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Dynamic mutation in Dutch Huntington's
disease patients: increased paternal repeat

instability extending to within the normal size
range

Karien E De Rooij, Pia A M De Koning Gans, Mette I Skraastad, Rene D M

Belfroid, Maria Vegter-Van Der Vlis, Raymund A C Roos, Egbert Bakker, Gert-Jan

B Van Ommen, Johan T Den Dunnen, Monique Losekoot

Abstract
Analysis of the distribution of normal
and expanded alleles of the polymorphic
(CAG). repeat in the IT1S gene in the
Dutch population confirmed the pres-
ence of an expanded repeat on all Hunt-
ington's disease (HD) chromosomes. Our
results show that the size distributions of
normal and affected alleles overlap. Nor-
mal alleles range from 11 to 37 repeats
and HD alleles contain 37 to 84 repeats. A
clear correlation is found between age at
onset and repeat length, but the spread of
the age at onset in the major repeat range
producing characteristic HD is too wide
to be of diagnostic value. In the available
parent-offspring pairs, maternal HD
alleles show a moderate instability with a
slight preponderance of size increase
over size decrease. Paternal alleles have a
bimodal distribution: the majority (69%)
behave similarly to the maternal alleles,
while the remainder (31%) show a dra-
matic expansion, the degree of which ap-
pears proportional to the initial size. This
is shown in three out of four juvenile
patients, who have repeats of 71, 74, and
84 copies, respectively, originating from
expanded paternal HD alleles in the pre-
vious generation. Two sporadic cases are
caused by expansion of 'large' normal
paternal alleles of 32 and 34 repeats, re-
spectively, to 46 copies. This not only
confirms the diagnosis of HD in two de
novo cases, but it also underlines the
increased paternal instability. In addi-
tion paternal repeat instability was once
detected within the normal range in two
sibs who inherited 21 and 22 repeats, re-
spectively, on the same paternal chromo-
some. In two Dutch HD families the
segregation of the expanded (CAG)n re-
peat was found. Analysis of the (CAG).
repeat in our previously reported recom-
binants confirmed their disease status.
(J Med Genet 1993;30:996-1002)

Huntington's disease (HD) is a progressive
neurodegenerative disorder with an autosomal
dominant pattern of inheritance. The charac-
teristics of this devastating disorder include
motor disturbances, personality changes, and
dementia. The symptoms are caused by selec-
tive cell death in the basal ganglia, predomi-

nantly in the caudate nucleus and putamen,
while other areas, including the globus palli-
dus and cerebral cortex, are only mildly affec-
ted. HD affects approximately 1 in 10000
subjects in most populations of European ori-
gin. The onset of the disease usually occurs in
the third to fifth decade of life and progresses
for 10 to 20 years until death. Occasionally
(± 5%0), HD has a juvenile onset (before the
age of 20 years), typically presenting with
more severe symptoms and rigidity. In 70%
the gene is inherited from the father. The
biochemical basis for the neuronal death in
HD is unknown and consequently there is no
effective treatment for this disorder.'
Using linkage analysis the genetic defect

responsible for HD was localised to chromo-
some 4p16.3 in 1983.2 Recently, after 10 years
of intensive worldwide search, the molecular
defect causing HD has been identified.3 It
consists of an expansion of a polymorphic
(CAG)n repeat in the 5' part of the IT15 gene.
The gene spans about 210 kb of genomic DNA
and encodes a protein with a predicted size of
-348 kDa, designated 'huntingtin'. It is
expressed in a wide variety of tissues and
shows no relation to any known gene.
An initial study showed that the (CAG)n

repeat has at least 17 different alleles in the
normal population, which vary between 11 and
34 copies of the repeat unit. Analysis of the
(CAG). repeat in 75 independent HD families
showed that they all had one allele in the
normal range and one expanded allele, which
ranged from 42 to over 66 copies. Further-
more, in two families with isolated cases of
HD, analysis of the (CAG)n repeat showed the
potential of repeats in the high normal range
(- 33 and - 36 copies) to expand to within the
affected range, thus causing de novo HD.3
One of the striking characteristics of HD is

its highly variable age at onset. While most
patients have an onset in midlife, cases have
been reported with ages at onset ranging from
2 to over 80 years.4 A higher age at onset was
found in females' and a preferential paternal
transmission was found in juvenile cases.56
Both age at onset and sex of the affected parent
seem to influence age at onset in offspring.78 In
the initial study of the molecular defect,3 a
rough correlation was observed between repeat
length and age at onset, which was more pro-
nounced in juvenile patients. However, the
diagnostic value of the number of repeats in
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predicting the age at onset remained to be
established.

