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EDITORIAL

Implications of genomic imprinting for psychiatric genetics1

The genetics of psychiatric disease continues to be puzzling; what, for instance, really is the mode
of transmission of schizophrenia? Is it polygenic (Gottesman & Shields, 1982)? Is it dominant but
incompletely penetrant (Book, 1953), or partly dominant with incomplete penetrance (Slater,
1958); does it involve two loci with epistasis (Matthysse & Kidd, 1976), or is it none of these
(O'Rourke et al. 1982)? To the cynical observer it may seem that by assuming an appropriate degree
of penetrance or expressivity, any mode of inheritance can be made to fit. Possibly the disorders are
heterogeneous, and understandable inheritance patterns would emerge if the correct subgroups
could be identified; possibly more sophisticated analyses would help.

Whatever the reason, while a genetic contribution to the functional psychoses is now not in
doubt, no one has yet come up with a satisfactory model to account for the observed segregation
ratios found within pedigrees. Consequently, the discovery of a new mode of transmission
associated with two rare childhood syndromes (the Prader-Willi and Angelman's syndromes)
should be of considerable interest to anyone interested in psychiatric genetics.

Prader-Willi syndrome (PWS) accounts for about 1 % of the causes of mental handicap; it is also
characterized by infantile hypotonia, hypogenitalism, and a remarkable disorder of behaviour: a
hyperphagia so extreme that sufferers can actually eat themselves to death (Butler, 1990). It is not
surprising that, in a disorder with somatic abnormalities and mental handicap, chromosomal
anomalies have been discovered, but difficulties in establishing clear criteria for diagnosis (a
problem familiar to psychiatrists) as well as the technical complexities of high-resolution
chromosome analysis led to controversial claims. In 1981, following a hint that chromosome 15
abnormalities were commoner than expected in PWS, Ledbetter et al. (1981) found that four out
of five cases had lost the same small band near the centromere on the long arm (referred to as ' q')
of this chromosome (an abnormality designated as affecting bands 15qll to 15ql3). Subsequent
investigations confirmed that the 15ql 1—15ql3 deletions were found in a large proportion of PWS,
but while some research workers argued that if strict clinical criteria were applied then all PWS cases
had chromosome 15 anomalies (Mattei et al. 1983; Niikawa & Ishikiriyama, 1985), others
contended that less than three-quarters of patients had the deletion detected by Ledbetter (Labidi
& Cassidy, 1986). Current opinion suggests that about 70 % of PWS have deletions of 15ql 1-15ql 3
(Butler, 1990).

If all cases of PWS could have been shown to have the same chromosomal abnormality, it would,
of course, demonstrate beyond doubt that loss of genetic material in this region was the cause.
Indeed, even if there was no abnormality seen down a microscope, research workers were content
to believe that there were currently undetectable (sub-microscopic) deletions in such patients, thus
preserving the established view that with only half the normal complement of DNA at 15ql 1—15q 13,
PWS patients had reduced expression of some crucial protein (or proteins).

But there were problems with this view: a small number of PWS cases were found who, instead
of a deletion in a critical region of chromosome 15, had three, and even four copies of 15ql 1—15ql 3
(partial trisomies and tetrasomies) (Mattei et al. 1983). Such anomalies were so rare that they could
perhaps be successfully regarded as a separate subgroup (Butler et al. 1986), but a more disturbing
discovery was made in Angelman's syndrome: the same chromosomal deletion appeared to be
responsible.

On the face of it, there would seem to be little similarity between the Prader-Willi syndrome and
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Angelman's syndrome (AS). Angelman's syndrome was first described less than thirty years ago and
there are only about 90 cases reported in the world literature. The diagnosis is generally made before
the age of five in a child with almost complete failure to talk, severe mental retardation, a jerky
ataxia and inappropriate laughter (the last two features have earned the syndrome the description
'happy puppet ) (Robb et al. 1989). Both PWS and AS syndromes have a large number of other
features, and the clinical picture is varied, but no one had suspected that they might be related by
cause, until two case reports demonstrated that patients with the clinical characteristics of AS had
the same cytogenetic abnormalities as PWS (Kaplan et al. 1987; Magenis et al. 1987). About 60%
of cases of AS have a cytogenetically identifiable deletion, and DNA analysis has failed to find
consistent differences between PWS and AS (Donlon, 1988; Knoll et al. 1989; Imaizumi et al. 1990;
Knoll et al. 1990; Magenis et al. 1990).

