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Abstract

Previous studies with nonhuman species have shown that animals exposed to early adversity show differential DNA methylation relative to comparison
animals. The current study examined differential methylation among 14 children raised since birth in institutional care and 14 comparison children raised by
their biological parents. Blood samples were taken from children in middle childhood. Analysis of whole-genome methylation patterns was performed using
the Infinium HumanMethylation27 BeadChip assay (Illumina), which contains 27,578 CpG sites, covering approximately 14,000 gene promoters. Group
differences were registered, which were characterized primarily by greater methylation in the institutionalized group relative to the comparison group, with
most of these differences in genes involved in the control of immune response and cellular signaling systems, including a number of crucial players important
for neural communication and brain development and functioning. The findings suggest that patterns of differential methylation seen in nonhuman species
with altered maternal care are also characteristic of children who experience early maternal separation.

It is widely recognized that early environment is crucially
important for all aspects of human development, both for
physical (Harkonmäki, et al., 2007; Thomas, Hyppönen, &
Power, 2008) and psychological (Heim, Newport, Mletzko,
Miller, & Nemeroff, 2008; Kishiyama, Boyce, Jimenez,
Perry, & Knight, 2009) outcomes. Human and nonhuman
studies (Champagne & Curley, 2005; Gunnar & Fisher,
2006) have contributed to the field’s growing understanding
of the consequences of early neglect, both in terms of the phys-
iological and neurological substrates affected most proximally,
as well as downstream physical and mental health outcomes.

Research among nonhuman species has provided evidence
of the pernicious effects of maternal deprivation on infant de-
velopment. Behaviorally, maternal deprivation has been asso-
ciated with marked deficits in the offspring’s play behavior
(Suomi, Harlow, & Kimball, 1971), high levels of social ag-

gression (Heinrichs & Koob, 2006), deficient cognitive func-
tioning and learning (Enthoven, de Kloet, & Oitzl, 2008), im-
paired social behaviors (Sabatini et al., 2007), increased
emotional reactivity to novelty (Gilad, Rabey, Eliyayev, &
Gilad, 2000), and harmful and abusive parenting behaviors
(Seay, Alexander, & Harlow, 1964).

Studies of adverse early experiences suggest similar ef-
fects among human children (e.g., Cicchetti, 2002; Cicchetti,
Rogosch, Gunnar, & Toth, 2010; Dozier et al., 2006; Ladd
et al., 2000). Epidemiological research has demonstrated
that heart disease, diabetes, obesity, depression, substance
abuse, and other health maladies might originate from the
early stages of development (Harkonmäki et al., 2007;
Kreppner et al., 2007). Similarly, physical and psychological
maltreatment and related stress in early childhood has also
been associated with subsequent challenged development
and functioning that cascade throughout the life span (Bate-
son et al., 2004; Gottlieb, 1998; Schneirla, 1966).

Arguably, institutional care may represent one of the most
extreme privations seen in human children. Consequently, in-
stitutional care has been associated with the most pervasive
effects on children’s development, with developmental defi-
cits seen across virtually every domain examined (O’Connor,
Rutter, & The English and Romanian Adoptees Study Team,
2000). Such children are often delayed in physical growth and
motor development as well as cognitive functioning and lan-
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guage development (O’Connor et al., 2000). Social behaviors
are often odd and may be characterized by one of two ex-
tremes: some children are withdrawn and depressed in ap-
pearance, whereas others are indiscriminate in their attach-
ment behaviors (O’Connor et al., 2000). Even high-quality
institutional care has deleterious effects on young children’s
development (Gunnar, Van Dulmen, & The International
Adoption Project Team, 2007; Rutter et al., 2007). As a
rule, such children often miss the opportunity to develop se-
lective attachment relationships with caregivers in institu-
tions. Institutional care seems to have specific adverse effects
on children that other depriving conditions do not.

Yet, both human and nonhuman studies (Gunnar et al.,
2007; Juffer & van IJzendoorn, 2005; Meaney et al., 1996;
Nelson et al., 2007) suggest that there is rapid catch-up in
physical and cognitive development following placement in
enriched environments after even severe deprivation. Thus,
adoptive placement in itself appears to represent a significant
intervention with regard to physical and cognitive develop-
ment catch-up, although problems persist among some chil-
dren years after placement into adoptive homes (van IJzen-
doorn & Juffer, 2006). Researchers have investigated the
associations between individual differences in early care and
adult outcomes. Generally speaking, high-quality early care
is associated with a range of positive outcomes, and low-qual-
ity early care with a host of negative outcomes. More specif-
ically, these differences modulate offspring’s gene expression
and the consequences of this modulation for physiology and
behavior (Meaney, 2001a). Animal literature reveals associa-
tions of early care with the expression patterns of brain derived
neurotrophic factor, GABA (Caldji, Francis, Sharma, Plotsky,
& Meaney, 2000; Liu, Diorio, Day, Francis, & Meaney,
2000), oxytocin (Champagne, Diorio, Sharma, & Meaney,
2001), estrogen (Champagne, Weaver, Diorio, Sharma, &
Meaney, 2003), and glucocorticoid receptors (Francis, Diorio,
Liu, & Meaney, 1999), and other crucial players in the devel-
opment, maturation, and functioning of the brain.

