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Aim: To determine associations between methylation of NR3C1, HSD11B2, FKBP5 and 
ADCYAP1R1 and newborn neurobehavioral outcomes. Methods: In 537 newborns, 
placental methylation was quantified using bisulfite pyrosequencing. Profiles 
of neurobehavior were derived via the Neonatal Intensive Care Unit Network 
Neurobehavioral Scales. Using exploratory factor analysis, the relationships between 
methylation factor scores and neurobehavioral profiles were examined. Results: 
Increased scores of the factor characterized by NR3C1 methylation were associated 
with membership in a reactive, poorly regulated profile (odds ratio: 1.47; 95% CI: 
1.00–2.18), while increased scores of the factor characterized by HSD11B2 methylation 
reduced this risk. Conclusion: These results suggest that coordinated regulation of 
these genes influences neurobehavior and demonstrates the importance of examining 
these alterations in a harmonized fashion.

Keywords:  ADCYAP1R1 • fetal basis of adult disease • FKBP5 • glucocorticoids • HSD11B2 
• neurobehavior • NR3C1 • placenta

Codified in the developmental origins of 
health and disease framework, the in utero 
environment transmits signals to the fetus 
during critical developmental windows that 
have long-term impacts on various aspects of 
health including neurodevelopment. Mater-
nal cortisol levels increase over the course of 
gestation and appropriate control of glucocor-
ticoid exposure is necessary for proper fetal 
development. Excessive exposure can con-
tribute to dysregulation of the fetal cortisol 
response pathway, and may be detrimental to 
appropriate neurodevelopment [1,2]. The pla-
centa is an endocrine organ that regulates the 
fetal environment and specifically fetal glu-
cocorticoid exposure by expressing glucocor-
ticoid uptake and inactivation genes, which 
shield the developing infant from excessive 
glucocorticoid exposure  [3,4]. Appropriate 
functioning of the placenta is crucial to fetal 
development, and can be perturbed by epi-
genetic regulation. DNA methylation is a 
form of epigenetic variation that alters gene 
transcription potential  [5]. This methylation 

may be susceptible to alteration by the envi-
ronment, and emerging research has high-
lighted DNA methylation during the in utero 
period as a potential mechanism underlying 
prenatal programming [3].

NR3C1 encodes the glucocorticoid recep-
tor, the primary nuclear receptor that elicits 
transcriptional activation of cortisol response 
pathways, and is highly expressed in the devel-
oping placenta through the end of gestation. 
In rodents, poor maternal care was associated 
with increased hippocampal NR3C1 exon 1

7
 

(equivalent to human exon 1F) methylation 
and increased anxiety-like behavior in the 
offspring  [6]. Placental methylation of the 
same region (13 CpGs within exon 1F) has 
been associated with infant cortisol reactiv-
ity quantified through salivary cortisol mea-
surements [7], suggesting that methylation of 
this region plays a role in programming the 
developing stress response. Placental NR3C1 
exon 1 methylation has been associated with 
decreased expression, infant birth weight  [8] 
and infant neurobehavioral outcomes  [9,10]. 
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As reviewed in Lester et al.,  [3], multiple studies have 
identified that aberrant methylation of this region dis-
rupt infant neurobehavioral development and cortisol 
response throughout life.

Eleven beta hydroxysteroid dehydrogenase type 2 
converts cortisol to its inactive form, cortisone, thereby 
limiting fetal exposure to maternal circulating active 
cortisol  [11]. Placental methylation of four CpGs 
within the HSD11B2 promoter is negatively corre-
lated with placental HSD11B2 expression  [12], which 
may lead to increased fetal glucocorticoid exposure 
in utero. Implicating this alteration to fetal program-
ming, placental HSD11B2 promoter methylation has 
been associated with prenatal adversity  [13], reduced 
newborn quality of movement  [12] and through an 
interaction with maternal anxiety to poor newborn 
muscle tone [10].

FKBP5 reduces cellular glucocorticoid response by 
impeding nuclear translocation of the glucocorticoid 
receptor  [14]. FKBP5 is expressed in the placenta  [15], 
and methylation of two CpGs within intron 7 has 
been associated with decreased placental gene expres-
sion [16]. In infants, placental FKBP5 methylation has 
been associated with increased arousal scores, which 
reflect inappropriate hyper-reactivity and sensitivity to 
the environment [16]. In peripheral blood from adults, 
methylation of this same region has been associated 
with post-traumatic stress disorder (PTSD), which is 
characterized by dysregulated stress response [17].