Of course, it remained possible to argue that there were small differences in the extent of the
deletions in the two syndromes, and complex explanations based on this principle were put forward
(Donlon, 1988); but they could not explain the observation, made in 1989, that when a deletion is
found in PWS, it occurs on the chromosome inherited from the father, while the deletion detected
in AS patients arises on the maternally inherited chromosome (Knoll et al. 1989). The point here
is not that PWS is inherited from the father and that AS is inherited from the mother (inheritance
of either syndrome has been only rarely documented (Baraitser et al. 1987; Cassidy, 1987; Willems
et al. 1987)), but that when a de novo 15q 11—13 deletion occurs on the paternal chromosome (i.e.
in sperm), then the child will develop PWS, but when a similar deletion occurs on the maternal
chromosome (i.e. in the ovum) then the child develops Angelman's syndrome. How can parental
origin explain why two apparently identical chromosomal abnormalities give rise to such different
syndromes?

An answer was suggested when the DNA of PWS patients with no cytogenetically detectable
deletion was examined. Although the research workers could not rule out very small deletions, they
effectively combed the crucial area of chromosome 15 and found nothing abnormal. The DNA is,
it seems, intact; but when they came to look at the parental origin of the chromosomes in these non-
deletion cases of PWS, they found that instead of the usual arrangement of one paternal and one
maternal chromosome, the PWS patients had two maternal chromosomes (Nicholls et al. 1989). In
other words, the lack of paternal genes on the long arm of chromosome 15 (at 15ql 1-13), whether
this be due to a deletion on the paternal chromosome, or to the inheritance of two maternal
chromosomes, leads to the development of PWS.

As it was already known that AS arises when there is loss of maternal chromosomal material (i.e.
when only paternal genes were present) then the remarkable possibility arose that the same stretch
of DNA, if inherited only from the mother, would cause PWS, and if inherited from the father,
would cause AS. Unfortunately, it appears that the explanation may be more complex. Although
some cases of non-deletion AS have now been reported where both copies of chromosome 15q are
inherited from the father, this appears to be a rare event (Knoll et al. 1991). Nevertheless, it remains
true that the integrity of DNA is not a guarantee of health: you also need to have a copy from each
parent; even inheriting two copies from one parent is not sufficient.

In fact, this phenomenon is not new to genetics: parthenogenesis (asexual reproduction) has
never been reported in mammals, and artificial attempts to induce it, by constructing mouse
embryos solely from one parent's chromosomes, have failed (Surani & Barton, 1983; Barton et al.
1984; Surani et al. 1984); for normal development, there has to be a chromosomal contribution
from both parents (Surani, 1986; Solter, 1988). Because there is nothing in the DNA sequence to
mark the parental origin of the chromosome, it was argued that the DNA in the germ line tissue
was 'labelled', or 'imprinted' in some way (possibly by adding a methyl group to one of the
pyrimidine bases, cytosine (Reik et al. 1987)). The process is known as genomic imprinting; it means
that the extent of expression of a gene, that is the amount of its protein product, depends partly at
least on whether that gene has a paternal or maternal origin. For instance, it could be that a certain
gene, if inherited from the father, is only expressed at a small fraction of the level of exactly the same
gene inherited from the mother.

