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Background: The Huntington disease (HD) CAG repeat exhibits dramatic instability when transmitted to
subsequent generations. The instability of the HD disease allele in male intergenerational transmissions is
reflected in the variability of the CAG repeat in DNA from the sperm of male carriers of the HD gene.
Results: In this study, we used a collection of 112 sperm DNAs from male HD gene-positive members of a
large Venezuelan cohort to investigate the factors associated with repeat instability. We confirm previous
observations that CAG repeat length is the strongest predictor of repeat-length variability in sperm, but we
did not find any correlation between CAG repeat instability and either age at the time of sperm donation or
affectedness status. We also investigated transmission instability for 184 father—offspring and 311 mother-
offspring pairs in this Venezuelan pedigree. Repeat-length changes were dependent upon the sex of the
transmitting parent and parental CAG repeat length but not parental age or birth order. Unexpectedly, in
maternal transmissions, repeat-length changes were also dependent upon the sex of the offspring, with a
tendency for expansion in male offspring and contraction in female offspring.

Conclusion: Significant sibling-sibling correlation for repeat instability suggests that genetic factors play o
role in intergenerational CAG repeat instability.

neurodegenerative disorder of variable onset, which

results from the expansion of a polymorphic CAG repeat
in exon 1 of the HD gene encoding huntingtin.' Normal alleles
at the HD locus possess up to 35 CAG repeats, while disease
alleles have 36— >100 CAG repeats, with repeat lengths of
36-39 CAGs considered to be reduced-penetrance alleles.?
Repeats in the normal range are stably inherited; in contrast,
disease alleles change in length (either increase or decrease) for
70-80% of intergenerational transmissions.”” Repeat-length
changes occur in transmissions from parents of either sex,
although large increases are seen predominantly in paternal
transmissions.” * “* As the length of the CAG repeat is inversely
correlated with age at onset,” "> most cases of juvenile onset
are a product of large expansions occurring with paternal
transmission.

We and others have previously shown that the instability of
the HD disease allele in paternal intergenerational transmis-
sions is reflected in the variability of the CAG repeat in DNA
from the sperm of male carriers of the HD gene, indicating that
the instability occurs in spermatogenesis.” ¢ * ' In this study, we
performed a detailed investigation of the factors that contribute
to the instability of the HD CAG repeat, using an extensive
collection of sperm samples and transmission data from a large
Venezuelan HD pedigree."

I Iuntington disecase (HD) is an autosomal dominant

SUBJECTS AND METHODS

Samples

All subjects in this study either had diagnosed HD or were
asymptomatic gene-positive members of families with HD from
the US—Venezuela Collaborative HD project'? with the exception
of eight people evaluated through the New England HD
Research Center who donated the sperm/lymphoblastoid
samples. The study was approved by the institutional review

board and appropriate informed consent was obtained from all
participants.

All subjects had expanded HD CAG repeat lengths =36. DNA
was prepared from sperm, lymphoblastoid cell lines or fresh
blood."” Sperm samples were a crude preparation pelleted from
semen and washed. We tested sperm and lymphoblastoid cell
DNA from 112 HD gene-positive subjects (42 affected with HD
and 70 asymptomatic at the time of sperm donation). For the
lymphoblastoid DNAs, the mean lengths of the expanded CAG
repeat and normal CAG repeat were 45 (range 36-62) and 18
(range 9-35), respectively. The mean age at sperm collection
was 33 years (range 14-70). In the Venezuelan pedigree, we
analysed 495 transmissions of the HD allele from 206 parents.
Of these, 184 transmissions were from 83 fathers and 311
transmissions were from 123 mothers.

Measures of repeat variation

We used PCR amplification of the HD CAG repeat' to examine
the range of length variation represented in total DNA from
lymphoblastoid cells and sperm samples. To capture the spread
in HD CAG alleles, we determined the modal HD CAG repeat
length and the range of repeat lengths by densitometeric
analysis as described previously.’

Statistical methods

Correlation between the quantitative traits of constitutive HD
CAG repeat length, ACAG, in sperm, range of CAG repeat
length in sperm, and age at sperm donation was performed
using the Pearson correlation coefficient. Models evaluating the
relationship of sperm instability to age and controlling for
parental constitutive HD CAG repeat size or age were performed
by linear regression analyses using the PROC GLM procedure in
the SAS program (SAS Inc., Cary, North Carolina, USA)."”

