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Abstract
Objectives—DNA methylation is known to play a critical role in regulating development of
placental morphology and physiology. The methylation of genes mediated by glucocorticoid
hormones may be particularly vulnerable to intrauterine stress in the placenta. However little is
known about DNA methylation of stress-related genes within a healthy placenta, and particularly
whether methylation occurs uniformly across different regions of the placenta, which is a critical
question for researchers seeking to analyze methylation patterns. We examined DNA methylation
across four regions of the placenta to evaluate methylation levels of stress-related genes within a
healthy placenta, and to evaluate whether methylation patterns vary by sampling location.

Study Design—We evaluated levels of DNA methylation of three stress-related genes: NR3C1,
BDNF, and 11B-HSD2 and of the repetitive element, LINE-1, in four different sample locations of
20 healthy placentas.

Main Outcome Measures—Pyrosequencing was used to quantify levels of methylation at CpG
sites within the promoter regions of each of the three stress-related genes, and global methylation
of LINE-1.

Results—Very low levels of methylation were found across all three stress-related genes; no
gene showed a median methylation level greater than 4.20% across placental regions. Variation in
methylation between placental regions for stress-related genes and for LINE-1 was minimal.

Conclusions—Our data suggest that these frequently studied stress-related genes have low
levels of methylation in healthy placenta tissue. Minimal variation between sites suggests that
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sampling location does not affect DNA methylation analyses of these genes or of LINE-1
repetitive elements.
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Introduction
A large body of epidemiologic and experimental evidence suggests that exposures to early
life adverse influences may have long-term consequences for health and disease [1]. During
certain critical periods of fetal development, nutritional, disease-related, and psychological
stressors are hypothesized to alter the structure, function, or organization of cells and tissues
in ways that may subsequently affect adult disease susceptibility [2]. While the mechanisms
behind fetal programming are still relatively unclear, epigenetic modifications may be one
process through which environmental exposures could lead to long-term changes in gene
expression. DNA methylation is the best characterized epigenetic modification, in which
methyl groups are added to cytosine nucleotides. These epigenetic mechanisms may be
particularly important in the placenta for fetal programming, as the placenta is located at the
interface of maternal and embryonic environments, and thus may be especially vulnerable to
hormonal influences from both the mother and fetus [3].

Due to the growing interest in the exposure to stress during early development, and its
influence on health over the life course, methylation of stress-related genes has been the
focus of many recent studies in the rodent brain [4], human cord blood, and maternal blood
[5, 6]. Here we define stress-related genes as those that are mediated by exposure to
glucocorticoids, a class of steroid hormones that are elevated in response to stress. We focus
on three stress-related genes, including NR3C1, which encodes the glucocorticoid receptor;
BDNF, which influences neuronal development; and 11B-HSD2, which encodes an enzyme
to regulate the transmission of cortisol to the fetus at the maternal-fetal boundary [7].

NR3C1 and BDNF have been targeted in the fetal programming literature to be particularly
affected by stress in early life in rodents [4, 8], but have not yet been well examined in
human placenta tissue. For example, within the hippocampus of rodent pups, studies have
shown that receiving poor maternal care is associated with increased methylation of NR3C1
and BDNF [4, 8]. Regulation of the 11B-HSD2 gene is particularly important in the placenta,
as it, prevents excess fetal exposure to cortisol [9], which can have negative long term
effects on growth, metabolism, and mental health [10]. Elevated promoter methylation of
11B-HSD2 has been found in peripheral blood leukocytes of patients treated with
glucocorticoids [11]. Researchers have also found that acute, but not chronic, exposure to
stress during pregnancy upregulates placental 11B-HSD2 activity [12], but studies have not
yet reported on methylation in placenta. The long interspersed nuclear element-1 (LINE-1)
is a repetitive element that comprises 20% of the human genome, and is often highly
methylated in somatic tissues [13]. Levels of LINE-1 are informative about potential
genome-wide disturbances in methylation, but in studies of fetal programming, they have
primarily been studied in cord and maternal blood [5, 14]. LINE-1 methylation likely differs
between placenta and blood, as placenta is a proliferating tissue similar to cancerous tumors,
which often show global deregulation [15].

So far, only one study has analyzed DNA methylation levels of one of these three stress-
related genes (NR3C1) in human placenta tissue [16], despite the fact that DNA methylation
is critical to the regulation of placental growth and function [17]. This study of 480
placentas observed low levels of NR3C1 methylation (~3–4%) in placenta tissue from babies
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born small or average for gestational age (SGA, AGA), but slightly higher levels (~5–6%) in
placentas of babies large for gestational age (LGA) [16]. It is unclear whether this small but
significant methylation difference has any long term health consequences, and thus further
study in placenta tissue is warranted.

