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Possible Genomic Imprinting of Three Human Obesity—Related
Genetic Loci
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To detect potentially imprinted, obesity-related genetic loci, we performed genomewide parent-of-origin linkage
analyses under an allele-sharing model for discrete traits and under a family regression model for obesity-related
quantitative traits, using a European American sample of 1,297 individuals from 260 families, with 391 microsatellite
markers. We also used two smaller, independent samples for replication (a sample of 370 German individuals from
89 families and a sample of 277 African American individuals from 52 families). For discrete-trait analysis, we
found evidence for a maternal effect in chromosome region 10p12 across the three samples, with LOD scores of
5.69 (single-point) and 4.52 (multipoint) for the pooled sample. For quantitative-trait analysis, we found the
strongest evidence for a maternal effect (single-point LOD of 2.85; multipoint LOD of 4.01 for body mass index
[BMI] and 3.69 for waist circumference) in region 12q24 and for a paternal effect (single-point LOD of 4.79;
multipoint LOD of 3.72 for BMI) in region 13q32, in the European American sample. The results suggest that

parent-of-origin effects, perhaps including genomic imprinting, may play a role in human obesity.

Introduction

Obesity (MIM 601665) is a common disorder and a
major risk factor for type 2 diabetes mellitus, hyper-
tension, and cardiovascular diseases (Carroll 1998; Ko-
pelman 2000; Price 2001; Shmulewitz et al. 2001; Wolk
et al. 2001). Family, twin, and adoption studies suggest
that substantial family variance is genetic in origin (Stun-
kard et al. 1986, 1990; Sorensen et al. 1989; Grilo and
Pogue-Geile 1991; Price and Gottesman 1991; Maes et
al. 1997). However, major-gene effects are rare (Snyder
et al. 2004). The pattern of inheritance of obesity and
the rarity of mutations in known major genes suggest a
complex mode of inheritance involving multiple genes.

To date, a number of linkage studies, including ~30
human-genome scans, have been reported for obesity-
related phenotypes (Snyder et al. 2004), but parent-of-
origin effects have been investigated only recently, with
inconsistent results (Lindsay et al. 2001; Gorlova et al.
2003). To detect potentially imprinted genetic loci that
influence obesity, we performed genomewide parent-of-
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origin linkage analysis under an allele-sharing model for
discrete traits and under a family regression model for
obesity-related quantitative traits, using a sample of Eu-
ropean Americans segregating extreme obesity and nor-
mal weight. We also used two smaller, independent sam-
ples for replication of results from the genome scan.

Subjects and Methods

Study Samples

This study included 1,297 individuals from 260 Eu-
ropean American (EA) families and 277 individuals from
52 African American (AA) families recruited in a genetic
study of obesity at the University of Pennsylvania and
370 individuals from 89 German (MB) families recruited
in a genetic study of childhood and adolescent obesity
at the University of Marburg. The recruitment proce-
dures have been described elsewhere (Price et al. 1998;
Lee et al. 1999; Hinney et al. 2000). In brief, for the EA
and AA samples, all family probands (BMI = 40 [BMIs
measured in kg/m?]) had at least one obese sibling
(BMI = 30) and at least one parent and one sibling with
normal weight (BMI < 27). All subjects in the EA and
AA samples gave informed consent, and the protocol
was approved by the Committee on Studies Involving
Human Beings at the University of Pennsylvania. For the
MB sample, all families had at least one sibling with age-
and sex-specific BMI percentile =95th, at least one sib-
ling with age- and sex-specific BMI percentile =90th,
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Table 1
Number of Sib Pairs, by Sample and
Phenotype
Sample and Phenotype No. of Sib Pairs
EA:
BMI 1,280
Yofat 940
Waist 1,103
BMI = 27 658
BMI = 30 472
AA:
BMI 323
Yofat 284
Waist 291
BMI = 27 181
BMI = 30 138
MB:
BMI =90th percentile 116

and DNA available from both biological parents. Only
obese siblings were included in the MB sample. We per-
formed a genomewide scan for parent-of-origin effects
in the large sample of EA families. Because of the small
size of the AA sample and the unavailability of quan-
titative-trait measurements for the MB sample, they were
used only for replication of the results for the discrete
variables.