Abbreviation: HD, Huntington disease
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Figure 1

The effect of constitutive HD CAG repeat size on instability in sperm. (A) Autoradiogram showing HD CAG repeats, amplified using PCR, from
paired lymphoblastoid (L) and sperm (S) DNA samples from three subjects. PCR products from the expanded (E) and normal (N) HD alleles are s?\own (note:
person 1 is homozygous for the HD mutation). The positions on the autoradiogram corresponding to 48 and 18 CAG repeats, as determined from cosmid
clones of known CAG repeat size, are indicated. (B) The HD CAG repeat was amplified using PCR from sperm DNA of 112 subjects, and the modal CAG
repeat size (black squares) and range of CAG repeat sizes in sperm (vertical black lines) were determined by densitometry of the autoradiograms. Mode
and range were plotted versus the constitutive size of the expanded CAG repeat, as determined from lymphoblastoid DNA. For six people, the spread of the

sperm PCR Froducts was such that we were unable to determine the range of CAG sizes, although we were able to defermine the modal repeat size. This

figure therefore shows data plotted for 106 of the 112 subjects.

Similarly, models evaluating whether repeat variation in sperm
was associated with affected status, and controlling for
constitutive HD CAG repeat size and age, were performed by
the PROC GLM procedure.

For analyses of the Venezuelan pedigree, differences in the
mean repeat-length change were assessed by the ¢ test and
differences in the proportion of expansions and contractions
analysed by y? test. Analyses of the effects of parental CAG
repeat length, age and birth order were determined using the
generalised estimating equations (GENMOD) procedure in
SAS, adjusting for repeated observations within each sibship.
For age and birth order analyses, models were used that
adjusted for parental CAG repeat and for offspring sex,
adjusting for repeated observations within each sibship. For
the analyses of sibling correlation, an equation to determine
the “expected repeat size’”” was estimated by linear regression
models predicting the offspring expanded CAG repeat size
from the parental expanded repeat size. Separate models were
run for maternal and paternal transmission. Models that
included the sex of the offspring and adjusted for repeated
observations within the sibship were also evaluated. The
deviation from expected change was computed as the
observed minus the predicted offspring CAG. The correlation
for deviation from expected CAG for sibling pairs was
computed by interclass correlation controlling for multiple
siblings per sibship.

To control for testing of multiple hypotheses (three compar-
isons in the sperm dataset, five for maternal transmissions and
five for paternal transmissions in the Venezuelan pedigree) a
Bonferroni correction was applied. Uncorrected p values are
given in the text. Corrected p values were significant after
Bonferroni correction as indicated in the text.
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RESULTS

Effect of constitutive CAG repeat length on CAG repeat-
length variation in sperm

We evaluated the relationship of constitutive HD CAG repeat
length on instability in sperm from 112 men (see supplemen-
tary data file; available at available at http://jmg.bmj.com/
supplemental). Two typical HD heterozygotes and one HD
homozygote (two mutant HD alleles) are shown in figure 1A.
The normal (N) alleles of the former were identical in
lymphoblastoid and sperm DNA, at 21 and 16 repeats,
respectively, whereas the latter possessed no normal allele. In
each case, the expanded (E) mutant alleles show greater length
variation in sperm DNA than in lymphoblastoid DNA, with the
extent of variation in sperm greater for the person with the
larger constitutive CAG repeat.

Figure 1B depicts the mode and range of CAG repeat lengths
in sperm for 106 men, showing an increase in both of these
measures with increasing constitutive CAG length We used the
range of repeat lengths in sperm and the repeat-length change
in sperm, (ACAG), where ACAG = (modal sperm CAG length)
— (modal lymphoblastoid (constitutive) CAG length), as
measures of repeat instability. ACAG is, on average, zero for
constitutive repeat lengths up to 42 CAGs, is weakly positive
(0.4-2) for constitutive repeat lengths of 43-49 CAGs, and is
strongly positive (4-20) for constitutive repeat lengths =50
CAGs. Both ACAG and range and were strongly correlated with
constitutive HD CAG repeat length (ACAG r = 0.60, p<0.001;
range 1 =0.72, p<<0.001, both remaining significant after
Bonferroni correction for multiple testing), showing that CAG
length is a major determinant of male germline instability.
However, as illustrated in figure 1B, people with the same
constitutive repeat size appear to have different degrees of
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variation in sperm CAG repeat lengths, suggesting that factors
other than the HD CAG repeat size influence instability.