Many developmental psychologists are becoming inter-
ested in the “biological embedding” of early experience (Hertz-
man, 1999), alterations of which might result in shifting bio-
logical processes and influencing health and/or behavior
over a lifespan. At the present time, it is known that one of
the mechanisms determining changes in the functioning of
the organism, that is, the physical and mental health of the
individual, is induced by environmental changes of physical
properties of the genome. One such property is DNA
methylation, which together with histone deacetylation regu-
lates gene expression (Razin, 1998), and consequently might
affect the course of biological processes controlled by these
genes. The study of genes’ functional activity that is not as-
sociated with changes in the primary structure of these genes’
DNA component is the main subject of epigenetics. The epi-
genome is thought to consist of chromatin and its modifica-
tions, and the methylation of cytosine rings found at the di-
nucleotide sequence CG, as well as in microRNAs and
other noncoding RNAs. More recently an additional modifi-

cation of 5-methylcytosine 5-hydroxymethylcytosine was
discovered in the brain but its role is still unknown (Kriaucio-
nis & Heintz, 2009). In other words, the epigenome might be
represented as the pattern of DNA methylation (or localiza-
tion of methylated CpG sites across the genome) and the his-
tone modifications of a particular genome.

The development of epigenetics and the accumulation of
new knowledge on the functioning of genes in the contexts
of specific environments allow us to get closer to understand-
ing the environment-driven and/or environment-dependent
aspects of the realization of genetic information. According to
the conventional view, the epigenetic inheritance, being im-
posed on genetic heredity, is manifested at embryonic stages
of development to create specific epigenome patterns in dif-
ferent cells and tissues that are a crucial part of normal organ-
ismal development and cellular differentiation. Today we
know that environmental factors might cause epigenetic mod-
ifications of the genome (such as changes in the level of DNA
methylation) and thus might affect gene expression during
the whole lifespan. This has adaptive value, in terms of the or-
ganism’s plasticity in interacting with a dynamic environment,
and at the same time might cause negative outcomes, increas-
ing the risk of disorders and/or diseases (Gorman, Kent, Sulli-
van, & Coplan, 2000; McEwen, 2008a; Meaney, 2011;
Meaney, Szyf, & Seckl, 2007; Zeisel, 2009). It has been shown
that the epigenetic status might be changed not only by the
action of diets, chemical substances, and other triggers (Coo-
ney, Dave, & Wolff, 2002; Verhoeven, Jansen, vanDij, &
Biere, 2010; Waterland, Lin, Smith, & Jirtle, 2006), but also
through behavioral programming and early experiences (such
as child maltreatment and parental stress), which have particu-
lar importance and power to influence a developing organism
through the lifespan (Essex et al., in press; McGowan et al.,
2008, 2009; Murgatroyd et al., 2009; Oberlander et al., 2008).

Thus, recent discoveries in the field of epigenetics might
be of particular interest to developmentalists in general and
psychologists in particular for the purposes of understanding
how environmental influences “get under the skin” and inter-
act with, or even embed themselves in, the genome (Hertz-
man & Boyce, 2010). Since the release of the human genome
sequence in 2001, researchers have generated an impressive
amount of data connecting environmental adversity and hu-
man health through epigenetic mediation. The hypothesized
mechanism assumes that cellular signaling pathways acti-
vated in response to these negative environmental conditions
trigger long-term patterns of genome expression, and that
these patterns, in turn, influence behavior and health. As
stated above, the epigenome is a candidate system for the
mediation of the genome’s response to environmental sig-
nals, whether external or internal to the organism, modulating
the interactions between environmental and genetic factors,
and health outcomes. There are a number of studies connect-
ing alterations of the epigenome to physical health (Szyf,
2009), but the role of epigenetic factors in mental health
has only begun to be considered (McGowan et al., 2009;
Sfoggia, Pacheco, & Grassi-Oliveira, 2008).
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The study presented here is one of the first attempts to in-
vestigate how such factors as the complete deprivation of pa-
rental attention and care, and residence at institutions from
birth, might impact the epigenome of children. Thus, this re-
search represents an attempt to identify the main biological
pathways that might be affected by a negative behavioral envi-
ronment. Broadly, we hypothesize that early adversity directly
and indirectly affects the long-term expression pattern of crit-
ical genes involved in such early processes as immune regula-
tion and function, stress reactivity, and the formation of social
bonding, affiliation, and attachment through epigenetic repro-
gramming. This broad hypothesis makes several assumptions
that are tested here. Specifically, first we assume that early so-
cial environment alters epigenetic states in humans systemi-
cally in several tissues, and that these are measurable in pe-
ripheral lymphocytes, specifically through DNA methylation
signatures; as epigenetic states are tissue specific, we antici-
pate that some of the changes in DNA methylation will be
unique to different tissues, whereas others will be common
to several tissues. Second, different epigenetic states are re-
lated to altered gene expression in important pathways that,
in turn, affect physiology and behavior later in life.

To verify, at least preliminarily, these hypotheses, we car-
ried out a study of two groups of children, one—a group placed
in institutional care at birth, and the other—a group of typically
developing children being raised by their biological parents.

Methods

Participants

Participants for this study were recruited from a northwest
region of the Russian Federation where the population is

predominantly ethnically homogeneous and of Slavic origin.
We elected to work in Russia for a number of reasons. First,
the Russian Federation only recently implemented the prac-
tice of foster families; previously, most orphaned children
were placed in state-run institutions (Schwirtz, 2008). Sec-
ond, an extensive amount of societal turmoil that lasted
through the early 1990s has substantially differentiated the
society, such that a large subpopulation of those of very
low socioeconomic status has emerged (Alvazian & Koleni-
kov, 2000). Third, as the result of the sheer size of the popu-
lation of the Russian Federation, we know that there are many
institutionalized children. According to the report from the
Federal Social Program “Children of Russia” (http://www.
usynovite.ru/f/experience/byulleten/bill.doc) and journalistic
data (BBCRussia.com, May 28, 2008), the current estimate of
children deprived of parental care is 731,000. Most of them
are adopted or placed into foster families; approximately
180,000 children are living in children’s institutions, where
they are being raised, cared for both medically and psycho-
logically, and educated until the age of 18.

