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Abstract

The role of parent-of-origin effects (POE) in the etiology of complex diseases such as type 2 diabetes
(T2DM) and obesity is currently of intense interest, but still largely unclear. POE are transmittable
genetic effects whereby the expression of the phenotype in the offspring depends upon whether the
transmission originated from the mother or father. In mammals, POE can be caused by genetic
imprinting, intrauterine effects, or maternally inherited mitochondrial genes. In this paper, we
describe the different mechanisms underlying POE, characterize known examples of POE in rare
forms of diabetes, and review the evidence from linkage and association studies for POE in T2DM
and obesity. Finally, we summarize some of the new and established statistical and experimental
approaches commonly used to detect POE. Through this paper, we hope emphasizes the potentially
significant importance of POE in the etiology of T2DM and obesity.
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[. Introduction

Parent-of-origin effects (POE) refer to a class of genetic effects that are transmitted from
parents to offspring whereby the expression of the phenotype in the offspring depends upon
whether the transmission originated from the mother or father. POE are frequently equated
with the concept of imprinting, in which an allele of a specific gene is silenced (via epigenetic
mechanisms such as methylation) when inherited from one parent and expressed when
inherited from the other. However, other parent-of-origin effects have also been described. In
general, there are three types of parent-specific transmittable effects: 1) those arising from
epigenetic regulation of gene expression (such as imprinting); 2) those arising from the effects
of the maternal intrauterine environment on the developing fetus; and 3) those arising from
genetic variation in the maternally inherited mitochondrial genome. The defining
characteristics of all three types of POE are that: 1) parental transmission of alleles must involve
some mechanism other than classical Mendelian segregation of nuclear genes, and 2) offspring
expression of the phenotype is at least partly dependent upon whether the transmission occurred
from the mother or father.
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POE are of particular relevance to the study of diabetes and obesity because some of the
mechanisms involved are often associated with growth and development. In fact, most known
imprinted genes influence pathways that involve growth or placental development [1,2]. There
are several known examples of POE in largely monogenic forms of diabetes as outlined below.
However, researchers have only begun to assess the existence of parent-of-origin effects in
more common forms of diabetes.

The purpose of this review is to describe the major mechanisms underlying POE and provide
known examples of each, to identify and characterize known examples of POE in rare forms
of diabetes, to describe how POE may influence susceptibility to type 2 diabetes (T2D) and
obesity, and to summarize some of the new and established statistical and experimental
approaches commonly used to detect POE and their role in future studies.

[l. Mechanisms of POE

Imprinting

There are three mechanisms which may underlie parent-specific transmittable effects: 1)
epigenetic regulation of gene expression (such as imprinting), 2) influence of the maternal
intrauterine environment on fetal development, and 3) expression of genetic variation in the
maternally-inherited mitochondrial genome. The defining characteristics of these classes of
POE are that: 1) they require that parental transmission involve some mechanism other than
classical Mendelian segregation of nuclear genes, and 2) offspring expression of the phenotype
is at least partly dependent upon whether the transmission occurred from the mother or father.
These mechanisms are illustrated pictorially in Figure 1.

Genomic imprinting is one mechanism of POE in which gene expression is dependent on the
parent of origin of the inherited allele [3]. With genomic imprinting, the molecular
modifications of DNA occur in germline cells and occur in different patterns depending upon
the sex of the parent. These molecular modifications are termed “epigenetic” because they
involve changes to DNA structure other than those involving changes to the DNA sequence.
Like sequence changes, these modifications can be stably transmitted through several
generations of cells or organisms. Unlike sequence changes, these epigenetic modifications
can also be reset, or undone, under appropriate conditions such as during primordial germ cell
development [4]. Known molecular epigenetic mechanisms involved in imprinting include
changes in histone deacetylation and modification of cytosine methylation [3]. Histone
modifications are post-translational modifications of the core histone proteins that constitute
the nucleosome. Some evidence suggests, although not conclusively, that these modifications
are used to program genes for activation during specific steps in cellular differentiation [5].
DNA methylation occurs when a hydrogen atom of the cytosine base is replaced by a methyl
group [5]. In humans, this phenomenon is restricted mainly to cytosines in CpG clusters. The
role of methylation in imprinting, which involves parent-specific methylation of CpG-rich
domains during gametogenesis, is not completely understood, but evidence based on mouse
knock-out models implicates control by a group of proteins including methyltransferases,
methyl-binding proteins, and histone-modifying proteins [3]. Methylation causes the structural
change of chromatin and can produce gene silencing when it occurs in a promoter region [6].
As a result, the methylated allele is not transcribed. For example, if the maternal allele is
methylated, then only the paternal allele is transcribed.

