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M utation at a hypervariable mouse m inisatellite
Mark Gibbs, Departm ent of Genetics, University of Leicester.

Abstract

'M inisatellites' are a class of tandem ly repeated sequences ubiquitous to 
eukaryotic genomes. A subset of minisatellites have been found to be highly 
variable in tandem  repeat copy num ber. This variability makes such loci 
h igh ly  in fo rm ative  m arkers for genetic m apping , estab lish ing  fam ily 
relationships in hum ans and other anim als, and individual identification 
from forensic samples. One highly unstable mouse minisatellite locus, Ms6- 
hm, has been previously identified in m ouse DNA fingerprints by cross
hybridization w ith the hum an m inisatellite probe 33.6. Ms6-hm  showed a 
high germ line m utation rate to new length alleles (2.5% per gamete) causing 
multi-allelism and heterozygosity even within inbred strains. Mice mosaic for 
cells carrying a non-parental allele in somatic tissue are also seen (2.8% of 
mice). At reduced stringency Ms6-hm detects other loci, one of which, Hm~2, 
also appeared to be highly unstable This work describes the characterization of 
this locus. H m -2  has been cloned, localized to chrom osom e 9 using 
recom binant inbred strains, and sequenced. The repeat sequence, (GGCA)n, is 
short and the largest Hm-2 alleles can have over 5000 tandem  repeats. Like 
Ms6-hm, Hm-2 shows a high germline m utation rate (3.6% per gamete). The 
incidence of mosaicism at Hm-2 (20.4% of adult mice) is much greater than at 
Ms6-hm, how ever, making Hm-2 an ideal locus for further study of somatic 
m utation events. Analysis of Hm-2 in embryonic and extra-embryonic tissues 
has shown that many m utation events occur early in development to produce 
in some cases divergence in Hm-2  genotype betw een the em bryo and 
trophoblast. In others, mosaicism was shared betw een the em bryo and 
trophoblast suggesting that these m utations arose very early in developm ent 
before the fifth cell division following fertilization. The degree of mosaicism 
in 60 mosaics has been calculated and comparison of this data with computer 
sim ula tions suggests tha t the som atic m uta tion  rate  is not constant 
throughout developm ent but rather that m utations are biased towards the first 
two cell divisions after fertilization.
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1
Introduction

1.1 Repetitive DNA

The existence of repetitive DNA sequences in eukaryotic genomes has been 
know n for over 20 years (Britten and Kohne, 1968), b u t even now, the 
organization and function of much of this DNA, which is estim ated as 20-30% 
of the hum an genome (Schmid & Jelinek, 1982), but can be up to 50% of some 
genomes (such as the kangaroo rat Dipodomys ordii), remains unknown. The 
repetitive fraction can be divided into tw o classes; tandem  repeats and 
dispersed repeats. The former category includes satellite, m inisatellite, and 
m icrosatellite DNA; the latter category, as the nam e suggests, includes 
sequence fam ilies that are not tandem ly repetitive, and  are d ispersed  
throughout the genome. Examples of these sequences are the SINEs (short 
interspersed repetitive elements), such as the B1 element in mice (Krayev et 
ah, 1982), which is related to the human Alu element; LINEs (long interspersed 
repetitive elements), such as the LI element in hum ans and the related L lm d 
sequences in mice (reviewed by Hastie, 1989), and also other elements related 
to retroviruses, and processed pseudogenes. This study is concerned with the 
tandem  repetitive portion of the genome, and in particular, with minisatellite 
sequences. Of principal interest is the variation found in tandem ly repetitive 
DNA sequences, in particular the extent of variability in the tandem  repeat 
copy num ber at a given locus. Any polymorphic system, such as blood groups, 
p ro te in  e le c tro p h o re tic  v a ria n ts , o r re s tr ic tio n  frag m e n t len g th  
polymorphisms (RFLPs), is of use for genetic analysis, i.e., for the construction 
of genetic maps to find markers linked to traits of interest. Linked markers can 
be used for genetic tests even when the affected gene is unknown. The power 
of disease linked markers was demonstrated as early as 1978 by Kan and Dozy 
who described the predictive diagnosis of sickle cell anaemia using an RFLP 
located near the (3 globin gene. The informativeness of polym orphic loci is 
lim ited, however, when the num ber, or population distribution of different 
distinguishable allelic states is low; a system with w ith one very common 
allele and m any rare variants is likely to be uninform ative, despite the
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variation. The m ajority of RFLPs, and alm ost all polym orphic protein 
m arkers have only a limited num ber of alleles (with the notable exception of 
the major histocom pability loci, HLA and H-2 in mice). In contrast, those 
tandem ly repetitive loci which have a large num ber of alleles w ithin a given 
popu lation  m ake an exceptionally inform ative RFLP system  for genetic 
linkage analysis, and have become vital for the construction of genetic maps 
(eg. Donis-Keller et a l, 1987) and for the positional cloning approach to 
identifying single gene defects (reviewed by Collins, 1992).

This introduction will review the organization of, and the extent of 
variability w ithin tandem ly repeated DNA, with especial reference to the 
biology of minisatellites. The possible mechanisms by which variation in 
tandem  repeat copy number is generated will be discussed in chapters 8 and 9.

1.2 Organization of tandemly repetitive DNA

1.2.1 The archetypal tandem repeat: ^Satellite DNA*

The ability of CsCl density gradient centrifugation to separate distinct 
components of the genome was first observed using mouse DNA (Kit, 1961), 
w hen it was seen that in addition to a major band which represented DNA 
with an average G-C content of 42%, a further band (8% of the DNA) separated 
which reflected DNA with an average G-C content of only 30%; this fraction 
was term ed the 'satellite' band. The DNA contained in this fraction was 
subsequently  found to be highly repetitive and analagous to the highly 
repetitive sequence identified by reassociation kinetics. The term  'satellite' is 
now  applied to any large tract of tandem  repetitive sequence associated with 
heterochromatin, and includes blocks of repeats that do not have an atypical G- 
C content.

By far the most abundant satellite sequence in hum ans is the alphoid- 
satellite, consisting of a basic 171bp tandemly reiterated sequence, which may 
form higher-order tandem  repeats. Alpha satellite sequences are found at the 
centrom ere of every hum an chrom osom e (Rosenberg et a l ,  1978), each 
centromere array consisting of up to several thousand copies of individual 
higher-order repeats, giving a locus of 250kb to 4000kb (reviewed by W illard,
1990), and it has been suggested that the sequences m ight play a role in 
chromosome pairing at meiosis. The presence of a higher order structure to 
the satellite blocks giving a chromosome specific a-satellite on the metacentric 
chrom osom es (W illard & W aye, 1987), suggests that the sequences are
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propagated by some sort of crossover mechanism which amplifies a novel 
repeat unit type.

In mice, both the major Y  satellite, which has a 234bp monomer (Horz 
and Altenburger, 1981) organized in arrays of from 240kb to over 2000kb (Vissel 
and Choo, 1989), and the sequence related 'm inor' satellite (120bp monomer 
unit present at 50,000 copies per genome, or 5% of the total (Wong and Rattner,
1988)) are found at the centromeres. There is evidence that on some of the 
acrocentric mouse chromosomes there is little, if any, 'typical' genomic DNA 
separating the proximal telomere repeats from the centromeric m inor satellite 
(Kipling et al, 1991). In contrast to hum an metacentric chromosomes, both 
m ouse acrocentric and hum an acrocentric chromosomes have homologous y 
and a  satellites respectively, believed to result from frequent recombinational 
exchange between non-homologous chromosomes. This may account for the 
increase in Robertsonian translocations in the mouse (Vissel and Choo, 1989).

1.2.2 The continuum o f repetitive DNA

As more of the genome was characterized and sequenced, other, smaller 
tandem ly  repeated  sequences w ere subsequen tly  described , such as 
microsatellites and minisatellites. In some respects these are also dispersed 
repeats since they are found throughout the genome. However, they are 
distinguishable by their tandem  repetitive nature, and the unique origin of 
each locus; there is no evidence to suggest a common origin for groups of 
sim ilar loci, unlike, for exam ple, both Alu and B1 SINEs, which show 
homology to the 5' and 3' ends of the 7SL RNA gene (Ullu and Tschudi, 1984) 
and are believed to be derived from a 7SL RNA pseudogene which lost the 
central region and was subsequently  duplicated  and transposed , via 
retroposition, throughout the genome.

Within eukaryotic genomes exists a continuum  of repeat unit lengths 
w ith individual repeats ranging from a single nucleotide to m any kilobases, 
and sim ilar variation is found for the average copy num ber of repeats per 
array. This continuum  has been som ew hat arbitrarily  broken dow n into 
distinct classes of tandem repeated sequences, with names following on from 
'satellite '; i.e. 'm idisatellites', 'm inisatellites' (often called VNTR loci, for 
variable number of tandem repeat, although this description includes variable 
micro- and midisatellites), and 'microsatellites' (or short tandem repeats, STR), 
summarized in table 1.1. (Although many factors, such as the size of the repeat 
unit, overlap between groups.) It seems that the average length of array is the
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m ost common definition of the different groups of tandem  repeats, and 
perhaps the logical extension of this is to distinguish the groups by the 
technology required  to resolve ind iv idual alleles, i.e. m icrosatellites are 
resolved by polyacrylam ide gel electrophoresis of PCR am plified alleles 
(although  high  percen tage  agarose gels can resolve larger alleles), 
m inisatellites by conventional agarose gel electrophoresis, and m idisatellites 
by pulse-field gel electrophoresis. Each of these categories will be described, 
with the inclusion of tandem ly repeated telomere sequences. Minisatellites 
will be described out of the logical order, since the bulk of the further 
introduction refers solely to these sequences.

Table 1.1 Characteristics of tandem ly repeated sequences

Satellite M idisatellite M inisatellite Microsatellite
Repeat unit large m edium  - sm all- Sm all

length 100+ large m ed iu m 1-4
(nucleotides) 9-40+ 5-50
typical array 200-5000+kb 10-500kb l-20kb 0.02-0.3kb

length

1.23 M idisatellites

W ithin the hierarchy of tandem  repeats these sequences fill the gap 
betw een the extrem ely large sa tellite  arrays and  the m uch sm aller 
m inisatellites. Relatively few m idisatellite sequences have been reported, 
perhaps reflecting the greater difficulties in cloning and characterizing larger 
loci. Two that have been described are a sequence near the telomere of human 
chromosome 1, w ith a tandem  repeat of 40bp in an array of 250 to 500 kb 
(Nakamura et al., 1987b) and a sequence in the psuedoautosom al region of the 
X and Y chromosomes with a 61bp tandem  repeat in arrays of 10 to 50kb (Page,
1987). Both show ed length polym orphism s and in ternal repeat sequence 
polymorphism s. Two further m idisatellites have been isolated from hum an 
DNA by I. Grey (pers. comm.) with array lengths of 50-200kb, but a relatively 
short repeat sequence (consensus AGCCAAGCC). Both loci show ed high 
frequencies of diverged repeats and were highly polym orphic in internal 
structure, and although these loci aw ait further characterization, it is believed 
that the rate of mutation to new length alleles by gain or loss of repeats at these 
loci would be high.
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1.2.4 Microsatellite DNA

M icrosatellites are usually defined as short (<lkb), sim ple tandem  
repeated (STR) loci, the length of the repeat is typically <6bp (Epplen et a l ,  
1991), although the distinction between various 'satellites', m inisatellite and 
microsatellite on the basis of repeat length is highly arbitrary; the minisatellite 
Ms6-hm, has a 5bp repeat and alleles of up to 16kb in length (Kelly et ah, 1989), 
moreover, m any tracts of satellite DNA, particularly in arthropods, consist of 
simple tandem  repeats (John and Miklos, 1988).

The sim ple tandem  repeats m ost characterized are the dinucleotide 
repeats, typically (CA)io-30 (Litt and Luty, 1989; Weber and May, 1989; Tautz,
1989), although other short di- tri- and tetranucleotide repeat arrays have also 
been shown to be variable (Tautz, 1989). The small size of microsatellite alleles 
makes them  particularly amenable to amplification by the polym erase chain 
reaction (PCR, Saiki et ah, 1988), and analysis of amplified microsatellites has 
shown that alleles show variation in tandem  repeat copy num ber. Typically, 
the greater the average num ber of repeats per allele at a given locus, the greater 
the num ber of different allele lengths (Weber, 1990), although the variation at 
such small loci is, not surprisingly, lower than for a typical minisatellite, with 
fewer length states, and allele size frequency distributions dom inated by one or 
a few alleles. The few new m utations that have been seen at microsatellite loci 
are consistent w ith a m utation rate at these regions being equivalent to 
minisatellites of equal variability (Kwiatkowski et ah, 1992).

Microsatellites are highly dispersed in hum an (Luty et ah, 1990) and 
other higher eukaryotic genomes, but are not found in bacteria (Gross and 
G arard, 1986). Estimates of the copy num ber in the hum an genom e have 
ranged from 32,000 to 130,000 (Miesfeld et ah, 1981; Ham ada and Kakunaga, 
1982; H am ada et ah, 1982; Sun et ah, 1984). The lower variability  and 
heterozygosity of microsatellites (Weber, 1990) makes them less informative as 
genetic m arkers, nevertheless, this is m ore than counterbalanced by their 
incidence and dispersion th roughou t the genom e, such tha t it has been 
conservatively estim ated that there are sufficient C A /G T  m icrosatellite 
m arkers w ith a Polymorphism Information Content (PIC) of > 0.5 such that 
genetic m aps w ith  an average reso lu tion  of approxim ately  0.3cM are 
theoretically possible (Weber 1990). The importance of microsatellite markers 
is already becoming apparent, microsatellite m aps are being determ ined (for 
example, Hazan et ah, 1992), and microsatellite markers linked to disease genes
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have been isolated and can be used for predictive diagnosis (for example 
Haemophilia A, Lalloz et ah, 1991, and polycystic kidney disease I, Harris et ah,
1991) or for isolation of the disease gene (reviewed by Collins 1992). The larger 
tri- and tetra-nucleotide repeats are also amenable for use as markers (Edwards 
et ah, 1991), and for individual identification (Edwards et ah, 1992).

The use of microsatellite markers for individual identification is limited 
by the low er variabilities in com parison to m inisatellites, a lthough by 
increasing the num ber of loci typed the statistical pow er m ay be im proved 
such that a positive match may be declared. If loci are chosen carefully, two or 
m ore different loci may be am plified sim ultaneously by 'm ultiplex ' PCR 
(C ham berla in  et ah, 1988), expediting the analysis. The small size of 
microsatellite alleles is their forte, however, when analysing highly degraded 
DNA such as from forensic specimens. Smaller microsatellite alleles may be 
faithfully amplified in degraded DNA, and polymorphic microsatellites have 
been used to identify the skeletal remains of a m urder victim, despite the DNA 
sam ple extracted from the bone being degraded to an average size of <300 
nucleotides (Hagelberg et ah, 1991a). DNA has been shown to be recoverable 
from extremely ancient tissues, such as Egyptian mummies (Paabo et ah, 1985), 
and mtDNA sequences have been amplified using PCR from 5000 yr old bones 
(Hagelberg et ah, 1989, 1991b ), and 7000 yr old brain tissue (Paabo et ah, 1988). 
The 'record age' for recovery of ancient DNA is the amplification of chloroplast 
DNA from a 17-20 million year-old magnolia leaf (Golenberg et ah, 1990). The 
potential to am plify polym orphism s, including nuclear repetitive DNA 
sequences, from ancient DNA, has im portant implications for archaeological 
and anthropological studies.

1.23 Telomere repeats

Repetitive sequences form part of the DNA-protein complex found at 
the end of eukaryotic chromosomes that enables complete replication of the 
lin ea r DN A  m olecu le , m ed ia ted  by the  te lo m erase  enzym e, a 
ribonucleopro tein  reverse transcrip tase (review ed by Blackburn, 1991). 
Telomeres in higher eukaryotes are highly conserved and  com posed of 
heterogeneous arrays of sim ple tandem ly repeated sequences, such as the 
(TTAGGG)n repeat which makes up the bulk of hum an and mouse telomeres, 
(Kipling and Cooke, 1990). Although similar in sequence, the telomeres of 
mice are larger (30-150kb) than hum an telomeres (Allshire et ah, 1989), and
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have been shown to be extremely variable in length, displaying high levels of 
m utation to new length arrays (Starling et al,  1990).

Blocks of interstitial telomere repeats are also found (Wells et a l, 1990) 
and other repetitive sequences, such as m inisatellites, have been found 
adjacent to and within the actual telomeric sequences (Royle et al, 1992). These 
are not believed to have a function in maintaining chromosome stability.

1.2.6 Tandemly repeated coding DNA

The sequences discussed thus far do not code for any useful product 
within the cell, although some, such as telomere sequences may serve a vital 
role. Other tandemly repetition is found within coding regions of the genome, 
either as internal tandem  repetition, such as found in the collagen genes 
(reviewed by Vuorio and de Crombrugge, 1990), or as tandem  repetition of 
entire genes to form gene clusters. These clusters may either be of identical 
genes, for example, the tandem  repetition of the eukaryotic rRNA gene 
clusters (Sollner-Webb and Tower, 1986), or of related genes, such as the globin 
gene families (Efstradiadis et al, 1980). In these cases tandem  repetition has 
conferred a beneficial function, such as m eeting the dem and for rRNA 
m olecules, or allowing regulated expression of proteins with sim ilar and 
related functions (such as the developmental switching of globins), or is a 
result of structural necessity in the case of collagens. Further variation in the 
structure of these regions is therefore constrained by selection.

1.3 M inisatellites

1.3.1 History

The first highly polymorphic region in hum ans to be described was 
identified by Wyman and White in 1980 (and shown subsequently to be a 
tandem ly repetitive sequence; W yman et al, 1986a). O ther hypervariable 
regions were fortuitously identified flanking the human a  globin genes (Higgs 
et al, 1981), the Hà-ras gene (Capon et al, 1983) and at the human insulin gene 
locus (Bell et ai, 1982), at which it was first shown, by sequence analysis, that 
the molecular basis for the polymorphism was change in the copy num ber of 
short tandem ly repeated sequences, or 'minisatellites'.

The major breakthrough in the study of such sequences came with the 
discovery that repetitive sequences could be used to detect other hypervariable
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minisatellite regions that had similar repeat sequences. Jeffreys et al, in 1985 
showed that a set of minisatellites that cross-hybridized to a tandem  repeat 
found near the myoglobin locus, shared, w ith minor variations, a common 
15bp 'core' sequence that bore similarity to the % recombination signal of E. 
coli. Two of these loci, 33.6 and 33.15, containing repeats of this core sequence 
were shown to detect very efficiently other polymorphic loci in hum an DNA 
when used as hybridization probes at low stringency (Jeffreys et al, 1985b). The 
num ber of loci that cross-hybridized was estimated to be about 1000, although 
the majority of loci were small and of low variability. However, the largest 
fragments (4-20kb) detected by Southern blot hybridization of genomic DNA 
(cleaved w ith a restriction enzym e that had  no target site w ithin the 
m inisatellite repeats) were sufficiently polym orphic such that the pattern of 
cross-hybridizing bands produced an individual specific DNA fingerprint' 
(Jeffreys et al, 1985b).

1.3.2 Applications o f  multi-locus DNA fingerprinting

The DNA fingerprints' produced by the multi-locus core probes were 
individual specific, with the exception of monozygotic twins, and individual 
bands show ed m endelian inheritance, w ith  the exception of new length 
m utant alleles. The obvious and immediate application of DNA fingerprints 
was in the identification of family relationships to resolve paternity disputes 
(Jeffreys et al, 1985c). The two standard probes, 33.6 and 33.15 (Jeffreys et al, 
1985a) detect alm ost completely different sets of variable loci to produce 
in d ep en d en t DNA fingerp rin ts , doub ling  the in fo rm ativeness w hen 
establishing family relationships. Thus, in contrast to conventional genetic 
m arkers which have the power only to exclude relationship, the probes have 
sufficient pow er of discrimination to positively determine relationship with a 
low probability of error (Jeffreys et al, 1985c, 1991a)

The high degree of individual specificity has also enabled identification 
of forensic samples (Gill et al, 1985), and for diverse genetic problems such as 
following tum our progression (Thein et al., 1987), m onitoring bone-marrow 
transplants (Thein et al, 1986), and for identification of cell lines (Fay and 
Tobler, 1991).

Hum an multi-locus core' probes, 33.6 and 33.15, have been shown to 
cross-hybridize to a variety of variable loci in mammals (Jeffreys and Morton, 
1987, Jeffreys et al, 1987a), birds (Burke and Bruford, 1987, W etton et al, 1987) 
and even plants (Dallas, 1988, Rogstad et al, 1988). In addition to these core'
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probes other sequences have been found which detect hypervariable loci in 
hum ans and other animals. These include a sequence derived from the 
bacteriophage M13 (Vassart et a l,  1987), the a-globin  3'HVR (Fowler et a l,
1988), and various synthetic oligonucleotides comprising simple repeat motifs 
(Ali et a l,  1986, Vergnaud et a l,  1991, Epplen et al,  1991), and an extremely 
broad range of animal and plant species are currently being studied using DNA 
fingerprinting probes (Amos, 1991), typically for the establishm ent of family 
relationships in wild populations, and m axim ising outbreeding in captive 
anim als.

1,33 Cloning o f m inisatellites

Several approaches have been successful in isolating minisatellite loci. 
Aside from the first accidental isolation of polymorphic sequences (see section
1.2.1), the most successful strategies have used hybridization screening with 
multi-locus DNA fingerprint probes to isolate clones of individual loci, either 
by cloning selected alleles from a DNA fingerprint pattern (Wong et al, 1986, 
1987), or by screening cosmid libraries (Nakamura et a l,  1987a, 1988b, Armour 
et al, 1990, Hanotte et al, 1991). The majority of such clones isolated can then 
be used as locus specific probes in high stringency hybridizations (such that the 
probe will only anneal to its com plem entary sequence), or as multi-locus 
probes at low stringency conditions (which allow a degree of mismatch 
between the cross-hybridizing sequences so that a range of different loci similar 
in sequence may be detected). In the latter case novel loci may be detected 
w ithin the set of cross-hybridizing loci, which if cloned and used as m ulti
locus probes may in turn detect further novel loci.

Tandem repeats are not confined to non-coding DNA, some coding 
sequences are also repetitive, for example the per gene repeat of Drosophila, 
and collagen genes. In general, however, it has been found that variable 
minisatellite loci are non-coding. The notable exception is the hypervariable 
MUCl locus which encodes the hum an polym orphic epithelial mucin (PEM) 
(Swallow, et al, 1987, Lancaster et al, 1990).

13.4 Applications o f single locus m inisatellite probes

Single locus probes each detect a single m inisatellite locus, and give a 
DNA 'profile' w ith either two bands per heterozygote (assuming both alleles 
are separated by agarose gel electrophoresis), or one band per homozygote.
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M ulti-locus probes require at least 500ng of genomic DNA for a DNA 
fingerprint’ to be detected, which limits the use of such probes for forensic 
work. The use of single locus probes, which require as little as lOng of genomic 
DNA, overcomes to some extent this sensitivity limitation, (Wong et al, 1987), 
and a battery of single locus probes chosen for their high informativeness (the 
6 loci cloned by Wong et al, 1987 had heterozygosities from 90-99%) maintains 
the discrim inatory pow er of a 'DNA fingerprin t', although the pow er to 
distinguish close relatives is more limited due to the small num ber of loci 
typed. It is possible to further increase sensitivity to enable the typing of 
subnanogram  quantities of DNA by am plifying m inisatellites using the 
po lym erase  chain  reaction  (PCR, Saiki et a l ,  1988). PCR prim ers 
com plem entary to the unique sequence DNA w hich flanks m inisatellite 
repeats can be used to amplify alleles of up to lOkb to the point where they are 
detectable by Southern blot hybridization. With larger cycle numbers, alleles of 
up to 6kb can be directly visualized on ethidium stained agarose gels (Jeffreys et 
a l,  1988b), although at this stage the alleles are prone to collapse producing 
complex artifactual patterns.

Unlike DNA fingerprints, which give phenotypic inform ation, the 
single locus pattern  gives a genotype - inform ation which can be used in 
linkage analysis. Informative genetic markers are vital for the construction of 
genetic m aps (Donis-Keller et a l,  1987) and for the reverse genetics' or 
'positional cloning' approach to identifying single gene defects. Since 
minisatellite length variations are insertion/deletion polym orphism s they are 
detectable by a wide variety of restriction enzymes, unlike polymorphisms that 
result from point m utations creating or destroying the restriction site for a 
single enzyme. This, together with the high polymorphic information content 
(PIC) which reflects the num ber of distinguishable alleles and their population 
frequency, makes minisatellite loci excellent m arkers for the investigation of 
hum an and animal disease. For example, the minisatellite cMS620 (D15S86, 
Arm our et al, 1990) has been used as a marker to study Angelmans syndrome 
(M alcolm  et a l ,  1991). M inisatellite loci have been identified  on all 
chrom osom es, b u t are not random ly  d istribu ted  in hum ans; hum an 
m inisatellites are m ost frequently found tow ards the ends of chromosomes 
(Royle, et a l ,  1988; Vergnaud et al, 1991), which limits their usefulness as 
markers. In contrast, in mice (Jeffreys et a l,  1987a) and cattle (Georges et al,
1990) there  appears to be no significant term inal clustering. Thus 
m inisatellites are still a key elem ent in genetic m aps of dom estic animals; 
m inisatellite (and particularly microsatellite) m arkers are being isolated with
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the aim of finding linkage to disease genes and economically im portant traits 
in livestock (for example, the European pig gene m apping project (PiGMaP), 
Archibald et al, 1991).

1 3 3  M utation a t minisatellites

Minisatellite loci show heterogeneous variability; heterozygosities range 
from 0 to almost 100%. In the absence of selection, this variability reflects the 
m utation  rate to new  length alleles, which has been m easured for some 
hum an minisatellites by pedigree analysis (Jeffreys et al, 1988a, Armour et al, 
1989a). It was found that high heterozygosities were associated with high 
germ line m utation rates, in agreem ent w ith the random -drift hypothesis for 
selectively neutral m utations (Kimura, 1983). The male and female germcells 
follow different developm ental pathways (there are about 17 times more pre- 
meiotic divisions in the generation of a sperm  (Vogel & Rathenberg, 1975)), 
and in a sam ple of 79 m utant bands detected at the hum an loci MSI, MS8, 
MS31 or pA.g3 there was a significant but small excess (64%) of paternally 
derived m utations (Jeffreys et al, 1991a). At some other characterized loci this 
bias is extreme; the minisatellite CEBl has a m utation rate of 15% in the male 
germline, but less than 1% in the female germline (Vergnaud et al, 1991), and 
paternal bias has been observed at the m urine m inisatellite Ms6-hm  (section 
1.4.3.). The circumstances which produce these differing sexual biases await 
further investigation.

Gray and Jeffreys (1991) have suggested that the most unstable loci may 
arise very rapidly; the locus MS32 which has a heterozygosity of 97% in 
hum ans (Wong et a l,  1987) was found to have only 2 repeats in chimpanzees 
and apes, suggesting that the region has become hypervariable since the 
evolutionary divergence of m an and the other primates. Similarly, computer 
simulations (Gray and Jeffreys 1991) have predicted that the most unstable loci 
are highly transient; starting w ith a system of two repeats which undergo 
random  gain and loss of repeats through m utation it was show n that in a 
m inority of cases (1 in 250) a high copy number, high heterozygosity locus was 
generated w ithin a few thousand generations; equivalent to the situation 
observed at MS32. The sim ulation also predicted the eventual 'decay' of 
hypervariable loci back to a ground state of one repeat unit. In contrast, it has 
been dem onstrated  that a low variability hum an m inisatellite does share 
common features in m an and apes (Arm our et a l, 1992), therefore stable 
minisatellites may 'survive' for millions of years.
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Thus although multi-locus minisatellite probes detect a similar variety 
of variable loci in other animals (section 1.3.2) these are not necessarily exactly 
homologous groups of loci, even between closely related species. Some single
locus probes can detect a variable single-locus pattern  in different species 
(Hanotte et ah, 1991, 1992), however, a consequence of the short lived nature of 
hypervariable minisatellites is that a hypervariable single locus probe from 
one species may detect only a monomorphic region in another species (Gray 
and Jeffreys 1991), thus for m apping purposes it m ay be necessary to isolate 
single locus probes for each different species.

1.4 M inisatellites in mice

1.4.1 Detection by *core' probes

Hum an minisatellite probes cross-hybridize to mouse DNA and detect 
variable loci giving a DNA fingerprint sim ilar in complexity to that in . 
hum ans, although the DNA fingerprints of inbred  mice strains differ 
relatively little (Jeffreys et ai, 1987a). In contrast to hum an minisatellite loci, 
m urine minisatellites do not appear to be biased tow ards telomeric or sub- 
telomeric regions (Jeffreys et al, 1987a, Julier et al, 1990).

1.4.2 Applications of polymorphic murine minisatellite loci

Just as in hum ans, m in isatellites are an ab u n d an t source of 
polym orphic loci for linkage studies in inbred m ouse strains, an im portant 
experim ental animal for m any lines of research, including localization of 
m ouse m odels of hum an genetic diseases (reviewed by Todd, 1992). For 
example, linkage of minisatellite markers to diabetes susceptibility genes in 
NOD mice (Todd et al, 1991). This is aided by the apparent non-clustering of 
m urine minisatellites.

In their own right, variable mini- and microsatellites giving individual 
or strain identification are of use as a means of genetic quality control to detect 
contamination of inbred lines (Russell and Deeny, 1992), and a characterized 
system of polym orphic markers may be of practical use for tracing cellular 
lineages and cell fate in aggregation chimeras.

There is m uch left to discover of the m echanism s by which 
minisatellites mutate and evolve; m urine minisatellites provide an accessible 
system in which to study the genetic behaviour of individual loci, including
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the processes involved in the generation and m aintenance of variability at 
m inisatellites in general.

1 A 3  M s6-hm ; A  highly variable mouse minisatellite.

One minisatellite loci, called Ms6-hm, detected in m urine DNA by the 
hum an probe 33.6 was seen to have extreme germ line instability, resulting 
from a high m utation rate to new length alleles (Jeffreys, et ah, 1987a).

The Ms6-hm locus was cloned, sequenced, and m apped to an interstitial 
location on chromosome 4 (Kelly et al, 1989). The repeat sequence (GGGCA)n 
had  expanded from w ithin a m em ber of the MT SINE fam ily (Mouse 
Transcript, Heinlein et al, 1986), and the locus was further flanked by two 
other diverged MT elements and a B2 element (Kelly et al, 1991). In turn, the 
M s6-hm  probe cross-hybridizes to other loci at low stringency, detecting a 
novel set of loci, one of which appeared to show sim ilar features of high 
germ line and som atic m utation rate. M s6-hm  was highly variable, even 
within inbred strains, and highly unstable; the germline m utation rate to new 
length alleles was m easured directly in a large pedigree at 2.5% per gamete. 
These m uta tions show ed a strong paternal bias, in con trast to m ost 
characterized hum an loci (section 1.3.5).

Most interestingly, a proportion of mice showed evidence for mosaicism 
for cells containing either the parental, or a common new  length allele, 
resulting from a somatic mutation event. The degree of mosaicism found (10- 
60% of cell w ere m utant) and the uniform  dispersion of m utan t cells 
th roughou t the m osaic anim als suggested that the m utation  m ust have 
occurred during early development; in some mice the mosaicism extended to 
the germline, producing three-way segregation of the two parental and the 
m utant alleles.

1.5 Objectives of this work

Mice provide an accessible system  in which to study  the genetic 
behaviour of individual loci, with the advantages of genetically defined inbred 
strains and m ouse breeding systems. By the isolation and comparison of 
d ifferent loci it m ay prove possible to determ ine w hich factors affect 
variability, and to discover more about the m echanisms that generate new 
length alleles. Ideally, for the latter purpose, a system which shows large
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am ounts of variability would be chosen. One such extremely variable locus 
(M s6-hm)  has already been characterized (Kelly et al., 1989, 1991). This 
m inisatellite was intriguing in that it show ed a somatic m utation rate far in 
excess of any other characterized locus. An initial objective of this work was to 
clone and characterize a second hypervariable m ouse m inisatellite, and to 
further investigate the phenom enon of somatic mutation.



