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Abstract
Aim—We examined the association between birth weight and methylation in the imprinted IGF/
H19 loci, the nonimprinted gene NR3C1 and repetitive element DNA (LINE-1 and Alu).

Materials & methods—We collected umbilical cord venous blood from 219 infants born in
Mexico City (Mexico) as part of a prospective birth cohort study and analyzed DNA methylation
using pyrosequencing.

Results—Birth weight was not associated with DNA methylation of the regions studied. One of
the CpG dinucleotides in the IGF2 imprinting control region (ICR)1 includes a potential C–T
SNP. Among individuals with an absence of methylation at this site, probably due to a paternally
inherited T allele, birth weight was associated with mean methylation status of both IGF2 ICR1
and ICR2. However, this association would not have survived adjustment for multiple testing.
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Conclusion—While we did not detect an association between DNA methylation and birth
weight, our study suggests a potential gene–epigene interaction between a T allele in the IGF2
ICR1 and methylation of ICRs of IGF2, and fetal growth.
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Inadequate fetal growth is associated with multiple neonatal morbidities requiring neonatal
intensive care, including preterm birth, hypoglycemia and hypothermia [1]. It is also
associated with increased risk of later life adverse health outcomes, including metabolic
disorders, such as Type 2 diabetes and hypertension [2–4]. Fetal growth is dependent on
maternal health, nutrition, placental integrity, exposure to toxicants and genetics [1].
Epigenetic mechanisms are also critical as fetal growth factors are common among
imprinted genes. In addition, nonimprinted genes, such as the glucocorticoid receptor
(known as NR3C1), may play a part given their role in nutrient metabolism and
responsiveness to the environment.

Chromosome 11p15 contains an imprinting cluster that includes the IGF2 gene, which is
imprinted in tandem with H19, a long ncRNA that is associated with growth suppression
(Figure 1). IGF2/H19 expression is regulated by at least two imprinting control regions
(ICRs; ICR1 and ICR2). ICR1 is also known as the H19 differentially methylated region
(DMR). ICR2 is also known as KCNQ1OT1. Loss of imprinting (LOI) within either ICR
has been associated with both fetal undergrowth (Russell–Silver syndrome – ICR1) [5,6]
and overgrowth (Beckwith–Wiedemann syndrome [BWS] – ICR2) [7] depending on
whether maternally or paternally expressed genes are affected. Investigators have also
recently reported an association between DNA methylation of this region in cord blood and
birth weight in nonsyndromic infants [8,9].

In addition to imprinted genes, nonimprinted genes that regulate nutrient metabolism may
also be involved in fetal growth, and methylation of their CpG islands, as well as less CpG
dense areas, may correlate with fetal growth. A potential candidate gene for such effects is
NR3C1. Corticosteroid-regulated nutrient metabolism [10] and exogenous corticosteroid
exposure during pregnancy [11–13] have both been associated with restricted fetal growth in
previous studies. Risk factors that affect fetal growth, such as maternal depression [14], also
predict offspring DNA methylation patterns within the NR3C1 promoter [15,16]. Taken
together, cortisol-related genes such as NR3C1 are potential candidate genes for the
epigenetic regulation of fetal growth.

In addition to studying the DNA methylation of particular genes and their promoters,
investigating the DNA methylation of repetitive elements has revealed numerous
associations with human health. Transposons and retrotransposons are repetitive elements of
viral origin. These DNA sequences comprise approximately half of all DNA [17]. Owing to
their frequency in the human genome, measures of their methylation are often used as
proxies of global DNA methylation [18]. Two common repetitive elements include a long
interspersed nuclear element known as LINE-1 and a short interspersed nuclear element
known as Alu [19]. Hypomethylation of repetitive elements (LINE-1 and Alu) has been
associated, albeit inconsistently, with inflammatory markers [20], vascular disease [21] and
toxic exposures [22,23], which might be associated with altered fetal growth [24–27].
Furthermore, one recent study demonstrated a positive association between DNA
methylation of LINE-1 and Alu in placental tissue and birth weight [28]. Another found that
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normal birth weight infants had higher cord blood LINE-1 DNA methylation than low and
high birth weight infants [29].

