) so DNA fractions selected to size-enrich for mutations of the
class I progenitor allele would not be contaminated by partially digested DNA, unless
enriching for mutants of over twice the size of the progenitor. Mutants were identified from
the size fractions by SP-PCR using primers MINS-A and MINS-B and isolated by
amplification to levels visible on an ethidium bromide-stained gel using the nested primers
INS-1296 and MINS-C (Table 2.1, Appendix 6).

The small size of repeat unit at the insulin minisatellite prevented the separation of mutants
which differed in size from class I progenitor alleles by a single repeat. Only mutants from
the class I progenitor alleles which gained or lost 3 or more repeats could be quantitatively
recovered. The detection of mutants derived from the larger class III alleles would therefore
have only been possible for mutants which differed from the progenitor by substantially
larger changes in length. Furthermore, electrophoresis effectively separates small molecules
from large molecules, but not vice versa. This is due to a low frequency of molecules which
migrate more slowly than expected during electrophoresis. This aberrant retardation of the
migration of smaller molecules would result in the contamination by class I progenitor
molecules of gel fractions which enrich for class III-derived mutants. Therefore only
mutants generated from class I progenitor alleles were targeted, within a size range of
1 to 110 repeats. Sperm DNA from three non-diabetic Caucasian donors was screened for

mutants. Donor 1 was a ID/IIIA heterozygote (ID40.2/IIIA152.2), donor 2 a
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ID/ITIB heterozygote (ID42.4/11IB145.1), and donor 3 a ID/ID homozygote' with both
alleles identical for size and MVR code (ID44.1/ID44.1) (Figure 8.7a). Mutants were also
analysed in blood DNA of donor 1. Among these donors, the three most common alleles
detected in the Caucasian cohort were all represented (Appendix 7). The structures of all
mutants were determined by MVR-PCR. Variant repeat distributions in all molecules are

presented in Appendix 8, and at http://www le.ac.uk/genetics/ajj/insulin.

Mutation rates of class I alleles were determined for length changes of at least 3 repeats
from surveys of 1.3-2.6x10° progenitor DNA molecules from blood or sperm (Table 8.4).
Deletions occurred at a similar frequency of 4-8x10 in both blood and sperm. In contrast,
expansions were far more common in sperm (8-28x10° in sperm compared with 1x10* in
blood). Germline mutation rates were similar for all three donors, and highest for the class I
homozygote. In both blood and sperm, most mutations resulted in length changes of just a
few repeats from the progenitor allele (Figure 8.8) with deletions of 2 repeats detected at
the highest frequency in both tissues, despite an estimated 50% loss of these deletion
mutants during size fractionation compared with mutants which changed in length by
+/-3 repeats. Some very large changes in allele size were also detected especially in the
germline. For example, a 15 repeat mutant molecule was detected in sperm DNA of donor
1 which was generated by a simple deletion of over 90% of the 152 repeat class III
progenitor allele, whilst a complex duplication of the 44 repeat progenitor allele of donor 3
more than doubled allele size to 109 repeats. Class I and class III allele sizes were therefore
interchangeable in a single mutational step. Major expansions were further investigated in
sperm DNA of donor 3 by screening 15x10° progenitor molecules for expansions of
40-200 repeats; of the eight additional mutants detected, none had gained more than

65 repeats indicating that there is a ceiling to allele expansion.

Mutation processes in the soma

The majority of somatic mutants arose from simple intra-allelic deletions and duplications
of the progenitor allele (Figure 8.9). One mutant (B1-38.2) was detected three times,
suggesting somatic mosaicism for this mutant. (Nomenclature of mutants reflects the donor
and tissue of origin, repeat number, and a further discriminator, so mutant B1-38.2 was the

second mutant of 38 repeats detected from blood DNA of donor 1.) Only one mutant
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Table 8.4

Germline and somatic mutation rates for class | alleles of the insulin

minisatellite
Progenitor Number of mutants Number of
Donor  molecules Total Number different
Sample genotypescreened x10° number  different mosaics Rate x10°
Donor1  ID/HIA 2.0 Gains 2 2 0 1
Blood Losses 7 7 0 4
Donor1  ID/IIIA 1.3 Gains 10 10 0 8
Sperm Losses 11 9 2 8
Donor2  ID/IIIB 2.6 Gains 29 28 1 11
Sperm Losses 7 4 2 3
Donor 3 ID/ID 14 Gains 34 31 2 24
Sperm Losses 9 9 0 6