2
Methods and Materials

2.1 Materials

2.1.1 Chemical Reagents

All chemical reagents, unless otherwise stated below, were supplied by Fisons, 
Loughborough. Antibiotics, BSA, HEPES, IPTG, polyethylene glycol (PEG), 
ficoll 400, TEMED, dithiothreitol (DTT), thym ine, sperm idine trichloride, 
salm on sperm  DNA and agarose were supplied  by the Sigma Biochemical 
Com pany, Poole. SeaKem™ HGT agarose and NuSieve™  agarose were 
supplied by ICN Biochemicals Ltd, High Wycombe. Ammonium persulphate 
was from Bio-Rad, Watford. BCIG was obtained from Anglian Biotechnology, 
Colchester. Acrylamide and urea were supplied by Serva, Heidelberg. N,N'- 
m eth y lene-b isac ry lam ide  w as su p p lied  by U niscience, C am bridge. 
Deoxyribonucleotides and dideoxynucleotides were from Pharmacia, Milton 
Keynes. Radiochemicals were supplied by Amersham International pic. Little 
Chalfont. All reagents used were of analytical grade.

2.1.2 Oligonucleotides

Hexadeoxyribonucleotides for random  oligonucleotide prim ing (section
2.4.1) were supplied by Pharmacia. Oligonucleotides for PCR amplification and 
the M13 sequencing 17-mer w ere syn thesized  in the D epartm ent of 
Biochemistry, University of Leicester on an Applied Biosystems 380B DNA 
synthesizer, using reagents supplied by Cruachem.

2.1.3 Enzymes

Restriction endonucleases were supplied by Gibco-BRL, Paisley, New 
England Biolabs (via CP Laboratories, Bishop's Stortford) and the Boehringer 
Corporation, Lewes. T4 ligase and REact^^ buffers obtained from Gibco-BRL. 
Pharm acia supplied T4 polynucleotide kinase, T7 DNA polymerase and the 
Klenow fragment of DNA polymerase I. Calf intestinal alkaline phosphatase
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(CIP) was obtained from the Boehringer Corporation. DNA polymerase from 
Thermophilus aquaticus was from Amersham International. Gigapack Plus^^ 
in vitro packaging kit supplied by Stratagene Cloning Systems, CA, USA.

2.1.4 Molecular weight markers

X DNA digested w ith Hzwdlll and 0X174 DNA digested w ith Haelll were 
obtained from Gibco-BRL.

2.1.5 Media

All media were obtained from Oxoid, Basingstoke, w ith the exception of 
yeast extract and tryptone, which were supplied by Difco, East Molesley.

LUB (Luria broth) consists of lOg bacto-tryptone, 5g bacto yeast extract 
and 5g NaCl per litre of dH20.

2.1.6 Bacterial strains

Two strains of Escherischia coli were used:
NM522 A (/flc-proA B ), thi~, supE ,  / i s z i R l 7 ( R k " , M k  + ), [F' p r o A B ,
lacl9ZAM15].
DH5a F-, endA l,  hsdR17(RK',M k'^), supE44, th il,  X-, recAl, gyrA 96 ,
relAl, (argE-lacZYA) U169, O80d/flcH, ZAM15.

2.1.7 Cloning vectors

Charomid vectors (Saito and Stark, 1986) were provided by the Japanese 
Cancer Research Resources bank, Tokyo. M13 sequencing vectors M 13mpl8 
and M 13m pl9 (Yanisch-Perron et al, 1985) replicative forms supplied by 
Gibco-BRL. pUC18 and pUC19 (Yanisch-Perron et a l, 1985) were used for 
subcloning.

2.1.8 Mice and mouse DNA

C57BL/6J and DBA2/J inbred mice were received from Dr G. Bulfield 
(AFRC Institute of Animal Physiology and Genetics Research, Edinburgh), and 
were supplied to Edinburgh directly from The Jackson Laboratory, (Bar Harbor, 
ME, USA). A, AKR, BALB/c, C 3H /H e, CBA, DBA2/J and SWR inbred mice
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w ere obtained from B a n ^ a ^ a n d  Kingman Ltd (Hull, England); the DBA/2J 
mice had originally been obtained from the Jackson Laboratory via Searle Ltd. 
C57BL/6J mice and CBA mice were also purchased from Harlan Olac, Bicester, 
England.

BXH and BXD RI series (and progenitor strain) DNAs were provided by 
Dr G. Bulfield (Edinburgh) and Dr. B. Taylor (The Jackson Laboratory).

Methods

2.2 Mice

2.2.1 H ousing

Mice were housed in the biomedical services of Leicester University. 
The mouse colony was maintained under a 12hr light/12hr dark cycle.

2.2.2 Identification

The existing Leicester pedigree colony had been m arked by toe clipping 
following the num bering system of Allen et al., 1987. No more than two toes 
from each of two paws were clipped from any animal: from 0-200 the hundreds 
and tens were marked on the forepaws and the units on the right hindpaw. 
from 200-400 the units (multiples of ten om itted) were m arked on the left 
hindpaw . The majority of mice used for the production of day 10 embryos 
were unm arked physically since once plugs were detected they were housed 
individually in separate cages. Some stud males were m arked by an ear punch 
against the possibility of accidental mixing. Both toe clipping and ear 
punching were done under anaesthetic (halothane gas).

2.2.3 Procedures

2.2.3.1. Isolation of a length of tail
The mice were anaesthetised with halothane and 1-2 cm of tail severed 

w ith a scalpel. The tails were cleaned w ith sterile gauze and cauterized to 
prevent bleeding. Toe clipping or ear punching for identification was carried 
out in the same operation.
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2.2.3.2. Isolation of Day 10 embryos
Females were checked for vaginal plugs (day 1 post coitum, p.c.) on 

successive mornings after mating were set up. On day 10 p.c. gravid females 
were killed and the uterus dissected out into a petri dish containing ice cold 
PBS (phosphate buffered saline). Embryos were dissected from the uterus wall 
into drops of PBS using watch-makers forceps, and then further separated by 
pulling the decidua apart and gently rem oving the embryo. The trophoblast 
enclosing the embryo proper was then split and the em bryo p roper w ith 
associated visceral yolk sac exposed. These were then nipped away from the 
trophoblast into a further droplet of PBS and finally the embryo and the yolk 
sac were detached from each other. No effort was made to separate the yolk sac 
further into endoderm  and mesoderm layers since the quantity of tissue was 
small. The trophoblast tissue was further scrutinized for adhering m aternal 
cells before all three tissues were transferred to individual eppendorf tubes.

2.2.4 Preparation of mouse DNA

2.2.4.1 Tail DNA
Tails were finely chopped with a scalpel and suspended in 0.5ml IxSE 

buffer (150mM NaCl, lOOmM EDTA pHS.O) in a 1.5 ml eppendorf tube. To this 
was added 50|il of 10% SDS and 5|xl of proteinase K (20mg/ml). The contents 
were mixed by inversion and incubated at 50°C for 3-5hrs w ith occasional 
m ixing . DNA w as sep a ra ted  from  p ro te in  and  bone by  tw o 
phenol / chloroform  extractions (see section 2.3.1), and  one chloroform  
extraction. DNA was precipitated from the aqueous layer by the addition of 
isopropanol, pelleted, rinsed with 80% ethanol and suspended in lOOpl of 
distiled water.

2.2.4.2 Tissue DNA
Small scale tissue preparations were carried out as for tail except that the 

initial breaking up of tissue was done with a small hand hom ogeniser which 
reduced the time necessary for complete proteinase K digestion to l-2hrs.

Dissected embryo trophoblast and yolk sac were broken up by pipetting 
through a 200pl tip and suspended in 200pl of TES (0.5% SDS, lOmM TrisCl, 
lOOmM EDTA, pH8.0). 2|xl of proteinase K (20mg/ml) were mixed into the 
suspension which was incubated at 50°C for 3hrs. The digested tissues were
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ex trac ted  once w ith  p h en o l/ch lo ro fo rm  and once w ith  chloroform , 
precipitated with ethanol and rinsed in 80% ethanol. Pellets were air dried and 
suspended in 30pl dH 20 or 20pl dH20 (yolk sac DNA).

Large scale tissue preparations followed a protocol m odified from 
Maniatis et al., (1982). The volume of tissue was estimated, and 10 volumes of 
IxSE added. The tissue was then hom ogenised and transferred to a clean 
conical flask. 1/10 vol 10% SDS was added to lyse the cells, and the solution 
emulsified with 0.5 vol of phenol/ chloroform by gentle swirling of the flask. 
This mixture was decanted to centrifuge tubes and spun at 10,000rpm for 5 
m inutes at room tem perature to separate the aqueous and organic layers. The 
upper aqueous layer was removed using wide m outhed pipettes into a glass 
beaker, and the remaining layer back-extracted with dH 2 0  and pooled w ith the 
first. DNA was precipitated from this mixture by ethanol precipitation, rinsed 
in 80% ethanol, and resuspended in half the original volum e of O.lxTNE 
(IxTNE is lOmM TrisCL, lOOmM NaCl, ImM  EDTA pH8.0). Pancreatic RNase 
to 20|xg/ml was added to the resuspended DNA and the beaker incubated for 30 
m inutes at r.t. To remove the RNase, SDS was added to 1%, TNE to Ix, and 
the DNA re-extracted with phenol/chloroform . The DNA was than cleaned by 
ethanol precipitation with a final rinse in 80% ethanol. The pellet was allowed 
to dissolve in a small quantity of dH 20 in an eppendorf o /n  at 4°C.

2.3 General M ethods for DNA H andling

2.3.1 Phenol/chloroform  extraction

Phenol /  chloroform  and chloroform  was used to purify DNA from 
proteins during the initial extraction process and as an additional purification 
step  follow ing som e enzym atic  trea tm en ts. An equal vo lum e of 
pheno l/  chloroform (Phenol:Chloroform:Isoamyl alcohol in the ratio 25:24:1. 
Phenol with hydroxyquinone added to 0.1%, equilibriated with TrisCl pH  8.0) 
was added to the nucleic acid sample and the mixture emulsified. The mixture 
was centrifuged to separate the phases and the upper aqueous layer transferred 
to ano ther tube leaving behind  the pro teinacious interface. F urther 
phenol /  chloroform extractions were perform ed until the interface was clean 
and the aqueous layer clear. An extraction w ith chloroform was used to 
remove traces of phenol, then the DNA was ethanol precipitated. In situations 
where high molecular weight DNA was needed the emulsifying step used a
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slowly rotating wheel to avoid shearing the DNA and large m outhed pipettes 
were used to transfer the DNA from one tube to another.

2.3.2 Ethanol precipitation

In order to concentrate, de-salt or recover DNA following manipulation, 
ethanol precipitation was used. 1/10 volume of 2M sodium  acetate (pH 7) and 
2 to 2.5 volumes of ethanol or 1 volume of isopropanol were added to the 
DNA solution. The solution was then mixed and chilled to precipitate the 
DNA, which was then pelleted by centrifugation in a bench top microfuge for 
10 m inutes at high speed (12,000rpm). The pellet was then rinsed in 70-80% 
ethanol, dried, and dissolved in the required am ount of distiled water.

2.3.3 Estimation of DNA concentration

DNA concentration was assayed by measurement of UV absorbence at a 
wavelength of 260nm in a Cecil Instrum ents CE235 spectrophotom eter, given 
that 0.02 OD units represents Im g /m l of DNA (or 0.05 units for Im g /m l of 
oligonucleotides). Smaller am ounts of DNA, such as individual restriction 
digests, were estim ated by visual comparison of aliquots of the samples after 
agarose gel electrophoresis and ethidium  staining. In later experiments such 
estimates were confirmed using a DNA fluorimiter (TKO 100, Hoefer Scientific 
Instrum ents, San Francisco, USA).

2.3.4 Restriction endonuclease digests

Restriction digests were perform ed in the appropriate  REact buffer 
(Gibco-BRL) at the tem perature recom m ended by the suppliers. Incubations 
were typically for 1-5 hours with lu n it of enzyme per pg of DNA, or since the 
majority of enzymes commonly used m aintained their activity over a longer 
tim e, com plete d igestion was achieved using  <0.5u in an overn igh t 
incubation.

2.3.5 Agarose gel electrophoresis

Agarose gels in the concentration range 0 .5 -3 %  were used, depending 
on the size of DNA fragments to be resolved. 0.5 - 2% gels were cast from 
Sigma agarose or SeaKem HGT (EMC ICN Biomedicals). Gels for resolving
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fragments of around lOObp used 3% NuSieve agarose (ICN Biomedicals). Gels 
were run in TAB (40mM tris-acetate, 20mM Na acetate, 0.2mM EDTA, pH8.3), 
ELFO buffer (40mM tris-acetate, Im M  Na acetate), or for gels requiring good 
resolution, TBE (0.089M tris-borate, 0.089M boric acid, 2mM EDTA). Ethidium 
bromide was added to all buffers to a concentration of 0.5mg/ml.

Gel length varied from 10-40cm, depending on the separation required. 
Loading mix was added to DNA sam ples prior to loading; 5x loading mix 
comprised 12.5% ficoll 400, 0.1% bromophenol blue in 5x TAB. DNA samples 
were run  alongside m arkers of known molecular weight, either X DNA cut 
w ith H zndlll (range 23-2kb) or 0X174 DNA cut w ith Haelll (range 1.3kb to 
70bp). C urrent applied to the gel was adjusted to su it a particular run, 
m onitoring of the run could be achieved by following the m igration of the 
brom ophenol blue, or by observation of DNA under UV light from a hand 
held UV w and (Chromato-vue 57, UV Products Inc.). For photography, DNA 
was visualized by UV fluorescence on a transillum inator (Chomato-vue C-63, 
UV Products Inc., California), and photographed with a Polaroid MP-4 camera 
using Kodak negative film (T-max Professional 4052). Films were processed 
with Kodak LX24 developer, FX40 fixer and HX40 hardener.

2.3.6 Preparative gel electrophoresis

To selectively obtain and concentrate DNA fragments of a certain size 
prior to ligation, random  oligonucleotide labelling etc., p reparative  gel 
electrophoresis (Yang et al, 1979) was used. The DNA samples were run in an 
agarose gel until adequate separation had been achieved. Dialysis membrane 
(Scientific Industries International Inc., Loughborough) was cut into sheets just 
w ider than the gel slots and boiled in lOmM TrisCl pH  7.5, Im M  EDTA for 10 
minutes. The gel was viewed using a hand-held UV source (Chromato-vue 
57, UV Products Inc.) and an incision made with a scalpel immediately ahead 
of the band or smear to be purified. The dialysis membrane was inserted into 
this cut, and the DNA run onto the membrane at 10-15 volts/cm . An extra 
membrane was inserted behind the selected DNA to prevent the m igration of 
unw anted higher molecular weight DNA w hen necessary. W hen all of the 
DNA was loaded onto the m em brane (as judged by eye), the incision was 
extended across the gel to loosen the DNA side of the m em brane from the 
agarose. With the current on, the membrane was rapidly removed to a 1.5ml 
microfuge tube using forceps. The DNA was collected by spinning the tube 
with the corner of the membrane held by the lid of the tube, and concentrated
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by ethanol precipitation. This method allowed the recovery of small am ounts 
of DNA with good yield. A modified version of this m ethod was used in later 
experiments: the DNA was run as described previously, but then the block 
containing the desired size DNA was excised and placed into a slightly longer, 
precut slot into which the membrane had been lain. The mem brane was then 
folded over the top of the agarose block and the DNA run onto the membrane 
as before.

2.3.7 Southern blotting (Southern, 1975).

The positions of the DNA markers were visualized by UV fluorescence 
and marked by notching the the sides of the gel to be blotted. Gels were shaken 
gently in 0.25M HCl for 2 x 7 minutes (depurination), 0.5M NaOH, IM  NaCl for 
2 X 15 m inutes (dénaturation) and 0.5M TrisCl pH7.5, 3M NaCl for 2 x 15 
m inutes (neutralization), then placed on a wick of 3MM blotting paper 
(W hatm an International Ltd., Basingstoke) previously soaked in transfer 
buffer over a reservoir of buffer. A pre-w etted m em brane was than placed 
over the gel, followed by one or two sheets of wetted 3MM and a stack of 
blotting towels (either Kleenex paper towels or, in later experiments, 'Quick- 
draw '™  blotting paper (Sigma)). Weight was applied to the top of the stack via 
a glass plate to ensure even pressure onto the surface of the gel. Blots were left 
from 5 to 16 hours, longer times being used for the transfer of large fragments.

M em branes used  w ere e ith e r H y b o n d -N ”̂^, (A m ersham ), or 
Immobilon-N™ , (M illipore C orporation, Bedford, MA). For H ybond-N  
transfer solution used was 20xSSC (Ix SSC is 0.15M NaCl, 15mM tri-sodium  
citrate pH  7), membrane prewetted in 3xSSC. After transfer the mem brane was 
rinsed in 3xSSC and air dried. DNA was fixed using a UV transillum inator. 
For Immobilon-N, lOxSSC was used for transfer. Immobilon-N was prew etted 
in 100% ethanol, distiled water and equilibriated in lOxSSC for 15-30 m inutes 
before use. Following transfer the membrane was im m ersed in 6xSSC for 5 
minutes then air dried to bind DNA to the membrane.
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2.4 DNA hybridization

2.4.1 Random  oligonucleotide labelling of DNA fragm ents (Feinberg & 
Vogelstein, 1984)

5-1 Ong of gel-purified DNA were labelled as follows. The DNA was 
boiled for 3 minutes then cooled to 37°C, before adding to 1.2|il of lO m g/m l 
BSA (enzyme grade, Pharmacia) and 6pl of oligo-labelling buffer (OLB). OLB 
consisted of a mixture of 3 solutions: solution A: 1.25M TrisCl (pFI 8), 125mM 
M gCl2, 0.18% v /v  2-mercaptoethanol, 0.5mM dATP, 0.5mM dCTP, 0.5 mM 
dTTP; S o lu tio n  B: 2M HEPES (pH  6.6) an d  so lu tio n  C:
hexadeoxyribonucleotides (Pharmacia) suspended in 3mM TrisCl, 0.2mM 
EDTA (pH 7.0) at 90 OD units/m l. Solutions A B and C were mixed in the ratio 
2:5:3 respectively to give OLB. Following addition of OLB, l-5|xl of [a^^PjdCTP 
(lOOOCi/mmol, Amersham) and 2.5 units of the Klenow fragm ent of DNA 
polymerase I (Pharmacia) were added. The reaction mixture was incubated for 
1 hour at 37^0 or overnight at room temperature. After labelling, 70|il of 'stop 
solution' (20mM NaCl, 20mM TrisCl pH  7.5, 2mM EDTA, 0.25% SDS) was 
added to the reaction, followed by lOOmg of high molecular weight herring 
sperm  DNA which acted as a carrier. The probe was recovered by ethanol 
precipitation, washed in 80% ethanol to remove unincorporated [a^^PjdCTP, 
and redissolved in 500pl distiled water. Probes were boiled for 3 m inutes 
immediately prior to use.

2.4.2 Hybridization

Hybridization reactions were in either Denhardt's solution (0.2% ficoll 
400, 0.2% polyvinyl pyrrolidone - PVP, 0.2% BSA in 3xSSC; Denhardt, 1966) for 
colony screening  follow ing p late  lifts on to  n itrocellu lose  filters or 
phosphate/SD S solution (0.5M sodium  phosphate, pH  7.2, Im M  EDTA, 7% 
SDS; C hurch & Gilbert, 1984) for nylon m em branes follow ing Southern 
transfer. All hybridizations were perform ed in sealed perspex chambers in a 
shaking water bath.
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2.4.2.1 Hybridizations in Denhardt's solution (modified by Jeffreys 
et al, 1980).

Filters w ere p re-hybrid ized  for 30 m inutes in com plete  filter 
hybridization mix (CFHM: Ix  D enhardt's solution, 0.1% SDS). Filters were 
then transferred to a minimal volume of CFHM + 6% polyethylene glycol 
(PEG) and the boiled probe and hybridized overnight at 65^C w ith gentle 
shaking. Following hybridization, filters were washed at low stringency as 
described in section 2.4.3.

2.4.2.2 Phosphate/SDS hybridization

Filters were pre-hybridized in 0.5M sodium  phosphate, pH  7.2, ImM  
EDTA, 7% SDS for at least 15 minutes, and then hybridized in a fresh aliquot of 
the same solution with the boiled probe. Hybridizations to genomic DNA were 
at 65°C with gentle shaking overnight.

2.4.3 Post-hybridization washing

Following hybridization, filters were washed at a stringency to suit the 
requirements of the experiment. These were usually either low stringency (Ix 
SSC, 0.1% SDS, at 65°C, or high stringency (O.lx SSC, 0.01% SDS, at 65°C). 
Occasionally an intermediate stringency (0.5x SSC, 0.05-0.01% SDS, at 65®C),was 
used when identification of a specific locus was required, bu t w ith the 
inclusion of other cross hybridizing loci to act as internal controls of DNA 
concentrations and "gel wobble". Washes were perform ed until the level of 
radioactivity stabilized, as m onitored by a hand-held Geiger counter (Series 
9000 mini-m onitor. Mini Instrum ents Ltd., Essex). Later experim ents used 
Im m obilon-N  (M illipore), which was w ashed at very high stringency, 
(0.05xSSC, 0.01 %SDS at 68% ).

2.4.4 Autoradiography

Filters were placed in autoradiographic cassettes separated from a sheet 
of Fuji RXlOO X-ray film by a sheet of alum inium  foil or clingfilm. Exposures 
were at room tem perature or -80^C with an intensifying screen for 1 hour to 14 
days depending on the strength of the signal.
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2.4.5 Densitometric Scanning

Densitometric scanning was carried out w ith an U ltrascan XL Laser 
D ensitom eter (LKB), w ith  preflashed film w hich w as exposed w ithou t 
intensifying screens.

2.4.5 Stripping filters for rehybridization

Nylon Hybond-N filters required for rehybridization w ith a different 
probe were stripped by im m ersing in boiling 0.1% SDS, w hich was then 
allowed to cool to room tem perature on a shaking platform  (m anufacturers 
recom m endations).

2.5 DNA sequencing

2.5.1 M13 subcloning

2.5.1.1 Preparation of M l 3 vectors

M 13m pl8 or 19 vectors were p repared  by linearization  w ith  an 
appropriate  unique restriction enzyme present in the polylinker sequence. 
Alkaline phosphatase treatment was used to prevent self ligation of vectors cut 
w ith a single enzyme. Approximately (1 pi of 1/10 diluted) 0.01 units of calf 
intestinal alkaline phosphatase per picomole of 5' ends of DNA were added 
directly to the reaction mix and incubation continued at 37^C for 30 minutes. 
The CIP was then deactivated by heating to 68°C for 10 m inutes (modified 
from Maniatis et al, 1982). The efficiency of this treatm ent was tested in a self 
ligation reaction: vectors which gave neither blue colonies or white colonies 
were ideal. Vectors with two different cohesive ends were generated by two 
separate digestions. The first digestion was set up as usual, and an aliquot 
checked for complete digestion to linear form. The DNA was then cleaned and 
reconcentrated  by ethanol precip itation  before fu rther d igestion at the 
conditions required for the second enzyme. Complete digestion could be 
confirm ed by checking an aliquot of each double digest against the single 
digest; for the double digests the size of the large M l3 linear fragm ent is 
reduced and the small fragment of excised polylinker can be seen. To prevent 
religation of this polylinker fragm ent in subsequent ligation reactions the 
digested vector is excised from a preparative gel (see section 2.3.6).
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2.5.1.2 Ligations

Ligation of DNA fragm ents into cloning vectors (M 13m pl8 or 
M13mpl9) was performed as follows: a 2:1 molar ratio of vector to insert was 
mixed at low concentration (<30mg/ml) in the presence of ImM  ATP, Ix  ligase 
buffer (50mM TrisCl pH  7.5, lOmM MgCl2, lOmM DTT), 4mM sperm idine and 
0.1 Weiss units of T4 ligase per ml of reaction mix. Ligation reactions 
contain ing DNA m olecules w ith 'sticky ends' were incubated at 15^C 
overnight, whereas blunt-ended ligations were left at 4°C overnight or longer.

2.5.2 Introduction of M13 into E. coli by electroporation (Dower et al, 1988)

2.5.2.1 Generation of competent cells

An overnight culture of E. coli was diluted 1/100 into fresh LUB. The 
fresh culture was incubated until cells were dividing logarithmically (A^oo of 
between 0.5 and 0.7, depending on the strain used).

Cells were harvested by centrifugation at 4,000rpm for 15mins at 40C, 
then resuspended in the original volume of ice cold 10% glycerol.

Cells were spun at 4000rpm for 15 minutes at 40C, and suspended in 1 /2  
volum e of 10% glycerol. After a further spin as previous, the cells were 
suspended in l/5 0 th  volume of 10% glycerol, and after the final centrifugation 
(either as previous, or when volumes were small, in a chilled microcentrifuge 
at low speed for <2mins) the cells were resuspended in 1/500th volume of 10% 
glycerol. This protocol gave 40pl of concentrated and washed cells for every 
20mls of starting culture.

2.5.2.2 Transformation and plating

40pl of cells plus l-2pl ligated DNA were subjected to an exponential 
pulse of 1.5kV (with a capacitance of 25mF and a parallel resistance of 940W) in 
a cuvette w ith a 2mm electrode gap, in a Bio-Rad Gene Puiser (The time 
constant was approxim ately 20 milliseconds). Im m ediately the pulse was 
delivered 1ml of SOC (2% w /v  Difco bacto tryptone, 0.5% w /v  yeast extract, 
lOmM NaCl, lOmM MgCh, lOmM MgS0 4 , 20mM glucose; Hanahan, 1983) was 
added to the cuvette and the contents transferred to a test tube and shaken at 
3 7 %  for 10 minutes.
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300 f;Is plating mix (25pl 50m g/m l BCIG, 25|il 50m g/m l IPTG, 250pl 
plating cells) and 3mls of top agar (LUB with 7g /l agar) were added to each test 
tube before spreading onto LU A or BLA plates. Plates were incubated at 37^C 
overnight.

N.b. The electroporation of bacteria with plasmid or cosmid vectors was 
performed exactly as for M13 to the point at which SOC is added to the pulsed 
cuvette. After transformation the cells were incubated at 37^C for 30 minutes 
before plating onto LUA plates containing selective agents. (For charomids 
these are 25m g/m l am picillin, 12.5m g/m l tetracycline, 25m g/m l BCIG, 
25m g/m l IPTG.) Plates were incubated at 37^C overnight.

2.5.3 Library screening

Plate lifts were onto either nitrocellulose filters (Hybond-C, Amersham) 
by the m ethod of Benton & Davis, 1977, or nylon filters (Hybond-N) by the 
m ethod of Bulawela et al., 1989. A filter was placed on the surface of each plate 
using sterile forceps. Holes were punched around the edge of the filter with a 
sterile needle for purposes of orientation. After 5 minutes nitrocellulose filters 
were carefully lifted off the plate and floated "DNA side" down in 1.5M NaCl, 
O.IM NaOH for 1 minute. Filters were then submerged in 2xSSC, 0.2M TrisCl 
(pH 7.5) for 1 minute, blotted dry on 3MM paper and then baked at 80°C for 3-4 
hours prior to hybridization. Nylon m em branes were transferred from the 
plate to a piece of 3MM moistened in 2xSSC, 5% SDS for 2 minutes, then the 
tray of filters was microwaved for 2.5 m inutes at 650W setting in a standard 
microwave oven with a rotating turntable to lyse the cells and fix the DNA to 
the filter. Filters were then rinsed in 5xSSC 0.1%SDS to remove debris before 
transferring to a prehybridization solution (see section 2.4).

Positive plaques were picked from the library plates using a sterile 
pasteur pipette and deposited in 1ml of phage buffer (6mM tris-HCl pH  7.2, 
lOmM MgS04, 0.005% gelatin).

2.5.4 Preparation of single-stranded DNA from M13 phage

0.5ml of a culture of NM522 which had been grown at 3 7%  overnight in 
LUB was diluted 1 in 100 into fresh LUB. 1.5ml of the diluted NM522 was 
mixed with 0.1ml of phage suspension in a large capped test-tube and shaken 
vigorously for 5-6 hours at 37% . The culture was transferred to a microfuge 
tube and spun for 10 m inutes at 15,000 rpm . 1ml of supernatan t was
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transferred to a fresh tube, and the phage precipitated by the addition of 200 
of PEG 6000, 2.5M NaCl followed by incubation at 4^C for 15 minutes. Phage 
particles were pelleted by centrifugation at 15,000 rpm  for 10 m inutes. 
Following rem oval of all traces of supernatant, the phage particles were 
resuspended in 100 [il of I.IM  sodium  acetate (pH 7.0). The suspension was 
emulsified w ith an equal volume of phenol/chloroform  (phenol: chloroform: 
isoamyl alcohol and 8-hydroxy-quinolene in the ratio 100:100:4:1, saturated  
w ith tris-HCl pH  7.5), and spun at 15,000 rpm  for 5 m inutes to separate the 
protein com ponent of the phage particles. The upper aqueous layer was 
rem oved, and to maximise recovery, the rem aining phenol layer w as re
extracted with a second aliquot of I.IM  sodium acetate which was pooled with 
the first aqueous phase. The M l 3 DNA was then ethanol precipitated, rinsed 
w ith 80% ethanol, dissolved in 15|il of dH20, and stored at -20% .

2.5.5 Sequencing reactions

Single-stranded M13 DNAs were sequenced by the chain term ination 
m ethod of Sanger and Coulson (1977) using either the USB "Sequenase" 
protocol w ith T7 DNA polym erase (Tabor & Richardson, 1987). or the 
Pharmacia T7 polymerase protocol.

2.5.5.1 Sequencing with T7
l-2 |ig  of DNA was mixed with 2ng of the appropriate prim er (M13 

universal 17-mer) in sequencing buffer (40mM tris-HCl pH  7.5, 20mM MgCl2, 
50mM NaCl) in a total volume of lOpl. Template and prim er were annealed 
by heating to 65°C for 2 minutes in a water bath and gradually cooling to room 
tem perature over a period of 0.5 to Ihr. To the annealed template prim er, the 
following were added: Ip l O.IM DTT, 2pl labelling mix (1.5pM dCTP, 1.5pM 
dGTP, 1.5pM dTTP), 0.5pl [a-35s]dATP (lOpCi/m l) and 2 units of T7 DNA 
polymerase (Pharmacia). This mixture was incubated for 5-10 minutes at room 
tem perature, and then divided equally into four 2.5pl aliquots of term ination 
mixes:

ddT termination mix: 80|iM dATP, 80|iM dCTP, 80|iM dGTP, 80pM dTTP, 8pM 
ddTTP, 50mM NaCl.
ddC termination mix: 80pM dATP, 80fxM dCTP, 80|iM dGTP, 80|iM dTTP, 8|iM 
ddCTP, 50mM NaCl.
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ddG termination mix: 80|iM dATP, 80|iM dCTP, 80|iM dGTP, 80|iM dTTP, 8|iM 
ddGTP, 50mM NaCl.
ddA  termination mix: 80|iM dATP, 80|iM dCTP, 80|iM dGTP, 80|iM dTTP, 8|iM 
ddATP, 50mM NaCl.

The reaction tem perature  was increased to 37®C and incubation 
continued for lOmins. Reactions were stopped by adding 4pl of 'stop solution' 
(95% form am ide, 20mM EDTA, 0.05% brom ophenol blue, 0.05% xylene 
cyanol). Completed reactions were stored at -20°C prior to electrophoresis.