The study presented is based on a sample that included 28
children (9 girls, 19 boys) ranging in age from 7 to 10 years.
The children represented two groups, a group of institutional-
ized children and a group of typically developing children
being raised by their biological parents (Table 1). Institution-
alized children (n ¼ 14, mean age ¼ 8.14, SD¼ 0.77,
35.71% girls) were recruited based on their records of being
placed into institutional care at birth. This recruitment deci-
sion allowed us to control for the confounding factor of early
experiences, whether positive (e.g., early interactions with bi-
ological parents) or negative (e.g., child neglect and abuse).
Although, to our knowledge, no specific statistics are avail-
able on the characteristics of the families or mothers who

Table 1. Participants in the study: Institutionalized versus comparison children

Institutionalized Children Comparison Children

N Age (years) Gender Age (years) Gender

1 7 F 7 F
2 7 F 8 F
3 9 F 10 F
4 9 F 10 F
5 9 F 7 M
6 7 M 7 M
7 8 M 7 M
8 8 M 8 M
9 8 M 8 M

10 8 M 8 M
11 8 M 8 M
12 8 M 9 M
13 9 M 10 M
14 9 M 10 M

Mean, F 8.20 + 1.09 8.74 + 1.50
Mean, M 8.11 + 0.60 8.20 + 1.14
Mean 8.14 + 0.77 35.71% F 8.35 + 1.21 28.57% F
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choose to leave their children, either in the Russian Federation
as a whole or in the particular geographic region where the study
took place, sociological, judicial (Sapogov, 2010), and jour-
nalistic (http://www.youtube.com/watch?v¼tl9WIb8odpw)
evidence suggest that the dominant reason to leave a child im-
mediately after birth is economic.

Orphan children were recruited through the regional so-
cial-service office of a large industrial center. The conditions
in Russian specialized institutions for children in the care of
the State are variable (The St. Petersburg–USA Orphanage
Research Team, 2008), but the Russian government is striv-
ing to provide homogeneously good care to children who
are raised outside of family life. The orphanages in the region
where the study unfolded were well equipped, had an ade-
quate ratio of children to adults (regulated by the state), had
good physical plant facilities, and demonstrated adequate ad-
ministrative leadership.

Comparison children (n ¼ 14, mean age ¼ 8.35, SD ¼
1.21, 28.57% girls) were recruited from biological families
whose socioeconomic status was assumed to match those
families who had made a decision to leave their children to
alternative care. Specifically, we recruited families with an in-
come level of no more than $350/month, which is substan-
tially below that which is considered average across the Rus-
sian Federation ($724/month; according to the data from the
Russia Federal State Statistics Service, http://www.gks.ru).
Only families with no evidence of marital dysfunction, rec-
ords of child abuse, or indications of any substance abuse
were included in the comparison sample.

The exclusion criteria in both samples were the presence
of known severe and/or chronic health conditions, HIV/
AIDS, diagnosed developmental disorders, dysmorphology,
and any ethnicity other than Slavic. For all participants, care-
givers’ consent (the Russian State for institutionalized chil-
dren and parents for children from biological families) was
obtained first, and the child assent second. There were no sta-
tistically significant differences in age and gender ratios be-
tween the institutionalized and comparison groups.

Genomic DNA preparation and DNA methylation analysis

A total of 10 ml of whole blood was collected from each as-
senting child from an arm vein via phlebotomy. Genomic
DNA was isolated from blood samples using FlexiGene
DNA kits, according to the manufacturer’s instructions (Qia-
gen, Chatsworth, CA). Sample yield and purity were assessed
using NanoDrop spectrophotometer, and DNA QC was as-
sessed by visualization in 2% agarose gel. For each individ-
ual, 1 mg of the genomic DNA was analyzed.

Bisulfite treatment (or the conversion of unmethylated cy-
tosine to uracil), whole genome amplification, labeling, hy-
bridization to the Infinium HumanMethylation27 BeadChip
array, and scanning were performed at the Yale Center
for Genomic Analysis (http://medicine.yale.edu/keck/ycga/
index.aspx). The technical personnel at the Center were una-
ware of the replication experiment and of the group (institu-

tionalized vs. comparison) status of the DNA specimens.
To ensure consistency in methylation level measurements,
two technical replicates were included (i.e., two samples
were analyzed twice).

DNA methylation measurement

Quantitative DNA methylation measurements of purified ge-
nomic DNA were performed with the Infinium HumanMeth-
ylation27 BeadChip array (Illumina, San Diego, CA). The
Infinium HumanMethylation27 BeadChip assay allows for
the simultaneous measurement of the DNA methylation sta-
tus within 27,578 CpG sites, covering more than 13,500 pro-
moters of well-annotated genes and about 110 microRNA
loci. The number of CpG sites per gene ranges from one
site in 2541 genes, to two sites in 11,711 genes, to three or
more sites in 195 genes. Thus, the BeadChip assay represents
more than half of all human well-annotated protein-coding
genes (�25,000; International Human Genome Sequencing
Consortium, 2004).

The technique is based on measuring differential methyl-
ation using the two-color fluorescent hybridization of target
fragments with specific DNA probes contained in the array.
Each CpG site is represented by two oligonucleotide probes
with sequences targeting methylated DNA and unmethylated
DNA, respectively. The methylation status of each CpG site
was measured as the ratio of signal from methylated probe
to the sum of both methylated and unmethylated signals (b
value), using the IlluminaGenomeStudio software package.
Beta values range from 0 (completely unmethylated) to 1
( fully methylated) and provide a quantitative readout of rela-
tive DNA methylation for each CpG site.