Data is presented for mutants of between 1 and 110 repeats in length showing a change of

at least 3 repeats relative to the progenitor allele. Mutation rates per amplifiable progenitor

molecule were calculated from the total number of mutations detected. Smaller changes in

size could not be recovered quantitatively and were excluded. Data was supplied by

A. Jeffreys.
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Figure 8.8

Somatic mutants
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Spectrum of size changes of de novo mutations

The difference in size between mutant molecule and progenitor allele is presented for both
somatic and germline mutants. For germline mutants, data from all three donors were
combined. Each group of mosaic alleles was considered as a single mutant. Mutants which
differ from the progenitor by a single repeat could not be isolated. Size changes of +/-2

repeats could only be isolated at an estimated 50% efficiency compared with larger size

shifts.
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Figure 8.9

Progenitor CBoBo A AAACACAAAA ACAAAABAAABABCAAA BBB

B1-38.1 CBo— A AAACACAAAA ACAAAABAAABABCAAA BBB
B1-38.2 (3) CBOBO —AAACACAAAA ACAAAABAAABABCAAA BBB
B1-33.1 CBoBo A AAACAC-—--—---— AAAABAAABABCAAA BBB
B1-35.1 CBoBo A AAACACAA--—-—--- -AAAABAAABABCAAA BBB
B1-38.5 CBoBo A AAACACAAA— ACAAAABAAABABCAAA BBB
B1-35.2 CBoBo A AAACACAAAA ————- ABAAABABCAAA BBB
B1-33.2 CBOBO A AAACACAAAA ACAA————- ABCAAA BBB
Bl1-34 .1 CBoBo A AAACACAAAA ACAAAABAAABA--——-—---- BBB
Bl1-32.1 CBoBo A AAACACAAAA ACAAAABAAABA----—-—--—-—-—-— B
B1-38.6 CBOBO A AAACACAAAA ACAAAABAAABABC— A BBB
B1-37.1 CBOBO A AAACACAAAA ACAAAABAAABABCAAA -
Bl-44.1 CBoBo A AAACACAAAA ACAAAABAAAB
AAABABCAAA BBB
Bl1-42 .1 CBOBO A AAACACAAAA ACAAAABAAABABCAAA BB
BBB
B1-75.1 CBoBo A AAACACAAAA ACAAAABAAABABCAA

[0V V—— BAAABABCAA
CAAAA ACAAAABAAABABCAAA BBB

Somatic mutan ts detected in blood DNA

Most mutations detectedfrom blood DNA resulted from simple deletions of 2-8 repeats
from the progenitor allele. Mutant B 1-38.2 was detected as 3 identical copies as is
indicated in parentheses. Mutant names reflect DNA source, repeat number, and a
further discriminator so that B 1-38.2 was the second mutant of 38 repeats identified
from blood DNA of donor 1. The three expansion mutants are split onto more than one
line to clarify the nature of the duplication, and hyphens were inserted by eye to

improve allelealignments.
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(B1-75.1) was more complex and involved the triplication and internal deletion of a 3°
motif (Figure 8.9). There were no indications for any mutants being generated by inter-

allelic mechanisms.

Deletion processes in the germline

Germline deletion mutations were predominantly simple events and displayed mosaicism,
similar to deletion mutants detected in blood (Figure 8.10). Common with somatic
deletions, all sperm samples also showed evidence of mosaicism indicating that at least
some of these deletions had a premeiotic origin. In each sperm sample, multiple copies of a
mutant allele with a two repeat deletion within a CAC motif 12-14 repeats from the
beginning of the allele were identified, suggesting that this motif may act as a hotspot for
deletion in the soma. In two of the three sperm samples, approximately half of these CAC
deletion mutants were associated with an identical single repeat-type switch converting an
AFACA motif to AFAEA close to the 3 end of the deletion, raising the possibility that
both classes of mutant (2-repeat deletion with or without distal repeat switch) may have

been generated by the same somatic mutation event.