When analyzing methylation levels of genes in a complex organ such as the placenta, which
contains a mosaic of many different cell and tissue types, it is important to understand the
degree of intra-organ variability. Methylation of stress-related genes may be affected by
stress in different ways within the upper side (generally maternally-derived region) versus
the lower side (generally fetally-derived region) of the placenta, as each may differ in
cellular composition and underlying genome (Figure 1). The physical location of cells
within the placenta can also affect exposure to environmental factors, such as hormones or
oxygen, or affect the proportion of undifferentiated cells at a particular placental site [18].
All of these sources of variation could contribute to different epigenetic profiles across the
placenta, and must be considered when determining a sampling strategy.

Knowledge of the normal variation in methylation across a healthy organ is also useful for
characterizing and predicting abnormal organ development, which is particularly important
for an organ such as placenta, which exhibits an extremely wide range of normal variation in
size and structure [18]. However, only a few prior studies have investigated intra-placental
variation in DNA methylation, [18–20] most of which focused only on the chorionic villi,
and to our knowledge, none of which have considered stress-related genes. Thus it is not
clear whether and how methylation patterns may vary across placental regions among stress-
related genes previously identified as important in studies of fetal programming.

In the current study, we evaluated the variation and distribution of DNA methylation within
placenta tissues of 20 healthy individuals of three stress-related genes, as well as for the
LINE-1 repetitive element. These data can help us understand the levels of methylation at
key stress-related genes, and the effect of sampling location on methylation patterns in
placenta tissue.

Methods
Study population

The placenta samples investigated in this study were selected from the Epigenetic Birth
Cohort, which comprises 1941 mother-child dyads collected at the Brigham and Women’s
Hospital in Boston. Collection of data and biospecimens in this cohort has been previously
published [21]. The study protocol was approved by the Institutional Review Boards of
BWH and Harvard School of Public Health.

We selected 20 samples from unrelated self-identified white women to represent a relatively
homogeneous and healthy population, after excluding all pregnancies with any factors
suspected to affect methylation patterns, i.e. twin births, prenatal smoking, drinking, use of
medications, pregnancy complications (e.g. preterm birth, gestational diabetes,
preeclampsia), or assisted reproduction. We also restricted our sample to pregnancies with
gestational age between 37–41 weeks, and elective c-section deliveries, as variation in
method of delivery can affect release of stress hormones that may influence methylation.
Finally, we included only those with some pregnancy folate supplementation, as lack of any
folate consumption may alter methylation patterns.. Sample characteristics are displayed in
Table 1. Though our small sample of 20 individuals has limited power for detecting inter-
individual differences, the four placental samples from each individual provides greater
power for detecting intra-individual differences, which was the focus of this study.
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Sample collection and preparation
One sample (<1 cm3) was taken from each of four different regions of the placenta: 1) near
the cord from the upper layer (Near Upper; NU), 2) at the placenta perimeter from the upper
layer (Far Upper; FU), 3) near the cord from the lower layer (Near Lower; NL), and 4) at the
placenta perimeter from the lower layer (Far Lower; FL) (Figure 1). For all samples, the
cord insertion point was centrally located. Collected samples were snap-frozen and genomic
DNA was isolated from placenta tissue using the QIAamp DNA Mini Kit (Qiagen).

DNA Methylation Assays
Bisulfite conversions were performed in duplicate on every sample using the EZ DNA
Methylation Gold kit (Zymo Research, CA, USA) according to manufacturer’s protocol as
described elsewhere [21]. Methylation was assayed in CpG islands within promoter regions
of three genes, NR3C1, BDNF, and 11B-HSD2, and at the genome-wide repetitive element,
LINE 1. Methylation assays were designed to contain sites previously shown to be regulated
by methylation in NR3C1 and BDNF [5, 6], and a uniquely chosen CpG rich region in 11B-
HSD2, using the Pyromark Assay Design 2.0 Tool (Qiagen), and for LINE-1 using the
PyroMark LINE-1 kit (Qiagen). Primer sequencing information is available in
Supplementary Table 1. Each assay was validated with a methylation scale
(0-20-40-60-80-100% known methylation), described elsewhere [21]. Levels of methylation
between technical replicates were tested for all genes.

Statistical Analyses
Methylation levels for each gene were calculated by taking an average across 5 CpG
dinucleotides for NR3C1, 11 CpGs for BDNF, 14 CpGs for 11B-HSD2, and 3 CpGs for
LINE-1, at each placental region. These levels were compared across all 20 placentas using
Spearman correlations comparing each pair of regions, as levels of methylation were not
normally distributed. Correlations between technical replicates were also calculated across
all genes to test for reproducibility of our assay; e.g. NU fraction of NR3C1 showed a 0.6%
average difference, and no pair of replicates differed by more than 2.6%. The Friedman rank
sum test was used to test for intra-placental differences, while accounting for repeated
measures. Post-hoc analysis was conducted with Wilcoxon signed rank tests. The Bonferroni
method was used to correct for the six pairwise comparisons, corresponding to α-
level=0.0083. All analyses were conducted using R software, v2.10. All statistical tests were
two sided, and p-values of <0.05 were considered statistically significant.