PACAP is neurotransmitter that stimulates corti-
sol secretion in adrenocortical cells when it binds to 
its receptor PAC

1
  [18]. PAC

1
 antagonism stimulates 

the hypothalamic–pituitary–adrenal (HPA) axis and 
attenuates corticosterone release in rodents [19]. There 
is increased placental expression of ADCYAP1 and 
ADCYAP1R1 over the course of gestation, which may 
promote placental growth  [20]. Expression of ADCY-
AP1R1 is upregulated in rodents by both fear condi-
tioning and estrogen [21], and methylation of one CpG 
in the ADCYAP1R1 promoter in white blood cells has 
been associated with PTSD in a sex-specific manner 
among adults  [21], as well as asthma and exposure to 
violence in children  [22]. This suggests that the envi-
ronment can influence ADCYAP1R1 methylation at 
this region and potentially contribute to mental health 
outcomes.

FKBP5, HSD11B2, NR3C1 and PAC
1
 operate in a 

concerted fashion to regulate glucocorticoid secretion 
and cortisol response in the placenta and in other tis-
sues. There is a growing interest in examining multiple 
factors as implied in the ‘genoset’ concept described in 
Bogdan et al. [23]. Previous work has examined the joint 
contribution of NR3C1 and HSD11B2 methylation in 
the placenta and components of neurodevelopment [24], 

and in this study we sought to provide a more integrated 
assessment of genes involved in cortisol response and 
their contribution to risk of neurobehavioral adversity. 
We examined the relationship between methylation 
of FKBP5, HSD11B2, NR3C1 and ADCYAP1R1 and 
newborn neurobehavioral outcomes using the Neo-
natal Intensive Care Unit Network Neurobehavioral 
Scales (NNNS), a validated, quantitative and prospec-
tively predictive assessment of infant neurobehavior. 
The regions we have elected to sequence were selected 
because of prior biological evidence showing a relation-
ship between methylation of these genes and cortisol 
response in other studies  [6–10,12,13,16,17,21,22]. We sum-
marized methylation data across these genes through 
exploratory factor analysis. This approach allowed us 
to distill this moderately high dimensional data into a 
smaller number of latent variables in order to appropri-
ately represent variability of methylation in these regions 
preserving correlation structure and to overcome type I 
error related to a large number of comparisons being 
made. The factors generated are a data-driven sum-
mary statistic of the methylation status of glucocorti-
coid response genes in the placenta, and provide a more 
holistic assessment of methylation status of these can-
didate genes than using the mean of each gene indi-
vidually. Factor analysis techniques are commonly used 
in psychology studies, and have been used to examine 
high dimensionality datasets including gene-expression 
data [25,26] and microarray data [27]. This is also among 
the first studies to conduct an integrated assessment 
of the relationship between placental glucocorticoid 
response genes and infant neurobehavior.

Methods
Study population
The infants involved in this analysis represent all 
infants enrolled in the Rhode Island Child Health 
Study (RICHS) from September 2010 until Febru-
ary 2013 that completed the neurobehavioral assess-
ments (NNNS) at birth (n = 537). RICHS recruited 
mother-infant pairs from Women and Infants Hospital 
of Rhode Island. Newborns considered large for gesta-
tional age (LGA) and small for gestational age (SGA) 
were matched to adequate for gestational age (AGA) 
infants on sex, gestational age (±3 days) and maternal 
age (±2 years). Further Information about the cohort 
has been previously described [12]. All patients provided 
written informed consent for participation under pro-
tocols approved by the institutional review boards at 
Women and Infants Hospital and Dartmouth College.

Clinical measures of infant neurobehavior
Newborn neurobehavior was assessed via the NNNS, 
which was administered by certified psychome-
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trists after the first 24 h of life, prior to hospital dis-
charge. Individual components of the NNNS were 
compiled into a series of 13 summary scores  [28]. 
A recursively partitioned mixed model algorithm 
(RPMM)  [29] was previously used to hierarchically 
cluster these scores into seven unique neurobehav-
ioral profiles, which are described in Lesseur et al. [30], 
and information about these profiles is provided in 
Supplementary Table 1 (see online at www.futuremedi-
cine.com/doi/suppl/10.2217/epi.15.28).

Sample collection, DNA extraction & bisulfite 
modification
For each subject, placental parenchyma from stan-
dardized points 2 cm from the umbilical cord inser-
tion site were excised from the fetal portion of the 
placenta, free of maternal decidua. Samples were 
placed immediately in RNAlater (Thermo Fisher, 
MA, USA) and stored at 4°C. At least 72 h later, 
samples were removed from RNAlater, blotted 
dry, snap frozen in liquid nitrogen, pulverized to a 
homogenous powder using a liquid nitrogen cooled 
stainless-steel mortar and pestle (Cellcrusher, OR, 
USA), and stored at -80°C. DNA was extracted using 
the DNeasy Blood & Tissue Kit (Qiagen, CA, USA) 
and was quantified using the Nanodrop ND-2000 
spectrophotometer (Thermo Fisher). DNA was bisul-
fite modified using the EZ-DNA methylation plate 
kit (Zymo Research, CA, USA) and stored at -20°C 
before analysis. All bisulfite converted DNA was used 
within 6 months of conversion. All procedures were 
performed following manufacturer’s instructions.

