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Patterns of inheritance of the symptoms of
Huntington's disease suggestive of an effect of genomic
imprinting

R M Ridley, C D Frith, L A Farrer, P M Conneally

Abstract
The interaction ofsymptomatology (rigidity/chorea)
in Huntington's disease (HD) with age of onset
(AO) was examined using data from the Research
Roster for Huntington's Disease Patients and
Families. It was shown that AO varies between
families and between paternal and maternal trans-
mission and that rigidity is associated specifically
with very early onset, major anticipation, paternal
transmission, and young parental AO. It is proposed
that AO depends on the state of methylation of the
HD locus, which varies as a familial trait, and as a
consequence of 'genomic imprinting' determined by
parental transmission. Young familial AO and
paternal imprinting interact to produce, occas-
ionally, a major change in gene expression, that is,
the early onset/rigid variant.

Genomic imprinting is the process by which genes are
labelled as being of paternal or maternal origin. The
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mechanism ofgenomic imprinting involves the degree
of methylation of chromosomal segments. ' 2 Changes
in the degree of methylation ofDNA can also control
gene activation and inactivation and can occur as part
of the ageing process.3 It has been suggested that
differences in genomic methylation may be respon-
sible for the differences in age of onset (AO) which are
observed in cases of Huntington's disease (HD)
depending on whether the HD allele is inherited from
the mother or the father,4 5 and it is possible that
differences in genomic imprinting may also underlie
differences in symptomatology. The later AO of HD
in the offspring of affected mothers compared to
offspring of affected fathers has been attributed to a
maternal protective factor&8 and, although it has been
suggested that this factor could be found in maternal
mitochondrial DNA,6 it could equally well exist in
maternal genomic imprinting.
We have previously reported that maternal inheri-

tance does not result in a change in mean AO across
generations but that cases of paternal inheritance fall
into two distinct groups, the larger showing a decrease
in AO of -4 years and the smaller group (-6%)
showing a decrease of -24 years.4 A decrease in AO
from one generation to the next has been called
anticipation. It is usually thought to result from
ascertainment bias, for example, people with very
young AO do not become parents or parents with a
young AO may die shortly after the birth of their
children such that data are not remembered or are lost
because of family breakdown (see reference 4 for
further discussion). The data base used here produced
very little anticipation in the maternal line suggesting
that general ascertainment bias cannot explain the
anticipation observed in the paternal line. Some
ascertainment bias could be affected by sex, for
example, data may be more frequently lost about
fathers than mothers because of illegitimacy or family
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breakdown. Since prodromal behaviour may directly
contribute to these events, data on young onset
fathers may be differentially lost. The analysis in this
paper shows, however, that young onset fathers make
a special contribution to the distribution of AO in
offspring. This would not arise from an ascertainment
bias in which young onset fathers were not reported.

In this paper we examine the extent to which
parental (and grandparental) inheritance affects
symptomatology in HD. We do this by considering
cases which present with or without muscular
rigidity. Although rigidit is known to be associated
with paternal inheritance and early AO,9 12 13 we

show here that rigidity is also associated with major
anticipation and young paternal AO. This deviation
from normal regression (where the offspring of young
onset parents would show negative anticipation)
indicates that a change in genomic expression has
occurred in these rigid cases. This change may involve
the degree of methylation of the HD allele.

Methods
Data on symptoms were acquired by questionnaire
from members ofthe Research Roster for Huntington's
Disease Patients and Families.9 Questionnaire data
that were ascertained from living, first degree
relatives were supplemented by medical and genea-
logical records kept by the roster. Chorea was defined
as "starting as involuntary tics or jerk-like spasms and
intensifying during disease progression until voluntary
movements including facial expression could no
longer be controlled". Rigidity was defined as
"almost the opposite of chorea, appearing as general-
ized muscle stiffness and slight tremors in one or
more parts of the body". AO was defined as the first
time any signs or symptoms appeared which were
either neurological or psychiatric and which repre-
sented a permanent change from the normal state.
Group means were compared using ANOVA with

