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Evolution of Imprinting: imprinted gene function in human disease 

Article definition 

A subset of genes in mammals, known as imprinted genes, show a conditional 
expression strategy in which transcription depends on an allele’s parental origin. 
Several explanations have been advanced to explain this phenomenon and 
these, with varying levels of success, predict the functions of imprinted genes. 
After outlining these explanations, we summarize what is known about human 
genetic disorders involving abnormal expression of imprinted genes and ask 
what this can tell us about the evolution of imprinting. 
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1. Introduction 

Imprinted genes are expressed in a manner that depends upon their parental 
origin. Taking the first discovered imprinted genes in mice as an example, Igf2 is 
transcribed solely from the paternal allele in each individual with silencing of the 
maternally derived allele (DeChiara et al., 1991). Igf2r, on the other hand, shows 
the opposite pattern with maternal transcription and paternal silencing (Barlow et 
al., 1991). These patterns are referred to as parental-specific gene expression or 
PSGE (after Haig and Westoby, 1989) and they distinguish imprinting from 
random monoallelic expression (Gimelbrant et al., 2007). 

Imprinted genes are important in human disease in several ways. Misregulation 
of imprinting is implicated in certain cancers (reviewed in Jelinic and Shaw, 2007) 
and imprinted gene involvement has been suggested in psychiatric conditions 
such as autism (Badcock and Crespi, 2006) and in normal cognition (Goos and 
Silverman, 2006). But here we review efforts to understand human genetic 



disorders in which imprinted genes are affected in the context of models for the 
evolution of PSGE. We thus emphasize the proximate and putative ultimate 
functions of imprinted genes in humans. 

2. Definition and discovery of imprinting 

Imprinting depends on some way to distinguish homologous chromosomes or 
chromosome regions based on parental origin. This can be achieved, while 
alleles are separated in the parental germ lines, by the acquisition of an imprint 
or mark. Imprinted gene expression underlies the observation that maternal and 
paternal genomes are both required for normal development in mammals. This 
was demonstrated by a series of elegant experiments in which pronuclei were 
transferred between fertilized mouse eggs (McGrath and Solter, 1984; Surani et 
al., 1984). In general gynogenetic embryos (developing from two female 
pronuclei) suffered deficits in placental development, and androgenetic embryos 
(from two male pronculei) deficits in the embryo proper, with neither category 
developing to term (Solter, 1988). These creations can be regarded as the 
murine equivalents of ovarian teratomas and complete hydatidiform moles. More 
subtle effects have been noted later in development with tissue-specific 
restriction of parthenogenetic and androgenetic cells observed in the mouse 
brain in chimaera studies (Allen et al., 1995; Keverne et al., 1996). 

Later experiments involving uniparental duplications (UPDs) of whole 
chromosomes or chromosome regions in mice helped map out those regions 
showing parent-of-origin effects (Cattanach and Kirk, 1985). We now know that 
these regions contain imprinted genes and that effects on imprinted gene 
expression were responsible for many of the anomalous phenotypes (Beechey et 
al., 2007). Intriguingly it seems that oppositely imprinted genes can act in 
antagonistic ways. Lethality caused by losing maternal Igf2r is, for example, 
rescued by paternal inheritance of an Igf2 null mutation (Filson et al., 1993; 
Wang et al., 1994). 

3. Mechanisms of imprinting 

Imprinted genes tend to exist in clusters and co-ordinate regulation of clusters by 
one or more imprinting control elements (ICRs) is a common theme (Edwards 
and Ferguson-Smith, 2007). ICRs show methylation of cytosine residues on only 
one parental allele, this differential methylation being acquired during male and 
female gametogenesis and maintained during development. See also: 1206. 

Maintenance of DNA methylation is required for correct imprinting of many genes 
(Edwards and Ferguson-Smith, 2007), but at least one other genetic factor, 
besides the known DNA methyltransferase enzymes, is implicated in imprinting 
control in humans (Hayward et al., 2003). Further, DNA methylation does not 
seem to be required to maintain imprinting of genes in the placenta (reviewed in 
Wagschal and Feil, 2006) and the imprinting of many genes is accompanied by 
parental allele differences in chromatin structure (e.g. Umlauf et al., 2004). 



Imprinting is a complex process and the manner in which monallelic expression 
is executed varies between chromosomes or clusters. 

4. Origins of imprinting 

The phylogenetic distribution of imprinted gene expression is probably limited to 
therian mammals and angiosperms (although PSGE have been noted on a mini-
X chromosome in Drosophila: Lloyd et al., 1999). Thus autosomal PSGE seems 
to have evolved independently in two clades in each case affecting genes that 
are unimprinted in sister taxa. However non-transcriptional, parent-of-origin-
dependent phenomena have a broader distribution than PSGE and a common 
substrate may underlie these and PSGE. 

Sleutels and Barlow (2002) argue for an accidental origin of the mechanisms 
underlying PSGE based on the importance of DNA methylation in genome 
defence. Methylation is used in prokaryotes to repress the function of alien DNA 
entering the cell and, in eukaryotes, to repress transposon activity. This 
repressive function is particularly important during meiosis and takes place 
separately in male and female gametes. Different silencing mechanisms might 
therefore evolve in male and female gametes targeting different subsets of 
sequences for methylation. Matching this, homozygous disruption of Dnmt3L, a 
regulator of its paralogous DNA methyltransferases, results in demethylation and 
reactivation of retrotransposons in spermatogenesis (Bourc'his and Bestor, 2004; 
Webster et al., 2005), but not in oogenesis (Bourc'his et al., 2001). Given this 
sexual dimorphism, a mutation could emerge in a gene, perhaps by transposon 
insertion, that makes it a target for one system but not for the other (see also 
Barlow, 1993). A suggestive observation is that essential roles for two paternally 
expressed genes, Peg10 and Rtl1/Peg11, which both contain retrotransposon-
derived sequence, have recently been demonstrated (Ono et al., 2006; Sekita et 
al., 2008). 

An extension of the host-defence hypothesis has been suggested in which 
imprinting of recently duplicated retrogenes in mammals might serve to mitigate 
the resultant dosage imbalance (Wood and Oakey, 2006). The evolutionary 
relationship between gene dosage and imprinting is the subject of the functional 
hypotheses discussed in the next section. 

5. Functions of imprinting 

Many hypotheses, which assume imprinting machinery is present, have been 
advanced for the evolution of PSGE at some genes. The proposed benefits of 
PSGE in each case must be set against the costs of monoallelic expression, 
costs that might accrue, in the germline or soma, from hemizygous expression of 
deleterious recessive alleles or from loss of heterozygosity at overdominant loci 
(though monoallelic expression may aid efficient removal of germline deleterious 
recessives). These costs aside, the relative success of each hypothesis depends 



on its linking the known physiological functions of imprinted genes to fitness 
benefits at some level. 

5.1. Physiological functions of imprinted genes 

Many of the known imprinted genes are involved in the control of pre- and 
postnatal growth and metabolism and in a range of neuro-behavioural 
phenotypes (Tycko and Morison, 2002). Known functions are asymmetrically 
distributed between imprinted genes: the evidence to date suggests that, if they 
affect growth, paternally expressed genes tend to promote it and maternally 
expressed genes, to suppress it (Smith et al., 2006). There also seems to be a 
preponderance of maternally expressed genes that are imprinted in the placenta 
only (Wagschal and Feil, 2006). 

In the next sections we adumbrate candidate explanations for the evolution of 
PSGE that make increasingly general predictions about the pattern of imprinting. 

5.2. Functional hypotheses 

The variance-minimization hypothesis posits that monoallelic expression is 
selected for because it reduces variation in gene expression (for models see 
Weisstein and Spencer, 2003). Imprinted expression would be a consequence of 
using existing parent-specific imprints to achieve this. Effectively extending and 
providing a rationale for this, Wolf and Hager (2006) have developed models of 
parent-offspring co-adaptation in which PSGE is favoured as a way to increase 
the covariance in gene expression between parent and offspring. The crux of 
these models is that gene expression is coordinated between mother and 
offspring by silencing the paternal allele and this helps mother and offspring to 
achieve an optimal shared outcome. This idea explains the preponderance of 
maternally expressed imprinted genes in the mouse placenta (Wolf and Hager, 
2006), but the benefit of paternally expressed genes that promote growth at 
embryonic stages is less clear. Nor is it clear why placenta-specific imprinting 
would be relaxed in humans (Monk et al., 2006) while infant behavioural effects 
persist (section 6). 