Analysis of the distribution of the length of
the (CAG)n repeat in the Dutch population
confirmed the presence of an expanded repeat
on all HD chromosomes. Since expanded tri-
nucleotide repeats tend to be unstable in trans-
mission,9 we studied the behaviour of the
(CAG)n repeat in successive generations in all
available affected parent-offspring pairs. Fur-
thermore, we have analysed the (CAG)n repeat
in two Dutch families with sporadic cases of
HD.

Materials and methods
PATIENTS
All HD patients from families participating in
the presymptomatic DNA testing service and
from five families of our mapping panel were
tested.'01' To establish allelic variation of the
(CAG)n repeat in the normal population we
included 95 unrelated spouses or normal par-
ents of affected HD patients. Diagnosis ofHD
in these families was confirmed as previously
described.5 The age at which choreic move-
ments became manifest was designated as the
age at onset of HD in these patients.5 Four
juvenile patients with an age at onset of 10, 10,
7, and 6 years, respectively, were included in
this study.
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PCR ASSAY
Genomic DNA was isolated from venous
blood or cultured EBV transformed cell lines
as previously described. 12 13
For PCR analysis of the (CAG)n repeat the

published primers were used.3 The PCR assay
was modified as follows. PCR was performed
in a reaction volume of 25 (l using 100 ng of
genomic DNA, 100 pmol of each primer,
10 mmol/l Tris-HCl (pH 8 3), 5 mmol/l KCI,
2 mmol/l MgCl2, 200 pmol/l of each dNTP
(with a 1:1 ratio of dGTP and 7-deaza-dGTP),
10% DMSO, 2 0 jCi of c[32P]-dCTP (Amer-
sham), and 1 25 U of AmpliTaq (Cetus). After
heating to 95'C for 10 minutes, 40 cycles of
one minute at 95°C, one minute at 65°C, two
minutes at 72'C were performed in a DNA
Thermal Cycler (Perkin Elmer Cetus). The
addition of 7-deaza-dGTP proved essential to
generate an interpretable signal and low back-
ground.
PCR products were mixed with an equal

volume of 95% formamide loading buffer,
denatured for five minutes at 95'C, and separ-
ated on 6% denaturing polyacrylamide gels.
Autoradiography of fixed and dried gels was
one to four days at room temperature. Since
the band below the upper band of the PCR
product was in most cases the major band
using these primers and PCR conditions, this
band was taken to estimate allele sizes relative

(CAG) repeat units

Figure I Distribution of the allele sizes of the (CAG)n repeat in the Dutch population. Normal (open bars) and
HD (filled bars) alleles, presented as the number of (CAG), repeats, are depicted on the x axis. The number of each
allele is depicted on the y axis. The number of normal alleles consists of combined data from 95 normal subjects and
the normal alleles of 180 HD patients, yielding 370 normal chromosomes. The total number of HD alleles is 182.
The large Dutch HD family is not included in these data.
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at risk mother had 41 units. The second CV
sample showed the same number of repeats as
the at risk parent, that is, 42 copies. The
fetuses had both been given an increased risk
for developing HD previously on the basis of
haplotype analysis.

Figure 2 PCR results showing the overlap between
normal and expanded alleles. Lane I contains the largest
normal allele, found in an unaffected spouse, lane 2
contains the smallest expanded allele. C: M13
sequencing ladder; bp: basepairs.

to M13 sequencing ladders, not incubated
with 7-deaza-dGTP. Incubation of the marker
with 7-deaza-dGTP did not alter its electro-
phoretic mobility. The proximity of markers
proved essential for accurate size determi-
nation.