Raw scanned data were normalized; average beta values
were recalculated using background intensity, measured by
negative background probes present on the array, using Ge-
nomeStudio software (Illumina). All CpG sites that had a de-
tection p value of ..001 were removed to ensure that only
high-confidence probes would be included in the subsequent
analysis.

Differential methylation analysis

The Illumina methylation data were processed and analyzed
using the Methylation Module v1.8 of the GenomeStudio
software (Illumina). For interindividual comparison of
whole-genome methylation profiles the clustering analysis
based on Pearson correlations (r) was used. The results of
the analysis are provided in the form of a dendrogram. The
distances were defined as 1 2 jrj.

The comparison of methylation patterns between groups
was based on the difference in mean beta value (Avgb) of
each CpG site, or Delta Avgb (Db). To identify differentially
methylated CpG sites in the target and comparison groups we
applied significance criteria based on the Illumina Custom
model. This error model operates under the assumption that
the methylation value (beta value) is normally distributed
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among biological replicates and estimates variation of b as a
function of b, a method developed by Illumina based on es-
timates for repeated measures of loci with known methylation
fractions. The methylation difference score (DiffScore) for a
probe provided by Genome Studio Software takes into
account background noise and sample variability (Chudin
et al., 2006). Targets showing significant (DiffScore . j20j,
corresponding to p , .01) intergroup differences in methyl-
ation level were considered to be differentially methylated
CpG sites. To account for multiple testing, the procedure
of permutations of repeated measures to estimate the false
discovery rate was used, which is integrated into the Genome-
Studio software. In all cases, we ran 1000 permutations and
included false discovery rates up to 20%.

Functional annotation of differentially methylated genes

To identify common biological processes and pathways, mo-
lecular functions, and cellular components for genes that
showed differential methylation in the target and comparison
groups of children, we applied the Database for Annotation,
Visualization and Integrated Discovery (DAVID) bioinfor-
matics software (available through http:// david.abcc.ncifcrf.
gov; Huang, Sherman, & Lempicki, 2009). For this analysis
the default (medium stringency) setting of the DAVID analy-
sis tool was used, which compares the enrichment of gene on-
tology (GO) with the list of differentially methylated genes

using Fisher’s exact test. The p values of the DAVID tool
and the Benjamini corrections of the scores from the tool
were used as inclusion criteria in the trimming of the clusters
to overrepresented term lists.

Results

We carried out global methylation profiling of the genomes of
14 institutionalized children and 14 typically developing chil-
dren being raised by their biological parents using the Infi-
nium HumanMethylation27 BeadChip array. The number
of detected Illumina probes (detection p , .01) was high
for all DNA samples and varied between 99.39% and
99.99%. The comparison of methylation profiles of the two
technical replicates showed good reproducibility of methyla-
tion level measurements (r2 ¼ .9946 and .9949, respectively;
Figure S.1, see offsite materials at http://journals.cambridge.
org/dpp). Only 14 and 15 of 27,578 Illumina probes
have subsequently shown statistically significant ( p , .01)
differences in methylation level measurements in the pairwise
comparison between technical replicates (Table S.1, see on-
line data at http://journals.cambridge.org/dpp). This indicates
that the expected error in detecting the methylation level of
CpG sites does not exceed 0.05% of the total number of
27,578 probes contained in the Infinium27 array.

All CpG sites that had a detection p value of ..001 (316
targets) were removed to include only high-confidence

Figure 1. The clustering analysis of 28 individuals from the groups of institutionalized children (gray figures) and comparison children (white
figures) groups on the basis of pairwise correlations of Illumina Infinium27 whole genome methylation profiles. There were 27,262 CpG sites
with detection p , .01 featured in this analysis. The gender is shown as circle (male) or triangle (female), the digit shows age of the child.
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probes in the subsequent analysis. This left a total of 27,262
CpG sites to be analyzed to detect methylation profiles in the
genomes of the studied children. Hierarchical cluster analysis
of individual methylation patterns was carried out; the results
are represented in a dendrogram (see Figure 1). The dendro-
gram shows two large branches that are monomorphic, com-
bining only individuals from one gender. Thus, hierarchical
clustering indicates that gender is the main factor in the differ-
entiation of methylation profiles in the genomes of the chil-
dren who participated in this research. Nevertheless, with
rare exceptions, individuals from the same group (i.e., the
group of institutionalized children or the group of children
living with their biological families) were clustered together
in the closest clusters of the first order within each large
gender cluster (Figure 1). This finding was confirmed by
the results of hierarchical clustering performed using data
on methylation levels of CpG sites located only in autosomes,
excluding those located on the sex chromosomes (Figure S.2;
see at http://journals.cambridge.org/dpp). Thus, these patterns
suggest the presence of slight but consistent differences in gene
methylation profiles between the two groups of children. Such
differences were further validated in the analysis of the inter-
group comparison of gene methylation profiles.

Taking into account previous findings, and to prevent in-
terindividual variability by gender, CpG sites on the sex chro-
mosomes were excluded from the differential methylation
analysis. This left a total of 26,214 targets to be analyzed to
detect differentially methylated sites and genes. The compar-
ison was based on the average beta value of each CpG site.
The difference in methylation level was estimated as the dif-
ference between the average beta values (DeltaAvb) in the in-
stitutionalized children and comparison children groups.
Only targets showing significant ( p , .01) intergroup differ-
ences in methylation level were considered to be differen-
tially methylated CpG sites. Using the selected threshold,
914 of the 26,214 CpG sites were found to be differentially
methylated in the institutionalized group relative to the com-
parison group (see Table 2). The results of the intergroup dif-
ferential methylation analysis as well as the list of 914 Illu-

mina probes with individual AgBeta values are provided in
Tables S.2 and S.3 (http://journals.cambridge.org/dpp).