Based on our current understanding, we know that imprinting is reversible during
gametogenesis, is ‘reset’ at each successive generation, and is not uniform across different
tissue types and stages of development [4]. We also know that imprinted genes tend to be found
in evolutionarily-conserved imprinted domains [4]. Although it is estimated that only ~1% of
the human genome is imprinted, this phenomenon may be particularly important in the
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development of type 2 diabetes (T2DM) and obesity [7-12]. An example of how a maternally
imprinted allele that is transmitted within a family might influence susceptibility to T2DM is
depicted in Figure 2.

There is much speculation from an evolutionary point of view as to why imprinting exists. The
main hypothesis is the ‘gametic conflict” or ‘parental conflict’ theory which states that, while
the father’s sole interest is in the development of offspring that share his genes, the mother’s
interests are both in providing equal resources to all offspring and in maintaining her own
reproductive viability. Thus it would be predicted that evolutionary pressure would favor
silencing by the father of growth-restricted genes and silencing by the mother of growth-
promoting genes [13-15]. This theory is supported by the fact that imprinting has been observed
in fetal and placental tissues in eutherian (placental) mammals as well as in metatherian
(marsupial) mammals, in which maternal resources are continually utilized by offspring during
their early development, but not in monotreme (egg-laying) mammals or birds [15].

Maternal Effects on the Intrauterine Environment

At birth, the phenotype of placental mammals has already been heavily influenced by
environmental factors, specifically, the maternal intrauterine environment. Therefore, the
mother’s genes, regardless of which ones are passed to the offspring, can have maternal-
specific influences on offspring phenotype. This is especially true for genes influencing
maternal nutrition and metabolism. Sorting out maternal influences on the fetus due to genetic
VS. non-genetic causes may be challenging since maternal environment and behavior can also
affect fetal growth and development. Parental genetic effects on the fetus can become even
more complicated to sort out when one takes into account how differences in genotype inherited
from both the mother and father influence the developing fetus’s response to the intrauterine
environment.

Mitochondrial Effects

Mitochondrial maternal effects refer to the phenotypic effects of sequence variation in the
mitochondrial genome on offspring. Mitochondria are cellular organelles containing their own
circular genome. Oocytes contain approximately 1000 times more mitochondrial DNA than
sperm, which along with the destruction of the sperm midpiece and its mitochondria shortly
after fertilization apparently due to the actions of the protein ubiquitin [16-18], severely limits
the number of paternal mitochondria contributing to animal progeny [19]. With only a few
very notable exceptions, including one in mussels [20] and a single example of paternal
inheritance of a mitochondrial disease in humans [21], only a maternal contribution to offspring
mitochondrial DNA has been observed in animals.

lll. Examples of POE Relevant to Diabetes

Each of the three mechanisms of POE has shown unequivocal involvement in the development
of diabetes in a minority of diabetes cases: imprinting in transient neonatal diabetes, maternal
in utero effects in MODY2 and mitochondrial inheritance in maternally inherited diabetes and
deafness. Examples of each are provided below and summarized in Table 1.