Lack of effect of age on HD CAG repeat-length variation
in sperm

De novo mutations associated with advanced paternal age have
been suggested to be due to increased frequency of mutations
in sperm," "> thus we tested whether CAG repeat variation in
sperm is influenced by male age at time of sampling.

We assessed whether the degree of HD CAG repeat-length
variation changes over time in a single person. Figure 2 shows
the HD CAG PCR products in the expanded allele range from
three subjects heterozygous for HD, from whom multiple
individual lymphoblastoid cell lines and sperm samples had
been obtained. For subject 3, two sperm samples were collected
within the same year. The spread of HD CAG repeat lengths in
sperm DNA differed, as expected, between the three subjects,
but was remarkably consistent over time for each subject,
despite the samples being collected up to 2 years apart.
Although these findings argue against a major effect of age
on repeat-length variation in sperm, modal analysis may not be
sufficiently sensitive to detect more subtle effects within this
limited time frame. Therefore, we performed a statistical
analysis to determine whether instability in sperm was
associated with age in a group of 112 HD male subjects, aged
14-70 years at the time of sperm collection. Not surprisingly,
age was inversely correlated with repeat size (r= —0.44,
p<<0.001), indicating that people surviving to older ages had
smaller HD repeats. We therefore controlled for constitutive HD
CAG repeat size in our analysis. We found that age was not a
significant predictor of ACAG (p =0.28) or range of HD CAG
repeats lengths in sperm (p=0.06, Bonferroni corrected
p =0.18). These findings support the view that age does not
play a major role in determining HD CAG repeat instability in
the male germline.
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Figure 2 HD CAG repeat variation in sperm does not vary over time.
Autoradiogram showing expanded HD CAG repeats amplified by PCR
from lymphoblastoid (L) andpsperm (S) DNA samples from three subjects.
The positions on the autoradiogram corresponding to 48 CAG repeats as
determined from a cosmid clone of known CAG repeat size, and to 56 and
88 CAG repeats as determined from densitometric analysis of
lymphoblastoid DNA and the first sperm sample of subject 3, are indicated.
See supplementary data file (available at http://jmg.bmj.com/
supplemental) for quantified data on subjects 1 (code 172), 2 (code 169)
and 3 (code 51). For subject 1, two lymphoblastoid samples representing
independent lines spanning 10 years and four sperm DNA samples
collected over 2 years were analysed. Sperm sample 2 was collected

1 year after sperm sample 1; sperm samples 3 and 4 were collected

2 years after sperm sample 1. For subject 2, two lymphoblastoid samples
spanning 9 years and four sperm DNA samples, collected over 2 years
were analysed. Sperm sampr;s 2 and 3 were collected one year after
sperm sample 1; sperm sample 4 was collected two years after sperm
sample 1.

Lack of effect of affected status on HD CAG repeat-
length variation in sperm

We also evaluated whether CAG repeat variation in sperm was
influenced by the affected status of the males at the time of
sperm collection. As expected from the relationship between
HD CAG repeat length and onset of clinical symptoms,
significant differences were found in the length of the
constitutive CAG repeat (p<<0.01) and in the age (p<<0.001)
of subjects who were affected versus those who were
unaffected at the time of sperm collection. Therefore, we
controlled for both constitutive CAG repeat size and age in
order to determine the influence of affected status on sperm
CAG instability. These analyses revealed no significant differ-
ence in ACAG (p=0.17) or in the range (p=0.23) of CAG
repeat lengths in sperm between affected and unaffected
subjects.