Bisulfite pyrosequencing
We quantified methylation of 24 CpGs from selected 
regions of NR3C1, HSD11B2, ADCYAP1R1 and 
FKBP5 (Figure 1 & Supplementary Table 2). This 
included 13 CpGs within the exon 1F of NR3C1 that 
reside in a region of epigenetic control region identi-
fied in rodents [6], and have been associated with infant 
and adult neurological outcomes [7–10,31–35]; four CpGs 
in the HSD11B2 promoter that were previously asso-
ciated with infant neurobehavior  [10,12–13]; two CpGs 
within intron 7 of FKBP5 that bind to the FKBP5 
transcriptional start site to exhibit transcriptional 
control  [16] and have been associated with phenotypes 
related to dysregulation of the HPA axis [16,17]; and five 
CpGs surrounding Chr 7: 31081720 (GRCh37/hg19), 
a location in the ADCYAP1R1 promoter that corre-
sponds to Cg11218385 of the Infinium HumanMeth-
ylation 27K BeadChip array and has been associated 
with stress-related adversity  [21,22]. Chromosomal 
locations and genomic annotation are provided in 
Supplementary Table 2.

All samples were amplified for each assay using a 
PyroMark PCR Kit (Qiagen). Primer design and 
cycling conditions described in Supplementary Table 2. 
PCR products were sequenced using a PyroMark MD 
system (Qiagen). Each sequencing run contained no 
template, genomic DNA negative controls to ensure 
there was no contamination, and methylated and 
unmethylated controls to assess the validity of the 
sequencing results (Qiagen). Conversion efficiency 
was assessed using a bisulfite conversion control within 
each assay. All PCR samples were pyrosequenced in 
triplicate, and methylation was defined as the mean 
of these technical triplicates. Outliers were defined as 
a deviation of greater than 5% from the mean of all 
samples, and samples with outliers were resequenced.

Statistical analysis
Methylation at individual CpGs were expressed as 
Z scores, and the relationship between CpGs examined 
using Pearson correlations. In this study we utilized 
factor analysis, which is a statistical technique that can 
describe variability among a number of measured, corre-
lated variables (in this case specific CpG sites) as a lower 
number of latent factors, in order to reduce the number of 
comparisons made. Maximum likelihood factor analysis 
was performed with a varimax orthogonal rotation using 
the package Psych in R version 3.1.1. Factor significance 
was defined by an eigenvalue greater than 1 and explain-
ing greater than 10% of the proportion of variation [36]. 
Factor loadings, which represent the correlation between 
methylation of individual CpGs and factor scores were 
obtained to identify contributions of individual CpGs 
to each factor. Factor scores, which represent an indi-
vidual’s placing in a latent factor, from each of the three 
significant factors were used in subsequent analysis.

To explore the relationship between the latent meth-
ylation variables created through factor analysis and 
infant neurobehavioral profiles, polytomous regression 
was performed using NNET. Profile 2 was treated as the 
reference group in this analysis as this group displayed 
scores on each of the NNNS scales within a half a stan-
dard deviation of the overall population average, indicat-
ing average functioning across neurobehavioral domains 
(Supplementary Table 1). This model is adjusted for 
infant sex (male, female), as well as birth weight group 
(adequate for gestational age, large for gestational age 
and small for gestational age). We initially included 
maternal ethnicity (white, other), maternal education 
(high school or less, greater then high school), maternal 
smoking (yes, no) and maternal age group (less than 
18–27, 27–32, greater than 32 years) as covariates in 
the model, and used backward selection to remove these 
covariates because they were not significantly associated 
with NNNS profile and did not alter the estimates of 
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Figure 1. Sequencing strategy. Regions sequenced for each of the four candidate genes in this study. 
Transcriptional start site (orange), exons are represented as dark blue boxes, and introns represented as green 
boxes. 
TSS: Transcriptional start site.
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effect of the methylation factors on profile membership 
by greater than 10%.

Results
Descriptive statistics & bivariate analyses
Demographic characteristics of the 537 infants in this 
study are shown in Table 1. Females and males are nearly 
evenly distributed in this study (48.8 vs 51.2%). The 
distribution of birth weight groups reflects the study 
sampling strategy, which oversampled for large for gesta-
tional age (LGA; >90th birth weight percentile, 25.2%) 
and small for gestational age (SGA, <10th birth weight 
percentile, 19.8%) infants. The majority of women were 
white (72%) and had achieved a high school degree or 
higher (72.67%).

