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Trinucleotide repeat length
instability and age of onset in
Huntington’s disease
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The initial observation of an expanded and unstable trinucleotide repeat in the
Huntington’s disease gene has now been confirmed and extended in 150 independent
Huntington’s disease families. HD chromosomes contained 37-86 repeat units, whereas
normal chromosomes displayed 11-34 repeats. The HD repeat length was inversely
correlated with the age of onset of the disorder. The HD repeat was unstable in more than
80% of meiotic transmissions showing both increases and decreases in size with the
largest increases occurring in paternal transmissions. The targeting of spermatogenesis
as a particular source of repeat instability is reflected in the repeat distribution of HD
sperm DNA. The analysis of the length and instability of individual repeats in members of
these families has profound implications for presymptomatic diagnosis.

Huntington’s disease (HD) is a devastating inherited
neurodegenerative disorder characterized by progressive
disordered movements and psychological changes
including cognitive decline and emotional disturbance'.
The disorder typically has an insidious onset in middle-
age (mean ~40 years), but the age span among those
afflicted ranges from very young to very old. A
preponderance of the juvenile onset cases results from
male transmission of the disease gene®. The motor
disturbance of HDbeginsas minor involuntary movements
thatbecome progressively exaggerated and incapacitating
until they consume the entire body in chorea. There is no
treatment to prevent the onset or to delay the relentlessly
fatal course of HD.

Recently, we isolated the defective gene causing
Huntington’s disease and found that it contains a (CAG),,
trinucleotide repeat that is expanded and unstable on
disease chromosomes®. A limited sample of HD
chromosomes contained 42-86 copies of the triplet whereas
normal chromosomes possessed 11-34 copies. OQur initial
study also suggested that there might be a correlation
between thelength of the triplet repeat and the age of onset
of HD. The discovery of an unstable trinucleotide repeat
in the HD gene has implications for developing a direct
presymptomatic diagnostic test as well as for explaining
the phenotypicvariation in the disorder. We have therefore
extended our analysis to a much larger set of HD and
normal chromosomes to address critical questions raised
by the presence of the trinucleotide repeat.

Repeat lengths on normal and HD chromosomes
Ourinitial report identified a (CAG)  trinucleotide repeat
that appeared to be expanded and unstable on a sampling

of HDchromosomes. We have now examined the number
of copies of this triplet repeat on a total of 425 HD
chromosomes from 150 independent families compared
with 545 normal chromosomes. This comparison was
performed by polymerase chain reaction (PCR) analysis
and cannot exclude that the size variations detected do
not occur in flanking sequences. However, we presume
that the size differences in most or all cases reflect variation
in the (CAG), sequence. The results of this analysis are
displayed in Fig. 1. We observed two non-overlapping
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Fig. 1 Comparison of (CAG), repeat unit number on control
and HD chromosomes. Frequency distributions are shown
for the number of (CAG), repeat units observed on 425 HD
chromosomes from 150 independent families and from 545
control chromosomes. Shaded bars, control
chromosomes; open bars, HD chromosomes.
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Fig. 2 Comparison of (CAG), repeat unit number on maternally and paternally transmitted HD chromosomes. Frequency
distributions are shown for the 134 and 161 HD chromosomes from Fig. 1 known to have been transmitted from the

mother (a) and father (b), respectively. The two distributions differ significantly based on a t-test t

distributions of repeat length, although the upper end of
the normal range and the lower end of the HD range were
separated onlyby 3 repeat units. The normal chromosomes
displayed 24 alleles producing PCR products ranging
from 11-34 repeat units, with a median of 19 units (mean
19.71,s.d.3.21). The HDchromosomesyielded 54 discrete
PCR products corresponding to repeat lengths of 37-86
units, with a median of 45 units (mean 46.42, s.d. 6.68).
Of the HD chromosomes, 134 and 161 were known to
be maternally or paternally-derived, respectively. To
investigate whether the sex of the transmitting parent
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1725 = 5.34, p<0.0001).
might influence the distribution of repeat lengths, we
plotted these two sets of chromosomes separately Fig, 2.
The maternally-derived chromosomes displayed repeat
lengths ranging from 37 to 73 units, with a median of 44
(mean 44.93, s.d. 5.14). The paternally-derived
chromosomes had 37 to 86 copies of the repeat unit, with
a median of 48 units (mean 49.14, s.d. 8.27). However, a
higher proportion of the paternally-derived HD
chromosomes had repeat lengths greater than 55 units
(16% versus 2%), suggesting the possibility of a differential
effect of paternal versus maternal transmission.