To better understand whether DNA methylation may affect fetal growth, we examined the
cross-sectional relationship between birth weight and DNA methylation of the IGF2 gene,
the glucocorticoid receptor gene and LINE-1/Alu in umbilical cord blood leukocytes from a
cohort of Mexican newborns.

Materials & methods
Study sample

Between 2007 and 2011 we recruited healthy pregnant women at 12–24 weeks’ gestation
through the Mexican social security system (Instituo Mexicano del Seguro Social). Instituo
Mexicano del Seguro Social is funded by the federal government, employers and employees
to provide healthcare to private sector, middle class workers and their families. It provides
medical coverage to over 34.3% of Mexico City residents (numbers according to the 2010
National Census). Inclusion criteria for the study included maternal age of 18 years or older,
access to a telephone and a plan to reside within Mexico City for the following 3 years.
Exclusion criteria included diagnosis of heart or kidney disease, use of steroids or
antiepilepsy drugs, daily alcohol consumption or pregnancy of over 20 weeks’ gestation. We
invited 3898 women to participate in the cohort. Among these, 624 (16%) were ineligible. A
total of 1054 (27%) agreed to participate, signed a letter of informed consent and were
formally enrolled. Institutional review boards of the participating institutions approved the
study. We studied a convenience sample of 226 of 1054 (21%) mother–infant pairs
participating in an ongoing prospective birth cohort in Mexico City. As this was a pilot
study, the selection of samples was predicated on the availability of funding and the timing
of an infant’s delivery. We excluded two infants for gestational age <36 weeks, two for
having a missing gestational age and three for having missing covariate data, giving a final
number of 219 infants. Compared with the larger cohort of women, the subsample we
analyzed had similar sociodemographic, perinatal and anthropometric characteristics, except
that the subsample had a slightly higher proportion of nulliparous women (37 vs 32%).

Quantification of DNA methylation
We collected umbilical cord venous blood at the time of delivery and stored whole blood in
PAX-gene™ (PreAnalytiX GmbH, Hombrechtikon Switzerland) tubes and extracted DNA
using PAXgene kits. The DNA subsequently underwent bisulfite treatment. We treated 500
ng DNA (concentration: 25 ng/μl) using the EZ DNA Methylation-Gold Kit (Zymo
Research, CA, USA) according to the manufacturer’s protocol. Final elution was performed
with 30 μl M-Elution Buffer. We used PCR and pyrosequencing to quantify the percentage
methylation at each gene within the population of leukocytes obtained from each individual.
We used built-in controls to verify bisulfite conversion efficiency. Every sample was tested
twice for each marker. Results from the two technical replicates were averaged to reduce the
variability of our results. Pearson’s correlation coefficients across the two runs ranged from
0.26 (Alu) to 0.99 (ICR1). Twelve of the individual sites had correlations >0.8 across the
two runs with two of the Alu sites being the lowest. We expressed the measured degree of
methylation as the percentage of methylated cytosines divided by the sum of methylated and
unmethylated cytosines (%5mC).

We analyzed the average methylation across four sites of the ICR1 locus, four sites of the
ICR2 locus, two sites of the H19 promoter, four sites of LINE-1, three sites of Alu, five sites
of NR3C1 and one site of another region of the glucocorticoid receptor. We list the details of
the promoters, amplicons, primers and sequences analyzed in Supplementary Table 1 (see
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www.futuremedicine.com/doi/suppl/10.2217/EPI.13.24). The genome used was GRCh37/
h19 (2009). The coordinates were obtained using Genomatix software (Genomatix Software
GmbH, Munich, Germany). To obtain gene-specific methylation of the IGF2 regulatory loci,
we designed primers to analyze sequences in the same region described by Byun et al. [30].
The region analyzed within ICR1 is one of the seven core binding sites in this ICR that bind
to CTCF protein when unmethylated on the maternally inherited allele [31]. For the
glucocorticoid receptor, we analyzed two promoter regions on chromosome 5, a region we
called ‘region 1’ or ‘GCR’, which is a CpG shore adjacent to a CpG island [32], and NR3C1
as described by Oberlander et al. [16]. We chose to use only the first sequencing primer
described by Oberlander et al., and to analyze five out of 13 CpGs, as the authors defined
CpG 3 and 4 as potential NGFI-A consensus binding sites. To quantify methylation in the
repetitive elements, LINE-1 and Alu, we used previously described methods [17,33].

