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Trinucleotide repeat disease alleles can undergo ‘dynamic’ mutations in which repeat number may change when
a gene is transmitted from parent to offspring. By typing >3500 sperm, we determined the size distribution of
Huntington’s disease (HD) germline mutations produced by 26 individuals from the Venezuelan cohort with CAG/
CTG repeat numbers ranging from 37 to 62. Both the mutation frequency and mean change in allele size increased
with increasing somatic repeat number. The mutation frequencies averaged 82% and, for individuals with at least
50 repeats, 98%. The extraordinarily high mutation frequency levels are most consistent with a mutation process
that occurs throughout germline mitotic divisions, rather than resulting from a single meiotic event. In several
cases, the mean change in repeat number differed significantly among individuals with similar somatic allele
sizes. This individual variation could not be attributed to age in a simple way or to * cis’ sequences, suggesting
the influence of genetic background or other factors. A familial effect is suggested in one family where both the
father and son gave highly unusual spectra compared with other individuals matched for age and repeat number.
A statistical model based on incomplete processing of Okazaki fragments during DNA replication was found to
provide an excellent fit to the data but variation in parameter values among individuals suggests that the molecular
mechanism might be more complex.

INTRODUCTION genetic background or interallelic effects may contribute to

dynamic mutation is less certain and more difficult to analyze

At least 11 neurodegenerative diseases result from expansio . - .
the number of trinucleotide repeats in or adjacent to a protg 9)- Since only a small number of offspring is conceived by any

coding genel—4). For most of these diseases the unstable sequen%rée affected parent, i'F Is difficult to stuqu the r_elatio_nship b’?“.“’ee”
consists of CAG/CTG triplets. A remarkable characteristic o utation characteristics and other variables in a single individual.
trinucleotide repeat disease alleles is that they can underEQOI'ng transmission data from many different individuals may
dynamic mutations in which repeat number may change when thgnfound the analysis of important variables. For example, the
disease gene is transmitted from an affected parent to tReoled size distribution of mutant alleles found among offspring
offspring. The molecular basis of this dynamic mutation proces¥ affected parents with the same mutant allele size could reflect
is of great fundamental interest and stands in contrast to the stak&ndom sampling from the mutation size distribution characteristic
transmission of other disease mutations. of that somatic allele size in any individual. On the other hand, the
Trinucleotide repeat instability is influenced by the sex of thgpooled distribution could reflect sampling from mutation size
transmitting parent, the number of repeats and the purity of tislistributions that differed significantly among the parents.
repeat tractl—4). The extent to which other factors such as age;ortunately, the large sample sizes afforded by single genome
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analyses such as single sperm typing allow accurate estimatesbfisk, including siblings, cousins and a father and his son. Our
the germline mutation frequency and the size distribution afata were compared with the mutation spectra expected under a
mutant sperm (the mutation spectrum) in individual males. Eadimple Okazaki fragment processing model of trinucleotide
sperm represents a potential paternal transmission. repeat instability.
A detailed description of the human dynamic mutation process
in individual males is useful in three regards. First, it can defingegy s
a precise quantitative standard against which the results from
experimental model systems can be judged for their applicabilid number of studies have shown that somatic variation in HD
to human dynamic mutations. Second, it can provide clues asafele size is extremely limited compared with germline variation
what molecular mechanisms may be contributing to the mutatiqn7,19,20). Consequently, trinucleotide repeat mutations can be
process. Finally, with the proper experimental design the data cdetected if the HD allele repeat number in each sperm is
be used to examine the role of genetic and possibly environmentaimpared with the allele size in somatic DNA from the same
factors in genetic instability. individual (19). Data from the analysis of 27 sperm samples,
Huntington's disease (HD) is associated with progressiviacluding three published previoushid), are shown in Tablé.
disordered movements, decline in cognitive function and emotionalcluded is the age of each donor, the somatic HD allele repeat
disturbance. Disease-causing alleles exhibit significant instabilityumber, the observed expansion and contraction mutation
especially when transmitted paternay17). In order to begin  frequencies and the mean and standard deviation of the change in
to unravel the contributions of different variables to dynamicepeat number. In Figuiewe show the 27 mutation spectra. The
mutation at the HD locus, we studied 26 men from the largaistograms of the allele sizes only include sperm with the original
Venezuelan HD cohorl §). We generated mutation spectra fromHD somatic allele size or a size derived from it by mutation. The
individuals with somatic allele sizes ranging from 37 to 6Xata can be obtained electronically at http:/hto-e.usc.edu/
repeats. We used sperm from affected individuals or individuatiatasets/leeflang98

Table 1.Donor identification, somatic allele size (CAGheterozygosity (E) or homozygosity (O) at the adjacent CCG tract, paternal (P) or maternal (M)
inheritance of the allele tested