A two repeat deletion at the CAC motif could result in the generation of heteroduplex DNA
if the deletion arose by either unequal sister chromatid exchange followed by branch
migration of the Holliday junction, or by a two repeat single strand slippage event during
DNA replication. This would create a C/F repeat mismatch at the site at which half of the
mutants show a repeat-type switch from C to F. If all other heteroduplex sites were subject
to biased mismatch repair but the C/F mismatch was not repaired, the two types of mutant
molecule detected (2 repeat deletion with or without the C->F switch) could be formed.
Segregation of these structures into daughter germline stem cells followed by stem cell
proliferation would therefore generate the multiple copies of the two different mutant
structures detected in the sperm DNA of donors 1 and 2. It is perhaps likely that the initial
2-repeat deletion was generated by polymerase slippage during replication as opposed to
unequal sister chromatid exchange as the reciprocal 2-repeat gain mutant was detected only

once (S1-42.1, Appendix 8).
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Figure 8.10

Deletion mutants detected in sperm DNA

All deletion mutants detected in sperm DNA of donors 1-3 are presented as described in
Figure 8.9. Mosaic mutants S1-38.2 and S1-38.6 share the same deletion but differ by a
C/F repeat-type switch 7 repeats 5° of the deletion, as do mosaic mutants S2-40.2 and
S2-40.5. Allele ID41.1 detected in Caucasians (Figure 8.7) shows evidence of similar C/F

repeat switching.




Figure 8.10
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Expansion processes in the germline

Simple duplications and triplications similar to those observed in the soma were also
detected in sperm DNA. Three expansions (a duplication in donor two and a duplication
and triplication in donor 3) displayed mosaicism suggesting a premeiotic origin for at least
some length-gain mutants (Figure 8.11). Most of the simple duplications were relatively
small (2-10 repeat) with the largest involving 21 repeats. In contrast, approximately 2/3 of
all length gain mutants displayed complex rearrangements (Figure 8.12). These highly
complex mutants were only detected in the germline and there was no evidence of
mosaicism, consistent with a meiotic origin. For the I/III heterozygous donors, about 55%
of complex expansions appeared to involve intra-allelic rearrangements of the class I
progenitor, although an inter-allelic component to the mutation mechanism cannot be
excluded. Drastic reshuffling of repeats was observed at some mutants. For example at
‘mutant S3-93.1 the centre of the allele has been profoundly re-modelled so that the origins

of the re-organised repeats are unclear.

The remaining 45% of complex expansions detected in the sperm of the I/III heterozygotes
displayed evidence for the inter-allelic transfer of repeats between alleles (Figure 8.12). For
example, S1-51.1 contained two E-type repeats which were present in the class 1II allele,
but absent from the class I progenitor. The position of the 3” E-type repeat within the
mutant matches the position of an E repeat in the class III progenitor when alleles are
aligned at the 3 end. Complex duplication of the resulting EAAAC motif would generate
the observed mutant structure. Similarly, mutant 2S-51.1 contained the in-register transfer
of an extended ACA0AAAAA motif from the class III progenitor allele. While this may
have been the product of a gene conversion-like transfer of repeats, the observed structure
is also compatible with unequal inter-allelic crossover. The division of complex mutants
into intra- and inter-allelic mutants is in some cases questionable as apparent in-register
inter-allelic transfer of repeat-types already present in the class I progenitor could be the
result of intra-allelic duplication. With a single exception (S2-48.5), all putative inter-allelic
repeat transfers were in-register between progenitor alleles when aligned at the 3” end,

indicating a possible allele-pairing function in the 3” flanking DNA during meiosis.
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Figure 8.11

Simple duplications detected in sperm DNA

All simple duplications detected in sperm DNA of donors 1-3 are presented. Mutants are

divided over multiple lines to clarify the nature of the duplication. The number of copies of

each mosaic mutant detected is presented in parentheses.
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Figure 8.11
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Figure 8.12

Complex expansion mutants detected in sperm DNA

A selection of complex expansion mutants detected in sperm are presented. A full list of
complex mutants is presented in Appendix 8. Duplicated regions are split between lines to
align mutants with the progenitor, though alternative alignments are often possible due to
the complexity of the duplications. Probable or definite inter-allelic transfers from the class
IIT donor allele are underlined in the mutant and donor alleles. "' indicates where class III

alleles have been shortened due to their size.
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Figure 8.12