2.5.6 Polyacrylamide gel electrophoresis

Reactions were separated by electrophoresis through 0.4mm thick, 6% 
polyacrylamide gels containing 8M urea with a buffer gradient of 0.5-2.5x TBE. 
Samples were denatured by boiling for 3 m inutes or heating to 80^C for 10 
m inutes prior to loading into the gel, which had been pre-warm ed by running 
at 2000 volts for 15min; 2.5pl of each sample was loaded per well. Gels were 
run  at 1500-2000 volts initially, until the plates had warm ed to 50-60<^C, after 
which the voltage was reduced to -1200 volts. Gels were run  until the 
bromophenol blue dye had migrated the length of the gel (-2.5 hrs). To resolve 
sequence >200bp from the primer, extension gels with a buffer gradient of 0.5- 
1.5x TBE were used with a longer running time (6-8 hrs). When the run was 
complete, gels were fixed in 10% methanol, 10% acetic acid for 10 minutes, 
transferred to a sheet of 3MM blotting paper, and dried under vacuum  at 80°C 
for 1-2 hours in a Drygel Sr SE1160 (Hoefer Scientfic Instrum ents, San 
Francisco). X-ray film was placed directly in contact w ith the dried  gel, 
exposures of 16 to 48 hrs were typical.

2.6 Com puting

DNA sequences were analysed using a VAX 8650 mainframe computer 
operating  on VMS 5.4-2, using the Genetics C om puter G roup Sequence 
Analysis Software Package version 6.2 programs developed at the University of 
W isconsin (Devereux et al, 1984). The EMBL DNA sequence database was 
scanned using the FASTN and F AST A programs (Lipman & Pearson 1985).
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2.7 Polymerase Chain Reaction (Saiki et ah, 1988).

2.7.1 General Precautions

Since the polymerase chain reaction will produce a product from very 
small amounts of template, precautions were taken to ensure that reagents and 
m aterials used for PCR were kept free of contam inating DNA. Thus PCR 
reactions were prepared away from the norm al w orking area, using fresh 
reagents, clean p ipettes and eppendorf tubes taken directly  from  the 
m anufacturers packaging. All PCR reactions were perform ed in conjunction 
with zero DNA controls, which consistently gave no product.

2.7.2 General PCR protocol

PCR amplifications from genomic DNA were generally perform ed in a 
10|il reaction mix comprising 45mM tris-HCl (pH 8.8), l lm M  (N H 4)2S04, 
4.5mM MgCl2, 6.7mM 2-mercaptoethanol, 4.4pM EDTA (pH8.0), Im M  dATP, 
Im M  dCTP, ImM dGTP, ImM dTTP, 113|ig/ml BSA, l|iM  of each prim er and 1 
unit of Taq polymerase. Reaction mixtures were overlaid with paraffin oil in a 
0.5ml microfuge tube and amplifications carried out in a Perkin-Elmer Cetus 
DNA therm al cycler (Perkin-Elmer Cetus, Connecticut, USA). Am plim er 
sequences and parameters for the different primers are given in table 2.1. After 
amplification, PCR products were analysed by gel electrophoresis and ethidium  
staining, or by Southern hybridization.
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3
Cloning of Hm-2: 

a second highly unstable mouse minisatellite

3.1 Introduction

Ms6-hm  has been shown to be unusual when compared to other characterized 
m inisatellite loci. An initial objective of this w ork w as to show that the 
properties of high germline and somatic m utation rates seen in Ms6-hm  were 
not unique to this locus by cloning and characterizing another hypervariable 
locus.

It had been observed previously that w hen m urine DNA was probed 
w ith pM mS-l, derived from the minisatellite Ms6-hm  (see chapter 1), under 
low stringency conditions, a novel set of hybridizing loci were seen, giving a 
m urine "DNA fingerprint" which was variable both between strains and, to a 
lesser extent, w ithin strains. In particular, one of the loci seen under these 
conditions, characterized by large (-20kb) fragments in C57BL/6J mice, showed 
evidence of instability in families. This locus, nam ed Hm-2, for "hypervariable 
minisatellite-2" was selected for cloning and characterization. If Hm-2 did 
show  similar features of high germline and som atic m utation rates, then it 
m ight be possible to search for common factors, such as sequence, or 
chromosomal localization, which determines this variability.

3.2 Identification of Hm-2

To clone and further characterize the locus, it was first necessary to 
define a m ethod whereby Hm-2 alleles could be distinguished amongst alleles 
of other loci which also hybridize to pMm3-l at low stringency.

Assum ing that each minisatellite locus is em bedded in different DNA 
sequence, each separate minisatellite locus will have a different distribution of 
restriction enzyme recognition sites in the imm ediate flanking DNA; cleavage 
by restriction enzymes will therefore produce fragments for a given locus that 
vary  in size, depending  on the distance the target sites are from  the 
m inisatellite, and a flanking DNA "signature", specific to that locus will be
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produced. The sizes of these fragm ents relative to each other will rem ain 
constant regardless of the num ber of minisatellite repeats w ithin the fragment, 
and so this signature is independent of allele length.

To identify alleles of Hm-2, various m ouse DNAs were digested with 
one of four different restriction enzymes, Hinfl, Alul, Sau3Al, and Haelll, to 
produce a characteristic flanking DNA 'signature' for the large C57BL/6 alleles. 
(Figure 3.1). This pattern is clearly recognizable in the other mice which have 
inherited C57BL/6 alleles. The pattern from four enzym es is sufficient to 
distinguish Hm-2 from all other loci, and shows the presence of both m utant 

and mosaic alleles at Hm-2.
For example, Fi 34 in figure 3.1 lacked the expected 19kb paternal allele 

seen in its litter m ate, but had an additional band at about 12kb, which 
matched the expected pattern of sizes for Hm-2 alleles, which showed that the 
12kb band was the result of a germline m utation at Hm-2 which reduced the 
parental 19kb allele to 12kb. This reduction in size was from a loss of 
m inisatellite  repeats only, w ith no effect on the DNA flanking  the 
m inisatellite.

C57BL/6J Fo 7 (figure 3.1), which was heterozygous w ith Haelll allele 
sizes of 23 and 20kb, was seen to have a third band at 18.5kb which followed the 
signature of the others, this suggested that the mouse had three different Hm-2 
alleles; the a lternative explanation was to postu late  a separate  cross- 
hybridizing fragm ent which had exactly the same pattern  of length changes 
w ith the enzymes as Hm-2. The presence of three different Hm-2  alleles is 
evidence of mosaicism; one of the parental alleles has m utated to a smaller 
size by loss of repeats, but this has happened subsequent to fertilization, so that 
cells with both parental type alleles are present in addition to m utant cells with 
one parental and one m utated allele. On close examination of a long exposure 
it was seen that Fi 37 (figure 3.1) also has a faint band which show s the 
characteristic pattern  of H m -2, so this m ouse is also a mosaic w ith one 
C57BL/6J allele, one DBA allele which as yet cannot be seen, and one m utant 
allele.

The signature cannot be clearly detected in the DBA mouse, indicating 
that Hm-2 alleles in this strain either have different flanking signatures, or are 
much smaller than the C57BL/6J Hm-2 alleles and were run  off the bottom  of 
the gel. It is also possible that the pattern is present, but masked by other cross- 
hybridizing fragments.

A restriction m ap of Hm-2 was generated by digestion of Fq DNA with 
various different combinations of four base pair recognition enzym es, and
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Figure 3.1 Genomic DNA probed w ith Mm3-1 at low stringency: detection of 
Hm-2 by  flanking DNA signature.

DNA was analysed from different mice from a C57BL/6 x DBA pedigree 
bred by R.Kelly. From left; Fq 7 - C57BL/6 founder, Fq 13, - DBA founder; Fi 34 
and Fi 37,- two C57BL/6 x DBA Fi mice from the same family; F2 86,- C57BL/6 x 
DBA F2 mouse. The final lanes (BXD 12) are digests of DNA from a mouse 
from BXD Recombinant Inbred strain 12. DNA from each mouse was digested 
w ith four separate enzymes; Hinfl (H), Alul  (A), Sflu3AI (S), and Haelll (III), 
and Southern blot hybridized with Mm3-1 at low stringency.

A characteristic 'signature' (marked by □ ) for the large C57BL/6J Hm-2 
alleles in Fq 7 is recognizable in C57BL/6 x DBA Fi 37 and in the F2 and BXD 
samples. Fi 34 in figure 3.1 lacks the expected 19kb paternal allele seen in its 
litter m ate, bu t has an additional band at about 12kb, which m atches the 
expected pattern of sizes.

C57BL/6J Fq 7, which is heterozygous with Hae III allele sizes of 23 and 
20kb, is seen to have a third band at IS.Skb which follows the signature of the 
others, suggesting that this mouse is mosaic. On close examination of a long 
exposure it was seen that Fi 37 also has a faint band which show s the 
characteristic pa ttern  of H m -2, so this m ouse is also a mosaic w ith one 
C57BL/6J allele, one DBA allele which as yet cannot be seen, and one m utant 
allele.



Figure 3.1 Genomic DNA probed with Mm3-1 at low stringency: detection 
of Hm-2 by flanking DNA signature
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w ith enzymes which would possibly be useful in later cloning. Figure 3.2 
shows the initial map of nearest restriction sites generated for a C57BL/6 allele. 
This could only be an approxim ate m ap due to the size of the fragm ents 
generated, despite the use of a low percentage gel to maximize resolution.

3.3 Cloning a Sa«3AI fragm ent from Htn-2

To further investigate Hm-2 it was necessary to clone the locus both for 
sequence analysis and to allow the identification of smaller alleles which are 
obscured by other bands when the pMm3-l probe is used at low stringency.

The starting point for cloning is to enrich for the sequence of interest by 
taking a small size range of digested DNA containing the desired locus. A 
library is made from this DNA and clones containing the fragm ent of interest 
isolated. In this case, the fragment to be cloned had to be one of the large 
(20kb) C57BL/6 alleles, since smaller alleles could not be identified. This was 
an advantage in that the enrichment for Hm-2 by size selection would be large, 
bu t was a disadvantage because it is difficult to clone large DNA fragments, 
especially repetitive DNA such as m inisatellites w hich collapse during  
propagation in bacterial hosts destroying viability of lam bda clones to be 
packaged (Wong et al, 1986). An initial approach, therefore, was to dispense 
with cloning the whole fragment, and to instead generate an M l 3 library from 
small fragments of the size fractionated DNA, and screen with pM m3-l to 
detect Hm-2 repeats. Positive clones could be used as locus specific probes for 
Hm-2, and sequencing of the minisatellite repeat would require no further 
subcloning. Such sequence, however, w ould be unlikely to include any 
flanking DNA.

DNA from C57BL/6J founder 1 was prepared from liver, brain, and 
kidney. 150|ig of this DNA was digested with Sau3Al and size fractioned on an 
agarose gel. Five size fractions were collected by electroelution onto dialysis 
m embrane and aliquots of these run on a second gel with Sau3Al digested Fq 

DNA for comparison, (see figure 3.3). It was evident from this gel that the 
Hm-2  allele was contained in the first fraction, but that this fraction also 
contained a second cross-hybridizing fragment which w ould generate a false 
positive if cloned. Therefore a second round of size selection was carried out, 
which produced a size fraction containing only one cross-hybridizing band 
corresponding to the size of the Hm-2 allele in the control lane (not shown). 
This fraction (150ng) represents a lOOOx purification assum ing complete 
recovery at each step. The DNA was sonicated and fragments from between
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Figure 3.3 Enrichment for Hm-2 by size fractionation
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Size fractions in the range lOkb to 22kb were collected from Sau3AI 
digested genomic C57BL/6 DNA. Aliquots of these fractions (lanes 1 to 
5) and aliquots of the starting Sau3AI digest (S, flanking lanes 1 to 5) 
were separated on an agarose gel and Southern blot hybridized with 
Mm3-1 at low stringency.

To identify alleles of Hm-2, DNA from the same C57BL/6 mouse was 
digested with the enzymes Hinfl (H), Alul (A), Sau3Al (S), and Haelll (III) 
to identify Hm-2 by the flanking DNA signature.

Hm-2 alleles marked with ■ , Hm-2 allele in size fraction with □
The strongly hybridizing locus (marked O ) is Ms6-hm.
Hm-2 is contained in fraction 1, but a smaller, non-Hm-2 band is also 

present.
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200-600 and 600+ bp collected. These were end-repaired and ligated into the 
Smal  site of CIP treated M 13m pl9 vector (Yanisch-Perron et ah, 1985) as 
described in chapter 2. Unfortunately the resulting library of plaques was too 
small to w arrant screening despite the level of enrichment for Hm-2.

The second approach utilised cosmid vectors to overcome the problems 
of m inisatellite collapse in X vectors. These are vectors which contain X cos 
sites and can therefore be efficiently packaged in vitro, but are then propagated 
as plasm ids in transform ed E. coli so collapse of the insert does not make the 
clone unviable. The cosmids used were Charom id vectors (Saito and Stark, 
1986), which, unlike typical cosmids which require large inserts (typically 30- 
45kb), have a variable length spacer region allowing the size of the vector to be 
tailored to the size of the insert for efficient packaging.

Charomid vector 9-28 (Saito and Stark, 1986) was prepared from host E. 
coli D H l cells by alkaline extraction (Birnboim and Doly, 1979). Charom id 
DNA was purified by linearizing with BamHl, and two rounds of preparative 
gel electrophoresis with recovery of the 28kb fragments. Mouse DNA, prepared 
by size fractionation as previously, was ligated into the BamHl site of the 
Charomid 9-28 polylinker in a ratio of 2:1 for 4 days at 15°C. Ligations packaged 
in vitro using Gigapack plus packaging extract (Stratagene), and absorbed onto 
E.coli DH5a. A library of an estimated 100,000 colonies was produced, which 
even assuming a 25% rate of non-recombinant colonies (Saito and Stark, 1986) 
gave a very high probability that Hm-2 was represented. Colonies were lifted 
onto nitrocellulose m em branes (Hybond-C, Am ersham ), and screened by 
hybridization with pMm3-l at low stringency as described in chapter 2. Twelve 
putative positive clones were picked from this first round screen, replated at 
low density and rescreened with pM m3-l w ith duplicate lifts. Duplicated 
positives were picked from five plates (1,4,9,10,11). Recombinant Charomid 
DNA was extracted from 4ml cultures, digested with Sau3Al to excise inserts, 
and electrophoresed on dual density 0.6/1.2% gels. Inserts could only be seen 
on an ethidium  stained gel for clones 9.1 and 9.2. These gels were Southern 
blotted and hybridized with pM m3-l to detect any inserts under Ikb which 
w ould be m asked by fragments of vector. A utoradiographs show ed cross- 
hybridizing insert bands for the positive clones from plates 4(not shown),9,10 
and 11 (figure 3.4). A faint band was seen after a long exposure from the 
positives from plate 1. Insert sizes ranged from 300bp for clone 4.1, to 4kb for
9.1 and 9.2 which were the m ost strongly hybridizing clones. Because the 
cloned fragments were all less that 4kb and such small pieces of DNA would be 
unlikely to pass through two rounds of selection for fragm ents greater than
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Figure 3.4 A nalysis of positive  clones from charomid library by 
hybridization

Cosmid DNA from positive colonies was digested with Sau3Al to excise 
the insert DNA, electrophoresed through an agarose gel, and Southern blot 
hybridized with Mm3-1 at low stringency. Hybridizing inserts are seen in all 
lanes. Note the semi-ladder of fragments in 9.1 and 9.2, typical of a collapsing 
m inisatellite.
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19kb, or be successfully packaged given the size restriction im posed by the 
Charom id vector (the 28kb vector will package successfully with inserts from 
betw een 10 and 24kb), it is apparent that inserts from all the clones have 
reduced in size after the cosmid entered the host E.coli. Collapse by loss of 
repeat units of cloned minisatellites has been described previously (Wyman et 
al., 1986b; Wong et al., 1986; Kelly et al, 1989). Several distinct bands are visible 
in the 9.1 and 9.2 clones showing that repeat units are still being lost as the 
cosmid is replicated within the host cells (Figure 3.4). The two distinct sizes of 
inserts seen in positives from plate 11 could be due to one insert collapsing 
dow n to two stable forms or because two positives were picked at the same 
time from the first round screening.

Whole charomid DNA from six of the positives was labelled w ith ^2p 
and used to probe whole mouse genomic DNA at high stringency. The two 
positives from plate 9 hybridized strongly to DNA with the correct Hinfl, Alul, 
Sau3Al signature for Hm-2, and these bands were at a position m atching the 
expected size of a Hm-2 allele in the C57BL/6 mouse (figure 3.5). Other faintly 
hybrid iz ing  bands were seen at the base of the au to rad iograph , these 
presum ably represent other loci which are sufficiently sim ilar to Hm-2 to  
cross-hybridize under the conditions used. By isolating the Sau3Al insert it 
was shown that the insert and not the charomid DNA was responsible for the 
hybridization. (Subsequent hybridizations for Hm-2 were w ith the purified 
insert DNA.)

In view of the tight size fractionation of the input DNA, plus the cross
hybridization of the clone to Hm-2 alleles, clones 9.1 and 9.2 were considered 
clones of Hm-2 .

The other putative positives tested in this m anner did not produce any 
hybridization signal, and presumably represent extremely collapsed clones. As 
the objective of cloning an allele of Hm-2 had been achieved, however, these 
clones were not investigated further.

Restriction m apping of the p9.2 clone showed that the region of the 
genomic m ap between the two Sau3Al sites agreed with the restriction m ap of 
the p9.2 insert, which further confirmed that p9.2 was a clone of Hm-2. The 
collapsed fragm ent was used to obtain a finer resolution m ap of this region 
(Figure 3.2). The Sau3Al insert from charomid clone p9.2 was subcloned into 
pUC18, prior to further m anipulation of the insert DNA for sequencing. 
During subcloning the insert collapsed further to a size of 1.5kb. All deletions 
occurred between the Hinfl and Alul sites, showing that only one minisatellite 
was present in the original clone.



Figure 3.5 Analysis of genomic DNA fragments which cross-hybridize 
to the 9.2 clone
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The entire p9.2 clone was labelled and used to probe digested genomic 
DNA at high stringency.

Lanes 1-3; C57BL/6 DNA from individual 1 digested with Hinfl (H), Alul 
(A), SauSAl (S). Lane 4; C57BL/6 DNA from individual 2 digested with 
Hmfl. Lane 5; DBA DNA digested with Hinfl.

The signature expected for an Hm-2 allele is seen in lanes 1-3, showing that 
p9.2 is specific for Hm-2. The second C57BL/6 mouse is heterozygous.
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3.4 p9.2 as a locus specific probe

As noted previously, p9.2 is an imperfect probe since it is not entirely 
specific to Hm-2, even under high stringency conditions. Experim ents in 
which the stringency was increased by raising the washing tem perature and 
concentration of m ouse com petitor DNA, and also decreasing the salt 
concentration m ade little, if any, difference to the intensity of DBA Hm-2  
alleles relative to the cross-hybridizing loci. These other loci do not seem to be 
variable and have different flanking sequence to Hm-2, bu t hybridize to p9.2 
equally efficiently as Hm-2 alleles.

Another strategy to make a more specific probe was to use probes 
containing only sequences flanking the minisatellite. Such flanking probes 
w ould be single copy DNA probes and only the specific sequence should cross- 
hybridize. The l.lk b  Hinfl-Sau3Al fragm ent flanking the m inisatellite (figure 
3.2) was isolated to create a more specific flanking probe, bu t this failed to 
generate any hybridization signal

When p9.2 was used as a probe at low stringency, a complex set of cross- 
hybridizing bands were detected. The set of loci detected were similar to those 
detected by the pM m3-l probe at low stringency; the majority of differences 
between the DNA fingerprints created by the two probes were from differences 
in signal intensity from the same bands rather than the presence of novel 
bands. W ithin the small num ber of families screened at low stringency, none 
of the novel cross-hybridizing loci detected by p9.2 had the appearance of 
unstable loci, w ith additional bands or m utations. This suggests that the 
possibility for further probe walking to detect new loci is limited.

3.5 Sequencing

An initial strategy was to construct a M l3 library of sonicated fragments 
of the p9.2 insert, from which a complete sequence w ould be built up  from 
overlapping subclones. This strategy, however was unsuccessful because the 
library was too small, although the sequence of the ends of the 9.2 insert was 
obtained by cloning the the entire Sau3Al insert into the BamHl site of M13.

To obtain complete sequence of the p9.2 clone a strategy of subcloning 
specific fragm ents of the entire insert was adopted. The insert had  been 
previously restriction m apped (Figure 3.2) with a selection of enzym es, in 
particular those with target sites in the M 13m pl8/19 polylinker, and was seen
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to contain Sphl, Pstl and HfwcII restriction sites (the location of the H in d i  site 
was initially unknown, but was later m apped from the Pst sequence). These 
sites w ere in convenient locations to enable construction of a bank of 
subclones spanning almost the entire insert, in portions small enough to be 
accurately sequenced. The only sparse region was close to the minisatellite 
which could be covered by cloning the A lu l  fragm ent into Smal site (figure 
3.6).

The p9.2 insert was digested w ith the appropriate enzym e and both 
fragm ents isolated by preparative gel electrophoresis. M l3 vectors were 
prepared by double digestion of the circular form followed by preparative gel 
electrophoresis to remove the small fragment of excised polylinker to prevent 
recircularization. The orientation of the M l3 polylinker was chosen so that 
when using the standard 17mer primer, sequence would be generated from the 
novel site, rather than from the BamHl site from which sequence had already 
been obtained. Ligations, electroporation of phage, screening and preparation 
of ssD N A s w ere as p rev iously  described. Sequencing was by the 
dideoxynucleotide chain term ination m ethod (Sanger and Coulson, 1977) 
using T7 polymerase and the M13 17mer primer, or the M13 20mer prim er to 
read sequences from the very beginning of the subclone. Fifty percent of the 
sequence was read from two separate subclones, which usually read opposite 
strands. Only in one case did overlapping sequences not match, when a 12bp 
mismatch was found. This was caused by a 2bp and Ibp  change in sequence 
flanking an unchanged central region of 9bp. One of these sequences was 
rejected since it contained a Taql site which was not present in the restriction 
m ap, and was therefore a sub-cloning or sequencing artifact.

3.6 Organization of Hm-2

The complete sequence of the 9.2 insert is 1415bp, excluding the 
minisatellite, and is shown in figure 3.7. This size corresponds to the bottom 
of the smear of collapsing minisatellite seen when cloning and subcloning the 
p9.2 insert, (see section 3.3). The restriction sites closest to the minisatellite 
present in this sequence tally with the restriction map of the p9.2 insert and the 
m ap generated from Hm-2 alleles (figure 3.2).
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Figure 3.7 Sequence of p9.2 clone

1 gatcaaatga agttagataa taacataaag ctgtgtgatg gctggcgaga
51 tgcttggggt aaaggcaatt aatgcctaaa tctaatccct gagacccaca

101 cagtagaagg taagaactga ctcccatgga ctcaactccc gcacacctgc
151 tgtggtgcac acgaaCACAC ACACACACAC ACACACACAC ACACACAaat
201 gagtaaatgt tacaaagatg cacgaagaaa ggaagatttg tgaaagctaa
251 gtgtgtggcc aacagtgaaa gccagtgttg tgattttcat ttctagctac
301 tttaaatttc ctatgattaa aaggcatgcc tgcctcctca cacccagcag
351 gcaggctgct gttaaagggg aacagaaagc agctggaggc ctgagggtgc
401 ggaggtgaaa ctggaaccct ggtgtcctgc tgatgagaac agagagtggc
451 atttgctcaa aaagttaaat tagcacaaga gctaaatgtt cctactctaa
501 gtagagactg aaaagaaatg agttagaaca ttgagtgctc ctgtgcactg
551 cggcattact caccatacga ctaggtggca gcacctcagg ccagcaacca
601 acagagggat taaaatatac atttagcATA TATATATgCA CACACACACA
651 CACACACACA C AG AG AG AG A GAGGGGGGGG GAGAGGGAGA GAGGGAGAGA
701 GAGAGAgtgg aatataattt ggctcactag aattgtcatc tttccatcca
751 ttgatgcacc tgtctgtcta cactgtgtct acactggacc tgcagcttgg
801 ctctgtatct atacagctgg gttcatttgt gtctagcaac ttgtagctct
851 acaccgaggc ctccaggtat agacctctga aCACACACAC ACACACACAC
901 ACACACACAC ACACACACAC ACACAagcta atatggataa ttaaaattgg
951 aatggaggaa catatatttg ttaactgcta gaaattgaga ctacttggca

1001 gtttgaagta aagcaactgg tgtagcttat gagcttaatg ttaatgcagt
1051 aagttataat gcttggaaag acaaacatgt ccacctgtct ctgacacaat
1101 gtactcagga caacttaaga tggtatctca gttactgtta ctgctgtgcg
1151 aataccatga ccaaggcaat ttgtaaaagg agcggtgtat tgggatttac
1201 agtttcgaag tttagagtcc atgactgtca gagcagggaa tgtgacGGCA
1247 GGCAGGCAGG Ç A » » » » »GGCAGGCA GGCAGGCAaa gaacttaact A
1259 taatttctgc ttcacaagca caaagcacag gggggagagc tgaacttgga
1309 aaggcatggg cttttgaaac ctcaaagcct gcctctagtg atacatctcc
1359
1409

tctaatcagg
ggaccaa

ctacaccctg taatccttcc caaacagttc tgatacctgg

Simple tandeA  rep e^ seq u en ces  (microsatellites) are shown in capitals. 
Only eight of the lS6 H m -^  m inisatellite repeats (GGCA) are show n in 
underlined capitals.
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The sequence of the minisatellite repeat is
5 ’ G G CA 3 '

3 '  C C G T 5 ’

A total of 56 GGCA repeats were seen in the sequence of the Alul subclone, and 
in the opposite orientation 24 TGCC repeats were seen reading from the 
Sau3Al site. No variations in the repeat sequence were observed.

The GGCA Hm-2 repeat sequence has obvious similarity to the Ms6-hm  
repeat (GGGCA), although the homology between the two aligned repeats is 
only 40% concentrated to exact 6bp matches every 20bp. This match, however, 
w as sufficient to allow cross-hybridization betw een the Mm3-1 probe and 
largeHm-2 alleles.

. . G G C A G G C A G G C A G G C A G G C A . .

. . I I  I I  I N I . .

. .G G G C A G G G C A G G G C A G G G C A ..

1246bp of sequence 5’ to the (GGCA)n and 168bp of sequence 5' to the 
(TGCC)n repeat was read from the 9.2 insert. This sequence (not including the 
m inisatellite) is 55% A /T , 45% G /C . Peculiarities of sequence are the 
unusually  high frequency of microsatellite repeats in the Ikb  of flanking 
sequence. Three blocks of dinucleotide repeats were found 5' to the GGCA 
repeat: A (CA)i6; a (CA)22; and a composite of three microsatellites with the 
structure (AT)5G(CA)i2(GA/G)22-

The EMBL data base was searched for homologies to the sequence of 
Hm-2. All matches found were to the GGCA repeat or to the (CA)i6 and 
(CA )22 repeats. W hen all repetitive sequences were rem oved from the 9.2 
sequence, no significant matches were found against the rem aining sequence. 
(Best match was 64% match over 200bp out of the 4000bp sequenced around the 
Mck gene (Sternberg et al.,1988).)

3.7 A polymorphism in the DNA flanking Hm-2

A  group of families of C57BL/6 x CBA mice which had been bred to 
investigate early somatic mosaicism (see chapters 5 and 6) contained mice with 
a flanking DNA polymorphism. DNA from C57BL/6 female 1 was digested 
w ith  the enzym es H in fl,  A lu l ,  M bol, and Haelll, (figure 3.8). W ith the 
enzym es Alul, Mbol, and Haelll, the signature appeared normal for the bands 
that were believed to be Hm-2. With Hinfl, however, one band was 2kb larger
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than expected, whereas the other allele appeared normal. The variant band 
was allelic to the other maternal Hm-2 band and was therefore an Hm-2 allele. 
Because the increase in size was not seen with all restriction enzym es the 
polymorphism was located in the DNA flanking Hm-2 and did not result from 
changes to the repeat copy number. C57BL/6 female 1 was mosaic; the m utant 
band shared the signature of the typical Hm-2 allele rather than the variant, 
and therefore comprised at least the 5' flanking DNA from the standard allele 
(figure 3.8).

Two other C57BL/6 females used to set up the C57BL/6 x CBA families 
had genotypes identical to C57BL/6 female 1. DNA from one of these mice (16) 
was PCR amplified using four combinations of primers, as described in section 
5b.5 (figure 3.9). With prim er combinations A+D or C+D the PCR products 
matched the expected sizes of the Haelll digested genomic DNA. W hen DNA 
was amplified with A+B or C+B, however, one band did show a 2kb increase 
in size. This result suggested that the Hinfl  polym orphism  was the result of 
the insertion of 2kb of DNA between the B and D prim er sequence. To verify 
this, a prim er was designed to amplify across this region, extending away from 
the minisatellite towards prim er B. (DR CACAAGCACAAAGCACAGGG, the 
reverse complement of D, figure 3.9). Various mouse DNAs were amplified 
with primers DR and B. In all mice a 105bp band amplified, as expected from 
the sequence of a standard allele from the 9.2 clone. When DNA from mouse 
16 was amplified, a second band of 2 .2kb amplified, verifying the presence of 
the additional DNA. Note that since the ancestral state is unknow n, the 
polym orphism  may reflect a 2kb deletion event, which has become the most 
common state. The PCR amplified alleles were Southern blot hybridized to 
probe 9.2 (figure 3.8). The lOSbp bands cross-hybridized w eakly, bu t 
unexpectedly, the 2.3 kb band cross-hybridized strongly to the 9.2 probe, 
suggesting that the additional DNA contained sequences homologous to repeat 
motifs {(CA)n, (GA)n, (GGCA)n) in the 9.2 clone.

Figure 3.9 Location of PCR primers and insertion/deletion polymorphism

Haelll Alul Hinfl Alul Sau3Al

DR
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Figure 3.8 A H infl  flanking polymorphism

A Tail DNA from C57BL/6 female 1 cut with the enzymes Hinfl (H), Alul
(A), Mbol (M), and Haelll (III), Southern blot hybridized to ^^P-labelled 9.2 at 
high stringency. Hm-2 alleles labelled A

B Schematic diagram of Hm-2 alleles in C57BL/6 female 1. It is not known
which alleles are m aternal or paternal derived. One intense band and the 
fainter band share the same standard Hm-2 signature. The other intense band 
has a s ig n a tu re  w ith  the  enzym es A l u l ,  M b o l ,  H a e l l l  w hich  is 
indistinguishable from the standard signature, but with the enzyme Hinfl has 
a size 2kb greater than expected. The fainter allele (labelled m utant) is 
presum ed to have been derived at least in part from the allele labelled 
progenitor which has the same signature. It is possible, though unlikely, that 
the fainter band is the progenitor and the intense band the mutant.

C Tail DNA (lOOng) from C57BL/6 mice 17, 16 and 14 amplified w ith 
prim ers DR and B for 25 cycles, as described in chapter 2. Southern blot 
hybridized to ^^P-labelled 9.2 at high stringency.
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3.8 Sum m ary

The unstable minisatellite locus Hm-2 was isolated in clone p9.2 which 
could be used to detect alleles of Hm-2, although it was not a perfect locus 
specific probe. Sequence analysis of the p9.2 clone show ed th a t the 
minisatellite repeat is GGCA, very similar to the GGGCA repeat of the other 
previously  cloned hypervariable m urine m inisatellite M s6-hm  which was 
used to detect Hm-2.



4
Localization of H m -2

4.1 Introduction

The developm ent of a locus-specific probe for the Hm-2  locus allows its 
localization w ithin the m urine genome. The mouse is a organism  for which 
detailed linkage m aps are available, therefore it is easier to find linkage to 
o ther m apped loci. In addition, selective breeding over m any years has 
enabled the use of techniques, such as analysis of recombinant inbred strains, 
which are not available for m apping in most other animals. Several linkage 
based methods are commonly used to m ap loci: classical linkage analysis using 
backcrosses in inbred strains, interspecific backcrosses between Mus musculus 
and  M. spretus (Avner et a l, 1988, C opeland and Jenkins, 1991), and 
recom binant inbred strains (Taylor, 1978, 1989) can all allocate a locus to a 
particular linkage group and give a position on the chromosome if the linkage 
g roup  has been localized cytogenetically. A lternatively, a chrom osomal 
localization may be made more directly by in situ hybridization to m etaphase 
chromosomes (Evans 1987), or by screening mouse/Chinese ham ster somatic 
cell hybrids which are segregating mouse chromosomes (Franke et al, 1977).

