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Objective To determine whether aberrant DNA methylation at differentially methylated regions (DMRs) regulating
insulin-like growth factor 2 (IGF2) expression in umbilical cord blood is associated with overweight or obesity in
a multiethnic cohort.
Study design Umbilical cord blood leukocytes of 204 infants born between 2005 and 2009 in Durham, North
Carolina, were analyzed for DNA methylation at two IGF2 DMRs by using pyrosequencing. Anthropometric and
feeding data were collected at age 1 year. Methylation differences were compared between children >85th percen-
tile of the Centers for Disease Control and Prevention growth charts weight-for-age (WFA) and children#85th per-
centile of WFA at 1 year by using generalized linear models, adjusting for post-natal caloric intake, maternal
cigarette smoking, and race/ethnicity.
Results The methylation percentages at the H19 imprint center DMR was higher in infants with WFA >85th per-
centile (62.7%; 95% CI, 59.9%-65.5%) than in infants with WFA #85th percentile (59.3%; 95% CI, 58.2%-
60.3%; P = .02). At the intragenic IGF2 DMR, methylation levels were comparable between infants with WFA
#85th percentile and infants with WFA >85th percentile.
Conclusions Our findings suggest that IGF2 plasticity may be mechanistically important in early childhood over-
weight or obese status. If confirmed in larger studies, these findings suggest aberrant DNA methylation at se-
quences regulating imprinted genes may be useful identifiers of children at risk for the development of early
obesity. (J Pediatr 2012;161:31-9).

T
he prevalence of obesity in children <5 years old has more than doubled since the 1990s, affecting 1 in 5 children in the
United States, with minority populations disproportionately affected.1,2 Early childhood obesity and excessive infant
weight gain have been associated with higher blood pressure3 and wheezing4 in childhood and obesity and metabolic

and cardiovascular diseases in adulthood.5 Childhood obesity may be an early adaptive response, hypothesized to be largely
driven by epigenetic mechanisms that guide expression of genes involved in energy balance, culminating in gene expression
profiles that predispose children to overweight and obesity.

A commonly studied epigenetic mechanism is DNA methylation, in part because of its stability in conditions in which hu-
man specimens are collected. Animal evidence from the last decade indicates that DNA methylation alterations at susceptible
loci link the early environment to obesity in later life. The monoallelic expression of imprinted genes-a class of genes that is
over-selected for growth effectors6 is regulated (and dysregulated) by DNA methylation at differentially methylated regions
(DMRs). Aberrant methylation at these DMRs has been associated with aberrant changes in gene expression. Because imprinted
genes occur in clusters throughout the genome7 and their regulation may be networked,6 a single DMR can regulate the expres-
sion of several genes; suggesting aberrant methylation at a single DMR can affect the expression of several of these growth
effectors. The most studied imprinted gene is insulin-like growth factor 2 (IGF2). IGF2 is a paternally expressed imprinted
gene that encodes a potent mitogenic growth factor that plays a critical role in placental and fetal development. Aberrant
DNAmethylation at the IGF2 DMRs has been associated with increased gene ex-
pression, and presumably, circulating IGF2 levels and risk of overweight status,
obesity, and overgrowth disorders.8

Numerous epidemiological studies have reported a small but consistently
lower risk of rapid growth and obesity in breastfed children. Although epigenetic
mechanisms have been proposed,9 the mechanism by which breastfeeding
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confers a lower risk of childhood obesity remains unknown.
Because breastfeeding varies by race/ethnicity, we evaluated
whether aberrant DNA methylation at two IGF2 DMRs at
birth increases the risk of overweight and obesity status in
early childhood, and this association may vary by ethnic
group and breastfeeding.

Methods

Study participants were children born to women who sought
obstetric care at Duke Obstetrics and Durham Regional Hos-
pital (Durham, North Carolina) between 2005 and 2009, as
part of the Newborn Epigenetics Study (NEST). NEST is
a prospective, perinatal epidemiologic study aimed at deter-
mining how the in utero environment influences epigenetic
profiles and phenotypes in children. Procedures for partici-
pant enrollment have been detailed elsewhere.10 In brief, be-
tween 2005 and 2009, women who attended prenatal care at
Duke’s Maternal Fetal Medicine and one affiliated clinic and
intended to use Duke or Durham Regional Hospitals for
their obstetrics care were enrolled in the study. Inclusion cri-
teria were age $18 years and English speaking. We excluded
women who planned to give offspring up for adoption and
women who were human immunodeficiency virus-positive,
because the effect of anti-retroviral medications on the
methylation profile is still unknown. Most women (>50%)
were from Durham County, North Carolina, although the
catchment area also included contiguous counties.

