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Abstract

Background: High frequency of physical aggression is the central feature of severe conduct disorder and is associated with
a wide range of social, mental and physical health problems. We have previously tested the hypothesis that differential DNA
methylation signatures in peripheral T cells are associated with a chronic aggression trajectory in males. Despite the fact
that sex differences appear to play a pivotal role in determining the development, magnitude and frequency of aggression,
most of previous studies focused on males, so little is known about female chronic physical aggression. We therefore tested
here whether or not there is a signature of physical aggression in female DNA methylation and, if there is, how it relates to
the signature observed in males.

Methodology/Principal Findings: Methylation profiles were created using the method of methylated DNA immunopre-
cipitation (MeDIP) followed by microarray hybridization and statistical and bioinformatic analyses on T cell DNA obtained
from adult women who were found to be on a chronic physical aggression trajectory (CPA) between 6 and 12 years of age
compared to women who followed a normal physical aggression trajectory. We confirmed the existence of a well-defined,
genome-wide signature of DNA methylation associated with chronic physical aggression in the peripheral T cells of adult
females that includes many of the genes similarly associated with physical aggression in the same cell types of adult males.

Conclusions: This study in a small number of women presents preliminary evidence for a genome-wide variation in
promoter DNA methylation that associates with CPA in women that warrant larger studies for further verification. A
significant proportion of these associations were previously observed in men with CPA supporting the hypothesis that the
epigenetic signature of early life aggression in females is composed of a component specific to females and another
common to both males and females.
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Introduction in life than boys [3,5,7-9]. These sex differences tend to remain
stable throughout childhood and adolescence [9]. Women with
atypical high levels of childhood aggression (chronic physical
aggression, CPA) tend to fail in school, suffer from depression, are
likely to mate with men with similar behaviour problem, become

The development of physical aggression has been examined
within large population-based longitudinal studies from birth to
adulthood. Results show that acts of physical aggression begin by

the end of the first year after birth for both boys and girls, increase pregnant during adolescence, smoke during pregnancy, and use

coercive behavior towards their children [10,11].

Genetic epidemiological studies suggest that the frequency of
childhood physical aggression is in part inherited [12-16]. Genetic
association studies have also found several polymorphisms in

in frequency from 2 to 4 years of age [1-4], and then decrease in
frequency from school entry to adulthood [5]. However, a
minority of children (3—7%) maintain a high frequency of physical
aggression from childhood to adolescence [4-6]. Although both

boys and girls use physical aggression from early childhood, fewer critical genes involved in neurotransmission and hormonal

regulation to associate with aggression in humans and in animals
[17]. Moreover, genetics and environmental factors have been

girls manifest physically aggressive behaviors on a frequent basis
and girls also tend to reduce their use of physical aggression earlier
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shown to interact in the expression of impulsive aggression in
monkeys [12,18] and violence in humans [19].

Very little work has been done to identify the mechanisms that
might be responsible for these gene-environment associations with
physical aggression. We hypothesized that DNA methylation is
one such mechanism [4,20-22]. It is now well-established that
DNA sequence is complemented by epigenetic information
including DNA methylation and histone modifications to program
gene expression [23]. Evidence is emerging that in addition to its
role in regulating gene expression during differentiation, the DNA
methylation pattern is responsive to external environmental
exposures including the social environment [22] in animals [24—
32] and in humans [33-37].

Importantly, DNA methylation alterations associated with social
exposures are not restricted to the brain but can also be detected in
white blood cells (WBC) DNA [32,33,35,36,38-46]. We have
recently shown that differential DNA methylation of the serotonin
transporter gene promoter (SLC6A4) in T cells and monocytes is
associated with i vivo measures of human brain serotonin synthesis
and childhood physical aggression in men [42]. Moreover, we
have shown that young adult males on a chronic physical
aggression trajectory between age 6 and 15 years had differential
DNA methylated regions located in the genomic loci of cytokines
and related transcription factors in T cells and monocytes,
compared to males with the same background who did not follow
such a high physical aggression trajectory (control group) [47]. In
addition, using whole genome mapping method to analyse the
DNA methylation profile of men on a CPA trajectory, we have
recently found that men with CPA had a T’ cell DNA methylation
signature distinct from men from the control group (Provencal
et al., under review in PLoS One).