Instability of the trinucleotide repeat

The data in Fig. 1 combine repeat lengths from 150
different HD families representing many potentially
independent origins of the defect. To examine the variation
in repeat lengths on sets of HD chromosomes known to
descend from a common founder, we have separated the
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Fig. 3 Comparison of (CAG), repeat unit number on HD
chromosomes from three large families with different HD
founders. Frequency distributions are shown for 75, 25 and
35 HD chromosomes from the Venezuelan HD family (a)®$,
Family Z (b} and Family D (c)’, respectively. The Venezuelan
distribution did not differ from the overall HD chromosome
distribution in Fig. 1 (t,, , = 1.68, p<0.12). Both Family Z and
Family D did produce distributions significantly different
from the overall HD distribution (t,, , = 6.73, p<0.0001 and
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tse = 2.90, p<0.004, respectively).
nature genetics volume 4 august 1993



article

90
8o -
70}
8ot

501 %

40

30 ‘l' i 1 1 L 1 1 1 1 1 i 1
30 35 40 45 80 56 60 65 70 756 8O 85 90
Maternal Repeat Length

STeQIO ~NOTOD <IOQO-TV R

'r’ 90
o 86f ©
9 L
g 8o
no7s- SES
y L
70 o %
R es5¢ og @
e )
> sof 00 "o
e i
© s ®
t 50 CB& g
L 45 -
e aof ©
n
g 3 -
t a0 E L ; L L L L L s L L
h 30 35 40 45 50 55 60 66 70 75 B8O 85 90

Paternal Repeat Length

Fig. 4 Relationship of (CAG), repeat length in parents and corresponding progeny. Repeat length on the HD chromosome
in mothers (a) or fathers (b) is plotted against the repeat length in the corresponding offspring. A total of 25 maternal
transmissions and 37 paternal transmissions were available for typing.

data from three large HD kindreds®’ with different
chromosome 4p16.3 haplotypes®, typed for 75, 25 and 35
individuals, respectively. Despite the single origin of the
founder HDchromosome within each pedigree, members
of the separate pedigrees display a wide range of repeat
lengths (Fig. 3). This instability of the HD chromosome
repeatis most prominentin members ofalarge Venezuelan
HD kindred (Fig. 3a) in which the common HD ancestor
has produced 10 generations of descendants, numbering
over 13,000 individuals. The distribution of repeat lengths
in this sampling of the Venezuelan pedigree (median 46,
mean 48.26, s.d. 9.3) is not significantly different from
that of the larger sample of HD chromosomes from all
families. Fig. 3b and c display results for two extended
families in which HD was introduced more recently than
in the Venezuelan kindred. These families have been
reported to exhibit different age of onset distributionsand
varied phenotypic features of HD’. Both revealed extensive
repeat length variation, with a median of 41 and 49 repeat
units, respectively. The distribution of repeat lengths in
the members of the family in Fig. 3b was significantly
different from the distribution of all HD chromosome
repeat lengths (p<0.0001), with a smaller mean of 42.04
repeat units (s.d. 2.82). The repeat distribution from HD
chromosomes of Fig. 3¢ was also significantly different
from the total data set (p<0.004), but with a higher mean
of 49.80 (s.d. 5.86).

Parental source effects on repeat length variation
For 62 HD chromosomes in Fig. 1, the length of the
trinucleotide repeat also could be examined on the
corresponding parental HD chromosome. In 20 of 25
maternal transmissions, and in 31 of 37 paternal
transmissions, the repeat length was altered, indicating
considerable instability. A similar phenomenon was not
observed for normal chromosomes, where more than 500
meiotictransmissions revealed no changesin repeatlength,
although the very existence of such a large number of
normal alleles suggests at least a low degree of instability.
Figure 4 shows the relationship between the repeat
lengths on the HD chromosomes in the affected parent
and corresponding progeny. For the 20 maternally-
inherited chromosomes on which the repeat length was
altered, 13 changes were increases in length and 7 were
decreases. Both increases and decreases involved changes
of less than 5 repeat units and the overall correlation
between the mother’s repeat length and that of her child
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was r = 0.95 (p<0.0001). The average change in repeat
length in the 25 maternal transmissions was an increase of
0.4 repeats.