In another idea, short-term benefits associated with sexual versus asexual 
reproduction might have selected for imprinting as a mechanism to inhibit 
parthenogenesis (Solter, 1988). But preventing asexual reproduction is not the 
same as evolving sexual reproduction and, while the latter may be entrenched, it 
is expected that the benefits to individuals of asexual reproduction outweigh 
group selection for sexual reproduction. The inefficacy of group selection also 
afflicts the “rheostat” model proposed by Beaudet and Jiang (2002), which 
invokes the benefits to a population of functional haploidy. According to this 
model the protection of a pool of alleles from selection each generation can 
facilitate future adaptation by sustaining high genetic variance, but this seems 
more a consequence than a cause of PSGE. 



Varmuza and Mann (1994) have bypassed group selection concerns by 
proposing that the capacity of PSGE to inhibit parthenogenetic development of 
activated oocytes was a reason for its selection. This is because it protects 
females from ovarian teratomas. While the “ovarian time bomb” hypothesis can 
explain maternal repression of growth promoting genes it has been criticized for 
failing to account for the opposite trend in which paternal genes promote growth 
(Haig, 1994). However stabilising selection acting against the effects of maternal 
growth suppression could explain this (Iwasa, 1998). A more cogent criticism is 
that selection under this scenario would likely only result in imprinted expression 
at one or a few loci before the marginal benefits of imprinting in terms of reducing 
cancer risk were outweighed by the costs of hemizygosity. See also 6139. 

5.3. Sexual conflict theories 

Males and females of the same species often experience different selection 
pressures, so, for a given gene, the allele passed on by a reproductively 
successful male is of greater benefit to his sons than his daughters; conversely a 
maternal allele benefits daughters more. Day and Bonduriansky (2004) show 
that, when one sex is under directional selection, silencing of alleles from the 
other-sex parent should be favoured in offspring. Sexually antagonistic selection 
is predicted to lead to sex-specific imprinting in which males silence maternally 
derived alleles and females silence paternal alleles. However, a mechanism that 
links imprinting (which distinguishes maternal and paternal homologues) to 
sexual differentiation may be lacking. Under this assumption, alleles from the 
parental sex subject to lesser selection pressures will be silenced (Day and 
Bonduriansky, 2004). 

Sexually antagonistic selection is expected to lead to imprinted expression of X-
linked genes without this assumption (Iwasa and Pomiankowski, 1999). Males 
inherit one maternal X chromosome only and random X inactivation in females 
leads to an expression level that is the average of the maternal and paternal 
alleles. Silencing of the paternal allele therefore leads to reduced expression in 
females cf. males, while silencing of the maternal allele achieves the opposite. 
Imprinted gene expression of this type allows sexually dimorphic gene 
expression before sexual maturation and provides a resolution to antagonistic 
selection pressures (Iwasa and Pomiankowski, 1999). See also: 6128, 6139. 

Autosomal and X-linked sexual conflict models predict that PSGE will be seen at 
loci subject to sexually antagonistic selection. So in species where males are 
larger than females (such as humans: Wells, 2007) they predict paternal-specific 
expression of growth promoting genes and maternal-specific expression of 
growth suppressing genes or the reverse pattern for X-linked genes. Sexual 
conflict models do not explain the preponderance of maternally expressed genes 
in the placenta (section 5.1), but this may be a consequence of anisogamy and 
dominant maternal control of imprinting (most imprints being maternally applied: 
Schaefer et al., 2007). Since male and female behaviour may be subject to 



different selection pressures, sexual conflict models also offer an explanation for 
imprinted gene effects on behaviour. 

Two paternally expressed genes in mice, Peg1 and Peg3, constitute a problem 
for sexual conflict models because they positively influence pup growth and 
maternal behaviour (Lefebvre et al., 1998; Li et al., 1999; Curley et al., 2004). 
Under sexual conflict (or under mother-infant co-adaptation) maternal expression 
of genes for maternal care is predicted. 

5.4. Intra-genomic conflict 

Perhaps the most popular hypothesis ascribing an evolutionary function to PSGE 
explains the pattern of imprinting in terms of intra-genomic conflict between 
maternal and paternal alleles. This idea is known as the conflict hypothesis (Haig 
and Westoby, 1989; Moore and Haig, 1991; although note Haig and Westoby, 
2006 on prior formulation) or as the kinship theory according to the level of 
generality employed in its description. See also 5978. 

The conflict hypothesis is an amalgam of parent-offspring conflict theory (Trivers, 
1974) and inclusive fitness theory (Hamilton, 1964). In outline, maternal 
investment in offspring is supposed to impose a cost on the mother’s future 
reproductive value (RV). This can lead to mother-offspring conflict as, under 
Hamilton’s law, offspring discount this cost by their relatedness to future siblings 
(Trivers, 1974). Under polyandry, paternally derived alleles in sibs are on 
average less related to one another than maternal alleles. So paternally derived 
alleles are selected to be even more resource-demanding than maternal alleles 
(Haig and Westoby, 1989). For a locus that promotes foetal growth (at a cost to 
the mother’s RV) this would lead to an “arms-race” in which increases in paternal 
allele expression are countered by decreases in maternal allele expression. 
Absent countervailing effects, the endpoint is maternal silencing and paternal 
expression, or the reverse at a growth-repressing locus. 

This explanation predicts that paternally expressed genes will be growth 
promoting and maternally expressed genes, growth suppressing as seems 
generally to be the case (section 5.1). The existence of behavioural effects is 
also explicable in a kinship theoretic framework if these can be shown to mediate 
transfers between asymmetrically related kin (as for example would offspring 
solicitation/begging behaviours, which are subject to intra-brood competition 
between half-sibs: Haig and Wilkins, 2000). As with sexual conflict models, 
models based on kinship do not explain the preponderance of maternally 
expressed genes in the placenta (section 5.1). 

Kinship theory also contributes novel insights. Because the level of control that 
offspring have over resource transfer limits parent-offspring conflict, the 
restriction of autosomal PSGE to therians and angiosperms, groups in which 
offspring’ acquisitive tissues are linked to the mother, is suggestive. From 
another perspective, paternally expressed alleles might have played a key role in 
the evolution of placentation in the first place (Crespi and Semeniuk, 2004). 



Under kinship assumptions, maternally and paternally derived genes in mothers 
should both be selected to provide equally to offspring since they are equally 
represented in all offspring. So the involvement of Peg1 and Peg3 in maternal 
care (section 5.3) can be taken as a problem for the conflict theory. Wilkins and 
Haig (2003a) suggest a solution in which the relative risk of patrilineal inbreeding 
decreases over the lifespan of a mother. Paternal genes in the mother are then 
selected to favour higher investment in offspring in order to shift the benefits to 
early, more closely patrilineally related, litters. 

6. Evolution and human disease 

We now turn to human disease to illuminate the functions and evolution of 
imprinted genes. 

6.1. Beckwith-Wiedemann syndrome 

Beckwith-Wiedemann syndrome (BWS; OMIM 130650) is an overgrowth disorder 
characterized by pre- and postnatal growth enhancement and variably 
accompanied by localized developmental defects including increased risk of 
paediatric tumours. BWS occurs in sporadic and familial forms and with a 
complex genetic aetiology: cytogenetic abnormalities involving chromosome 
11p15.5, epigenetic anomalies, and germline mutations within one BWS gene 
have all been described (Engel et al., 2000). The BWS locus in 11p15.5 
comprises an extensive imprinting cluster that can be divided between two 
independently regulated domains, IC1 and IC2. 

The IC1 domain contains the paternally expressed IGF2 gene and the adjacent, 
maternally transcribed, but non-coding H19, which is a cis-acting regulator of 
IGF2 imprinting and expression. Five percent of BWS patients have epigenetic 
defects in the H19 differentially methylated region (DMR) coupled to loss of 
imprinting (LoI) of IGF2 (Cooper et al., 2005). Patients with IC1 defects or 
uniparental paternal disomy (pUPD) of 11p have significantly higher birth weights 
and greater risk of neoplasia than those with an IC2 aetiology (Cooper et al., 
2005). 

The IC2 (or KCNQ1) domain contains several genes all regulated by a single 
control region, the KvDMR. Inactivating mutations have been found in one of 
these, maternally expressed CDKN1C (cyclin-dependent kinase inhibitor; also 
known as p57Kip2), in > 40% of familial BWS cases, and in some sporadic ones 
(Engel et al., 2000) implicating this as a BWS-causative gene. A majority of 
BWS cases have an epigenetic defect in this domain and loss of methylation 
(LoM) of the KvDMR is predicted to result in reduced expression of CDKN1C and 
the other maternally expressed genes. 

Functional evidence in mice places Cdkn1c in a pathway downstream of Igf2 
(Grandjean et al., 2000), and a combination of an inactivating mutation for 
Cdkn1c and Igf2 LoI produces a phenotype that resembles BWS better than 
either disruption alone (Caspary et al., 1999). Paternal uniparental disomy for 



11p15.5 is similarly predicted to result in reciprocal changes in expression of the 
two BWS genes, and the assumed severity of this combination may account for 
why UPD cases are invariably mosaic. 