No one has yet explained why genomic imprinting occurs. It has only been found in placental
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mammals and in flowering plants (angiosperms); the significant common feature appears to be that
their offspring are nourished directly by maternal tissue. Interestingly, the hydatidiform mole, a
placental malformation characterized by an overgrowth of placental tissues with absent or
disorganized foetal material, has only paternal chromosomes (Sulzman & Surti, 1984), whereas the
ovarian teratomas derived from all three germ layers have only maternal chromosomes (Linder et
al. 1975). On the bases of these and similar observations, it has been suggested that genomic
imprinting occurs to restrain the proliferative growth of nutrient tissues (Hall, 1990; Moore & Haig,
1991).

How important is genomic imprinting in human genetics? Does it, for instance, occur in inherited
conditions? PWS and AS are rarely inherited (Baraitser et al. 1987; Cassidy, 1987; Willems et al.
1987), and in PWS imprinting only has an effect, and was only noticed, because of chromosomal
abnormalities (a deletion or an illegitimate segregation which results in an individual only having
DNA from one parent). Although these events may not be as rare as sometimes supposed (Voss et
al. 1989), they do not commonly occur in inherited disorders. Is imprinting only significant in
conditions where chromosomal rearrangements have been causally implicated?

Work on mice suggests this is unlikely to be the case; genes have been identified where the level
of expression (and hence the mouse's phenotype) depends on whether the gene sits on a maternal
or a paternal chromosome (Barlow et al. 1991; DeChiara et al. 1991). Theoretically, therefore, a
gene (responsible for a disease) might be expressed only after it has passed through a male germ line.
This would produce a remarkable pedigree. Imagine a family where all the children are daughters
and half of them had inherited the 'disease gene' from their father; they would have the disease,
but none of their own children would be affected. The disease appears to be dominantly inherited
in the first generation, but has skipped the next generation. This pattern cannot be explained by
dominant or recessive inheritance.

Do such pedigrees exist, and could they be important in psychiatric genetics? It is almost
axiomatic in the history of science that research workers only see what they already know (hence,
presumably, why researchers re-search), which is precisely the moral of this tale of two syndromes.
In PWS it was known by 1983 that the deletion occurred on the paternal chromosome (Butler &
Palmer, 1983), but it took six more years before imprinting was invoked as an explanation (Knoll
et al. 1989), even though genomic imprinting had been described in mice in 1984 (Barton et al. 1984;
Surani et al. 1984). This suggests that it may be worth re-examining even the most well-worked
ground from a new perspective. Consider, for instance, Huntington's disease.

Huntington's disease is a well known example of a dominantly inherited genetic disorder, yet
although the mode of inheritance has textbook status, it does not explain all the known
characteristics of Huntington's disease pedigrees. For instance, there has been controversy over the
observation that the age of onset of the disease appears to become progressively younger in
successive generations (a phenomenon called anticipation). As no genetic mechanism could account
for this, it has been dismissed as an artefact. However, it is impossible to ignore a frequently
reported finding that age of onset is much earlier (that is anticipation is more marked) when the
disease is inherited from the father (Bird et al. 1974; Newcombe et al. 1981; Myers et al. 1982;
Boehnke et al. 1983), although this only occurs in 5 to 10% of all families (Ridley et al. 1988). This
looks like a perfect example of genomic imprinting: the level of expression of a gene is being
determined, at least in part, by its transmission through the parental germ line (Reik, 1988; Ridley
et al. 1988). But as 5-20% of juvenile onset patients have inherited the gene from their mother, there
may be a more complex explanation (Laird, 1990).

Huntington's disease is not the only case where the severity of expression of disease has been
reported to be affected by parental origin. Following the recognition that maternal and paternal
chromosomes function differently, the phenomenon has been seen in a number of disorders; for
instance, spinocerebellar ataxia, neurofibromatosis (types I and II), myotonic dystrophy, and
cerebellar ataxia (Hall, 1990). However, in none of these cases has a pedigree been reported as
unusual as the imaginary one described above. Could this again be for lack of looking? There is one
example (again from psychiatric genetics) that perhaps supports such a view.