Transmission of the HD CAG repeat in the Venezuelan
pedigree

Examination of transmission of the HD mutant CAG allele in
parent-offspring pairs provides insight into the germline
variation in parents, as revealed by the allele sizes present in
the progeny. Table 1 summarises parent-offspring HD CAG
repeat transmissions in the Venezuelan HD pedigree (see
supplementary data file; available at http://jmg.bmj.com/
supplemental). Male transmission differed markedly from
female transmission for both mean repeat-length change
(p<<0.001, t test) and for the proportion of expansions versus
contractions (y>=44.7, 2 d.f, p<0.001). These remained
significant after Bonferroni correction for multiple compari-
sons. The mean repeat-length change was +3.5 CAGs for male
transmissions (range —6 to +41), which was similar to that seen
in sperm (mean ACAG +2.4, over range —4 to +45).

CAG repeat-length changes are influenced by parental
CAG repeat length but not by age or birth order

Repeat-length variation in sperm was found to be dependent on
parental CAG repeat length but not on the age of the
transmitting male. We therefore examined the effect of these
variables on inherited repeat-length changes in the Venezuelan
pedigree. Repeat-length change was strongly influenced by
parental CAG length in both maternal and paternal transmis-
sions (both p<0.001; both remained significant after
Bonferroni correction for multiple testing). The age of the
transmitting women did not influence repeat-length change

Table 1 Transmission of the expanded HD CAG repeat in
the Venezuelan pedigree
Total Female Male
Transmissions, n 495 311 184
Mean CAG parent 44.4 44.7 43.9
Changed dlleles, n (%) 364 (74) 214 (69) 150 (82)
Contractions 137 (28) 107 (34.5) 30 (16)
Expansions 227 (46) 107 (34.5) 120 (65)
Repeat-length change
Mean +1.27 -0.04 +3.5
Range —7 to +41 —51t0+10 —7 to +41

A total of 206 HD carriers (83 male, 123 female) contributed to the total
number of transmissions of the HD allele analysed. The size of the expanded
HD CAG repeat in the parent and their offspring was used to defermine the
magnitude and direction of the repeat-length change during transmission.
There was no significant difference in transmission of the HD allele and the
normal allele from male or female parents (data not shown) and the larger
number of female compared with male transmissions reflects a sampling
bias.
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(p=0.61), whereas there was a weak, non-significant effect of
the age of the transmitting men on repeat-length change
(p = 0.05, Bonferroni-corrected p = 0.26). To minimise possible
confounding effects of interindividual variation we also
assessed the role of parental age by determining whether birth
order influenced repeat-length change. Birth order was not
found to predict repeat-length change in either maternal
(p=0.93) or paternal (p = 0.23) transmissions.

CAG repeat-length changes are influenced by the sex of
the offspring
There is evidence in fragile X syndrome and in mouse models of
HD and myotonic dystrophy that postzygotic mechanisms play
a role in triplet repeat instability.'*" In a mouse model of HD, a
postzygotic mechanism has been proposed to explain the
finding that expansions predominate in male offspring whereas
contractions predominate in female offspring from the same
parent.'” '®

We therefore investigated whether instability of the HD CAG
repeat in this Venezuelan pedigree is influenced by the sex of
the offspring. To avoid masking an effect of offspring sex by the
strong influence of the sex of the parent on repeat instability,
we analysed maternal and paternal transmissions to sons and
daughters separately (table 2). For maternal transmissions, we
observed a significant difference between sons and daughters
in the mean repeat-size change (p<<0.01, ¢ test), and in the
proportion of expansions and contractions (y> =12, 2 d.f,
p<<0.01) (both remained significant after Bonferroni correction
for multiple testing). However, in paternal transmissions, we
did not find a significant difference between sons and
daughters in either the mean repeat-size change (p=0.31, ¢
test) or in the proportion of expansions and contractions (y?
=0.89, 2 d.f.,, p=0.64). These findings provide evidence that
progeny sex influences the direction of repeat-size changes in
maternal transmissions. The strong predominance of HD CAG
repeat expansions in the male germline may mask the relatively
mild offspring sex effect so that it is not readily apparent when
men transmit the CAG repeat but is evident in maternal
transmissions.