The other gene in the IC2 domain for which there is evidence for a role in growth 
control is PHLDA2. Disruption of the orthologous gene in mice results in 
placental overgrowth with expansion of spongiotrophoblast (Frank et al., 2002), 
and two studies in humans have shown an association between elevated 
PHLDA2 expression in term placentae and low birth weight (McMinn et al., 2006; 
Apostolidou et al., 2007). 

BWS is the prototypical imprinting disorder and, with its combination of paternally 
expressed genes enhancing pre- and early postnatal growth and maternally 
expressed genes restricting growth, it provides a good match to the predictions of 
the conflict hypothesis. However, these observations might also be anticipated 
under sexually antagonistic selection of body size. Adjudicating between kinship 
and sexual conflict models is difficult without knowledge of the fitness effects of 
marginal changes in gene expression, although we note that one common 
feature of BWS, macroglossia, is compatible with kinship theory (because mild 
increases in tongue size might be expected to facilitate suckling) but not with 
sexual conflict (male tongues being no larger than females': Abu Allhaija and Al-
Khateeb, 2005). 

The orthologous imprinted domain in mice, on distal chromosome 7 (Beechey et 
al., 2007), contains a larger number of imprinted genes, but these additional 
genes exhibit PSGE only in extra-embryonic tissues and placenta (Monk et al., 
2006). This suggests that imprinting exerts greater control over placental growth 
and function in mice than in humans. From a kinship theoretic perspective this 
might be explained by multiparity in mice (which promotes intra-brood 
competition for parental investment) as against uniparity in humans. 

6.2. Intra-uterine growth restriction and Silver-Russell syndrome 

Silver-Russell syndrome (SRS; OMIM 180860) is characterized by intrauterine 
growth restriction (IUGR) resulting in low birth weight and various abnormalities. 
SRS displays considerable genetic heterogeneity, but is associated with 
uniparental maternal disomy (mUPD) for chromosome 7 in 10% of cases (Abu-
Amero et al., 2007). This implicates absence of a growth-promoting paternal 
allele or over-expression of a growth-inhibitory maternal allele. 

Two candidate SRS regions have been identified on chromosome 7. The first of 
these is 7p11.2-p13 and the orthologous region in the mouse, which contains the 
maternally expressed imprinted gene Grb10, also has growth effects in UPDs 
(Beechey et al., 2007) with. Grb10 knockout mice displaying placental and foetal 
growth enhancement and adult metabolic effects (Charalambous et al., 2003). 
However, expression of human GRB10 is biallelic in most tissues and there has 
been no evidence of disrupted GRB10 imprinting in non-UPD SRS patients 
(Arnaud et al., 2003). The second candidate region implicated from chromosomal 



anomalies is 7q32, which contains the paternally expressed coding gene 
PEG1/MEST and maternally expressed CPA4. The orthologous region in mice 
also has pre- and postnatal growth effects (Beechey et al., 2007) and Peg1 
knockout mice exhibit IUGR (Lefebvre et al., 1998), but there has been no further 
evidence that PEG1/MEST is an SRS gene. 

Maternal duplications encompassing the BWS region on 11p15 have been 
described as causing syndromic IUGR akin to SRS (Fisher et al., 2002). Recent 
work has identified hypomethylation of the H19 DMR in as many as 30% of SRS 
patients (Gicquel et al., 2005; Bliek et al., 2006), with resultant biallelic 
expression of H19 and down-regulation of IGF2. In another case, deletion of the 
11p15.5 IC2 domain was found (Schonherr et al., 2007). From this perspective, 
SRS is the reciprocal disorder to BWS and the growth effects are similarly 
consistent with selection under kinship models and with sexual conflict. 

Up to a half of SRS patients have been reported as having motor and 
neurological problems, including hypotonia, motor and neuropsychological delay, 
and feeding difficulties (Abu-Amero et al., 2007). This suggests similarities to 
Prader-Willi syndrome (section 6.3) in imprinted gene function in the brain. In this 
regard, it is interesting to note that GRB10 expression is imprinted in the brain, 
both in human and mouse, but with maternal allele silencing (Arnaud et al., 
2003). These symptoms are found in mUPD7 cases, but it has not been reported 
whether they occur with a similar frequency in SRS patients with 11p15.5 
defects. These observations are suggestive and seem to fit with kinship theory at 
least in so far as it predicts tissue-specific silencing of alleles according to their 
functions in those tissues (Wilkins, 2006). 

6.3. Prader-Willi Syndrome 

Prader-Willi Syndrome (PWS; OMIM 176270) is an obesity syndrome caused by 
loss of paternal gene expression in chromosome 15q11-13 and characterized by 
two distinct clinical stages. In the first stage, neonates and infants show 
developmental delay, feeding difficulties (with a poor suck) and hypotonia among 
other signs (Bittel and Butler, 2005). In early childhood, the second stage is 
indicated, among other signs, by hyperphagia, which leads to obesity and 
associated complications (Bittel and Butler, 2005). 

In about 70% of cases, PWS is caused by deletions in paternal chromosome 
15q11-13 and, in about 25% of cases, by maternal disomy for chromosome 15, 
the latter associated with reduced phenotypic severity (Bittel and Butler, 2005). 
The genes responsible for the PWS phenotype are not known and several genes 
in the extensive imprinted domain could contribute to this complex disease. Most 
significant in terms of regulation is the maternally silenced bicistronic SNURF-
SNURPN transcript. The PWS ICR is located in the first exon and promoter of 
this transcript and some PWS cases result from ICR micro-deletions that affect 
the expression of all PWS genes (Dittrich et al., 1996). Other paternally 
expressed genes such as the neurally expressed NECDIN (NDN) and MAGEL2 
genes might play a role in the behavioural features of PWS. A role is also 



indicated for multi-copy, small nucleolar RNA (snoRNAs) encoded by the 
SNURF-SNRPN transcript (the HBII-52 snoRNA is implicated in alternative 
splicing of the serotonin receptor 5-HT(2C)R: Kishore and Stamm, 2006), and for 
two out of three downstream genes encoding receptors for the inhibitory 
neurotransmitter gamma aminobutyric acid (GABA), for which there is tentative 
evidence for paternal expression (Meguro et al., 1997). 

The phenotype in first stage PWS matches predictions of the conflict hypothesis: 
loss of paternal gene function compromises feeding in PWS neonates and 
infants. The onset of hyperphagia and obesity in second stage PWS is a 
challenge to kinship theory, but Haig and Wharton (2003) noted that paternal 
gene copies might be selected to reduce dependence on supplemental foods in 
childhood. This would have the effect that infants would obtain more calories 
from their mother’s milk than from their own foraging efforts. In support they note 
increased foraging behaviour in PWS children accompanied by non-fastidious yet 
non-impulsive eating. As well as assuming a trade-off between maternal milk 
provisioning, with a cost to the mother’s RV, and childhood foraging, without this, 
this also requires that suckling has greater benefits for children than foraging for 
food. Haig and Wharton (2003) hypothesized that these benefits include 
increased nutritive value and provision of antibodies in milk and, possibly, the 
delayed arrived of siblings resulting from the contraceptive effect on the mother 
of continued milk letdown. Also consistent with kinship theory, the authors noted 
that hypersomnolence, observed at all stages in PWS, might reduce the need for 
and costs of maternal vigilance (Haig and Wharton, 2003). 

6.4. Angelman Syndrome 

Angelman syndrome (AS; OMIM 105830) can be regarded genetically as the 
reciprocal imprinting disorder to PWS. AS is characterized by severe mental 
retardation, abnormal brain and motor functioning, global developmental delay 
and a range of behavioural abnormalities including paroxysmal laughter. 
Abnormal weight gain is observed in some cases (Lossie et al., 2001). AS 
causes range from de novo mutations affecting maternal 15q11-13 (in about 70% 
of cases) to pUPD for this region or imprinting mutations (Lalande and Calciano, 
2007). Mutations within a single gene, UBE3A, encoding an E3 ubiquitin ligase, 
have been found in ~10% of cases (Lalande and Calciano, 2007). 

An AS ICR, responsible for switching the region towards the maternal 
epigenotype, is located upstream of the PWS ICR, which it appears to control 
(Dittrich et al., 1996). The mouse homologue of UBE3A shows PSGE principally 
in the hippocampus and cerebellum and a study with Ube3a knockout mice has 
implicated abnormalities in the cerebellum in ataxia (Cheron et al., 2005). 