Imprinting: Transient Neonatal Diabetes Mellitus (TNDM)

Several disorders having clear associations with imprinted genes involve obesity- or growth-
related phenotypes, including Prader-Willi syndrome, Angelman syndrome Beckwith-
Wiedeman syndrome, Albright hereditary osteodystrophy, Russell-Silver syndrome, and
transient neonatal diabetes mellitus (TNDM). We describe below as an example, the
mechanisms underlying TNDM.
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TNDM is a rare condition (affecting ~ 1/400,000 live births) that occurs in growth retarded
infants in the first few weeks of life. The condition generally resolves within one year, although
there is an elevated risk of insulin-requiring diabetes recurring later in life [22]. Involvement
of imprinting in TNDM was first suspected in a 1995 case study when, in a search for the
parental and chromosomal origin of a supernumerary marker chromosome in a child with
TNDM, intrauterine growth retardation, and a large tongue, the child was found to have
chromosome 6 microsatellite data consistent with two paternal copies (paternal uniparental
disomy (UPD)) of chromosome 6 and no maternal copies other than the region contained in
the marker chromosome [8]. Testing two unrelated patients with TNDM for UPD yielded one
who also had UPD for chromosome 6, and these data combined with a patient reported in the
literature with paternal UPD, methylmalonic acidemia (a rare recessive condition caused by
mutations in a gene on chromosome 6) [23], strongly suggested an imprinting mechanism for
TNDM. Subsequently an association was found between TNDM and paternal, but not maternal,
duplications of chromosome 6924 [24] including all familial cases. The critical overlapping
duplicated region was found to comprise 440 kb [25] and contain two imprinted genes, ZAC
and HYMAI [26]. Most recently it has been estimated based on 55 cases that 85% of individuals
with TNDM have one of the following abnormalities of chromosome 6q24: paternal UPDS,
paternal duplication of 6924, or an isolated methylation defect of 6¢q24 [27].

Maternal Intrauterine Effects: Maturity Onset Diabetes of the Young 2 (MODY2)

The relationship of birth weight with future risk of T2DM is complex, with both low and high
birth weight babies at increased risk for developing T2DM in later years [28]. The cause of
increased disease risk in low birth weight babies is controversial but thought by some to be
mediated by compromised organ development arising from the metabolic and nutritional milieu
of the intrauterine environment [29] and others to be caused by neonatal overfeeding [28]. As
a result of extensive studies of birth weight/insulin resistance relationships, particularly in
populations in India, Yajnik has proposed a more complex “life course model of evolution of
insulin resistance” [30] which states in part that undernourished fetuses might preferentially
accumulate fat tissue (vs. lean), particularly central adiposity, as a ready source of energy and
that this accumulation combined with accelerated post-natal growth leads to increased insulin
resistance. In this way, both high and low birth weight babies would have increased adiposity
(relative to lean body mass in the latter case) and would both be at risk for insulin resistance.
In any case, one mechanism for diabetes susceptibility in high birth weight babies, particularly
offspring of diabetic mothers, is thought to be related to effects of early hypersecretion of
insulin on weight gain and future insulin sensitivity [28,31]. When a woman has diabetes during
pregnancy, a hyperglycemic intrauterine environment is created, leading to increased fetal
insulin production, growth and high birth weight. An example described below involving a
relatively rare single gene form of diabetes underscores the further complicating role the fetal
genotype plays in the relationship among intrauterine environment, genetics, birth weight and
diabetes.