Donor (CAG), Age Sample Mean Standard % % E/O P/M ps X 104 pp pL X 1073
ID (years) size deviation  expansion contraction

A 62 18 168 32.51 11.15 99 0 E P 120.0 0.51 400.0

B 62 17 118 9.74 6.90 94 4 0] M 210.0 0.00 310.0

Cc 53 21 100 12.98 9.82 89 8 E M 200.0 0.45 140.0
D 51 29 95 20.35 12.25 97 3 (e} P 210.0 0.15 170.0
E 50 29 61 15.39 13.16 87 10 o P 260.0 0.23 120.0
F 49 23 94 10.41 8.24 95 3 (o] M 8.0 0.78 41.0

G 48 31 113 3.36 5.12 65 19 o M 6.4 0.78 8.0

H 48 26 109 2.67 551 59 29 (e} M 13.0 0.88 5.6

| 47 34 114 4.88 7.65 79 16 @) P 13.0 0.86 6.8

J 46 27 113 0.86 3.22 45 34 O M 11.0 1.00 0.5

K 45 52 136 3.40 6.51 63 26 0] M 5.1 0.86 2.8

L 45 41 367 4.19 6.40 72 15 0] M 10.0 0.80 5.8

M 45 31 63 6.41 6.07 98 0 e} M 0.0 0.66 21.0

N 45 29 106 2.98 5.44 75 13 (o] M 6.1 0.73 8.6

(¢} 44 54 128 1.56 4.10 45 27 E P 2.3 0.83 15
P 44 52 107 23.37 30.31 85 8 E M 27.0 1.00 9.6
Q 44 44 152 0.67 3.54 42 41 (e} M 5.6 0.90 0.6

R 44 30 158 1.20 2.18 61 22 (0] P 7.4 0.00 11.0
S 44 21 116 1.13 2.26 53 22 o M 8.6 0.48 11.0

T 43 52 121 2.56 3.61 77 12 O M 43 0.51 5.5

U 43 17 121 0.42 1.26 41 19 (e} M 6.4 0.27 9.8

\Y 42 35 112 1.75 2.28 70 12 o 3.6 0.29 9.3

w 41 38 191 0.65 191 49 23 O M 35 0.35 2.8

X 40 18 183 -0.01 1.42 31 33 E M 11.0 0.55 0.8

Y 39 65 180 2.73 6.82 69 15 E P 24 0.76 24

z 39 63 210 2.26 3.26 73 18 E P 3.3 0.47 4.2

AA 37 37 136 0.04 1.10 26 24 E M 2.0 0.16 0.3

ps, type | mutation ratgyp andpy, type |l mutation rates.
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Variation in germline mutation spectra within an individual fragment processing and show how it can be fitted to the observed
. . . . _ n&utation spectra.
We examined whether differences in mutation spectra existedy qjecular events occurring during recombination or DNA

er&rrlication have been hypothesized to explain instability at

(sample Y) from the same donor. The mutation spectra shQjcrosatellite repeat loci. Based on model organisms, there is
indistinguishable patterns except for two sperm in the old§ye experimental support for a recombination mechanism.

sample with allele sizes considerably larger than those seen in &g gies orEscherichia coliand yeast strains carrying mutants
age 63 sample. There is no statistically significant differencg,,

. ! t dramatically reduce recombination result in little increase in
between the two samples in the mutation frequelRey.08) or  microsateliite (including trinucleotide repeat) instabili29).
the mean change in repeat numiber(0.40).

Triplet repeat expansions may occur during DNA replication as
a result of slippage or deficient Okazaki fragment processing.
Variation in germline mutation spectra between individuals  Slippage is thought to be the basis of microsatellite repeat
mutations observed in yeast and in certain human colon cancers
26,30-34). Loops created by replication slippage can lead to
ither expansion or contraction mutations depending on whether
Bop formation occurs on the nascent or template strand,
respectively.

Recent experiments in yeast suggest that triplet repeat expan-
Zﬁ’i%ons occur during DNA replication of the lagging strand

Qualitatively, the mutation spectra of different individuals cal
sometimes vary dramatically, even among individuals witl
similar ages and somatic allele lengths. Compare, for examp
the spectra of individuals A and B shown in Figute
Quantitatively, this individual variation is reflected in the
differences in mean allele size in the sperm (Tapl&igure2
illustrates the general feature that the larger the somatic all
length the greater the average allele length of the mutant spe
The mutation frequency for each individual's HD allele wa

4,28,35-37). DNA flaps generated during lagging strand
nthesis are normally processed by the Okazaki fragment flap
4 - ndonuclease Fen-3§39). Flaps containing certain trinucleotide
calculated from the mutation spectra by dividing the number qQ peat sequences age hg/pothpesized to regsist Fen-1 cleasnge (

sperm which differed in size from the originally inherited HDypiq' 14 lead to loop formation on the nascent strand and result
allele by the total number of HD sperm. The mutation freq“encglrimarily in expansion mutations
i .

always exceeds 50% and in most cases is >80%. For individu
with at least 50 repeats the average mutation frequency was 98%.