Birth weight
We obtained birth weight from the hospital medical records and estimated gestational age
based on a maternal report of last menstrual period (LMP). We performed an additional ana
lysis comparing pregnancy dating estimates among a subset of the parent cohort who had
ultrasound data in addition to LMP dating. We calculated the birth weight for gestational age
Z-scores based on a Mexican reference population to adjust for the nonlinearity of fetal
growth [34]. However, when our results did not change based on this approach versus
adjusting for gestational age, for ease of interpretability we used gestational age-adjusted
birth weight in grams as the primary outcome variable.

Covariates
At the time of enrollment, study staff interviewed mothers to obtain demographic data,
including age, education, smoking, parity and height. Staff weighed and measured women at
enrollment. At the time of birth, study staff recorded infant sex. We also obtained a
complete blood count, including a white blood cell differential analysis to account for the
variety of leukocyte cell types.

Statistical analysis
We first conducted univariate descriptive analyses (means, standard deviations [SDs] and
proportions) of the cohort, as well as the distribution and variation of percentage
methylation at each of the genes. We used multivariable linear regression to estimate the
association between methylation and gestational age-adjusted birth weight, with further
adjustment for maternal age, weight, parity, education and infant sex. We also performed
additional analyses to stratify participants by lack of methylation as a result of a SNP that
occurs at one of the CpG sites within ICR1 or lack of methylation of the cytosine (Figure 2).
The SNP will eliminate methylation at this CpG and the distribution of methylation
predictably appears similar to bimodal patterns seen with LOI. However, this is not true LOI
as only this one CpG is affected rather than the whole ICR. We also excluded some women
from our H19 promoter (n = 1), GCR (n = 2), LINE-1 (n = 1) and NR3C1 (n = 1) analyses.
These women had extraordinarily high leverage in our analyses because of very low or very
high methylation values. We conducted two sensitivity analyses to verify the robustness of
our results to confounding factors. First, among a subset of 186 participants with leukocyte
differential counts we added the percentage of neutrophils, monocytes, eosinophils, and
basophils to the model. Second, we adjusted for maternal BMI instead of weight in models
with 196 mother–child pairs.
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Results
Mean maternal age was 27.6 years (SD: 5.3) (Table 1). Women reported a mean of 11.6
years of education (SD: 2.8). In general, this was a lean cohort, with a mean maternal second
trimester weight 64.5 kg (SD: 11.0) and a BMI of 26.9 kg/m2 (SD: 4.2). Multiparous women
comprised 68% of the cohort. Mean birth weight was 3123 g (SD: 403) and mean
gestational age was 39.1 weeks (SD: 1.1).

The mean methylation of each of the CpG sites with a gene/ICR/repetitive element was
averaged to give a mean methylation value across each region/gene. The mean percentage of
methylated cytosines varied widely across regions analyzed from 1.8 %5mC (SD: 0.8) for
GCR gene locus NR3C1 to 64.1 %5mC (SD: 6.7) for ICR2 and 85.0 %5mC (SD: 1.3) for
LINE-1 (Table 2). In addition, the range of methylation within regions analyzed varied from
within 5 and 7% for Alu and NR3C1 to >30% for the GCR and ICR2.

With respect to the average methylation across each gene/region, we did not detect
statistically significant (p < 0.05) associations between gestational age-adjusted birth weight
and DNA methylation of any of the regions we studied (Table 3). However, we noted a
suggestive trend between NR3C1 methylation and birth weight in our unadjusted models,
where each 1 SD increase in methylation was associated with a 49 g (95% CI: −103, 5)
decrease in birth weight. Adjusting for maternal age, parity, second trimester weight,
education and infant sex did not substantially alter the magnitude of our estimates. Stratified
ana lysis based on infant sex revealed that, while the methylation generally differed by sex,
we did not detect an association between methylation and birth weight in either males or
females (data not shown).