On paternally-derived chromosomes, the 31
transmissions in which the repeat length changes
comprised 26 length increases and 5 length decreases.
Although the decreases in size were only slightly smaller
than those observed on maternally-derived chromosomes,
ranging from 1-3 repeat units, the increases were often
dramatically larger. Thus, the correlation of the repeat
length in the father with that of his offspring was only r =
0.35 (p<0.04). The average change in the 37 paternal
transmissions was an increase of 9 repeat units. The
maximum length increase observed through paternal
transmission was 41 repeat units, a near doubling of the
parental repeat.

For both male and female transmissions, there was no
correlation between the size of the parental repeat and
either the magnitude or frequency of changes.

Repeat length variation in male gametogenesis

To determine whether the variation in the length of the
repeat observed through male transmission of HD
chromosomes is reflected in the male germ cells, we
amplified the repeat from sperm DNA and from DNA of
the corresponding lymphoblast from 5 HD gene carriers.
The results reveal striking differences between the
lymphoblast and sperm DNA for the HD chromosome
repeat, but not for the repeat on the normal chromosome
(Fig. 5). All the sperm donors are members of the
Venezuelan HD family and range in age from 2430 years.
Individuals 1 and 2 are siblings with HD chromosome
repeat lengths based on lymphoblast DNA of 45 and 52,
respectively. Individuals 3 and 4 are also siblings, with HD
repeat lengths of 46 and 49, respectively. Individual 5,
from a different sibship than either of the other two pairs,
has an HD repeat of 52 copies. In all 5 cases, the PCR
amplification of sperm DNA and lymphoblast DNA
yielded identical products from the normal chromosome.
However, in comparison with lymphoblast DNA, the HD
gene from sperm DNA yielded a diffuse array of products.
In 3 of the 5 cases (2, 4 and 5), the diffuse array spread to
much larger allelic products than the corresponding
lymphoblast product. Subject 2 showed the greatest range
of expansion, with the sperm DNA product extending to
over 80 repeat units. Interestingly, the 3 individuals
displaying the greatest variation have the longest repeats
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Fig. 5 Amplification of the HD (CAG), repeat from sperm
and lymphoblast DNA. DNA from sperm (S) and
iymphobiasts (L) for 5 members (pairs 1-5) of the
Venezuelan HD pedigree aged 24-30 were used for PCR
amplification* of the HD (CAG), repeat. The lower band in
each lane derives from the normal chromosome.

and are currently symptomatic. The other two donors
have shorter repeat lengths in the HD range, and remain
at risk,

Relationship between repeat length and age of onset
Wehave suggested previously thatincreased repeatlength
might correlate with a reduced age of onset of HD. Age of
onset data could be determined for 234 of the individuals
represented in Fig. 1. Figure 6 displays the repeat lengths
found on the HD and normal chromosomes of these
individuals relative to their age of onset. Indeed, age of
onset is inversely correlated with the HD repeat length. A
Pearson correlation coefficient of r =~.75, p<0.0001 was
obtained assuming a linear relationship between age of
onset and repeat length. When a polynomial function
was used, a better fit was obtained (R*=0.61, F = 121.45),
suggesting a higher order association between age of
onset and repeat length.

Although very strong statistical correlations were
obtained in the analysis of all HD chromosomes, repeat
lengthis nota good predictor of age of onset for any given
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individual. There is considerable variation in the age of
onset associated with any specific number of repeat units,
particularly for trinucleotide repeats in the 37-52 unit
range (88% of HD chromosomes) where onset ranged
from 15-75 years. In this range, a linear relationship
between age of onset and repeat length provided as good
a fit as a higher order relationship. The 95% confidence
interval surrounding the predicted regression line was
estimated at 18 years. In the 37-52 unit range, the
association of repeat length to onset age is only half as
strong asin the overall distribution (r =—0.40, p<0.0001),
indicatingthat much of the predictive power s contributed
by repeats longer than 52 units. In this increased range,
onset is likely to be very young and consequently not
relevant to most persons seeking testing.