This study  took advantage of the increasing inform ativeness of 
recom binant inbred strains to localize Hm-2. Recombinant Inbred (RI) strains 
were developed in the 1970's (Bailey 1971, Taylor 1978). These strains have 
been derived from the cross of two unrelated inbred strains; the Fi mice of the 
cross will be isogenic and heterozygous, the parental alleles will segregate in 
the P2 generation and by inbreeding each line will become fixed for one or 
other of the parental alleles. On average half the lines will become fixed for 
one parental allele, and half for the other. For a characteristic determ ined by a 
single locus for which the two parental strains differ, a strain  distribution 
pattern (SDP) of one or other parental allele across different RI strains will be 
seen, with one parent and half of the RI strains showing one form of the trait 
and the other parent and the rest of the RI strains showing the other. If this is
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not seen it is evidence that the trait is not controlled by a single gene (Festing 
1979).

Of particular interest in this case is the ability to use recombinant inbred 
strains to find linkage relationships of polym orphic loci. By using a RI strain 
for which the SDPs of a wide range of marker loci are known it is possible to 
assign linkage of another polym orphic locus by com paring the SDPs of the 
polym orphism , and the m arkers. Linked genes will have SDPs which are 
largely concordant, the closer the two loci are linked the greater will be the 
m atch  betw een SDPs, and the polym orphic locus can be assigned a 
chomosomal location if the chromosomal position of the linked m arker is 
known. There are currently about 20 sets of RI strains in existence although 
the num ber of generations of inbreeding is quite low in some (Taylor, 1989). 
The most informative series of RI strains for m apping purposes are those with 
a large number of strains and a large num ber of typed loci. On these criteria the 
m ost inform ative RI strains are the BXD series, from a cross betw een the 
C57BL/6J and  D BA /2J s tra in s  of inbred  m ice (Taylor 1978). The 
inform ativeness of any set of recom binant inbred strains also relies on the 
locus under test having a detectable polym orphism  betw een the parental 
strains.

4.2 There is no obvious SDP for Hm-2 in  BXD RI mice

From observations of allele lengths in inbred strains it was known that 
DBA/2 mice had allele sizes of about 4kb whereas C57BL/6 mice had allele 
sizes of around 19kb, therefore it should have been possible to score alleles in 
BXD strains to determine an SDP for Hm-2. A  ny lon  m em brane of A l u l  
digested DNA from C57BL/6, DBA, and BXD RI mice prepared previously by 
R.Kelly was probed with ^^P-labelled p9.2 (Figure 4.1). The sizes of Hm-2 alleles 
in the BXD mice ranged from 1.2-21 kb and showed no obvious relationship to 
the allele sizes in the parental C57BL/6 and DBA strains (19 and  4kb 
respectively). This presumably reflects high levels of m utation at this locus, 
w hich over the 60+ generations that the strains have been separated has 
resulted in the m utation of alleles both in the BXD RI strains and the parental 
strains, so that now no two alleles are the same length. Further evidence for a 
high m utation rate is show n by the frequency of heterozygosity: strains 
1,8,15,18,19, and 20, plus both DBA mice and one C57BL/6 m ouse were
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Figure 4.1 H m -2  alleles in BXD Recombinant Inbred strains detected by 
hybridization of p9.2 to genomic DNA.

Southern blot (prepared by R.Kelly) has approxim ately 3|ig genomic 
DNA digested with Alul from parental strains and each BXD strain (1-31). This 
filter was hybridized to p9.2 and washed at high stringency. A range of sizes of 
Hm-2 alleles are seen, the majority between 4 and 21 kb. For some strains there 
are no obvious Hm-2 alleles; in these mice the alleles are small and obscured 
by other cross-hybridizing fragments. Strains 1 and 18 have an additional band 
( A  ) and are mosaic.

B = C57BL/6 , D = DBA parental strains
SDPs can be established for two of these cross-hybridizing loci. Locus 1 

(arrowed) is seen as a 4.5kb band in DBA mice which is allelic to a 2.3 kb band 
in C57BL/6 mice. Locus 2 (asterisked) is seen as a 2kb band in C57BL/6 mice, no 
DBA counterpart to this allele is seen. SDPs for these loci are given below.

1 2 5 6 8 9 11 12 13 14 15 16 18 19 20 21 22 24 25 27 28 29 30 31

locusl B B D B B B D D D D B B D B D B D D B D D B D D

locus2 B D D B B D D B D B D ? D D B B D B D D B B D B



Figure 4.1 Hm-2 alleles in BXD recombinant inbred 
strains detected by hybridization of 9.2 to genomic DNA
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Figure 4.2 Size distribution of Hm-2 alleles in BXD mice
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S i z e  d i s t r i b u t i o n  o f  H m - 2  a l l e l e s  in  B X D  m i c e  (k b ) .  T h e r e  is  n o  b i m o d a l  

s i z e  d i s t r i b u t i o n ,  t h e r e f o r e  it  is  n o t  p o s s i b l e  to  g r o u p  a l l e l e  s i z e s  i n t o  B t y p e  a n d  

D - t y p e  o n  t h e  b a s i s  o f  s i z e .
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heterozygous at Hm-2  in all or most of their cells. Strains 1 and 18 had an 
additional band and were mosaic.

It has been shown previously that the m ajority of length changes in 
m inisatellites are small (Jeffreys et al, 1988a). It m ight be expected, therefore, 
that alleles will only gradually m utate away from the original allele size, and 
w ould still be grouped into two distinguishable classes centred on the allele 
sizes of the original C57BL/6 and DBA mice used to set up  the BXDs. This was, 
however, found not to be the case; as the histogram  in figure 4.2 shows, there 
is a complete range of allele sizes with no evidence of a bimodal distribution.

SDPs could be read for two of the other cross-hybridizing variable DNA 
fragments. These are the 4.5kb band present in C57BL/6 and 13 of the BXDs 
which is allelic to a 2.3 kb band present in DBA mice and the other BXDs (locus
1); and a 2kb band which is present in C57BL/6 and either present or absent in 
the BXDs (locus 2, figure 4.1). The SDPs were compared to the database of 
know n SDPs, bu t significant linkage to other loci could not be show n 
(B.Taylor, pers comm). This m ight be because the loci are in unm apped 
regions of the genome. It is also possible that the SDP of locus 2, which is 
scored from the presence or absence of a band, may be false if the locus is 
unstable and in some RI strains the allele is present, bu t has m utated to a 
different size.

4.3 A polym orphic CA microsatellite linked to Hm-2 y \
The problem of distinguishing the two parental type alleles in the BXD 

RI strains on the basis of size would be common to all RI strains, therefore, an 
alternative means of finding the SDP for Hm-2 needed to be found.

Sequence analysis of the p9.2 clone (chapter 3) revealed a microsatellite 
(C A )i6 about Ikb from the minisatellite. These small tandem  repeats have 
been shown to be polymorphic (Weber and May, 1989, Litt and Luty, 1989), and 
if variable between C57BL/6 and DBA would provide an SDP for the linked 
Hm-2 locus. PCR primers CAR (CCCGCACACCTGCTGTGGTG 5' to the CA 
strand) and CAL (TGGCCACACACTTAGCTTTC 5' to the TG strand) were 
designed to amplify the microsatellite.

Amplification of C57BL/6 DNA produced a 125bp fragment (figure 4.3), 
as expected from the sequence of C57BL/6 Fq no.l. Amplification of DBA DNA 
produced fragments of 131bp, an increase of 6bp, which was assumed to reflect 
a gain of three CA repeats. C57BL/6 and DBA microsatellite alleles were
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Figure 4.3 Detection of polym orphism  at the microsatellite linked to Htn-2

A  Amplification from DNA from C57BL/6 and DBA mice.

lOOng DNA from C57BL/6 (BL/6), DBA (DBA) and C57BL/6 x DBA F2 

(F2) mice was amplified using primers CAL and CAR (Dénaturation 96^C 
r2 0 " , annealing 64°C TOO", extension 70^C TOO", for 30 cycles). Amplified 
products visualized by electrophoresis and ethidium  staining on an agarose 
gel.

In C57BL/6 mice and in F2 mice in which both Hm-2 alleles are from 
C57BL/6 mice the size of product (125bp) was as predicted from the sequence of 
the p9.2 clone (chapter 3). In DBA mice and F2 mice with two DBA alleles a 
6bp larger product amplifies. In heterozygotes a smear is seen between 125 and 
131bp representing both the above allele sizes plus possibly the heteroduplex.

B = C57BL/6 allele, D = DBA allele.

B Amplification of CA microsatellite in other inbred strains.

lOOng of DNA from a pair of mice from six other strains was amplified 
as previously. No new alleles were detected; amplification products in five 
strains (A, AKR, C3H, CBA and BALB/c) matched the DBA product at 131 bp. 
The other strain (SWR) matched the size of the C57BL/6 product of 125bp.



Figure 4.3 Detection of polymorphism at the microsatellite linked to Hm-2

BL/ 6  DBA BL/ 6  DBA D /D  D/B B/B 0
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consistently inherited with C57BL/6 and DBA Hm-2 alleles respectively. DNA 
from  heterozygous Fi or F2 mice produced a smear between 125 and 131 bp 
representing the two parental microsatellite alleles and the heteroduplex, 
(figure 4.3). Therefore it was possible, albeit indirectly, to type Hm-2 across the 
BXD RI series.

Variability at this microsatellite was also checked across other inbred 
m ouse strains (figure 4.3). W ithin the resolution lim its of agarose gel 
electrophoresis, the other strains had no new length alleles: Strains A, AKR, 
C3H, CBA, BALB/c had the 131bp DBA allele, and the SWR mice had the 125bp 
C57BL/6 allele. This extended the RI strains that w ould be inform ative to 
include the BXH RI series (from C57BL/6 x C3H/HeJ, 12 strains , Taylor 1989). 
O ther series that have the potential to be typed at this microsatellite but for 
which DNAs were not held are the AXB, BXA and CXB series.

4.4 A microsatellite based Strain Distribution Pattern for Hm-2

PCR amplification of the microsatellite from BXD DNA show ed in all 
cases but one, a single band which corresponded to either the DBA or the 
C57BL/6 type allele. The exception was BXD 6 in which the 131bp DBA allele 
amplified, and a second allele at 137bp was seen (figure 4.4A). Because of the 
presence of the DBA type allele and the complete absence of the C57BL/6 allele 
this strain was scored as 'D type'. The other allele presumably arose by a recent 
m utation event in strain BXD 6 , giving a maximum lim it for the m utation 
rate at the microsatellite of 0.002 per gamete. The complete strain distribution 
pattern is given in figure 4.4B.

The 12 BXH RI strains were also typed (figure 4.4C) to produce the SDP 
show n in figure 4.4D. Although only 3 out of the 12 strains are B type this is 
not a significant deviation from the 6 / 1 2  expected.

4.5 Chromosomal Localization of Hm-2

Comparison of the microsatellite SDP to the database of typed loci was 
carried out by B. Taylor. Strong evidence of linkage was found to the marker 
Cck (Friedman et al, 1989) on chromosome 9, with 1 recom binant out of 26 
BXD strains. The BXH data were consistent with a placement on chromosome 
9 w ith 2 from 12 strains discordant with Fv-2 (Jenkins et a l , 1982). SDPs are 
show n in figure 4.5.
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Figure 4.4 Analysis of microsatellite alleles in Recombinant Inbred Strains

A Microsatellite alleles in BXD RI strain DNA. lOOng aliquots of genomic 
DNA were PCR amplified and typed as described in figure 4.3. The mouse 
from BXD strain 6 has an additional band above the DBA sized allele.

B M icrosatellite SDP derived from BXD strains. D; 131bp, DBA allele 
amplified. B; 125bp, C57BL/6 allele amplified.

C M icrosatellite alleles (positive image) in BXH RI strain DNA. lOOng 
aliquots of genomic DNA from BXH RI strains and the parental C57BL/6 and 
C3H strains were PCR amplified and typed as described in figure 4.3. Two mice 
from strain 19 were am plified, both show the same size of amplification 
product.

D Microsatellite SDP derived from BXH strains. H; 131 bp, C3H type band 
amplified. B; 125bp, C57BL/6 type band amplified.



Figure 4.4 Analysis of CA microsatellite in recombinant inbred strains 

A PCR amplification of CA microsatellite in BXD strains

131-
125-
bp

9 11 12 13 14 15 16 18 19 20
BXD

B  SDP for CA microsatellite in BXD RI strains

BXD 1 2 5 6 8 9 11 12 13 14 15 16 18 19 20 21 22 23 24 25 27 28 29 30 31 32
CA {Hm-2 ) D D B D B B B B B B B D B B B D D D D B B B B D B D

C  PCR amplification of CA microsatellite in BXH strains

10 11 12 14 19 19

D  SDP for CA microsatellite in BXH RI strains

BXH 2 3 4 6 7 8 9 10 11 12 14 19
CA (Hm-2 ) H H B H B H H H H H B H
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Figure 4.5 

A

Comparison of SDPs from loci on chromosome 9

6 XD Strain

1 2 5 6 8 9 11 12 13 14 15 16 18 19 20 21 22 23 24 25 27 28 29 30 31 32

Fv-2 D B B B D B B B B B B B D B D B D D B D D B B B ? ?
B^l-s B D B B D B B B B B B B D B D D D B B D B B B B D ?
Cck B D B D B B B B B B B D B B B D D D D B B B B D B D

Hm-2 D D B D B B B B B B B D B B B D D D D B B B B D B D

Ms-TF D D D B B B B B B B B D B B B D D ? D B B B B D B ?
2 1 1 2  1 1 1 1 1 2 1 1 1 1 1

6

BXH
2 3 4 6 7 8 9 10 11 12 14 19

Hm-2 H H B H B H H H H H B H
Fv-2 H H B H B H H B B H B H

A Comparison of published BXD SDPs of loci on the distal region of 
chromosome 9 with the SDPs of Hm-2 and Ms-TF. The loci Fv-2:Bgl-s and Cck 
are listed in the order in which they are m apped from centromere to telomere, 
Hm-2  and Ms-TF are included in the positions which minimises the number 
of crossovers. Num bers below the table indicate the num ber of crossovers 
betw een Fv-2 and Ms-TF in each strain. The order Fv-2:Bgl-s:Ms-TF:Hm-2:Cck 
would require a triple crossover in strain 1.

B Comparison of BXH SDPs of Hm-2 and Fv-2.
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Standard formulae are available for the calculation of recom bination 
fractions between loci based on the analysis of RI strains (Taylor, 1978). For RI 
strains constructed by brother-sister m atings, the relationship betw een the 
recombination fraction, r, and the probability, R , that a RI strain will carry a 
recombinant pair of alleles is given by

4r
R=(i+ 6T) (Haldane and W addington, 1931)

r is the m ap distance between the two loci (1 m ap unit = IcM  = 1% 
recom bination), and an estim ate of this can be ob tained  from  the 
rearrangem ent of the formula above;

(4-6R)

where f  is the estimate of the true recombination fraction, based on the 
estim ated  value of R from the observed proportion  of strains carrying 
recom binant combinations of alleles at the two loci. From this form ula the 
estim ate for the recom bination distance betw een Hm-2  and Cck is 1.0 cM, 
show n in figure 4.6. 95% confidence intervals, which are calculated assuming 
that values of R follow a binomial distribution, are taken from standard tables 
(Silver, 1985). It can be seen that the confidence interval is high despite almost 
complete concordance in SDPs.

The SDP for Hm-2 also showed linkage to the locus Ms-TF, which was 
detected by cross-hybidization to a hum an telomere repeat probe (N.J. Royle, 
and R. Kelly, pers. comm.). Ms-TF was seen as a 4.0 kb band in Alul  digested 
DBA DNA when probed with (TTAGGG)n at low stringency, and was present 
in 8 /24  of the BXDs. No allelic C57BL/6 allele could be identified therefore, 
sim ilar to locus 2, it is possible that this SDP is erroneous. Ms-TF is an 
interstitial telomere related sequence, which are often localized at proterm inal 
sites (Wells et al, 1990). This would agree with the placement of both loci near 
to Cck, which is localized to the distal region of chromosome 9.

The SDP (Figure 4.5) for Ms-TF showed 2/24 discordances with Hm-2, 
and 3 /24  w ith Cck, giving the order of the loci as Cck_Hm-2_Ms-TF, the 
alternative order, CcA:_Ms-TF_Hm-2 required double cross-overs in two BXD 
strains. To orientate this grouping w ith respect to the centrom ere it was 
necessary to compare the SDPs of the two "outside' markers, Cck and Ms-TF, to
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Figure 4.6 Estimation of Genetic Distances betw een loci

Discordancies Distance (cM)

Hm-2 Fv-2 11/24 36.7
Hm-2 BrI-s 11/25 32.4

Hm-2 Cck 1/26 /fo ^ O -7 .0 )
Hm-2 Ms-TF 2/24 2.4 (0.3-11.3)
Ms-TF Fv-2 11/23 42.3
Ms-TF Bgl-s 10/24 27.8
Ms-TF Cck 3/24 3.9 (0.7-15.7)
Cck Fv-2 12/24 50.0
Cck Bgl-s 10/25 25.0
Bgl-s Fv-2 5 ^ 7.6 (2.0-28.7)
Hm-2 Fv-2 2/12JÎBXH) 5.6 (0.5-44.2)

Genetic distance in cM betw een pairs of loci calculated from the 

form ula , where R is the proportion of recom binant strains. 95%

confidence intervals are shown in parenthesis when appropriate for pairs in 
which linkage is definitely established
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other m arkers distal and proximal of Cck. Figure 4.6 shows the num ber of 
recom binants betw een SDPs of these and tw o other m arkers Fv-2 and Bgl-s 
(Meisler, 1976), both of which have been typed across the BXDs. Fv-2 is m apped 
13cM and Bgl-s 6cM from Cck, and the order Fv-2_Bgl-s_Cck is established 
(Hillyard et al,  1991). The possible arrangem ents w ith respect to Hm-2 are 
therefore:

1) (cen)_ Fv-2_Bgl-s_ Cck _Hm-2_Ms-TF_(ter)
2) (cen)_ Fv-2_Bgl-s_Ms-TF_Hm-2_Cck_iieT)

From figure 4.6 it can be seen that Ms-TF and Hm-2 m apped a greater 
distance from Bgl-s than Cck, so arrangem ent 1 seems likely. Arrangem ent 1 
also requires fewer recombinations between all the markers: Arrangem ent 2 
requires 19 recom binations betw een Fv-2 and Cck one of which is a triple; 
arrangement 1 requires only 18 between Fv-2 and Ms-TF.

The distance between the Cck_Hm-2_Ms-TF grouping and the loci Fv-2 
and Bgl-s, estim ated from the SDPs across the BXD RI strains was very large; 
the confidence limits for the distances were such that non-linkage was not 
excluded. This is contrary to the established genetic distance between the Cck 
and Bgl loci on chromosome 9, on which Bgl is an 'anchor' locus and to which 
Cck has been localized by Spretus backcross and somatic cell hybrids (Friedman 
et al 1989). Moreover, the hum an homologues of Cck and Bgl are present on 
the same region of hum an chromosome 3 (3pter-3p21, Hillyard et al 1991). The 
larger than expected m ap distance is an unfortunate coincidence caused by 
large num bers of recombinations in this region in the BXD strains, and is an 
effect of using RI strains which although show linkage, cannot, except when 
the num ber of recom binants is low and the num ber of strains very high, 
localize a marker with confidence to a small region (Silver, 1985).

4.6 Relationship of BXD microsatellite alleles to BXD Hm-2 alleles

The sizes of Hm-2  alleles associated w ith the C57BL/6 m icrosatelite 
allele were compared with the sizes of Hm-2 alleles associated with the DBA 
type microsatellite allele (figure 4.7). It was seen that there was a bimodal 
distribution of Hm-2 allele sizes; DBA type BXD mice had small Hm-2 alleles 
(average 4.2kb), and C57BL/6 type BXD mice had large Hm-2 alleles (average 
9.4kb). This was the distribution expected from allele sizes in the parental
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Figure 4.7 Relationship of BXD microsatellite alleles to BXD Hm-2 alleles

A Size distribution of C57BL/6 type Hm-2  alleles and DBA type Hm-2  
alleles in BXD RI mice.

B Southern blot of genomic BXD DNA as described in figure 4.1. Hm-2  
alleles are labelled ( □ ) if the mouse had the C57BL/6 microsatellite allele, or 
( #  ) if the mouse had the DBA microsatellite allele.
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C57BL/6 and DBA strains, and validates the microsatellite SDP. The range of 
sizes, however, overlapped considerably: the largest DBA allele was 7.8kb, and 
the smallest C57BL/6 allele was 5.2kb, thus it would be impossible to construct 
an accurate SDP from allele sizes even with knowledge of the average sizes of 
C57BL/6 and DBA alleles.

4.7 Sum m ary

Hm-2 has been localized to the distal region of chromosome 9, near Cck. 
A lthough the ordering of the locus with respect its nearest neighbours will be 
accurate, the actual m ap distances obtained are unreliable. To pin-point the 
location of Hm-2, further genetic crosses need to be done.



5
Rates of Germline and Somatic Mutation at H m -2

5.1 General Introduction

The use of minisatellites as extremely variable and informative m arkers has 
relied on their variability in size, i.e. the num ber of tandem  repeats in an 
allele, rather than any internal variation in the sequence of those repeats. The 
variation in m inisatellite allele lengths is a direct result of m utations that 
change the repeat copy num ber of an allele. The possible m echanism s by 
which these changes arise will be discussed in chapter 8 . In this chapter, the 
rates of occurrence of m utations that change allele length at H m -2  are 
evaluated.

M utations can occur in either the germline or the soma. A germline 
m utation is seen in a m other-father-offspring trio, in which the parentage is 
beyond dispute, by the child inheriting a non-parental allele. Such a mutation 
has been spontaneously generated in the germline or gametes of the parent.

A new  m utation in the soma will be inherited  by all subsequent 
daughter cells. Its representation in the total cell population will depend on 
the num ber of descendant cells formed from this single m utant cell, which 
w ill in tu rn  depend  on the tim e the m uta tion  first arose and  the 
developm ental fate of the m utant daughter cells. If the m utation occurs in a 
term inally differentiated cell then no further cells will be generated. A 
m utation  in an adu lt stem  cell, such as a haem opoietic stem  cell, will 
continue to generate m utant cells for the life of the cell, leading to a small 
p roportion  of m utan t cells in the blood. A m utation  arising  early  in 
development will spread into a variety of different lineages and could possibly 
make up the majority of cells in a particular tissue. The organism in all these 
cases will therefore be mosaic for norm al cells and m utant cells. However, 
unless the mosaicism extends to the germ line, the m utation will not be 
inherited  by any of the progeny, and therefore the new  allele will not 
contribute to population variability. A m utation which occurs at a stage of 
developm ent at which m utant daughter cells can still be allocated to both the
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germ line and soma will be mosaic both in the soma and germline. There is 
then the potential for m utant germ cells to be inherited and for the m utation 
to spread into the population. Unless, however, a mosaic individual transmits 
the m utant allele to offspring, it is not possible to determ ine w hether the 
m utation affects the germline as well as the soma.

The processes of som atic and germ line m utation , w hich m ay be 
identical or different, are linked together by their potentially  overlapping 
effects on allelic variability in a population. Therefore, to distinguish these, 
bu t m aintain the connection between them, this chapter has been subdivided 
into two sections. 5a Germ line m utation characterizes those m utations where 
a non-parental allele has been inherited instead of a parental allele. These are 
m utations which have arisen in, or were present in, the parental germcells or 
gametes. 5b Somatic m utation , characterizes those m utations where two 
parental Hm-2  alleles have been inherited, and in addition, a non-parental 
H m -2  allele is present. The m utant allele m ight also be present in the 
germcells. The detection of mosaicism assumes that the somatic m utant allele 
is sufficiently different in size from both parental alleles to be resolvable on an 
agarose gel, and that the dosage of the m utant allele is sufficient for a signal to 
be detected by Southern blot hybridization of total genomic DNA.
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5 a Germline mutation at H m -2

5a.l Estimation of mutation rate from variability in BXD recombinant inbred 
strains

A population 's heterozygosity in terms of allelic length variability is 
determ ined by the m utation rate to new length alleles at the locus and the 
effective population size. Thus a small population requires a high m utation 
rate to m aintain variability at a given locus. Assum ing an infinite allele 
model, heterozygosity (H) and mutation rate (p) are related by the equation

(1) H . lH-4NeM'

w here Ng is the effective population size (Kimura and Crow, 1964). Ng is 
related to the level of inbreeding (AF) such that Ng = 1 /2  AF (Falconer, 1960). 
For full sib m ating the rate of inbreeding settles dow n to a constant value of 
0.191 after four generations, giving a value for Ng of 2.6. Thus, w ithin an 
inbred strain the m utation rate may be estimated from the rearranged formula 
(1) w ith Ne = 2 .6 :

= 10.4(1-H)

H is estim ated from the num ber of heterozygous mice seen in an inbred 
population. Only strains where full sib m ating has been strictly m aintained 
can be used to estimate p , since any departure would raise the value of Ne. For 
this reason the BXD RI strains, which have been bred by strict brother - sister 
m ating, were used.

The w ide variety of allele lengths seen in the BXD series is evidence of 
high levels of mutation. The rate of m utation at Hm-2 has been sufficient to 
m utate the original allele sizes of the parental C57BL/6 and DBA mice to create 
a spread of allele sizes in the BXD strains ranging from 1.2 to 21.0kb. Of 26 mice
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examined in the BXD series, 7 had two Hm-2 alleles of equivalent intensity, 
and were therefore presum ed heterozygous (chapter 4, figure 4.1). This gives a 
heterozygosity (H) of 0.27, and from formula (2) the estimate of p , the germline 
mutation rate to new length alleles is calculated to be 0.036 per gamete.

5a.2 Direct estimation of germline mutation rate from mouse pedigrees

The m uta tion  rate  at h ighly  variable  hum an  m in isatellite  loci 
previously studied has been sufficiently high for the rate to be scored directly 
from hum an pedigrees (Jeffreys et al., 1988a). Similarly the m utation rate at 
M s6-hm, a highly variable m urine m inisatellite, has been m easured by the 
analysis of C57BL/6 x DBA families (Kelly et al 1989). The same pedigree has 
been used here to estimate the germline m utation rate at Hm-2.

A  pedigree of C57BL/6 x DBA Fi and F] mice (bred by R. Kelly) was 
scored for germ line m utations at Hm-2. Figure 5.1 shows an example of a 
germline m utant. When digested genomic DNA was run on a low percentage 
agarose gel to increase resolution, it was seen that F2 117 had a m utant Hm-2 
allele (both alleles had the signature expected for Hm-2  alleles w ith the 
enzym es Hinfl, A lul, Mbol, and HaeUl). The m utant allele was presum ably 
derived from the father since the m aternal allele appeared norm al. Since 
small changes in allele length are believed to be most frequent, if it is assumed 
that the m utation involved only a single allele, then the progenitor allele 
w ould be the paternal allele closest in size to the m utant allele. For mouse 
F2I I 7, it was therefore assum ed that the progenitor paternal allele was the 
father’s larger (~19kb) allele rather than the small (3.5kb allele).

A total of 18 m utations to a non-parental size were scored in 196 mice. 
Of these, 14 were different in size and were dispersed am ongst families in 
which the parentage had been confirmed at other loci, and were therefore 
assum ed to be genuine, independent, germ line m utations. The other four 
m utants are discussed in section 5a.4

A second group of families of C57BL/6 x CBA mice bred to investigate 
early somatic mosaicism (chapter 6) were also scored for germline mutations; 4 
out of 61 day 10 embryos had germline mutations.

The estimation of the total germline m utation rate is 18 m utations seen 
in 257 m other/fa ther/o ffsp ring  trios, or 3.5% per gamete (95% limits 0.023- 
0.051), w hich agrees rem arkably  well w ith  the rate  estim ated  from  
heterozygosity in BXD RI mice. Since m utations involving a very small
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Figure 5.1 Resolving germ line m utations at Hm-2 by electrophoresis on low 
percentage agarose gels

A Genomic Southern blot of one family of C57BL/6 x DBA F2 mice. DNA
digests with Hmfl. 0.5% agarose gel.

The parental Hm-2 alleles are marked by (o). Note that F2 116 has one 
m utant allele (# ) which is the result of a germline mutation. F2 121 and 123 
have somatic m utations (figure 5.5)

B Genomic DNA digested with the enzyme H infl  from Fi parents and
mouse F2 117. A low percentage (0.5%) agarose gel has been used to increase 
the resolution of the larger fragments. The m utant paternal allele is labelled 
p ll7

C Genomic digests of mouse 117 with the enzymes Hinfl  (H), A lu l  (A),
Mbol (M), and Haelll (III).
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change in repeat copy number would not have been detected, this is therefore a 
minim um  estimate of the incidence of gametes with non-parental alleles.

5a.3 Estimation of the contribution of somatic mosaicism

A somatic m utation that arises in early developm ent m ay produce 
mosaicism in both the soma and germline, and could therefore be transmitted 
to offspring. In such cases the somatic mosaic is also a germline m utant. How 
often does a somatic mosaic produce an effect equivalent to a germ line 
mutation, ie how often is a new m utant mosaic allele inherited?

For a mosaic mouse in which the dosage of the m utant allele is m (the 
proportion of cells with the m utant allele, estimated by densitometric scanning 
of autoradiographs), it is possible to calculate the germ line transm ission 
frequency (t), i.e. the proportion of progeny expected to receive the m utant 
allele assum ing that the dosage in the germline is the same as the dosage in 
the soma, using the equation t=m /2.

Since several of the m utant C57BL/6 x DBA F% mice had been used to set 
up the F2 m atings, it was possible to determ ine whether the m utant mosaic 
allele was transmitted to the offspring, and to compare the rate of transmission 
to the rate expected from the somatic dosage of the m utant allele. The final 
column of table 5.2 gives the num ber of progeny that inherited the m utant 
allele for these mice. For 11 mosaic mice which had offspring, the mean 
dosage of the mosaic alleles was 0.152, giving an expected level of transmission 
of 0.152/2 = 0.076. In total, the 11 mice had 109 offspring, of which 8 had 
inherited the parental m utant allele, or an average transm ission of 0.073, 
which agrees with the expected transmission (%^=0.035, 0.9>p>0.8). Therefore, 
although the transm ission of a mosaic allele from an individual mouse can 
differ significantly from expected (Kelly et al, 1991) (which presum ably reflects 
chance sam pling effects into a small pool of progenitor germcells), it is 
reasonable to use the average mosaicism over a large num ber of mosaic mice 
to estimate transmission frequency.

The mean dosage of mosaic alleles in 278 mice (mosaic and non-mosaic) 
was 0.048 (table 5.2), which gave a mean probability of transmission of a mosaic 
allele per mouse of 0.024.
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5a.4 Further considerations

1) Complete replacement of parental allele by a somatic mutant allele
It is conceivable that some m utations that were thought to have arisen 

in the germline, are actually the result of somatic m utations which occurred in 
the early embryo. The population of m utant cells could have segregated by 
chance such that the embryo and hence the adult mouse was derived largely or 
entirely of m utant cells;- a "100%'mosaic". In the C57BL/6 x CBA families, 
how ever, in w hich DNA was analysed from both em bryonic and  extra- 
embryonic tissues of the offspring, germline m utations, which are seen as a 
complete replacement of one parental band in all tissues, can be distinguished 
from early somatic m utations which cannot replace parental type, non m utant 
cells, in all tissues. One embryo was seen which had a mosaic allele with a 
dosage of 100% in the embryo proper, whereas the extra-embryonic tissues still 
had the parental allele. Figure 5.2 shows embryo 15.1 which was a double 
mosaic. The larger m utant allele is derived from the paternal allele, the 
smaller m utant allele is derived from the m aternal allele which is no longer 
visible by Southern blot hybridization of DNA from the embryo proper. (It is 
not possible to determ ine whether this m utant allele is present at low dosage 
in the yolk sac and trophoblast since the m utant allele comigrates with a 
faintly cross-hybridizing band.) If the extra-embryonic tissues had not been 
typed, this m ouse w ould have been scored as a germline m utant. It is highly 
likely, although not certain, that this m ouse was m utant in the germline as 
well as the soma, and would have transmited the m utant allele to its offspring.

