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Genomic imprinting: a possible mechanism for the
parental origin effect in Huntington's chorea
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SUMMARY Huntington's disease (HD) is an autosomal dominant condition with almost
complete penetrance. The age of onset of the symptoms, however, is variable and depends on the
parental origin of the gene. A high proportion of early onset cases inherit the HD gene from their
father, whereas a considerable proportion of late onset cases inherit the gene from their mother.
Modification of the HD gene by maternally inherited extrachromosomal factors has been
invoked to account for the parental origin effect. Recent experimental evidence suggests genomic
imprinting as an alternative mechanism, by which the gene itself becomes modified in a different
way depending on whether it is passed through the maternal or the paternal germline. This
modification may involve methylation of DNA and could result in earlier or higher level
expression of the gene when it is transmitted by the father.

Parental origin effect in Huntington's disease

The sex of the affected parent has a profound effect
on the age of onset in HD. Paternal transmission of
the gene will, on average, lead to an earlier onset of
symptoms than will maternal transmission. 1-9 Most
importantly, this parental origin effect seems to
operate at all ages of onset in HD.8 Among the
many hypotheses to explain this observation,
maternal transmission of cytoplasmic factors, such
as mitochondria, that would modify onset of HD has
been advocated strongly.3 6 9 In this model, exclusive
maternal transmission of protective factors to the
cytoplasm of the oocyte delays the expression of the
HD gene in the resulting offspring. Paternal trans-
mission, on the other hand, produces a zygote that
carries the mutant gene but has a wild type
cytoplasm since it derives from an unaffected female.
No protection against the HD gene is conferred by
normal cytoplasm and hence earlier onset of symp-
toms ensues.
A number of observations are difficult to reconcile

with this model. First, mother-offspring correlation
of age at onset should be significantly higher than
father-offspring correlation of age at onset, since the
mother should carry the same protection agents in
her cytoplasm as the offspring, whereas cytoplasmic
components should change following paternal trans-
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mission. There is conflicting evidence on this point,
however; for example, Myers et al4 6 8 and Bracken-
ridgel found no significant difference between the
two correlations, whereas Boehnke et aP3 and Farrer
and Conneally9 reported an increase in the mother-
offspring correlation over the father-offspring corre-
lation. Second, cytoplasmic factors would be
expected to be passed on through multiple genera-
tions of affected female ancestors. These multi-
generational influences would manifest themselves
as reproductive advantage or as an effect of the sex
of the affected grandparent. Extensive studied, of
HD families show that there is neither a reproductive
advantage for late onset women,8 11 nor does the sex
of the affected grandparent influence age at onset in
offspring that receive the gene from their mother.8
Indeed, it appears that the effect of the sex of the
afflicted parent is reversible within a single genera-
tion.8 Thus, any putative protective agent in the
cytoplasm of the oocyte has to be selected for during
the development of each individual female that
carries the chromosomal gene. This requires the
expression of the mutant gene during fetal develop-
ment when gonad primordia are established or
during maturation of oocytes in adult life. Provided
that such a selection mechanism exists, it is difficult
to understand why it should not be used to protect
the carrier of the gene itself from developing
symptoms, rather than the next, and only the next,
generation offspring.
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Genomic imprinting

In their extensive study of the genetics of HD,
Myers et at8 came to the conclusion that the HD
gene modification is a single generation parental
effect and that the hypothesis of extrachromosomal
maternal factors modifying onset of HD is not
sufficient to account for all observations, at least if
one does not invoke selection for a protection factor
in each individual generation. We therefore suggest
that, rather than cytoplasmic modifiers, the inter-
action ofchromosomal determinants whose provision
is sex specific with theHD gene should be considered.
The evidence for such parent specific genomic
imprinting comes mainly from experimental embry-
ology in the mouse and is briefly summarised here.

It is widely accepted now that embryogenesis to
term in the mouse and probably in all mammals
requires the presence of both the maternal and the
paternal set of chromosomes.12 13 In experimental
embryos, a diploid set of maternal chromosomes
(gynogenones) or of paternal chromosomes (andro-
genones) cannot compensate for the lack of the
parental chromosomes from the opposite sex, and
hence, these embryos die in utero. The same applies
to the human equivalent of the androgenetic embryo,
the complete hydatidiform mole. 14 Moreover, moles
in the human and androgenetic embryos in the
mouse show a strikingly similar phenotype.14 15

Finally, uniparental disomy of particular chromo-
somes can result in specific phenotypes in the mouse
and has recently also been implicated in genetic
disease in the human.16-18 These observations indi-
cate that chromosomes of probably all mammals
carry germline specific instructions that result in
similar functions.
We have proposed that germline specific modi-

fications of homologous chromosomes occur when
they are segregated during gametogenesis.19 These
modifications replicate along with parental chromo-
somes in embryos20 and distinguish some maternal
and paternal alleles or regions until late in develop-
ment.21 22 Such imprinted information can appar-
ently result in differential activity of parental
alleles.21 Imprints have to be erased during gameto-
genesis and new modifications have to be introduced
according to the sex of the developing organism.19
That means that germline specific modifications
have to be reversible within a single generation.
We and others have recently shown that there are

indeed molecular differences between homologous
alleles in the mouse.22-25 The degree of methylation
ofDNA in particular chromosomal regions depended
on whether this region was inherited from the
mother or from the father. Most importantly, in
six out of seven examples studied, the paternal

allele was relatively undermethylated as compared
to the maternal one. In one case, undermethylation
of the paternal gene correlated with its expression
and the gene was switched off when passed through
the maternal germline.24 In one study of an extensive
pedigree, it was shown that modifications based on
DNA methylation were reversible within single
generations.22 It should be noted that in another
pedigree, in which a different markerwas segregating,
switching of the methylation pattern was incomplete.
While hypermethylation was observed after each
maternal transmission, hypomethylation upon
paternal transmission occurred only in about 50% of
cases and in the other 50% the methylation pattern
remained unchanged.23 An extreme example of this
phenomenon has recently been reported, in which
switching in the male germline was never observed.25
In addition to the particular allele under study, it is
possible that the likelihood of paternal switching will
also depend on the genetic background of the
person.
On the whole it appears that the degree of DNA

methylation, and consequently expression, of certain
alleles in the mammalian genome can be strongly
dependent upon parental origin.