For the 178 cases in the 37-52 repeat unit range for
which it was possible to subdivide the data set based on
parental origin of the HD gene, multivariate regression
analysis suggested a significant effect of parental origin on
age of onset (p<0.05) independent of repeat length in this
range. HD gene carriers from maternal transmissions had
an average age of onset two years later than those from
paternal transmissions. Larger data sets and additional
analyses will be required to confirm the validity of this
preliminary observation.

Inbothunivariateand multivariate analyses, we detected
no association between age of onset and the repeat length
on the normal chromosome, either in the total data set, or
when it was subdivided into chromosomes of maternal or
paternal origin.

Discussion

The overall distribution of repeat lengths on the 425 HD
chromosomes was completely non-overlapping with that
observed for control chromosomes. At first glance, these
data suggest that sizing of the repeat unit could provide a
completely accurate diagnostic for HD. However, this
perception is seriously misleading, since a number of
considerations complicate the diagnostic use of repeat
length. First, the separation between the distributions is
only 3 repeat units, suggesting that larger data sets will
very likely contain chromosomes within the intervening
zone, creating an overlap.

Second, our data set excluded chromosomes from a few
clinically diagnosed individuals who have previously been
shown not to have inherited the HD chromosome by
DNA marker linkage studies®'°. These four individuals
from three well-characterized HD pedigrees inherited a
chromosome haplotype characteristic of the normal
chromosome in their respective affected parent. As
expected, these four individuals have repeat lengths well
within the normal range*, despite the fact that HD affecteds
in the remainder of each pedigree display repeat lengths
well within the HD range. Their disease manifestations,
including a typical age of onset, have not been explained,
and these persons may represent phenocopies of HD.
Regardless of the mechanism involved, the occurrence at
low frequency of such individuals within known HD

Fig. 6 Relationship of repeat unit length with age of onset.
Age of onset was established for 234 diagnosed HD gene
carriers and plotted against the repeat length observed on
both the HD and normal chromosomes in the
corresponding lymphoblast lines.
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families must be considered if diagnostic conclusions are
based solely on repeat length.

Finally, our control data set excludes a number of
chromosomes from phenotypically normal individuals
who are related to “spontaneous” cases of HD or “new
mutations™ (R.H.M. et al, manuscript submitted).
Chromosomes from these individuals who are not
clinicallyaffected and have no family history of the disorder
cannotbe designatedas HD. However, these chromosomes
cannot be classified as unambiguously normal because
they are essentially the same chromosome as that of an
affected relative, the diagnosed “spontaneous” HD
proband, except with respect to repeatlength. Thelengths
of repeat found on these ambiguous chromosomes (34—
38 units) span the gap between the control and HD
distributions, confounding a decision on the status of any
individual with a repeat in the high normal to low HD
range.

The striking difference in the high repeat length range
(>55) between HD chromosomes transmitted from the
father and those transmitted from the mother indicated a
potential parental source effect. When this was examined
directly, the HD chromosome repeat length changed in
about 85% of transmissions. Most changes involved a
fluctuation of only a few repeat units, with larger increases
occurring only in male transmissions. The greater size
increases in male transmission appear to be caused by
particular instability of the HDtrinucleotide repeat during
male gametogenesis, based on the amplification of the
repeat from sperm DNA. It remains to be determined
whether this instability is inherent in the size or sequence
of the repeat itself, or can be affected by paternal age,
environmental influences or possibly affected status. It is
also conceivable that the repeatlength is similarly unstable
in female gametogenesis but that larger expansions are
incompatible with production of a viable oocyte.

The analysis of individual families underscores the
instability of the HD trinucleotide repeat. Even thoughin
each of three large families all HD chromosomes can be
traced to a common ancestor, the related HD
chromosomes display an array of differentsizes of repeats.
In a sampling of the Venezuelan HD pedigree, the repeat
length variation mirrored that seen in the overall
population, whereas in two smaller families of American
origin, a tighter distribution was seen. It remains to be
determined whether these differences are solely due to the
number of generations since introduction of the HD
chromosome into the family, or whether HD
chromosomes of different haplotypes predispose to a
restricted range of repeat lengths.