Some of the behavioural features of AS, relating to the signalling of positive 
affect, might be explained by kinship theory. Since paternal alleles’ interests are 
served by reducing the likelihood of maternal rejection, frequent smiling and 
laughter, observed in AS children, may be selected for to facilitate social bonding 
(Brown and Consedine, 2004). Supporting this, a recent study confirmed that AS 



children smile more frequently, especially in social contexts (Oliver et al., 2007). 
Smiling by AS children was also more frequently preceded by approaches to a 
target adult and more often followed by increased adult smiling, attention and eye 
contact (Oliver et al., 2007). Brown and Consedine (2004) also suggested that 
decreased signalling of negative affect might help retain maternal attention. In 
this context they noted that relatively low anxiety levels in AS children, as 
reported by parents, were dissociated from high levels inferred by objective 
measures, the latter possibly indicating scanning for changes in adult investment. 
Also following Haig and Wharton’s (2003) rationale, hyposomnolence in AS 
children was hypothesized to increase maternal vigilance costs. 

6.5. Transient neonatal diabetes mellitus 

Transient neonatal diabetes mellitus (TNDM; OMIM 601410) is a rare form of 
diabetes which presents with severe IUGR and hyperglycaemia caused by lack 
of insulin production at perinatal stages (Temple and Shield, 2002). Insulin is a 
major growth factor during third trimester growth and deposition of fat reserves. 
TNDM patients experience remission in the first months after birth, with 
subsequent growth being normal, but many individuals relapse during 
adolescence into permanent diabetes. Three causes of TNDM have been 
described: pUPD 6q24, paternally inherited duplications involving 6q24, and LoM 
of the DMR at the ZAC/PLAGL1 locus, this being the candidate TNDM gene 
(Temple and Shield, 2002). All three causes implicate over-expression of a 
paternally expressed imprinted locus as causing TNDM and mice over-
expressing human ZAC/PLAG1 exhibit impaired glucose homeostasis 
superficially similar to TNDM (Ma et al., 2004). 

TNDM is a conundrum for functional theories of PSGE. It appears contrary to 
expectations of the conflict hypothesis as over-expression of a paternally 
expressed imprinted locus results in reduced birth weight. That a paternal gene 
should be involved in mother-offspring co-adaptation, which is more likely than 
father-offspring co-adaptation in the context of intrauterine effects, seems 
unlikely (unless we assume high levels of patrilineal inbreeding). Since insulin 
resistance may be a female adaptation leading to reduced birth weight (Wilkin 
and Murphy, 2006), paternal rather than maternal expression is also inconsistent 
with sexual conflict explanations. 

The situation is complicated by the fact that Zac1 knockout mice also exhibit 
reduced birth weights (Varrault et al., 2006), and paternally inherited deletions of 
6q24 covering ZAC/PLAGL1 result in IUGR (Nowaczyk et al., 2008). These 
observations suggest deviations from an expression optimum, and it may be that 
IUGR in paternal 6q24 duplications and deletions has different developmental 
causes. The conflict hypothesis, it should be noted, depends on a monotonic 
relation between fitness and imprinted gene expression, at least with respect to 
marginal changes rather than the gross changes caused by deletion or UPD 
(Wilkins and Haig, 2003b). It is very difficult to make predictions about the effects 
of small increases in ZAC/Zac1 expression from a conflict perspective since we 



do not know whether a patrilineal fitness optimum has been reached and/or 
whether pleiotropic effects might select against maternal allele reactivation. 

6.6. Uniparental disomies for chromosome 14 

Well-characterized clinical phenotypes are associated with maternal and paternal 
UPDs for chromosome 14. Maternal UPD14 (mUPD14) presents with pre- and 
postnatal growth retardation, early onset of puberty, and a range of other 
problems. Paternal UPD14 (pUPD14), for which fewer cases have been 
reported, is characterized by growth retardation and severe developmental delay 
among other signs (Sutton and Shaffer, 2000). The consistently distinct 
presentation of mUPD14 and pUPD14 implicates an imprinted aetiology, and 
segmental UPD and deletion cases have mapped the region involved to 14q 
(Sutton and Shaffer, 2000; Kagami et al., 2005). 14q32 contains the extensive 
DLK1/GTL2 imprinted gene cluster, which is likely to be controlled by a region of 
sperm-derived DNA methylation, the IG-DMR (Geuns et al., 2007). A very recent 
study reports a case with the mUPD14-like phenotype and LoM of the IG-DMR, 
strongly suggesting that the DLK1/GTL2 imprinted domain is indeed responsible 
for the mUPD14 phenotype (Kagami et al., 2008). 

UPD14 phenotypes might have a complex molecular basis. Knockout studies in 
mice have demonstrated that deficiency of Dlk1, a paternally expressed gene 
encoding a member of the Notch/delta family, causes pre- and postnatal growth 
retardation, reduced postnatal viability, accelerated adiposity and skeletal 
abnormalities (Moon et al., 2002), and deletion of the retrotransposon-derived 
Rtl1/Peg11 gene causes perinatal lethality, via an effect on placental 
development (Sekita et al., 2008). The functions of the numerous imprinted 
snoRNAs and microRNAs encoded in the locus have not been ascertained. 

Growth retardation associated with mUPD14 and with pUPD14 is problematic for 
models based on kinship theory or sexual conflict, although these both depend 
upon the effects of marginal changes in gene expression, which are not reflected 
by the gross changes caused by UPD (section 6.5). On the other hand, 
precocious sexual development in mUPD14 and developmental delay in pUPD14 
may match expectations derived from sexual conflict or kinship theory since 
human females undergo puberty earlier than males (Wells, 2007) and maternal 
alleles might be selected to decrease offspring dependence on parental care by 
abbreviating childhood. 

6.7. Pseudohypoparathyroidism 

Loss-of-function mutations affecting GNAS on 20q13 lead to a condition known 
as Albright hereditary osteodystrophy (AHO), but, indicating an imprinting effect, 
they also lead to parathyroid hormone (PTH) resistance when and only when 
maternally inherited (Davies and Hughes, 1993). In mice Gnas is expressed 
predominantly from the maternal allele in the renal cortex (Yu et al., 1998). This 
potentially explains the human inheritance pattern because the renal cortex 



contains the proximal tubules, which are the site of action for PTH in respect of 
its phosphaturic effect. Biallelic expression in other tissues suggests that AHO 
results from haploinsufficiency for GNAS. 

Haig (2004) has offered a speculative explanation for imprinting of GNAS limited 
to the proximal renal tubule based on the conflict theory. Under conditions of 
calcium stress any marginal increase in phosphate excretion might result in 
decreased calcium flux across the placenta since this flux appears to be 
regulated by foetal demand and in such a manner as to avoid foetal 
hypercalcaemia. Reduced calcium flux would serve matrilineal “interests” more 
than patrilineal interests since it would limit maternal calcium loss, but at the 
expense of skeletal calcium accretion in foetal bone (Haig, 2004). 

GNAS is perhaps the archetypal tissue-specifically imprinted gene, with (relative) 
silencing of the paternal allele not just in the renal cortex, but in several other 
tissues leading to a variety of hormone resistance effects associated with 
pseudohypoparathyroidism (PHP). Patients with PHP and AHO (jointly known as 
PHP 1a) differ from those with AHO alone (pseudo-PHP) for example, in the 
severity of their obesity (Long et al., 2007), indicative of imprinting of GNAS in a 
pathway(s) regulating fat accretion. As yet, no evolutionary explanation for this 
diversity of neuroendocrine effects has been attempted. More knowledge of the 
genesis of sex differences in growth and metabolism is required to identify effects 
not dependent on gonadal hormones and to test sexual conflict models. 

GNAS is arguably the most complex imprinted locus, comprising two additional, 
overlapping protein coding transcripts which share downstream exons with 
GNAS but have opposing patterns of imprinting (Hayward et al., 1998). Although 
knockouts of these genes in mice reveal metabolic and behavioural phenotypes 
(Plagge et al., 2004; Plagge et al., 2005) which have been interpreted in support 
of kinship theory, there is no clear evidence yet that deficiency of either gives rise 
to a distinct condition, or modifies the presentation of PHP 1a/PHPP, in humans. 
A report of two girls with interstitial deletions of paternal chromosome 20q 
associated with severe pre- and postnatal growth restriction and feeding 
difficulties (Genevieve et al., 2005) fits well with the conflict hypothesis, although 
the paternal transcript(s) involved have not been identified. 