Maturity onset diabetes of the young (MODY) is an autosomal dominant, genetically
heterogeneous form of diabetes. Eight MODY genes have been described to date [32—-34], with
mutations in two of these genes, glucokinase (GCK; MODY2) and hepatic nuclear factor 1-
alpha (HNF-1a; MODY 3) accounting for the majority of cases. Glucokinase, encoded by the
MODY2 gene, is an enzyme catalyzing the phosphorylation of glucose in pancreatic beta cells,
signaling the cells to release insulin; thus defects in GCK cause a delayed insulin response to
glucose. MODY?2 is generally considered a disorder of glucose sensing. MODY2 generally
causes mild hyperglycemia and is associated with a low rate of complications. Approximately
50% of GCK mutation carriers are estimated to develop gestational diabetes (GDM). Women
with GDM are at increased risk of giving birth to babies with macrosomia, or increased birth
weight. However, it has been shown in a study of 58 offspring of couples with one parent
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carrying a GCK mutation that a fetal GCK mutation is associated with decreased birth weight
[35]. In this study, babies who did not have GCK mutations but were born to women with
GCK mutations were, on average, of high birth weight (86t percentile adjusted for sex, birth
order and gestational age) as would be expected if the mothers had GDM. In contrast, babies
with GCK mutations not inherited from their mothers were small (241 percentile). Finally, in
cases in which both mother and fetus had a GCK mutation, birth weight was in the average
range (53'd percentile). The mechanism appears to be as follows: Women with GCK mutations
experience a hyperglycemic in-utero environment, leading the fetus to increase insulin
production to utilize the excess glucose, leading to a high birth weight. On the other hand, a
fetus with a GCK mutation is unable to produce adequate insulin in response to normal amounts
of blood glucose, leading to low glucose utilization and a low birth weight. It is believed that
this is a direct result of the poor glucose sensing in the pancreas of the fetus, which in turn
causes low insulin secretion and poor development. In mutation-concordant mother-infant
pairs, it appears that the maternal hyperglycemia compensates for the poor glucose sensing in
the fetus. A case report in which a woman was treated for GDM with diet and insulin gave
birth to a baby in the lowest 15t percentile for weight showed that the baby was found to have
a GCK mutation inherited from his mother; his younger brother who did not carry the mutation
was of normal birth weight [36].

Mitochondrial Inheritance: Maternally Inherited Diabetes and Deafness (MIDD)

Confirmation of mitochondrial genome involvement in maternally inherited diabetes was first
reported by two groups in 1992. Ballinger et al. noted maternal transmission of diabetes and/
or deafness in a three generation pedigree and identified a maternally transmitted 10 kb deletion
of the mitochondrial genome [37]. At about the same time, van den Ouweland et al. studied an
extensive three generation pedigree with maternal transmission of diabetes and/or deafness
and through a formal segregation analysis found a 250 to 1 odds favoring transmission
consistent with mitochondrial vs. autosomal dominant inheritance [38]. A point mutation in
the LEU tRNA codon (3243 A—>G), previously associated with a phenotypically different
disorder known as MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes, was found to be the cause of diabetes and deafness in this pedigree [38].
Itis now estimated that approximately 0.5 to 2.8% of individuals with diabetes mellitus possess
this point mutation [39].

IV. POE in Complex Forms of T2D and Obesity

The documented examples of POE effects shown to be associated with monogenic forms of
diabetes and obesity (see descriptions above) lead to the speculation that POE effects might
also contribute to the more commonly occurring complex forms of diabetes and obesity. In
fact, it is possibly the added complexity of the POE effects that makes identification of the
genes involved difficult. In this section we review the evidence supporting the role of POE in
T2DM and obesity along with the statistical approaches for detection of POE in families.

Possible Over-representation of Maternal Transmission of Diabetes in Population Studies

It is well known that type 2 diabetes risk increases with the number of type 2 diabetic parents.
This was first demonstrated using prospective data in the Pima Indians [40]. Moreover, while
offspring of diabetic parents clearly had an increased incidence of T2DM compared to offspring
of nondiabetic parents, there was little difference in diabetes incidence in this study between
offspring of mothers and father’s with diabetes. In contrast, a subsequent number of studies
from a variety of populations have reported that individuals with diabetes are more likely to
report that their mother had diabetes than their father [41-49]. However, cautions about this
type of study design were expressed by Mitchell et al., who speculated that reliance on self
reporting of parental diabetes status might be subject to a number of reporting biases since
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subjects may be more likely to know health status of their mothers than of their fathers [42].
Indeed, individuals in a study of Mexican Americans were more likely to report a maternal
history of diabetes [42], although in a second study from this same target population in which
parents were actually tested for diabetes, no evidence for a specific maternal or paternal effect
was observed [42]. Similarly, in the Framingham Heart Study, maternal and paternal diabetes
conferred equivalent risk for type 2 diabetes being present in the offspring, although offspring
with maternal diabetes were slightly more likely to have abnormal glucose tolerance compared
with those with paternal diabetes [50].