We next examined the effects at specific loci within the ICR regions. At one site we noted a
bimodal distribution of methylation at the second position analyzed within the ICR1 of IGF2
(Figure 2). A C–T SNP exists at this potential CpG site (rs10732516) (Figure 3). In our
study sample we found that 36% of subjects had almost a complete absence of methylation
at this site, which could be due to an unmethylated cytosine, but is probably due to a
paternally inherited SNP that codes for the presence of a minor T allele, as thymine is not
methylated. Paternally inherited cytosines at this site are typically methylated.

We re-analyzed our results after stratifying based on the bimodal methylation distribution at
this locus. We excluded two infants with methylation values between 20 and 40% who did
not clearly fit into one of the two distributions. While mean birth weight was not
significantly different among infants with or without methylation at this site (3109 g, SD:
383 g; vs 3133 g, SD: 408 g), the presence or absence of methylation at this locus appeared
to modify the associations of mean methylation of ICR1 (p = 0.04), ICR2 (p = 0.04) and
LINE-1 (p = 0.07) with birth weight. In fact, while not always statistically significant, the
effect estimates of nearly all of the genes/ICRs and repetitive elements differed in direction
in the stratified analysis (Table 4), and the overall pattern appeared consistent. Among
infants with the absence of methylation at this position, increased mean methylation of ICR1
was associated with a lower birth weight (−214 g; 95% CI: −422, −6). When we excluded
ICR1 position 2 from the mean methylation, this finding was slightly diminished but
persisted with borderline statistical significance (−77 g; 95% CI: −165, 10). Similarly,
among these infants with an absence of methylation at ICR1 position 2, there was a trend
between increased methylation of ICR2 and lower birth weight (−92 g; 95% CI: −177, 15).

In sensitivity analyses, adjusting for proportion of lymphocytes, monocytes, eosinophils and
basophils did not substantively change the estimates from our models. Using maternal BMI
instead of weight did not appreciably change our results. Recognizing the uncertainty of
gestational age based on LMP alone, we performed an analysis on the subset of the parent
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cohort who had ultrasounds in addition to dating by LMP on a subset of 98 women. The
Pearson’s correlation between the gestational age calculated by either method on these
women was 0.89 (p < 0.0001).

Discussion
In this study, we did not detect an association between overall mean methylation within cord
blood DNA for the two regulatory loci of the IGF2 gene (ICR1 and ICR2), the promoter
regions of the glucocorticoid receptor gene or repetitive elements with gestational age-
adjusted birth weight. However, we did find a trend towards decreased birth weight among
infants with higher methylation of NR3C1. Perhaps our most intriguing finding was that a
SNP coding for a C-T transfer within the IGF2 ICR1 (or less likely, absent methylation of a
typically methylated, paternally inherited cytosine) appeared to modify the association
between DNA methylation at multiple loci and birth weight. This is notable because this
SNP prevents DNA methylation at this imprinted CpG site, although not within the entire
ICR locus. At this one potential CpG site, the presence of this SNP may have similar
conformational effects as a lack of methylation at this position. Functional deficits from
such a SNP may be expected to be subtle, as opposed to true LOI, which would affect
multiple CpG sites, and could explain the observed differences in associations of birth
weight with DNA methylation of many of the other genes when we stratified by methylation
status of IGF2 ICR1 position 2.