6.7. Turner’s syndrome 

Turner’s syndrome results from a karyotype in which all or part of one X 
chromosome is deleted in females. Skuse et al. (1997) showed that the parental 
origin of the remaining X chromosome predicted differential social adjustment in 
individuals with Turner’s syndrome. Among individuals with complete 
chromosome loss, those retaining paternally (45,Xp) rather than maternally 
(45,Xm) derived X chromosomes had superior social cognition as revealed by 
scores on a questionnaire delivered to parents. 45,Xp females also showed 
higher verbal IQs and better performance on a behavioural inhibition task than 
45,Xm females. Performance on the latter task reflected sex differences in normal 
participants with females (46,XmXp) outperforming males (46,XmY) and has also 



been recapitulated in a mouse model of Turner’s syndrome. 39,Xm mice showed 
deficits in a reversal learning paradigm contrasted with 39,Xp and 40,XX mice 
(Davies et al., 2005). This occurs despite the fact that 39,Xm mice show 
enhanced growth at foetal stages cf. 40,XX mice while 39,Xp mice are retarded 
(Thornhill and Burgoyne, 1993). Using an animal model allowed Davies et al. 
(2005) to exclude maternal effects (by comparing normal females from various 
genetic backgrounds) and other genetic abnormalities (such as cryptic 
mosaicism for the deleted X chromosome). 

Extensive screens in mice (Davies et al., 2005; Raefski and O'Neill, 2005) led to 
the discovery of the Xlr3b locus with imprinted expression on the X chromosome 
(and subject to X inactivation: Davies et al., 2005). PSGE for Xlr3b was identified 
in the brain in the frontal cortex and hypothalamus, regions involved in reversal 
learning (Davies et al., 2005). Deletions affecting the homologous region in 
humans have been implicated in autism (Thomas et al., 1999) and schizophrenia 
(Milunsky et al., 1999). 

Effects on embryonic development are consistent with sexually antagonistic 
selection for body size and inconsistent with the conflict hypothesis (in the 
direction of effects observed). Quantitative genetic modelling also predicts that 
sexually antagonistic selection results in more extreme effects on gene 
expression than selection under the conflict hypothesis (Iwasa and 
Pomiankowski, 2001). Although Davies et al. (2005) interpreted leaky imprinting 
of Xlr3b in light of the conflict hypothesis (after Haig, 2000), the reversal learning 
phenotype itself is consistent with sexual conflict (Iwasa and Pomiankowski, 
1999), especially considering the existence of cognate sex differences in humans 
and of Xlr3b expression in mice. 

7. Conclusions: Arguing for theoretical pluralism 

Reviewing data from human and murine UPDs, Hurst and McVean (1997) took 
the view that the conflict hypothesis cannot account for all, or in humans even 
many, of the phenotypes observed. But we believe the effects of disruption of 
imprinted genes in humans lend qualified support to several theories for the 
evolution of PSGE. 

The main beneficiary of this support is kinship theory, which offers explanations 
for prenatal growth effects, pre- and postnatal feeding behaviours, childhood 
affect signalling and sleeping patterns and possibly also for changes in the timing 
of puberty. Developments in our theoretical understanding of PWS/AS in 
particular have offered new interpretations based on kinship theory since Hurst 
and McVean’s (1997) review. Models based on sexually antagonistic selection 
have also entered the marketplace by offering plausible explanations for pre- and 
perinatal effects on growth, but the action of gonadal hormones may negate a 
wider role for these later in development. More specific information on hormone-
independent effects is needed. Given the existence of intra-uterine effects 
attributable to paternal gene function, Wolf and Hager’s (2006) co-adaptation 



models also seem to be of limited applicability although mixed postnatal effects 
may be predicted under biparental care. 

On the other hand, we believe that kinship theory cannot adequately explain all 
the phenomena here reviewed. This can be seen in the complexity of growth 
effects observed in TNDM and UPD14 individuals (section 6 and Hurst and 
McVean, 1997), but is most evident in Turner’s syndrome where the predictions 
of kinship theory contradict those of PSGE evolution under sexually antagonistic 
selection, the latter providing a better match to the observed effects both in 
theory and in practice (section 6.7). 

The incomplete explanatory utility of any one theory argues for a pluralist 
perspective in which different functional theories for the evolution of PSGE are 
invoked to explain PSGE for different genes. Such a perspective is evident within 
kinship theory in which placentally mediated conflict, emphasized in its original 
formulation (Moore and Haig, 1991), is not considered the only source of 
asymmetrical selection on parental alleles (Haig, 2000). Given its limited 
phylogenetic distribution, it also seems likely that PSGE is an exaptation in which 
imprinting machinery that has evolved for other reasons (section 4) is co-opted 
by new selection pressures. 

Extending and testing the diversity of hypotheses on offer will depend on studies 
that take a comparative approach. We allude to life history differences between 
humans and mice in the context of placental imprinting (section 6.1), but the 
elongated human childhood, during which children are dependent on different 
adult relatives for food, shelter and learning opportunities, may present a 
particularly complex substrate for selection under kinship theoretic considerations 
making tests of the theory problematical. Unfortunately parsing kinship and 
sexual conflict models may also be complicated by correlations between the 
degree of sexual dimorphism and other life history traits relevant to kinship or co-
adaptation such as the extent of polyandry or biparental care, respectively. 

References 

Abu Allhaija, E. S. and Al-Khateeb, S. N. (2005) "Uvulo-glosso-pharyngeal dimensions 
in different anteroposterior skeletal patterns." The Angle Orthodontist 75(6): 1012-8 

Abu-Amero, S., Monk, D., Frost, J., Preece, M., Stanier, P. and Moore, G. (2007) "The 
genetic aetiology of Silver-Russell syndrome." Journal of Medical Genetics [Epub ahead 
of print] doi:10.1136/jmg.2007.053017 

Allen, N. D., Logan, K., Lally, G., Drage, D. J., Norris, M. L. and Keverne, E. B. (1995) 
"Distribution of parthenogenetic cells in the mouse brain and their influence on brain 
development and behavior." Proceedings of the National Academy of Sciences USA 
92(23): 10782-6 

Apostolidou, S., Abu-Amero, S., O'Donoghue, K., Frost, J., Olafsdottir, O., Chavele, K. 
M., Whittaker, J. C., Loughna, P., Stanier, P. and Moore, G. E. (2007) "Elevated 



placental expression of the imprinted PHLDA2 gene is associated with low birth weight." 
Journal of Molecular Medicine 85(4): 379-87 

Arnaud, P., Monk, D., Hitchins, M., Gordon, E., Dean, W., Beechey, C. V., Peters, J., 
Craigen, W., Preece, M., Stanier, P., Moore, G. E. and Kelsey, G. (2003) "Conserved 
methylation imprints in the human and mouse GRB10 genes with divergent allelic 
expression suggests differential reading of the same mark." Human Molecular Genetics 
12(9): 1005-19 

Badcock, C. and Crespi, B. (2006) "Imbalanced genomic imprinting in brain 
development: an evolutionary basis for the aetiology of autism." Journal of Evolutionary 
Biology 19(4): 1007-32 

Barlow, D. P. (1993) "Methylation and imprinting: from host defense to gene 
regulation?" Science 260(5106): 309-10 

Barlow, D. P., Stoger, R., Herrmann, B. G., Saito, K. and Schweifer, N. (1991) "The 
mouse insulin-like growth factor type-2 receptor is imprinted and closely linked to the 
Tme locus." Nature 349(6304): 84-7 

Beaudet, A. L. and Jiang, Y. H. (2002) "A rheostat model for a rapid and reversible form 
of imprinting-dependent evolution." American Journal of Human Genetics 70(6): 1389-
97 

Beechey, C. V., Cattanach, B. M., Blake, A. and Peters, J. (2007) MRC Mammalian 
Genetics Unit, Harwell, Oxfordshire. World Wide Web Site - Mouse Imprinting Data and 
References. http://www.mgu.har.mrc.ac.uk/research/imprinting/ 

Bittel, D. C. and Butler, M. G. (2005) "Prader-Willi syndrome: clinical genetics, 
cytogenetics and molecular biology." Expert Reviews in Molecular Medicine 7(14): 1-20 

Bliek, J., Terhal, P., van den Bogaard, M. J., Maas, S., Hamel, B., Salieb-Beugelaar, G., 
Simon, M., Letteboer, T., van der Smagt, J., Kroes, H. and Mannens, M. (2006) 
"Hypomethylation of the H19 gene causes not only Silver-Russell syndrome (SRS) but 
also isolated asymmetry or an SRS-like phenotype." American Journal of Human 
Genetics 78(4): 604-14 

Bourc'his, D. and Bestor, T. H. (2004) "Meiotic catastrophe and retrotransposon 
reactivation in male germ cells lacking Dnmt3L." Nature 431(7004): 96-9 

Bourc'his, D., Xu, G. L., Lin, C. S., Bollman, B. and Bestor, T. H. (2001) "Dnmt3L and 
the establishment of maternal genomic imprints." Science 294(5551): 2536-9 