Based on the set of differentially methylated sites, it was
established that the main intergroup difference is the increase
of methylation in the genomes of institutionalized children
compared with those of children living with their biological
families. This observation is graphically depicted in the box
plot in Figure 2. Most of the sites (815 of 914, or 89.17%)
were characterized by increased methylation in the genomes
of institutionalized children relative to the comparison chil-
dren (see Table 2 and Figure 3). These intergroup differences
in methylation measurements among the 914 CpG sites are
small, the differences in foldchanges ranged from 1.03 to
2.36 with the average value of 1.22 (see Table 2), but at
same time they are very stable across the set of CpG sites,
as shown in Figure 4.

The intergroup analysis described above is based on the
comparison of each group’s average methylation level for
each site and the difference between these averages. To vali-
date the power of the set of differentially methylated sites in
an intergroup differentiation of individuals we performed a
cluster analysis of the individual methylation patterns based
on those 914 sites. The results of the hierarchical clustering
are represented in a dendrogram (Figure 5). The dendrogram
shows a clear separation of the target and comparison groups
of children. Thus, Branches II and III contain individuals
from the group of children raised by their biological families,
and Branch I predominantly consists of individuals from the
group of institutionalized children (Figure 5). It is necessary
to note that age, which ranged from 7 to 10 years, and gender,
whose effect was partly eliminated by removing from the

Figure 2. A box plot of data on the methylation levels (AvgBeta) of 914 CpG
sites that have shown differential methylation in genomes of children from the
institutionalized and comparison groups.

Table 2. Number of CpG sites and genes differentially
methylated (p , .01) in institutionalized children versus
comparison children

Differentially Methylated CpG Sites

Increased
Methylation

Decreased
Methylation Total

No. of CpG sites
(of genes) 815 (744) 99 (94) 914 (838)

Differences in
methylation level,
FoldChange
(average)

1.03–2.36
(1.09)

1.04–2.04
(1.33)

1.03–2.36
(1.22)
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analysis sites localized on the sex chromosomes, seemed to
make no significant contribution to the clustering of indi-
viduals. Children of similar age did not show a tendency to
cluster into separate branches on the dendrogram. In addition,
no stable clustering of individuals of the same gender into sin-
gle clusters (see Figure 5) has been observed. Taken together,
the results of hierarchical clustering indicate that the sites de-
tected as differentially methylated between target and com-
parison groups are sufficiently reliable to reflect interindivid-
ual differences in the methylation profiles of the genomes of
the children from these groups.

The 914 sites detected as differentially methylated be-
tween the groups of children are located in the promoters of
838 genes; 744 of them (88.78%) are characterized by a
gain in methylation, and only 94 (11.22%) show less meth-

ylation in the group of institutionalized children (see Table 2).
To identify the common biological processes and molecular
functions in which those genes are involved, we performed
functional annotation analyses separately for genes which
have shown, consequently, upmethylation and downmethyla-
tion in the group of institutionalized children, using DAVID
bioinformatics software (Huang et al., 2009). The results
of the analysis are presented in Tables S.4 and S.5 (http://
journals.cambridge.org/dpp).

It is important to note that no significant enrichment of the
GO terms with the list of downmethylated genes in the
genomes of institutionalized children was found (see Table
S.4 at http://journals.cambridge.org/dpp). At the same time,
statistically significant enrichment was found in some of
the GO terms with the list of genes upmethylated in the ge-

Figure 3. The distributions of DeltaAvb values for 914 CpG sites differentially methylated in the group of institutionalized children compared to
the group of children living with their biological parents (min DeltaAvb¼20.155, max¼ 0.170, mean¼ 0.036, SD ¼ 0.032). These distribu-
tions show a significant predominance of positive values of DeltaAvb. This means the predominance of sites that are characterized by higher
levels of methylation in the genomes of children from target group, relative to the comparison group.

Figure 4. A comparison of the levels of methylation (AvgBeta) for 914 CpG sites differentially methylated in genomes of institutionalized chil-
dren (black) and children living with their biological families (gray). It is important to recognize that the differences between the two groups’
means are small, but stable.
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nomes of the institutionalized children. The top list of the an-
notation clusters (for those whose Benjamini corrections of
the scores ,0.05) are represented in Table 3. An analysis
of the functions of these clusters revealed that the genes
with increased methylation in the genomes of the institution-
alized children are involved predominantly in the control of
cellular signaling systems (Table 3, Cluster 1) and the im-
mune response (Clusters 2 and 3). These functional groups
of genes are overrepresented in the list of genes upmethylated
in the target group of children at least 1.5–2.0 times more
(Table 3).

Moreover, we performed a functional annotation of the
744 genes, detected as upmethylated in the group of institu-
tionalized children, in terms of their expression in different
tissues. DAVID indicated that these upmethylated genes are
expressed in a number of different tissues, such as whole
blood, salivary gland, skin, tongue, liver, muscle, lung, spinal
cord, and brain (see Table S.6 at http://journals.cambridge.
org/dpp). Among the genes characterized by an increase of
methylation level in the genomes of institutionalized chil-
dren, many were found to play a critical role in the develop-
ment and function of the brain (i.e., genes involved in the reg-
ulation of ion channels; genes coding membrane transport
proteins, such as the solute carrier group of proteins, SLC,
and transcription factors, such as zinc-finger proteins; neuro-
transmitters and receptors [see http://journals.cambridge.org/

dpp; Tables S.4 and S.5]). To illustrate, some of those genes
are listed on Table 4, such as genes involved in the control of
the dopaminergic system (TERF2IP), serotonin biosynthesis
and serotonin receptor activity (TPH, HTR1D, and HTR1F),
glucocorticoid and steroid biosynthesis and their receptor ac-
tivity (NRIP1, PPARGC1B, and UGT), genes coding the ar-
ginine vasopressin receptor, glutamate, cadherin, and choli-
nergic receptors, and other genes, which individually and
collectively, are important for neural communication, mem-
ory formation, learning and retention, and have been impli-
cated in the pathogenesis of a number of neurodegenerative
diseases.