While animal [5–7,35–37] and human studies of syndromes involved in extreme fetal
growth dys-regulation [5–7,35] have demonstrated relationships between LOI and birth
weight, few human studies have examined the role of DNA methylation among
nonsyndromic newborns, among either imprinted or nonimprinted genes. In a study of
multiple fetal tissues, Tabano et al. compared methylation patterns between ten infants with
birth weights appropriate for gestational age (AGA) and five infants with intrauterine
growth restriction [38]. In umbilical cord blood, they found that DNA methylation within
IGF2 regulatory loci and LINE-1 was similar in intrauterine growth restriction and AGA
infants (ICR1: 46.2 vs 46.1%; DMR2 [ICR2]: 48.2 vs 49.0%; and H19 promoter: 48.4 vs
48.2%; LINE-1 values not reported). Our mean methylation at both ICR1 and the H19
promoter revealed a similar range of values, but our mean ICR2 methylation (64%) differed
substantially from theirs. This difference may be due to different assays, which focused on
different CpG sites within ICR2, but could also be due to differences between source
populations. While this study also reports mean methylation at each locus, the authors did
not comment on whether they analyzed the SNPs within the ICRs of IGF2. In another small
study, Guo et al. found no difference in IGF2 methylation status in cord blood in ten small-
for-gestational age (SGA) infants compared with nine AGA infants and reported that
neonatal cord blood methylation was ‘normal’ in both SGA and AGA infants, but their
placental analyses revealed differences [39]. The investigators used Southern blotting to
analyze methylation in the umbilical cord blood to achieve a methylation index, which may
not be comparable to our values obtained by pyrosequencing. Neither of these two studies
examined continuous birth weight. In a prospective study of very preterm (<32 weeks’
gestation) and/or very low birth weight babies (<1500 g), Tobi et al. compared DNA
methylation of IGF2 from blood drawn at 19 years of age among 75 born AGA and 38 born
SGA [40]. They report no difference in DNA methylation of IGF2 between SGA and AGA
individuals. This same group previously found that individuals who were exposed to the
Dutch famine in utero maintained persistent epigenetic differences compared with
unexposed siblings in late adulthood, specifically in the DNA methylation of IGF2 [41].
These prior studies did not address the potential presence of SNPs. We did not directly
analyze IGF2 itself, only the two ICRs.

Burris et al. Page 6

Epigenomics. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A recent study examined the association between IGF2 methylation and birth weight. Hoyo
et al. found associations between IGF2 and H19 DNA methylation and IGF2 gene
expression [9]. The investigators studied 300 cord blood samples for DNA methylation at
these two regions using pyrosequencing of different CpG sites within these regions to those
used in our study. Similar to our study, they did not find an association between birth weight
and IGF2 or H19 DNA methylation; infants ≤2500 g versus >2500 g had similar percentage
methylation of the IGF2 DMR (p = 0.9) and H19 DMR (p = 0.2). Their study did not report
associations with continuous birth weight and did not adjust for gestational age at the time of
delivery. Positive associations between IGF2 concentrations and birth weight may be due to
confounding by gestational age. It is interesting that DNA methylation was inversely
correlated with IGF2 expression and expression was positively associated with birth weight,
but that methylation was not associated with dichotomized birth weight. This finding
supports the notion that DNA methylation could have more subtle effects on birth weight.

Like most imprinted loci, 11p15 codes for two genes with opposite imprinting patterns, and
presumably opposing metabolic functions that affect the expression of IGF2. IGF2 is a
growth factor gene and its biallelic expression has been associated with BWS and several
cancers [42], while H19 is a long ncRNA believed to function as a tumor suppressor [43].
Regulatory loci controlled by methylation include two ICRs, ICR1 and ICR2, as well as the
H19 promoter, which is proximal to ICR1. Typically, ICR1 is unmethylated on the maternal
allele and, thus, binds to CTCF proteins, which in turn regulate the access of enhancers to
the IGF2 promoters in cis [44]. When ICR1 methylation is lost on the paternal allele, this
could lead to biallelic expression of H19, placing the fetus at increased risk of Russell–
Silver syndrome, characterized by severe fetal and childhood growth restriction [5,6,
35,45,46]. By contrast, LOI in the maternal ICR2 region leads to biallelic expression of
IGF2 and increased risk of BWS, characterized by fetal overgrowth and other anomalies [7].