2) The effect of germline mosaicism

A m utation that arises in the generation of the germ line prior to the 
form ation of gam etes will result in germ line mosaicism. It m ight then be 
possible for more than one sperm or oocyte to have identical m utant alleles, 
and thus the same m utant allele could be inherited by two or more offspring.

Only one possible instance of germline mosaicism in the absence of 
detectable somatic mosaicism was found in one family of F% mice (figure 5.3). 
Offspring should have all inherited the large (20kb) allele from the C57BL/6 
father and a small (5.2kb) allele from the DBA mother. Mice 54, 57, 59, and 60, 
however, all had DBA alleles which were slightly bigger than the m aternal 
allele, confirmed by the relative position of the band at 4.4kb (from a different
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Figure 5.3 Possible transm ission  of common m utant allele: evidence for 
germ line m osaicism.

DNA from a family of C57BL/6 x DBA mice (prepared by R. Kelly), 
digested with Hinfl, and Southern blot hybridized with 9.2 at high stringency.

The Fi family (34-60) should have all inherited the large (20kb) allele 
from the C57BL/6 father (1) and the small (5.2kb) allele from the DBA m other 
(10). (Both alleles marked ■)

Mice 54, 57, 59, and 60 have DBA alleles (□) which are slightly bigger 
than the m aternal allele, confirmed by the relative position of the band from 
another cross-hybridizing locus at 4.4kb.

Note mice 34 and 36 are germline m utants and mice 37, 55 and 58 are 
mosaic for m utations affecting the paternal C57BL/6 allele (A).



Figure 5.3 Possible transmission of a common m utant allele; 
evidence for germline mosaicism
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Table 5.1 Characteristics of germline mutation events at Hm-2

M ouse Sex
Progenitor

parent
Progenitor

allele
repeats

Change 
in No of 
repeats

%
change

Fi 34 m Male 4690 B -1815 -38.7

Fi 34 m Female 1050 D +35 +3.3

Fi 36 m Male 4690 B -2115 -45.1

Fi 77 ? Male 4875 B -675 -13.8

Fi 78 7 Male 4875 B +525 +10.8

F2 13 m 7 4325 B -2175 -50.3

F2 43 m Female ^  550
5050

D
B

+15
-4485

+2.7
-88.8

F2 47 m Male ^  4750 
1050

B
D

+400
+4100

+8.4
+390.5

F2 70 f Female ^  4625
1050

B
D

+225
+3800

+4.9
+361.9

F2 74 f Female $  1050
4625

D
B

-100
-3675

-9.5
-79.5

F2 95 m Female 625
5050

D
B

+15
4410

+2.4
-87.3

F2 116 f Female ^  1050
4690

D
B

-150
-3790

-14.3
-80.8

F2 117 f Male $  4325 
625

B
D

+125
+3825

+2.9
+612.0

F2 130 f Female $  1050
4690

D
B

-100
-3740

-9.5
-79.7

(Fi) 2.7 ? Male © 1350
3725

C
c

-525
-2900

-36.2
-77.9

(Fi) 4.2 7 Male ^  1400
3350

c
c

-350
-2300

-25.0
-68.7

(Fi) 4.5 7 Male 3350
1400

c
c

+450
+2400

+13.4
+171.4

(Fi) 15.6 ? Female $  1250
1625

B
B

-475
-850

-38.0
-52.3
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The folowing mice are possibly also germline m utants but not independent

Fi 54 f Female $  1050
4690

D
B

+15
-3625

+1.5
-77.3

Fi 57 f Female ^  1050 D +15 +1.5
4690 B -3625 -77.3

Fi 59 m Female $  1050 D +15 +1.5
4690 B -3625 -77.3

Fi 60 f Female $  1050 D +15 +1.5
4690 B -3625 -77.3

Table 5.1 Characteristics of germline mutation events at Hm-2

The 18 germline mutations are sum m arized showing the strain and sex 
of the affected mouse, and the direction and size of each m utation based on the 
size of the progenitor allele. The size of the progenitor parental allele is 
determined when the parent transmitting the allele is homozygous. When the 
parent is heterozygous, the parental allele closest in size to the m utant allele is 
taken to be the progenitor (shown by ^  ) The allele m arked © was inherited 
from a mouse with one normal allele and one allele that had a polymorphic 
H infl  site, and is the true progenitor allele, given that only one allele was 
involved in the m utation event.

Mice
Fi C57BL/6J X DBA F%
F2 C57BL/6J X DBA F2
(Fi) C57BL/6JxCBAFl

Sex
m - male f - female ? - unknown

Progenitor allele repeats
Size of progenitor parent's alleles in number of GGCA repeats.

Strain o f progenitor allele
B originally in C57BL/6J mouse
D originally in DBA mouse
C originally in CBA mouse



Figure 5.4 Characteristics of germline mutation events at Hm-2
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cross-hybridizing locus), although the small differences in sizes are such that it 
is possible that the DBA female was heterozygous for these tw o alleles. 
Assum ing these alleles are non-parental, they might either be the result of 
four germline m utations which, by coincidence, had the same gain in repeat 
copy number, or the result of DBA mouse num ber 10 being a germline mosaic, 
though not a detectable somatic mosaic. These mice were not included in the 
germ line m utation totals, because of the uncertainty surrounding  the real 
genotype of the m other

5a.5 Characteristics of germ line m utations

Table 5.1 lists the germ line m utants scored at H m -2  in adult and 
embryonic mice. The parental origin of the m utant allele could be identified, 
in all cases bar one in which the m ouse had paren ts w ith identical 
heterozygous genotypes, by the loss of either the maternal or paternal allele. 
W hen the parent was homozygous, the size of the progenitor allele was also 
known. W hen the parent was heterozygous, such as in the Fi generation, it 
was assum ed that the allele closer in size to the new m utant allele was the 
progenitor allele, since it has been seen previously that small changes in allele 
length are more frequent (Jeffreys et al, 1988a).

The mutations did not show any bias towards the gain or loss of repeats 
(10 lost, 8 gained), and were equally likely to involve an allele inherited from 
the mother as an allele inherited from the father (8 maternal, 9 paternal). The 
change in repeat copy num ber varied from 15 repeats to 2175 repeats, with 
sm all changes being m ore common. The largest changes in repeat copy 
num ber occurred at the largest alleles (figure 5.4), though when the change in 
repeat copy number is expressed as a percentage of the progenitor allele size the 
difference was not so apparent. The largest changes in size were all decreases 
in the num ber of repeat, mean change = -370 repeats, or -12.9% of the allele. 
Larger decreases than increases in allele size were also observed at the locus 
Ms6-hm  (Kelly et ai, 1991).

5a.6 Sum m ary

The frequency with which non-parental alleles arise in offspring gives a 
m utation rate of 3.6% per gamete at the Hm-2 locus. M utations are sporadic
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and show no inclination towards the creation of larger or smaller alleles. It is 
possible that a proportion of germline m utants are a result of mosaicism in the 
parental germcells. There is also an input of new length m utant alleles into 
the population from alleles seen as somatic mosaicism, that were also present 
in the germline of the mosaic mouse. The probability of inheriting such an 
allele, averaged over all mice, has been estimated as 2.4% per mouse.
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5b Somatic mutation at Hm-2 

5b.l Introduction

DNA from a mosaic tissue will contain both the parental alleles and 
non-parental m utant allele(s). In extreme cases in which a large proportion of 
cells are m utant, the m utant allele will be visible by hybridization in addition 
to both the parental alleles. This is an extremely rare occurrence for hum an 
m inisatellite loci so far studied; only one case of hum an m inisatellite 
mosaicism has been observed in over 6000 profiles (A.J.Jeffreys, pers comm).

In mice such "three banded" individuals have been observed for the 
M s6 -h m  (Kelly et al., 1989) and H m -2  loci. These mice have a large 
proportion of m utant cells which is an indication that the m utation may have 
occurred during very early development. This will be considered in chapters 6 
& 7. Here the rate of somatic mutation creating mice which are demonstrably 
mosaic by Southern blot hybridization of genomic DNA is evaluated, and the 
nature of the somatic m utations are determined.

5b.2 Evidence for somatic mosaicism at Hm-2

Somatic mosaicism was first observed at the locus M s6-hm  w hilst 
screening for germ line m utations (Kelly et a l,  1989). It was imm ediately 
apparen t that at least one of the other loci detected by pM m 3-l at low 
stringency, Hm-2, also showed mosaicism, seen by three bands which have the 
same signature pattern on an autoradiograph (figure 3.1). The isolation of a 
Hm-2 specific probe enabled the screening for the presence of third alleles in 
the same C57BL/6 x DBA and C57BL/6 x CBA families used previously. The 
C57BL/6 X CBA families consisting of m other-father-em bryo trios were 
equivalent to m other-father-adult offspring trios, assum ing there is no 
selection against m utant cells during development, so these were also scored.

A dditional alleles, seen on Southern blots of tail DNA from the 
C57BL/6 X DBA families, were shown to be genuine Hm-2 alleles rather than
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alleles from a cross-hybridizing locus by their flanking DNA signature on gels 
(chapter 3). Figure 5.5 shows examples of two mosaics; m ouse 121 had two 
large parental alleles (4325 and 4750 repeats) and a smaller non-parental allele 
(4100 repeats). The flanking DNA signature of both parental and non-parental 
alleles were the same and matched the expected flanking DNA signature for 
Hm-2 alleles, showing that the mouse was mosaic. The upper maternal allele 
was reduced in intensity when compared to the paternal allele, suggesting that 
the m utant allele was derived from the maternal allele. Mouse 123 inherited a 
small 625 repeat paternal allele (see figure 5.5A), and a large m aternal allele 
(4750 repeats), and also had a non-parental allele of 5150 repeats. The relative 
intensities of m aternal and paternal alleles were not comparable over such a 
large difference in size, but it was assum ed that the m aternal allele was the 
progenitor since it was closer in size to the m utant allele.

All potential m utan t alleles that w ere tested by the four enzym e 
signature test were show n to be genuine Hm-2  alleles. This suggests the 
specificity of the 9.2 probe was sufficient such that even though other 
background loci were detected, Hm-2 was the only unstable locus detected, and 
any additional bands were highly likely to be from Hm-2. Therefore, although 
m utants in the C57BL/6 x CBA pedigree were only confirmed by at most one 
extra restriction enzym e, they could be reliably scored as genuine H m -2  
somatic m utations.

5b.3 Estimation of the somatic m utation rate at Hm-2

Table 5.2 lists the somatic m utations scored at Hm-2  in adult and 
embryonic mice. These are alleles which could be resolved from the parental 
alleles, and had a dosage sufficient to produce a signal on an autoradiograph.

The total num ber of mosaic alleles seen in 279 mice was 62, giving a 
mean of 62/279 = 0.222 mosaic bands per mouse. Assuming that the num ber 
of mosaic alleles per mouse follows a Poisson distribution w ith a m ean of 
0.222, then the expected frequency of mice with 0, 1, 2, 3 additional m utant 
bands can be estimated (table 5.3)
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Figure 5.5 Dem onstration of mosaicism - Mice with three Hm-2 alleles

A Genomic Southern blot (prepared by R. Kelly) of one family of C57BL/6 
X DBA P2 mice. Mice 121 and 123 have an additional non-parental allele (•).

B Fi parents and F2 progeny mice with increased resolution on a low 
percentage agarose gel. The m utant alleles are arrowed.

C Genomic digests of mice 123 and 121 with the enzymes Hinil (H), Alul
(A), Mbol (M),& Haelll (III).

A, B and C hybridizations were with 32p_iabelled 9.2 at high stringency.

Bands
cpprt

Schematic of Hm-2 alleles of mouse 121. Themouse
121 dosage iril^^sities of the alleles can be used to determine the

Q progenitor allele and the dosage of the mutant allele.
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Figure 5.5 Somatic Mosaicism
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Table 5.2 Mice Mosaic at Hm-2.

Chapter 5 / Table 5.2

M ouse Sex
Parental 

allele sizes
Change 
in No of 
repeats

%
change

Mosaic
A llele
Dosage

Inherited

BL/6J 1 m 4750 B - -300 -6.3 0.04 n.p.
4625 B - -175 -3.4

BL/6J 3 m 4750 B - +875 +18.4 0.51 n.p.
4750 B - +875 +18.4

BL/6J 4 m 4875 B - -800 -16.4 0.45 n.p.
4875 B - -800 -16.4

BL/6J 7 m 5625 B - -1125 -20.0 0.24 n.p.
4875 B - -375 -7.7

Fi 33 m 625 D P +3425 +548.0
4325 B M -275 -6.4 0.02 0/7

Fi 37 f 4750 B P +600 +12.6 0.03 0/22
1050 D M +4300 +409.5

Fi 39 m 4625 B P +175 +3.8 0.28 2/7
1050 D M +3750 +357.1

Fi 40 f 625 D P +2775 +444.0
4325 B M -925 -21.4 0.07 0/13

Fi 47 m 625 D P +3775 +604.4
4750 B M -350 -7.4 0.24 0/7

Fi 50 m 625 D P +3975 +636.0
4750 B M -150 -3.2 0.04 0/8

Fi 51 m 625 D P +4625 +740.0
5050 B M +200 +4.0 0.32 n.p.

Fi 52 f 550 D P +6100 +1109.1
4750 B M +1900 +40.0 0.26 5/14

Fi 55 f 4750 $ B P -975 -20.5 0.19 0/8
1050 D M +2725 +259.5

Fi 58 m 4625 B P -1300 -28.1 0.03 1/7
1050 D M +2275 +216.7

Fi 62 m 4875 B P -375 -7.7 0.34 0/8
1050 D M +3450 +328.6

Fi 75 f 4875 B P +200 +4.1 0.18 n.p.
1050 D M +4050 +385.7

Fi 80 f 4875 B P -3675 +75.4
1050 D M +150 +14.3 0.25 n.p.

Fi 83 m 550 D P +5200 +945.5
5050 B M +700 +13.9 0.05 n.p.

BL/6 1 f 1325 O B - -75 -5.7 0.17 0/8
875 B - +375 +42.9

CBA 10 m 4800 C - -1450 -30.2 <0.05 0/24
2000 C - +1350 +67.5



M ouse Sex
Parental 

allele sizes
Change 
in No of 
repeats

%
change

Mosaic
Allele
Dosage

F2 2 m 4325 ? B P -700 -16.2 0.14
4325 7 B M -700

F2 7 f 4325 B P -1075 -24.9
3450 B M -200 -5.8 0.07

F2 17 m 4325 7 B P +1875 +43.4 0.07
4325 ? B M +1875
4325 ? B P +550 +12.7 0.24
4325 ? B M +550

F2 28 m 1050 D P +3450 +328.6
4750 B M -250 -5.3 0.04

F2 31 m 625 D P +4025 +644.0
4750 B M -100 -2.1 0.29

F2 37 f 625 D P +2975 +476.0
4750 B M -1150 -24.2 0.20

F2 41 m 5050 © B P -650 -12.9 0.29
4625 B M -225 -4.9

F2 58 m 4875 B P +1100 +22.7 0.13
625 D M +5350 +856.0

F2 63 f 4875 B P -100 -2.1
4325 © B M +450 +10.4 0.93

F2 76 m 2575 B P -200 -7.8 0.24
550 D M +1775 +322.7

F2 82 f 1050 D P +5075 +483.3
6650 B M -525 -7.9 0.17

F2 86 m 625 D P +3425 +548.0
4625 B M -575 -12.4 0.26
625 D P +4600 +548.0

4625 B M +650 +14.1 0.02
F2 92 f 625 D P +800 +128.0

1050 D M +375 +35.7 0.07
F2 106 m 550 D P +4100 +745.5

4750 B M -400 -8.4 0.22
F2 107 f 550 D P +3850 +700.0

4750 B M -350 -7.4 0.06
F2 121 f 4325 B P -225 -5.2

4750 © B M -650 -13.7 0.45
F2 123 f 625 D P +4525 +724.0

4750 B M +400 +8.4 0.26
F2 137 m 2875 B P +150 +5.2 0.33

625 D M +2400 +384.0
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M ouse Sex
Parental 

allele sizes
Change 
in No of 
repeats

%
change

Mosaic
Allele
Dosage

F2 145 m 1050 D P +2725 +259.5
3450 B M +325 +9.4 0.02
1050 D P +2150 +204.8
3450 B M -250 -7.2 0.63

F2 179 ? 625 D P +3625 +580.0
4750 $ B M -500 -10.5 0.09

F2 181 ? 4325 $ B P -325 -7.5 0.04
1050 D M +2950 +280.0

Fl 1.1 ? 4225 C P -1050 -24.9 0.06
1325 B M +1850 +139.6

Fl 2.3 7 3725 C P -2625 -70.5
1200 B M -100 -8.3 0.06

Fl 2.6 ? 3725 ? C P -575 -15.4 0.04
2275 ? B M +875 +38.5

Fl 4.1 ? 1400 C P -325 -23.2
1025 $ B M +50 +4.9 0.57

Fl 4.3 ? 3350 C P +750 +22.4 0.09
1075 B M +3025 +281.4

Fl 4.5 7 3800 $ C P +200 +5.3 0.16
975 B M +3025 +310.3
3800 $ C P -1000 -26.3 0.02
975 B M +1825 +187.2

Fl 4.7 7 3350 C P -500 -14.9 0.19
975 B M +1875 +192.3

Fl 12.4 ? 4800 C P -575 -12.0 0.15
1300 B M +2850 +219.2

Fl 14.5 ? 2000 C P -150 -7.5 0.38
1250 B M +600 +48.0

Fl 14.6 ? 4800 $ C P +700 +14.6 0.21
925 B M +4625 +500.0

Fl 15.1 7 5600 •ÎÎC C P -1375 -24.6 0.33
1625 B M +2600 +160.0
5600 C P -4200 -75.0
1625 © B M -225 -13.8 1.00

Fl 16.1 ? 2000 C P -800 -40.0
1250 B M -50 -4.0 0.34

Fl 16.4 7 2000 C P -175 -8.8 0.07
925 B M +900 +97.3

Fl 16.5 ? 2000 $ C P +200 +10.0 0.11
925 B M +1275 +137.8

Fl 18.1 ? 4800 $ C P -925 -19.3 0.32
1450 B M +2425 +167.2

Fl 18.4 7 2000 © C P -250 -12.5 0.21
1450 B M +300 +20.7



Table 5.2 Somatic Mosaics

Table details all mosaic mice found in the C57BL/6J x DBA2J and 
C57BL/6J X CBA pedigrees.

M ouse
BL/6J=C57BL/6J founder
Fi=C57BL/6J X DBA/2J F% or C57BL/6J x CBA Fi
F2=C57BL/6J X DBA/2J F2

Sex
m=Male, f=Female, ?=unknown

Parental allele size
Allele sizes are given in number of GGCA repeats

Parental allele strain and sex origin.
B=Allele originally in C57BL/6J mouse 
D=Allele originally in DBA/2J mouse 
C=Allele originally in CBA mouse
P=Paternally inherited allele M=Maternally inherited allele 
The allele which is believed to have m utated, based on on the 

smallest change in allele length, is marked with a Alleles which can be 
seen to have m utated by a loss in intensity (figure 5.5) are marked with a ®.

Change in number o f repeats
Difference in size betw een the parental alleles and the m utan t 

m easured in num bers of repeats. These differences are expressed as a 
percentage of the parental allele size in the following column.

M osaic A llele Dosage (m, the proportion of cells containing the m utant 
allele).

For heterozygous mice the non-progenitor allele has a dosage of 1, 
and the progenitor and m utant allele have a combined dosage of 1. m is 
related to the intensities of the progenitor (A) and non-progenitor (B) 
parental alleles by the following equations, which correct the intensity of
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the parental allele to the equivalent intensity for an allele the same size as 
the m utant allele:

im imm =
lA(Sm/SA)^"im IbCSiti/S b)

For hom ozygous mice the parental size allele is a combination of 
progenitor and non-progenitor alleles, which together w ith the m utant 
allele have a total dosage of 2. Thus m is calculated from the equation:

m =

I = intensity of parental allele im = intensity of m utant allele
S = size of parental allele Sm = size of m utant allele (in repeats)

Inheritance
The fraction of offspring that have inherited the m utation is given, 

n.p. = no progeny available.
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Table 5.3 Distribution of mosaic alleles in mice

No. of mosaic alleles Observed no. of mice Expected no of mice
0 222 223.4
1 52 49.6
2 5 5.5
3 0 0.4

Total 279 278.9

The observed and expected values agree closely. 2df = 0.57, 0.8>p > 
0.7), suggesting that m utations occur independently. The total incidence of 
mosaicism per mouse is 57/279 = 20.4% of mice. (95% confidence limits 15.4 - 
24.2%, calculated assuming that the Poisson distribution tends to normality)

5b.4 Characteristics of Somatic mutations

The m utations involved both gain and loss of repeats, although there 
were significantly more losses than gains (22 gained, 39 lost, 1 unknown, p(<22 
gains) = 0.020) Changes involving large numbers of repeats were restricted to 
larger alleles, although the change in num ber of repeats as a percentage of the 
length of the progenitor was more even across all sizes of alleles. Figure 5.6 
shows progenitor allele size plotted with change in repeat copy number.

The progenitor allele can be definitively determined in only a m inority 
of cases, either from flanking DNA polym orphism  (see section 3.7), or by 
reduction in intensity of the progenitor parental allele corresponding to its 
replacement in a large proportion of cells by the m utant allele (figure 5.5). In 
the majority of other cases, the m utant allele was close in size to one parental 
allele only, and this was assumed to be the progenitor allele.

There w ere significantly  h igher num bers of som atic m uta tions 
observed in F% mice when compared with F2 mice. 32 m utations arose in 220 
Fl alleles, and 24 in 294 F2 alleles, p<0.05. This was also the case at Ms6-hm  
where all somatic mutations (7) in the DBA x C57BL/6 pedigree were in the F% 
or founder generations, whereas 221 F2 mice had no detectable som atic 
mutations (p<0.025, Kelly 1990).
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Figure 5.6 Characteristics of somatic m utation events at Hm-2

A Diagram sum m arizing the number of repeat units gained or lost during
62 somatic m utation events at Hm-2. The progenitor allele was taken to be the 
parental allele closest in size to the m utant allele (marked with a^Ki n  table 
5.2), or the allele which showed a decrease in intensity (marked with a O in 
table 5.2)

B Relationship betw een the num ber of repeat units gained or lost in
m utant Hm-2 alleles and the num ber of repeat units in the progenitor allele. 
Progenitor allele determined as above.
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The degree of mosaicism was estim ated by densitom etric scanning of 
autoradiographs to determine the dosage of the m utant allele relative to the 
parental alleles (table 5.2), assuming that the signal intensity is proportional to 
the num ber of GGCA repeats. Dosages ranging from 2% to 100% were scored 
in adult mice and embryos, although dosages of less than 5% were not expected 
to be detected except on best quality Southern blots

Several of the m utant C57BL/6 x DBA Fi mice had been used to set up 
the F2 matings, so it was possible to determine whether the m utant allele was 
transm itted to the offspring. The final column of table 5.2 gives the num ber of 
progeny that have inherited the m utant allele. It was seen that from 12 mosaic 
mice in which offspring could be scored, only 3 mice passed on the m utant 
allele to any of the progeny. It is possible to calculate the germ line 
transmission frequency (t), i.e. the proportion of progeny expected to receive 
the m utant allele assuming that the dosage in the germline is the same as the

dosage in the soma, using the equation t = ^  , where m is the proportion of

cells with the m utant allele. Any significant deviation from the expected levels 
w ould suggest that the degree of mosaicism in the germline is different to the 
degree of mosaicism in the soma. In all cases the num ber of progeny inheriting 
or failing to inherit the m utant allele did not differ significantly from expected 
levels, although in the majority of cases the num bers of progeny observed 
were small.

5b.5 Application of PCR to the detection of m utant Hm-2 alleles.

The Polymerase Chain Reaction can be used to amplify specific stretches 
of DNA, including m inisatellites. Thus PCR is a potential m ethod of 
overcom ing the problem s of identify ing Hm -2  mosaic alleles against a 
background of cross-hybridizing loci. Most minisatellites do not amplify well; 
due to the tandem  repetitive nature of the sequence, collapse to heterogeneous 
smaller products occurs by misaligned annealing of incomplete PCR products 
as the reaction progresses. Previously it has been shown that it is possible to 
amplify minisatellite alleles of up to 6kb to the point at which they become 
visible on an ethidium  stained gel, and alleles of lOkb to a level at which they 
are detectable by cross-hybridization to 32p_iabelled DNA probes (Jeffreys et al, 
1988b). The potential use of PCR for am plifying Hm-2  alleles is therefore 
lim ited, since the majority of mice typed to date have alleles which are too
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large to be amplified using current technology. To test the potential for PCR 
amplification, primers were designed flanking Hm-2 (figure 5.7), and used to 
amplify genomic DNA from various mice.

Figure 5.7 Location of primers for PCR amplification of Hm-2

HaelU Alul Hinil Alul Sau3Al
A C

(GGCA)„ ^
D B

5' 3' 5' 3'

A C A T G T C C A C C T G T C T C T G A C  B G G T G T A G C C T G A T T A G A G G A

C C A T G A G T G T C A G A G C A G G G A  D C C C T C T G C T T T G T G C T T G T G

Initial results were promising: alleles were amplified to a point at which 
they could be detected by hybridization to 32p-iabelled 9.2 probe (figure 5.8). 
The reactions collapsed a few cycles after this point, therefore it was not 
possible to amplify alleles to the point at which they could be visualized by 
ethidium  staining.

5b.6 PCR amplification of Hm-2 in BXD RI mice.

The BXD recombinant inbred series have been described in chapter 4. 
They provided a good specimen population with a range of known allele sizes 
determ ined by Southern blot hybridization of restriction digested genomic 
DNA.

Primers C and D were used to amplify Hm-2 alleles in one mouse from 
each BXD strain (alleles ranged from 1.2 to 21.0kb, figure 4.1). Alleles of up to
12.8 kb were amplified from lOOng DNA to a level detectable by hybridization 
with the 9.2 probe (figure 5.9). Out of 26 DNAs, one from each of the 26 strains, 
22 had alleles small enough to be amplified, and in all cases bands thought to 
be Hm-2 from the Southern blot hybridization of restriction digested genomic 
DNA were amplified. Two mice, 1 and 18, previously thought to have three 
alleles from  genom ic Southern b lot analysis, show ed all three alleles 
am plified, proving m osaicism  (data no t show n). A fu rther four mice
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Figure 5.8 Amplification of Hm-2 alleles by the polymerase chain reaction 
(PCR)
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Figure 5.9 PCR amplification of Hm-2 alleles from BXD genomic DNA

DNA (lOOng) from mice from BXD strains 32, 5, 8, 19, 31, and 9 were 
amplified using primers C and D in a lOpl reaction for 23 cycles and Southern 
blot hybridized with ^^P-labelled 9.2 at high stringency.

Two exposures of the same filter are shown; lanes 32, 5, 31 and 19 are a 2 
hr exposure, lanes 19, 31, 31 and 9 are a 16hr exposure. Mouse 19 is present in 
both exposures for comparison. Sizes are of amplified bands .

N ote that three bands amplified from BXD 32, suggesting that this 
mouse was mosaic.
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Figure 5.10 Characterization of additional bands am plified from BXD mice.

A DNA (lOOng) amplified using prim ers C and D in a 20|il reaction. 19 
cycles, extension time reduced to 2 minutes.

An additional band (•)  amplified in mice 6, 21, 30, and 32.

B 5|il of reaction products above denatured w ith form am ide (ss) or left 
native (ds), electrophoresed through a 1% agarose gel and Southern blot 
hybridized with ^^P-labelled 9.2 at high stringency. Note that large fragments 
(o) have not transferred as well as in A.

The extra bands in A (•)  from mice 30 and 32 denatured to two single 
stranded bands which have different intensities.
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(6,21,30,32) had an additional band following amplification (figure 5.10A). 
These extra bands m ight also have been somatic m utations, or alternatively, 
they could have been PCR artifacts created by collapse of the m inisatellite 
during  am plification, or single stranded DNA products from incom plete 
reactions. To test w hether additional bands were single stranded, reaction 
products were denatured, by the addition of formamide loading buffer and 
heating to 85®C for 5 m inutes, before loading adjacent to undenatured PCR 
products. In two cases (mice 6 and 21) the sizes of extra bands seen in the 
double stranded lanes matched the size of one of the single strands and did not 
break down into different single stranded products themselves (figure 5.1 OB). 
These were therefore single stranded products, not somatic m utations. In the 
other two mice, 30 and 32, the additional bands did split into tw o single 
stranded  products, and were therefore genuine double stranded  products. 
These bands were amplified by the external primers (A & B) in addition to the 
standard prim ers, and repeat reactions continued to produce additional bands 
of the sam e size, suggesting that they were genuine alleles ra ther than 
collapsed products. It is possible, although unlikely, that these bands result 
from  contam ination of the original DNA sam ples, so these rem ain only 
candidate mosaics.

Four cases of somatic mosaicism were seen among this group of 26 BXD 
mice. Three of these were in mice with DBA type Hm-2 alleles (determ ined 
from the CA repeat polymorphism , see chapter 4), and the m utations m ust 
have arisen from alleles sm aller than 2000 repeats. The other m utant was 
scored as C57BL/6 type and had alleles of <2500 repeats. This was in contrast to 
the situation in the C57BL/6 x DBA pedigree where the m utant alleles were 
predom inantly derived from large C57BL/6 alleles. It is possible, therefore, 
that a substantial num ber of m utations have been m issed w hen scoring 
sm aller DBA alleles in the C57BL/6 x DBA families. PCR amplification of a 
representative sample of mice with small alleles would confirm this.

5b.7 Analysis of size distributions of germline and somatic mutant alleles

Does the probability of mutation depend upon the size of the progenitor 
allele? Figures 5.11 and 5.12 show the size distributions of m utant alleles 
compared to the size distribution of the alleles scored for mutation. An even 
distribution of germline mutations was seen, although the num ber of m utants
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Figure 5.11 Size distribution of alleles that have undergone germ line 
mutation.

A Size distribution of progenitor Hm-2 alleles which underw ent germline
m utation events. Progenitor alleles determined as in figure 5.2.

B Size distribution of Hm-2  alleles sam pled for germ line m utation in
C57BL/6, DBA, CBA, C57BL/6 x DBA, and C57BL/6 x CBA inbred mice.
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Figure 5.12 Size distribution of a lleles that have undergone somatic 
mutation.

A Size distribution of progenitor Hm-2 alleles which underw ent somatic
m utation events. Progenitor alleles determined as in figure 5.6.