Average methylation of each of the 24 CpGs sequenced 
is shown in Supplementary Table 3. NR3C1, ADCY-
AP1R1 and HSD11B2 were relatively hypomethylated 
(less than 20%), whereas FKBP5 was hypermethylated 

(greater than 80%). As shown in Figure 2, adjacent CpGs 
within the same gene were mostly moderately to strongly 
correlated (r range 0.08–0.84; Supplementary Table 4). 
We observed mainly weak correlations between indi-
vidual CpGs located on different genes that mostly did 
not reach statistical significance (r range -0.24–0.13). 
NR3C1 CpGs were weakly correlated with FKBP5 
CpGs (correlation range -0.17–0.07), although this only 
reached statistical significance between FKBP5 CpG 2 
and NR3C1 CpG 3 and 4. There were a series of statisti-
cally significant negative correlations between HSD11B2 
CpGs and the majority of NR3C1 CpG sites (r range 
-0.24–0.02).

Factor analysis defines three factors that explain 
variability in methylation
Using maximum likelihood factor analysis over the 
24 normalized CpG sites, we identified three signifi-
cant orthogonal factors with eigenvalues greater than 1. 
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Figure 3 shows the loadings of each CpG onto individual 
factors, where the factor loading is the correlation coeffi-
cient between the factor scores and methylation at each of 
the CpGs. Correlations between factor scores and meth-
ylation at individual CpGs greater than 0.3 were con-
sidered significant loadings. Factor 1 explained 23% of 
the proportional variation in methylation, with an eigen-
value of 5.54. It was significantly loaded by methylation 
of NR3C1 exon 1F CpGs 3 and 5–13. Factor 2 was sig-
nificantly loaded by HSD11B2 CpGs 1–4, and explained 
12% of the proportional variation in methylation, with 
an eigenvalue of 2.91. Factor 3 (ADCYAP1R1 meth-
ylation factor) was significantly loaded by ADCYAP1R1 
CpGs 1–5, and explained 12% of the proportional varia-
tion in methylation, with an eigenvalue of 2.80. Each fac-
tor was only loaded by CpGs from individual genes, and 
each CpG was significantly correlated and loaded onto 
only one factor. CpGs that did not load onto any factor, 
including FKBP5 CpGs 1 and 2, and NR3C1 CpGs 2 
and 4, were not represented in subsequent analysis, which 
used these latent factors to represent methylation.

Methylation of cortisol regulation genes  
& infant neurobehavior
Next, we sought to identify how these latent methylation 
factors altered membership in profiles of infant behav-
ior. The unadjusted model linking the methylation fac-
tors to the seven neurobehavioral profiles is shown in 
Supplementary Table 5, while the model adjusted sex and 
birth weight group is displayed as Table 2. Figure 4 shows 
the differences in standardized NNNS scores between 
only profiles 2 (average/ref) and 6 (reactive/poorly 
regulated), Compared to profile 2, infants in profile 6 
had decreased quality of movement and self-regulation, 
increased arousal and excitability, and increased nonop-
timal refluxes and stress abstinence scores, and thus are 
referred to as ‘poorly regulated/reactive.’ In the adjusted 
model, a 1 unit increase in factor 1 resulted in a 47% 
increased odds of membership in profile 6 compared with 
profile 2 (odds ratio [OR]: 1.47; 95% CI: 1.00–2.21). 
We observed that latent factor 2 was associated with 
reduced odds of membership in profile 6, although 
with wide confidence intervals (OR: 0.76; 95% CI: 
0.55–1.05; Table 2). We found no significant relation-
ships between Factor 3, characterized by methylation of 
the ADCYAP1R1, and any neurobehavioral profile.

Discussion
The control of fetal exposure to glucocorticoids is critical 
to the normal programming of the developing infant’s 
neural circuitry. The placenta modulates fetal exposure 
to maternal cortisol, and this function is linked, in 
part, to the activities of the four glucocorticoid response 
genes examined in this study. We examined the impact 

of this methylation in a concerted fashion across these 
genes on risk of neurobehavioral adversity in a popula-
tion of healthy, term newborns and identified an oppos-
ing relationship between methylation of the glucocor-
ticoid receptor (NR3C1) and HSD11B2 and risk of 
membership in a neurobehavioral profile of infants who 
are highly excitable, highly aroused and reactive and as 
a consequence are poorly regulated, have poor quality 
of movement and poor attention requiring increased 
handling and demonstrate an elevated number of signs 
of stress.

In order to look at contributions of individual 
CpGs from multiple genes simultaneously, we con-

Table 1. Infant clinical and demographic information.