Discussion

A number of studies have shown that the epigenetic status of
an organism is susceptible to change through behavioral pro-
gramming. The psychological stresses and early experiences
that occur during the early stages of an organism’s develop-
ment, that is, in childhood, have a particular importance
and power in developmental change. It is known that occur-
rences, such as birth by Caesarean section, which changes
the timing and preliminary stages of delivery (Schlinzig, Jo-
hansson, Gunnar, Ekström, & Norman, 2009), parental abuse
(McGowan et al., 2008, 2009), and parental stress during the
early stages of life, in infancy, and preschool years (Essex
et al., in press) might result in epigenetic changes in children’s
genomes.

Acquired under the influence of behavioral programming,
epigenetic changes are detected in various cells and tissues,
such as the central nervous system (Franklin et al., 2010;
McGowan, Sasaki, D’Alessio, et al., 2009; McGowan,
et al., 2008; Murgatroyd, et al., 2009), liver (Bateson et al.,
2004; Meaney et al., 2007), epithelial cells (Essex et al., in
press), and peripheral blood lymphocytes (Schlinzig et al.,
2009). It has been shown that these changes in genome prop-
erties might be stable and have long-term effects; although
emerging in childhood, they may also be detected in later de-
velopmental stages up to adulthood. In addition, these
changes have great potential for heritability in subsequent gen-
erations (Francis et al., 1999; Franklin et al., 2010; McGowan
et al., 2009; Meaney, 2001b; Verhoeven et al., 2010).

One important behavioral factor that might affect the epi-
genetic status of an individual is maternal care. It has been
shown (mostly on the animal model) that this factor deter-
mines the behavior and the hormonal status of the offspring;
particularly, the presence and level of maternal care are highly
responsible for the epigenetic regulation of genes involved in
the control of the hypothalamic–pituitary–adrenal system
(Caldji et al., 2000; Champagne et al., 2003; Franklin et al.,
2010; Liu et al., 2000; Meaney & Szyf, 2005; Murgatroyd
et al., 2009; Oberlander et al., 2008; Weaver et al., 2004).

The most extreme manifestation of negative early experi-
ence is a complete deprivation of parental attention and
care. Our research is one of the first attempts to investigate
the peculiar properties of the epigenetic status of the genomes

Figure 5. The clustering analysis of 28 individuals from the groups of insti-
tutionalized children (gray figures) and comparison children (white figures)
using pairwise correlations of methylation profiles of 914 CpG sites differen-
tially methylated in the target group of children compared with the compar-
ison group. The gender is shown as a circle (male) or triangle (female), and
the digit shows the age of the child.
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of children who have been placed in an orphanage shortly
after birth and thus completely deprived of parental care.
The main goal of the study was to identify the systematic dif-
ferences in the methylation status of the genomes of children
placed in institutional care at birth in comparison with chil-
dren reared by their biological parents, to detect the main bi-
ological pathways that might be affected by the lack of paren-
tal care and stay in institutional care.

In brief, the results of this small-scale investigation can be
grouped into four observations. First, although the cluster
analysis did not show a complete separation between the
two studied groups based on the whole-genome analysis, it
did indicate the presence of a nontrivial amount of within-
group clustering. Second, a further investigation of this clus-
tering revealed that approximately 6% of the investigated
genes (specifically, 838 of the 14,000 contained by the Infi-
nium HumanMethylation27 BeadChip) showed small but sta-
tistically significant ( p , .01) intergroup differences in levels
of methylation. Third, the absolute majority (�89%) of these

differences are due to an increase in the levels of methylation
in the genomes of the children from the group of institution-
alized children. Fourth, among the genes that showed gains in
methylation in the genomes of the institutionalized children,
most are involved in the control of immune response and cel-
lular signaling systems.

These findings are consistent with the growing body of
research connecting early experiences with subsequent devel-
opmental outcomes (Champagne & Curley, 2005). Early ex-
periences largely exist as sensory stimulation (Grubb &
Thompson, 2004). The developing organism is tuned to re-
spond to this stimulation at a variety of levels from switching
specific genes on and off to developing highly specialized
neuronal pathways. Early adverse experiences can, in turn,
jeopardize these fundamental processes that lay the founda-
tion for many subsequent outcomes (McEwen, 2008b). In ad-
dition, both short- and long-range signaling systems are cen-
tral to receiving and processing sensory stimulation and
responding to stress (McEwen, 2008a).

Table 3. Functional annotation and clusters of genes that gain methylation in the genomes of institutionalized relative
to comparison children

Annotation
Cluster Term Count % p

Fold
Enrichment Benjamini FDR

Cluster 1
EScore: 13.96

Disulfide bond 181 28.59 7.65E-19 1.90 4.26E-16 1.12E-15
Secreted 124 19.59 4.78E-18 2.25 1.33E-15 6.99E-15
Disulfide bond 170 26.86 5.35E-16 1.84 1.34E-12 9.77E-13
Signal 185 29.23 2.65E-15 1.74 4.95E-13 3.90E-12
Signal peptide 185 29.23 5.08E-15 1.73 6.17E-12 8.97E-12
Glycoprotein 223 35.23 4.26E-14 1.58 5.92E-12 6.22E-11
GO:0005576�extracellular region 139 21.96 4.53E-14 1.86 1.56E-11 6.18E-11
GO:0044421�extracellular region

part 82 12.95 1.29E-12 2.30 2.21E-10 1.75E-09
GO:0005615�extracellular space 65 10.27 5.41E-12 2.55 6.20E-10 7.38E-09
Glycosylation site: N-linked