Between 2005 and 2009, 940 of the 1101 women (85%) ap-
proached consented to participate and were enrolled in
NEST. Methylation analyses were performed on cord blood
leukocyte DNA of the first 438 neonates (46%). The final
sample includes the first 204 offspring who had methylation
data and had reached 1 year of age by August 2010 and whose
mothers completed a follow-up questionnaire. Follow-up is
ongoing. The distribution of factors that may affect over-
weight status or obesity, including maternal age (P = .54),
education (P = .94), race/ethnicity (P = .43), and sex of infant
(P = .80) were comparable between the 940 infant-mother
pairs enrolled and the 438 infant-mother pairs with DNA
methylation data. These factors were also comparable be-
tween the first 204 infants in whom follow-up data have
been collected to date and the 428 in whommethylation anal-
yses were conducted. Most questionnaires (78%) were com-
pleted via mailed survey, 16% were interviewer-administered
during a pediatric office visit, and 6%were telephone-admin-
istered.

To characterize the in utero environment, pregnant
women completed a questionnaire soliciting information
on sociodemographic characteristics, maternal lifestyle fac-
tors, and morbidity at recruitment. Women self-reported
maternal pre-pregnancy anthropometric measurements,
race, level of education, and cigarette smoking status. Self-
reported height and usual pre-pregnancy weight were used
to calculate maternal body mass index (BMI). At delivery,
medical records were abstracted to obtain maternal age at
delivery and parturition data, including morbidity during

pregnancy, mode of delivery, infection in labor, gestational
age at birth, and infant data including birth-weight, head
circumference, and Apgar score. Approximately 1 year after
the child’s birth, a 1-year questionnaire was completed to ob-
tain data on anthropometric measures, temperament, and
use of childcare. We also estimated the infant’s caloric intake
from a single 24-hour dietary recall by using the University of
Minnesota’s Nutrition Data System for Research (2008).
Although a single 24-hour recall cannot adequately reflect to-
tal energy intake in the first year of life, we used this informa-
tion as an indicator to adjust for, in the investigation of IGF2
DMR methylation at birth and overweight and obesity in
early childhood.
To estimate breastfeeding status, we used additional die-

tary information collected in the 1-year questionnaire, which
asked mothers to report—for each of the first 12 months of
life—whether their child was fed breast milk, cow’s milk for-
mula, and/or soy milk. Specifically, mothers were asked,
“How did you feed your baby during his/her first year?
(Please go month by month)”; for each month, mothers re-
sponded either “yes” or “no” individually to breast milk, for-
mula, and soymilk. Questionnaires were completed when the
child was between 12 and 29 months of age. The median age
of the child when the first follow-up questionnaire was
mailed was 14 months, and the median time to returning
the questionnaire was 1 month.
To verify the accuracy of the infant weights reported by

mothers in the questionnaire, anthropometric measurements
at child age 1 year were abstracted from the medical records
of 72 infants who had the data available within 1 month of
receipt of their 1-year questionnaire. The Pearson correlation
co-efficient between anthropometric measurements ab-
stracted from the medical record and weights reported by
mothers was 0.94 (P < .0001), suggesting that mothers accu-
rately reported their offspring’s weight.
At delivery, cord blood specimens were collected in ethyl-

enediaminetetraacetic acid-treated tubes within minutes of
delivery. Specimens were processed to obtain plasma and
buffy coat for DNA extraction (Qiagen, Valencia, California);
samples were stored at �80�C until processed. DNA was ex-
tracted by using Puregene reagents according to themanufac-
turer’s protocol (Qiagen).
DNAmethylation from leukocytes of umbilical cord blood

samples is generally used as a surrogate measure of genomic
stability in the study of prenatal exposures and epigenetic re-
sponse to these exposures, because they contribute to long-
term health in humans.11-16 Genomic DNA was modified
by treatment with sodium bisulfite by using high throughput
methods as previously described.17 Bisulfite treatment of de-
natured DNA converts unmethylated cytosines to uracils and
leaves methylated cytosines unchanged. Pyrosequencing was
performed by using a Biotage Pyromark MD pyrosequencing
instrument (Qiagen). We evaluated two regions, including 3
cytosine-phosphate-Guanine (CpG) sites comprising the in-
tragenic IGF2 DMR, upstream of exon 3 (chr11p15.5, site 1:
2 109 519; site 2: 2 109 516; and site 3: 2 109 500; NCBI
Human Genome Build 37.1; National Institutes of Health,
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