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I. THE DYNAMIC
MUTATION PROCESS

Trinucleotide repeat disease alleles can un-
dergo ‘“dynamic” mutations in which repeat number
can change when a disease gene is transmitted from an
affected parent to an offspring (reviewed in [1]). The
molecular basis of dynamic mutation is of great funda-
mental interest and stands in contrast to the static nature
of classical nucleotide substitution mutations when
transmitted through families. The discovery of tri-
nucleotide repeat diseases has stimulated interest in
studying length mutations in microsatellite repeats with
the aim of understanding fundamental aspects of the
expansion and contraction processes.

In the dynamic mutation process, repeat instability
can be influenced by the number of repeats, the sex of
the transmitting parent, and the “purity” of the repeat
tract [1]. A role for DNA sequences linked and unlinked
to the repeat region has been proposed [2-4]. Addi-
tional factors such as age and even environmental influ-
ences may also be involved.

Studies on model systems involving trinucleotide re-
peats cloned in Escherichia coli, yeast, and mice [5~10]
have not yet been able to reproduce all the mutation
properties typical of the transmission of many large hu-
man disease alleles. Thus, understanding the contribu-
tion of the different factors involved in germline instabil-
ity of trinucleotide repeats in humans must be grounded
in a description of the human mutation process.

II. ADVANTAGES OF USING
SINGLE SPERM GENOMES FOR
ANALYSIS OF GERMLINE
MICROSATELLITE MUTATIONS:
COMPARISON TO FAMILY STUDIES

The study of microsatellite mutations in humans is
traditionally based on family studies and is subject to

several limitations. Since only a small number of off-
spring are available from any one family, the number
of available germline transmissions is relatively small
and is insufficient to estimate accurately the mutation
frequency in the parents. To obtain meaningful esti-
mates, data must be pooled from many different fami-
lies. Another potential problem is that family studies
based on analysis of DNA derived from lymphoblastoid
cell lines have dinucleotide repeat mutation frequencies
higher than in untransformed lymphocytes [11].

The finding that PCR can be used to determine the
genotype at a locus in a single human diploid or sperm
cell using PCR [12] or a diluted molecule from sperm
[13] led to alternative approaches to studying human
germline recombination and mutation. Single genome
analysis of gametes is a more precise way of measuring
mutation frequencies. The large sample sizes afforded
by single genome analysis make it possible to measure
accurately the mutation frequency and size distribution
of mutant sperm (mutation spectrum) at trinucleotide
repeat loci in a single individual. Since the meiotic prod-
ucts themselves are studied directly, mutations occur-
ring during the culture of lymphoblastoid lines and the
effects of biological selection following gametogenesis
or fertilization are eliminated. The ability to study muta-
tions in a single individual makes it easier to design
experiments to determine the role that different factors
play in contributing to microsatellite repeat instability.

III. METHODS OF SINGLE
GENOME STUDY

A germline mutation is defined in reference to the
size of the allele inherited at the time of fertilization.
In many of the trinucleotide repeat diseases this can
easily be determined by analysis of the allele size in
somatic tissues of that individual. In some of the dis-
eases, however (e.g.,, Frax A and DM), this is not so
easily accomplished since there can be extensive allele
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size heterogeneity in somatic tissues [1]. Single genome
analysis of trinucleotide repeat germline mutations has
been carried out in a number of ways (see below). Which
method to use will depend on many factors including
any problems associated with amplifying the particular
locus, the mutation frequency, and the size distribution
of the mutations.

A. Single Sperm Analysis

One method involves isolation of single sperm cells
(using flow cytometry, micromanipulation, or dilution)
followed by lysis, PCR, and allele length analysis using
electrophoresis. Single sperm typing has been carried
out at the HD, SBMA, SCA-1, DM, SCA-3, and Frax
A loci including normal, premutation, and disease al-
leles [14-20].

B. Small Pool PCR

An alternative approach is to use small pool PCR
(SP-PCR) [21]. Dilutions of DNA purified from tens
of millions of sperm are made such that each sample
contains 5-10 genomes. In such a diluted sample, PCR
product from a mutant genome will have an altered
electrophoretic mobility compared to PCR product
from the unmutated genomes. This method can more
easily detect mutations involving the addition or dele-
tion of many trinucleotide repeats, but one or two repeat
changes in large alleles are more difficult to verify due
to overlapping of the PCR ‘‘stutter” bands. SP-PCR
has been applied to the germline analysis of Frax A
premutation alleles [22] and both premutations and dis-
ease causing DM alleles [23].