Complex Intra-allelic mutants Complex Inter-allelic mutants
Progenitor CBoBo A AAACACAAAA ACAAAABAAABABCAAA BBB Progenitor CEAAABCEAAAABCAAAABAAAEAAABAABAA AAAA AABOHBEB
S1-68.1 CBoBo A AAACACAAAA ACAAAABAAABABCAA progenitor CBoBo A AAACACAAAAA.......... CAAAABAAABABCAAA BEB
AAACACARAAA SI-51.1 CBoBo A AAACACAAAA AAAEAAACEAAACAAAABAAABABCAAA BBB
CACAAAA-..... BAAABABCAAA BEB
Progenitor BCEAAAABCAAAABAAAEAAABAABAA AAAA AABOHBEB
Progenitor CBoBo A AAACACAAAA ACAAAABAAABABCAAA BBB Progenitor CBoBo A AAACACAAAA ACAAAABAAABA BCAAA BEB
S1-60.1 CBOBO A AAACACAAAA 51-46.1 CBoBo A AAACACAAAA ACAAAABAAABAA AAAABCAAA BBB
AAAAA ACAAAA
AAAAAAAA ACAAAABAAABABCAAA BBB Progenitor EoEA AEA ACAA ACEAEAABAAAAA AAA AAAABCAA AAAAA MBcACAOAAAAAB
Progenitor CBoBo A AAACACAAAA ACAAAABAAAAB ~ -—-—-—------ ABABCAAA S
Progenitor CBoBo A AAACACAAAA ACAAAABAAABABCAAA BBB 52-66 .1 CBoBo A AAACACAAAA ACAAAABAAAABAAA ACAAAABAAAABAAAA AABABABCAAA 8
s1-52.1 CBoBo A AAACACAAAA ACAAAABA- -BAB
ABA--BAB-AA Progenitor .... ACAA ACEAEAABAAAAA AAA AAAABCAA AAAAA AABOACAOAAAAAB
AAABABCAAA BBB Progenitor CBoBo A AAACACAAAA ACAAAABAAAA---..... .. BABABCAAA BB
S2-58.1 CBOBO A AAACACAAAA ACAAAABAAAA AACAAAABAAAA AABABABCAAA BB
Progenitor CBoBo A AAACACAAAA ACAAAABAAAARABA- -BCAAA BB
S2-80.1 CBOBO A AAACACAAAA ACAAAABAAAABABABABC Progenitor CAA ACEAEAABAAAAA AAA AAAAA AABOACAOAAAAAB
AAAABABABABRC Progenitor CBoBo A AAACACAAAA ACAAAA- -BAAAABABABCAAA EB
AAAA ACAAAABAAAABABABABCAAA BB S2-56.1 CBoBo A AAACACAAAA BB
Progenitor CBoBo A AAACACAAAA ACAAAABAAAABABABCAAA BB Progenitor AA ACEAEAABAAAAA AAA AAAABCAA AAAAA AABOACAOAAAAAB
S2-57.1 CBoBo A AAACACAAAA AACAA Progenitor CBoBo A AAACACAAAA ACAAAABAAAA---———————— BABABCAAA BB
AA AA AA S2-55.1 CBoBo A AAACACAAAA ACAAAABAAAABAACAAAAAA AABABABCAAA BB
CACAAAABAAAABABABCAAA EB
Progenitor A ACEAEAABAAAAA AAA AAAABCAA AAAAA AABoACAOAAAAAB
Progenitor CBOBO A AAACACAAAA ACAAAABAAAABABABCAAA BB Progenitor CBoBo A AAACACAAAA ACAAAA--——-—-——--— BAAAABABABCAAA BB
S2-48.4 CBOBO A AAACACAAAA ACAAAABAA S2-54.5 CBoBo A AAACACAAAA ACAAAA ACAAAAA AAABAAAABABABCAAA BB
CAAAABAA--BABABCAAA BB
Progenitor CEAEAABAAAAA AAA AAAABCAA AAAAA AABOACAOAAAAAB
Progenitor CBoBo A AAACACAAAAA ACAAAABAAAABABABCAAA BEB Progenitor CBoBo A AAACACAAAA ACAAAABAAAABABABCAAA B-------- B
S3-109.1 CBoBo A AAACACAAAAA ACAAAABAAAABABABCAAA B S2-51.1 CBoBo A AAACACAAAA ACAAAABAAAABABABCAAA AACAOAAAAAB
AAoBo A AAACACAAAAA ACAAAABAAAABABABCAAA B
AAAAABAAAABABABCAAA BBB Progenitor CB0B0BA0 AEAAACEAAACA AAAA ACEAAACACA ACECC....
Progenitor CBoBo-—----- A AAACACAAAA ACAAAABAAAABABABCAAA BB
Progenitor CBoBo A AAACACAAAAA ACAAAABAAAABARABCAAA BEB S2-48.5 CBOBOBAAAAA A AAACACAAAA ACAAAABAAAABABABCAAA BB
S3-93.1 CBoBo A AAACACAAAAA
AAA ACAAAABAAAA Progenitor AABAAAAA AAA AAAABCAA AAAAA AABoOACAOAAAAAB
CAARAA Progenitor CBoBo A AAACACAAAA ACAAAABAAAA BABABCAAA EB
CAAAAAAAC S2-47.2 CBoBo A AAACACAAAA ACAAAABAAAA” AABABABCAAA EB
A
AAAA AAAA Progenitor ABAAAAA AAA AAAABCAA AAAAA AABOACAOCAAAAAB
CAAAAAAAA Progenitor CBoBo A AAACACAAAA ACAAAABAAAABABAB CAAA BB
ACAAAABAAAABABABCAAA BBB S2-46.2 CBoBo A AAACACAAAA ACAAAABAAAABABABgACAAAAA EB