Brown, W. M. and Consedine, N. S. (2004) "Just how happy is the happy puppet? An 
emotion signaling and kinship theory perspective on the behavioral phenotype of children 
with Angelman syndrome." Medical Hypotheses 63(3): 377-85 

http://www.mgu.har.mrc.ac.uk/research/imprinting/


Caspary, T., Cleary, M. A., Perlman, E. J., Zhang, P., Elledge, S. J. and Tilghman, S. M. 
(1999) "Oppositely imprinted genes p57(Kip2) and igf2 interact in a mouse model for 
Beckwith-Wiedemann syndrome." Genes and Development 13(23): 3115-24 

Cattanach, B. M. and Kirk, M. (1985) "Differential activity of maternally and paternally 
derived chromosome regions in mice." Nature 315(6019): 496-8 

Charalambous, M., Smith, F. M., Bennett, W. R., Crew, T. E., Mackenzie, F. and Ward, 
A. (2003) "Disruption of the imprinted Grb10 gene leads to disproportionate overgrowth 
by an Igf2-independent mechanism." Proceedings of the National Academy of Sciences 
USA 100(14): 8292-7 

Cheron, G., Servais, L., Wagstaff, J. and Dan, B. (2005) "Fast cerebellar oscillation 
associated with ataxia in a mouse model of Angelman syndrome." Neuroscience 130(3): 
631-7 

Cooper, W. N., Luharia, A., Evans, G. A., Raza, H., Haire, A. C., Grundy, R., Bowdin, S. 
C., Riccio, A., Sebastio, G., Bliek, J., Schofield, P. N., Reik, W., Macdonald, F. and 
Maher, E. R. (2005) "Molecular subtypes and phenotypic expression of Beckwith-
Wiedemann syndrome." European Journal of Human Genetics 13(9): 1025-32 

Crespi, B. and Semeniuk, C. (2004) "Parent-offspring conflict in the evolution of 
vertebrate reproductive mode." The American Naturalist 163(5): 635-53 

Curley, J. P., Barton, S., Surani, A. and Keverne, E. B. (2004) "Coadaptation in mother 
and infant regulated by a paternally expressed imprinted gene." Proceedings of the Royal 
Society of London Series B-Biological Sciences 271: 1303-9 

Davies, S. J. and Hughes, H. E. (1993) "Imprinting in Albright's hereditary 
osteodystrophy." Journal of Medical Genetics 30(2): 101-3. 

Davies, W., Isles, A., Smith, R., Karunadasa, D., Burrmann, D., Humby, T., Ojarikre, O., 
Biggin, C., Skuse, D., Burgoyne, P. and Wilkinson, L. (2005) "Xlr3b is a new imprinted 
candidate for X-linked parent-of-origin effects on cognitive function in mice." Nature 
Genetics 37(6): 625-9 

Day, T. and Bonduriansky, R. (2004) "Intralocus sexual conflict can drive the evolution 
of genomic imprinting." Genetics 167(4): 1537-46 

DeChiara, T. M., Robertson, E. J. and Efstratiadis, A. (1991) "Parental imprinting of the 
mouse insulin-like growth factor II gene." Cell 64(4): 849-59 

Dittrich, B., Buiting, K., Korn, B., Rickard, S., Buxton, J., Saitoh, S., Nicholls, R. D., 
Poustka, A., Winterpacht, A., Zabel, B. and Horsthemke, B. (1996) "Imprint switching on 



human chromosome 15 may involve alternative transcripts of the SNRPN gene." Nature 
Genetics 14(2): 163-70 

Edwards, C. A. and Ferguson-Smith, A. C. (2007) "Mechanisms regulating imprinted 
genes in clusters." Current Opinion in Cell Biology 19(3): 281-9 

Engel, J. R., Smallwood, A., Harper, A., Higgins, M. J., Oshimura, M., Reik, W., 
Schofield, P. N. and Maher, E. R. (2000) "Epigenotype-phenotype correlations in 
Beckwith-Wiedemann syndrome." Journal of Medical Genetics 37(12): 921-6 

Filson, A. J., Louvi, A., Efstratiadis, A. and Robertson, E. J. (1993) "Rescue of the T-
associated maternal effect in mice carrying null mutations in Igf-2 and Igf2r, two 
reciprocally imprinted genes." Development 118(3): 731-6 

Fisher, A. M., Thomas, N. S., Cockwell, A., Stecko, O., Kerr, B., Temple, I. K. and 
Clayton, P. (2002) "Duplications of chromosome 11p15 of maternal origin result in a 
phenotype that includes growth retardation." Human Genetics 111(3): 290-6 

Frank, D., Fortino, W., Clark, L., Musalo, R., Wang, W., Saxena, A., Li, C. M., Reik, W., 
Ludwig, T. and Tycko, B. (2002) "Placental overgrowth in mice lacking the imprinted 
gene Ipl." Proceedings of the National Academy of Sciences USA 99(11): 7490-5 

Genevieve, D., Sanlaville, D., Faivre, L., Kottler, M. L., Jambou, M., Gosset, P., 
Boustani-Samara, D., Pinto, G., Ozilou, C., Abeguile, G., Munnich, A., Romana, S., 
Raoul, O., Cormier-Daire, V. and Vekemans, M. (2005) "Paternal deletion of the GNAS 
imprinted locus (including Gnasxl) in two girls presenting with severe pre- and post-natal 
growth retardation and intractable feeding difficulties." European Journal Human 
Genetics 13(9): 1033-9 

Geuns, E., De Temmerman, N., Hilven, P., Van Steirteghem, A., Liebaers, I. and De 
Rycke, M. (2007) "Methylation analysis of the intergenic differentially methylated region 
of DLK1-GTL2 in human." European Journal of Human Genetics 15(3): 352-61 

Gicquel, C., Rossignol, S., Cabrol, S., Houang, M., Steunou, V., Barbu, V., Danton, F., 
Thibaud, N., Le Merrer, M., Burglen, L., Bertrand, A. M., Netchine, I. and Le Bouc, Y. 
(2005) "Epimutation of the telomeric imprinting center region on chromosome 11p15 in 
Silver-Russell syndrome." Nature Genetics 37(9): 1003-7 

Gimelbrant, A., Hutchinson, J. N., Thompson, B. R. and Chess, A. (2007) "Widespread 
monoallelic expression on human autosomes." Science 318(5853): 1136-40 

Goos, L. M. and Silverman, I. (2006) "The inheritance of cognitive skills: does genomic 
imprinting play a role?" Journal of Neurogenetics 20(1-2): 19-40 

Grandjean, V., Smith, J., Schofield, P. N. and Ferguson-Smith, A. C. (2000) "Increased 
IGF-II protein affects p57kip2 expression in vivo and in vitro: implications for Beckwith-



Wiedemann syndrome." Proceedings of the National Academy of Sciences USA 97(10): 
5279-84 

Haig, D. (1994) "Refusing the ovarian time bomb." Trends in Genetics 10(10): 346-7; 
author reply 348-9 

Haig, D. (2000) "The Kinship Theory of Genomic Imprinting." Annual Review of 
Ecology and Systematics 31: 9-32 

Haig, D. (2004) "Evolutionary conflicts in pregnancy and calcium metabolism--a 
review." Placenta 25 Suppl A: S10-5 

Haig, D. and Westoby, M. (1989) "Parent-Specific Gene Expression and the Triploid 
Endosperm." American Naturalist 134(1): 147-155 

Haig, D. and Westoby, M. (2006) "An earlier formulation of the genetic conflict 
hypothesis of genomic imprinting." Nature Genetics 38(3): 271 

Haig, D. and Wharton, R. (2003) "Prader-Willi syndrome and the evolution of human 
childhood." American Journal of Human Biology 15(3): 320-9 

Haig, D. and Wilkins, J. F. (2000) "Genomic imprinting, sibling solidairity and the logic 
of collective action." Philosophical transactions of the Royal Society of London. Series 
B: Biological Sciences 355(1403): 1593-7 

Hamilton, W. D. (1964) "The genetical evolution of social behaviour. Parts I and II." 
Journal of Theoretical Biology 7(1): 1-52 

Hayward, B. E., De Vos, M., Judson, H., Hodge, D., Huntriss, J., Picton, H. M., Sheridan, 
E. and Bonthron, D. T. (2003) "Lack of involvement of known DNA methyltransferases 
in familial hydatidiform mole implies the involvement of other factors in establishment of 
imprinting in the human female germline." BMC Genetics 4: 2 

Hayward, B. E., Moran, V., Strain, L. and Bonthron, D. T. (1998) "Bidirectional 
imprinting of a single gene: GNAS1 encodes maternally, paternally, and biallelically 
derived proteins." Proceedings of the National Academy of Sciences USA 95(26): 15475-
80 