Instability is correlated between siblings

Differences in HD CAG repeat-length variability in sperm DNA
between subjects with similar constitutive repeat lengths (as
shown in fig 1B), suggest that genetic factors other than CAG

Table 2 Transmission of the expanded HD CAG repeat to
female and male offspring in the Venezuelan pedigree

Mothers Fathers
Daughters  Sons Daughters Sons
Transmissions, n 147 164 96 88
Mean CAG parent 44.8 44.5 443 43.6
Changed dlleles, n (%) 99 (67) 115(70) 79 (82) 71 (81)
Contractions 62 (42) 45 (27) 18 (19) 12 (14)
Expansions 37 (25) 70 (43) 61 (64) 59 (67)
Repeat-length change
Mean -0.4 +0.28 +3.0 +4.0
Range —5t0+5 —51t0+10 —610+29 —7to+41

Transmissions from both mothers and fathers were analysed according to
whether the HD CAG repeat was transmitted to daughters or sons. In total,
87 HD carrier mothers contributed fo the transmissions to daughters and 93
to the transmissions to sons, and 65 HD carrier fathers contributed to the
transmissions to daughters and 53 to the transmissions to sons. The size of
the expanded HD CAG repeat in the parent and their offspring was used to
determine the magnitude and direction of the repeat-length change during
transmission.
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repeat length may play a role in repeat instability. To assess
whether repeat instability tends to cluster in families, we
evaluated whether the deviation from expected HD CAG repeat
length, as predicted by the size of the repeat in the parent, was
correlated between siblings in this Venezuelan pedigree.
Multiple sibling pairs were derived from each sibship of >2
members. Analysis of 367 sibling pairs from maternal transmis-
sions revealed a significant correlation (r=0.28, p<0.001,
significant after Bonferroni correction for multiple testing)
between siblings in the deviation from expected HD CAG repeat
length predicted by the size of repeat in the mother. Including
the sex of the offspring in the computation of the expected
repeat size did not change the sibling—sibling correlation
appreciably. Analysis of 168 sibling pairs from paternal
transmissions revealed a weak, borderline significant correla-
tion (r = 0.16, p = 0.04) between siblings in the extent to which
their HD CAG lengths deviated from the expected CAG length,
which was not significant (p = 0.2) after Bonferroni correction
for multiple comparisons. However, we did not observe any
correlation (r =0.08, p=0.35) when the analysis of paternal
siblings was repeated omitting the largest (>10 CAGs) repeat
changes. These results imply that intergenerational repeat
instability in the Venezuelan pedigree is, in part, heritable
and that the large expansions in male transmissions contribute
to the heritability.

DISCUSSION

We investigated factors that influence the instability of the HD
CAG repeat by analysing HD CAG repeat lengths in sperm from
a large number of men carrying a wide range of constitutive HD
repeat sizes, and by analysing the transmission of the HD CAG
repeat in parent-offspring pairs from a large Venezuelan
pedigree.

Consistent with previous observations, our analyses
showed a strong positive correlation between the constitutive
size of the HD CAG repeat and repeat-length variation in sperm,
implicating constitutive HD CAG repeat length as the main
determinant of instability. This finding supports the hypothesis
that instability is driven by the CAG repeat itself, as a result of a
repeat length-dependent propensity to form unusual secondary
structures.”

In agreement with previous investigations of repeat instabil-
ity in sperm of patients with HD and patients with myotonic
dystrophy," *' we did not find a correlation between HD CAG
repeat-length variation in sperm and the age of the subjects at
the time of sperm donation. This is supported by the absence of
a significant effect of parental age or birth order on inherited
repeat-length changes in this Venezuelan pedigree. Analysis of
spermatogenic cell populations in patients with HD has
revealed that instability can occur before meiosis.”> If these
CAG length alterations arose during the mitotic cell divisions of
postpubertal spermatogonia, such a mechanism would be
predicted to generate progressively increasing CAG length
variation over time. Although a definitive test of an age effect
would require examining sperm samples from the same
subjects collected over many years, our present findings and
those reported by Leeflang ef al'' suggest that pre-meiotic repeat
instability may be more likely to arise between the time of
primordial germ-cell determination and postpubertal sperma-
togonial proliferation.