Phenotypes

For the EA and AA samples, we used two overlapping
categories of obesity status based on measured BMI
(overweight BMI = 27; obese BMI = 30) and three
quantitative traits (BMI, percentage of body fat [%fat],
and waist circumference, after the linear effects of age
within sex, race, and generation were controlled). For
the MB sample, we defined “affected” as age- and sex-
specific BMI percentile =90th. Since the MB sample in-
cluded obese siblings only, we did not perform analyses
of quantitative traits for that sample.

Genotyping

A set of 382 polymorphic microsatellite markers (set
11) was genotyped for the EA and AA samples by the
Marshfield Center for Medical Genetics, whereas ge-
notyping of a set of polymorphic microsatellite markers
for the MB sample was performed using a fluorescence-
based semiautomated technique on automated DNA-se-
quencing machines. Genetic map distances were taken
from the Marshfield Genetic Map Database. To fill the
gaps in the regions in which we found linkage in previous
studies (Lee et al. 1999; Price et al. 2001; Li et al. 2003,
2004), nine microsatellite markers (D75692, D10S197,
D10S193, D10S1781, IGF1, D12§1339, D125349,
D20S178, and D20S176) were manually genotyped for
the EA and AA samples. All genotypes were checked for
Mendelian inheritance by use of the program MERLIN
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(version 0.9), and all errors were either corrected or re-
coded as unknown.

Parent-Specific Linkage Analyses of Discrete Traits

We used the program ALLEGRO to assess parent-
of-origin effects by computing the nonparametric and
allele-sharing LOD scores specific to parental origins
(LODy,, conditioned on maternal identity-by-descent
[IBD] sharing, and LOD,.,, conditioned on paternal IBD
sharing) among affected sibling pairs with an imprinting-
based scoring function (Kong and Cox 1997; Gudbjarts-
son et al. 2000; Karason et al. 2003). The ALLEGRO
program employs allele-sharing models developed by
Kong and Cox (1997), which are closely related to non-
parametric linkage scores. However, the parameter § is
maximized over both positive and negative values in
ALLEGRO. The imprinting-based scoring function al-
lows for calculation of parent-of-origin—specific allele
sharing in the evaluation of linkage among affected sib-
ling pairs (ASPs). We report genome-scan results based
on sex-averaged genetic map distances. We also used sex-
specific genetic maps from the Marshfield Genetic Map
Database, to rerun the analyses for the EA sample, and
got very similar results.

In analyses of the separate samples, frequencies were
based on allele counting by use of all individuals in the
sample. In the analysis of the combined samples, the
corresponding allele sizes for the microsatellite markers
were not available for the MB sample. However, all pa-
rental genotypes were available for the MB sample, so
that allele-frequency estimates cannot affect the outcome
of analyses. Alleles were matched between samples on
the basis of frequency and, when necessary, were rela-
beled in the MB sample. This procedure resulted in iden-
tical allele frequencies for the MB sample. To examine
the potential effect of allele-frequency estimates on the
results, we ran the analyses for the individual samples
using both the allele frequencies based on individual
samples and those based on the combined sample and
got very similar results. We reported the results in the
analysis of combined data, using the frequencies based
on allele counting with all individuals in the pooled
sample.

To confirm results from the analyses that used AL-
LEGRO, we also used the ASPEX package to perform
analyses of chromosome 10 data. The method employed
in ASPEX is likelihood based and makes use of Risch’s
parameterization for relatives. We used the sib_ibd pro-
gram in ASPEX to calculate the single-point allele-shar-
ing proportion of paternal, maternal, and combined or-
igin among ASPs. Similarly, we used sex-specific genetic
maps to conduct multipoint analyses for male and female
meioses separately by using a maximume-likelihood ap-
proach with the “most-likely” option of ASPEX.