Hurst, L. D. and McVean, G. T. (1997) "Growth effects of uniparental disomies and the 
conflict theory of genomic imprinting." Trends in Genetics 13(11): 436-43 

Iwasa, Y. (1998) "The conflict theory of genomic imprinting: how much can be 
explained?" Current Topics in Developmental Biology 40: 255-93 

Iwasa, Y. and Pomiankowski, A. (1999) "Sex specific X chromosome expression caused 
by genomic imprinting." Journal of Theoretical Biology 197(4): 487-95 



Iwasa, Y. and Pomiankowski, A. (2001) "The evolution of X-linked genomic 
imprinting." Genetics 158(4): 1801-9 

Jelinic, P. and Shaw, P. (2007) "Loss of imprinting and cancer." Journal of Pathology 
211(3): 261-8 

Kagami, M., Nishimura, G., Okuyama, T., Hayashidani, M., Takeuchi, T., Tanaka, S., 
Ishino, F., Kurosawa, K. and Ogata, T. (2005) "Segmental and full paternal isodisomy for 
chromosome 14 in three patients: narrowing the critical region and implication for the 
clinical features." American Journal of Medical Genetics Part A 138(2): 127-32 

Kagami, M., Sekita, Y., Nishimura, G., Irie, M., Kato, F., Okada, M., Yamamori, S., 
Kishimoto, H., Nakayama, M., Tanaka, Y., Matsuoka, K., Takahashi, T., Noguchi, M., 
Tanaka, Y., Masumoto, K., Utsunomiya, T., Kouzan, H., Komatsu, Y., Ohashi, H., 
Kurosawa, K., Kosaki, K., Ferguson-Smith, A. C., Ishino, F. and Ogata, T. (2008) 
"Deletions and epimutations affecting the human 14q32.2 imprinted region in individuals 
with paternal and maternal upd(14)-like phenotypes." Nature Genetics [Epub ahead of 
print] doi:10.1038/ng.2007.56 

Keverne, E. B., Fundele, R., Narasimha, M., Barton, S. C. and Surani, M. A. (1996) 
"Genomic imprinting and the differential roles of parental genomes in brain 
development." Brain Research. Developmental Brain Research 92(1): 91-100 

Kishore, S. and Stamm, S. (2006) "The snoRNA HBII-52 regulates alternative splicing of 
the serotonin receptor 2C." Science 311(5758): 230-2 

Lalande, M. and Calciano, M. A. (2007) "Molecular epigenetics of Angelman 
syndrome." Cellular and Molecular Life Sciences 64(7-8): 947-60 

Lefebvre, L., Viville, S., Barton, S. C., Ishino, F., Keverne, E. B. and Surani, M. A. 
(1998) "Abnormal maternal behaviour and growth retardation associated with loss of the 
imprinted gene Mest." Nature Genetics 20(2): 163-9 

Li, L., Keverne, E. B., Aparicio, S. A., Ishino, F., Barton, S. C. and Surani, M. A. (1999) 
"Regulation of maternal behavior and offspring growth by paternally expressed Peg3." 
Science 284(5412): 330-3 

Lloyd, V. K., Sinclair, D. A. and Grigliatti, T. A. (1999) "Genomic imprinting and 
position-effect variegation in Drosophila melanogaster." Genetics 151(4): 1503-16 

Long, D. N., McGuire, S., Levine, M. A., Weinstein, L. S. and Germain-Lee, E. L. (2007) 
"Body mass index differences in pseudohypoparathyroidism type 1a versus 
pseudopseudohypoparathyroidism may implicate paternal imprinting of Galpha(s) in the 
development of human obesity." Journal of Clinical Endocrinology and Metabolism 
92(3): 1073-9 



Lossie, A. C., Whitney, M. M., Amidon, D., Dong, H. J., Chen, P., Theriaque, D., 
Hutson, A., Nicholls, R. D., Zori, R. T., Williams, C. A. and Driscoll, D. J. (2001) 
"Distinct phenotypes distinguish the molecular classes of Angelman syndrome." Journal 
of Medical Genetics 38(12): 834-45 

Ma, D., Shield, J. P., Dean, W., Leclerc, I., Knauf, C., Burcelin, R. R., Rutter, G. A. and 
Kelsey, G. (2004) "Impaired glucose homeostasis in transgenic mice expressing the 
human transient neonatal diabetes mellitus locus, TNDM." Journal of Clinical 
Investigation 114(3): 339-48 

McGrath, J. and Solter, D. (1984) "Completion of mouse embryogenesis requires both 
the maternal and paternal genomes." Cell 37(1): 179-83 

McMinn, J., Wei, M., Schupf, N., Cusmai, J., Johnson, E. B., Smith, A. C., Weksberg, R., 
Thaker, H. M. and Tycko, B. (2006) "Unbalanced placental expression of imprinted 
genes in human intrauterine growth restriction." Placenta 27(6-7): 540-9 

Meguro, M., Mitsuya, K., Sui, H., Shigenami, K., Kugoh, H., Nakao, M. and Oshimura, 
M. (1997) "Evidence for uniparental, paternal expression of the human GABAA receptor 
subunit genes, using microcell-mediated chromosome transfer." Human Molecular 
Genetics 6(12): 2127-33 

Milunsky, J., Huang, X. L., Wyandt, H. E. and Milunsky, A. (1999) "Schizophrenia 
susceptibility gene locus at Xp22.3." Clinical Genetics 55(6): 455-60 

Monk, D., Arnaud, P., Apostolidou, S., Hills, F. A., Kelsey, G., Stanier, P., Feil, R. and 
Moore, G. E. (2006) "Limited evolutionary conservation of imprinting in the human 
placenta." Proceedings of the National Academy of Sciences USA 103(17): 6623-8 

Moon, Y. S., Smas, C. M., Lee, K., Villena, J. A., Kim, K. H., Yun, E. J. and Sul, H. S. 
(2002) "Mice lacking paternally expressed Pref-1/Dlk1 display growth retardation and 
accelerated adiposity." Molecular and cellular biology 22(15): 5585-92 

Moore, T. and Haig, D. (1991) "Genomic imprinting in mammalian development: a 
parental tug-of-war." Trends in Genetics 7(2): 45-49 

Nowaczyk, M. J., Carter, M. T., Xu, J., Huggins, M., Raca, G., Das, S., Martin, C. L., 
Schwartz, S., Rosenfield, R. and Waggoner, D. J. (2008) "Paternal deletion 6q24.3: A 
new congenital anomaly syndrome associated with intrauterine growth failure, early 
developmental delay and characteristic facial appearance." American Journal of Medical 
Genetics A [Epub ahead of print] doi: 10.1002/ajmg.a.32144 

Oliver, C., Horsler, K., Berg, K., Bellamy, G., Dick, K. and Griffiths, E. (2007) 
"Genomic imprinting and the expression of affect in Angelman syndrome: what's in the 
smile?" Journal of Child Psychology and Psychiatry 48(6): 571-9 



Ono, R., Nakamura, K., Inoue, K., Naruse, M., Usami, T., Wakisaka-Saito, N., Hino, T., 
Suzuki-Migishima, R., Ogonuki, N., Miki, H., Kohda, T., Ogura, A., Yokoyama, M., 
Kaneko-Ishino, T. and Ishino, F. (2006) "Deletion of Peg10, an imprinted gene acquired 
from a retrotransposon, causes early embryonic lethality." Nature Genetics 38(1): 101-6 

Plagge, A., Gordon, E., Dean, W., Boiani, R., Cinti, S., Peters, J. and Kelsey, G. (2004) 
"The imprinted signaling protein XL alpha s is required for postnatal adaptation to 
feeding." Nature Genetics 36(8): 818-26 

Plagge, A., Isles, A. R., Gordon, E., Humby, T., Dean, W., Gritsch, S., Fischer-Colbrie, 
R., Wilkinson, L. S. and Kelsey, G. (2005) "Imprinted Nesp55 influences behavioral 
reactivity to novel environments." Molecular and Cellular Biology 25(8): 3019-26 

Raefski, A. S. and O'Neill, M. J. (2005) "Identification of a cluster of X-linked imprinted 
genes in mice." Nature Genetics 37(6): 620-4 

Schaefer, C. B., Ooi, S. K., Bestor, T. H. and Bourc'his, D. (2007) "Epigenetic decisions 
in mammalian germ cells." Science 316(5823): 398-9 

Schonherr, N., Meyer, E., Roos, A., Schmidt, A., Wollmann, H. A. and Eggermann, T. 
(2007) "The centromeric 11p15 imprinting centre is also involved in Silver-Russell 
syndrome." Journal of Medical Genetics 44(1): 59-63 