Results
VARIABILITY OF THE (CAG)n REPEAT IN THE
DUTCH POPULATION
Analysis of the polymorphic (CAG)n repeat in
the IT 15 gene in the DNA of 95 normal Dutch
subjects showed the presence of 18 alleles
ranging from 11 to 37 copies (fig 1) with a

heterozygosity frequency of 87%.
We determined the number of (CAG)n re-

peat units of both alleles in 181 patients from
80 unrelated families. In 180 patients one

normal and one expanded allele were found,
while one subject was homozygous for two
expanded alleles. The distribution of the nor-
mal alleles in the HD patients was similar to
the distribution in the normal chromosomes
analysed, although three additional alleles of
12, 28, and 30 units were detected increasing
the total number of normal alleles to 21 (fig 1).
Expanded alleles ranged from 37 to 84 units
(fig 1). In our population 29% of the expanded
alleles fell in the range of 37 to 41. The
majority of alleles contained 42 to 47 units
(59%), while 12% consisted of more than 48
units. The distribution of allele sizes did not
change significantly when the mean allele size
per family was used instead of every patient in
the family. In fig 2 the largest normal allele (37
repeats), found in an unaffected spouse, was
electrophoresed next to the smallest expanded
repeat (37 repeats), indicating an overlap
between normal and affected allele sizes.
To investigate whether it is possible to find

expanded alleles in chorionic villi (CV), the
number of (CAG)n repeats in the DNA of two
CV samples from two different families was

analysed (data not shown). In the first case the
DNA of the CV contained 39 units, while the

SPORADIC CASES
The mutation rate in HD was thought to be
very low.34 Using molecular analysis, however,
the expansion of normal alleles to the HD
range was found in two families.3 We analysed
the size of the (CAG)n repeat in two Dutch
families with apparently sporadic HD, in
which extensive family research did not show
any previous cases of HD. Fig 3 shows the
results of haplotyping and PCR analysis of the
(CAG)n repeat in these cases. In family 1 (fig
3A) both parents have two alleles in the normal
range, of which the father has one allele in the
high normal range, that is, 32 copies. The
proband with clear symptoms ofHD shows an
expanded repeat of 46 units on the chromo-
some with the paternal haplotype (fig 3C).
Similarly, an increase from 34 to 46 copies was
observed in transmission from the father to the
affected offspring in family 2 (fig 3C). In the
latter case, but not in the former, the affected
chromosome carried the major HD haplotype
reported by MacDonald et a114 (fig 3B). Non-
paternity was excluded in both cases.

INSTABILITY OF THE (CAG)N REPEAT
The size of the expanded allele varies within
families both between and within sibships.
While it has an overall tendency to increase in
length, contractions are observed as well.
For those cases where affected parent-off-

spring pairs were available for analysis, the
data were divided according to parental sex
(fig 4). In six out of 13 maternal cases
(46%) the size of the repeat increased upon
transmission from parent to offspring, in two
cases (15%) the repeat number decreased, and
in five cases (38%) no change was observed.
This is only a minor deviation from the line
that is obtained when alleles are transmitted
unchanged (fig 4). Paternal alleles show clear
bimodal behaviour: in 11 out of 16 (69%)
paternal transmissions the repeat stability is
comparable to the maternal transmission:
moderately unstable with five (45%) small
increases, three (27%) decreases, and three
unaltered cases (27%). In addition, five alleles
(31%) were significantly elongated. Interest-
ingly, the degree of the expansion itself seems
to be proportional to the initial size of the
paternal allele (fig 4). Three of these were
expanded HD alleles giving rise to juvenile
HD in the second generation, while the
remaining two were long normal alleles caus-
ing de novo HD (see above). In two parent-
offspring pairs a large expansion of the repeat,
from 44 to 71 and from 47 to 84 copies, was
found. In one case, with a 74 copy repeat, the
elongation of the repeat in transmission from
father to child could not be directly verified in
the father as his DNA was not available. How-
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Figure 3 Haplotyping and PCR analysis of the (CAG)n repeat in two families with sporadic HD. Diamonds are

used to protect confidentiality; closed symbols indicate affected subjects. A, C: M13 sequencing ladders; bp: basepairs.
Haplotype analysis has been performed with polymorphic markers in 4pl6.3 in family 1 (A) andfamily 2 (B).
PCR analysis (C) shows alleles in the normal range in parents and alleles in the expanded range in the affected
offspring in both families. Note the large normal alleles in both fathers.

ever, his sister had a repeat size of 45 copies.
Since both of these sibs had received the HD
allele from their mother, the repeat size in the
father was probably not very different from 45
copies. The uncertainty of the paternal allele
size is indicated in fig 4 by a dotted horizontal
line of several units width.