equal weights applied to the cells, followed by the
Newman-Keuls multiple range test (package P7D
from the BMDP statistical software'4). The ability of
the covariates to predict membership of subgroups
(for example, rigid v choreic) was examined using
stepwise logistic regression (package PLR from the
BMDP statistical software'4). This method selects

predictor variables in a stepwise fashion. The depen-
dent variable is binary, while the independent
variables can be categorical or continuous. The
predicted proportion of the two subgroups composing
the dependent variable follows the logistic model
exp(U)/(l+exp(U)) where U is a linear function of the
independent variables.'5 At each step in the stepping
process one independent variable is added to or
removed from the model. The step selections are
based on the maximum likelihood ratio. The procedure
will also handle interactions between independent
variables. A hierarchical rule was applied so that
interactions were only allowed into the model if lower
order interactions and main effects were already in the
model.

Results
PARENTAL ORIGIN OF RIGID CASES
Table 1 shows that rigid cases tended to have an
affected father rather than an affected mother (Fisher's
test, p<002). In agreement with previous obser-
vations,4 6 7 16 paternal origin produced a younger
AO overall (34 (SE 0-69)) than maternal origin
(39 (SE 064), p<0001). There was, however, a
significant interaction between symptomatology and
parental origin (F(l,58)=6-8,p<00l). Rigid cases of
paternal origin had a much earlier AO than any other
group (Newman-Keuls test, p<0-01) suggesting that
some special event may have occurred to produce
these unusual cases. The effect of paternal origin was,
however, not confined to this group since, for choreic
cases, paternal origin still produced an earlier AO
than maternal origin (Tukey test, p<0-01).

Overall the offspring of affected fathers showed
significant anticipation, that is, the tendency to have
an earlier AO than their affected parent (6-6 years,

p<0.001) while the offspring of affected mothers did
not. The rigid offspring of affected fathers showed
substantial anticipation (15 years, p<0-001). In this
respect they differed significantly from the other three
groups (Neuman-Kuels, p<0 05). This occurred
despite the fact that, as a group, rigid cases had
fathers with a younger AO than fathers or mothers of
choreic cases (Newman-Keuls test, p<0 05). (If
anticipation simply reflected regression to the mean
then the offspring of young onset fathers would show
negative anticipation.)

Table I Symptomatology, age of onset, and parental age of onset.

Paternal origin Maternal origin

Choreic No Rigid No Choreic No Rigid No

AO proband 36 (0.64)* 236 18 (2 4) 20 40 (0 64) 258 32 (4-5) 8
AO parent 41 (0-83) 141 33 (1-9) 19 39 (0-85) 146 39 (7-6) 5
Anticipation in

proband 5 6 (0 9) 141 15 (2 2) 19 0-6 (0 7) 146 2-4 (4 3) 5

*Years (SEM).
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Table 2 Relationship of syptomatology and age of onset to grandparental origin.

GF- F No GM-*F No GF- M No GM-.M No

Choreic
AO proband 34 (1 1)* 54 34 (15) 55 38 (1-6) 51 37 (14) 52
AO parent 40 (10) 54 40 (13) 55 37 (1[3) 51 38 (16) 52
AO grandparent 44 (2/3) 15 44 (3-2) 14 43 (2-5) 14 37 (2-3) 15
Anticipation in proband 6-1 (1-3) 54 5-1 (1-3) 55 -1-6 (1-3) 51 11 (1[1) 52
Anticipation in parent 2-3 (2-0) 15 4-7 (2/5) 14 7 9 (2/7) 14 2-3 (2/8) 15

Rigid
AO proband 14 (2/7) 9 18 (2/8) 8 40 (12) 3 31 (14) 2
AO parent 33 (2-8) 9 31 (2 8) 8 46 (11) 3 28 (4 0) 2
AO grandparent 45 (2/4) 3 30 (4-1) 4 52 1 - 0
Anticipation in proband 19 (1-6) 9 13 (3-9) 8 6 (6 4) 3 -3 (310) 2
Anticipation in parent 17 (2/3) 3 0-8 (3-5) 4 -4 0 1 - 0

*Years (SEM). GF grandfather, GM grandmother, F father, M mother.