To assess the statistical significance of the difference
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Table 2

Regions with a Parent-Specific Single-Point LOD Score =>2.0 for
the EA Sample

Chromosome  Location
and Marker (cM) LODyo, LODyy  LOD  Phenotype
2:
D282952 18 .00 2.00 1.11  Waist
D281400 28 .10 2.45 1.66 BMI
3:
D352403 37 2.20 .00 .87  %fat
D353045 124 .00 3.66 1.79 BMI
9:
D95910 104 2.28 57 2.42 BMI = 30
10:
D10S197 52 2.71 .00 2.60 BMI = 27
11:
D1151993 54 .07 2.21 1.75 Y%fat
D1182371 76 .02 2.00 1.18  %fat
12:
D1252070 125 2.32 .59 2.49  BMI
D1252070 125 2.85 17 2.04 Waist
13:
D135894 33 2.34 .10 1.57 BMI = 27
D13S793 76 .01 4.79 2.81 BMI
D135793 76 .07 3.11 2.06  Waist

between maternal effect and paternal effect, we gener-
ated replicates through two approaches. One was to gen-
erate 20,000 replicates (no linkage) on the basis of the
pedigree structure and marker allele frequency by using
MERLIN and to perform linkage analyses by using AL-
LEGRO. Another was to generate 5,000 replicates by
randomly assigning real parental genotypes of “mother”
and “father” in the sibships (preserved linkage) and to
perform analyses of replicates by using ALLEGRO.
The latter analysis isolated the parent-of-origin effect
from overall evidence of linkage. We calculated em-
pirical P values (Pyo, B:a, and B, op 4ir) based on the pro-
portion of times that the observed LOD,,,, LODy,, and
[LOD,,;o — LODy,| values for real data were equal to
or exceeded by the LOD,,,, LODy,, and |LODy, —
LODy,| values, respectively, for each replicate at the spe-
cific marker.

Parent-Specific Linkage Analyses of Quantitative Traits

We used a family regression model to examine parent-
of-origin effects on the three obesity-related quantitative
traits by considering the parent-specific IBD-sharing pro-
portion between sib pairs. We estimated parent-specific
IBD-sharing proportion by using MERLIN and con-
ducted the analyses by using a program written in SAS
and based on the method presented by Sham et al. (2002)
(L.L., O.Y.G., C.I.LA., et al., unpublished data). This
method regresses IBD sharing onto quantitative-trait
differences and sums for sibling pairs. The regression
method appears to be the most appropriate for selected
samples such as ours.
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As with the analyses of qualitative phenotypes, we
generated replicates by two approaches. One was to gen-
erate 20,000 replicates by permutation of the observed
IBD-sharing proportion between sib pairs within the sib-
ships of the same size (no linkage). Another was to gen-
erate 5,000 replicates by randomly assigning real parent-
specific IBD sharing to “maternal IBD” and “paternal
IBD” in the sibships (preserved linkage). We calculated
empirical P values (B0, Ba, Bopam and Py g) based on
the proportion of times that the observed Oy, Opa,
|LODyo — LODy,|, and |Oyo — Ora| values for real
data were equal to or exceeded by the Oy, Oras
|LODyo — LODy,|, and |Oyo — Ora| values, respec-
tively, for each replicate at the specific marker. Q is the
phenotypic variance explained by the additive effects of
the QTL in the regression model (Sham et al. 2002).

Results

Sib Pairs by Sample and Phenotype

Table 1 gives the number of sib pairs by sample and
phenotype. For discrete traits, there were 658 and 472
ASPs with BMI = 27 and BMI = 30, respectively, in the
EA sample. The corresponding numbers for the AA sam-
ple were 181 and 138 ASPs. In the MB sample, there
were 116 ASPs with age- and sex-specific BMI percentile
=90th. For quantitative traits, the EA sample had 1,280
sib pairs with measured BMI, 1,103 with measured waist
circumference, and 940 with measured %fat, whereas
the AA sample had 323 sib pairs with BMI, 291 with
waist circumference, and 284 with %fat.