Evidence from Linkage Studies Incorporating POE

Several studies have employed linkage analysis methods to map the locations of obesity or
diabetes-related genes having parent-of-origin effects. Some of these linkage methods were
designed for outcome variables that are discrete in nature (e.g., obesity or T2D), while others
were designed for continuously distributed outcome variables (e.g., body mass index, glucose
or insulin levels). Names of some of the commonly used linkage analysis programs and
characteristics of each are summarized in Table 2. The different linkage modeling approaches
each depend on distinguishing between alleles that are transmitted from the mother and those
that are transmitted from the father. Under the traditional parametric linkage approach, POE
can be incorporated by specification of separate male and female recombination fractions
[51]. Alternatively, two heterozygote penetrance parameters (instead of one) can be specified
to indicate paternal and maternal origin of the disease allele [52]. Then, a POE imprinting test
can be performed by comparing the four-penetrance model (with penetrances given as P(+/+),
P(m/+), P(+/m), and P(m/m), where m=variant allele), with a standard three-penetrance model
(with penetrances given as P(+/+), P(m/+ or +/m), and P(m/m)). In contrast to the standard
three penetrance model which assumes that the heterozygotes have equal penetrances , the four
penetrance model allows paternal transmissions P(m/+) to be treated differently from maternal
transmissions P(+/m) [52].

Nonparametric (model-free) approaches are based on conventional allele-sharing methods. In
these approaches, a correlation is made across multiple pairs of relatives between phenotypic
similarity and genetic similarity, estimated as the probability that both relatives in the pair share
two alleles identical by descent. The statistical test is then based either on regressing the
probability of allele-sharing with some metric of the difference in phenotype between the
relative pair or alternatively, by assessing whether the total trait variation may be explained
partially by allele-sharing probability at the locus in question. In the parent of origin extension
to these nonparametric approaches, the parental origin of each allele is also considered.

Results of published linkage studies investigating POE effects on diabetes and obesity are
summarized in Table 3. To date, the most striking linkages (based on the LOD-score statistic)
for POE have been reported by Dong et al., who carried out an initial linkage analysis of body
mass index and other obesity-related traits in a set of 1,297 individuals from 260 families and
then performed additional linkage analyses in two smaller replication samples [53]. For obesity
analyzed as a discrete trait, they detected strong evidence for linkage across all three samples
to a locus transmitted from the mother. The peak LOD score was 4.52, occurring at
chromosome 10p12, implying that a maternally-transmitted DNA variant in this region
influenced risk of obesity. These analyses were based on testing the hypothesis that obese
siblings were more likely to share the maternal (or paternal) allele than would be expected by
chance. When BMI was analyzed as a quantitative trait, additional evidence for a maternal
effect was detected in the region 12q24 (multipoint LOD = 4.01 and 3.69 for BMI and waist
circumference, respectively), and evidence for a paternal effect was detected in the region
13932 (multipoint LOD = 3.72 for BMI). However, these linkages were detected in the
European Caucasian sample only. The quantitative trait analyses utilized a regression-based
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approach that assessed the correlation in parent-specific allele-sharing between two siblings
and their phenotypic similarity.