Clinical and demographic information  n (%)

Birth weight group:   

– AGA 290 (54.1)

– LGA 137 (25.6)

– SGA 109 (20.3)

Sex:  

– Female 274 (51.1)

– Male 262 (48.9)

Anxiety pregnancy:  

– No 457 (85.3)

– Yes 69 (12.9)

Depression pregnancy:  

– No 452 (84.3)

– Yes 74 (13.8)

Tobacco pregnancy:  

– No 487 (92.1)

– Yes 42 (7.9)

Maternal ethnicity:  

– White 384(72)

– Other 149 (28)

Maternal education:  

– High school graduate or less 146 (27.4)

– Greater than high school education 386 (72.6)

Maternal age (years):  

– 18–27 167 (31.2)

– 27–32 201 (37.5)

– >32 168 (31.3)

Infant gestational age (weeks):  

– 37–39 113 (21.1)

– 39 or higher 423 (78.9)

AGA: Adequate for gestational age; LGA: Large for gestational age; SGA: Small for 
gestational age. 
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ducted exploratory factor analysis to generate orthogo-
nal latent methylation factors that loaded differently 
onto individual CpG sites. Factor 1 strongly loaded 
on NR3C1 exon IF CpG 3 and 6–13, and mean meth-
ylation of this region has previously been associated 
with decreased NR3C1 expression in the placenta  [9]. 
Similarly, factor 2 strongly loaded on the four CpGs 
in the HSD11B2 promoter, and mean methylation of 
these four CpGs has previously been associated with 
decreased HSD11B2 expression in the placenta  [12]. 
Factor 3 strongly loaded on the five CpGs in the 
ADCYAP1R1 promoter region. All CpGs loaded sig-
nificantly onto only one factor, and FKBP5 CpGs did 
not significantly load onto any of the factors generated 
by our analysis, which may be due to the small number 

of CpGs examined, as FKBP5 CpGs were only cor-
related with each other. As a result, we were unable 
to observe any associations between neurobehavioral 
outcomes and FKBP5 methylation using this strategy.

Through factor analysis, we generated a data-
driven summary statistic that quantified methyla-
tion of these complicated regulatory regions across 
several genes, while avoiding multiple comparisons 
and generalizations that would have been made by 
using a simple summary statistic such as the mean 
across these entire regions, which may not take into 
account the more complex correlation structure of 
the methylation of these CpGs. Dimension reduc-
tion techniques such as exploratory factor analysis 
and principle components analysis are commonly 

Figure 2. Correlations between methylation of CpGs within and across candidate genes. Correlogram of correlation coefficients 
derived from Pearson correlations between methylation of CpGs within the same gene (NR3C1, HSD11B2, FKBP5, ADCYAP1R1) 
(indicated by green lines) and across the six different combinations of genes (indicated by orange lines). Red squares with left 
justified slashes represent negative correlations, and blue squares with right justified slashes represent positive associations. The 
depth of the shading represents the strength of the association.
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Figure 3. Loading of individual CpGs onto latent methylation variables. Heat map displaying the loading of each 
of the 24 CpGs across the three latent factors. Factor loadings (correlation) greater then 0.3 were considered 
significant, and are highlighted in dark blue.
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used tools in psychology  [37], and can be applied to 
high dimensionality biological data to identifying 
patterns of association, associating gene and expres-
sion patterns and uncovering underlying factors 
responsible for cellular phenotype  [25]. There are a 
number of examples of these techniques applied to 
gene expression datasets  [38] as well as microRNA 
data  [39], but there are limited applications to the 
study of DNA methylation, and most prior studies 
have used this technique to summarize methylation 
across single genes [31,40], or across complex microar-
ray data  [39]. However, factor analysis may be more 
appropriate in hypothesis-driven gene studies, par-
ticularly involving multiple candidate genes [41], due 
to the dimensionality of the data as well as the likeli-
hood of correlations among CpGs. In this example, 
factor analysis provided us with a more data-driven 
summary statistic than the mean alone, providing a 
clearer understanding of the contributions of related 
CpGs to neurobehavior.

We found that increasing scores of the methylation 
factor loaded by NR3C1 was associated with increased 
odds of membership in a reactive, poorly regulated 
profile. This profile bears resemblance to a profile in 
an independent population of infants exposed to a 

higher degree of prenatal adversity. This prior study 
showed that infants with these NNNS scores were 
more likely to experience medical and behavioral 
problems at 4.5 years of age  [42]. These poorly regu-
lated, reactive infants exhibit characteristics sugges-
tive of altered glucocorticoid signaling. Specifically, 
infants in this profile have poor motor control, which 
has been linked to inadequate exposure to maternal 
cortisol [43]. In addition, the high arousal, and excit-
ability of these infants, coupled with their poor self-
regulation may be reflective of increased stress and a 
hypervigilant response to the environment. In adults, 
hypervigilant responses have been linked to reduced 
levels of cortisol and alterations to the glucocorticoid 
response pathway  [44], and are traditionally associ-
ated with affective disorders such as post-traumatic 
stress disorder. Although it remains unclear how the 
NNNS scores observed in infancy directly correspond 
to adult health outcomes, these scores are suggestive 
of poor adaptability and increased stress in response 
to the postnatal environment.