Genomewide Screen for Parent-of-Origin Effects

Table 2 lists all regions with a LOD,,, or LOD,, score
=2.0 for the discrete or quantitative traits in the ge-
nomewide single-point analysis of the EA sample. A ma-
ternal effect of LOD,,, = 2.0 was found in regions 3p
(for %fat), 9q (for BMI = 30), 10p (for BMI = 27),
12q (for waist circumference and BMI), and 13q (for
BMI = 27), whereas a paternal effect of LOD;, = 2.0
was found in regions 2p (for BMI and waist circumfer-
ence), 3q (for BMI), 11q (for %fat), and 13q (for BMI
and waist circumference).

The multipoint LOD scores from the genome scan
in the EA sample for discrete and quantitative traits
are illustrated in figures 1 and 2, respectively. For dis-
crete traits, the maximum LOD,,, score occurred at
marker D10S197 in the 10p12 region (LOD,, =
2.42 for BMI = 27), whereas the maximum LOD,,
score appeared at 114 ¢cM in 7q (LOD;, = 1.69 for
BMI = 27). For quantitative traits, LOD scores =3.0
were found at marker D12S2070 in region 12q24
(LODyo = 4.01 for BMI and 3.69 for waist circum-
ference) and at marker D13S793 in region 13q32
(LOD,, = 3.72 for BMI) (fig. 3).
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Figure 1 Results of genomewide parent-of-origin analyses for discrete traits (BMI = 27 and BMI = 30) in the EA sample. The Y-axis
presents multipoint LOD scores, with consideration of only maternal transmission (red line) and only paternal transmission (blue line). Chro-
mosome numbers are indicated above each graph.
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Figure 2 Results of genomewide parent-of-origin analyses for quantitative traits (BMI, waist circumference, and %fat) in the EA sample.
The Y-axis presents multipoint LOD scores, with consideration of only maternal transmission (red line) and only paternal transmission (blue
line). Chromosome numbers are indicated above each graph.
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Figure 3 Results for chromosomes 12 and 13 for quantitative

traits (BMI, waist circumference, and %fat) in the EA sample. The Y-
axis presents multipoint LOD scores, with consideration of only maternal
transmission (red line) and only paternal transmission (blue line).

Replicate and Combined Linkage Analyses of
Chromosome 10

Among the regions with a parent-specific LOD score
=2 in the EA sample, the only replicated result with a
LOD,,c score >1.3 for a discrete trait in the single-point
analysis was found at 10p12, across the three indepen-
dent samples. At marker D10S197, the MB sample had
a single-point LOD,,,, of 1.86, versus a LODy, of 0.73,
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and the AA sample had a single-point LOD,,, of 1.31,
versus a LODy, of 0.01. Table 3 summarizes parent-
specific LOD scores for the three chromosome 10 mark-
ers that were common to the three samples—D108197,
D108193, and D10S1781—for separate and combined
data. When we combined the EA and AA samples,
we obtained a single-point LOD,,, of 3.93, versus a
LODy, of 0.01, and a multipoint LOD,,,, of 3.65, versus
a LODy, of 0.11, at marker D10S197. Similarly, when
we combined the EA and MB samples, we obtained a
single-point LOD,,, of 4.43, versus a LOD,, of 0.28,
and a multipoint LOD,,, of 3.28, versus a LOD;, of
0.05, at marker D10S197. When we combined all three
samples, we got a single-point LOD,,, of 5.69, versus
a LOD,;, of 0.31, and a multipoint LOD,,, of 4.52,
versus a LODy, of 0.10, at marker D10S197.