Hypothesis and testing

Both Erickson26 and Cattanach17 have suggested
that genomic imprinting could play a role in the
parental origin effect observed in HD. Indeed, the
apparent lack of a significant difference between
mother-offspring correlation and father-offspring
correlation, as well as the absence of a multigenera-
tional maternal lineage effect, support this notion.
Moreover, there seems to be no significant difference
between the correlation of age at onset in half sibs
who share an affected mother and those who share
an affected father, whereas the cytoplasmic inherit-
ance model predicts a stronger correlation in half
sibs sharing an affected mother.27
We propose that the relatively earlier onset of

symptoms in HD patients that inherit the gene from
their father is determined by germline specific
genomic imprinting of the gene, leading to an early
or high level expression of the gene product. In
contrast, maternal transmission of the gene results
in modification, possibly by methylation of DNA,
that correlates with delayed or reduced expression,
thereby leading to a later onset of the disorder. The
HD gene, whether mutant or wildtype, could reside
in a chromosomal region of the genome that is
subject to chromosomal imprinting. Expression of
the wild type gene would, in this case, also be
influenced by parental origin. The HD region of
human chromosome 428 is syntenic with a region on
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chromosome 5 in the mouse,29 which is, by genetic
criteria, not subject to imprinting.16
While there is no evidence for or against evo-

lutionary conservation of imprinted segments, there
is an alternative to the above hypothesis. The HD
mutation could result in the creation of a DNA
sequence that changes 'in cis' the chromatin organ-
isation of a domain surrounding the mutation. This
signal sequence could be looked upon differently in
female versus male gametogenesis and could thus
determine a differentially imprinted domain depen-
dent on parental origin. The HD gene, whether
allelic or non-allelic to the mutation, would then
respond to differential modification by differential
expression. Again it should be stressed that switching
could be incomplete, in particular with male trans-
mission. Hence, the effect of parental origin on
chromosomal modification could be influenced by
genetic background and could therefore vary exten-
sively between unrelated families. Indeed, dramatic
differences in the expression of the paternal trans-
mission effect have been described for kindreds of
different ethnical provenance.30

METHYLATION DIFFERENCES
The HD gene has been localised to the telomeric
region of the short arm of chromosome 4.28 31 A
variety of DNA markers spanning hundreds of
kilobases in this region are now available.28 31-33
These markers recognise restriction fragment length
polymorphisms (RFLPs) genetically linked to HD.
Thus, within informative disease families, as well as
in normal families, maternal and paternal DNA
sequences that map to the region of the HD gene
can be analysed for their methylation status. The use
of pulsed field electrophoresis in conjunction with
these RFLP markers will allow a maternally and a
paternally determined 'methylation profile' of this
region of chromosome 4 to be derived.34 Paternally
derived alleles should be relatively undermethylated
if the whole region is imprinted.

It is of obvious importance to include in this
analysis families in which there are drastic examples
of early onset.30 Should there be a strong correlation
between undermethylation and early onset, methyl-
ation analysis could be of enormous value in
predictive testing of potential carriers of the gene.35

EXPRESSION DIFFERENCES
Once the HD gene itself is cloned, and provided that
the mutation creates base changes in the transcribed
region, expression of the mutant allele can be
compared between maternal and paternal trans-
mission cases in necropsy material. The distinguish-
able wild type allele would thereby serve as an
internal control. Difficulties in obtaining suitable

material for the analysis of mRNA or inability to
distinguish maternal from paternal transcription
could necessitate the development of an animal
model.

TRANSGENIC MICE
The mutant gene, once isolated and shown to be
conserved among mammalian species, can be intro-
duced into the mouse germline to produce trans-
genic mice. Ideally, expression of the mutant gene
over the background of two copies of the wild type
gene will produce a disease equivalent in the mouse.
Even if these mice do not develop symptoms, or if
they develop symptoms that differ from HD in the
human, expression of the gene can still be analysed
for parental origin effects. DNA constructs can be
engineered that contain various amounts of
sequences upstream or downstream of the gene, that
may include signals for imprinting. Alternatively,
however, if no expression differences depending on
transmission from father or mother are observed,
the native chromosomal domain in which the HD
gene resides (chromosome 4) may confer the
parental origin effect.

Conclusions

Previous observations on the effect of parental
origin of the HD gene on the age at onset of the
disease in offspring, together with recent experi-
mental data on genomic imprinting, make it seem
likely that the parental origin effect is determined by
allelic germline specific modification of the HD
gene. This proposal is also supported by a recent
statistical analysis of HD families.36 Most of the
aspects of the model presented here are amenable to
experimental analysis. It is possible that genetic
disorders other than HD, in which the parental
origin of the gene plays an important role, are also
under the influence of genomic imprinting. Myotonic
dystrophy is certainly the most prominent example
in this category,37 3 but all disorders for which a
cytoplasmic component of inheritance has been
postulated earlier should be reconsidered.39 Finally,
the statement made by Hayden and Beighton4' in
1982 in their genetic analysis of HD that the
"hypothetical modifiers [of age at onset] are more
likely to be autosomal, although they must also be
sex associated" is both ironic and prophetic, because
it describes the very features of genomic imprinting.
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