We speculate that with normal IGF2 imprinting, small differences in mean methylation
within the ICRs of IGF2 may not directly affect fetal growth. However, the presence of a
functional SNP within a CpG site could lead to subtle changes in conformation or facilitate
the ability of CTCF proteins to bind, affecting IGF2 expression to a small degree. Whether a
SNP at one site could make such a difference is unknown, but remains possible. These small
changes might not be sufficient to directly affect growth but could alter the effects of
methylation at other methylation sites that control growth. One twin study showed that this
T allele, when maternally inherited (usually unmethylated allele), is associated with greater
methylation over the entire H19 ICR region [47].

A study by St-Pierre et al. examined IGF2 DNA methylation of placental tissue and infant
genotypes of the same SNP that we studied (rs10732516) [8]. Similarly to our study, they
saw no difference in birth weight among the 50 infants based on C/C, C/T or T/T genotypes
(p = 0.12). They found an association between genotype at this SNP, and head and thorax
circumference, which we did not measure. They did not evaluate whether the genotype
modified the association between DNA methylation and birth weight. We observed a
stronger inverse relationship between ICR2 methylation and birth weight among infants
without methylation at this site within ICR1 (probably due to a paternally inherited T allele).
This may be due to the combined effect of increased methylation at ICR2, which inhibits
IGF2 expression (Figure 1), and the lack of methylation at this SNP in ICR1, which would
allow for more H19 transcription and, thus, inhibition of IGF2 expression. Owing to the lack
of mRNA collection, we could not directly test this hypothesis in our study. In addition, our
relatively modest sample size, which was further reduced when we stratified by the ICR1
position 2 methylation status, limited our ability to precisely examine these associations.
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We did not formally adjust for multiple comparisons and examined numerous associations
in the process of this stratification, which may have led to chance findings and, thus, assert
that our finding should be considered hypothesis-generating as opposed to conclusive.
However, we found compelling evidence for a functional nature of the ICR1 SNP, in that
this C–T SNP (or lack of methylation at this CpG site) modified the effect of methylation of
several methylation sites we analyzed, not just ICR1. SNPs within imprinted loci could
impart a loss of methylation in a subset of cytosines in imprinted loci. In fact, there is
evidence that methylated cytosines are mutagenic and prone to C–T conversions [48].
Furthermore, genetic sequence and DNA methylation can jointly affect phenotype [49,50].
If DNA methylation is lost within a subset of cytosine sites within ICRs, it is possible that
subclinical effects on fetal growth may be seen due to slight transformational changes in
DNA packaging produced by the inability to methylate these loci, even with otherwise
normal imprinting. Alternatively, the lack of methylation could facilitate binding factors and
transcription.

Adkins et al. analyzed multiple SNPs within IGF2/H19 and the IGF2 receptor gene, and
offspring birth weight [51]. To assess for parent-of-origin associations, they only considered
homozygous mothers who transmitted a C allele to their offspring within an H19 SNP
(rs4929984) instead of the minor A allele. Infants who received the A (vs C) allele from
their mothers had significantly lower birth weight Z-scores regardless of which allele they
received from their fathers. The authors did not measure methylation in this study. However,
in a study analyzing gene expression related to brain activity, Ursini et al. demonstrated that
DNA methylation that differed by genotype at C–T SNP loci can affect gene expression
[52]. We did not perform allele-specific DNA methylation or genotyping but surmise that
the absence of methylation at ICR1 position 2 is due to a paternally inherited SNP, since
typically the CpG site at this locus would be methylated (in a normal imprinting pattern), but
a thymine would not. While we are not aware of the Mexican frequency of the minor T
allele, if it is similar to the Brazilian population (44%) [35] or a French–Canadian study
population (46%) [8], the predicted paternal transmission to the offspring would be
approximately 45%, slightly higher than our observed frequency of lack of methylation of
36% at this site in our study. Using only methylation analyses we cannot distinguish
between methylated cytosine and a maternally inherited SNP at this locus, since both the
SNP and the CpG site would be expected to be unmethylated. Further work using allele-
specific methylation in combination with genotyping would be necessary to confirm our
assertion that this is a paternally inherited SNP and determine whether a maternally inherited
SNP could also be functional.