These results show that rigid symptomatology is been put forward as a special subgroup of HD. We
associated with at least four variables: early onset, examined the variables that predict the juvenile form
anticipation, paternal origin, and early onset in the of the disease (defined as an AO at 20 years or less).
affected parent. A further way of examining those Table 3 shows the parental and grandparental origin
parents likely to produce very early onset, rigid cases of juvenile and adult onset cases. In agreement with
is to look at the grandparental origin of rigid cases. previous analyses, juvenile cases are more likely to be

rigid9 10 and of paternal origin.'0 '9 In addition, table
3 shows that juvenile cases show large anticipation

EFFECTS OF GRANDPARENTAL ORIGIN and tend to have early onset parents and grand-
Table 2 shows the usual effect of paternal transmission parents.
on AO in both generations especially for the rigid That juvenile cases tend to show anticipation is to
probands. There were only eight rigid cases for whom be expected, firstly because a group selected on the
the AO in the affected parent and affected grand- basis of very young AO is going to be of younger onset
parent were both known. In the three cases inherited than its parents who were not selected for young onset
from the father and grandfather, substantial antici- and, secondly, because selection for parenthood
pation occurred in both generations. This did not excludes cases where young AO precluded marriage
occur in any other lineage. Nevertheless, in this small and reproduction. Nevertheless, since AO is highly
data set, there was no detectable effect of grand- correlated within families,'6 23-25 37 the parents of
parental origin on probability of occurrence of a rigid juvenile cases are likely to have a younger AO than
case. average. The dual influence of young familial AO and

the paternal anticipation effect can be seen in table 3.
In the GM-M line both mother and grandmother

PREDICTION OF JUVENILE CASES have a young AO indicating an overall young familial
Juvenile onset HD has often been the subject of AO. In the GF-M line the mother also has a young
special attention9 10 17-21 37 and these cases have also AO but the grandfather need not be of young onset

Table 3 Grandparental origin of juvenile and adult cases.

GF--F No GM-IF No GF- M No GM-*M No

Adult
AO proband 36 (0.64)* 208 38 (0 63) 234 38 (0 56) 293 39 (0 55) 301
AO parent 41 (0-62) 208 43 (0-64) 234 38 (0 57) 293 40 (0 55) 301
AO grandparent 43 (1-2) 60 43 (1-2) 75 42 (1-2) 71 40 (11) 96
Anticipation in proband 4-8 (0 67) 208 5S1 (059) 234 0-32 (0-45) 293 1-3 (0-43) 301
Anticipation in parent 2-3 (1-2) 60 -0-89 (1-0) 75 55 (10) 71 0-16 (81) 96
Rigidity 2/52 (4%) 3/50 (6%) 2/49 (4%) 2/53 (4%)

juvenile (<20 years)
AO proband 13 (073) 66 15 (0-88) 37 17 (1 1) 21 17 (1-1) 19
AO parent 31 (1 1) 66 29 (1 1) 37 25 (1-9) 21 27 (1 5) 19
AO grandparent 38 (1-3) 31 34 (19) 23 38 (2 7) 13 28 (2 5) 7
Anticipation in proband 18 (1 1) 66 15 (1-3) 37 8 5 (2-5) 21 9.9 (1[9) 19
Anticipation in parent 8-2 (1 5) 31 3-3 (1[9) 23 11-8 (3 7) 13 1-6 (4-6) 7
Rigidity 7/11 (64%) 5/13 (38%) 1/5 (20%) 0/2 (0%/o)

*Years (SEM).
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Tabk 4 Grandparental origin of normal and major anticipation.