Mutational polarity was investigated further by locating breakpoints at which
rearrangements occurred in germline mutants (Figure 8.13). In addition to mild polarity for
putative inter-allelic mutants, a similar distribution of breakpoints was observed for both
simple and complex duplications. This mild polarity is far less apparent than at
minisatellites such as MS32 and MS205 (Jeffreys et al., 1994; May et al., 1996), and is

primarily characterised by an avoidance of mutation at the 5” end of the repeat array.

Germline mutations characterised from sperm DNA of the true homozygote showed similar
patterns of rearrangements to those seen in class I/IIl heterozygotes, with 56% of length
gain mutants showing complex or very complex rearrangements. Whilst it is not possible to
identify inter-allelic transfers of repeats in the homozygote, the frequency and
characteristics of mutation in this individual suggest that homozygosity has no obvious

effect on sperm mutation rate or process.

PCR artefacts have simple structures

Size enrichment for mutant molecules involves the collection of multiple size fractions
from the enrichment gel, each covering a size range of between 4 and 15 repeats. Molecules
detected by SP-PCR analysis of the size fractions which were outside the expected size
window could therefore be identified as PCR artefacts. In total, 159 size-enriched mutants
in the correct size window were identified, plus 37 additional artefacts of similar
hybridisation intensity to authentic mutants, but which lay outside (usually substantially
outside) the expected size range. All artefacts were characterised by MVR-PCR and
structures presented in Figure 8.14. Thirty-four of the 37 artefacts differed from the
progenitor allele by either simple deletion or duplication. However, there were three
exceptions. Artefact AS2-44.2 (nomenclature is as described for true mutants, but prefixed
by 'A' to denote artefact) was generated by a simple duplication and deletion, whilst
AS3-59.1 had a duplication with repeat-type switch forming a null repeat. This change in
repeat type was presumably the result of PCR misincorporation. Surprisingly, artefact
AB1-45.1 displayed an apparent inter-allelic unequal crossover. The artefact however
showed no repeat unit rearrangements of the type seen for true inter-allelic transfers and
presumably arose by the annealing of single stranded DNA derived from a class I

progenitor allele and a broken class III progenitor which co-migrated with the class I

Chapter 8 Page 126



Figure 8.13
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Distribution of sperm mutation breakpoints in class | alleles

Breakpoint distributions are shown for deletions, simple duplications, all complex expansions,
and inter-allelic conversions. Alignment of class I progenitor alleles allowed data to be
combined for all three sperm donors, except for conversions which were combined for
individuals 1 and 2 only. Breakpoints were determined by aligning each mutant with the
progenitor class I allele to determine the location of the end of the region of 5 MVR identity
between mutant and progenitor, and position of the beginning of the region of 3 MVR
identity; the breakpoint was defined as the mean of these two positions. Each set of identical

mosaic mutants are treated as a single event.
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Figure 8.14

Structures of PCR artefacts

Size enrichment for mutants excises DNA fractions within known size ranges from the
enrichment gel. PCR artefacts were distinguished from true mutants by a difference
between the size of molecule and the size range of the DNA fraction from which the
molecule was amplified. Of the 37 artefacts detected from the one blood and three sperm
samples, 34 were either simple deletions or duplications of the progenitor allele. Three
artefacts of slightly greater compl;xity were identified and are discussed in the text.