To test the hypothesis that T cell DNA methylation profiles are
associated with childhood physical aggression in females and, if so,
to compare them with the association found in male DNA, we
analyzed genome-wide promoter methylation profiles in blood T
cells of adult female participants. We recruited women who have
been on a chronic physical aggression (CPA) trajectory between 6
and 12 years of age and compared them to women with the same
background who followed normal physical aggression (NPA)
trajectories [5]. Methylation profiles were created using the
method of methylated DNA immunoprecipitation (MeDIP)
followed by microarray hybridization, and analyses of these
profiles revealed regions of significant DNA methylation patterns
associated with CPA in women. We then compared these results
with those previously observed in men from the same cohort
(Provencal et al., under review in PLoS One).

Materials and Methods

Ethics Statement

After complete description of the study to the subject, all
participants provided written informed consent. The study was
carried out in accordance with the Declaration of Helsinki, and
was approved by the research ethics committee of the University of
Montreal pediatric hospital (St-Justine Hospital).

Participants

The participants of this study are adult women of European
descent, selected from a large sample of boys and girls who were
first assessed when they were attending kindergarten in the
province of Quebec’s French-speaking public schools in 1986—
1987 [5], the Quebec Longitudinal Study of Kindergarten
Children (QLSKC). The frequency of physical aggression was
assessed for each participant by his school teachers between
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kindergarten (6 years old) and high school (12 years old).
Developmental trajectories of physical aggression were previously
identified for the entire sample of the longitudinal study [5]. Two
groups of females were drawn from this cohort: 1) The Chronic
Physical Aggression group is composed of women who were on a
consistently high physical aggression trajectory from age 6 to 12
years (CPA); 2) The control group included women who did not
have a history of chronic physical aggression from age 6 to 12
years (NPA). All participants were born in families with a low
socioeconomic status and were living within 200 km from our
laboratory at the time of recruitment in order to isolate blood cells
and extract DNA from fresh blood draw. A total of 5 eligible
women (out of 19) belonging to the CPA trajectory agreed to
participate and were included in the study. To avoid having an
imbalanced control group we included only 16 women in the
control group. Due to technical reasons (insufficient DNA
extracted from the sample) we had to drop two individuals from
the control group. In addition to physical aggression, other
behavioral problems, such as hyperactivity, were also rated from
age 6 to 15 and violence at 21 years of age (See Methods S1 for
details). Characteristics of the 2 groups are presented in Table 1.

(Additional information on the characteristics of the groups can
be found in Methods S1). For further validation by Illumina 450K
we also included the adult males from the same longitudinal
studies (8 CPA and 12 controls) that were previously used in the
MeDIP-microarrays analysis (Provencal et al., under review in
PLoS One).

DNA Methylation Analysis by MeDIP and Micoarrays
Hybridization

Genomic DNA was extracted from T cells purified from blood
draw by immunomagnetic positive selection using CD3 antibody
as previously described [32,42,47]. Methylated DNA immunopre-
cipitation was performed as previously described [31,32,38] using
anti-dDmethylCytosine antibody from Calbiochem. The specificity
of the immunoprecipitation was assessed by regular PCR on two
endogenous control genes, H19 (methylated control) and B-actin
(unmethylated control) and two plasmids that were added to the
DNA prior to sonication, GFP (unmethylated control) and
Luciferase (in vitro methylated control) using the following primers:
H19: forward (5'-GAGCCGCACCAGATCTTCAG -3'), reverse
(5'-TTGGTGGAACACACTGTGATCA-3'); B-actin: forward
(5'-CCAACGCCAAAACTCTCCC-3"), reverse (5'-AGCCATA-
AAAGGCAACTTTCG-3"); GFP: forward (CAAGGGCGAG-
GAGCTGTT), reverse (CGGCCATGATATAGACGTTG); Lu-
ciferase: forward (5'-AGAGATACGCCCTGGTTCC-3'), reverse
(5'-CCAACACCGGCATAAAGAA-3'). The input and bound
fractions were then amplified using Whole Genome Amplification
kit (Sigma) and labeled for microarray hybridization with either
Cy3-dUTP or Cy5-dUTP (Perkin Elmer) respectively using the
CGH labeling kit (Invitrogen) following the manufacturer’s
mstructions. The labeled input and bound DNA samples were
hybridized to a custom designed 180K promoter tiling array
(Agilent technologies) that contained probes covering all tran-
scription start sites at intervals from 1000 bp upstream to 200 bp
downstream of all genes described in Ensembl (version 54) and
within 250 bp of the ~400 microRNAs from miRBase, all at
100 bp-spacing. The array covered 69,818 transcription start sites
corresponding to 20,318 genes. All the steps of hybridization,
washing, and scanning were performed following the Agilent
protocol for ChIP-on-chip analysis. After microarray scanning,
probe intensities were extracted from scan images using Agilent’s
Feature Extraction 9.5.3 Image Analysis Software.
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Table 1. Characteristics of the chronic physical aggression (CPA) group and normal physical aggression (NPA) group.