When lymphocytes are grown in folate deficient medium, gaps and breaks are observed in mitotic
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chromosomes (Sutherland, 1977a). Some of these breaks are heritable and one, on the X
chromosome, is associated with mental retardation (Sutherland 19776; Turner et al. 1978),
although in affected individuals seldom more than 50% of cells show the characteristic constriction
at the tip of the long arm of the X chromosome. The 'fragile X' syndrome, as it became known,
in addition to a variety of physical abnormalities turned out to have a complex neuropsychiatric
phenotype: schizoaffective and major affective illness have been found in fragile X kindreds (Reiss
et al. 1986, 1988), and autistic spectrum disorders occur in males positive for fragile X (Brown et
al. 1982, 1986; Hagerman et al. 1986). The fragile X syndrome is now reckoned to be the commonest
cause of inherited mental handicap (Gustavson et al. 1986; Webb et al. 1986).

It will come as no surprise to learn that fragile X syndrome is an X-linked condition. From a
Mendelian standpoint, when a male inherits an X-linked condition, because he has only one X
chromosome and must express its genes, he will suffer from that disorder. It was, therefore,
unsettling to find that as many as 20 % of males inheriting the fragile X mutation do not experience
the syndrome; moreover, pedigrees are known where daughters who inherit the fragile X mutation
from their unaffected (non-penetrant) fathers are asymptomatic, but their sons have all the features
of the syndrome (Sherman et al. 1984, 1985). In order to be expressed, the mutant gene has to be
passed through a female, a case that seems to fit into the pattern predicted for genomic imprinting
described above. Thus, it has been argued (Laird, 1987) that unaffected males who have inherited
a non-imprinted fragile X chromosome from their mothers pass on the non-imprinted chromosome
to their daughters, who are also, therefore, symptom free. However, the next generation stands to
suffer, possibly because in the female germ line, during oogenesis, the imprint is lost as a result of
partial reactivation of the X chromosome (in females one of the two X chromosomes is randomly
inactivated, except in the primary oocytes in the ovary where both X chromosomes are active).
Recently, molecular biological evidence has emerged to support the imprinting hypothesis:
methylation, a reversible modification DNA, is associated with the expression of the disease, and
methylation is a candidate for the 'label' that imprints DNA (Bell et al. 1991; Vincent et al. 1991).

Once this type of inheritance pattern is recognized, then the variability of the fragile X phenotype
begins to be more comprehensible. When Reiss et al. (1989) assessed various measures of social,
psychological and educational functioning in fragile X females, they were able to show significant
subgroup differences by dividing their subjects according to the presence of imprinted or non-
imprinted X chromosomes (as deduced from the inheritance pattern and the fragile X karyotype).
It emerged that women who had inherited an imprinted fragile X chromosome had significantly
more schizotypal features (in addition to social and educational disabilities) than controls or non-
imprinted fragile X heterozygotes. Without an awareness of imprinting, this pattern would have
gone unrecognized. It implies a hitherto unexpected genetic cause for these diverse disabilities,
including schizophrenia-spectrum disorders.

This of course returns us to the tantalizing prospect raised at the beginning of this paper: could
some of the remarkable variation in the expression or penetrance of the genes responsible for the
functional psychoses be due to genomic imprinting? Until the question of parental origin of
psychiatric disease is regularly asked, until people begin to expect patterns of inheritance that are
not simply recessive or dominant (instead of attempting to fit whatever is observed into one of the
known modes of transmission), we will not know. What should be emphasized is that work on the
rarer syndromes, on the clinical obscurities such as Angelman's syndrome, is showing that not all
inheritance patterns in human genetic disease can be explained as dominant or recessive. Genomic
imprinting is one alternative mode of inheritance, and it is almost certainly not the only one. The
remarkable sensitivity of the new polyermase chain reaction technique has already led to the
demonstration that somatic mosaicism (Hall, 1988) and mitochondrial inheritance (Wallace, 1989)
have roles to play in human genetic disease, and even that classic example of dominant inheritance,
Huntington's disease, turns out not to be all it at first appeared to be (Laird, 1990).

JONATHAN FLINT
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