Results
Intra-placental variation in DNA methylation

All three stress-related genes demonstrated low levels of methylation across all four
placental regions (Figure 2, Supplemental Table 2). The lowest methylation levels were
found for NR3C1, with medians ranging from 1.37% to 1.64% across the four placental
regions, and the highest levels were found for BDNF, with medians ranging from 3.25% to
4.20% across all placental regions. These levels were within the same range as those found
for the unmethylated DNA in the methylation scale (data not shown). Median methylation
values for LINE-1 ranged between 49.10% and 50.85% across placental regions (Figure 2,
Supplemental Table 2).

Methylation levels of stress-related genes were very similar across all four placental regions.
For each of the three genes, no two samples differed by more than 4% across any of the four
regions. No significant differences were found between any placental regions for NR3C1. At
least one difference of statistical significance, but of limited magnitude, was found between
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regions for BDNF (  =16.7684, p<0.001) and for 11B-HSD2 (  =9.0706, P=0.028). After
adjusting for multiple testing, significantly greater methylation was found in FU versus FL
regions for both of these genes, as well as significantly greater methylation for FU versus
NL regions for BDNF, and for NU versus FL regions of 11B-HSD2. No significant
differences were found between placental regions of LINE-1.

After Bonferroni adjustment, we found no significant Spearman correlations between pairs
of regions for NR3C1, one significant positive correlation for BDNF (between NU-FU,
ρ=0.69, P=0.001), and one significant positive correlation for 11B-HSD2 (between NU-FU,
ρ=0.74, P<0.001), (Table 2). The NU-FU regions showed the highest and most significant
positive correlations across two of the genes: BDNF (ρ=0.69, P<0.001) and 11B-HSD2
(ρ=0.74, P<0.001). Methylation levels for LINE-1 were all significantly correlated (all
ρ>0.60, all P≤0.005) between all six pairs of regions (Table 2).

We also examined if methylation levels differed significantly between individuals on the
few characteristics that varied in our sample, such as birthweight, placenta
weight:birthweight ratio, and fetal sex. No significant differences between groups across any
of these variables were detected for any of the three stress-related genes (data not shown).
Lower LINE-1 methylation levels were found in placentas of neonates with lower
birthweight and lower placental weight/birthweight ratios in this study, and also in a
previous study using a larger sample from this cohort [21].

Discussion
Methylation levels in stress-related genes and LINE-1

We found very low levels of methylation at all three stress-related genes, regardless of the
sampling region of the placenta. These methylation levels were comparable to levels
previously reported for these genes in cord blood and maternal blood. For example, similarly
low levels of methylation have been found at BDNF (≤8%) across 11 CpG sites that
correspond to those assayed in the current study [6] and ≤5% methylation across all five
corresponding CpG sites in NR3C1 [5] in both cord and maternal blood. One prior study
analyzed methylation of NR3C1 in placenta, and found similarly low (~3%) levels of
methylation at five CpG sites corresponding to those in the current study. However, slightly
higher levels of methylation (~6–6.5%) were identified at seven additional assayed sites
only in placentas of LGA babies [16]. More research is needed to confirm this result and to
determine if this small difference in methylation has significant functional consequences. No
prior studies to date have reported levels of DNA methylation of 11B-HSD2 in human
placenta, though reduced RNA expression in placenta has been associated with higher
maternal anxiety [22], and with pregnancy complications that are not found in our dataset,
such as preeclampsia [23] and growth restricted placentas [24].

Given the low levels of methylation, and very little variation we found in placenta and in
previous reports in blood, we hypothesize that stress effects of these genes may not be as
evident in these tissues compared to brain tissues, where variable methylation has been
observed in rodent brains according to parental care [4] and in the brains of human suicide
victims [25, 26].The low variation we observe in methylation may be related to the
homogeneous sample of healthy mothers, or to the potential lack of variation in maternal
stressors. Though we could not measure maternal stress in this sample, it is unlikely, that all
subjects experienced the same degree of stress during pregnancy. Thus the highly similar
methylation levels across all samples implies that methylation of these genes does not vary
by maternal stress. Furthermore, the consistently low methylation across all samples
indicates that these genes may be constitutively unmethylated in human placenta.
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The median level of 50% methylation we observed for LINE-1 in the placenta were
hypomethylated relative to other tissues, such as blood or brain, which usually have mean
values of ~78–80% [14, 21], and ~66–69% [27], respectively. CpG sites in repetitive
elements are usually highly methylated in order to silence expression and prevent
transposition of these elements into other genomic regions. It is interesting to note that
hypomethylation of LINE-1 is also found in cancer, where it is linked to chromosomal
instability and the reactivation of transposable repetitive elements [15, 28].