GF--F No GM- F No GF--M No GM- M No

Normal anticipation
AO proband 34 (079)* 198 37 (0176) 225 37 (0-61) 296 38 (0-61) 298
AO parent 37 (0-62) 198 40 (0-69) 225 37 (0 57) 2% 38 (0 60) 298
AO grandparent 41 (1-3) 60 41 (1-2) 79 41 (1 1) 78 39 (1 1) 95
Anticipation in proband 2-9 (0 56) 198 3-4 (0-47) 225 -0-21 (0 40) 2% 0 55 (0 37) 298
Anticipation in parent 6-0 (1 1) 60 0-49 (0-98) 79 6-9 (1 1) 78 1-0 (0-69) 95
Rigidity 1/47 (2%) 5/51 (6%) 2/52 (4%) 2/51 (4%)

Major anticipation
(>15 years)

AO proband 20 (1-0) 76 25 (1-7) 46 28 (3-0) 18 33 (2 5) 22
AO parent 42 (1-3) 76 46 (1-6) 46 46 (2 7) 18 51 (2 3) 22
AO grandparent 43 (1-3) 31 38 (2 4) 19 41 (5 0) 6 39 (4-4) 8
Anticipation in proband 22 (0-71) 76 21 (8-3) 46 18 (1-9) 18 19 (0-91) 22
Anticipation in parent 1-0 (1[9) 31 -1[5 (2-6) 19 -0-3 (3-5) 6 -9-1 (5 8) 8
Rigidity 8/16 (500/6) 3/12 (25%) 1/2 (50%) 0/3 (0'/o)

*Years (SEM).

because of anticipation in his offspring. Affected
fathers tend to have a little older AO than affected
mothers and affected grandfathers have a slightly
older AO than affected grandmothers because they
produce anticipation in their offspring.

PREDICTION OF MAJOR ANTICIPATION
In our previous study4 we suggested that cases
showing major anticipation might form a special
subgroup of HD. We therefore investigated whether
the subgroup defined by major anticipation was
similar to that defined by rigidity in terms of the
variables that predict group membership. Major
anticipation was defined as occurring when the AO of
the proband was >15 years less than the affected
parent.

Table 4 shows the grandparental origin of cases
with normal and major anticipation. Major anticipation
is associated with rigidity, early onset, and paternal
origin. These cases, however, tend to have parents
with a later onset than the parents of rigid cases.
Anticipation is by definition large in probands in this
group, but it is noticeable that there is no anticipation
in the parents and indeed anticipation is strongly
negative in mothers of major anticipation in the
GM-M line. Thus, in the GM-M line, major anti-
cipation represents a fluctuation about a family mean.
Comparing tables 2, 3, and 4 it is noteworthy that

selection by rigidity produces an AO in the offspring
of affected fathers which is as young as that produced
by selection by juvenile onset or major anticipation,
even though juvenile onset and anticipation select for
youngAO for mathematical reasons, whereas selection
for rigidity does not. Selection by rigidity also
produces as much anticipation in the offspring of
fathers as does selection by juvenile onset or selection
by anticipation, even though these latter two neces-
sarily produce anticipation in the proband.

Anticipation in the parent is interesting in that a
marked (grand)paternal effect is evident in cases
selected for juvenile onset but not in cases selected for
anticipation. This is because anticipation in the
proband may be the result of normal regression to the
mean following negative anticipation in the parent,
whereas juvenile onset may require the combination
of anticipation and young parental AO which, itself,
may have been acquired by anticipation from a
grandfather. Unfortunately, there are few rigid cases
for which anticipation in the parent is known, but it is
striking that in the three cases of grandpaternal origin
there is major anticipation in the parent whereas in
the four cases of grandmaternal origin there is not.
Overall, these three analyses show patterns in AO and
anticipation which can be predicted from the selection
process inherent in looking at juvenile and major
anticipation cases in combination with the known
paternal effect. Selection by rigidity, however, pro-
duces marked effects on AO and anticipation which
indicate a complex interaction between this symptom,
parental origin, AO, and anticipation.