The expansion mutation frequency in an individual almost alwaydsing the mutation spectra to estimate the allele-specific
exceeds that for contractions. As shown in Fi@ tbere is also HD mutation rate

a clear trend for the mutation frequency to increase with allele ) ) o
size. Assuming that germline mutations in the HD gene are generated

during mitotic DNA replication, the mutation rate per cell
division might be estimated if the number of cell divisions that
preceded sperm formation is known. However, dynamic mutations
It is possible that the parental origin of the HD allele shows a@re unlike classical mutations: not all mutant sperm may have
effect on instability. Therefore we divided the sample of 2®xperienced the same number of mutation events. Thus, a sperm
distinct individuals with known origin into two groups dependingthat has gained 20 repeats compared with somatic DNA could
on whether the HD allele was paternally (seven donors) dtave undergone the expansion due to a single mutation event at
maternally (18 donors) inherited (Tatle Using permutation one division, could have experienced multiple, but smaller,
tests (see Statistical analysis), we concluded that parental origikpansion events occurring over many divisions or could have
has no discernable effect on the average somatic repeat numbégl an extensive history of both expansions and contractions. Due
This being the case we further compared the average of the mé@ithis uncertainty, new methods of mutation rate analysis need to
change in repeat number and the average mutation frequencypidevised. Any estimate of the dynamic mutation rate per cell
sperm. No effect of parental origin was detected. division using mutation frequency data must consider both the
nature of the mutation event (how many repeats are added or
subtracted per event) as well as the total nhumber of mutation
events that have occurred over the sperm’s DNA replication
There is a (CCG)polymorphism almost immediately adjacent tohistory.
the HD CAG repeat trac(,22). Our donors could be divided Our approach to estimating the HD mutation rate is based on
into those that are homozygous for the (C&Hele (19 donors) comparing the observed mutation spectra with spectra obtained
and those heterozygous for (CG@hd (CCG)g (seven donors) by modeling the mutation process and the history of spermatogonial
(Tablel). Using the permutation approach described above, watem cell divisions. We note that for most of the CAG/CTG
also found that (CCG)genotype has no significant effect on thediseases, greater instability is observed in male than in female
average somatic repeat number. Similarly, we found no effect tBnsmissions 1(4); this may be influenced by the continual
the (CCG) polymorphism on the average of the mean change imitotic divisions experienced by spermatogonia. One candidate
repeat number and the average mutation frequency in sperm.model, proposed earlier in the development of replication
slippage models for microsatellite mutations, is the stepwise
Models of trinucleotide repeat mutation mutation model40,41). In our setting, this model allows for the
addition or deletion of a single repeat when copying a given triplet
Our focus is on using our data to help us to understand tloa either the lagging or leading strand. This mechanism can be
molecular mechanism of dynamic mutation at the HD locus. lasymmetrical, in the sense that a triplet need not be deleted or
the next sections, we describe a mo#da|44) based on Okazaki added with equal probability. When fitted to the data presented

Effects of parental origin on HD allele instability

Interallelic effects on instability



176 Human Molecular Genetics, 1999, Vol. 8 No. 2

0.12
01 A (62)
0.08

0.06

0.04

0.02

it

40 60 80 100 120 140

0.12

0.1
0.08
0.06
0.04

0.02

!

N

B (62)

40 80 80 100 120 140
0.12 0.12
0.1 C (53) 0.1 D (51)
0.08 0.08
0.06
0.04 il
vl i

o Alll;i‘l‘ mi “‘LHWH\».‘

40 60 80 100 120 140

0.12
0.1 E (50)
0.08

0.06

0.04

0.02

L
i

40 60

0.2 G (48) 0.2 H (48)
0.15 0.15
0.1 0.1
0.05 0.05
"% 60 80 100 120 R 60 80 100 120
0.2 1 (47) 0.2 J (48)
0.15
01
0.05
"0 60 80 100 120
0.2 K (45) 0.2 L (45)
0.15 0.15
0.1 0.1
0.05 0.05
L 60 80 100 120 % 60 80 100 120

03

0.25

0.2

0.15

0.1

0.05

03

0.25

02

0.15

0.1

0.05

0.3

0.25

0.2

0.15

0.1

0.05

40

M (45)

40

60

—

Q (44)

40

100 120

0.4

0.3

02

0.1

S (44)

[}
S

100 120

0.4

03

0.2

0.1

U (43)

L —

@
I3

100 120

0.4

03

W (41)

:

100 120

03

025

0.2

0.1

0.08

0.06

0.04

0.02

03

025

02

0.15

0.05

40

60

80

N (45)

100

100

P (44)

150

R (44)

60

80

100

120

0.4

03

02

0.1

T (43)

40

80

100

120

0.4

0.3

0.2

—

V (42)

40

80

100

04

0.3

0.2

0.1

e

X (40)

40

80

100

120

Figure 1. Mutation spectra of sperm samples. The vertical bars are actual data, shown as fractions of the sample size. Data &ahmhansdttjon of Z were
previously published (19). The curves trace the distribution expected according to the model described in the text.rhe®istindk-axis scales that are used.
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Recent experiments have shown that yeast carrying a large
o CAG/CTG repeat tract and an interruption in B¥D27gene
(the Saccharomyces cerevisid®molog of Fen-1) exhibit a
R S TY e marked increase in the frequency of expansion mutations
compared with wild-type yeast celld4(28). RAD27-deficient
Figure 1. Continued strains also exhibit duplication mutations between short direct
repeats as well as expansion mutations in dinucleotide repeat
tracts 85,37). In addition to these new data, it was previously
noted that significant trinucleotide repeat instability in humans is
first manifested when the length of the repeated region approaches
B the size of an average mammalian Okazaki fragnishtd{).
* Data on the strand preference of certain mutationg.doli
‘ (45,46) also support the idea that trinucleotide repeat expansion
. | mutations may be preferentially initiated during synthesis of the
lagging strand.
During DNA replication of the lagging strand, Okazaki
§ fragments are initiated sequentially in the direction opposite to
. J that of the advancing replication fork. As a consequence, an
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Okazaki fragment may have itsénd displaced by polymerase
. - extension of the immediately upstream new Okazaki fragment.
40 50 60 Normally, the flap would be expected to be eliminated by Fen-1.
Somatic allele size Gordeninetal. (23) argued that a displaced flap containing CAG
or CTG sequences might form a thermodynamically favorable
secondary structure, a well-known characteristic of CAG/CTG
Figure 2. Relationship between the mean change in allele size resulting frorrgequencejn vitro (47-53) andin vivo (54,55). Based on the
mutation and number of repeats in the somatic HD allele of each donor. biochemical properties of Fen-3§39), Gordeninet al. (23)
further postulated that formation of any hairpin-like structure at
the 8-end of the flap would be expected to inhibit the ability of
) ) ] ] Fen-1 to remove the flap through its endonuclease activity.
here, this model provided an adequate fit to the five donors withgation of the 5end of a flap (that had not been removed by
somatic allele sizes of at least 50 repeats and to five of those ei -1) to the 3end of the upstream Okazaki fragment will resuit
with sizes<43 repeats. In contrast, the model fitted only one ofy 5 nascent DNA strand with an increased number of repeats

the 14 donors with somatic allele sizes of 44-49 repeats (furthggual to the length of the fla?324,36) and result in an
details on the model are provided in P. Marjoratral., in  axpansion mutation.

preparation). This result casts serious doubt on the adequacy o

so simple a molecular model for the expansion mechanism. ARodeling HD mutations
noted in Leeflanget al. (19), any model has to allow for the 9
addition of much larger numbers of repeats during any ond&e modeled the trinucleotide repeat mutation process using a
replication event. A mechanism for this is described in the nesimplified Okazaki fragment model of mutation. We posit two
sections. different steps in the mutation process. The firstis the requirement

o
|
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that the Okazaki fragment is initiated within the CAG/CTG repegt, are considerably bigger for the larger somatic alleles. The
tract to allow for secondary structure formation at fterfsl if  biological basis of this variation is not yet understood.
displaced by the upstream Okazaki fragment. To model this, we

use experimental data on the size distribution of mammalian

Okazaki fragment lengttb6). In the second step we ask how PISCUSSION

many repeats are contained in a flap displaced by the upstre(?#) . tat likelv t duri i
Okazaki fragment. This determines the size of the expansi ynamic mutations are likely to occur during germiine
mutation after integration of the unprocessed flap into the nascehftotc divisions

DNA strand. Trinucleotide repeat instability could arise in the germline or

In addition to this mechanism we include another one, based Bst-zygotically. The latter was proposed to be the basis for
DNA slippage, which allows for the loss (as well as addition) o pansions in males inheriting a fragile X pre-mutatisheQ)
one repeat when replicating each repeat on the leading stray at recent studies have concluded that expansion to a ful
This Secoﬂd process Is important since mutafion spectra W'ﬁi‘utation is more likely to occur in the germline rather than
smaller disease alleles contain a sizable number of Shqgyqing fertilization but prior to segregation of the germline
contractions. While we chose to model the slippage mechanisigly) 'if the germline is the site of trinucleotide repeat mutations,

occurring on the leading strand o_nly, the model with slippage en the question of whether instability is a pre-meiotic or meiotic
both strands can be analyzed in exactly the same way ( nomenon still remains unknown