Strikingly, and further substantiating the
increased paternal instability, in one family a

difference in repeat number was found
between two sibs, occurring in one of the two

normal paternal chromosomes. One sib had 21
copies and the other 22. The father was dead,
so his repeat number could not be determined,
though the availability of other family mem-

bers allowed unambiguous determination of
the haplotypes. The haplotype in question
occurred only twice in four sibs, but all four
parental haplotypes were detected and non-

paternity was excluded in this family (data not
shown for reasons of confidentiality).

Segregation of the (CAG)n repeat in HD
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Figure 4 Transnission of the (CAG) repeat fromn
parent to offspring. The size of the (CAG), repeat in

parent (x axis) and offspring (y axis) is shown. Open
circles represent maternal transmission, filled squares
paternal transmission. The number beside sonie of the
symbols represenits the number of overlapping data points
at the sanie position. In one case, the size of the paternal
allele was derived from the size of the repeat of his sister
comprisintg 45 copies (see text). A dotted horizontal line
represents this uncertainty. The dotted line represents
the theoretical line for unaltered transnissiotn, and the
continuous line the curve obtained using only the
paternal super-expansion cases.

with occasional changes is shown in two Dutch
HD families (fig 5). In family 1 subject I. 1 has
transmitted his affected chromosome to his
two children. In II.1 the number of repeats,
which was 40 in the father, has decreased to 38,
while in the other child, 11.2, the size of the
repeat did not change. In family 2 transmission
from I.2 to II.1 did not change the size of the
repeat.

CORRELATION BETWEEN THE NUMBER OF

REPEAT UNITS AND AGE AT ONSET

The observation of very large alleles in two

juvenile patients corroborated the suggested
correlation between repeat size and age at
onset.3 Four Dutch juvenile patients, with an

age at onset of 10, 10, 7, and 6 years, respect-
ively, had very large alleles of 59, 71, 74, and
84 repeats, respectively. When the age at onset
in our patient population is plotted against the
number of repeat units a clear correlation can

be seen (fig 6). Only when the HD allele
elongates to more than 55 repeats is a signific-
ant decrease in age at onset observed.

RECOMBINATION EVENTS
Seven recombination events in our HD patient
population have been described previously,
two of which were used to define the proximal
border of the HD candidate region.'5 In all
cases the precise localisation of the gene or
examination of repeat size or both has con-
firmed the disease status of these subjects. One
particularly interesting case concerns a person
who had reached the age of 72 without deve-
loping HD, while having inherited the com-
plete affected haplotype. A double crossover,
gene conversion, or a delayed age at onset had
been considered to explain the genotype-phe-
notype inconsistency. Eventually, analysis of
the (CAG)n repeat showed an expanded allele
of 39 units and recently he was reported to be
showing the first symptoms ofHD at the age of
74 years.

Discussion
The size and distribution of the normal alleles
of the polymorphic (CAG)0 repeat in the IT15
gene in normal Dutch chromosomes are simi-
lar to those found recently.3 Furthermore, all
HD patients in the Dutch population show one
allele in the normal range and one expanded
allele, while one homozygous patient has two
expanded alleles. This confirms that expansion
of this (CAG)n repeat is the major or single
cause of Huntington's disease. However, the
distribution of the affected alleles in our popu-
lation is somewhat different from that reported
by the Huntington's Disease Collaborative Re-
search Group (HDCRG). Expanded repeats as
short as 37 units were found and the majority
of the Dutch HD alleles fall in the 42 to 47
range (59% compared to the published 41%),
while previously reported results show a pre-
dominance of alleles larger than 48 copies
(59% v 12% in our population). This could be
either because of statistical variation or, alter-
natively, may reflect population differences in
susceptibility to expansion of HD chromo-
somes.
While new mutations to HD were thought to