VARIANCE ACROSS FAMILIES
A number of studies16 23-25 37 have shown that AO of
HD is more homogeneous within than across families.
We confirmed this effect by contrasting the variance
in AO within sibships in the same family and the
variance in AO across these sibships. There were 729
sibships with at least two affected sibs (average of 2-6
sibs per family). Sibships with affected fathers were
analysed separately from those with affected mothers,
since we might expect to see a greater variation in AO
in sibships with affected fathers. There were 345
sibships with affected fathers and 384 sibships with
affected mothers. For both data sets the variance
between sibships was significantly greater than that
within sibships although, contrary to expectation,
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Table S Variance in AO in HD.

F
Source of variance df MS ratio p

Families of affected fathers
Between families 344 277-0 5 04 <0-0001
Within families 546 55-0

Families of affected mothers
Between families 383 243-8 6-57 <0-0001
Within families 630 37-1

there was no significant difference between the
sibships with affected fathers and those with affected
mothers (table 5).

ASSOCIATION BETWEEN RIGIDITY, AO, AND PARENTAL
ORIGIN
In this paper we have discussed three possible variant
forms of HD: the rigid form, the juvenile form,
and the anticipating form. All these forms are

associated with one another and also with an affected
father and young parental AO. We wanted to consider,
however, whether any of these forms of HD reflect
the operation of some single basic process. An attempt
was made to answer this question using stepwise
regression to predict the occurrence of a particular
form of HD on the basis of the other variables we
have considered. In this procedure the association
with the dependent variables is estimated. A predictive
model is then constructed on the basis of the single
variable that is most highly associated. Partial asso-
ciations are then calculated to see if any of the
remaining variables can be added to the model to
increase its predictive power. The procedure is
repeated until no further improvement in predictive
power (indicated by increase in log likelihood) is
achieved. If more than one step is required for the
model, this implies that at least two independent

processes underlie the occurrence of this form of
HD. We looked at the relationships between five
variables: type of movement disorder (rigid or
choreic), sex of affected parent, AO, AO of affected
parent, and anticipation in onset. However, one of the
last three variables is redundant, since anticipation is
completely determined by AO and AO of affected
parent. In table 6A, models using AO and AO of
affected parent are examined, while in table 6B
models using anticipation are examined. In each
model a particular form of HD (for example, rigid v
choreic) was predicted from the other three variables.
In each case the same 311 subjects were used, for
whom data on all four variables were available.

juvenile cases (age of onset -20)
There were 35 juvenile and 276 non-juvenile cases.
The model best predicting juvenility was very
complex (table 6). The best predictor was rigidity.
However, when this variable was removed associations
still remained with AO of parent, sex of parent, and
their interaction. This reflects the fact that there are
offspring of affected fathers who have juvenile onset,
but are not rigid. In addition, there is another type of
juvenile case who are the offspring of affected mothers
who, themselves, had a very early AO. These results
suggest that a number of processes underlie the
occurrence of juvenile cases.

Cases ofanticipation (age of onset :-S years earlier than
that of affected parent)
There were 37 anticipating cases and 264 normal
cases. The best model had two factors corresponding
to single variables: rigidity and sex of affected parent
(table 6). Anticipating cases were more likely to be
rigid. In addition, the offspring of affected fathers
were more likely to be anticipators.

Table 6 Predicting form of HD.

(A) Variables: age of onset, parent's age of onset, sex of affected parent, and motor status

Dependent
variable Solution -2 log likelihood

Onset status j=1 04r-0 20pao+1 97psex-0 10 (pao * psex)+4-69 146
Motor status r=0-13ao-1-38 130

(B) Variables: anticipation, sex of affected parent, motor status

Dependent
variable Solution -2 log likelihood

Anticipation
status a= -0-83r+0-70psex+ 1-61 200
Motor status r=-009ant+3 16 151

J=onset status: l=juvenile (<20 years), 2=adult onset.
r=motor status: 1=choreic, 2=rigid.
a=anticipation status: l=small, 2=large (>15 years).
ao=age of onset (years), pao=parent's age of onset (years), ant=anticipation (pao-ao), psex=sex of affected parent: l=father, 2=mother.
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These results also suggest two processes are at work
determining anticipation. Some anticipators are early
onset cases with rigidity, but also (and this is
consistent with the results discussed above) the
offspring of fathers are more likely to be anticipators
even when they are choreic.