Probabilistic model). ) ! T .
Finally, the cell division history of each individual sperm is Consideration of our HD data presents difficulties for a single

Erm carrying the HD allele have undergone a mutation. If HD
utation events occurred once during replication, at the last
remeiotic S phase for example, two events would be required to

undergone an estimated 34 divisions since formation of t
zygote. After puberty the stem cells divide3 times/yearX7).
As described in more detail in Materials and Methods, the plain the almost 100% observed mutation frequency.

features can be combined into a probability model that allows USgj,«t 4 mutation must arise on both the leading and lagging

to calculate the chance that a repeat tract in a sperm from ado%%énds of the replicating chromosome carrying the HD allele.
of given somatic allele size and age has any_partlcular number is would yield two heteroduplex chromatids each with one
repeats. Previous models of the HD expansion process have B strand with the original HD allele size and the other DNA
included cell division historyl©,58). strand with the newly mutated HD allele size.
Second, each heteroduplex chromatid must undergo repair so
that the mutated loop-containing strand is retained and the
Fitting the model to the data unmutated original HD strand is lost. A repair bias of almost 50:1
would be required to account for the data on donors with a 98%
There are three parameters to be estimated in our pgdéles  average mutation frequency. Trinucleotide repeat sequences form
the probability that a slippage mutation occurs while replicatingalindrome-like structures and the repair of palindromic loops in
atriplet on the leading strand (this mutation results in the additianammalian cells has been reported to be biased by only as much
or deletion of a triplet with equal probabilitp); is the parameter as 2:1 in favor of retaining the loop structué)( Additional
of the displacement process during Okazaki fragment syntheséiperimental data on large palindromic loop repair are clearly
and p_ is the ligation probability, the chance that a flap isneeded.
incorporated into the nascent strand. Estimates of these parametelswould also be difficult to explain the highest HD mutation
were determined for each individual data set (Tapley the frequencies (in individuals with at least 50 repeats) based on a
method of maximum likelihood, using the approach outlined imeiotic recombination event. If some form of recombination
Estimation of parameters. occurred between the normal allele and the HD allele that
Most striking is the agreement between observed and expecigduced two new mutant HD alleles we would have observed
mutation spectra (Figl). Other formal statistical tests of the drastically reduced numbers of sperm with the normal allele,
adequacy of the fits are described in Estimation of parametershich was not the case. Recombination between the HD-containing
The general adequacy of the fits stands in marked contrast to gister chromatids is a possibility, but would have to occur in
simpler stepwise mutation model alluded to above. This agreemehinost every meiosis and result only in increases in repeat number
between model and data suggests that errors in Okazaki fragmentboth sister chromatids to explain our data. No mechanism that
processing provide a plausible mechanism for the dynamaould accomplish this in a single step has been identified.
mutation process at the HD locus. The above considerations also apply to previously published
One feature of the fits that suggests a more complicatdchnsmission data on fragile X syndrome and myotonic dystrophy.
mutation mechanism is the variability in the pattern of thévlothers with 90-129 repeat premutation alleles passed on the full
parameter estimates themselves. For example, a simple moftabile X mutation (>200 repeats) to their offspring in 98% of the
might have predicted that thpg values be the same for eachtransmissions€). Similarly, parents carrying DM alleles in the
individual. However, the standard errors of the parametesize range 50—-300 repeats transmit expansion mutations 87% of
estimates (found by simulation) show that the slippage parametée time 63,64).
ps varies significantly among the donors. In particular, the values Additional support exists for a germline mitotic model. First,
for the longer somatic alleles are considerably bigger than thowe E.coli (25,27) and yeast 44,28,29,65-67) long inserted
for the shorter somatic alleles. Similarly, the ligation probabilitie¢rinucleotide repeat sequences exhibit instability in the absence of
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Figure 4. The expected distribution of allele sizes in sperm from donor F at ages 16, 23, 43 and 63 as predicted according to the model.

meiosis. Second, in many of the trinucleotide repeat diseas@se role of paternal age in determining the mutation spectra

some somatic instability is detect . In HD and a number .
ty ey r analysis suggests that there may be a paternal age effect on

of other diseases, somatic variation is often less than in tl ; : L
the HD mutation spectrum. Using the model which incorporates

germline. The basis for this difference among the diseases X LS ;
unknown but may be due to properties unique to the different |0(§Permatogonlal stem cell division, we can predict the effect of age

perhaps relating to the position of replication origins used iRn the mutation spectra of individual sperm donors. For example
germline versus somatic tissues. Finally, analysis of humd}¢ determined the expected mutation spectrum of donor P
somatic cells from patients with large myotonic dystrophy disead8 répeats) at the age his son (donor A, 62 repeats) was
alleles demonstrated a gradual increase in allele size as a funcfQceived- The frequency of alleles with at least 62 reg)eats in the
of an increasing number of generations in culture and supports td1€r'S sperm would be expected to have been >27% (data not

mitotic division model §8). shown). . .
) Figure 4 shows the predicted mutation spectra for the