To verify the results for chromosome region 10p by
use of different methods, we employed a maximum-like-
lihood model in ASPEX. The EA sample had a single-
point LOD,,,, of 2.26, versus a LOD;, of —0.48, and a
multipoint LOD,,, of 2.03, versus a LOD;, of —0.23,
at marker D10S197. At the same marker (D10S197),
the MB sample had a single-point LOD,, of 1.88, versus
a LODy, of 0.43, and a multipoint LOD,,, of 1.70,
versus a LODy, of 0.50, and the AA sample had a single-
point LOD,,, of 1.11, versus a LOD;, of —0.31, and a
multipoint LOD,,, of 2.82, versus a LOD;, of —0.88.
For the combined EA and AA sample, at marker
D10S197, we obtained a single-point LOD,,, of 3.38,
versus a LOD;, of —0.75, and a multipoint LOD,,, of
4.11, versus a LOD,, of —0.78. For the pooled sam-
ple (EA+AA+MB), we obtained a single-point LOD,,,
of 5.71, versus a LOD;, of —0.57, and a multipoint
LOD,,, of 4.71, versus a LOD;, of —0.61, at marker
D10S197. Figure 4 presents the multipoint linkage re-
sults for chromosome 10 by analysis of the individual
samples (EA, AA, and MB) or combined samples
(EA+AA+MB, EA+AA, and EA+MB).

Simulations in Assessment of Parent-of-Origin Effects at
10p12, 12q24, and 13932

Table 4 presents the empiricial P values for markers
D10S197, D1252070, and D138793. For the discrete
trait BMI = 27 and the pooled sample (EA+AA+MB),
the empirical P value for |[LOD,,, — LODy,| at marker
D108§197 was <.00005, on the basis of 20,000 simu-
lations under no linkage, and was .0126, on the basis
of 5,000 simulations under the model that preserved
overall linkage. For BMI and waist circumference in
the EA sample, the empirical P value at 12q marker
D1282070 was <.00005 for |LOD,,, — LODy,| and
was <.025 for |Oyio — Oral, on the basis of 20,000 sim-
ulations under no linkage, and all corresponding em-
pirical P values were <.05, on the basis of 5,000 sim-
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Table 3

Parent-Specific Linkage LOD Scores at Markers D10S797,
D10S193, and D10S1781, for Discrete Traits

SINGLE-POINT MULTIPOINT

SAMPLE AND LOCATION
MARKER (cM) LODMO LODFA LODMO LODFA
EA+AA+MB:

D10S197 52 5.69 31 4.52 .10

D10S193 59 1.53 .00 2.65 .04

D10S1781 61 1.44 .30 2.72 11
EA+MB:

D10S197 52 4.43 28 3.28 .05

D10S193 59 .93 .02 2.11 .07

D10S1781 61 1.27 .30 2.08 A3
EA+AA:

D10S197 52 3.93 .01 3.65 A1

D10S193 59 .74 .00 1.91 .03

D10S1781 61 .68 .16 1.66 .06
EA:

D10S197 52 2.71 .00 2.33 .03

D10S193 59 27 .02 1.28 .05

D10S1781 61 S1 .16 1.12 .06
MB:

D10S197 52 1.86 .73 71 A5

D10S193 59 91 .00 1.03 .08

D10S1781 61 1.01 15 1.40 15
AA:

D10S197 52 1.31 .01 1.35 .09

D10S193 59 .77 13 .56 .02

D10S1781 61 12 .00 46 .01

NoTE.—Discrete traits were BMI = 27 for the EA and AA samples
and BMI =90th percentile for the MB sample. Scores were calculated
using ALLEGRO.

ulations under preserved overall linkage. The empirical
P values for |[LOD,,, — LODy,| at 13q marker D135793
were .00005 for BMI, .00145 for waist circumference,
and .01715 for %fat, on the basis of 20,000 simulations
under no linkage. However, the empirical P <.0S5 at
marker D135793 was limited to BMI for |Qyio — Oral-

Discussion

Our linkage results suggest that there are at least three
genetic loci—in chromosome regions 10p12, 12q24, and
13q32—that may influence susceptibility to obesity
when it is maternally or paternally transmitted. None
of the locations correspond to regions known to harbor
imprinted genes.