C. Single Molecule Dilution

More extensive DNA dilutions, such that each sam-
ple carries on average a single or a fraction of a genome,
can also be made. This approach has been used success-
fully to study dinucleotide repeat mutations in human
tumor cells and tissues of mice lacking DNA mismatch
repair [24-27] as well as trinucleotide repeat mutations
in somatic tissues of patients with Huntington’s disease
[17]. If the mutation frequency is high, the sperm DNA
should be diluted to well below single copy level to
avoid samples containing two mutations. Compared to
single sperm typing, a larger number of PCR assays are
required since many aliquots will contain no template
molecules. An advantage is that it requires no special
technologies for sperm isolation.

D. Total Sperm PCR

Crude analysis of mutation spectra can be made in
single individuals by carrying out PCR on total DNA
samples purified from semen [28, 29]. Based on the
extent of the smear of PCR products after electrophore-
sis, the degree of triplet repeat mutation can be evalu-
ated on a gross level, with maximum, minimum, and
modal values of allele size deduced from densitometric
analysis. One advantage of this method is that the gen-
eral level of stability at a locus can be estimated in a
very large number of individuals with relatively little
effort. Problems with this approach include the lack of
detail in the mutation spectra which are critical for some
analyses (see below). For example, faint signals derived
from a small subset of the sperm population may be
obscured by the inherent PCR stutter from more abun-
dant allele sizes. Perhaps more serious is the possibility
that data from amplification of total sperm DNA will
be strongly biased toward smaller alleles due to their
competitive advantage during PCR.

IV. IN VITRO PCR ARTIFACTS
ARE MINIMAL

Single genome analysis requires many PCR cycles
for detection of PCR product. Because of the possibility
that PCR artifacts might result in in vitro generated
mutations, specific control experiments have been de-
signed to assess the likelihood of such artifacts.

A. Contamination

One possible artifact is that any observed mutation
might result from contamination by DNA template de-
rived from another individual or previously amplified
PCR product. Experiments that yield positive results
from no DNA template control samples should be
viewed with caution. Contamination of the sample DNA
with the genomic DNA from another individual can be
examined in the case of single sperm typing by simulta-
neously amplifying tightly linked informative markers
[17, 30].

B. PCR Stutter

Another possible artifact is that mutations may result
from events that take place during PCR. Amplification
of most di- and trinucleotide repeats using total genomic
DNA as template typically results in the appearance of
minor PCR products with altered repeat lengths. This
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could be the consequence of somatic heterogeneity in the
tissue from which the DN A was isolated or DNA replica-
tion slippage events during amplification. That PCR
alone is capable of producing “stutter” is documented by
the stutter patterns detected when using a single DNA
molecule as template [17, 19, 20, 31]. Only PCR artifacts
that occur in the first few cycles have a chance of pro-
ducing detectable amounts of product which could be
counted as a true in vivo mutation. Such false mutations
are more likely to be observed as contractions than
expansions since a smaller template generated by a PCR
slippage error could increase in relative frequency due to
a selective advantage during amplification.

C. Amplification Bias

If the PCR assay detects unmutated allele sizes more
readily than mutated allele sizes a bias in the mutation
frequency and mutation spectrum will result. This could
occur if many mutants were expanded beyond a size
possible for efficient amplification. A specific criterion
can be used to test for such a bias. According to Men-
del’s laws, approximately S0% of single sperm genomes
from an individual heterozygous for a normal allele and
a disease allele would be expected to contain the normal
allele. The disease allele and all mutations derived from
it should make up the remaining 50%. The detection of
a significantly large excess of the normal allele could
suggest that not all mutations are detectable. In the case
of HD [17] there does not appear to be any bias. This
might not be the case for very large Frax A or DM
alleles, which are more difficult to amplify. An alterna-
tive explanation for a deviation from Mendel’s laws
in sperm typing data is segregation distortion [18, 30].
Specific methods for detecting segregation distortion in
sperm typing data have been developed [30].