(GlcNAc . . .) 205 32.39 7.48E-11 1.51 4.52E-08 1.32E-07
Cluster 2

EScore: 3.85
GO:0006952�defense response 50 7.90 1.08E-07 2.27 2.47E-04 1.88E-04
GO:0006954�inflammatory response 23 3.63 3.13E-03 1.98 8.35E-03 1.34E-03
GO:0009611�response to wounding 31 4.90 8.45E-03 1.63 8.85E-03 1.18E-02

Cluster 3
EScore: 3.78

IPR012351:Four-helical cytokine, core 12 1.90 2.71E-07 7.71 2.64E-04 4.27E-04
IPR000471:Interferon alpha/beta/delta 8 1.26 7.03E-07 13.90 3.42E-04 1.11E-03
SM00076:IFabd 8 1.26 7.33E-07 13.74 1.60E-04 9.32E-04
PIRSF001934:interferon alpha 8 1.26 1.30E-06 12.25 4.05E-04 1.74E-03
Cytokine 21 3.32 1.99E-06 3.55 1.58E-04 2.91E-03
GO:0005125�cytokine activity 23 3.63 2.18E-06 3.26 1.58E-03 3.30E-03
Antiviral 7 1.11 2.81E-06 15.31 1.96E-04 4.11E-03
hsa05320:Autoimmune thyroid disease 12 1.90 6.40E-06 5.54 4.35E-04 7.51E-03
IPR015589:Interferon alpha 6 0.95 4.45E-05 13.63 1.43E-02 7.00E-02
hsa04060:Cytokine-cytokine receptor

interaction 26 4.11 9.19E-05 2.34 3.12E-03 1.08E-01
hsa04612:Antigen processing and

presentation 12 1.90 6.58E-04 3.40 1.48E-02 7.70E-01
Antiviral defense 9 1.42 8.73E-04 4.45 3.19E-02 1.27E+00
hsa04622:RIG-I-like receptor signaling

pathway 10 1.58 2.77E-03 3.32 3.10E-02 3.21E+00
hsa04620:Toll-like receptor signaling

pathway 12 1.90 3.33E-03 2.80 3.43E-02 3.84E+00
hsa04630:Jak-STAT signaling pathway 15 2.37 5.56E-03 2.28 4.93E-02 6.34E+00

Whole-genome DNA methylation in institutionalized children 151

https://doi.org/10.1017/S0954579411000605 Published online by Cambridge University Press

https://doi.org/10.1017/S0954579411000605


Table 4. List of genes that gain methylation in the genomes of institutionalized relative to comparison children
and which products are known to be involved in the development and functioning of the brain

Gene Symbol Chromosome Gene Name Annotationa

AVPR1A 12 Arginine vasopressin receptor 1A Protein kinase C binding; vasopressin receptor
activity; signaling pathway; social behaviors

CELSR1 22 Cadherin, EGF LAG seven-pass G-type
receptor 1

Calcium ion binding; structural molecule activity;
cell adhesion; neuropeptide signaling pathway;
CNS development

CHRNB3 8 Cholinergic receptor, nicotinic, beta 3 Neurotransmitter receptor activity; extracellular
ligand-gated ion channel activity; synaptic
transmission; cholinergic

DDR2 1 Discoidin domain receptor tyrosine kinase 2 ATP binding; receptor activity, transferase activity;
cell adhesion; signal transduction; regulation of
cell growth, differentiation, and metabolism

ENO2 12 Enolase 2 (gamma, neuronal) Lyase activity; magnesium ion binding;
phosphopyruvate hydratase activity; glycolysis;
neurotrophic and neuroprotective properties

GABRA5 15 Gamma-aminobutyric acid A receptor, alpha 5 GABA-A receptor activity; transporter activity;
extracellular ligand-gated ion channel activity;
chloride transport; signal transduction

GRM5 11 Glutamate receptor, metabotropic 5 Metabotropic glutamate; GABA-B-like receptor
activity; signal transduction; synaptic
transmission

HSD3B2 1 Hydroxyl-delta-5-steroid dehydrogenase,
3 beta- and steroid delta-isomerase 2

Isomerase activity; oxidoreductase activity;
glucocorticoid biosynthetic process; steroid
biosynthesis

HTR1D 1 5-Hydroxytryptamine (serotonin) receptor 1D Rhodopsin-like receptor activity; serotonin receptor
activity; signal transduction; synaptic
transmission; G-protein signaling; involved in
anxiety, depression, and other neuropsychiatric
disorders

HTR1F 3 5-Hydroxytryptamine (serotonin) receptor 1F Rhodopsin-like receptor activity; serotonin receptor
activity; signal transduction; synaptic
transmission

IGSF11 3 Immunoglobulin superfamily, member 11 Brain- and testis-specific immunoglobulin
superfamily protein; receptor activity; signal
transduction; stimulator of cell growth

LONRF2 2 LON peptidase N-terminal domain and ring
finger 2

Zinc ion binding; ATP-dependent peptidase activity;
ubiquitin-protein ligase activity;
neurohypophyseal hormone activity

MRGPRX2 11 MAS-related GPR, member X2 Neuropeptide binding; rhodopsin-like receptor
activity; signal transduction; sensory perception
of pain; sleep

NLN 5 Neurolysin (metallopeptidase M3 family) Zinc ion binding; hydrolase activity;
metalloendopeptidase activity; termination of
neurotensinergic signal in CNS and in
gastrointestinal tract

NRIP1 21 Nuclear receptor interacting protein 1 Regulation of transcription; protein binding;
androgen receptor binding; estrogen receptor
binding; glucocorticoid receptor binding