The discovery of the unstable trinucleotide repeat in
HDoffered a potential explanation for the wide variations
in age of onset of the disorder with the observation that
thelongest repeats were found in juvenile onset HD cases.
Analysis of our data set indicates that repeat length is only
a partial determinant of age of onset. While the overall
correlation between repeat length and age of onset is
striking, a broad range of onset ages is associated with any
givenrepeatlength. The spread inages of onset isespecially
large in the lower end of the HD repeat distribution (37—
52 units), suggesting that in these individuals,
environmental effects, genetic modifiers or stochastic
processes play a significant role in determining onset.

The delineation of distinct distributions for repeat
lengths on normal and HD chromosomes justifies the use
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of this assay for direct prediction of HD status in most
instances. However, implementation of this radical change
indiagnostic capacity should beapproached withacaution
similar to that occasioned by the discovery of a linkage
marker for HDin 1983. Hopefully, the experience gained
in developing and using a genetic counseling protocol for
the HD linkage test'» 2 will provide the basis for a modified
approach that takes into account both the peculiarities of
direct testing and of the findings specific to HD described

above. There are numerous special concerns in dealing.. . .

with repeat lengths of about 30-40 units in this disorder.
Moreover, it is clear from the wide range in ages of onset
associated with any particular repeat length that using the
assay to predict age of onset or severity of disease is not
warranted and should not be done. With the above
concerns taken into consideration, the direct monitoring
of the (CAG), repeat in the HD gene should provide aless
expensive and more widely applicable diagnostic
procedure than linkage testing.

The trinucleotide repeat expansion in HD is the fifth
example of this mechanism in human disease. Unstable
trinucleotide repeats have been observed in fragile X
syndrome, myotonic dystrophy and spino-bulbar
muscular atrophy (SBMA)*®, The unstable HD repeat
behaves in a fundamentally different manner from the
repeats in fragile X syndrome and in myotonic dystrophy.
Both of these disorders often show much larger expansions
of the trinucleotide stretch than are seen in HD, and
instability increases with the size of the repeat. Significant
changes in repeat length are usually associated with
maternal transmission in fragile X syndrome and are seen
from either parent in myotonic dystrophy. The largest
changes in HD are associated with paternal transmission.

Ingeneral, the behaviour of the HDtrinucleotide repeat
most closely resembles that seen in SBMA, but there are
significant differences. Both repeat segments display
similar normal and disease-associated size ranges. The
disease-associated repeats typically fluctuate by less than
5 units and decreases in repeat length are not uncommon.
However, the HDrepeat appeatsto be more unstable than
that in SBMA. Changes in repeat length occur in most
transmission from either sexacross the entire range of HD
repeat sizes, with the occasional larger expansions resulting
exclusively from male transmission. In SBMA, size changes
occur less frequently than in HD. Although instability in
SBMA appears to be increased in male transmissions, the
resulting size changes do not match the magnitude of
some paternally-transmitted HD alleles. Thus, the details
of repeat expansion in HD do not precisely duplicate the
experience in SBMA, and are quite distinct from
observations in fragile X syndrome and myotonic
dystrophy, suggesting that different mechanisms of
instability may be operating.

Very recently a fifth example of trinucleotide repeat
expansion in human disease has been reported®.
Spinocerebellar ataxia type 1 (SCA1) is associated withan
expanded CAG repeat which displays normal and disease
variation similar to that seen in HD. Like HD, the age of
onset in SCA1 appears to be inversely correlated with age
of onset of the disease and shows a bias toward larger size
increases during male transmission. More detailed analyses
will be required to define the precise parallels between the
behavior of the triplet repeat in SCA1 and HD.
Interestingly, a second locus for autosomal dominant
cerebellar ataxia has recently been mapped to 12q (ref. 34)
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and would seem a likely candidate in what is probably a
longlist of neurological diseases involving this mechanism.

Methodology .

Typing of HD and normal chromosomes. HD chromosomes were
derived from symptomatic individuals and “at risk” individuals
known to be gene carriers by linkage marker analysis. All HD
chromosomes were from members of well-characterized HD families
of varied ethnic backgrounds used previously for genetic linkage and
disequilibrium studies®*. Three of the 150 families used were large
pedigrees, each descended from a single founder. The large
Venezuelan HD pedigree is an extended kindred of over 13,000
members from which we typed 75 HD chromosomes®. Two other
large families that have been described previously as Family Z and
Family D, provided 25 and 35 HD chromosomes, respectively’.
Normal chromosomes were taken from married-ins in the HD
families and from unrelated normal individuals from non-HD
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