B Size d istribution of Hm-2  alleles sam pled for som atic m utation in
C57BL/6, DBA, CBA, C57BL/6 x DBA, and C57BL/6 x CBA inbred mice.
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Figure 5.13 Analysis of size distribution of germline mutant alleles

Cumulative frequency distribution of germline mutant alleles
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Table 5.4 Calculation of Kolmogorov statistic

X Fs(x) Ft i(x) Ft2(x) Fs(x)-
Ft i(x)

Fs(x)-
Ft2(x)

500-999 0.111 0.272 0.078 0.161 0.033
1000-1499 0.500 0.514 0.194 0.014 0.306
1500-1999 0.500 0.518 0.196 0.018 0.304
2000-2499 0.500 0.561 0.234 0.061 0.266
2500-2999 0.500 0.571 0.244 0.071 0.256
3000-3499 0.556 0.604 0.286 0.049 0.270
3500-3999 0.556 0.616 0.303 0.061 0.253
4000-4499 0.667 0.705 0.447 0.038 0.220
4500-4999 1.000 0.939 0.872 0.061 0.128
5000-5499 1.000 0.980 0.955 0.020 0.045
5500-5999 1.000 0.996 0.990 0.004 0.010
6000-6499 1.000 0.996 0.990 0.004 0.010
6500-6999 1.000 1.000 1.000 0.000 0.000



Figure 5.14 Analysis of size distribution of somatic mutant alleles

Cumulative frequency distribution of somatic mutant alleles
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Table 5.5 Calculation of Kolmogorov statistic

X Fs(x) Ft i(x) Ft2(x) Fs(x)-
Ft i(x)

Fs(x)-
Ft2(x)

500-999 0.000 0.281 0.081 0.281 0.081
1000-1499 0.102 0.505 0.188 0.404 0.086
1500-1999 0.119 0.511 0.192 0.392 0.073
2000-2499 0.186 0.563 0.236 0.376 0.050
2500-2999 0.220 0.577 0.252 0.357 0.031
3000-3499 0.305 0.609 0.292 0.304 0.013
3500-3999 0.339 0.622 0.310 0.283 0.029
4000-4499 0.475 0.706 0.447 0.232 0.028
4500-4999 0.915 0.934 0.861 0.018 0.054
5000-5499 0.966 0.977 0.947 0.011 0.019
5500-5999 0.983 0.996 0.991 0.013 0.008
6000-6499 0.983 0.996 0.991 0.013 0.008
6500-6999 1.000 1.000 1.000 0.000 0.000



Figure 5.15 Analysis of size distribution of C57BL/6 somatic mutant alleles

Cumulative frequency distribution of C57BL/6 
somatic mutant alleles
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Table 5.5 Calculation of Kolmogorov statistic
X Fs(x) Ft i(x) Ft2(x) Fs(x)-

Ft i(x)
Fs(x)-
Ft2(x)

500-999 0.000 0.118 0.024 0.118 0.024
1000-1499 0.091 0.221 0.059 0.130 0.032
1500-1999 0.114 0.232 0.064 0.118 0.050
2000-2499 0.114 0.254 0.077 0.140 0.036
2500-2999 0.159 0.279 0.097 0.120 0.062
3000-3499 0.227 0.327 0.139 0.100 0.089
3500-3999 0.227 0.327 0.139 0.100 0.089
4000-4499 0.386 0.485 0.321 0.099 0.066
4500-4999 0.909 0.901 0.855 0.008 0.054
5000-5499 0.977 0.989 0.981 0.012 0.004
5500-5999 0.977 0.993 0.987 0.015 0.009
6000-6499 0.977 0.993 0.987 0.015 0.009
6500-6999 1.000 1.000 1.000 0.000 0.000
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was small, whereas the somatic m utations appeared to cluster w ith large 
alleles.

To investigate possible size related effects on the m utation rate, the 
K olm ogorov/Sm irnov goodness-of-fit test was used to com pare the size 
distribution of m utant alleles to two theoretical distributions, which assumed 
the hypotheses:

1)The probability of m utation is independent of allele length.
2)The probability of mutation is proportional to allele length

The allele data was binned into 13 size categories, each containing alleles 
w ithin a 500 repeat size range. The cumulative frequency distribution of the 
m utant alleles, Fg(x), was compared to the theoretical cumulative frequency 
distributions Fxi(x) and Fx2(x), which were calculated from the distribution of 
scored alleles. Figure 5.13 shows the cum ulative frequency distributions 
graphically, and tabulates the differences between the m utant and theoretical 
cum ulative frequency distributions. The largest difference betw een the 
germ line m utant and theoretical distributions gives the Kolmogorov test 
statistic, D, which is compared to standard tables to determ ine w hether the 
sample distribution differs significantly from the theoretical distribution.

Com parison of the distribution of germ line m utations to Fxi(x) and 
F t 2(x) produced the values Dj (size independent mutation) of 0.161, and D2 

(mutation proportional to size) = 0.306. Neither values are significant at the 
5% level, although D2 is of borderline significance, 0.1>p>0.05. Thus no 
correlation between size and the probability of germline m utation could be 
show n.

Similar calculations were carried out for the size distributions of alleles 
that underw ent somatic mutations. Figure 5.14 shows the the distributions as 
described previously. The values of Di and D2 in this case were 0.404 and 0.086 
respectively. The Di value of 0.404 is significant (p<0.01), and shows that the 
distribution of somatic m utant alleles does not agree w ith the distribution 
expected if m utation rate is size independent. Possible explanations for this 
difference are:

1) Somatic m utation rate is size dependant
2) The majority of small alleles were originally in DBA mice, and the 

majority of large alleles in C57BL/6 mice. Therefore there may be some factor.
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other than allele length, specific to alleles from a particular strain that affects 
the probability of mutation.

3) Small m utant alleles are not reliably scored.

Since C57BL/6 nuce^ jiad  the w idest range of a lle le- sizes, the 
Kolmogorov test was carried out on the distribution of C57BL/6 m utations 
alone, as a single strain comparison. The cumulative frequency distribution of 
C57BL/6 m utations calculated (figure 5.15) did not differ significantly from 
either theoretical distribution.

Thus, the cum ulative evidence against size dependant effects on the 
probability of mutation is:

1) Germline m utations, which are reliably scored even at small 
sizes, do fit well a size independent distribution, and the rate of m u ta tio n  is 
not significantly different between DBA and C57BL/6 mice.

2) PCR does detect candidate mosaic alleles which are both small, 
and derived from sm all DBA alleles, contradicting the pa ttern  seen on 
Southern blots.

3) The distribution of C57BL/ 6 mutations does fit a size independent 
distribution.

Thus a range of evidence has em erged which suggests that the low 
num bers of m utations at sm all alleles does not reflect any biological 
propensity, but rather is a by-product of the m ethod of scoring m utations: 
som atic m utations which generate sm all alleles produce faint bands on 
Southern blots which are obscured against the background of cross-hybridizing 
loci seen in the low size range when hybridizing to 9.2.

5b.8 Sum m ary

It has been estimated that 20% of mice are mosaic for cells with m utant 
and parental alleles at Hm-2, This estimate does not include mosaicism which 
is not discernible by Southern blot hybridization of genomic DNA, and is likely 
to be an underestim ate, since both small changes in allele sizes, and m utant 
alleles of under 3kb are not reliably identified.
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Alleles of up to 12kb can be amplified by PCR, and w hen mice are 
mosaic all three alleles amplify. It should be possible to utilize PCR to amplify 
both low level mosaics if they are present, and very small m utant alleles. This 
w ould provide further information on the estimated rate of somatic mutation.

Although fewer mutations were detected in small DBA alleles, there is 
no clear evidence for or against the idea that m utation rate increases w ith 
allele length.



6
Somatic mutation during early development

6.1 Introduction

6.1.1 Evidence that suggests somatic m utation events occur in early 
development

This chapter investigates the time during developm ent at which somatic 
m utation events occur. Certain features of mosaic alleles suggest that they are 
the p roducts of som atic m utation  events w hich take place early  in 
developm ent;

a) Equal dosage of the non-parental allele in all tissues.
Dissection of four mice mosaic at Ms6-hm has shown that the dosage of 

the m utant allele is indistinguishable in all adult tissues (Kelly et al., 1991). 
This experiment has been repeated for two mice mosaic for Hm-2 alleles with 
identical results (data not shown). This suggests that at both of these loci, the 
somatic mutation has preceded the allocation of the different tissue lineages.

b) The mutant allele can be present in the germline.
Either of the parental alleles or the non-parental allele can be inherited 

by the offspring of a mouse mosaic at Ms6-hm  (Kelly et ah, 1989). Three mice 
mosaic at Hm-2 also showed three-way segregation of parental and m utant 
alleles (table 5.2), showing that mosaicism is possible not only in the soma but 
also the germline, which has been determined by day-7 p.c. (McLaren 1991).

c) The high dosage of mutant alleles.
For a somatic m utation to be detectable in the DNA of an adult mouse, 

about 5% of the cells m ust contain the m utant allele (Kelly et ah, 1989). Such a 
m utation m ust, therefore, occur early enough for descendants of a single 
m utant cell to contribute substantially to adult tissues. Assuming that there 
has been no selective clonal proliferation of m utant cells, the m utation m ust 
have occurred when the total num ber of cells was small, i.e., at the first few 
cell divisions post fertilization.



Figure 6.1 Schematic representations of cleavage planes of 8-cell stage 
polarized blastomeres and phenotypes of daughter cells produced.
(after Sutherland et al, 1990)
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The trophoblast cells which su rround  the blastocoel cavity cease 
division and become polyploid. In contrast, the cells that rem ain in close 
proxim ity to the ICM (the polar trophoblast) continue to proliferate rapidly, 
eventually forming the chorion and placenta (reviewed by G ardner, 1983). 
Thus, the extra-embryonic tissues are derived from a subset of the trophoblast 
cells present at the 64-cell stage.

6.2 Analysis of extra-embryonic tissues.

The prim ary objective was to compare trophoblast and embryo proper 
DNA, derived from the same embryo, to find post-conception m utations 
common to the embryo and the extra-embryonic trophoblast, or to prove that 
such m utations did  not occur. Any shared m utations w ould have to have 
occurred before the Trophoblast and ICM differentiated, at the 32-cell stage 
(figure 6.2).

Matings were therefore set up between CBA and C57BL/6J mice, chosen 
because previous mice typed had large (around lOkb) and very large (14-23kb) 
Hm-2 alleles respectively. Alleles from both strains would, therefore, migrate 
to the upper regions of an agarose gel following electrophoresis, where the 
problem of background cross-hybridization of other loci would be minimized, 
whilst still being distinguishable in F% mice as coming from the CBA parent or 
the C57BL/6 parent. Moreover, it has been noticed previously that large alleles 
seem to have a higher probability of m utation (Jeffreys et a l,  1988a); if true, 
fewer animals would have to be analysed to find mutations.

Initial matings between C57BL/6 females and CBA males produced from 
8 to 12 embryos (mean=9.5), whereas the reverse m atings of C57BL/6 males 
and CBA females produced betw een 1 and 7 em bryos only (mean=4.2). 
Therefore, subsequent matings were all between C57BL/6 females and CBA 
m ales.

Trophoblasts (T), embryos (E) and yolk sacs (S) from day-10 p.c. (post 
coitum, hereafter 'day-10') embryos were collected and DNA isolated from each 
tissue as described in chapter 2. Day-10 embryos were chosen as the stage at 
which it was still possible to separate cleanly the trophoblast from the maternal 
tissue, and the am ount of tissue recovered was large enough to yield sufficient 
DNA for one or two Southern blots. (Once development proceeds past day-10 
the trophoblast and m aternal tissue become increasingly interm ingled and 
difficult to separate cleanly.) DNAs were analysed by restriction digestion with 
the enzyme Haelll. If the quantity of DNA was sufficient, Hinfl  digests were
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also analysed. The am ount of yolk sac DNA obtained was highly variable and 
never sufficient for more than one digest. Mosaic bands were confirmed as 
being m utant Hm-2 alleles by their cross-hybridization to the 9.2 probe, their 
absence from either parent, and when two separate enzymes were used, by 
having an expected size change with the second enzyme.

It was found that the C57BL/6 mice used in the matings had a different 
range of allele sizes to those observed previously. CBA alleles ranged from 5 to 
23kb (1250-5600 rpts), and C57BL/6 alleles ranged from 3 to 9.7 kb (775-2275 
rpts), rather than the the expected 14-23kb. This was not a problem, because few 
embryos inherited small C57BL/6 type alleles which m igrated to the region of 
the gel where the background of other cross-hybridizing loci precluded the 
identification of shared TE or TES mosaicism. M utations confined to a single 
tissue could still be seen in those cases, since in a non-m utant individual, all 
lanes are identical, and any extra bands in one lane are easily seen.

Some samples of trophoblast DNA were contam inated with m aternal 
DNA from the placenta, seen by detection of the non-inherited m aternal allele. 
This problem  was elim inated in later experim ents by a m ore rigourous 
separation of trophoblast from m aternal tissue. Because the size of both 
maternal alleles was known, maternal contamination was not scored as a false 
trophoblast mutation. It is possible that some genuine m utations could exist in 
the trophoblast only, which by coincidence, are the same size as the non
inherited maternal allele; such m utants w ould not be scorable.

6.3 Evidence that somatic m utation events occur in  early developm ent

Each triplet (TES) or part triplet was scored for the presence of mosaic 
alleles at Hm-2. Table 6.1 shows the data from 7 litters.

M utations were seen that were present in:
1) only the Trophoblast;
2) only the Embryo proper;
3) common to both the Embryo and the Yolk sac but not present in the 

Trophoblast;
4) common to Trophoblast, Embryo and Yolk sac.
Examples are shown in Figure 6.3.
Mutations that were common to both the trophoblast and to the embryo 

proper m ust have arisen before 32 cell stage prior to the determination of those 
lineages (Figure 6.2). Such m utation events m ust have occurred prior to the 
fifth cell division. Since the total num ber of daughter cells which could
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Table 6.1 Characteristics of embryonic and extra-embryonic Hm-2 mosaics

N o. Tissues Parental
allele
sizes

Change
in

repeats

%
change

in
repeats

Dosage
of

m u tan t
allele

1.1 Te- 4225
1325

-1625
+1275

-38.5
+96.2

T 0.06

tE- 4225
1325

-1050
+1850

-24.9
+139.6

E 0.06

1.2 Tes 1250
1325

+900
+825

+72.0
+62.3

T 0.11-
0.071

1.8 t-S 4225
1325

-2975
-75

-70.4
-5.7 S 0.20

2.3 tE- 3725
1200 $

-2625
-100

-70.5
-8.3 E 0.06

2.4 Te- 3725
2275

-975
+475

-26.2
+20.9

T <0.051

2.6 tE- 3725
2275

-575
+875

-15.4
+38.5

E 0.04

2.9 Te- 3725
2275

-1750
-300

-47.0
-13.2 T 0.06

4.1 TE- 1400
1025 $

-325
+50

-23.2
+4.9 T

E
0.66
0.57

4.3 tE- 3350
1075

+750
+3025

+22.4
+281.4

E 0.09

4.4 Te- 3350
975

+1125
+3500

+33.6
+359.0

T 0.14

4.5 Te- 3800
975

-200
+2625

-5.3
+269.2

T 0.21

tE- 3800
975

+200
+3025

+5.3
+310.3

E 0.16

tE- 3800
975

$ -1000
+1825

-26.3
+187.2

E 0.02

4.6 Te- 3350
975

-350
+2025

-10.4
+207.7

T 0.07

4.7 tE- 3350
975

$ -500
+1875

-14.9
+192.3

E 0.19

12.3 Tes 4800
925

+325
+4125

+6.8
+445.9

T 0.27
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Table 6.1 Characteristics of embryonic and extra-embryonic Hm-2 mosaics

Characteristics of all mosaics seen in seven litters of CBA x C57BL/6J 
mice. Each different m utant band is listed separately, although those from the 
same 'embryo' are listed together.

Tissues

The tissues in which m utation band was present; T, trophoblast; 
E, embryo proper; S, yolk sac. Bold capitals; tissue was mosaic, normal type, 
tissue non-mosaic; '- ' Tissue not scored, eg 'Te-', M utation in trophoblast 
which was not in the embryo proper; yolk sac not scored.

Parental allele sizes

Size of inherited parental alleles given as num ber of repeats. First allele 
listed is from the CBA father, second from the C57BL/6 mother.

The allele which is believed to have m utated, based on on the smallest 
change in allele length, is marked with a ^  Alleles which can be seen to have 
m utated by a loss in intensity (see table 5.2 legend) are marked with a O.
 ̂exact dosage depends on which allele was progenitor

Change in number of repeats

Difference in size between the parental alleles and the m utant m easured 
in num bers of repeats. These differences are expressed as a percentage of the 
parental allele size in the following column.

Mosaic Allele Dosage

The proportion of cells containing the m utant allele. Calculated as 
described in the legend to table 5.2
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Figure 6.3 Analysis of Hm-2 alleles in embryonic and extra-embryonic DNA

DNA from trophoblast (T), embryo (E) and yolksac (S) was digested with 
Haelll, and Southern blot hybridized with 32p-iabelled 9.2 at high stringency.

A M utation common to T, E and S
M utant band (jl) is present in all three tissues. All other bands are due to 

cross-hybridization of other loci and were present in either or both of the 
parents (not shown)

B M utation in Trophoblast only

C M utation in embryo and yolk sac
M utant band (p) is present in E and S at different intensities, but is 

undetectable in Trophoblast DNA.
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inherit a m utant allele and still pass daughter cells to both the trophoblast and 
the em bryo is known, the num ber of shared m utations m ay be used to 
estim ate the mutation rate during the first 4 cell divisions. This estimate will 
include neither those m utations which did occur before the fifth cell division, 
bu t the m utant cells then segregated into only the ICM or only the trophoblast; 
or those where the m utant cells in the trophoblast were not at the proliferating 
polar trophoblast and failed to contribute sufficient daughter cells to the day-10 
trophoblast for a band to be seen.

Total number of trophoblast and embryonic pairs = 46
Num ber of pairs with m utant allele shared by trophoblast and embryo = 5

The proportion of all embryos in which the m utation occurred before 
the fifth cell division was 5/46 = 0.109 (95% limits 0.019-0.198)

The num ber of cells which could have m utated and still contributed 
cells to both the trophoblast and embryo is the num ber of cells up  to and 
including the 16 cells produced by the 4th cell division. M utations which occur 
at the 5th cell division will enter one of the 32 cells and be in either the 
trophoblast or ICM but not both. Thus this num ber is 2+4+8+16 = 30 cells.

If a total of 30 daughter cells could m utate and still contribute 
descendants to both the T and the E , the minim um  estimate for the m utation 
rate per daughter cell per cell division is 0.109/30 = 0.004.

6.4 Distribution of mosaicism in trophoblast, embryo and yolk sac triplets.

To compare the rates of mosaicism in all seven categories (T, E, S, TE, 
ES, TS, and TES) the data was reduced to only those 24 triplets (table 6.2) for 
which all three tissues could be scored for the presence/absence of mutations.

Table 6.2 Distribution of Htn-2 mosaicism in 24 TES triplets

M utant Tissues none T E s TE ES TS TES
No of triplets (total 24) 8 8 3 0 0 2 0 3
Proportion of embryos 0.33 0.33 0.13 0.00 0.00 0.08 0.00 0.13

The frequency of mosaicism in day 10 Embryos (E+ES+TES 8/24  = 33%, 
95%limits 0.14-0.52) is directly comparable to the frequency seen in adult mice 
(27% seen in Fi C57BL/6 x DBA mice (chapter 5b)). In contrast, the total rate of
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m osaicism  includ ing  m uta tions in the ex tra-em bryonic  tissues was 
extraordinarily high (16/24 or 67%, 95% limits 0.48-0.86).

There were no m utations shared by the Trophoblast and the Yolk sac 
that were not also in the Embryo proper, although there w ere m utations 
shared by the Embryo and Yolk sac (figure 6.4). This w ould be expected from 
the pattern of determination of the lineages. The ICM and Trophoblast split 
first, follow ed by the ICM splitting into the prim itive ectoderm , which 
develops into the em bryo proper, and  the prim itive endoderm , which 
develops into the yolk sac. A m utation in the trophoblast and yolk sac m ust 
have been present in the ICM and w ould also be in the embryo unless all 
m utant cells in the ICM segregated into the yolk sac lineage.

Trophqblast mutants Embryo mutants

Yolk Sac mutants
Figure 6.4 Distribution of mutations in the trophoblast, embryo and yolk sac.

6.5 Summary

Analysis of Hm-2 in embryonic and extra-embryonic tissues has shown 
that m any m utation events occur early in developm ent, to produce in some 
cases divergence in H m -2  genotype betw een the em bryonic and extra- 
em bryonic tissues, and in others, m osaicism common to the em bryo and 
trophoblast, suggesting that m utations can occur at the earliest stages of 
developm ent, prior to the fifth cell d ivision follow ing fertilization. A 
minimal estimate for the proportion of Fi mice with such m utations was 11%.
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This figure was used to find a m inim al estim ate for the average somatic 
m utation rate over the first 4 divisions of 0.004 per cell per division.

The proportion of embryonic mosaics is sim ilar to the proportion of 
adu lt mosaics. If mosaicism in the extra-embryonic tissues is included, the 
total proportion of mice that are mosaic at Hm-2 increases to 67%. The absence 
of m utations shared by the Trophoblast and yolk sac but not the embryo fits the 
predictions of early developmental pathways.



7
Evidence for an early developmental 'window' of 

somatic mutation at Hm-2

7.1 Introduction

It has been shown that somatic mutations occur at a high frequency in the first 
few cell divisions following fertilization (Chapter 6). A question rem aining is 
w hether this process continues throughout life at the same rate, or whether 
high levels of m utation are preferentially confined to a "window" of instability 
in early development.

If there is a constant m utation rate per cell per cell division, then as 
developm ent proceeds, the frequency of m utant cells will increase with each 
successive cell generation , a lthough  m uta tions w hich occur la ter in 
developm ent will be inherited by fewer daughter cells than those which occur 
very early in development and will therefore make up a lower proportion of 
the total num ber of cells. After a certain time, therefore, m utant alleles will 
fail to contribute sufficiently to a DNA sample to be detected by Southern blot 
hybridization. It is possible that the mosaicism described thus far (chapter 5 
and 6) may be just 'the tip of the iceberg', and in reality, mice are mosaic for 
num erous other low dosage m utant alleles. Thus w hat has been shown in 
chapter 6 is not that all somatic mutations occur in early development, but that 
those somatic m utations that could be detected by Southern blot analysis of 
genomic DNA occurred early in development. This chapter will attem pt to 
show that in fact the somatic mutation rate does decrease with time.

Two observations already point to a non-constant m utation rate:

a) No tissue specific mutations have been seen
If m utations happen later in development, some m ight occur early in a 

developmentally separate lineage, to give tissue specific mosaicism. N o cases 
of tissue specific mosaicism have been observed in a total of 6 mosaic animals 
that have been dissected (see section 6.2). However, this assumes that the 
num ber of cells initially allocated to each lineage is sm all enough for 
descendants of a new m utant to represent a detectable proportion of the total, 
or, if cells for a lineage are allocated from a large pool of cells, that there is the
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possibility of chance sam pling events to take m utant cells which are a small 
proportion of the pool, but a large proportion of the sample.

b) There are no mutations seen only in the yolk sac
The only m utations seen in the yolk sac are those that are shared by the 

embryo, or by both the embryo and the trophoblast (see chapter 6, figure 6.4). 
This suggests that by the time cells are allocated to the extra-em bryonic 
ectoderm  m utations are rare; the yolk sac m ay or m ay not share in the 
mosaicism of the ICM, but yolk sac cells rarely, if ever, undergo new mutations 
which would then be specific to the yolk sac.

7.2 Relationship between time at which somatic mutation arises, and 
dosage of the mosaic allele

A normal, heterozygous individual has two alleles, each with a dosage 
of 1. A mosaic individual with one m utant and two parental alleles will have 
one parental allele (the non-progenitor allele) with a dosage of 1, whereas the 
other parental allele (the progenitor allele) and the m utant allele will have a 
com bined dosage of 1. A m utation that occurs at the first cell division 
producing one m utant and one normal daughter cell will result in an embryo 
in which half the cells will have the m utant allele, and the dosage of the 
m utant allele will be 0.5. Mutations that occur later in development will have 
smaller dosages as the proportion of m utant cells decreases.

The intensities of alleles seen on an autoradiograph reflect the dosage of 
the m utant and parental alleles. The dosage (m, the proportion of affected 
cells) can be calculated by comparison of the intensity of the m utant allele 
relative to the parental alleles (see table 5.2, somatic m utations, and table 6.1 
analysis of embryonic m utants). These dosages can then be used to gain 
information about the cell division at which the m utation occurred. Thus it 
should be possible to estimate the num bers of m utation events expected at 
each cell division, and compare this value w ith the observed frequencies of 
m utations of particular dosages.

If the probability of mutation is equal per cell per cell division, it would 
be expected that a higher incidence of low dosage m utants would be observed. 
This is because the num ber of cells which have a chance of m utating increases 
w ith  each successive division, b u t each m utation  affects a decreasing 
proportion of the total cell number.

To use the dosage of a m utant allele to estimate the time at which a 
m utation arose, it is necessary to calculate the proportion of m utant cells in the



Chapter 7 / 74

entire embryo, including extra-em bryonic tissues, and to assum e that the 
p ro p o rtio n  of m u tan t and  non m u tan t cells has rem ained  constant 
throughout developm ent.

There are problems, however, in using the dosage in the entire embryo 
as an estimate of the cell division at which the m utation occurred. Dosage in 
the trophoblast is affected by the stochastic proliferation of the trophoblast, 
which will random ly increase or decrease the proportion  of m utant cells 
depend ing  on how  m any of the m utan t cells form  p a rt of the polar 
trophectoderm  (see section 6.1.2). Thus the dosage of a m utant allele in a day 
10 trophoblast does not reflect accurately the proportion of m utant cells in the 
starting population of trophoblast cells, and moreover, the dosage of the entire 
embryo cannot be used to estimate time of mutation, since a major component 
will be the extra-embryonic tissues. Therefore, only the sections of the embryo 
that have relatively equal rates of cell division, i.e. the embryo proper and the 
yolk sac, can be used to extrapolate back from the dosage in a day 10 embryo to 
the dosage at m utation, which reflects the num ber of cells in the organism 
when the m utation occurs. Assuming that the proportion of m utant cells in 
the embryo proper remains constant, the dosage seen in an adult mouse can be 
considered to be equivalent to a day 10 embryo. (It has been shown (see section 
6.1.1a) that not only are m utan t alleles present in all adu lt tissues, but 
m oreover, that the dosage is approxim ately equal in all tissues. This result 
suggests that the m utant cells are divided equally between the different tissue 
lineages and contribute equally to adult tissues.)

7.3 Classification of observed mutant alleles by dosage

The dosages of mosaic alleles in 60 mosaic embryos and adult mice were 
calculated by densitometric scanning (see table 5.2). The proportion of m utant 
cells ranged from 2% to 100%.

To relate the observed dosages to the developmental time at which they 
were generated it was necessary to calculate the range of possible dosages in the 
ICM from m utations at each cell division. The num ber of cells that enter the 
ICM from mutations which occur in the first five cell divisions is variable. For 
example, if one cell is m utant at the 4-cell stage, 8 cells will be m utant at the 32- 
cell stage. Of these 8, from 0 to 6 will have been allocated to the ICM. 
Therefore, although the dosage in total is 8/32 = 25%, the dosage seen in the 
ICM may be between 0 and 60%. The range of possible dosages in the ICM for 
m utations at each cell division were calculated by determ ining the minimum 
and m axim um  num ber of m utant cells that could be allocated to a m utant
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ICM (which contains between 10-16 cells at the 32 cell stage (Fleming, 1987)), as 
shown in table 7.1.1.

Table 7.1.1 Calculation of possible dosages of mutant cells in ICM at 32 (64) 
cell stage from mutations at each cell division

Cell division at which m utation occurs
1st 2nd 3rd 4th 5th 6th

Num ber of 
m utant cells in 
whole embryo

16 8 4 2 1 (1)

min and max no. 
of m utant cells in 

ICM
1-12 1-6 1-4 1-2 1 (1)

max and min no. 
of cells in ICM

10-16 10-16 10-16 10-16

................

10-16 (20-32)

dosage range 0.06-
1.00

0.06-
0.60

0.06-
0.40

0.06-
0.20

0.06-
0.10

0.03-
0.05

Since the range of dosages for each division overlap, it is not possible to 
say that a m utation w ith a dosage of 'X%' occurred at the 'Yth' cell division. 
N either was it possible to prove that all m utant cells had entered the ICM by 
screening trophoblasts to see if m utant cells were present, because m utant cells 
m ay have entered the trophoblast bu t failed to contribute enough cells to the 
day 10 trophoblast to be detected by Southern hybridization. The categories 
used to bin the data, (table 7.1.2) are not, therefore, precisely related to any 
single cell division; the dosage levels for each bin were w ithin the possible 
range of dosages for m utations at each cell division, but would not contain all 
m utant alleles generated at any single cell division.

Table 7.1.2 Dosage range in each bin

Bin 1 2 3 4 5 6
range of dosages in 

each bin
>0.60 0.40-

0.60
0.20-
0.40

0.10-
0.20

0.05-
0.10

0.03-
0.05

The dosages of observed m utant alleles were binned into the categories 
above and the numbers in each bin plotted. The histogram (figure 7.1) showed
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a peak in bin 3, containing m utant alleles with dosages of between 0.2 and 0.4. 
Fewer m utant alleles were scored with lower dosages; there was a steady 
decline in the numbers of mutations in bins 4 to 6. This reduction was not due 
to poor scoring of faint mosaics, since the decline began in bins 4 and 5, which 
contained m utants w ith dosages of 5 to 20% - easily detectable on Southern 
blots, although dosages of less than 5% might have been missed.

7.4 Comparison of the frequency distribution of the observed dosages to a 
frequency distribution of dosages created by a computer model using a constant 
mutation rate per cell per cell division.

To compare the frequency distribution of the observed m utant allele 
dosages (figure 7.1) with the distribution expected from a constant m utation 
rate, a com puter program  was written to sim ulate somatic m utation over the 
first 6 cell divisions following fertilization. M utations were created at random  
in the dividing array of cells (although each cell represented a single allele, 
rather than a real diploid cell). At division 4 and 5 cells were allocated to the 
ICM, as described in section 6.1.2. The model takes into account anticlinal and 
periclinal divisions of polar cells (figure 6.1), and assumes that descendants of 
ICM cells remain in the ICM. The model generates embryos with the ratios of 
ICM to trophoblast cells observed by Fleming (1987), with the probabilities of 
different ratios taken from Fleming, 1987, figure 2 and 6. At the 64 cell stage 
the dosage of the m utant allele in the ICM was calculated and binned as 
previously described (table 7.1.2). The program  was written in BBC BASIC on a 
Apple Macintosh, and is given in Appendix A.

Ten thousand alleles were sim ulated w ith a constant m utation rate per 
cell per cell division of 0.004, the minimal estimate of m utation rate calculated 
from the num bers of shared TF m utations (chapter 6). The histogram  (figure 
7.1) show ed that the num bers of m utants increased in successive bins. This 
did not correspond with the observed data in which frequencies declined after 
bin 3. Comparison of the observed and expected data (table 7.2) using the 
goodness-of-fit test showed significant deviation (%̂  with 5df = 103.7, p<0.0001), 
and thus the hypothesis of constant m utation rate was rejected.



Figure 7.1 Histograms of observed and simulated dosage data

A Observed data. Error bars show 95% confidence limits 
B Simulation of 10000 alleles with constant mutation rate per cell of 0.004
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Table 7.2 Analysis of observed and simulated dosages

Dosage Observed
frequency

Sim ulated
(Expected)
frequency

>0.60 3 0.5
0.40 -0.60 4 0.7
0.20 -0.40 (221%> 4.4
0.10 -0.20 11 11.1
0.05 -0.10 10 16.8
0.03 -0.05 8 23.5

total 57 57.0

7.5 Relationship between cell division in which mutations arose and their 
final allocation to bins

The relatively low frequency of low dosage m utants suggests a decline in 
the m utation rate at later cell divisions. To quantify this, the distribution of 
m utations from each cell division into each bin was calculated by analysing the 
final distribution into bins of over 1000 simulated m utations generated at each 
of the first 5 cell divisions. Table 7.3 shows the final destination by proportion 
into each bin of m utations from each cell division.