Nomenclature of artefacts is as for true mutant alleles, but prefixed 'A’ to denote artefact.



Figure 8.14
Simple deletions (class 1II)

Progenitor CBOoBACAACACAaACAACABAAAABABAAEAABBAABAAAAAOACABABAACAaACAAABAAACAQACACAAAABAABAAAaAAAAAACAACAAACAAABACEAABCEAAABCEAAAABCAAAABAAAEAAABAABAA AAAA AABOHBBB

AB1-105 CBOBACAACAaAOACAACABAAAABABAAEAA--——————————————————————————— BAAA- -AAAOACAACAAACAAABACEAABCEAAABCEAAAABCAAAABAAAEAAABAABAA AAAA AABOHBEB
AS1-98 C- s e CAAABAAACAOACACAAAABAABAAAOAAAAOACAACAAACAAABACEAABCEAAABCEAAAABCAAAABAAAEAAARAABAA AAAA AABOHBBB
Simple deletions (class I) Simple duplications
Progenitor CBoBo A AAACACAAAA ACAAAABAAABABCAAA BBB ABl-58.1 CBoBo A AAACACAAAA ACA
AB1-32.1 CBoBo A AAACACAAAA ACAAAAB....... AA BBB A AAACACAAAA ACAAAABAAABABCAAA BEB
AB1-34.1 CBoBo A AAACACAAAA AC————-— AABABCAAA BBB AS1-53.1 CBoBo A AAACACAAA
AS1-37.1 CBoBo AACACAAAA ACAAAABAAABABCAAA BBB O A AAACACAAAA ACAAAABAAABABCAAA BBB
AS1-38.1 CBoBo A --ACACAAAA ACAAAABAAABABCAAA BBB AS1-48.1 CBoBo A AAACACAAAA ACAAAABAAABABCAAA BB
AS1-36.1 CBoBo A AAACACAAAA ACAAAA BABCAAA BBB BCAAA BBB
AS1-37.2 CBoBo A AAACACAAAA ACAAAABAAAB AAA BBB AS1-45.1 CBoBo A AAACACAAAA ACAAAABAAABABCAAA
CAAA BBB
Progenitor CBoBo A AAACACAAAA ACAAAABAAAABABABCAAA BB AS1-44.1 CBoBo A AAA
AS2-36.1 CBoBo A AAACACAAAA-—-—- ABAAAABABABCAAA BB AAACACAAAA ACAAAABAAABABCAAA BBB
AS2-35.1 CBoBo A AAACACAAAA-————— BAAAABABABCAAA BB
AS2-39.1 CBOBO A AAACACAAAA ACAAAA---AABABABCAAA BB AS2-51.1 CBOBO A AAACACAAAA ACAAAABAAAABABABCAAA
AS2-37.1 CBoBo A AAACACAAAA ACAAAA BABABCAAA BB ABABCAAA BB
AS2-51.2 CBoBo A AAACACAAAA ACAAAABAAAABABABCAAA
Progenitor CBoBo A AAACACAAAAA ACAAAABAAAABABABCAAA BBB BABABCAAA BB
AS3-32.1 CB---.... .... AAAAA ACAAAABAAAABABABCAAA BBB AS2-44.1 CBoBo A AAACACAAAA ACAAAABAAAABABABCAAA
AS3-25.1 CBoBo-—-————————=——————— ABAAAABABABCAAA BBB AA BB
AS3-18.1 CBoBo  ..... ABABCAAA BBB AS2-60.1 CBoBo A AAACACAAAA ACAAAA
AS3-29.1 CBoBo A AAA-—-——————————— BAAAABABABCAAA BBB AAACACAAAA ACAAAABAAAABABABCAAA BB
AS3-32.2 CBoBo A AAAC-—-—-—-—-————— AABAAAABABABCAAA BBB AS2-46.1 CBoBo A AAACACAAAA ACAAAABAAAA
AS3-24.1 CBoBo A AAACAC------—-----— --ABCAAA BBB AAAABABABCAAA BB
AS3-46.1 CBoBo A AAACACAAAAA ACAAAABAAAABABA
More complex structures BABCAAA BBB
AS3-46.1 CBoBo A AAACACAAAAA ACAAAABAAAABABA
Progenitor CBoBo A AAACACAAAA ACAAAABAAABABCAAA BBB BABCAAA BBB
Progenitor ....AAABCAAAABAAAEAAABAABAA AAAA AABOHBBB AS3-49.1 CBoBo A AAACACAAAAA ACAAAABAAAABABABCA
AB1-45.1 CBoBo A AAABCAAAABAAAEAAABAABAA AAAA AABOHBBB BABCAAA BBB
AS3-49.2 CBoBo A AAACACAAAAA ACAA
g AS2-44.2 CBoBo A AAACACAAAA ACA ACAAAABAAAABABABCAAA BBB
A —— AAABAAAABABABCAAA BB AS3-65.1 CBoBo A AAACACAAAAA ACAAAABAAAABABABCAAA BB
B AAAABAAAABABABCAAA BBB
00 AS3-59.1 CBoBo A AAACACAAAAA ACARARAA AS3-58.1 CBoBo A AAACACAAAAA
m CACoAAAA ACAAAABAAAABABABCAAA BBB A AAACACAAAAA ACAAAABAAAABABABCAAA BBB