23-year-old donor F at ages 16, 23, 43 and 63, calculated from the
HD dynamic mutations may result from a defect in model using his estimated parameter values obtained from
Okazaki fragment processing Tablel. These spectra can be compared with somatic mutation

spectra at the myotonic dystrophy locus derived from two tissue
Although it can be argued that HD mutations arise during mitotisamples from a single affected individual taken 5 years apart
DNA replication, the fact that our data fit a simple model basef’0,71). From these data it was suggested that the range and mean
on a defect in Okazaki fragment processing does not prove tlakele size would increase but the modal frequency would
this is the molecular mechanism. In addition to the integration afecrease with ag&1). The predicted age effect on HD germline
the unprocessed flap into the nascent strand that is incorporatadtation in donor F is virtually the same (Fy.It is striking that
in our model, double-strand break formation at the site of the flajpis conclusion is based strictly on using the parameter values
might also lead to mutation through recombination or end joiningetermined from our model of the HD mutation process.
(23,35). Mitotic recombination over many generations of germline To prove an effect of age independent of all other genetic
cell divisions would also be compatible with the high mutatiorvariables experimentally, sperm samples donated throughout the
frequency and large changes in repeat number seen in spelifetime of an individual would be ideaf®). Two samples were
However, studies on trinucleotide repeat&iooli (25,27) and  taken from the same donor at ages 63 and 65 (Z and Y). No
yeast £8,29) as well as on microsatellite repeats in ye2&60)  significant effect of age was detected in any of the variables
do not support an important role for recombination, while th¢Tablel and Figl). This is not unexpected since 2 years accounts
recent data on trinucleotide repeats in yeast strains carryingly for a small fraction of this donor’s sperm cell division history
RAD27mutants are consistent with some form of the OkazaKi46/1230 = 3.7%). To maximize the direct detection of an age
fragment processing model. As more is understood about te#fect, samples from a donor with as large an HD allele and as
molecular mechanisms of instability we can refine the Okazakiose in age to puberty as possible should be taken for comparison
fragment model to look for better fits to the data and a simplevith later donations. This strategy of course is complicated by the
pattern in the parameter values. early onset and severity of HD in individuals carrying the largest
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alleles. The predictions made for donor F at ages 43 and 63, f®cond round PCR, cycle number varied at the HD locus from 21
example, are unlikely to be tested. Since comparisons matte30 and 35, depending on the donor. Twenty three cycles were
among individuals of different ages with similar repeat numbersarried out at the D4S127 locus.

do not invariably show a correlation of age with mutation

frequency or mean change in repeat number (Tabiis likely  Reliability of the sperm typing data

that additional factors which vary among individuals play a role. .
We have shown previously that the well-known PCR stutter that

occurs during the amplification of microsatellite repeats does not
significantly affect the estimates of individual allele sizES.(
Contributions to individual variation in mutation spectra mayMutations in HD allele size are not due to CGG expansions in the
come from individual differences in genetic background. At th€GG repeat region adjacent to the CAG repeat tfiz)t An
HD locus this variation has been proposed to result figh ©  excellent agreement between sperm typing data (on single
factors {72). We also detect individual variation but can disregardndividuals with HD and SBMA disease alleles) and the available
the role of sequences tightly linked to the HD disease allele in odata on paternal transmissions studied in families has been shown
study group. All the HD chromosomes we examined derive fromreviously (9,74,75).
the same founder chromosome about eight generations
(CR00 years) agal@). Statistical analysis

Recent analysis of instability in MJD patients reported that a . .
single nucleotide polymorphism on the normal MJD alleleThe hyppthess that parental origin of the HD allele has no effect
influences the instability of the disease-causing chromosgme (©N stability can be examined using permutation tests. In the data,
As noted earlier we did not detect any influence on HD instabilitg€ven individuals inherited the HD allele from their father. The
depending on whether the donors were homozygous for tR¥erage somatic allele size was 48.1 repeats, their average
(CCG), allele or were (CCGJCCG)o heterozygotes. We Mutation frequency was 90% and the average mutation expansion
conclude that there is no detectable interallelic effect on HiSiZe in the sperm was 11.23 repeats (Tabve compared these
instability in our data due to this polymorphism. averages with those from 10 000 random selections of seven