Efforts to detect parent-specific linkages to obesity were also undertaken by Guo et al. in their
linkage analysis carried out in a population of 4,000 individuals [54]. In their initial analysis
with no modeling of POE effects, they detected suggestive evidence for linkage at 2q31 (LOD
=2.23) and 16922 (LOD = 1.87) for BMI and 2937 (LOD = 2.23) for BMI and percent fat
mass. When modeling POE effects, more compelling evidence for linkage was then detected
at 2937 for maternal linkage with both BMI and percent fat mass (LOD=3.34), and suggestive
evidence for parent-specific effects were detected for BMI at three additional genomic regions,
including 3p14 (LOD =2.20, paternal), 3924 (LOD = 1.97, maternal), and 19913 (LOD =1.81,
maternal).

Few linkage studies of T2D incorporating POE have performed. One of the few studies to have
reported such effects was carried out in Icelanders by Reynisdottir et al. [55]. In an initial
nonparametric multipoint linkage analysis, linkage to 5q34-g35.2 (LOD = 2.90, P=1.29 x
10~4) was observed for T2D in the full Icelandic sample. Further analyses revealed evidence
for linkage to be confined exclusively to non-obese (BMI < 30 kg/m?) diabetic subjects (LOD
=3.64, P=2.12 x (107°) in the non-obese diabetics only. Yet a further analysis conditioning
on maternal transmission to non-obese diabetics resulted in a LOD score of 3.48 (P=3.12 x
107°) in the same region, whereas conditioning on paternal transmission led to a substantial
drop in the LOD score. A handful of other studies have been reported [56,57], but with the
exception of those described above, none have demonstrated compelling evidence for linkage
nor have they provided much evidence for replication for parent of origin-specific effects on
chromosomes 10p, 12q, 13q, or 2g. Thus, taken together, these data do not lend support to any
specific replicated regions of imprinting. However, this could be due to heterogeneity of sample
populations owing to different ethnicities, trait definitions, or genetic effects.

It is debatable whether conducting POE-specific linkage analyses should be restricted to
regions where initial linkages (not modeled for POE) have been observed. On the one hand, it
has been shown that ignoring POE in the analysis model, when in fact POE effects are present
can result in a loss of power to detect linkage [58]. However, the opposite is also true; that is,
incorrectly modeling POE effects when there are none can also lead to reduced power [59,
60]. Thus, as a guideline it may be advisable to incorporate POE in linkage analyses to specific
regions where linkages have already been identified or for disorders where a priori hypotheses
of imprinting exists (ie., for developmental disorders).

Evidence of POE from Association Studies

The availability of smaller nuclear families (i.e., parent-offspring trios) can allow assessment
of whether the transmission of susceptibility alleles is disproportionate and biased towards one
parent. We have outlined the general characteristics of family-based association tests of POE
in Table 4. Overall, the majority of these tests are similar in that they can be used to assess risk
specific to the child’s genotype, maternal genotype or maternal-child genotype interaction. In
some cases, the Expectation-Maximization (EM) algorithm is used to handle ambiguity of
parental origin of the variant allele inherited by children in families where all individuals are
heterozygous, or where parental genotypes are unavailable. Sinsheimer (2003) further
developed a maternal-fetal incompatibility test which determines whether a combination of
maternal-fetal genotypes adversely affects the development of the fetus [61].

To date, few candidate gene studies of T2D or obesity incorporating POE have been performed
in humans. The best example is by Huxtable et al. (2000) who found excess paternal allelic

transmission to 91 offspring with T2D for class I11 alleles of the variable number tandem repeat
minisatellite 5” of the insulin gene (INS-VNTR) [10]. In another study by Klupa et al., age at
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onset of T2D (MODY) was related to differential transmission of the HNF-1a mutation [62].
Earlier age at onset of T2D (~15 yrs old) was observed in families where the mutation was
maternally inherited, whereas in families where the mutation was paternally inherited, the age
at onset was older (~25 yrs old). Saxena et al (2006) examined whether common (>1%)
mitochondrial DNA variants were associated with metabolic traits in a sample of 3,304
diabetics and 3,304 matched nondiabetic individuals, but did not find any evidence to suggest
that these mtDNA variants were associated with T2D.