D. Experimental Approaches to PCR
Artifact Detection

An experimental strategy has been used [19, 32] to de-
termine whether asingle sperm identified as a mutant was
misclassified due to an artifact during amplification or re-
sulted from a true germline mutation event (Fig. 37-1).
Single sperm are amplified for 6 PCR cycles. Half of the
PCR product is removed from each sample and saved.
The reaction is continued without any interruption with
the remaining material and the final products analyzed
to detect samples with a mutation. If a sperm with a muta-
tion is identified, the corresponding PCR product that
had been saved after 6 cycles can be analyzed. If the origi-
nal sperm had a mutation, the molecules in the saved por-

tion (half the duplexes produced after 6 cycles, or approx-
imately 32 molecules maximally) should have the
mutated allele. However, if the sample originally con-
tained a normal molecule and a mutation occurred in the
first PCR cycle (or later), a mixture of normal and mutant
molecules would be present. Thus, to distinguish be-
tween in vitro and in vivo mutations, PCR is carried out
on single molecule dilution aliquots from the saved sam-
ple that had undergone the first 6 PCR cycles. If normal
molecules are present in these aliquots, the original
sperm must have been normal. We have never found evi-
dence for PCR artifacts contributing to misidentification
of a sperm as being normal or mutant.

Another way of assessing the possible role of PCR
artifacts in single genome analysis is to compare the size
distribution of sperm mutations with the size distribu-
tion of mutations in somatic DNA from the same indi-
vidual as determined by single molecule dilution experi-
ments [17]. For example, analysis of HD sperm [17]
from one donor with 51 CAG repeats in his somatic
DNA showed a mutation frequency of 99% with a mean
change of +21 repeats. Single molecule dilution analysis
on somatic lymphoblastoid DNA from this donor was
also carried out. Among the 30 disease-length molecules
examined, seven events with a change of —1 repeats
and three events with a change of +1 repeats were
detected for a mean change of —0.13 repeat. Whether
the variation in allele size in somatic DNA is due to PCR
artifact, some variation in allele size among individual
lymphoblast cells (possibly occurring during cell cul-
ture) or due to the inherent error in the exact measure-
ment of molecular weight of the PCR product cannot
be determined. Similar studies were carried out on
sperm and somatic DNA from a donor with 36 repeats
[17] which also showed that somatic variation was re-
stricted compared to that of the germline. We conclude
that the observed variation in single sperm allele sizes
is due to germline mutation events.

V. SINGLE SPERM STUDIES
ON SBMA

SBMA is arare disease caused by CAG repeat expan-
sions in the coding region of the X-linked human andro-
gen receptor (AR) gene [33]. Clinically, SBMA is char-
acterized by adult-onset proximal muscular atrophy
with bulbar involvement and slow progression [34]. Af-
fected individuals have more than 40 repeats.

A. Mutability of
Non-Disease-Causing Alleles

The first studies to analyze trinucleotide repeat germ-
line mutations using single genome analysis [19] focused
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FIGURE 37-1 Outline of the control experiment showing that mutations detected by
sperm typing do not result from PCR artifacts. Six cycles of PCR are carried out on
individual sperm in a microtiter plate. Half the volume from each well of the microtiter
plate is taken and saved. PCR on the remaining sample in each well is continued.
Electrophoresis of PCR product (lower right) will reveal whether any sperm is unmutated
(U) or underwent a mutation (C = contraction). The saved aliquot from the well exhibit-
ing the contraction is diluted to single copy level and amplified. Following electrophoresis
(lower left) only mutated PCR products are expected if the original sperm itself had
been mutated in vivo. Reprinted by permission of Nature Publishing.

on how disease alleles might arise from normal alleles
at the AR locus. The mutation frequency of normal
alleles with the average repeat number in the population
(20-22 repeats) was compared to the mutation fre-
quency of alleles at the highest end of the normal range
(28-31 repeats) but below the repeat number that
causes disease.

Of 685 informative sperm from three individuals with
alleles in the average size range (20-22 repeats), 1.33%
were found to be mutated. Among 1253 informative
sperm from four normal individuals with alleles in the
28-31 repeat range, the mutation frequency was 3.21%,
a significantly larger proportion.

Most mutations were contractions. Contractions
among the 28- to 31-repeat alleles occurred at a fre-
quency of 2.9% compared to a frequency of 0.9% for the
alleles of average size. This difference is also statistically
significant. On the other hand, the expansion frequen-
cies of the two allele size classes were much smaller and
not significantly different from each other (0.31 and
0.43%, respectively). About half of the contractions and
expansions observed involved one or two repeat
changes.