be rare, MacDonald et al'4 have argued that
multiple ancestor haplotypes exist in the popu-
lation, which is supported by the molecular
findings,3 and one haplotype seemed more
prone to repeat expansion than others.3 In one
of our two families with sporadic HD a large
normal allele of 34 units has expanded to 46
units on a paternal chromosome with this
particular haplotype. The other de novo
expansion, while not on this haplotype, was
also on a paternal chromosome and of similar
magnitude (32 to 46 units). The phenomenon
of founder chromosomes, that is, chromo-
somes with a specific haplotype which are
prone to repeat expansion, has also been de-
scribed for the fragile X syndrome and myoto-
nic dystrophy."''8 Since these diseases are also
caused by expansion of a trinucleotide re-
peat, 1-24 the mutational mechanism could be
comparable.
Most remarkably we observed an overlap of

large normal alleles and small affected alleles.
The largest normal allele as well as the smallest
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Figure 5 PCR analysis of the (GAG),n repeat in two Dutch HD famili'es. (Jffspri
are shown as diamonds and birth order has been changed for confidentiality. Allele.

numbers of repeat units are shown below each subject. A: M13 sequencing ladders.

lowest allele vzs'zble in the lane of sample 1 offamily is the result of leakage of
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with arrows.
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Figure 6 Correlation between age at onset and repeat length. Age at onset in Dut
HD patients is plotted against the number of repeat units in the expanded (CAG)
repeat. A negative correlation is found; correlation coefficient (r) = - 0 7243.

expanded allele both contain 37 units. Thus,
extreme care should be taken with presymp-
tomatic testing or diagnostic results showing
chromosomes with repeat ranges in the mid
thirties. Notably, the paternal alleles of
32 and 34 repeats, enlarged de novo to 46
copies, underline the reported cases3 and
imply a risk of unassessed magnitude for large
normal alleles to undergo expansion leading to
HD. This highlights these repeat sizes as
potential premutations present in the normal
population.

In juvenile patients we observed a substan-
tially increased repeat copy number. An over-
all correlation was seen between repeat length
and age at onset. There seems to be a threshold
for repeat sizes above 55 units to cause a
marked and predictable decrease in the age at
onset. The wide variation of the age at onset in
the group of alleles smaller than 50 units
renders this correlation unsuitable for indi-
vidual predictive diagnosis and indicates the
involvement of other genetic, environmental,
or stochastic factors. Interestingly, a recent
study showed an influence of another sequence
on 4pl6.3 from the chromosome of the normal
parent on the age at onset.25
Apart from the well defined group of super-

expanding paternal alleles, no overall clear
difference is seen in repeat stability between
paternal and maternal transmission. The
super-expanding group contains the sporadic
cases as well as three juvenile patients who
inherited the HD gene from their fathers. In
the graph in fig 4 they are located on a curve,
which is clearly different from that of the
maternal and the majority of paternal alleles,
setting apart the expansion potential of these

ing super-expanding chromosomes. The single
s in case where a normal paternal allele has either
The expanded from 21 to 22 units, or contracted
adn from 22 to 21 units, could fall on both curves.

Although the effect of parental sex on the
expansion of trinucleotide repeats is also seen
in the fragile X syndrome and myotonic dys-
trophy, there is still no explanation for this
phenomenon. A potential relationship between
super-expansion and haplotype is under study.
The possibility of using the size of the

(CAG). repeat as a diagnostic tool dramatically
changes the predictive DNA test. It will in
most cases eliminate the need for linkage
analysis. This greatly facilitates counselling
and makes the test available to applicants with-
out living relatives. A complicating factor is
the overlap between normal and expanded
alleles in the mid thirties. This requires cau-
tion in arriving at a good risk estimate of
(CAG)n repeat copy numbers in this range.
Considering our findings this figure is likely to
depend on parental sex and possibly the haplo-
type of the chromosome, while it may well be
influenced by additional factors. An obvious
candidate would be the size of the repeat of the

-n normal allele. Since HD is a dominant disease,
90 huntingtin could well function as a multimeric

protein, with defective subunits exerting a
tch dominant negative effect.26 The possibility

then exists that for borderline functional subu-
nits, minor variations in the function of the
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complementing normal subunits become of
critical importance.
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