To date, ~14 regions on 10 chromosomes have shown
evidence or proof of imprinting in humans, including
at least 26 paternally expressed genes and 13 maternally
expressed genes, and at least 20 genetic diseases show
proof of imprinting (Nicholls 2000; Hayward et al.
2001; Lalande 2001; Shore et al. 2002). Currently, no
imprinted genes on chromosomes 10p12, 12q22-24,
and 13932 have been identified. The chromosome 10
linkage is at its maximum at marker D10S197, which
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is in intron 7 of the gene for glutamic acid decarboxylase
2 (GAD2). Variation in this gene has been associated
with obesity (Boutin et al. 2003), but the gene is not
known to be imprinted, nor are there other genes nearby
that are currently known to be imprinted. No specific
gene variation has been associated with obesity-related
traits in the regions identified on chromosomes 12 and
13, and no currently known imprinted genes are located
in close proximity. Although the number of genes in
these regions is large, it may be possible to substantially
reduce the number of potential candidate genes in silico
by use of predictive models (Greally 2002). The smaller
set could be evaluated using the orthologous genes in
mouse models.

Although the parent-of-origin effect detected on chro-
mosome 7 did not meet our threshold of a LOD score
=2, it lies in a region for which we have reported linkage
(Li et al. 2003). The linkage is interesting because the
location (~108 Mb) is directly between two regions on
7q (~95 Mb and ~130 Mb) that are known to have
blocks of imprinted genes (Okita et al. 2003). The full
extent of these two regions is unknown. Given its lo-
cation between these two imprinted blocks, this sec-
ondary linkage will be interesting to examine in more
detail in other studies.

Although it has been estimated that only ~1% of the
human genome is imprinted, a common theory con-
cerning imprinting is that it arose in mammals because
of differential parental investment in body size. In fact,
many imprinted genes have been associated with growth
and behavior (Nicholls 2000; Keverne 2001). For ex-
ample, the imprinted genes IGF2 and insulin are
embryonic growth enhancers (paternally expressed),
whereas the maternally expressed Igf2r and pS7KIP2
genes inhibit embryonic growth. Other imprinted genes,
such as Rasgrf in mouse (Itier et al. 1998) and the genes
in the region of Prader-Willi syndrome (MIM 176270),
are paternally expressed genes that regulate postnatal
growth, particularly in the neonatal period (Nicholls
and Knepper 2001). Furthermore, several imprinted
human disorders show abnormal embryonic or neo-
natal growth and/or changes in body composition,
including Beckwith-Wiedemann syndrome (MIM
130650), Prader-Willi syndrome, Angelman syn-
drome (MIM 105830), neonatal diabetes, Russell-Silver
syndrome (MIM 312780), and Albright hereditary os-
teodystrophy (MIM 103580), as well as the related con-
ditions of progressive osseous heteroplasia, acromegaly,
and pseudohypoparathyroidism types 1a and 1b (MIM
603233) (Nicholls 2000; Hayward et al. 2001; Lalande
2001; Shore et al. 2002).

Studies in mouse models and agricultural animals fur-
ther support a role for imprinted genes in body com-
position. For example, paternal transmission but not
maternal transmission of a gene knockout of Pref1/DIk1
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Results for chromosome 10 in analyses of discrete traits (BMI = 27 in the EA and AA samples; BMI =90th percentile in the

MB sample) in the individual and combined samples, by use of ALLEGRO and ASPEX. The Y-axis presents multipoint LOD scores, with
consideration of only maternal transmission (red line) and only paternal transmission (blue line).

leads to neonatal growth retardation and subsequent
increased adiposity (Moon et al. 2002). This phenotype
is similar to the callipyge mutation at the homologous
locus in sheep, for which there is a phenotype of in-
creased muscling and decreased adipose tissue as a
consequence of abnormally regulated expression of
multiple imprinted genes within an imprinted domain
(Charlier et al. 2001).