Table 7.3 Bin distribution of mutations from each cell division

M utations 
generated at 

division;
1 2

^ i n

b '

1

4 5 6
N ot
in

ICM
1st 0.33 0.30 0.30 0.05 0.01 0.00 0.00

2nd 0.07 0.60 0.17 0.08 0.00 0.07
3rd 0.10 0.59 0.13 0.00 0.19
4th 0.35 0.14 0.00 0.51
5th 0.42 0.00 0.58
6th 0.42 0.58

These calculations show ed that the observed peak in bin 3, would 
actually contain very few m utations that arose at the third cell division, but
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rather, that the major portion of this peak would be from m utations arising at /, 
the second and the first cell divisions. ^

7.6 Estim ation of m utation rates over the first 6 cell divisions

The m osaicism  distributions in table 7.3 suggests an approach to 
determ ine the mutation rates at each cell division using the observed numbers 
of m utations at each dosage level. For example, the distribution of mosaics 
arising at division 1 suggests that only 1 /3  of 1st division m utants will appear 
in bin 1. Since three m utants were seen in bin 1 it can be surm ised that 9 
m utants arose at division 1. More generally, the relationship between p i  to p6 
and b l to b6, where p i  to p6 are the true numbers of m utations that occurred at 
each division, and b l to b6 are the num bers of m utants per bin, gives the 
sim ultaneous equations:

0.33pl = b l  (3)

0.30pl + 0.07p2 = b2 (4)

0.30pl + 0.60p2 + O.lOpS = b3 (21)

0.05pl + 0.17p2 + 0.59p3 + 0.35p4 = b4 (11)

O.Olpl + 0.08p2 + 0.13p3 + 0.14p4 + 0.42p5 = b5 (10)

0.42p6 = b6 (8)
(the num bers in brackets are the observed values of b l to b5)

A second program  was written (Appendix B), which used all possible 
values of p i  to p5 to calculate the expected num ber of m utants in each bin, 
using these equations. For each combination of p i  to p5, the {y}) deviation of 
the expected bin totals from the observed bin totals was calculated, and the 
values giving the lowest deviation identified. The values of p i  to p5 which 
best fit the observed totals are given in table 7.4. The figures generated are an 
estim ation of the num ber of m utations at each cell division in the sample 
investigated, which was a total of 279 mice. Of these, therefore, 8.4 m utated at 
the first cell division, which gave a frequency of m utant alleles at division 1 of 
8.4/279 = 0.03. There are a total of two cells produced at this division, therefore 
the probability of m utation per daughter cell is 0.03/2 = 0.015. The figures 
produced for probability of mutation at each cell division are given in table 7.^ 
and shown in figure 7.2.
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Table 7.4 Estimates of mutation rate per daughter cell

Division Number of 
m utations 

occurring at 
cell division

Frequency of 
mutation per 

division 
(n/279)

N um ber 
of cells

Probability of 
m utation per 
daughter cell

1 8 .4 0 .0 3 0 1 2 1 . 5 x 1 0 - 2

2 28.8 0 .1 0 3 2 4 2 .5  X 1 0 -2

3 9 .5 0 .0 3 4 1 8 4 .3  X 10 -3

4 0.2 0 .0 0 0 7 1 6 4 .5  X 10 -5

5 1 5 .1 0 .0 5 4 1 3 2 1 . 7 x 1 0 - 3

6 19.0 0 .0 6 8 1 6 4 1.1  X 10 -3

Figure 7.2 Mutation rate per cell division
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These results strongly suggest that the mutation rate reaches a peak at 
division 2, then declines rapidly to much lower levels (see figure 7.2).

When the mutation rates shown in table 7.4- were used in the computer 
model, and 25000 alleles sim ulated as previous, the histogram  produced 
closely resembled the histogram produced from the observed data (Figure 7.3).
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Comparison of the observed and simulated data using the y} test showed that 
the observed sam ple did not differ significantly from the sim ulated 
distribution (%2 with 5df = 3.609, p>0.50).

Figure 7.3 Comparison of actual data, w ith data sim ulated using m utation 
rates in table 7.5

800 -

600 -

400 -

200  -

Bin
0.40- 0.20- 0.10- 0.05- 0.03- >0.60 0.40- 0.20- 0.10- 0.05- 0.03-
0.60 0.40 0.20 0.10 0.05 dosage 0.60 0.40 0.20 0.10 0.05

7.7

Observed data from 279 
embryos

Sum m ary

Simulation of 12500 
embryos

The observed dosages of m utant alleles did not fit a model in which the 
mutation rate is constant; there was a decrease in the incidence of low dosage 
mosaics from the expected frequency under a constant m utation rate. This 
decrease could not be attributed to non-detection of low level mosaics, since 
the decrease in frequency began in a range of dosages that could be readily 
scored.

The results suggest that there is a period of high frequency mutation 
(~10"2 per cell) which extends through the 1st and 2nd cell division, the rate 
thereafter rapidly declines, to per cell at divisions 4-6. It can be assumed 
that this rate either rem ains the same or decreases further because other 
evidence suggests that somatic m utations in later developm ent occur very 
infrequently.



8
Mutation processes at H tn -2

8.1 Introduction

Several models have been proposed for the prim ary m echanism  by which 
changes in repeat copy num ber in minisatellite alleles are generated. These are 
inter-allelic unequal recombination, i.e. recom bination betw een hom ologous 
chrom osom es, and intra-allelic processes, e ither unequal recom bination 
between two sister chromatids (unequal sister chrom atid exchange, hereafter 
SCE), or an internal DNA slippage process during replication (Jeffreys et al., 
1985b).

Evidence has accum ulated to suggest that inter-allelic recom bination 
w ith  exchange of flanking m arkers is not a m ajor m echanism  for the 
generation of m utations (Wolff et a l, 1988; Kelly et a l, 1991), although recently 
analysis of the internal structure of minisatellite alleles has shown that some 
inter-allelic processes are occurring (Jeffreys et al., 1991). It has also been 
suggested that gene conversion following an inter-allelic cross-overs could 
create recombinant alleles w ithout exchange of flanking markers (Wolff et al., 
1990,1991)

8.2 Distinguishing the products of unequal exchange and slippage

A major obstacle to investigating how a particular m utant allele arose is 
that processes that affect only a single allele (SCE and slippage) cannot be 
distinguished by their effect on the flanking DNA. The two mechanisms do 
differ in that a slippage mechanism affects only one molecule and only a single 
new length allele is created, whereas a m utation event that involves unequal 
exchange between two DNA molecules, whether between sister chromatids or 
homologous chromosomes, will produce two m utant alleles, which will differ 
in size reciprocally from the parental alleles, the gain in repeat units from one 
allele will be m atched by the loss of repeat units in the other (figure 8.1). 
Germ line m utations generated by these processes will produce a pair of 
reciprocal gametes in sperm , but the chances of both gam etes successfully



Figure 8.1 Segregation of reciprocal products into daughter cells following
recombination and unequal exchange.

Schematic diagrams of segregation of minisatellite alleles during mitosis. One 
pair of homologous chromosomes containing a minisatellite locus are shown. 
Parental alleles are shown by shaded boxes, m utant length minisatellite alleles 
are shown by filled boxes.

A The result of sister chrom atid exchange. At anaphase the tw o new
length alleles (shown as open bars) are partitioned into different daughter cells.

B The result of an inter-allelic recombination. The pair of reciprocal
products can segregate into either the same daughter cell or different daughter 
cells.

C The single m utant allele generated by a slippage event may segregate
into either daughter cell.



Figure 8.1 Segregation of reciprocal products into daughter cells following
recombination and unequal exchange or slippage
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Figure 8.2 The expected patterns of reciprocal products on Southern blots from 
different kinds of m utation events.

Assuming that a tissue is mosaic for both reciprocal products, the patterns below 
would be seen
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Figure 8.3 Cell divisions up to the blastocyst stage showing 
one possible result of a mutation created by an unequal sister 
chromatid exchange at the 2nd cell division
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Figure 8.3

A Schematic of one hypothetical distribution of m utant cells following a 
mutation at the 2nd cell division which creates two reciprocal products.

The daughter cells can be distributed disproportionately between the ICM 
and trophoblast lineages, producing unequal dosages of the m utant alleles in 
adult or embryonic mice. Mosaic tissues have all alleles in varying dosages, 
producing differing intensities on an autoradiograph. Shown below (B) are 
the dosages produced in the embryo for the example given. Note that 
although the progenitor parental allele will have a reduced dosage compared 
to a non-mosaic tissue, the non-mutant parental allele will still have a dosage 
of 1 in all tissues.

Bands produced on Southern blots from alleles in m utant and
non-mutant cells
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fertilizing eggs is negligible and, therefore, only one of the two reciprocal 
products will be detected. When the reciprocal m utation happens in a somatic 
cell, however, the m utant alleles will segregate into the two daughter cells, and 
both  of these cells can continue to replicate and therefore both products of a 
somatic m utation may be seen in mosaic tissue. Thus if somatic m utations are 
created by recom bination, it m ight prove possible to identify them  by the 
presence of two m utant alleles, reciprocally positioned around either or both of 
the parental alleles, (figure 8.2).

Some assumptions, however, m ust be made:
1) Every cell m ust continue to divide at a similar rate in the adult or 

embryonic tissues so that descendants of both daughter cells are represented, 
no t necessarily at equal dosage, but sufficiently for both alleles to be seen by 
Southern blot hybridization. It is likely that the reciprocal products would not 
be at equal dosages: it has already been show n that m utations happen 
predom inantly during the first few cell divisions (chapters 6 & 7), and it would 
be unlikely for the descendants of both m utant daughter cells to segregate 
equally into the embryo and trophoblast (figure 8.3).

2) The unequal recombination m ust be the only event. Any alteration 
to the reciprocal sizes, such as by replication slippage, will mask the evidence 
of recombination.

8.3 Analysis of adult, embryonic, and extra-embryonic double mosaics

The C57BL/6 x DBA and C57BL/6 x CBA families were analysed as 
described in chapters 5 and 6. Eight mice or embryos were found to be double 
mosaics, and one embryo/extra-embryonic tissue pair was a triple mosaic (table 
8.1). In four cases the lengths of a pair of m utant alleles, within sizing error, 
were reciprocal w ith respect to one of the parental alleles consistent with 
unequal sister chrom atid exchange. Figure 8.4 shows examples of double 
m utants. F2I 7, and 18.5 have two mosaic bands which are not reciprocal and 
are presum ed to be from independent mutations. 18.5 and F2 86 have a pair of 
m utant alleles which might have arisen by unequal sister-chromatid exchange.
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Figure 8.4 Hm-2 double mosaics

Southern blot hybridization of genomic DNA cut with Haelll to 32p- 
labelled 9.2. Parental alleles are labelled #  , m utant alleles are labelled O.
T = trophoblast, E = Embryo, S = yolk sac

A F286 has inherited a very small (625 repeat) paternal allele (not shown), 
and a large (4625 repeat) allele from the mother. In addition, two other bands 
(labelled p.) are seen which are reciprocally located around the maternal allele. 
Note the father, Fi33 is also mosaic w ith a faint band of approxim ately the 
same size as the smaller m utant allele, but this has not been inherited.
B 18.4 has two non-parental alleles flanking the paternal allele. The sizes 
of the two m utant alleles are reciprocal. The relative intensities of the paternal 
and smaller m utant allele suggest that the paternal allele is the progenitor 
allele. The dosage of the smaller m utant allele decreases in the embryo and 
yolk sac lanes and is matched by a corresponding increase in dosage of the 
paternal allele. The larger m utant allele is presumed to have arisen from the 
paternal allele which is closest in size.
C,D Both mice have two m utant alleles (labelled p), but these are not
reciprocally located around the parental alleles.
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Table 8.1 Double and triple mosaics at Hm-2

M ouse alleles affected 
p - paternal 
m - maternal

reciprocal
sizes?

1.1 ? no Double m utant
15.1 P and m no Double m utant
16.5 both p no Double m utant
18.4 both p Yes Possible SCE
18.5 both p no Double m utant
4.5 (Triple) a llp Yes and no Possible SCE and double m utant
F2 I 7 ? no Double m utant
F2 8 6 both m Yes Possible SCE
F2 I45 both m Yes Possible SCE

8.4 Conclusions

8.4.1 No evidence for inter-allelic recombination.

No double mosaics were seen with reciprocal m utations around both 
parental alleles (figure 8.2). Moreover, if it is assumed that it is equally likely 
for the two reciprocal products of inter-allelic recombination to segregate into 
the same daughter cell as different daughter cells (figure 8 .1), it w ould be 
expected tha t if hom ologous recom bination  is the m ajor m utational 
mechanism then at least one half of all adult mosaics w ould have m utant cells 
containing both reciprocal products, and thereby show reciprocal mosaicism, 
w ith both m utant alleles at equal intensity. M utants in w hich the two 
reciprocal products segregated into different daughter cells could still be seen in 
adult mice if descendants of both cells enter the embryo. N o mosaic mice, 
either embryos and extra-em bryonic tissues or adu lt mice, had  reciprocal 
m utations of the type predicted by inter-allelic recombination. If inter-allelic 
events have occurred they have not, therefore, produced a reciprocal gain and 
loss of repeats.
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8.4.2 Evidence for unequal SCE

Four mice were seen with m utant alleles that m atched the predictions 
o f unequal SCE. The reciprocal alleles form ed by SCE m ust segregate into 
different daughter cells. Thus, for an adult mouse to have both products of an 
unequal SCE, both of the daughter cells m ust have contributed descendants to 
the  embryonic lineage. Of the four double mosaics seen that could be the 
result of unequal SCE, two were detected in adult DNA, one had one allele in 
the the embryo and one in the trophoblast, and the other had both alleles in 
the trophoblast.

8.4.3 The m ajority of mosaics have only a single m utant allele

The majority of m utations are seen as one m utant allele per embryo, or rarely, 
have tw o m utant alleles which are unrelated. It has already been shown 
(chapter 5) that the distribution of mice with 0, 1 or 2 alleles do fit a Poisson 
distribution, suggesting that mutations occur independently and create only a 
single m utant allele.

Together these last two observations could suggest that either;
1) SCE does happen, but the major cause of m utation is a single 

molecule mechanism, such as replication slippage.
2) SCE never happens, the reciprocal sizes are coincidental and 

the major cause of m utation is replication slippage.
3) SCE is a major mechanism, bu t in most cases one reciprocal 

fails to be detected by Southern blot hybridization, due to, for example, 
trophob last pro liferation . This possib ility  could be show n by PCR 
amplification of the rarer reciprocal product.

8.5 Influence of reciprocal products on estimates of m utation rate

If eight m utants previously identified were derived from just four 
unequal SCE events, i.e. they have two m utant alleles resulting from a single 
m utation event, how are the estimates of m utation rates m ade in chapter 5b, 
and the conclusions draw n in chapters 6 and 7 about the tim ing of m utation 
affected?
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Chapter 5b Estimation o f somatic m utation rate
In practise the num bers that are altered are small enough so that all the 

estimates m ade so far are not significantly altered. The proportion of mosaic 
mice rem ains the same, although naturally, the proportion of mice in which 
there have been two independent m utations decreases. Two of the candidate 
SCE were detected in trophoblast DNA and were not included in the general 
m utation rate. If the rem aining two pairs of m utant bands were the result of 
unequal SCE, then the proportion of alleles that have undergone m utation 
reduces from 62 out of 558 alleles to 60/558 alleles (11.1% to 10.8%).

Chapter 6 M utations shared by the trophoblast and embryo occurred prior to 
the fifth  cell division.

The num bers of mutations shared between trophoblast and embryo does 
not alter, since none of the SCE m utants have both m utant alleles scored as 
shared. (If either of the reciprocal alleles are shared then it is still valid to 
deduce that the m utation m ust have arisen before the fifth cell division. The 
only potential error is in scoring a pair of reciprocal products, both of which are 
shared by the trophoblast and embryo, as two shared m utations, rather than a 
single m utation.)

Chapter 7 The dosages o f mosaic alleles can be used to estim ate the time o f 
m uta tion

Three of the possible SCE m utants have one intense and one faint allele 
(figure 8.4, table 5.2, table 6.1). The true time at which the m utation occurred is 
best estim ated from the most intense non-parental allele. For example, in fig
8.3 the hypothetical ICM has m utant alleles with dosages of 0.17 and 0.50. The 
form er w ould erroneously be classified as a m utation event at the 4th cell 
division (see chapter 7), whereas the latter would be correctly classified as 
m utation that arose at the 2nd cell division. Therefore, if these m utants are 
SCEs, they w ould best be classified by ignoring the least intense allele and 
basing the classification on the higher dosage allele. Thus, if the fainter alleles 
were rem oved from the data for these four cases, the effect would be to tighten 
the clustering of m utations to the first two cell divisions, m aintaining, if not 
increasing, the estimation of the peak period for m utations to this time.
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8.6 Sum m ary

It should be possible to see the effects of somatic recombination between 
minisatellites by the appearance of two reciprocal m utant alleles, the products 
of unequal exchange. A few mutants have been seen that match the pattern 
expected to be produced by an intra-allelic unequal exchange, bu t not the 
pattern  expected from inter-allelic cross-overs. Unequal sister chrom atid 
exchange may occur, but it is not the major mechanism  by which length 
changes are generated in somatic cells at Hm-2.



9
Discussion

9.1 Introduction
In this chapter the principal results will be discussed and the possible reasons 
for the existence of hypervariable DNA considered further.

9.2 C loning of Hm-2

9.2.1 Cloning o f hypervariable arrays

A major im pedim ent to the cloning of m inisatellites has been the 
tendency for tandem ly repeated sequences to collapse w ithin bacterial hosts, 
m aking size constrained vectors such as lam bda inviable; indeed the locus 
M s6-hm  was successfully isolated in X only due to the co-cloning of a second 
non-repetitive insert which m aintained the size of the vector despite the 
collapse of the repeat array (Kelly et al, 1989). The charomid technique used to 
clone Hm-2 circumvents this problem whilst m aintaining the efficiency of in 
vitro  packaging. The system  has been very successfully developed as a 
m ethodical approach for isolating hum an m inisatellites, using an ordered 
array of charomid clones which can be screened systematically w ith different 
multi-locus probes (Armour et a l, 1990), an approach which has also proved 
successful in birds (Hanotte et a l, 1991).

9.2.2 Probe walking

The minisatellite Ms6-hm was first detected by cross-hybridization to the 
hum an probe 33.6 (Jeffreys et a l, 1987a). In turn, the Mm3-1 probe (specific to 
M s6-hm) detects a num ber of novel loci, including Hm-2 (Kelly et a l, 1989). 
Thus it m ight be expected that further loci w ould be detected by cross
hybridization to Hm-2. When the Hm-2 specific probe 9.2 was used as a multi
locus probe in mice, however, the DNA 'fingerprint' pattern detected was very 
similar to the pattern detected with Mm3-1. Furthermore, the majority of the 
'novel' bands seen in the Hm-2 fingerprint are detected by the hum an probe 
33.15. Thus in this case the potential for further probe walking is limited.
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9.2.3 Sequences surrounding Hm-2

T h e r e  a re  a t  le a s t  th r e e  in s t a n c e s  w h e r e  m in i s a t e l l i t e s  h a v e  b e e n  s h o w n  

to  h a v e  e x p a n d e d  fr o m  w it h in  d i s p e r s e d  r e p e a t  e le m e n t s  (A r m o u r  et a l ,  198 9 b ;  

K e l ly  et a i ,  1 9 8 9  ( s e c t io n  1 .4 .3 .) ;  A r m o u r  et a l ,  1 9 9 2 )  a n d  m in i s a t e l l i t e s  a re  

g e n e r a l ly  a s s o c ia t e d  w i t h  d i s p e r s e d  a n d  o t h e r  t a n d e m ly  r e p e a t e d  e l e m e n t s  

( A r m o u r  et a l ,  1 9 8 9 b ) . A l t h o u g h  th e  s e q u e n c e  i m m e d ia t e ly  f la n k in g  H m - 2  

s h o w s  n o  h o m o l o g y  to  a n y  d i s p e r s e d  r e p e a t s ,  th e  p r e s e n c e  o f  th r e e  s im p le  

t a n d e m  r e p e a t  r e g io n s  ( f ig u r e  9 .1 ) w i t h in  I k b  o f  th e  H m - 2  r e p e a t  is  u n e x p e c t e d  

c o n s id e r in g  th e  g e n e r a l  n o n - c lu s t e r in g  o f  m ic r o s a t e l l i t e s  in  h u m a n s  (L u ty  et  

a l ,  1 9 9 0 ) . O n e  o f  t h e s e  is  p o ly m o r p h ic  ( s e c t io n  4 .3 ) ,  a n d  s in c e  th e  l o n g e s t  

s t r e t c h  o f  p e r f e c t  r e p e a t s  in  m i c r o s a t e l l i t e s  i s  th e  b e s t  i n d i c a t i o n  o f  th e ir  

p o t e n t ia l  v a r ia b i l i t y  (W e b e r , 1 9 9 0 ) th e  p e r f e c t  A (C A )2 2  f o u n d  w i t h in  2 0 0 b p  o f  

th e  H m - 2  r e p e a t s  ( f ig u r e s  3 .7  a n d  9 .1 )  is  a g o o d  c a n d id a t e  fo r  a fu r th e r  

p o ly m o r p h ic  m a r k e r  (W e b e r , 1 9 9 0 ) . T h e  f in a l  r e p e t i t iv e  r e g io n ,  a l t h o u g h  th e  

la r g e s t ,  is  c o m p o s e d  o f  s e v e r a l  d if f e r e n t  r e p e a t s  a n d  is ,  th e r e fo r e , u n l ik e ly  to  b e  

v a r ia b le  w it h in  in b r e d  m o u s e  s tr a in s . F o r  th e  s t u d y  o f  m u t a t io n  p r o c e s s e s  ( s e e  

s e c t io n  9 .4 )  a t H m - 2  it  w o u l d  b e  u s e f u l  to  h a v e  a p o ly m o r p h ic  m a r k e r  o n  th e  

o th e r  s id e  o f  th e  H m - 2  r e p e a t  a r r a y  ( s e e  f ig u r e  9 .1 ) . T h e  p o ly m o r p h ic  in s e r t io n  

d e t e c t e d  b y  th e  e n z y m e  Hi nf l  in  s o m e  C 5 7 B L /6  m ic e  ( s e c t io n  3 .6 )  p r o v id e s  s u c h  

a m a r k e r , a n d  fu r th e r  e x p e r im e n t s  c o u ld  d e t e r m in e  w h e t h e r  m u t a t io n s  a t  

H m - 2  a re  a s s o c ia t e d  w i t h  e x c h a n g e  o f  t h e s e  f la n k in g  m a r k e r s .

Figure 9.1 Location of flanking markers
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9.3 Mutational mechanisms

A variety of mechanisms have been proposed to generate new length 
alleles in tandem  repeated DNA; meiotic or mitotic unequal exchange, inter or 
intra-allelic gene conversion, sister-chrom atid exchange, and slippage and 
reannealing at replication. Intra-molecular recombination or 'looping out' is a 
further possibility but can be ruled out as the only major m echanism since 
only deletions would be generated.

9.3.1 Inter-molecular mechanisms

M echanism s based on recom bination, e ither betw een arrays on 
homologous chromosomes, or between sister-chromatids (Jeffreys et a l, 1985a), 
have been the most obvious candidates for the principal generators of new 
length alleles at minisatellites. This was based on the observation of m utant 
alleles which had undergone a large change in repeat copy num ber, unlikely, 
therefore to have resulted from slippage. All studies to date, however, have 
failed to dem onstrate any exchange of flanking m arkers in m utant alleles 
(Wolff et a l, 1989; Kelly et a l, 1991, Vergnaud et a l, 1991). A lthough it is 
possible that the m echanism s of germ line and som atic m utation  are 
dissimilar, no reciprocal products were found in 15 m utant alleles in hum an 
tum ours (A rm our et a l, 1989a) and the present study  also failed to find 
evidence of reciprocal exchanges betw een the m aternal and paternal alleles 
(chapter 8 ) supporting the view that unequal exchange between homologous 
chromosomes is not a principal mechanism, although it is has not been ruled 
out that some alternative recombination mechanism, such as conversion, that 
maintains the phase of flanking markers is involved (Wolff et a l, 1991).

Evidence for or against the role of unequal sister chromatid exchange is 
harder to obtain, although such exchanges are believed to be the mechanism by 
which repeat unit fidelity is m aintained in satellite DNA (Smith, 1976). This 
mechanism is further implied by the identification on hum an chromosomes 
of higher-order chromosome specific tandem  repetitive structures likely to be 
due to propagation of novel (mutant) repeat unit types by crossovers (Willard 
and Waye, 1987).

Analysis of somatic m utations (chapter 8) found some candidate intra- 
allelic exchange reciprocal products, and furthermore, the lack of variation in 
repeat sequence found at Hm-2 and M s6-hm  agrees with the predictions by
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com puter simulations that high rates of crossing over w ould generate arrays of 
near identical short tandem repeats (Stephan, 1989).

Analysis of the internal structure of minisatellite alleles by m apping the 
d istribu tion  of variant repeats has enabled more detailed analysis of the 
products of minisatellite mutations. Studies of the internal structure of large 
deletion m utants at the hum an minisatellite MS32 (D1S8) using restriction 
enzym es and PCR based assays revealed all m utants to be the result of intra- 
allelic events w ith no evidence for inter-allelic recom bination (Jeffreys et al., 
1990). The more recent MVR-PCR technique for analysing internal variation 
(Minisatellite Variant Repeat PCR, Jeffreys et a l, 1991c) which m ay be used to 
characterize m utant alleles which have increased in length or undergone very 
sm all length  changes has, how ever, p rov ided  firm  evidence for the 
involvem ent of inter-allelic recom bination a n d /o r  conversion in m utation 
events at the hum an loci MS32 and MS205 (Jeffreys et a l, 1991c, J. Armour, 
pers. comm). Since small length change m utations are more common, it is 
possible that a majority of m utation events involve such events; the failure to 
detect intermolecular events previously reflects the lower resolving power of 
the assays used previously. Hm-2 (and M s6-hm) lack internal variation in 
repeat sequence and cannot be analysed by this m ethod, although other 
hum an loci are being investigated (J. Arm our, D. Neil and A.J.Jeffreys pers. 
comm.).

9.3.2 'Slippage' mechanisms

It has been suggested that slippage events occur w hen duplex DNA 
strands mispair within regions of short tandem  repeats during DNA repair or 
replication, generating  short duplications and deletions (Levinson and 
Gutman, 1987a). Slippage is believed to be the principal mechanism by which 
m utation occurs at microsatellites, although there is no direct evidence for this 
mechanism in vivo. Evidence to support slippage is seen in the typically small 
changes in copy num ber in variant microsatellite alleles, and conversely, no 
evidence of unequal-crossing over with exchange of flanking markers has been 
seen at microsatellites (Morral et a l, 1991; Kwiatkowski et a l, 1992), although 
this does not exclude sister-chromatid exchange or conversion events.

The lower variability seen at microsatellites w ith imperfect repeats, in 
which the ability to anneal out of alignment but in register would be impaired, 
has been suggested to be further evidence for slippage mechanisms (Weber
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1990). Finally slippage has been dem onstrated to increase lengths of di- and 
trinucleotide repeat arrays in vitro (Schlotterer and Tautz, 1992).

At minisatellites, the evidence is more against recom bination than for 
slippage. It m ight be presum ed, however, that as repeat units get larger the 
potential for in-register strand slippage w ould be reduced. Thus perhaps 
slippage is only particularly effective when repeat sequences are small, a 
criterion which Hm-2  fulfills. If a slippage m echanism is responsible for 
generating m utations at microsatellites it m ight be argued that Hm-2 would 
undergo the same processes.

9.4 Factors affecting variability and mutation rate at minisatellite loci

Tandem repeats have been suggested to be the natural 'ground state' for 
non-selected DNA (Levinson and G utm an 1987a). Beyond the obvious 
tandem  repetitive nature of a large portion of eukaryotic genom es, more 
complex regions of DNA have been found which are com posed of cryptic 
repeats (Tautz et a l, 1986). Gray and Jeffreys (1991) have suggested that 
m inisatellite loci are transient, the m ost variable loci are believed to exist as 
high copy num ber regions for a short evolutionary time, whereas less variable 
and more stable regions may persist longer (section 1.3.5). A question of 
fundam ental im portance is w hat are the m echanism s which initiate and 
m aintain variability, and w hat are the factors that actually determ ine the 
variability and m utation rate to new length alleles at given points in the 
genom e?

The Hm-2 minisatellite has a short G /C  rich repeat in very long tandem 
arrays; all these features are candidate factors prom oting mutation.

9,4.1 Sequence

The sequence of the repeat unit itself has been proposed  to be a 
determining factor. The majority of hypervariable minisatellites isolated from 
higher eukaryotes to date have a G /C  rich repeat sequence. This implies 
conservation, and a possible functional role for these sequences. The 
resemblance of the original 'core' sequence (GGAGGTGGGCAGGARG derived 
from the repeat sequences of minisatellites detected by 33.6 and 33.15) to the chi 
signal of E. coli w hich prom otes hom ologous recom bination (sim ilarities 
underlined  above) prom pted suggestions that m inisatellites m ay prom ote 
recom bination , and  new  leng th  alleles could  re su lt from  unequal
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recombination between chromosomes during meiosis or mitosis (Jeffreys et ah, 
1985a). O ther consensus m in isatellite  repeats have been proposed , 
GNNGTGGG (N akam ura et a l, 1987a), GGCAGG, (Mitani et a l, 1990) which 
resemble both % and the 'Jeffreys core' and are G-rich, although the prevalence 
of G /C  rich variable m inisatellites m ay in part reflect a bias im posed by 
identifying new loci by cross-hybridization to G /C  rich multi-locus probes. 
M inisatellite core probes have been show n to preferentially  hybridize to 
chiasm ata in hum an b ivalents (C handley & M itchell, 1988) and the 
distribution of m inisatellites to predom inantly  the proterm inal regions of 
hum an chrom osomes (Royle et a l, 1988, Arm our et a l, 1990)) matches the 
d is trib u tio n  of recom bination  nodu les associated w ith  synaptonem al 
complexes believed to be the visible cytological representation of meiotic 
recom bination events (Solari, 1980), further suggesting a possible role in 
prom oting chromosome pairing and recombination.

F urther ev idence for the association  of tandem  repeats  w ith  
recom bination hotspots comes from the hotspots found at the m ouse major 
histocompatability complex (reviewed by Steinmetz et al, 1987), two of which 
have been characterized and found to be close to tetra-nucleotide repeat arrays; 
(C A G G )7-9 at the hotspot w ithin the Ep gene (Steinmetz et a l, 1986), and 
(CAGA)4_6 in the hotspot between the Apg and Ap2 genes (Uematsu et a l, 1986). 
Interestingly the former is the same repeat motif as Hm-2, a lthough unlike 
Hm-2, variability at the Ep (CAGG) array is minimal.

The presence of minisatellites on plasmids has been shown to enhance 
recom bination at a distance; W ahls et a l, 1990 found an elevated level of 
homologous recombination in plasm ids containing tandem  repeats based on 
the core sequence when introduced into EJ bladder carcinoma cells.

Allied to this evidence is the presence in eukaryotic cells of several 
proteins that bind to minisatellite repeats (Collick and Jeffreys, 1990; Collick et 
a l, 1991; Wahls et a l, 1991). Although these are not yet fully characterized, 
their presence suggests that interactions might be occurring at these sequences. 
It is difficult to reconcile a m inisatellite function, how ever, given that 
m inisatellites are not evolu tionary  conserved (Gray and Jeffreys 1991) 
although the processes acting upon minisatellites may merely be a by-product 
of some other cellular function. The relationship of the core sequence to the E. 
coli X sequence, therefore, is probably coincidental (A lthough it has been 
suggested that the introduction of clones containing high num bers of copies of 
sequences similar to a genomic regulatory signal sequence m ay explain the
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generally refractory nature of m inisatellites to cloning in E. coli (Armour, 
1990.))