OPN5 6 Opsin 5 Rhodopsin-like receptor activity; phototransduction;
visual perception; sensory perception; signal
transduction

PCP4 21 Purkinje cell protein 4 Brain-specific polypeptide PEP19; CNS
development

PMCH 12 Pro-melanin-concentrating hormone Melanin-concentrating hormone activity;
spermatogenesis; feeding behavior; cell
differentiation; synaptic transmission; signal
transduction

PMCHL2 5 Pro-melanin-concentrating hormone Melanin-concentrating hormone activity; synaptic
transmission

PPARGC1B 5 Peroxisome proliferator-activated receptor
gamma, coactivator 1

DNA and RNA binding; receptor activity; regulation
of transcription–transcriptional activity of
estrogen receptor alpha and glucocorticoid
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It was also found that genes that were detected as hyper-
methylated in the genomes of institutionalized children are
known to be expressed in the cells of at least nine different
tissues and organs, for instance blood, salivary glands,
skin, tongue, liver, muscles, lungs, spinal cord, and brain.
Specifically focusing on genes that play a critical role in
the development and function of the brain, we found that
among those hypermethylated in the group of institutional
children there are a number of genes involved in the bio-
synthesis of hormones and neurotransmitters, and in the
control of their receptor activity, including members of the
hypothalamic–pituitary–adrenal system. These findings are
consistent with data from the animal literature that reveal as-
sociations of early care with the expression patterns of a
number of receptors and other crucial players in the devel-
opment, maturation, and functioning of the brain (Caldji
et al., 2000; Champagne et al., 2001, 2003; Francis et al.,
1999; Liu et al., 2000), as well as with data from human
studies showing the important role of early experiences in
the neuroendocrine system development and functioning
(Cicchetti, 2002; Cicchetti et al., 2010; Ladd et al., 2000;
McEwen, 2008b; McGowan et al., 2008, 2009).

Taking into account the small differences in the methylation
levels of those genes found to be hypermethylated in the
group of institutional children relative to the comparison
group (the intergroup difference varied from a 1.03- to 2.36-
fold change with an average of 1.09), as well as the complexity
of the relationship between gene methylation and expression,
we are far from speculating on the critical changes in
the expression of these genes, as well as on the long-term

outcomes of the epigenetic differences observed. For that, ad-
ditional investigations, including a longitudinal study, are
necessary. In addition, we cannot definitively associate the
epigenetic modifications that we detected in the genomes of
institutional children with the lack of parental care only; espe-
cially, considering (a) the environmental differences between
orphanage and family, and (b) insufficient information on the
physical and behavioral statuses of the institutional children’s
mothers during the prenatal period, which are serious limita-
tions of our study. Yet, although further investigations are
needed to confirm the observed group differences and further
explore them with regard to specific behavioral and psycho-
logical phenotypes, the groups are quite systematically distinct
in terms of their patterns of methylation. In general, even con-
sidering the limitations of the study and though preliminary in
nature and generated in the relative void of comparable re-
search, these findings look promising. In addition, the results
obtained are logical, expected, and consistent with the grow-
ing literature on the association of early experiences and
epigenetic regulation of gene activity. Of particular interest
is the presence of hypermethylation that has been previously
associated with adverse developmental impacts (Essex et al.,
in press).

The strength of the work presented here is in assembling a
well-defined sample of children placed into institutional care
at birth and matching this sample with a sample of typically
developing children being raised by their biological families,
whose socioeconomic status is thought to be comparable to
that of the parents who placed their children in institutional
care. Nonetheless, it is critical to stress the tentative nature

Table 4 (cont.)

Gene Symbol Chromosome Gene Name Annotationa

receptor; chromatin modification; cell glucose
homeostasis; signal transduction

SCRG1 4 Stimulator of chondrogenesis 1 Neurogenesis
TERF2IP 16 Telomeric repeat binding factor 2, interacting

protein
Dopamine receptor interacting protein 5; DNA

binding; protein binding
TPH1 11 Tryptophan hydroxylase 1 Iron ion binding; amino acid binding;

monooxygenase activity; tryptophan 5-
monooxygenase activity; serotonin biosynthesis
from tryptophan

TUBA3 12 Tubulin, alpha 1a GTP binding; GTPase activity; microtubule-based
movement; expressed predominantly in
morphologically differentiated neurologic cell

UGT2B11 4 UDP glucuronosyltransferase 2 family,
polypeptide B11

Glucuronosyltransferase activity; estrogen
metabolism; xenobiotic metabolism

UGT2B4 4 UDP glucuronosyltransferase 2 family,
polypeptide B4

Glucuronosyltransferase activity; estrogen
metabolism; xenobiotic metabolism

UGT8 4 UDP glycosyltransferase 8 Glycosphingolipid biosynthesis; CNS development;
peripheral nervous system development

WNT8B 10 Wingless-type MMTV integration site
family, member 8B

Signal transducer activity; frizzled-2 signaling
pathway; nervous system development

aThe public database GeneCards (http://www.genecards.org; Rebhan et al., 1997) was used for the annotation of the genes in terms of GO functions and
processes.
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of these results. To our knowledge, this study makes one of
the first steps toward understanding the changes in the
methylation profiles of the whole genome based on exposure
to the highly adverse circumstance of being placed into insti-
tutional care at birth. Although small-scale and exploratory,
the research has revealed definitive indications of the pre-
sence of small, yet numerous, differences in the patterns of
methylation in the two studied groups. As such, this work
opens the gate for further validation and examination of this

finding, so that the field can understand both the extent and
the mechanics of the impact of the early loss of parental
care on subsequent human development as captured by the
epigenome.

Supplementary materials and methods

The Supplementary Material referred to in this article can be
found online at http://journals.cambridge.org/dpp
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