We observed significant negative correlations 
between NR3C1 and HSD11B2 CpGs, which aligns 
with the opposing roles of cortisol inactivation and 
response played by these gene products. The nega-
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tive correlation between methylation of NR3C1 
and HSD11B2 CpGs indicates that individuals with 
increased NR3C1 methylation would likely have 
lower HSD11B2 methylation. In line with these corre-
lations, we observed opposing relationships between 
HSD11B2 and NR3C1 methylation factors and mem-
bership in the high-risk profile that displays signs of 
glucocorticoid dysregulation and inappropriate stress 
response. Infants with increased factor 1 (loaded by 
methylation of NR3C1 CpGs) are more likely to be 
in this risk profile, and infants with increased load-
ing of factor 2 (loaded by HSD11B2 CpGs) are less 
likely to be in this risk profile. We speculate that 
increased NR3C1 methylation may lead to reduced 
glucocorticoid receptor density of the placenta and 
inadequate placental cortisol response and signaling 
in utero. Decreased methylation of HSD11B2 may 
result in increased inactivation of cortisol by the 
placenta. We speculate that infants with decreased 
HSD11B2 methylation would likely have decreased 
cortisol levels in utero. Thus, infants in the reactive, 
poorly regulated profile display a pattern of methyla-
tion that may contribute to limited glucocorticoid 
signaling in utero.

Although prenatal stress and elevated cortisol levels 
are traditionally associated with adverse neurological 

outcomes [45], some level of cortisol exposure is neces-
sary for development, as glucocorticoids help shape the 
development of neuronal systems, including the HPA 
axis [2,46]. These results are concurrent with prior stud-
ies involving NR3C1 methylation, where increased 
methylation was associated with increased anxiety in 
animals (methylation measured in hippocampus)  [6], 
increased cortisol reactivity in infants (cord blood 
methylation) and attenuated cortisol response in adults 
(leukocyte methylation)  [33]. Infants in profiles that 
present with deficiencies across different neurobehav-
ioral domains may experience reduced glucocorticoid 
signaling in utero due to epigenetic patterning of these 
cortisol response genes, which appears to manifest as 
a reduced adaptability to the stresses of the postnatal 
environment. In contrast, infants in our reference pro-
file with a pattern of methylation reflective of increased 
cortisol signaling in utero, have average functioning 
across multiple domains exhibit increased resiliency to 
these postnatal stressors. These observations are con-
current with the fetal programming theory, where a 
blunted cortisol response in infants has been hypoth-
esized to lead to inadequate stress response over time, 
and increased risk of affective disorders [3,47].

Prior work in a subset of individuals from this 
cohort identified associations between mean methyla-

Table 2. Adjusted polytomous regression models for the association between latent methylation factors and profiles 
of infant neurodevelopment.

Predictors  
 

Profile 1  
(n = 57),
OR (CI)

Profile 2  
(n = 83),
OR (CI)

Profile 3  
(n = 62),
OR (CI)

Profile 4  
(n = 78),
OR (CI)

Profile 5  
(n = 93),
OR (CI)

Profile 6  
(n = 96),
OR (CI)

Profile 7  
(n = 43),
OR (CI)

Latent methylation 
variables:

 
  

 
 

 
 

 
 

 
 

 
 

 
 

– Factor 1 1.38  
(0.89–2.12)

Ref. 1.43  
(0.93–2.21)

1.30  
(0.85–2.00)

1.02  
(0.66–1.59)

1.47  
(1.00–2.18)

1.16  
(0.7–1.95)

– Factor 2 0.75  
(0.52–1.08)

Ref. 0.73  
(0.50–1.06)

0.81  
(0.58–1.15)

0.74  
(0.53–1.03)

0.76  
(0.55–1.05)

0.80  
(0.53–1.23)

– Factor 3 0.942  
(0.64–1.33)

Ref. 0.90  
(0.62–1.31)

0.94  
(0.67–1.32)

0.84 (0.60–
1.18)

1.03  
(0.76–1.41)

0.66  
(0.40–1.09)

Gender:              

– Female Ref. Ref. Ref. Ref. Ref. Ref. Ref.