Rigid cases
There were 24 rigid cases and 287 choreic cases. The
two models for rigidity needed only one factor. AO of
proband or anticipation were sufficient to predict
rigidity (table 6). The cases predicted in this way also
had affected fathers, anticipated, and had early onset
parents. These results suggest that only one process
underlies the appearance of rigidity. There was little
difference between the models in goodness of fit, but
in both cases the simple model predicting rigidity had
the better fit.
Thus, on the basis of simplicity, the most likely

interpretation of these data is that cases with rigidity
are a distinct form of Huntington's disease. Although
these cases are also likely to have juvenile onset and
large anticipation, cases of juvenile onset and anti-
cipation can also occur in the absence of rigidity.
These probably reflect other processes. In particular,
juvenile onset can occur by normal variation in a
family which has a characteristically early AO.

Discussion
This statistical analysis of AO in HD has shown: (1)
that AO varies significantly less within than across
families; (2) that paternal transmission significantly
decreases AO by -5 years in choreic probands; (3)
that paternal transmission is also significantly assoc-
iated with the occurrence of a distinct clinical variant
ofHD characterised by rigidity, very early onset, and
major anticipation (> 15 years); and (4) that the
affected fathers of early onset/rigid cases have a
significantly earlier AO than other affected parents.
This can result either from major anticipation from
their father (the proband's grandfather) or from an
overall young AO in their family. In either case the
major anticipation in their rigid offspring is all the
more surprising since normal regression would
produce negative anticipation in the offspring of
young onset parents. Our previous analysis showed
that anticipation in offspring actually became greater
as the fathers' AO decreased, particularly when the
disease was inherited from the grandmother. This
suggests an interaction between the magnitude of the
paternal transmission effect and the family specific
AO.

In addition to occurring as part of the rigid variant,
juvenile onset can occur when the parent's AO is also
very young and major anticipation can occur when the
parent's AO is very old, both as a result of normal

variation. These two features in isolation do not
therefore define a clinical variant. In this respect we
agree with van Dijk et allo that juvenile rigid HD is a
clinical variant with special features but that juvenile
HD per se is not. Stevens26 also concluded that rigid
HD was the only true variant of HD in that it had
unusual features in addition to the defining symptoms.
Rigidity was occasionally reported in our sample
independently of early onset, major anticipation, or
paternal transmission. This reported rigidity may
sometimes occur only as a terminal symptom or as a
consequence of diagnostic uncertainty, although one
family has been reported with several rigid cases
inherited through the mother.27
Our proposition is that AO depends on the state of

methylation of the HD locus and that the degree of
methylation is heritable in a moderately variable
manner, resulting in characteristic mean AOs in
different families and lineages. It is known that the
parental origin of genes alters the degree of methyl-
ation by a process known as 'genomic imprinting' and
we propose that paternal imprinting accounts for the
-5 year decrease in AO in choreic cases acquired
from the father. Furthermore, paternal imprinting
seems to interact with the methylation state deter-
mining the familial AO producing, occasionally, a
major change in gene expression, that is, the early
onset/rigid variant. The younger the AO in the father
the greater the probability of the occurrence of this
catastrophic interaction. This is shown by the young
AO of the fathers of rigid cases, by the greater
sensitivity ofsome families to the paternal transmission
effect on AO,28 29 and by the excess occurrence of
rigid cases among the sibs of rigid probands. Ten
rigid probands in this sample had three rigid com-
pared with 12 non-rigid sibs, that is, 25% of sibs
where -5% is predicted by chance. Bittenbender and
Quadfasel'7 reported that 46/70 rigid cases came from
families with at least one other rigid or akinetic case.
This familial clustering may occur if paternal imprint-
ing and young familial AO both involve relative
demethylation and the combination of the two
sometimes falls below some critical level. Too few
rigid subjects in this study became parents for an
assessment of the heritability of rigidity to be made,
but Brackenridge" reported a considerable excess of
rigid fathers among the affected parents of rigid cases.
Bittenbender and Quadfasel'7 described five pedigrees
in which nine rigid, or very atypical, young onset
cases had three rigid fathers and one rigid mother but
only one choreic father. This suggests that the major
epigenetic change leading to rigidity is heritable.