It is interesting to note that the great excess of con-
tractions over expansions (9:1) typical of the large
(28-31 repeats) normal alleles at the AR locus would

make it difficult for a normal allele to reach the repeat
number required to become a disease allele. This may
explain the lack of success in detecting alleles in the
33-39 repeat range in studies of normal populations.
This would also explain the low prevalence of SBMA
and why, compared to Huntington’s disease, no new
mutations have been documented for SBMA [35]. Addi-
tionally, the sexual dysfunction associated with SBMA
may also limit the number of 33-39 repeat alleles intro-
duced into the population by contractions of disease-
causing alleles in affected individuals (see Section V.B).

B. Instability of Disease-Causing Alleles

Studies on 1538 single sperm from two SBMA pa-
tients sperm ([20] and Grewal et al., unpublished stud-
ies) revealed mutation frequencies of 80% (49 repeat
individual) and 81% (47 repeat individual). The muta-
tion spectrum for one individual [20] is shown in Fig.
37-2. The expansion mutation frequencies (66 versus
55%) and mean change in allele size for expansions
(+2.7 versus +2.1 CAG repeats) were not significantly
different between the two patients.

These sperm typing results are consistent with the
limited data on transmissions of SBMA alleles pre-
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FIGURE 37-2 Distribution of allele size changes in single sperm from a patient with SBMA. The length of the donors
SBMA allele in somatic cells was 47 repeats. Arrow denotes the length of the allele in somatic cells. Reprinted by permission

of Nature Publishing.

viously reported in pedigrees [34, 36, 37]. In these fami-
lies, only 17 transmissions via affected fathers are re-
corded. Eighteen percent showed no change, 12% had
one repeat contractions, and 70% had expansions with
an average gain of three repeats. Although the family
data are generally consistent with the sperm typing data,
a more detailed comparison can only be made if larger
numbers of family studies with paternal transmissions
become available. This will be difficult given the low
incidence of the disease.

C. Comparison of the AR Locus
Mutation Properties between Normal and
Disease Alleles

The trinucleotide repeat mutation frequencies at the
AR locus of normal individuals can be compared to those
of the two SBMA patients. As the CAG repeat number
increases from normal to the disease range, the average
frequency of contraction increases about 20-fold. The av-
erage expansion frequency increases disproportionately
by about 165-fold (from 0.37 to 61%). Since the contrac-
tion frequency does not decrease proportionally with the
increase in the expansion frequency, the two mutational
events show an independence that may be due to distinct

molecular mechanisms [19]. For example, an additional
mutation process may engage only when allele size ex-
ceeds a threshold (disease-causing alleles) and lead pri-
marily, unlike the situation for normal alleles where con-
tractions predominate, to expansions.

VI. SINGLE SPERM STUDIES ON DM

A study on three sperm donors with large normal
alleles at the DM locus was carried out for comparison
with the AR locus [19]. The donors were heterozygous
for one allele at the high end of the normal range and
the 5-repeat allele predominant in the general popula-
tion. The single sperm were simultaneously amplified
for a tightly linked polymorphic marker to distinguish
which of the two DM alleles underwent a mutation
event. Based on 788 observations on all three individu-
als, no mutations were confirmed in the S-repeat allele
class. The mutation frequency estimate of a 20-repeat
DM allele (based on 249 observations) revealed contrac-
tion and expansion frequencies (0.8 and 0.4%, respec-
tively), quite similar to the results for the 20- to 22-
repeat allele size class at the AR locus. Analysis of a
27-repeat DM allele revealed a mutation behavior quite
different from normal alleles of a similar size at the AR
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locus. Based on 277 observations, the mutation fre-
quency of the 27 repeat allele was estimated to be 6%.
Even more surprising was the finding that expansions
were 5.5 times more frequent than contractions. Finally,
a 37-repeat allele that was expected to exhibit an even
higher mutation frequency showed only 1% expansions.
Unlike the 27-repeat allele, this larger allele underwent
more contractions (2.6%) than expansions.

The observation that the individual with 27 repeats
at the DM locus has an expansion frequency greater
than the donor with 37 repeats was unexpected. We
subsequently determined the DNA sequence of the 37-
repeat allele. Unlike all other alleles reported at the
DM locus we found that this allele had the structure
(CTG)4(CCGCTG)16CTG [31]. This structure could ex-
plain why the 37-repeat allele has a lower mutation
frequency than the 27-repeat allele. Interrupted repeat
tracts, as seen in normal alleles of SCA1 [38], SCA2
[39-41], and Frax A [14, 42, 43], play an important role
in reducing instability.