Some investigation has been made of the effects of common maternal/fetal diabetes
susceptibility variants on birthweight via maternal intrauterine effects as an extension of the
observation of effects of maternal and fetal MODY2/GCK mutations on birth weight apparently
through intrauterine effects on glucose availability/utilization [35]. A common GCK
polymorphism has been associated with increased birth weight in the offspring of mothers who
carry it [63]; the TCF7L2 rs7903146 variant has as well [64].

Molecular Techniques to Assess Imprinting and Mitochondrial Activity

Research on the role of POE in diabetes and obesity included molecular studies of animal and
human models of diabetes. Molecular technologies applicable to the investigation of imprinting
focus on two main mechanisms: DNA methylation and histone and chromatin modification.
Briefly, methods for investigating methylation involve approaches such as hybridization and
precipitation techniques to mark and identify regions of interest and quantify the levels of
methylation. Methods for investigating histone/chromatin modification involve inhibiting or
enhancing deacetylation of histones bound to genomic DNA, and examining what effects these
changes have on the functionality of genes. A comprehensive review of histone modification
techniques has been provided elsewhere [65].

A general strategy for investigating DNA methylation on a gene-specific or global level has
also been outlined by Ho and Tang [65]. Gene-specific techniques include methylation CpG
island amplification-representational difference analysis (MCA-RDA), differential
methylation hybridization (DMH), methylation-specificoligonucleotide microarrays (MSO),
and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS)/high-performance liquid chromatography (HPLC). Global profiling methods
include methylation sensitive restriction fingerprinting (MSRF), restriction landmark genomic
scanning (RLGS), and chromatin immunoprecipitation (ChIP)-on chips promoter arrays.
Details of the methodology underlying each technique are available elsewhere [65].

A novel method of experimentally screening for novel imprinted genes in humans on a genome-
wide basis was recently presented in 2007 [66]. Using high-density oligonucleotide arrays, the
authors searched for differential allelic expression (DAE) in 7,109 common coding SNPs
(cSNPs) in lymphoblastoid cell lines (LCL) from 67 ethnically diverse unrelated individuals.
While this approach is currently the most sophisticated in its ability to screen multiple genes,
itisstill limited. First, detecting tissue-specific imprinting is problematic since imprinted genes
showing monoallelic expression in certain tissues might show bi-allelic expression in LCLs
[67]. This problem can be overcome by obtaining mRNA from a many different types of tissues.
Secondly, individuals heterozygous for coding SNPs are most informative for detecting DAE.
Hence additional characterization of such SNPs will be necessary to exhaustively scan for
genomic imprinting. Improvements in these technologies are being made at a rapid pace,
allowing us in years to come to more thoroughly investigate imprinting as a mechanism for
disease susceptibility.
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V. Summary

Parent of origin effects (POE) refer to differential expression of a trait that is dependent on the
sex of the parent from which transmission takes place. In mammals, POE can be caused by
imprinting, which is an epigenetic mechanism, as well as intrauterine effects or location of
causative or susceptibility genes on the maternally inherited mitochondrial genome. The role
of POE in modifying risk of common forms of type 2 diabetes or obesity is unclear; however
studies aimed at elucidating a possible connection seem warranted given several lines of
evidence. Current statistical and experimental techniques are available for such studies,
although each is limited. However, future improvements of these methods will allow for
focused and comprehensive examination of this phenomenon.
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Figure 1.

Mechanisms of Parent-of-Origin Effects include (A) the influence of the maternal intrauterine
environment on gene expression patterns, (B) exclusive maternal inheritance of functional
genes in the mitochondrial genome, and (C) differential expression of gene copies depending
on from which parent, mother or father, they are inherited (paternally-dependent expression
shown). Pathways corresponding to parent-of-origin effects indicated by dashed arrows.
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Figure 2.