We note that HD P and his son HD A each have exceptionaffjdividuals from the 25 individuals we sampled. The random
high mean changes in allele size when compared with individuat€lections result inan empirical dlstrlbu_tlon _of the statistics under
matched for age and repeat number (Tapl@his is suggestive the null hypothesis that every selection is equally likely. To
of a familial influence. Familial influences on repeat instability agxamine the effect of parental origin on stability we compared the
the FMR1 locus have been reported, but whether the effect is deleserved va_llues of the statistics fc_)r the allocation actual!y seenin
to a linked or unlinked gene(s) is not knowr8). Candidates for the data with the_ values seen in the ra_ndom selectlons. For
genes with alleles that might influence repeat instability includéxample, 18% of simulated average somatic allele sizes exceeded
those involved in replication or DNA repair, including, but notthe observed value of 48.1 repeats, suggesting that somatic allele
limited to, classical mismatch repair. Indeed, human polymorphisng&€ is not influenced by paternal inheritance. We compared the
have recently been detected in a significant number of DNAUtation frequency and mean change in repeat number in the
repair genes’@). same way. No significant dep_artures were detected (although only

Factors involved in instability may be identified using geneti®-4% of the simulated selections had an average mean change in
approaches adapted for the detection of quantitative trait loégPeat number as large as that observed in the data). We conclude
Ideally, a simple assay that does not depend on single genoffiat we cannot detect a major effect of parental imprinting on
assays yet provides quantitative information on instability igstability. ) ) _
desirable. If, in a small number of cases, the discrete data™ S|m_|llar approach can be applled to assess interallelic effects
generated by single genome analysis can be compared with fpstability. Once more, somatic allele size does not appear to be
data obtained from the simpler total sperm DNA PCR ad$y ( influenced by the CCG polymorphism. A similar conclusion
the relationship between the two different read-outs of instabilit§PPlies to the average of the mean change in repeat length in the

could be determined. This would provide the experimental basi®erm (for example, 7.3% of the 10 000 simulated samples had
for a large-scale genetic analysis of instability. a higher average mean change in repeat length than observed in

the data).

Effect of genetic background on instability

MATERIALS AND METHODS _—
Probabilistic model

Single sperm isolation and preparation and PCR . .
gle sp brep The sperm that were sampled in our experiments are the end

Single sperm isolation and preparation, PCR and product analypi®ducts of a number of spermatogonial mitotic stem cell divisions
were performed as describe®), unless otherwise noted. First (together with a small number of divisions during the spermato-
round PCR was designed so as to amplify five independent logenesis cycle). It is estimated that there are 34 mitotic divisions
simultaneously. In addition to the HD and D4S127 loci, primergrior to the onset of puberty, during which time the spermatogonial
for the DM, SCA-1 and SBMA loci were included in the firststem cell population has undergone very rapid expansion,
round PCR reaction. All primers were at a final concentration aksulting in some Rstem cells at puberty. Further, it is estimated
0.5uM, with the exception of the D4S127 locus, which were athat there are 23 stem cell divisions/year after puberty (here
0.05uM each. Primer IT2-B (STCACGGTCGGTGCAGCGG- assumed to be at age 13)) We assume that at each division one
CTCCT) was used in place of IT2 at the HD locus. In the casemughter cell initiates the spermatogenesis cycle, the other
where external genomic contamination was suspected, secaednaining a stem cell. Because of the rapid proliferation of stem
round PCRs were performed at the non-HD linked loci. Focells during the growth phase and the subsequent nature of
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replication of these cells, a random sample of sperm is likely t@gion, we first approximate the distribution of the lermyihthe
have effectively independent mutational histories (because theverlap between an Okazaki fragment and the start of the triplet
most recent common ancestor cell is likely to be close to the tinnepeat region. If > x, the Okazaki fragment does not initiate in
of the first differentiated stem cells). It is therefore reasonable the repeat region and the length of the repeat region rexn@ins
treat sperm from a given donor as independent of each other. Tthe other hand, ik = z an Okazaki fragment ends in the repeat
numbern of stem cell divisions through which a sperm from aregion and there is the possibility of flap formation by the next
donor of age has gone may be calculated from the formula fragment. This fragment can displace an am@ymnhich must
be between 1 aratriplets in length, of the Okazaki fragment that
n=34+234-13) ends in the repeat region. We model the distribution of the
We assume the same Va|uerufor each Sperm from a given displacement |engﬂD as a geometric random Variable W|th
donor. probability pp: the chance thdd = k is proportional tgpX, the
We assume that expansions and contractions in repeat numkg@gstant of proportionality being determined by the factBhat
arise primarily during the mitotic divisions before meiosis. We Must be between 1 ar The two limiting cases armgp = 0
postulate two mutation mechanisms at work, which are asymmégorresponding to a potential displacement of exactly one repeat)
ric with respect to the two strands of DNA. One mechanism (Typgad Po = 1 (corresponding to a potential displacement being
l) adds or deletes a single triplet during copying of the leadingniformly distributed between 1 aadepeats). _
strand. The second (Type II) is responsible for larger additions in This choice of model is predicated on the assumption that
repeats and occurs only during lagging strand synthesis, displacements are more likely to be short than long. Such a
described in the earlier section on Okazaki fragment formatiodiSplacement is incorporated into the nascent strand with
To model the effects of mutation through the cell line leading tgrobabilityp,, resulting in a repeat region of lengthx + k. With
a given sperm, we must first follow a randomly chosen cell frorRrobability 1 —pi, the displacement is not incorporated and the
its initiation as a stem cell though to puberty and from there alorf§Peat region remains of lengtfor repeat tracts of the size seen
the stem cell ‘backbone’ to the mature sperm. We then model tHethese sperm, itis unlikely that more than one Okazaki fragment
length of the repeat tract on a randomly chosen strand through tH#§l €nd in a repeatregion, so we assume that at most one will. The
cell lineage. probabilitiesr(x,y) may now be computed numerically. Finally,
Because we model an asymmetric mutation process we mif&m the values afp(xy) andra(xy) we can construct numerically
keep track of which strands being synthesized are leading i€ one step transition matitkand from that the step matrix
lagging strands. We label strand)(i = 0 if they will be the ~ Pn =P", thenth power of®.
template for lagging strand synthesis ardl if they will be the
template for leading strand synthesisgives the number of Estimation of parameters
repeats on the strand. The probability that a mutation will result ) _
in y repeats when a ®,Strand is Copied |&)(X,y) For a (]x) For each data set we know the agfﬁ the d_onor and his somatic
strand, the corresponding probability ix.y). allele lengthL. We can therefore determine the number of stem
The succession of statdsXo), ..., (InXn) forms a Markov cell le_lSlons using equatioh The probabl_llty distribution Qf
chain, starting froml§,Xo) = (OL) with probability 1/2 or (1,) allele sizes can bg determined from equaZuand.the model in .
with probability 1/2. LeP,[(i,x) (j.y)] denote the step transition  the previous section. We assume that allele sizes from a given
probabilities of this chain; these give the probability that &lonor are independent and identically distributed copies of the
molecule Starting with type]() produces a molecule of tygql d|Str|bUt|an(V), V= 0, 1, N equatIOI"Q. In order to est|mate
aftern replications. The probability(v) that the strand at tmth ~ the parametenss, pp andpi, we use the method of maximum