Our study has several strengths, including the recognition of SNPs within CpG islands and a
relatively large sample size for epigenetic analyses. Nonetheless, we used a convenience
subset of a larger birth cohort and inadequate power may be responsible for the lack of
association between methylation and birth weight at the various loci studied, specifically the
glucocorticoid receptor gene. Host factors, such as depression, regulate glucocorticoid
metabolism and methylation of the glucocorticoid receptor gene [16]. Given that depression
[14] and glucocorticoids [11] are known to affect fetal growth, this lends biologic
plausibility to a relationship with birth weight. Furthermore, Filiberto et al. demonstrated in
a study of placental tissue, that DNA methylation of the glucocorticoid receptor promoter
region was inversely associated with large-for-gestational-age status in newborns [53].

We studied cord blood leukocyte DNA methylation and not other target tissues that might be
more directly responsible for fetal growth, such as the placenta, fetal liver or skeletal
muscle. Investigators often use cord or peripheral blood DNA methylation analyses in
epidemiologic studies because such samples are convenient to collect. White blood cells
represent a potential target tissue for epigenetic research into fetal growth since they mediate
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inflammatory processes that may be relevant to fetal growth [24]. The IGF2 regulatory
complex is an imprinted region in which methylation is maintained in somatic cells
throughout cell differentiation [54]. In the case of imprinting disorders, peripheral blood
leukocytes are thought to be representative of all tissues, and, thus, are routinely collected
for diagnostic purposes [101]. However, subtle differences in methylation patterns within
the imprinted loci or other regions we analyzed may not be correlated across tissues or time.

Conclusion
In this study, we did not detect an association between birth weight and DNA methylation
within two known regulatory loci of IGF2, glucocorticoid receptor or repetitive elements
(LINE-1 and Alu). However, our results suggest that some associations between DNA
methylation and birth weight may be modified by the presence of a SNP at a potential CpG
site in the ICR1 region. Future studies should determine whether SNPs associated with CpG
sites within imprinted genes modify the relationship between DNA methylation and fetal
growth. Further investigation into the role of gene–epigene interactions and perinatal health
is warranted.

Future perspective
The future of gene–epigene interactions in perinatal epidemiology is wide open. How
environmental and social factors affect birth outcomes remains largely unknown and
epigenomic data may fill some of these knowledge gaps. For example, mechanisms
underlying disparities in fetal growth and preterm birth associated with poverty, African–
American race/ethnicity, young maternal age and environmental toxin exposures may be due
to epigenetic variation. Elucidating such pathophysiology is the challenge in the next 5–10
years, with the goal of discovering interventions to improve perinatal outcomes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Executive summary

DNA methylation of IGF2 & birth weight

• We found no association between the mean DNA methylation of the imprinting
control regions (ICR) 1 and 2 of IGF2 and birth weight in a cohort of healthy
Mexican infants.

• In a subset of infants with a probably paternally inherited T allele or
unmethylated cytosine at one potential CpG site within ICR1 of the IGF2 gene,
DNA methylation of both ICR1 and ICR2 were associated with a decreased
birth weight, suggesting a potential gene–epigene interaction.

DNA methylation of the glucocorticoid receptor gene & birth weight

• We did not detect a statistically significant association between DNA
methylation of the glucocorticoid receptor and birth weight in a cohort of
healthy Mexican infants.

• However, our results do not exclude the possibility of such an association
because models that adjust for gestational age revealed a 49 g (95% CI: 103, 5)
reduction in birth weight for each standard deviation increase in NR3C1 DNA
methylation.

Repetitive element LINE-1 & Alu DNA methylation & birth weight

• We did not detect an association between DNA methylation of repetitive
elements (LINE-1 and Alu) and birth weight in a cohort of healthy Mexican
infants.

Conclusion

• Further work elucidating the roles of the genome and epigenome in fetal growth
is warranted.