Despite the association of tandem  repeat arrays w ith recom bination 
hotspots, no evidence suggests that the link is a functional one: at the murine 
MHC hotspots meiotic recombination events characterised at the DNA level 
w ere seen not to change the length of the repeat arrays, and other hotspots 
have been described at which tandem  repeats play no part. For example, a 
1.9kb region upstream  of the |3-globin gene, containing a (CA)n microsatellite, 
significantly enhanced recom bination w hen transfected into yeast cells, but 
continued to enhance recombination after deletion of the microsatellite (Treco 
et al., 1985). Furtherm ore, m any m onom orphic m inisatellites have chi-like 
motifs or 'core' repeats, variable AT rich m inisatellites have been isolated 
(Stoker et a l, 1985, Knott et al., 1986) and variable DNA fingerprints can be 
detected  using short synthetic AT rich sequences (Epplen et al., 1991), 
suggesting that a G/C rich motif is not the final arbiter of variability, although 
the incidence of G/C rich minisatellites in the hum an genome suggests that a 
core' like repeat may be a promoter of activity.

9.4.2 Position o f repeat sequences in the genome

Recent analysis of the internal structure of MS32 alleles (Jeffreys et al., 
1991c) has provided evidence that m utation events at MS32 are polarized to 
one end of the array. All the m utations within MS32 alleles studied to date 
have been at same end of the array (subsequently term ed the 5' end), 
suggesting a bias of m utation. Further evidence for polarity of m utation is 
given by the internal structure of norm al MS32 alleles which typically have 
very variable 5' ends but 3' ends that m ay be grouped into sim ilar related 
hap lo types (Jeffreys et a l, 1990, 1991c, Tam aki et a l, m anuscrip t in 
preparation). The variability of the 5' end extends into the flanking DNA, with 
a g reater than average num ber of polym orphic sites (M onckton et al., 
m anuscript in preparation). The available evidence therefore points to the 
influence of a region flanking the minisatellite that elevates the m utation rate, 
but this effect gradually diminishes with distance, which w ould suggest that 
there would be no correlation between array length and m utation rate. Thus, 
given that tandem  repeats are not themselves prom oters of recombination, it 
is still possible that some or all repetitive regions are associated with flanking 
hotspots which generate variability. Studies involving transgenic mice 
harbouring MS32 repeat arrays are underw ay, and will hopefully give an
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insight into the effect of surrounding sequence on minisatellite m utation rates 
(A.J. Jeffreys, A. Collick, and M. Allen, personal communication).

9.43 Size o f alleles: does the length o f an allele determine m utation rate?

In general, the most variable loci have alleles which lie between 4 and 
20 kb; the majority of variation seen on a DNA fingerprint is seen amongst the 
largest fragments, which suggests that variability is a property of large alleles. 
Thus it m ight be expected that at a given locus the m utation rate would 
increase in proportion to allele size, bu t as yet, no firm evidence has been 
produced to support this theory. There was no significant evidence for size 
bias for m utations at Hm-2, and on the contrary, there are clear examples of 
loci which do not follow this tendency. Firstly, m inisatellites which have 
sim ilar allele size distributions may have different heterozygosities, which 
correlate with higher and lower m utation rates (Eg MS8 and MS31, W ong et 
al., 1987). Secondly, there are loci which are small, yet are highly variable, eg 
YNZ22 (Wolff et a l, 1988) and MS228B (Armour, 1990). Finally, there are large 
arrays of tandem  repeats which nevertheless appear to be m onom orphic 
within a population; indeed the invariant locus that cross-hybridizes to the 9.2 
probe at high stringency (section 3.4) m ust bear a strong sequence similarity to 
Hm-2, and moreover, the size of this cross-hybridizing fragment is comparable 
to the size of sm aller H m -2  alleles. This suggests that neither sequence 
similarity or array size are sufficient to generate hypervariability.

In contrast, at the smaller microsatellite loci (which m ay have an allele 
size distribution under 30bp and yet still be variable) there is a correlation 
between increasing copy num ber and variability.

There is a strong correlation between the num ber of perfect repeats and 
variability at microsatellites (Weber 1990), and the rate of slippage events has 
been shown to increase with increasing length of blocks of repeats for (CA)n 
sequences in M13 (Levinson and Gutman, 1987b) and for (CTCTT)n sequences 
in Escherichia coli (M urphy et a l, 1989). This association m ay also hold true 
for minisatellites, especially those with smaller repeat lengths; in general the 
loci with large arrays of short repeats show extreme variability. For example, 
MSI (the most variable hum an locus characterized) Ms6-hm, and Hm-2 have 
small repeats, (9, 5 and 4bp) and are therefore quite similar to microsatellites. 
Recently polym orphic trinucleotide repeat sequences have been discovered 
within the regions responsible for fragile X-linked mental retardation ((CGG)n), 
m yotonic dystrophy (DM, (CTG)n), (reviewed by Richards and Sutherland,



Chapter 9 /  95

1992) and X-linked spinal and bulbar m uscular atrophy (Kennedy's disease 
(C AG)n, La Spada et a l, 1991). Intriguingly, all the evidence points to an 
increase in copy num ber of the repeat sequences being responsible for the DNA 
instability in these disorders, although the molecular basis for this remains 
unknow n. In norm al individuals the fragile-X CGG repeats have a copy 
num ber betw een 6 and 54; carrier males, which have a m uch increased 
probability of further m utation and array expansion have between 52 and 200 
repeats, affected individuals have over 200 repeats (Fu et a l, 1991). There is 
evidence that meiotic recombination is not the cause of the change in copy 
num ber, since flanking m arkers are not exchanged. At the fragile X and 
m yotonic dystrophy repeats, the copy num ber of the repeat has a dram atic 
affect on the likelihood of further expansion of the array and progression to a 
fu lly  affected phenotype in following generations. W ithin an affected 
ind iv idua l, the germ line instability of carrier m ales extends to som atic 
instability, with multiple alleles or a heterogeneous smear of bands detected in 
affected individuals (Fu et al, 1991). On the basis of copy num ber, therefore, it 
w ould not be surprising that Hm-2 with a tandem  array of 500 to 5000 repeats 
would be massively unstable, and in many respects the variability seen at Hm- 
2 m irrors high copy num ber DM and fragile X repeats; a large repeat array 
undergoes frequent m utation both in the germline and soma.

The sequences of both the DM and Kennedy's disease repeats are 
essentially  the sam e, although transcrip tion  is from  opposite  strands. 
Interestingly, this sequence (..GCA..) bears the sam e relationship to Hm -2  
(.GGCA.) as H m -2  does to M s6-hm  ( GGGCA.). A lthough there was no 
significant correlation betw een array length and m utation rate at H m -2  
(chapter 5), this m ight reflect a threshold that is below the size of all of the 
alleles analysed, but is otherwise similar to the situation in the fragile X and 
DM repeat sequences. In the latter cases, selection m aintains the array size at 
low copy num ber, whereas m aybe Hm-2  is an unstable sequence that has 
escaped the constraints of selection.

Thus there is evidence that location near a recom binational hotspot 
m ay be the major factor at some loci, or else chance expansion of tandem  
repeats past a threshold level promotes further m utation. The midisatellites 
which are yet to be fully characterized may be examples of minisatellites that 
have passed this threshold.
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9.5 Mutation and variability at Hm-2

9.5.1 Germline m uta tion

The germ line m utation rate to new length alleles at Hm-2  has been 
estim ated as 3.6% per gamete (chapter 5a). This puts the locus am ongst the 
m ost unstable minisatellites yet characterized, despite the degree to which this 
rate is underestim ated due to the large allele sizes and short repeat sequence 
preventing detection of small length changes. Like other minisatellite loci this 
high m utation rate was reflected in high allelic length variability  w ith 
heterozygous individuals found even within an inbred strain. Variation was 
restricted to some extent, as shown by the clustering of BL/ 6  and DBA allele 
sizes in BXD RI mice (figure 4.7). Thus although the frequency of m utation
events was great enough such that all alleles in the BXD mice were of different
sizes, the am ount of length change accompanying each m utation event was 
small, and therefore allele lengths tend only to depart gradually  from their 
original length. The difference in typical allele sizes in different populations of 
C57BL/6 and CBA mice (section 6 .2) presum ably reflects the effects of this 
gradual drift coupled w ith regular population bottlenecks in commercial 
colonies.

9.5.2 Applications o f a highly variable marker

The extreme variability seen at Hm-2 w ould suggest that the locus 
would be an ideal polymorphic marker (see chapter 1), and Hm-2 and Ms6-hm 
complemented each other in that they were controls against DNA mixing, and 
gave proof of parentage in the pedigrees used in this study. However, the 
extreme instability of Hm-2 would detract from some applications, such as 
quality control of inbred strains, since a strain specific pattern would soon vary 
even in the absence of contamination.

The fate of m utant cells resulting from an early somatic m utation will 
be reflected in the distribution of mosaicism in adult tissues. Thus somatic 
m utan t alleles m ight provide inform ative and innocuous lineage markers. 
The m ost im portant features of lineage m arkers are heritability, ubiquitous 
distribution, and in situ detection (reviewed by Rossant, 1987). Minisatellite 
m arkers fulfil the first two criteria and would be developm entally neutral. 
The uses w ould be lim ited, how ever, because the m ajority of naturally
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occurring new mutations occur at the first few cell divisions and w ould be less 
likely to provide information about later developmental pathways.

9.53 Somatic m utation a t m inisatellites

In com plete con trast to the overw helm ing  m ajority  of o ther 
characterized m inisatellites, both Hm-2 and M s6-hm  undergo a significant 
level of m utation in somatic cells (Kelly et a l, 1991, chapter 5b). Mitotic events 
have been shown to occur at other (human) loci by PCR amplification of DNA 
from sperm  and blood (Jeffreys et a l, 1990), and analysis of tum ours (Armour 
et a l,  1989a). The rates observed (a m axim um  of 4 x10-6 per mitosis in 
gastro intestinal tum ours (Arm our et a l, 1989)), however, were very low in 
com parison to H m -2  and Ms6-hm  and in general, o ther hypervariab le  
m inisatellites appear to be som atically stable. Furtherm ore, the available 
evidence strongly suggests that the somatic m utations at Hm-2 and M s6-hm  
are predom inantly  confined to the first few cell divisions post fertilization 
(chapter 7), whereas there has only been one example from over 6000 hum an 
single locus profiles of a hum an minisatellite somatic m utation with the same 
characteristics of high dosage (detectable by conventional Southern blotting 
techniques) and presence in different tissue layers (detected in blood and buccal 
cells) sim ilar to the m utations seen at H m -2  and M s6-hm  w hich m ight, 
therefore, have resulted from an early somatic m utation (A.J. Jeffreys and I. 
Patel, personal communication).

9.5.4 W hat is the basis for the early som atic m utation events a t  M s6-hm  and 
Hm-2

There are two central questions; firstly, w hy do these particu lar 
sequences have a high somatic m utation rate when other m inisatellites do 
not? Secondly, why do these m utations occur predom inantly w ithin a certain 
developm ental period?

The majority of somatic m utations at Hm-2 occur during the first few 
cell d ivisions (chapter 7), and  therefore som e process, specific to or 
concentrated at this time is raising the m utation rate at these m inisatellite 
arrays. The 1 to 2-cell stage is a period m arked by a num ber of im portant 
developm ental events, notably  the activation  of transcrip tion  by the 
em bryonic genom e and the inactivation or degradation  of m uch of the 
m aternal mRNA (review ed by Telford et a l, 1990). In sum m ary, RNA
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synthesis is initiated at the 1-2 cell stage which is reflected in changes in 
protein patterns within the same period, although protein synthesis through 
the first cleavage is supported almost exclusively by m aternal mRNA. Many 
transcripts found in 2-cell embryos are not present in the oocyte and appear to 
represent a set of embryo specific genes (Taylor and Piko, 1987). Furthermore, 
the turnover and degradation of these early embryonic transcripts is variable, 
suggesting that some proteins are transiently expressed. W ith this in mind, a 
plausible cause of elevated m utation m ight be the transient expression of 
factor that prom otes instability, the levels of expression of this factor would 
closely follow the pattern  of m utation show n in figure 7.2., and could also 
account for sequence specificity by binding only to (G)GGCA repeats. However, 
at least one invariant GGGCA array is present in the m ouse genome (BIO, 
Kelly 1990), although this had a length of only 4 repeats. If this region is truly 
stable and not simply a 'frozen accident' this suggests that any binding activity 
is size dependant. This is consistent w ith the observation that at least one 
minisatellite binding protein requires a m inim um  of two 12 nucleotide G-rich 
repeats for binding, and the efficiency increases if a substrate with 5 repeats is 
used (Collick and Jeffreys, 1991). A rem aining question is w hat role such a 
protein may play within the cell.

An alternative explanation for somatic m utations is that merely due to 
their extreme length these sequences generate early somatic instability. The 
rem arkably high rates of m utation seen at fragile X CGG repeats have been 
suggested to arise from difficulties for DNA replication through regions of 
short repeats; once the num ber of repeats has passed a threshold level (-50 
repeats) replication pauses within the repeats, with subsequent resolution of 
the free ends by an error-prone mechanism (Fu et a l, 1991). This agrees with 
the association of free ends with slippage in vitro; Schlotterer and Tautz (1992) 
proposed that the polym erase enzym e leaves the synthesized strand  and 
slippage occurs before a new polymerase complex is established. The single 
stranded 'bulge' created may then be the target of repair mechanisms, which 
either recreate the original copy num ber or elongate the other strand.

W hat could account for the increased error rate during the first few cell 
divisions? One possibility is that some factor required for replication, such as 
the availability of nucleotides, is at a lim iting concentration in the early 
embryo. Thus the polymerase complex may stall or incorporate incorrect bases 
creating m ism atches w hen long stretches of repeats are encountered , 
particularly in regions that are last to be replicated. When metabolic inhibitors 
are added to block de novo purine synthesis 55% of embryos are blocked at the
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1-cell stage, and the rem ainder at the 2-cell stage (Alexiou and Leece, 1992). 
This suggests that the store of m aternal nucleotides in the fertilized egg is 
sufficient only for at most a single cell division, and thus tow ards the end of 
the first replication, the concentrations of nucleotides are reaching a 
m inim um , and only begin to rise when fresh synthesis begins at the 2-cell 
stage. Perhaps, therefore, the determining factor is the distance a suitable 'error 
prom oting' repeat lies from an origin of replication.

A related question is "why have early somatic m utations not been 
observed more often at hum an loci?" If a transiently expressed minisatellite 
b inding protein is responsible, this may simply be absent in hum an cells, or 
since the activation of the hum an embryonic genome occurs later than in 
mice, at the 4 to 8 cell stage, patterns of expression m ay be different. 
A lternatively large arrays of (G)GGCA repeats m ay be absent in hum ans, 
although there has been no specific search for such sequences in the hum an 
genome and currently all hum an minisatellites isolated have repeat sequences 
>8bp, and therefore copy num bers m uch lower than H m -2  and M s6-hm . 
N either Mm3-1 or 9.2 produce good fingerprints from hum an DNA, despite 
the presence of core related m inisatellites, and as further circum stantial 
evidence, when the 9.2 GGCA probe was used to probe a hum an genomic 
library the two m ost strongly cross-hybridizing clones contained variable 
m idisatellites with GGAA based repeat sequences (Ian Gray, pers comm). 
Extreme instability has also been observed in fragments detected by a GGCA 
probe in chickens (J.T. Epplen, pers comm), although the nature  of this 
variable region is unknown.

It is not yet clear to what extent minisatellite repeat sequences are species 
specific; perhaps the amplification to large arrays is random  with respect to the 
starting repeats, thus large (G)GGCA minisatellites and the associated early 
som atic instab ility  m ay be found  only  w ith in  a subset of species. 
Characterization of further large minisatellite arrays would help to determine 
the factors responsible for somatic instability.

9.53. W hat is the basis for the different incidence o f som atic m utation in Fj 
and F2 mice a t Hm-2 and Ms6-hm?

There was a significantly higher num ber of somatic m utations at Hm-2 
observed in Fi mice when compared to F] mice (section 5b.4). This was also 
the case at Ms6-hm  (Kelly, 1990). An increase in m utation in Fi hybrids has 
some similarities to the hybrid dysgenesis seen in some Drosophila crosses.
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which has been shown to be the result of activation of P element transposition. 
Dysgenesis occurs when a male of a P element bearing strain is crossed with a 
female which lacks P elements (M strain). The offspring of such a cross have 
high  levels of m utation and chrom osome rearrangem ents which usually 
resu lt in sterility, w hereas m atings w ith P strain  females produce viable 
offspring which have a P cytotype. P elements code for a transposase which is 
transcribed in germcells. A truncated version of this protein is produced in 
somatic cells and it is believed that this acts as a repressor of transposition. 
Thus dysgenesis only occurs when P elements are introduced into m aternal 
germcells in which the repressor is not present in the cytoplasm (Snyder and 
Doolittle, 1988).

Somatic m utations at H m -2, however, are equally likely to occur in 
m ale or female mice and to have come from the the m aternal or paternal 
allele. Also the differences in m utation rate are not large and furtherm ore 
m utations were seen in the pure bred founder strains.

Another possibility is that there is a strain specific effect on m utation 
rate. No mutations were seen in the DBA founder mice although the number 
of founder strain mice analysed was small and the different incidence of 
m utation  was only of m arginal significance (5 m utations in 34 alleles in 
C57B1/6 mice, 0/24 in DBA mice and 1/16 in CBA mice, 0.1>p>0.05).

Engler et al., (1991) describe a strain specific modifier responsible for 
m éthylation of a transgene in C57BL/6 mice independently of the transgene's 
location. This méthylation was gradually lost as the genes were bred into a 
DBA background, b u t could be re tu rned  by crossing an unm ethylated  
transgene into a m ethylating strain. M éthylation has been proposed to 
interfere w ith site specific recombinase activity (Engler et at., 1991); in mice 
w ith m ethylated and unm ethylated copies of the transgene described above 
(which contained V(D)J joining target sequences) the unm ethylated copies 
could be rearranged whereas the methylated copies were not.

Analysis of a m éthylation sensitive H pall site im m ediately flanking 
Ms6-hm  dem onstrated some evidence for tissue and strain specific differential 
m éthylation  (Kelly 1990), w ith increased m éthylation in C57BL/6 mice 
particularly in brain DNA. Similarly, a Hpall site located 3' to the Hm-2 GGCA 
repeats (outside the 9.2 clone) in tail DNA was analysed. A lthough both 
C57BL/6 and DBA DNA showed partial méthylation, a greater proportion of 
the DNA was cut by Hpall in DBA mice than in C57BL/6 mice suggesting slight 
differential méthylation (data not shown). This is the opposite relationship 
between m éthylation and increased m utation to that described by Engler et al,
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although  obviously  the processes of site specific recom bination  and 
m inisatellite m utation are different.

A ssum ing that the difference in m utation rate betw een the parental 
C57BL/6 and DBA strains is real it is possible to theoretically explain the 
different m utation rates in Fi and F2 mice by the m ixture and dilution of 
factors determining high and low level m utation rate. Thus in C57BL/6 mice 
this factor is at a high level, but low in DBA mice (Although the variation 
within strains may mean the distributions overlap). In the Fi hybrids all mice 
are interm ediate, and the m utation rate is higher than in the DBA mice but 
lower than in the C57BL/6 mice. In the F2 the variance is increased which 
could account for the decrease in m utation rate in F2 mice if the association 
betw een the m utation rate and the level of 'm utation prom oting factor' is 
non-linear.

Possible factors which may be influencing the incidence of somatic 
mutation are the level of nucleotides in the early embryo or the expression of a 
minisatellite recombinase (see section 9.3.4). Both of these could be candidates 
for explaining differential m utation rates in F% and F2 mice if, for example, 
nucleotide stores are strain specific or strain specific méthylation promotes or 
represses recombinase activity.

This phenom enon requires further investigation for any conclusions to 
be drawn. Particularly, the mutation rate within different inbred strains needs 
further quantifying, and the change in m utation rate in hybrid strains and 
hybrids backcrossed to parental strains requires investigation.
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9.6 Final Conclusions

The isolation of a second hypervariable locus, H m -2, confirm ed the 
existence of the phenomena observed at Ms6-hm and is a step tow ards finding 
sim ilarities between such loci which m ay reveal the biological mechanisms 
involved in the generation of variability. It m ust be rem embered that only a 
subset of minisatellite loci have been investigated, and that these are typically 
the most active and variable. It is counter-intuitive, however, that a single 
mechanism affecting defined sequences could account for the sheer variety of 
different variable and non-variable tandem ly repeated sequences within the 
genome, but rather, that several different factors prom ote variability, these 
may not be m utually exclusive, and chance may play a very large part in the 
initial expansion of repeat arrays.

The extraordinary incidence of somatic mosaicism seen at Ms6-hm  and 
Hm -2  dem onstrates that not all m inisatellites behave the sam e way, and 
suggests that further study of minisatellites will produce other surprises.
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Appendix A: Computer simulation of early somatic mutations

240-360 allocate 2-7 cells to the ICM at the 16 cell stage. The probabilities 
of each are taken from Fleming 1987. Only one of the two daughter cells may 
be allocated to simulate a periclinal or oblique division (Sutherland et a l, 1990)

370-420 increase size of array to 32, calculates further mutations and 
determines any further allocation of cells to the ICM.

430-467 increases array to 64, checks for mutation, then bins mutations 
according to dosage in the ICM.

480-500 used for verifying program.
505-END prints results.

Subroutines

520-560 prints entire array of cells; used for verifying program  (routine 
never called).

570-670 calculates dosage in the trophoblast and ICM. M is a count of the 
num ber of mutation events per run (each 'embryo'). If this is >1 then the 
dosages will be affected, line 640 flags this and the mutation is not included in 
the totals. Lines 650 and 660 are used to verify program.

680-920 determines mutations at each cell stage.
680-760 doubles array size, each previous cell is given two 

identical daughter cells.
770 random ly determines mutation, 'tim ' records which cell 

division mutation occurs. Nb. model assumes a m utation is inherited by only 
one of the two daughter cells.

800-840 Mutation allocated to either daughter cell.
850 used for verifying program
910-920 change the probability of m utation at each cell division.

930-1060 Allocates further cells to ICM to bring the total at the 32-cell 
stage to between 10 and 16. The probabilities of each are taken from Fleming 
1987.
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1070-1130 Chooses a random  cell until a non-ICM cell is found, then 
changes to an ICM cell.

2000-21000 Adds to bin totals. D1 to D6 contain the estimated time of 
m utation from the dosage in the ICM (DO counts the m utations which failed to 
enter the ICM). The actual cell division at which the m utation was generated 
is stored in REALT(l-6).

Program

10 CLEAR
15 D0=0:D1=0:D2=0:D3=0:D4=0:D5=0:D6=0:FAIL=0 
20 DIM a(64): REM ARRAY OF CELLS
30 INPUT MUTATION RATE"; U
35 REALU=U: REM REQUIRED IF U CHANGES DURING RUN
40 INPUT "NO OF RUNS"; NR
77 DIM REALT(6): REM COUNTS NO OF MUTATIONS AT EACH DIV 
80 FOR NO=l TO NR
90 REM RESET VARIABLES AT THE START OF EACH NEW RUN 
RANDOMIZE TIMER
95 U=REALU: REM RETURNS U TO ORIGINAL VALUE FOR NEW RUN
1001=0: REM HOLDS CURRENT CELL DIVISION (1-6)
110 ICM=0: REM NUMBER OF CELLS IN ICM
120 N=0:M=0: REM COUNT
130FORCL=1 TO 64 
140 a(CL)=0 
150 NEXT CL
160 TR=0: REM NUMBER OF TROPHOBLAST CELLS
1 70 IM=0: REM NUMBER OF MUTANT ICM CELLS
180 TM=0: REM NUMBER OF MUTANT TROPHOBLAST CELLS
190 T=l: REM TOTAL CELL NUMBER
200 REM FIRST FOUR DIVS
210 FOR 1=1 TO 4
220 GOSUB 680:REM CREATES ARRAY AN D CALCULATES MUTATIONS 
230 NEXT J
240 REM DETERMINES NUMBER OF CELLS INTO ICM (FLEMING)
250 K=RND(1)
260 IF K<.24 THEN ICM=7: GOTO 320 
270 IF K<.44 THEN ICM=6: GOTO 320 
280 IF K<.65 THEN ICM=5: GOTO 320 
290 IF K<.87 THEN ICM=4: GOTO 320 
300 IF K<.96 THEN ICM=3: GOTO 320 
310 IF K<.101 THEN ICM=2: GOTO 320 
320
330 TR=16-ICM
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340 FOR L=1 TO (2*ICM) STEP 2
350 a(L)=a(L)+10
360 NEXT L
370 REM 32 CELL STAGE
380 ICM=ICM*2
390 TR=TR*2
400 J=5
410 GOSUB 680:REM CALC MUTATIONS
420 GOSUB 930:REM ALLOCATE ANY FURTHER CELLS TO ICM
430 REM 64 CELL STAGE (IF WANT ONLY 32 GOTO 440)
432 ICM=ICM*2
433 TR=TR*2 
435 J=6
437 GOSUB 680:REM CALCULATE MUTATIONS 
440 GOSUB 570:REM CALCULATE DOSAGE 
450 ICMR=(IM/ICM)
460 TRMR=(TM/TR)
467 IF M>=1 THEN GOSUB 2000:REM BIN 
470 NEXT NO :REM *END OF ONE RUN’̂
480 REM FOR 1=1 TO (NO-1)
490 REM PRINT "ICM ";ICMR(I);" TR ";TRMR(I);WARN$(I) 
500 REM NEXT I 
505 CLS
507 PRINT "ESTIMATED CELL DIVS: 1=";D1;"2=";D2;"3=";D3 
PRINT "4=";D4;"5=";D5;"6=";D6;"0=";D0 "FAILS=";FAIL
508 PRINT "REAL CELLDIVS";
509 FOR Z=1 TO 6 :PRINT Z;"=";REALT(Z);:NEXT Z 
INPUT a
END

520 FOR P=1 TO T 
530 PRINT a(P);
540 NEXT P
550 PRINT "NO MUTS="; M 
560 RETURN

570 REM CALCULATE T AND ICM MUT DOSAGE 
580 REM BUT DOESN'T DISTINGUISH BETWEEN 
590 REM DIFFERENT MUTATION EVENTS 
600 FOR G=1 TO T
610 IF a(G) >0 AND a(G) <10 THEN TM=TM+1 
620 IF a(G) >10 THEN IM=IM+1 
630 NEXT G
640 IF M>1 THEN WARN$="!!!!"
650 REM PRINT "ICM MUT ";IM;"/";ICM;" = ";IM/ICM 
660 REM PRINT "TROP MUT ";TM;"/";TR;" = ";TM/TR 
670 RETURN
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680 REM CALCULATES NEXT MUTATION STAGE 
690N=2^(J-1)
700 FOR I = N TO 1 STEP-1 
710 X=RND(1)
730 a=(2’̂ I)-l 
740 B=2*I 
750 a(B)=a(I)
760 a(a)=a(D 
770 IF X<U THEN 
780 M=M+1
785 tim=J :REM IF MORE THAN ONE MUT WILL BE REJECTED LATER ANYW AY  
790 Y=RND(1)
800 IF Y<=.5 THEN 
810 a(a)=a(a)+l 
820 ELSE 
830 a(B)=a(B)+l 
840 END IF
850 REM PRINT A,A(A),B,A(B)
860 ELSE 
870 END IF 
880 NEXT I 
890 T=T*2
910 IF J=1 THEN U=.026 
915 IF J=2 THEN U=.0042
917 IF J=3 THEN U=.000044
918 IF J=4 THEN U=.0017
919 IF J=5 THEN U=.00106
920 RETURN

930 REM CHANCE OF FURTHER ALLOCATIONS 
940 XX=RND(1)
950 IF ICM<10 THEN
960 REM ADD ONE TO ICM UNTIL =10 (MINIMUM)
970 GOSUB 1070 
980 GOTO 950 
990 ELSE
1000 IF XX>.08 AND ICM<11 THEN GOSUB 1070: GOTO 1010 
1010 IF XX>.267 AND ICM<12 THEN GOSUB 1070: GOTO 1020 
1020 IF XX>.454 AND ICM<13 THEN GOSUB 1070: GOTO 1030 
1030 IF XX>.621 AND ICM<14 THEN GOSUB 1070: GOTO 1040 
1040 IF XX>.808 AND ICM<15 THEN GOSUB 1070: GOTO 1050 
1050 IF XX>.975 AND ICM<16 THEN GOSUB 1070: GOTO 1060 
END IF 
1060 RETURN
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1070 REM ADD ONE RANDOM CELL TO ICM 
1080 cell=INT(32*RND+l)
1090 IF a(cell)>=10 THEN GOTO 1080
1100 a(cell)=a(cell)+10
1110 ICM=ICM+1
1120 TR=TR-1
1130 RETURN

2000 REM CALCULATE BINS
2005 IF WARN$="!!!!" THEN WARN$ = "" :FAIL=FAIL+1 :GOTO 21000
2008 IF ICMR<.03 THEN DO=DO+1:EST=0:GOTO 2100
2010 IF ICMR>=.03 AND ICMR<=.05 THEN D6=D6+l:EST=6:GOTO 2100
2020 IF ICMR>.05 AND ICMR<=.1 THEN D5=D5+l:EST=5:GOTO 2100
2030 IF ICMR>.1 AND ICMR<=.2 THEN D4=D4+l:EST=4:GOTO 2100
2040 IF ICMR>.2 AND ICMR<=.4 THEN D3=D3+l:EST=3:GOTO 2100
2050 IF ICMR>.4 AND ICMR<=.6 THEN D2=D2+l:EST=2:GOTO 2100
2060 D1=D1+1:EST=1
2100 PRINT NO,EST,B
2110 REALT(tim)=REALT(tim)+l
tim =0 :ICMR = 0
21000 RETURN
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Appendix B: Iterative *best fit' program

This program  was used to calculate the m utation rates per division which 
best fitted the frequency distribution of the observed m utant allele dosages. 
The program  was written and compiled using QuickBASIC (Microsoft).

b l  to b6 are the observed numbers of mutation per bin (table 7. 
p i  to p6 are the true numbers of m utations per division 
e x b l to exb6 contain the expected num ber of mutations per bin with each 

different value of p i  to p6. These are used to calculate the individual terms 
which are stored in ch il to chi6.

f p l  to fp6 store the current l)est' set of p i  to p6, based on the lowest 
calulated which is stored in chilow.

The spread of values of p i  etc tested are determined by the FOR... NEXT.. 
STEP loops. To avoid excessive computing time these are altered to 'home in' 
with increasing accuracy on the values which best fit the observed data. The 
values shown were those used to arrive at the final figures for p i  to p6.

The program  returns the values of p i  to p6 which best fit the observed 
totals (b l to b6) and the value of

For further details see section 7.6.
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bl=3
b2=4
b3=21
b4=ll
b5=10
chilow=10000 
FOR p i =8.7 TO 8.2 STEP -.1 

PRINT p i 
exbl=.33*pl 
chil=(bl-exbl)^2/exbl 
FOR p2=29.5 TO 28.5 STEP -.1 

exb2=.3*pl +.G7*p2 
chi2=(b2-exb2)^2/exb2 
FOR p3=9.5 TO 7.5 STEP -.1 

exb3=.3*pl+.6*p24-.l *p3 
chi3=(b3-exb3) ̂ 2/exb3 
FOR p4=3 TO .1 STEP -.1

exb4=.05*pl+. 17*p24-.59*p3+.35*p4
chi4=(b4-exb4)^2/ exb4
FOR p5=15.5 TO 14.5 STEP -.1

exb5=.01’̂ pl+.08*p2+.13’"p3+.14*p4+.42’̂ p5 
chi5=(b5-exb5)^2/ exb5 
chi=chil +chi2+chi3+chi4+chi5
IF chi<chilow THEN fpl=pl:fp2=p2:fp3=p3:fp4=p4:fp5=p5 
IF chi<chilow THEN chilow=chi 

NEXT p5 
NEXT p4 

NEXT p3 
NEXT p2 

NEXT p i 
PRINT "pl=";fpl 
PRINT "p2=";fp2 
PRINT "p3=";fp3 
PRINT "p4=";fp4 
PRINT "p5=";fp5 
PRINT "chi=";chilow 
INPUT a 
END
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