– Male 1.66  
(0.80–3.48)

Ref. 1.29 
(0.61–2.70)

0.94  
(0.67–1.32)

1.23  
(0.64–2.38)

0.84  
(0.44–1.61)

1.29  
(0.57–2.92)

Birth weight group:              

– AGA Ref. Ref. Ref. Ref. Ref. Ref. Ref.

– LGA 1.10  
(0.46–2.63)

Ref. 0.75  
(0.30–1.87)

0.71  
(0.31–1.63)

0.98  
(0.45–2.12)

0.90  
(0.42–1.96)

1.87 
 (0.76–4.60)

– SGA 1.87  
(0.73–4.77)

Ref. 1.37  
(0.53–3.55)

0.60  
(0.22–1.65)

1.26  
(0.52–3.04)

1.26  
(0.54–2.97)

1.04  
(0.31–3.48)

AGA: Adequate for gestational age; LGA: Large for gestational age; SGA: Small for gestational age; OR: Odds ratio.
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tion of NR3C1 and HSD11B2 and singular NNNS 
measurements  [24]. Infants with high NR3C1 meth-
ylation and low HSD11B2 methylation had sig-
nificantly higher asymmetrical refluxes, and infants 
with lower NR3C1 methylation and high HSD11B2 
methylation exhibited lower excitability. We sought 
to expand this analysis including additional genes and 
using a more meaningful neurobehavioral outcome 
which may denote a subset of infants with a potential 
for later childhood mental and physical health risk. 
The NNNS profiles allow us to examine multiple 
NNNS scores that represent different cognitive motor 
controls simultaneously, while reducing the number 
of comparisons, and we have expanded to a larger 
panel of genes and utilize an approach that takes into 
account differential DNA methylation levels across 
genes in a more sophisticated technique then use of 
the mean alone, distilling the data to clearly identify 
the contribution of different CpGs. This work com-
pliments our previous findings  [24], as infants in our 

poorly regulated/reactive profile exhibit increased 
excitability compared with infants in the reference 
profile. These complimentary results suggest that 
exploratory factor analysis can be utilized to identify 
meaningful associations, between DNA methylation 
and neurobehavioral outcomes. It also highlights 
the role of NR3C1 and HSD11B2, as methylation of 
these genes emerge as the most important contribu-
tors to membership in neurobehavioral profiles in the 
context of a larger panel of genes.

We were unable to observe any associations 
between infant neurobehavioral outcomes and latent 
factor 3, which was loaded by ADCYAP1R1 meth-
ylation and represented 12% of the underlying varia-
tion in methylation across 24 CpGs. Our inability 
to observe associations suggests that this approach 
may not fully characterize the relationships between 
methylation of this gene and these neurobehavioral 
outcomes, and suggests that more traditional analy-
ses specifically examining ADCYAP1R1, may be war-

Figure 4. Standardized neonatal intensive care unit network neurobehavioral scales scores across 
neurobehavioral profiles of interest. Standardized NICU Network Neurobehavioral scales in relation to the mean 
across all groups for profile 2 (average functioning: n = 83) and profile 6 (reactive/poorly regulated: n = 96).
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ranted. At the same time, it may not be surprising 
that we could not link methylation of this region 
to neurobehavioral outcomes in this relatively low-
risk infant population, as prior studies have shown 
ADCYAP1R1 promoter methylation associated with 
adverse outcomes in high-risk infants experiencing 
extreme adversity  [21,22]. Our null findings are con-
current with prior studies identifying no association 
between cord blood PACAP expression and other 
infant health outcomes [48].

Our interpretation of the data generated through 
this analysis is limited by common methodological 
and study design issues commonly encountered in 
epidemiological studies of DNA methylation. We 
attempted to limit the number of multiple compari-
sons made in this study by utilizing infant profiles 
instead of individual NNNS scores through our poly-
tomous regression models. We recognize that the pla-
cental parenchyma examined is composed of a variety 
of different cell types, and since DNA methylation is 
cell type-specific, cell type proportions may confound 
results of both candidate gene and genome-wide 
methylation analyses. In genome-wide studies, there 
are statistical techniques available to correct for these 
problems [49], but these techniques cannot be applied 
to candidate gene studies, and so future candidate 
gene analyses may consider isolation of highly puri-
fied cell types in order to isolate these effects, which is 
beyond the scope of this study. We also did not dem-
onstrate, specifically, the relationship between the 
factor scores identified and gene expression of these 
candidate genes, although the relationship between 
mean methylation and expression of these genes has 
been reported previously  [9,12,16]. Finally, this is an 
observational study and we cannot directly measure 
how DNA methylation influences the complex neu-
robehavioral traits described in this analysis, and can 
only make assumptions on the underlying biological 
mechanism based on previous studies and the func-
tional significance of these genes. We would encour-
age further analysis of the relationship between meth-
ylation of these genes in and infant cortisol response 
in other populations, including an analysis of mater-
nal or fetal cortisol reactivity or cortisol levels in the 
placenta if possible, to further elucidate the biological 
relevance of these observations.