VII. SINGLE SPERM STUDIES
ON HD

Huntington’s disease (HD) is a dominant hereditary
neurodegenerative disorder, usually with an onset in
middle age, and associated with progressive disordered
movements, decline in cognitive function, and emotional
disturbance. A large, worldwide study [44] showed that
the repeat number at the HD locus in normal individuals
ranges from 10to 29 repeats. New disease alleles presum-
ably arise as aresult of a gradualincrease of normal alleles
into a repeat number range (29-36 repeats) referred to
herein as intermediate size alleles or reduced penetrance
alleles [45—48). These alleles can, in a single generation,
increase in size so as to cause clinical symptoms. Disease
alleles can be very much more unstable, especially in pa-
ternal transmissions.

A. Instability of Normal HD Alleles

Data on 475 sperm from five normal HD alleles [17]
in the 15-18 repeat range estimate a mutation frequency
of 0.6% resulting from one- or two-repeat contractions,
similar to a frequency estimate based on pedigree analy-
sis (0.2%) [49]. Both estimates are uncertain considering
the small number of mutations observed. Note also that
sperm typing estimates measure the mutation frequency
of specifically chosen allele sizes. Measuring the muta-
tion frequency for a particular allele size based on pool-
ing data from many different families segregating for
the same size allele will almost always lack sufficient

numbers for an accurate estimate. If the data for differ-
ent allele sizes are pooled, the estimate of the mutation
frequency is not allele size specific but represents an
average mutation frequency based on the average of
the allele sizes represented in the families.

B. Instability of Intermediate Size
HD Alleles

Alleles with as few as 29 repeats have been found in
fathers of offspring clinically affected with HD from
families with no previous history of the disease. It is
clear, however, that the definition of a new mutation
depends upon whether the father does or does not ex-
hibit a clinical phenotype (for a discussion see [16, 45]).

The instability of an intermediate allele carried by a
father can be examined by sperm typing. Among 163
sperm analyzed from an unaffected individual with a
36-repeat allele and in his fifth decade [17], 16% of the
gametes derived from the 36-repeat allele repeat (Fig.
37-3A) had expanded into the allele size range expected
to give a clinical phenotype (defined for this purpose
as a =38-repeat allele). The chance of having a clinically
affected child is, for this man, 8%. Recent sperm typing
studies [16] on an individual heterozygous for a 35-
repeat allele indicate a comparable risk of 2.3%. Studies
on two other individuals with 29 and 30 repeats [50]
showed the risk of having a clinically affected child as
0.1 and 0.3%, respectively.

The risk of a male carrier of an intermediate allele
having a child with HD may vary among individuals as
a consequence of cis-acting DNA sequences, related to
their haplotype [51], that affect mutation frequency (see
[16]). Regardless, the risk to any particular father carry-
ing an intermediate allele of having an affected child can
be determined directly using single molecule analysis.

C. Mutation Frequency of
Disease-Causing Alleles

Studies on three sperm donors heterozygous for al-
leles with repeat numbers >39 have been published
[17]. Among these individuals, 316 normal alleles were
detected, while 287 HD alleles were observed; this is not
statistically different from the expected 1:1 segregation.
Thus, both large and small alleles can be amplified with
almost equal efficiency.

Among the 287 sperm carrying disease causing
alleles from these three individuals, 96% differed in
size from the donors’ somatic HD allele; 93% were
expansions and 3% were contractions. Two-thirds of all
the samples were studied to distinguish between alter-
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FIGURE 37-3 Mutation spectra of sperm donated by four individuals heterozygous for a 36 (A), 39 (B), and 49
(C) and 51 (D) repeat HD allele. A sample from the individual with 39 repeats but taken 2 years later is also shown
(E). Arrows denote the length of the donor’s HD allele in somatic cells determined by analysis of lymphoblast
DNA. Figures A-D reproduced from Hum. Mol. Genet. 4,1519-1526, 1995, by permission of Oxford University Press.
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FiGuURre 37-3 (continued)

ations in the number of CAG repeats and in the less
polymorphic and immediately adjacent CCG repeats
[52, 53]. No mutations in CCG repeat number were de-
tected.

D. The Size Distribution of Mutations
Derived from Disease-Causing Alleles

The CAG repeat number distribution in single sperm
donors with 39, 49, and 51 repeat tracts are shown in
Figs. 37-3B-37-3D, respectively [17]. There is a signifi-
cant change in the size distribution of the expansion
mutations with increasing allele size. It can be seen to
progress from an apparently normal distribution around
the somatic DNA size in the case of the 36-repeat allele
(Fig. 37-3A), to a markedly more uniform distribution
of expanded alleles up to twice the size of the somatic
DNA in the case of the larger alleles. Contraction sizes
were generally limited to 6 repeats or less.