Intra-Placental variation
Sampling region of the placenta did not appear to have a large effect on levels of
methylation. In general, the intra-placental variation was very small, though statistically
significant differences were found between some placental regions. The low correlation
values for some regional comparisons could be a statistical artifact of small sample sizes and
small inter-individual variation.. In contrast, all of the LINE-1 methylation levels, which
showed higher values and a larger range of variation than the stress-related genes, were
more highly correlated across placental regions.

The highest correlation between placental regions was generally found for the NU-FU
comparisons. These two regions may be the most similar because the upper side of the
placenta is more likely to contain only fetally-derived cells, whereas lower side could
contain a mix of fetal and maternal cell types. This result is further supported by our finding
of significant methylation differences only when comparing fetal side to maternal side.
Thus, researchers interested in fetal effects may choose to sample consistently from the
upper side of the placenta to avoid potential contamination from maternal decidua on the
lower side. However, the differences in methylation between any two regions in this study
were so small that we predict they will not have a biologically significant effect on fetal
development, though further study is needed to confirm this hypothesis.

Our finding of low variation across the placenta is largely consistent with the results of
Avila et al, who found consistent methylation patterns across four sample sites and four
sample depths for genes related to trophoblast differentiation [18]. However, when they
microdissected the placenta, they found different levels of DNA methylation in the amnion,
chorion, trophoblast, and mesenchyme tissues, respectively, suggesting that microdissection
is necessary when trying to isolate methylation levels in a particular cell or tissue type

The low intra-placental variability in these stress-related genes may not be generalizeable to
other genes of interest. For example, high intra-placental variation was identified for
differentially methylated regions associated with IGF2/H19 and IGF2R [20]. Methylation of
imprinted genes may be more variable across the placenta due to stochastic variation in the
number of trophoblast stem cell progenitors at the time when the imprints were established
[20]. Additionally, genes affected by hypoxia [29] or cell differentiation [19] have shown
greater variation across the placenta. Thus, future studies should evaluate each gene of
interest in a similar manner across sampling sites. Researchers could also try to minimize
any potential variation that might be found in other genes or other placental regions by
sampling and pooling from multiple sites across the placenta, or by carefully sampling from
a single site consistently throughout an entire population.

The strengths of our study are its focus on stress-related genes of interest to researchers of
fetal programming, and in the use of a healthy and relatively homogenous population of
placentas to examine normal levels of variation in methylation. To our knowledge, this is the
first study to investigate methylation levels in these stress-related genes across different
regions of the placenta. Our use of a methylation scale to test the performance of the assay
and of technical replicates for all samples demonstrates the reproducibility of our assays.
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Conclusions
Overall, our results indicate a consistent pattern of very low methylation across all sample
regions in the three stress-related genes, and low levels of methylation for LINE-1 relative to
other tissues. We have also identified that in a healthy sample, there is little intra-placental
variation among these genes. This result suggests that sampling from any site will yield
similar methylation levels, reducing the need to sample from multiple sites. Our findings
provide a starting point for future studies to investigate the variation of these genes among a
more heterogeneous population, including abnormal placental tissue where larger
differences within or between placentas may be detected. Future studies should also
investigate if these small differences in methylation values correlate with mRNA expression
levels, and if differences in methylation or expression across sampling sites can be found in
other genes of interest.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diagram of placenta. This diagram demonstrates the four regions of the placenta sampled in
this study, including Near Upper (NU) and Far Upper (FU) on the fetal side and the Near
Lower (NL) and Far Lower (FL) regions on the maternal side.
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Figure 2.
Variation in methylation by placental region. Each boxplot displays the median and range of
methylation values across the four placental regions for each of the three stress-related genes
and the Line-1 repetitive element.
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Table 1

Sample Characteristics.

Variables (n=20) Mean (range)

Mean Maternal Age, years (range) 35.2 (29–42)

Sex of the baby, female 65%

Mean Gestational age, weeks (range) 38.8 (37.1–39.7)

Maternal pre-pregnancy BMI, kg/m2 (range) 23.9 (20.0–30.9)

Mean birth weight, g (range) 3551.6 (3185.0–4026.0)

Mean placental weight, g (range) 866.9 (674.0–1156.0)

Average size for gestational age* 85%

Large for gestational age* 15%

*
AGA and LGA were determined according to customized percentiles calculated with GROW software [32].
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