Strengths of this study are the unique application 
of the NNNS assessment, which has shown efficacy 
in predicting motor outcomes in older infants as 
quantified through the Bayley psychomotor develop-
mental index  [50], and identifying changes in brain 
physiology quantified through MRI [51,52]. This study 
utilizes established profiles generated through NNNS 
scores, which provides an integrated assessment of 

multiple NNNS scores across different cognitive 
domains, and reduces the number of comparisons. 
Multiple studies from different centers analyzing both 
high- and low-risk infants have utilized clustering 
based approaches to derive profiles, and these profiles 
are relatively similar [42,53], indicating that the NNNS 
profiles may be generalizable to multiple populations 
and allows easier identification of at-risk individuals. 
.The cohort examined represents a relatively healthy 
population and the in utero adversity experienced 
by these infants is likely similar to the population at 
large, enhancing the generalizability of our findings. 
Another strength of this study lies within the use of 
placenta as a relevant biomarker, as this tissue plays a 
key functional role in controlling fetal glucocorticoid 
exposures, something that studies of other tissues like 
blood may not represent. The placenta has emerged as 
a key biomarker to examine the in utero environment 
because of its functional relevance, environmentally 
altered epigenetic signatures and accessibility [54].

Conclusion
This study is among the first to apply exploratory 
factor analysis as a data reduction technique to meth-
ylation data across multiple candidate genes, and we 
encourage broader application to explore interactions 
between methylation of multiple candidate genes. 
Our findings suggest that methylation patterning 
of glucocorticoid response genes results in a degree 
of inability to adapt to the stresses in the postnatal 
environment among healthy populations of infants 
exposed to low-to-moderate prenatal stress. Further 
analysis is needed to identify predictors of methyla-
tion of glucocorticoid response genes, and the mecha-
nism by which methylation of cortisol response genes 
influences lifelong cortisol response and disorders 
associated with dysregulation of the HPA axis.

Future perspective
This study compliments the growing body of evi-
dence implicating aberrant methylation of glucocor-
ticoid response genes in infant neurobehavioral out-
comes, which have implications for long-term mental 
health and cognitive outcomes. Longitudinal stud-
ies are necessary to determine the influence of pla-
cental epigenetics on these outcomes directly. This 
study provides an important impetus for mechanis-
tic research to further define the role of factors that 
respond to glucocorticoids in the placenta and infant 
brain development. Altogether, identification of sites 
with epigenetic dysregulation may provide us with 
valuable biomarkers that may predict risk of mental 
health adversity, which would be useful for clinical 
intervention.
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Executive summary

Background
•	 Glucocorticoids play an important role in fetal brain development, and cortisol exposure is associated with 

infant neurobehavioral outcomes.
•	 DNA methylation of four genes involved in glucocorticoid response, NR3C1, HSD11B2, FKBP5, ADCYAP1R1 has 

been associated with newborn neurobehavior, or psychological outcomes in adults.
•	 We sought to perform an integrated assessment of methylation patterning of these four genes and its 

association with infant neurobehavioral outcomes.
•	 We hypothesized that underlying factors related to methylation of these genes would be associated with 

different infant neurobehavioral profiles.
Descriptive statistics & bivariate analyses
•	 Methylation of adjacent CpGs from the same gene were strongly positively correlated, and methylation of 

CpGs from different genes were mostly not correlated.
•	 Methylation of HSD11B2 CpGs were negatively correlated with methylation of NR3C1 CpGs.
Factor analysis defines three factors that explain variability in methylation
•	 Using maximum likelihood factor analysis over the 24 normalized CpG sites, we identified three significant 

orthogonal factors which were individually loaded from CpGs from NR3C1, HSD11B2 and ADCYAP1R1.
Methylation of cortisol regulation genes & infant neurobehavior
•	 Through multinomial regression, we observed differences in latent methylation factors that influenced 

membership in predefined neurobehavioral profile.
•	 In this fully adjusted model, increased factor 1 (loaded by NR3C1 methylation) resulted in a 47% increased 

odds of membership in a reactive, poorly regulated profile of infants.
•	 Factor 2 (loaded by HSD11B2 methylation) was associated with reduced odds of membership in the same 

reactive, poorly regulated infant profile.
Conclusion
•	 Epigenetic placental glucocorticoid regulation influences reactivity and self-regulation.
•	 Developmental epigenetics may impact post-natal stress response.
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