E. Mutation Spectra of Two Samples Taken
from the Same Individual

We were also able to estimate the constancy of HD
allele size distributions on a time scale of 2 years by

analyzing sperm samples taken at age 63 (Fig. 37-3B)
and age 65 (Fig. 37-3E) [54] from the donor with 39
repeats. The mutation spectra show virtually identical
patterns except for two sperm in the older sample that
had allele sizes considerably larger than those seen in
the younger sample.

F. Effects on Mutation of Cis
Polymorphisms and Parental Origin

Recent analysis of instability in MJD families re-
ported that heterozygosity for a single nucleotide poly-
morphism adjacent to the repeated region influences
the instability of the disease-causing allele [2]. A tightly
linked polymorphism exists adjacent to the HD CAG
tract {52, 53]. Based on data from 26 HD sperm donors
[54] we divided our samples into those that were homo-
zygous for the (CCG); allele (7 donors) and those that
were heterozygous for (CCG);/(CCG)y, alleles (19 do-
nors) We found no significant difference between the
two groups with respect to mean change in repeat num-
ber following mutation (unpublished). Presumably nei-
ther the CCG polymorphism, nor any other polymor-
phisms in linkage disequilibrium with it, contribute
significantly to the instability properties of the CAG
repeat tracts.
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An analysis of the mean change in repeat number
based on grouping the HD alleles according to whether
they were paternally (7 donors) or maternally (18 do-
nors) inherited was also made. The results (unpub-
lished) reveal that there was no major effect of parental
imprinting on instability.

G. Comparison of HD Sperm Typing Data
to Family Transmissions

The published single sperm typing data on the HD
alleles [17] can be compared with HD paternal transmis-
sions studied in families. In five reports [46, 47, 55, 56]
exact repeat number changes can be determined in 141
paternal transmissions. Of these, 72% showed a contrac-
tion or expansion mutation. The single sperm data [17]
gave a 96% average mutation frequency. Expansions
account for 97% of the sperm mutations and 91% (range:
83-100%) of the mutations detected in paternal family
transmissions. An average of 5.6 repeats was added for
each expansion observed in the pedigrees (range: 3.0
to 9.0) while 12.1 repeats was the average size of an
expansion detected in sperm. The differences between
the sperm and family data could result from the small
number of HD sperm donors studied and the fact that
two of the three had an HD allele size significantly larger
than the average paternal HD allele size in the families.
There may also be differences among the populations
studied. Some of the differences between the sperm and
family data could also reflect selection against sperm
with very large alleles in terms of survival, the ability
to carry out fertilization, or postzygotic selection.

H. Comparison of SBMA and HD Disease
Allele Instability

Single sperm data from the two SBMA individuals
with 47 and 49 CAG repeats showed an 81% average
mutation frequency (61% expansions and 20% contrac-
tions). The change in the number of repeats averaged
2.4. The largest expansion seen was +11. The sperm
data on the HD allele closest in size (49 CAG repeats)
showed a 95% expansion and a 3% contraction fre-
quency with an average of 10.8 repeats added. The
largest expansion was +33 repeats. Even donors with
a smaller number of HD repeats can have a higher
mutation frequency, a greater average change in repeat
number per mutation, and a broader distribution in mu-
tant allele size than the 47- and 49-repeat SBMA alleles.

The difference in the instability at these two loci is
just one more demonstration that repeat number is not
the only important factor that contributes to the mea-

sured triplet expansion frequency (see [1]). The differ-
ences in mutation behavior between the loci remain to
be explained.

VIII. ANALYSIS OF SPERM
TYPING DATA

A. Elucidating the Contribution of Different
Variables to the Trinucleotide Repeat
Mutation Frequency

The ability to estimate accurately the mutation fre-
quency for a given trinucleotide repeat allele requires
a large sample and can usually be achieved only by
single genome methods such as sperm typing. Up to the
present, data on only a small number of sperm donors
have been published for any one disease. However, if
a large sample of individuals could be studied, then the
factors that influence the trinucleotide repeat mutation
frequency can be examined using routine epidemiologi-
cal designs. Standard statistical methods could be used
to study the relative effects on germline mutation fre-
quency of repeat number, cis DNA sequences, unlinked
or linked polymorphisms, parental origin of the exam-
ined allele, or indeed any other variable. For example,
a study of men from the large Venezuelan HD cohort
[54] would effectively eliminate any influence of cis
DNA sequences as a variable since all of the HD alleles
derive from the same founder chromosome [57].