Recently, several studies have searched for QTLs af-
fecting body composition in pigs, including back-fat

thickness, muscle depth, and intramuscular fat content.
Surprisingly, in one study (de Koning et al. 2000), four
of five QTLs showed evidence of a parental-origin ef-
fect, with two loci consistent with a paternally expressed
locus and two others consistent with a maternally ex-
pressed locus. Indeed, a QTL affecting body compo-
sition in pigs maps to the region harboring Igf2, a
paternally expressed gene (Jeon et al. 1999). These
observations suggest that loci associated with body
composition might frequently be regulated by a parent-
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Table 4
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Empirical P Values for Markers D10S197, D1252070, and D135793

MARKER (SAMPLE)

EMPIRICAL P VALUES

AND PHENOTYPE Pyo Py P opaire PQdiﬂ
D10S197 (EA+AA+MB):
BMI = 27° <.00005 .10980 <.00005
BMI =90th percentile® (.0056) (.9912) (.0126)
D1282070 (EA):
BMI® .00005 (.0174) .13225 (.9794) <.00005 (.0404) .02235 (.0390)
Wiaist circumference® .00005 (.0086) .31760 (.9864) <.00005 (.0222) .00780 (.0212)
%fat® .00205 (.1599) .05045 (.8091) 01115 (.3946)  .29420 (.3475)
D138793 (EA):
BMI® 22285 (.9942)  .00005 (.0182) .00005 (.0152) .02150 (.0196)
Wiaist circumference® .24400 (.9396) .00175 (.1056) .00145 (.1404) .11140 (.1644)
Y%fat® .38045 (.9040) .00805 (.0598) .01715 (.1536)  .15050 (.1494)

* For discrete traits, Py, Pys, and P op g Were based on the proportion of times that the observed
LOD,,o, LODy,, and |LODy, — LODy,| values for real data were equal to or exceeded by the
LOD,,, LOD;,, and |LOD,,, — LODy,| values, respectively, for each replicate at the specific marker.
Empirical P values not in parentheses were based on 20,000 replicates generated by MERLIN (no
linkage). Empirical P values in parentheses were based on 5,000 replicates generated by randomly
assigning the real parental genotypes to “mother” or “father” in the sibships (preserved overall linkage).

" For quantitative traits, Pyo, Pra, Propais and Py were based on the proportion of times that the
observed Oy, Opas |LODyo — LODy, |, and |Oyeo — Ora| values for real data were equal to or
exceeded by the Oy, Ora, |[LODyo — LODy, |, and | Oy — Opa| values, respectively, for each rep-
licate at the specific marker. Empirical P values not in parentheses were based on 20,000 replicates
generated by permutation (no linkage). Empirical P values in parentheses were based on 5,000 replicates
generated by randomly assigning the real parent-specific IBD to “maternal IBD” or “paternal IBD”

in the sibships (preserved overall linkage).

of-origin phenomenon, such as genomic imprinting.
Furthermore, they provide support for the linkage-based
approach we have taken in determining whether im-
printed genes play a role in complex human traits such
as obesity.

Only three studies of obesity-related traits in humans
have incorporated parent-of-origin effects. Lindsay et
al. (2001) used a variance-components approach de-
veloped by Amos (1994) that was modified to calculate
LOD scores by parent of origin, to examine BMI in
Pima Indians. Significance was tested using a likelihood-
ratio test for differences in maternal and paternal LOD
scores. Lindsay et al. (2001) reported suggestive linkage
to regions of chromosome 5 (67-75 cM; maternal
LOD = 1.7) and chromosome 10 (6-20 c¢M; paternal
LOD = 1.7). Lindsay et al. (2002) also examined birth
weight by use of similar methods and found a multi-
point paternal LOD score of 3.1, with a peak at 88 <M
on chromosome 11, far from the known imprinted re-
gion at the p telomere. The maternal contribution was
zero. Gorlova et al. (2003) used an extension of methods
developed by Amos (1994) that incorporated parent-
of-origin effects (Shete and Amos 2002). They examined
BMI in samples of children (aged 5-11 years), adoles-
cents (aged 12-16 years), and young adults (aged 17—
30 years). Parent-of-origin effects were found in the
youngest sample for chromosomes 3 (45 cM), 4 (158
cM), 10 (46 cM), and 12 (18 cM). No linkage was found