generation is of lengthis likelihood (76). For a given donor whose sample hasopies of
sperm withi repeats, the log likelihoddps, pp, pL) is (up to a
a(v) = 1/2{P,[(O,L) (OV)] + Pn[(O,L) (I V)]} constant independent of the parameters)
+ 1/2{Pn[(1,L) (OM)] + Pr[(1,L) AV} 2

I(ps, Pp, PL) = Zi ni log q(i)

and this expression is maximized numerically.

As noted in the text, there is in general good agreement between
the data and the fitted model. For somatic alleles of at least 50
It remains to determine the transition probabilitig®,y) and repeats, the fitted models show a symmetrical, bell-shaped
ri(xy). We begin with the simpler case of leading strangstimated mutation spectrum, in stark contrast to the smaller
synthesis. We suppose that triplets are copied independentlyadiele sizes. The fits are adequate for all but donor P, who
one another. Replication of a triplet on a leading strand resultsfimoduced a very broad range of sperm allele sizes that is not
a slippage mutation with probabilipg. This mutation results in captured well in our fitted model. To assess these fits further, we
gain or loss of a single triplet (a Type | mutation), each witlused conventional goodness-of-fit tests and we also simulated
probability 1/2. The triplet is copied without error with probability sperm samples for the larger somatic allele sizes using the
1 —ps. The probability distributionrp(x,y), y =0, 1, 2,...} can  estimated parameter values and compared the simulated mutation
be found by convolutingtimes the distribution of the number of spectra with those obtained in the data. There was no systematic
repeats added or subtracted when copying a single triplet.  lack-of-fit revealed by the simulations.

Next we describe hows(x,y) may be computed. Okazaki There are clearly some sperm that appear to have anomalous
fragments have a length distribution that has been determinside compared with the mass of the data. For example, donor Y
empirically 66). Using this distribution and the assumption thathas a sperm of length 118. In order to assess the sensitivity of the
the origin of replication is a long way from the triplet repeaparameter estimates on such an outlying data point, we refitted the

forv=1, 2, 3.....

A model for expansions and contractions
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model with that measurement removed. This resulted in nelg.

estimates ops = 2.5x 104, pp = 0.50 angh, = 3.7x 10°3. The

parameteipp changed most in absolute terms, from an initia
estimate ofpp = 0.76. The other parameter estimates were less

influenced by the potential outlier.
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