B. Understanding the Trinucleotide Repeat
Mutation Process

The sperm typing data may also be used to gain
insight into the molecular details of the trinucleotide
repeat mutation process. One approach is to create a
realistic' probabilistic model of the mutation process
based on current biochemical information [17]. The suc- .
cess of any model can be judged on the basis of how
well it describes the actual sperm typing data. Such
models can assist in formulating hypotheses to be tested
by biochemical, biophysical, and genetic studies. One
important question is how the number of repeats influ-
ences the trinucleotide repeat mutation rate. For exam-
ple, mutations in large disease alleles show greater
changes in repeat number than smaller disease alleles.
A simple explanation is that larger alleles have more
triplets and, given a constant mutation rate per triplet
during DNA replication, the likelihood of mutation is
greater. A number of factors that must be considered
when trying to estimate the trinucleotide repeat muta-
tion rate follow.
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C. Definition of the Mutation Rate

Estimates of the nucleotide substitution mutation
rate for cells in culture using standard methods are de-
fined in terms of mutations per cell division. In humans,
mutation rates are often defined in terms of mutations
per generation. Unlike “classical” mutations, not all
sperm carrying a trinucleotide repeat mutation have
necessarily undergone the same number of mutation
events. Thus, a sperm which has gained 10 repeats com-
pared to somatic DNA could have undergone the expan-
sion due to a single mutation event during meiosis or
have experienced a mixture of multiple, but smaller,
expansion and contraction events occurring during mi-
tosis over many germline cell divisions. This uncertainty
complicates any estimate of a mutation rate. Indeed,
the definition of mutation rate in this case is ambiguous.
It could refer to the probability of a new allele being
transmitted per human generation, the probability that
a new allele will be generated per cell division, or the
probability that as each triplet is being replicated a
change in repeat number will occur. These ambiguities
require new analytical methods to be devised.

D. Molecular Mechanism of Mutation

Both contraction and expansion events in a repeated
sequence can result from unequal reciprocal recombina-
tion between homologs or sister chromatids. In either
case, equal numbers of contractions and expansions
should be observed, an expectation that is not fulfilled
by the trinucleotide repeat data. Nonreciprocal recom-
bination mechanisms leading to changes in repeat num-
ber [58] cannot be excluded, although data from yeast
suggest that any role for recombination is unlikely (see
[59]). Mutations due to replication slippage are a more
likely possibility [60] and recent experimental evidence
on microsatellite repeat mutations in yeast and studies
on human colon cancer also support this type of mecha-
nism [6, 7, 61-65].

E. Details of the Molecular Mechanism of a
DNA Replication Slippage Event

The proximal cause of a slippage event, the number
of repeats added or deleted per slippage event, and
the number of slippage events that take place as the
polymerase traverses the repeated region is unknown.
In the case of trinucleotide repeat sequences, mutations
may be promoted by the ability of the repeated DNA to
form secondary structures (reviewed in [5, 66]). Slippage
could result from formation of an intrastrand secondary

structure on the replication template. If the replication
complex were to “skip over” the folded region, the
number of repeats would be reduced. Alternatively,
elongation of the nascent strand might be impeded by
such a structure, leading to backwards slippage of the
nascent strand, additional triplet incorporation, and an
expansion mutation.

Slippage mutations could occur when either the lead-
ing or lagging strand serves as DNA replication tem-
plate. Arguments supporting the importance of slippage
on the lagging strand include the observation that sig-
nificant instability at trinucleotide repeat containing loci
is first manifested when the length of the repeated region
approaches the size of an average mammalian Okazaki
fragment [67]. Data on the strand preference of some
mutation processes in E. coli also support a lagging
strand model (reviewed in [43]).

Once DNA replication is completed, mutations can
be subject to DNA repair. Yeast and human tumor cells
(reviewed in [65]) as well as mice [24-26, 68] that are
deficient in DNA mismatch repair have increased dinu-
cleotide repeat mutation frequencies. How DNA repair
specifically influences trinucleotide repeat mutations in
mammals is not known.