It is possible that the onset of symptoms is actually
caused by an age related demethylation resulting in
pathological levels of gene expression at the HD
locus. This may account for the relationship between
early onset and more severe and rapid disease
progression.'8 It is also possible that the primary
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defect in the HD allele consists of a peculiarity in the
methylation state rather than a mutation in the amino
acid sequence, but there is no evidence about this at

present. In this respect, however, it is of interest that
HD homozygotes do not exhibit earlier AO or more

rapid disease progression than heterozygotes30 31 as

might be expected if their symptoms were the result
of phenotypic amplification of an abnormal gene

product expressed throughout life.
Although the methylation state of the HD locus is

not known because the HD locus itself cannot be
finally identified it is likely that the HD locus is
subject to variable methylation since Pritchard et a132
have shown that the D4S95 locus, which is closely
linked to HD, is subject to variable methylation.
Can the pattern of symptomatology and distribution

ofAO described here and previously4 be explained by
other theories? The scarcity of juvenile onset or rigid
cases or both in the offspring of affected women has
been attributed to a maternal protective factor68 but
this begs the question of protection from what? In this
analysis, AO in the offspring ofwomen does not differ
from that predicted by normal variation and regression.
It is, therefore, the decreased AO in the offspring of
affected men which requires particular explanation.
There may, however, be other factors, which operate
only in the offspring of affected females or which
operate in the offspring of either affected sex, which
influence AO in individual cases. The occurrence of
early onset/rigid cases is not the result of genetic
heterogeneity involving different loci, since families
which show marked phenotypic differences show
linkage to the same marker.28 29 Nor do they arise
from allelic heterogeneity at the same locus since the
association of early onset rigid cases with major
anticipation shows that they occur as the children of
adult onset cases. Early onset cases show reduced
fecundity and do not replace themselves in the
population.6 33 Early onset/rigid cases are too fre-
quent (-5%) to be the consequence of separate
mutation events. The sibs of rigid cases showed an

excess of rigid cases in this analysis and the sibs of
juvenile cases also show very early onset.25 This
clustering would not occur as a consequence of
random mutation during gametogenesis.

Differences in AO between paternal and maternal
cases cannot be explained as a general effect of
paternal imprinting since paternal transmission
produces a bimodal distribution in AO.4 Farrer et al34
have suggested that AO may be controlled by multiple
'ageing genes' within affected families. AO was found
to be correlated, among other factors, with age at
death of unaffected family members. Juvenile onset
was found never to occur in families with an average
old AG24 (and putative superior ageing genes) and, in
our analysis, early onset/rigid cases occur specifically
among the offspring of early onset parents. Senescence
itself may, however, be controlled by methylation

changes3 such that inherited superior and inferior
ageing factors may be epigenetic or involve epigenetic
mechanisms. Farrer et a134 proposed an interaction
between paternal transmission and ageing factors
comparable to the proposition about methylation
made here.
An effect of genomic imprinting on gene expression

and AO may not be unique to HD. A similar effect of
paternal origin on AO has been observed in spino-
cerebellar ataxia,35 36 while maternal imprinting may
result in more severe disease in some forms of
myotonic dystrophy.22 Thus AO in HD may be an
archetype from which epigenetic mechanisms control-
ling reduced penetrance and variable expression in
other genetic diseases may be understood. Further-
more, since rigid cases rarely become parents because
of their young AO, the occurrence of this variant of
HD may be used as a model against which to assess
the genetics of other seriously deleterious conditions
which persist in the population despite a clear loss of
fecundity. Thus, a disease with a clear genetic
component but with markedly reduced penetrance
may be a severe variant of another innocuous genetic
condition but the occurrence of this variant may result
from epigenetic mechanisms rather than from the
influence of environmental precipitants.
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