The absence of a positive correlation of HD CAG repeat-
length variation in sperm with age suggests further that
instability in the male germline does not occur as a
consequence of a progressively worsening disease. This is also
indicated by the finding that there was no significant difference
in repeat-length variation in sperm from subjects who were
clinically affected at the time of sperm donation compared with
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sperm from those who were presymptomatic. Thus, at least in
the male germline, instability appears to be an inherent
property of the expanded HD CAG repeat, not obviously
affected by aging or degenerative processes. It would be of
interest to determine whether HD CAG repeat length may also
be a primary determinant of the dramatic somatic repeat
expansions of the mutant HD CAG repeat recently observed in
human HD brain,” and whether these repeat expansions are
associated with ongoing neurodegeneration. CAG repeat length
was recently shown to be a major modifier of somatic repeat
instability in buccal cells.*

Our analyses of repeat-length changes in transmissions of
the HD CAG repeat in the Venezuelan pedigree reveal an overall
frequency of changes (74%) in this population, which fits well
with the frequency of instability (70-83%) derived from
transmission data in many other studies.*” '***¢ Similar to
other HD populations, this Venezuelan HD pedigree shows a
tendency towards repeat expansion in paternal transmission,
but no clear expansion trend in maternal transmission.* 7 '* *> >

We report for the first time that the sex of the offspring
can influence the direction of inherited repeat-size changes in
maternal transmission, with male offspring displaying a
tendency towards expansion, and female offspring displaying
a tendency towards contraction. Although in a previous
study, offspring sex was not found to influence the
intergenerational repeat instability of the HD CAG repeat,”
the discrepancy between that study and our data may lie in
the fact that we analysed transmissions from male and
female HD carriers separately. Interestingly, the direction bias
of repeat-size changes we observed in male and female
offspring parallels that seen in a transgenic HD mouse
model."” '®

The lack of somatic instability in blood or in lymphoblastoid
cell lines’ ' implies that differences in repeat-size changes
transmitted to male and female offspring do not reflect
different degrees of somatic expansion between the sexes.
Our data are consistent with a postzygotic component of repeat
instability, influenced by X-encoded or Y-encoded factors, to
generate the offspring sex-specific differences observed.
Concordance of HD CAG repeat sizes in monozygotic twins’
implies that a postzygotic event would have to occur very early
(<5 days) after fertilisation.

Evidence from other triplet-repeat disorders also points to
postzygotic events that contribute to repeat instability. In
fragile X syndrome, postzygotic contraction of the full CGG
repeat mutation to a premutation size is thought to account for
the presence of mosaic children carrying both full mutation and
premutation sized alleles,'® although the role of offspring sex in
this condition is unclear.”® In addition, in a transgenic mouse
model of myotonic dystrophy, intergenerational CTG repeat
instability was found to depend partly on the presence or
absence of the mismatch repair gene Msh2 in the offspring,
independent of the Msh2 genotype of the CTG repeat-transmit-
ting parent."”” Thus, events occurring after fertilisation may play
a role in determining repeat size in HD as it does in other
triplet-repeat diseases.

Our analyses show that deviation from expected HD CAG
repeat size is correlated between siblings in the Venezuelan
pedigree, providing evidence that genetic factors influence
repeat instability. Although there is a possibility that rare clonal
selection may occur, our experience with genotyping of
lymphoblastoid cell line DNAs and corresponding blood DNAs
is that the modal CAG repeat length is the same in >99% of
cases. Consequently, we do not believe that cell line-mediated
misassignments of the parental alleles have yielded systematic
errors in the predicted-observed intergenerational transmis-
sions in our sibling-sibling analyses.

Given the present findings, genetic factors could influence
either germline or postzygotic instability. As we did not find the
sibling—sibling correlation to be influenced by the sex of the
sibling, the genetic modifier effect that we observed is probably
acting at the germline instability level. Genetic factors that
influence repeat instability could potentially act either in cis or
in frans. Although chromosomal context (cis-acting sequences)
can influence repeat stability,” sequences closely linked to the
HD gene are unlikely to be responsible for the correlation of
repeat instability between siblings in the Venezuelan cohort, as
the HD chromosomes derive from the same founder chromo-
some.” Therefore, it is more likely that in these patients with
HD the genetic factors that influence instability act in trans, as
suggested in a previous study of a limited number of
Venezuelan patients with HD.® As indicated by studies in
mouse models, such frans-acting factors may be proteins
involved in DNA metabolic pathways." *'* Understanding the
pathways that are responsible for repeat instability in patients
with HD could ultimately provide the possibility of therapeutic
strategies aimed at preventing CAG repeat expansion or
inducing contraction.
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