alleles. Therefore, while the majority of true mutants in sperm displayed complex
rearrangements, PCR artefacts had simple structures and were likely to have been generated

by a slippage-like event arising during the first cycle of PCR.

Discussion

Variant repeat analysis of allele diversity at the insulin minisatellite demonstrated that in
Caucasians, virtually all alleles fall into three very distinct lineages of alignable alleles,
classes I, IITA, and IIIB. As with D2S44 (Holmlund and Lindblom, 1998), D19520 and
MS51 (Chapter 7), there was a strong correlation between allele lineage and size with small
class I alleles forming a single lineage and class III alleles dividing into two lineages. As
will be discussed in Chapter 10, the correlation between allele size and lineage is even
greater when class I alleles are divided by both MVR code and flanking haplotype. The
restriction of the majority of alleles of the insulin minisatellite to just three highly diverged
lineages is reminiscent of the lineage restriction observed at minisatellite MS205 in
Caucasian populations (Armour et al., 1996a). A far greater allele lineage diversity was
identified at this locus in African populations, consistent with a recent African origin for
modern humans (Armour et al., 1996a). Whilst it has been shown that haplotype diversity
surrounding the insulin minisatellite is far higher in African populations compared with
Caucasians (Mijovic et al., 1997), almost no information exists on minisatellite allele
diversity in non-Caucasians, other than a small number of alleles of Japanese origin.
Sequence analysis of these Japanese alleles found them to be very similar to Caucasian
class I alleles both in size and structure (Awata et al., 1997). The lack of structural
similarity of the previously published AHI-4 allele of African-American origin (Rotwein ef
al., 1986) to any Caucasian allele suggests that other populations may show different or
additional allele lineages. Surveys of MVR code diversity in African populations to

investigate levels of lineage diversity are planned.

While selection may maintain allele size within specific boundaries, the bimodal size
distribution suggests that most mutation events result in small changes in overall repeat
number. This was confirmed by analysis of patterns of allele diversity within each lineage,
which revealed that the major mode of germline mutation involves insertions and deletion

of 1-2 repeats, preferentially occurring within homogeneous arrays of A-type repeats. This
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mutation process is reminiscent of microsatellite instability being facilitated by
homogeneous repeat arrays (Chung et al., 1993; Garza et al., 1995; Weber, 1990), and
suggests that polymerase slippage during replication may play an important role in
mutation at the insulin minisatellite. This pattern of structural diversity within lineages is in
striking contrast to that observed at minisatellite MS51 (Chapter 7) where the dominant
form of allele variation involves repeat-type switches or larger insertions or deletions of
repeat motifs. Polymerase slippage at the insulin minisatellite could be promoted by the
formation of hairpin G-quartet structures mediated by the two (G), blocks of residues
present within most repeats, and which form in vitro most readily within homogeneous
arrays of A-type repeats (Catasti et al., 1996). (G), blocks are not present within the
sequence of MS51 repeats which display no obvious potential for the formation of

secondary DNA conformations.

Whilst the major mode of mutation at the insulin minisatellite involves simple deletions and
duplications, allele diversity studies also provided evidence for more complex mutation
processes including complex gene conversion, in-register inter-allelic repeat transfers, and
cofnplex intra-allelic duplications. These complex mutation processes were demonstrated
directly in sperm DNA by the isolation of mutant molecules derived from class I progenitor
alleles. Highly complex reshuffling of repeats and repeat transfers between alleles were
detected in sperm DNA but not in blodd. The recombinational nature of inter-allelic
tr