in the adolescent group. Effects were found in the oldest
group for chromosomes 4 (182 ¢cM) and 8 (8 cM). None
of the linkages were found in any two of the three sam-
ples. The lack of replication could have been due to
differences in the ethnic groups examined (e.g., Pima
Indians [Lindsay et al. 2001, 2002] and European
Americans [Gorlova et al. 2003]), phenotype (BMI and
birth weight in the Pima sample and BMI in the EA
sample), age (Lindsay et al. 2001, 2002; Gorlova et al.
2003), or the small size of the EA sample (Gorlova et
al. 2003).

Several independent linkage studies have suggested
the existence of obesity-predisposition loci in chromo-
some region 10p (Hager et al. 1998; Hinney et al. 2000;
Hsueh et al. 2001; Price et al. 2001). One candidate
gene for obesity (GAD2) is found in this region (Boutin
et al. 2003); however, the gene is not known to be im-
printed. The consistency of results across three samples
in our study suggest that GAD2 could be imprinted, at
least in some tissues at certain times during develop-
ment. It is also possible that the maternal effect is due
to other genes found in the region, since variability in
the GAD2 gene did not account for the observed linkage
in a French sample (Boutin et al. 2003).

In addition to 10p12, 12q22-24, and 13932, we ob-
served several regions with parent-of-origin—specific
linkage in the EA sample. For example, we obtained a
single-point LODy;, score of 2.21 (LOD,,, = 0.07
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for %fat) at 76 cM on chromosome 11q13 near two
candidate genes for obesity (UCP2 and UCP3) (Snyder
et al. 2004) and an imprinted gene for hereditary
paraganglioma (SDHD, with paternal inheritance)
(Struycken et al. 1997). We obtained a single-point
LOD,,, score of 2.34 (LOD;, = 0.11 for BMI =27) at
33 cM on chromosome 13q near another candidate gene
for obesity (HTR2A, an imprinted gene for retinoblas-
toma, with maternal inheritance) (Kato et al. 1998).

Differences between results of analyses of quantita-
tive versus discrete traits are common, as was the case
in the present study. Ultimately, differences result from
the different aspects of the data that are the focus of
the analyses. Discrete-trait analyses focus on IBD in
ASPs, whereas quantitative analyses focus on the entire
trait distribution, often including unaffected siblings,
parents, and other relatives. In this particular case, we
have hypothesized that differences may be the result of
the presence of a wide range of phenotypes for any given
genotype at a particular QTL. Chromosome 10p linkage
results have consistently been found only by including
individuals with moderate BMI in families segregating
extreme obesity. Thus, the sampling of extremely obese
individuals and those of normal weight appears to have
selected for families segregating obesity-related genes
residing on chromosome 10p. The range of phenotypes,
we believe, may be influenced by interactions of the
segregating genes with genetic background and en-
vironmental conditions such as lifestyle (gene-gene and
gene-environment interactions).

Conclusion

We conducted a genomewide screen for parent-of-origin
effects at genetic loci affecting susceptibility to obesity.
The results from the original sample and two indepen-
dent replicates were consistent in suggesting that a ma-
ternally imprinted genetic locus in chromosome region
10p12 may influence human obesity. We also found ev-
idence of a maternal effect on chromosome 12 and a
paternal effect on chromosome 13. A suggestive paternal
effect found on chromosome 7q lies in a region flanked
by blocks of imprinted genes. The other locations are
not currently known to be imprinted. In addition to the
direct relevance of these results to obesity, the findings
suggest new locations within the human genome in
which a search for imprinted genes may be productive.
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