F. Meiotic or Mitotic Origin of Mutations

Trinucleotide repeat mutations could occur during
meiosis or throughout the mitotic divisions of the germ-
line. If mutations occur mitotically, the number of cell
divisions over which a mutation event may have oc-
curred needs to be estimated. One approach is to con-
sider the age of the donor at the time the sperm sample
was collected. Before spermatogenesis begins at puberty
(assumed to begin at age 13), the spermatogonial stem
cells have undergone an estimated 34 divisions since
formation of the zygote. After puberty the stem cells
divide approximately 23 times a year [69].

G. Mathematical Modeling

Probabilistic models of molecular mutation mecha-
nisms may be used in conjunction with observed muta-
tion spectra to study the details of the mutation process.
Any such model includes a number of unknown parame-
ters, for example those defining the number of triplets
added or lost during an expansion or contraction event,
and the rate of contraction or expansion events during
replication. Comparison of the observed mutation spec-
tra with the spectra predicted by the model can be used
to estimate the parameter values that best match the
model to the data. Many different numerical methods

o
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can be used to accomplish this (for an example that uses
maximum likelihood estimation, see [17]). For a given
mutation model, even the “best-fitting” one may not
provide a good description of the underlying data. To
assess this issue, it is usual to compare the best-fitting
spectrum with the observed spectrum, both qualitatively
and quantitatively, and look for gross inconsistencies.
Such inconsistencies indicate the inappropriateness of
one or more assumptions in the model, or omission of
a key biological feature. Simulation of synthetic data
from the fitted model often provides valuable insight
into issues involving adequacy of fit, especially when
dealing with discrete events such as repeat number,
where particular allele sizes may be represented rather
infrequently in the data.

It is important to emphasize that in modeling of this
sort there is always a trade-off between simplification
and the (putative) biological realities. It is clearly not
useful to fit a model with 50 parameters to (say) 20 data
points. Thus parsimonious description of the biological
issues is required. It is also worth emphasizing that re-
cent developments in computing power and in computa-
tional statistics have to some extent freed us from many
of the drawbacks of models chosen for analytical or
mathematical convenience.

Once a variety of different models of mutation have
been fitted to the data, it is often possible to distinguish
among them statistically. For example, in another report
[17] we fitted two models that assumed mutations occur
at the last mitotic division before meiosis. The models
differed with respect to the magnitude of change in
repeat number that accompanied a single mutation
event. By comparing the variance in repeat number
predicted under the model with the variance observed
in the data we found that small incremental changes are
more consistent with the data than very large changes.

In recent unpublished work [54], we have been inves-
tigating models that address the issue of whether a single
mutation process, occurring during the mitotic divisions
of spermatogenesis, can explain mutation spectra taken
from a large sample of HD patients. Such a model has
to follow the cell division history of a repeat region as
it evolves from fertilization through the spermatogonial
stem cell cycle to meiosis. The details of the mutation
mechanism itself also have to be specified; we assumed
a slippage mechanism that might be different on the
two template strands. We described the probabilistic
mechanism of repeat change during replication of a
triplet in terms of three parameters: one gives the chance
of a +1-repeat slippage event, another the chance of a
large expansion, and a third that describes the features
of such an expansion. Coupled with the estimates dis-
cussed above for the number of mitotic divisions in the
history of a typical sperm, we can use the statistical

methods outlined previously to estimate the three pa-
rameters and assess the adequacy of the fit.

We compared this model to one in which all muta-
tions arise at a single mitotic division prior to meiosis.
Do the data allow us to distinguish between these two
models? From a statistical perspective, we found that
both models provide an adequate fit to the data; statisti-
cal considerations alone could not separate the models.
However, biological considerations support a model
with a multigenerational mutation process rather than
the single generation process. This example emphasizes
the time-honored observation that statistical adequacy
of a model does not imply biological adequacy.

Once a model has been found that adequately sum-
marizes a complex data set such as the HD mutation
spectra, it could be used for prediction. For example,
the model that allows mutations to arise during any
mitotic division could be used to estimate the mutation
spectra of a given individual at different ages. The same
sort of consideration can be used, in theory at least,
to provide an experimental approach to testing such a
model: take sperm samples from a given individual over
a number of years, and compare the observed spectra
with those predicted by the model. As yet, such data
are not available.

Finally, we note that a model might also suggest other
biological features that warrant further investigation.
For example, our recent HD work points to the possible
role of two different DNA repair mechanisms that cor-
rect “small” and “large” slippage loops.
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