Sekita, Y., Wagatsuma, H., Nakamura, K., Ono, R., Kagami, M., Wakisaka, N., Hino, T., 
Suzuki-Migishima, R., Kohda, T., Ogura, A., Ogata, T., Yokoyama, M., Kaneko-Ishino, 
T. and Ishino, F. (2008) "Role of retrotransposon-derived imprinted gene, Rtl1, in the 
feto-maternal interface of mouse placenta." Nature Genetics [Epub ahead of print] 
doi:10.1038/ng.2007.51 

Skuse, D. H., James, R. S., Bishop, D. V., Coppin, B., Dalton, P., Aamodt-Leeper, G., 
Bacarese-Hamilton, M., Creswell, C., McGurk, R. and Jacobs, P. A. (1997) "Evidence 
from Turner's syndrome of an imprinted X-linked locus affecting cognitive function." 
Nature 387(6634): 705-8 

Sleutels, F. and Barlow, D. P. (2002) "The origins of genomic imprinting in mammals." 
Advances in Genetics 46: 119-63 

Smith, F. M., Garfield, A. S. and Ward, A. (2006) "Regulation of growth and metabolism 
by imprinted genes." Cytogenetic and Genome Research 113(1-4): 279-91 

Solter, D. (1988) "Differential imprinting and expression of maternal and paternal 
genomes." Annual Review of Genetics 22: 127-46 



Surani, M. A., Barton, S. C. and Norris, M. L. (1984) "Development of reconstituted 
mouse eggs suggests imprinting of the genome during gametogenesis." Nature 
308(5959): 548-50 

Sutton, V. R. and Shaffer, L. G. (2000) "Search for imprinted regions on chromosome 14: 
comparison of maternal and paternal UPD cases with cases of chromosome 14 deletion." 
American Journal of Medical Genetics 93(5): 381-7 

Temple, I. K. and Shield, J. P. (2002) "Transient neonatal diabetes, a disorder of 
imprinting." Journal of Medical Genetics 39(12): 872-5 

Thomas, N. S., Sharp, A. J., Browne, C. E., Skuse, D., Hardie, C. and Dennis, N. R. 
(1999) "Xp deletions associated with autism in three females." Human Genetics 104(1): 
43-8 

Thornhill, A. R. and Burgoyne, P. S. (1993) "A paternally imprinted X chromosome 
retards the development of the early mouse embryo." Development 118(1): 171-4 

Trivers, R. L. (1974) "Parent-Offspring Conflict." American Zoologist 14(1): 249-264 

Tycko, B. and Morison, I. M. (2002) "Physiological functions of imprinted genes." 
Journal of Cellular Physiology 192(3): 245-58 

Umlauf, D., Goto, Y., Cao, R., Cerqueira, F., Wagschal, A., Zhang, Y. and Feil, R. 
(2004) "Imprinting along the Kcnq1 domain on mouse chromosome 7 involves repressive 
histone methylation and recruitment of Polycomb group complexes." Nature Genetics 
36(12): 1296-300 

Varmuza, S. and Mann, M. (1994) "Genomic imprinting--defusing the ovarian time 
bomb." Trends in Genetics 10(4): 118-23. 

Varrault, A., Gueydan, C., Delalbre, A., Bellmann, A., Houssami, S., Aknin, C., Severac, 
D., Chotard, L., Kahli, M., Le Digarcher, A., Pavlidis, P. and Journot, L. (2006) "Zac1 
regulates an imprinted gene network critically involved in the control of embryonic 
growth." Developmental Cell 11(5): 711-22 

Wagschal, A. and Feil, R. (2006) "Genomic imprinting in the placenta." Cytogenetic and 
Genome Research 113(1-4): 90-8 

Wang, Z. Q., Fung, M. R., Barlow, D. P. and Wagner, E. F. (1994) "Regulation of 
embryonic growth and lysosomal targeting by the imprinted Igf2/Mpr gene." Nature 
372(6505): 464-7 

Webster, K. E., O'Bryan, M. K., Fletcher, S., Crewther, P. E., Aapola, U., Craig, J., 
Harrison, D. K., Aung, H., Phutikanit, N., Lyle, R., Meachem, S. J., Antonarakis, S. E., 
de Kretser, D. M., Hedger, M. P., Peterson, P., Carroll, B. J. and Scott, H. S. (2005) 



"Meiotic and epigenetic defects in Dnmt3L-knockout mouse spermatogenesis." 
Proceedings of the National Academy of Sciences USA 102(11): 4068-73 

Weisstein, A. E. and Spencer, H. G. (2003) "The evolution of genomic imprinting via 
variance minimization: an evolutionary genetic model." Genetics 165(1): 205-22 

Wells, J. C. (2007) "Sexual dimorphism of body composition." Best Practice and 
Research Clinical Endocrinology and Metabolism 21(3): 415-30 

Wilkin, T. J. and Murphy, M. J. (2006) "The gender insulin hypothesis: why girls are 
born lighter than boys, and the implications for insulin resistance." International Journal 
of Obesity 30(7): 1056-61 

Wilkins, J. F. (2006) "Tissue-specific reactivation of gene expression at an imprinted 
locus." Journal of Theoretical Biology 240(2): 277-87 

Wilkins, J. F. and Haig, D. (2003a) "Inbreeding, maternal care and genomic imprinting." 
Journal of Theoretical Biology 221(4): 559-64 

Wilkins, J. F. and Haig, D. (2003b) "What good is genomic imprinting: the function of 
parent-specific gene expression." Nature Reviews Genetics 4(5): 359-68 

Wolf, J. B. and Hager, R. (2006) "A maternal-offspring coadaptation theory for the 
evolution of genomic imprinting." PLoS Biology 4(12): e380 

Wood, A. J. and Oakey, R. J. (2006) "Genomic imprinting in mammals: emerging themes 
and established theories." PLoS Genetics 2(11): e147 

Further Reading List 

Burt, A. and Trivers, R. (2006) "Genes in Conflict". Chapter 4: Genomic 
Imprinting pp 96-141. The Belnap Press of Harvard University Press: Cambridge, 
Massachusetts 

Feil, R. and Berger, F. (2007) "Convergent evolution of genomic imprinting in 
plants and mammals." Trends in Genetics 23(4): 192-9. 

Haig, D. (2004) "Genomic imprinting and kinship: how good is the evidence?" 
Annual Review of Genetics 38: 553-85 

Keverne, E. B. (2007) "Genomic imprinting and the evolution of sex differences in 
Mammalian reproductive strategies." Advances in Genetics 59: 217-43 



Pardo-Manuel de Villena, F., de la Casa-Esperon, E. and Sapienza, C. (2000) 
"Natural selection and the function of genome imprinting: beyond the silenced 
minority." Trends in Genetics 16(12): 573-9. 

Tilghman, S. M. (1999) "The sins of the fathers and mothers: genomic imprinting 
in mammalian development." Cell 96(2): 185-93 

Glossary 

Parental-specific gene expression (PSGE) 
a gene expression pattern in which an allele’s level of expression depends on its 
parental origin in the previous generation 

Uniparental duplication (UPD) 
chromosomal aberration in which both copies of a chromosome or chromosome 
region are derived from one parent; whole chromosome duplications are usually 
referred to as disomies 

Ovarian time-bomb 
the hypothesis that imprinting evolved to prevent the development of ovarian 
teratomas (section 5.2) 

Co-adaptation 
reciprocal adaptation that occurs in two transacting entities because changes in 
one affect the other; the entities may be separate individuals (as envisaged in 
parent-offspring coadaptation: section 5.2) or parts of the same genome 

X inactivation 
the process in females whereby expression of most genes on one X 
chromosome is repressed; this occurs at random in non-placental tissues of 
eutherian mammals 

Sexual conflict 
in this review, the name given to a family of hypotheses for the evolution of 
PSGE in which sexually antagonistic selection plays a key role (section 5.3) 

Intra-genomic conflict 
functional antagonism between different genetic elements within the same 
genome based on divergent selection pressures 

Conflict hypothesis 
the hypothesis that maternal care and mating systems interact so that paternal 
alleles are selected to be relatively more resource-demanding than maternal 
alleles, resulting in predictable patterns of PSGE at resource-influencing loci 



Kinship theory 
the theory, derived from the conflict hypothesis, that explains PSGE in terms of 
differing selection pressures operating on maternal and paternal alleles by virtue 
of transactions with asymmetrically related kin (section 5.4) 

Exaptation 
an organismal trait that was once selected for one function but now serves 
another; describing a trait as an exaptation is often contrasted with the 
apparently naïve assumption that it owes it’s existence to selection for the same 
purpose it currently serves 