Pedigree depicting a maternally-imprinted, paternally-expressed type 2 diabetes gene. Affected
individuals are represented by solid squares and circles. Maternally-inherited alleles are shown
in pink, paternally-inherited alleles in blue. The A allele represents a normal functioning copy
of the gene and the B allele represents a mutant copy of the gene (also indicated by red “X”).
Offspring are affected with type 2 diabetes when the mutant allele B is inherited from the father
because the normal maternal copy is also nonfunctional due to silencing by imprinting. If

mutant allele B is inherited from the mother, the offspring will be unaffected because the

paternal (expressed) copy is normal. Note that for simplification, the mutation shown here is
assumed to be fully penetrant and the sole possible cause of the disease, which are not typical
assumptions for type 2 diabetes susceptibility genes. Note that individuals 1-5 all have a copy
of the mutant allele B. Individuals 2, 3, and 5 received allele B from their father and are therefore
affected. In contrast, individuals 1 and 4 received allele B from their mother and are unaffected.
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Table 1

Selected disorders involving parent-of-origin effects

Condition POE Specific POE Effect Phenotype Selected
Mechanism References
Transient neonatal Paternally Paternal duplication or Diabetes mellitus Temple and Shield
diabetes mellitus imprinted paternal UPD of occurring before one  (2002) [22]
chromosome chromosome 6q24, week of age and Mackay et al
6q24 methylation defect of resolving by three (2005) [27]
maternal ZAC/HYMAI months
Beckwith- Imprinted Complex variety of Numerous features Engel et al (2000)
Wiedemann chromosome mechanisms including including [67]
syndrome 11p15.5 maternal germline overgrowth, Niemitz et al
CDKN1C mutations, macroglossia, (2004) [68]
mosaic paternal UPD abdominal wall
11p15.5, loss of maternal defects, embryonic
imprinting of IGF2, loss tumors
of maternal expression of
H19, deletion of paternal
LIT1
Prader-Willi Imprinted Paternal deletion 15q11- Neonatal Nicholls et al
syndrome chromosome 13, maternal UPD 15g11-  hypotonia/failure to (1998) [69]
15g11-13 13, imprinting defect thrive, hyperphagia,
15911-13 obesity,
hypogonadisim, short
stature, small
hands/feet, mild
mental retardation
Angelman syndrome  Imprinted Maternal deletion 15q11- Ataxia, tremor, Nicholls et al
chromosome 13, paternal UPD 15q11- seizures, sleep (1998) [69]
15¢11-13 13 (rare), imprinting disorder, severe
defect 15q11-13 mental retardation,
happy/laughing affect
Albright hereditary Paternally GNAS1 mutation; Short stature, obesity, Weinstein et al
osteodystrophy imprinted maternally transmitted developmental delay,  (2001) [70]
chromosome AHO cases additionally skeletal abnormalties
20913 have multiple hormone + multiple hormone
resistance due to tissue- resistance
specific paternal GNAS1
imprinting
Russell-Silver Maternally Maternal UPD 7 Short stature, Hannula et al
syndrome imprinted asymmetry, (2002) [71]

(approximately 10%
of cases)

chromosome 7

triangular face

Maternally inherited
diabetes and

Maternal
inheritance via

Mitochondrial 3243 A=
G mutation

Early onset non-
insulin requiring

Guillausseau et al
(2001) [38]

deafness mitochondrial diabetes without
genome obesity, neurosensory
hearing loss
Maturity Onset Maternal Maternal glucokinase MODY2: Modestly Hattersley et al
Diabetes of the intrauterine (GCK) mutation elevated fasting (1998) [34]
Young 2 (MODY2) effects associated with gestational ~ blood glucose,

and birthweight

diabetes mellitus and high
offspring birth weight,
fetal GCK mutation
associated with low birth
weight, maternal/fetal
concordance for GCK
mutation associated with
normal birth weight

susceptibility to
gestational diabetes
and diabetes with
minimal
complications
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