• Future studies in larger cohorts should evaluate the association between DNA
methylation of the glucocorticoid receptor gene as it could be important in
understanding how social and environmental stressors affect fetal growth.
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Figure 1. The IGF2 cluster and parent-of-origin imprinting patterns
DMR: Differential methylation region; ICR: Imprinting control region.
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Figure 2. DNA methylation of the IGF2 imprinting control region 1 (H19 differential
methylation region), CpG site 2
DMR: Differential methylation region; ICR: Imprinting control region.
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Figure 3.
Location of the rs10732516 SNP within the imprinting control region 1 assay of the IGF2
gene.
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Table 1

Characteristics of 219 mother–infant pairs in a birth cohort in Mexico City, Mexico.

Characteristic Mean (SD)

Maternal age (years) 27.6 (5.3)

Maternal education (years) 11.6 (2.9)

Maternal weight (kg) 64.6 (11.0)

Maternal BMI (kg/m2) 26.9 (4.2)

Birth weight (g) 3129 (401)

Gestational age (weeks) 39.1 (1.1)

Birth weight for gestational age (Z-score) −0.5 (1.0)

Male infant; n (%) 115 (52.5)

Multiparous mother; n (%) 151 (68.9)

SD: Standard deviation.
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Table 3

Birth weight differences associated with 1 standard deviation increase in gene-specific and global DNA
methylation in cord blood leukocytes of 219 infant participants in a prospective birth cohort in Mexico City,
Mexico.

Gene/locus Mean weight for model 1†; g (95% CI) Mean weight for model 2‡; g (95% CI)

IGF2 regulatory complex

ICR1 6 (−47, 58) 3 (−50, 56)

ICR2 −24 (−77, 28) −20 (−72, 32)

H19 promoter 10 (−42, 63) 4 (−49, 57)

Glucocorticoid receptor

GCR −4 (−58, 49) −1 (−53, 52)

NR3C1 −49 (−103, 5) −39 (−94, 15)

Repetitive elements

LINE-1 25 (−27, 78) 16 (−38, 70)

Alu 2 (−50, 55) −8 (−61, 44)

†
Adjusted for gestational age.

‡
Model 1 + adjustment for parity, child sex, maternal age, education and second trimester maternal weight. ICR: Imprinting control region.
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Table 4

Associations of birth weight with DNA methylation stratified by IGF2 CpG site methylation at a SNP.

Gene/locus Allele Mean (SD) Birth weight difference (β); g (95% CI) Interaction p-value

IGF2 regulatory complex

ICR1 SNP† (T allele) 35.2 (2.7) −187 (−389, 15) 0.04

Major C allele 46.7 (3.3) 65 (−61, 190)

ICR2 SNP (T allele) 64.4 (6.9) −92 (−177, −7) 0.04

Major C allele 63.7 (6.6) 21 (−44, 87)

H19 promoter SNP (T allele) 46.4 (2.7) 62 (−20, 143) 0.12

Major C allele 47.1 (2.3) −25 (−96, 46)

Glucocorticoid receptor

GCR SNP (T allele) 61.3 (4.2) 0 (−86, 85) 0.94

Major C allele 61.3 (4.0) −4 (−72, 63)

NR3C1 SNP (T allele) 1.8 (0.9) −64 (−149, 22) 0.50

Major C allele 1.8 (0.8) −25 (−98, 49)

Repetitive elements

LINE-1 SNP (T allele) 84.9 (1.4) −43 (−125, 40) 0.07

Major C allele 85.1 (1.2) 55 (−14, 125)

Alu SNP (T allele) 24.6 (1.2) 9 (−70, 89) 0.60

Major C allele 24.8 (1.0) −19 (−89, 51)

Birth weight differences per SD increment of DNA methylation. Data are stratified by DNA methylation of IGF2, ICR1 position 2 (<20 vs >40%
5-methylcytosines of SNP C–T; rs10732516) and adjusted for infant gestational age, sex, maternal age, education, parity and second trimester
weight.

†
SNP inferred from a lack of methylation probably caused by the paternally inherited T allele, but does not exclude the possibility of a lack of

methylation of a paternally inherited C allele (usually methylated).

ICR: Imprinting control region; SD: Standard deviation.
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