Mean = SD or % (n)

Variables NPA CPA

Age at blood draw 24.19 * 054 (14) 25 * 1 (5) t(4.76)=1.738, P=0.146
Familial adversity score® 0.192 * 0.197 (14) 0.414 + 0387 (5) t(19)=1.738, P=0.098
Psychiatric record (21 years old) 63% (10/14) 80% (4/5) F exact, 2 tailled: 0.624
Criminal record (21 years old) 31% (5/14) 20% (1/5) F exact, 2 tailled: 1.000
Hyperactivity (6 to 12 years) 0.585 +* 0647 (14) 1.748 + 0937 (5) t(19)=3.161, P=0.005
Oppositional disorder (6 to 12 years) 0.927 +* 0.709 (14) 4.488 + 0813 (5) t(19) =9.495, P=0.000
Anxiety (6 to 12 years) 2.667 * 1393 (14) 2.652 * 1613 (5) t(19)=—0.19, P=0.985
Attention deficit (6 to 12 years) 2.196 + 1.567 (14) 2528 + 1114 (5) 1(19)=0.436, P=0.667

mother and father.
doi:10.1371/journal.pone.0086822.t001

MeDIP Microarray Analysis

Two replicate microarrays were hybridized and analysed for
each of the 19 samples. Quality control involved visual inspection
of microarray scan images, scanning software reports and
generation of MvA plots (.e. plots of log(Cy5/Cy3) vs log(Cyd x
Cy3)) to identify microarrays with dye biases or low signal.
Microarrays were normalized using background subtraction
followed by quantile normalization of log2-ratios of bound (Cy3)
and input (Cy3) channel intensities. Differential methylation
between groups of samples was determined at the probe and
promoter levels to ensure both statistical significance and
biological relevance as previously described [38]. At the probe
level, a modified t-statistic was computed for each probe to identify
probe intensity differences between CPA and NPA groups using
the ‘limma’ package [48] of Bioconductor [49]. Then, promoter-
level methylation differences were identified as those promoters
significantly enriched with probes having positive or negative t-
statistics using the Wilcoxon rank-sum test. A probe and the
containing promoter were called differentially methylated if the p-
value of the probe t-statistic was at most 0.05 (uncorrected for
multiple testing), log2-fold difference between the groups was at
least 0.25, and the false discovery rates (FDR) of the promoter-
level statistic was at most 0.05. The microarray data have been
deposited in Gene Expression Omnibus (GEO) at NCBI (www.
nchinlm.nih.gov/geo/) under the accession number GSE53193.

A Bayesian deconvolution method was used to estimate
methylation levels from the microarray data [51] and, as expected,
estimated promoter methylation levels were found to be signifi-
cantly anti-correlated (p = 2.3e-25) with previously published gene
expression levels of the same human cell type (http://biogps.org/)
(Figure S1).

All functional analysis was done using Ingenuity Pathway
Analysis [50] with the default parameters.

MeDIP Microarray Validation

Two approaches were used to validate the regions called
differentially methylated between CPA and NPA subjects from the
MeDIP-microarrays analysis; a gene-specific approach using
quantitative real-time PCR on the MeDIP fractions (Q-MeDIP)
and a genome-wide approach using Illumina Infinium Human-
Methylation450 BeadChip® (Illumina).

Gene-specific real-time PCR validation of microarray was
performed on the amplified bound fraction for the same subjects
used for microarray experiments (n=5 CPA and n=14 NPA).
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Real-time PCR experiments were performed using a LightCycler
and SYBR green reagent (Roche Diagnostics). Primers and
detailed conditions are available upon request. The Ct (cycle
thresholds) for all bound samples was converted to a relative
quantity scale using a standard curve of diluted fragmented human
DNA. We normalized the results by calculating the ratio of the
amplified specific gene over the amplified methylated control. The
methylated control used for normalization was the n vitro
methylated luciferase plasmid that was added in equal amount
to each sample prior to the MeDIP. The Q-MeDIP analyses of the
methylated control show no difference between the groups.

Whole-genomic validation of MeDIP microarray data was
performed using Illumina 450K arrays. This technique was
applied to validate both the male (Provengal et al. under review
in PLoS One) and female samples. Pooled samples were used since
only limited amount of DNA was available for many of the
subjects. Three different pools of genomic DNA were made per
group: men CPA (2 or 3 different subjects per pool), men NPA (4
different subjects per pool), women CPA (2 different subjects per
pool) and women NPA (4 or 5 different subjects per pool).
Genomic DNA was quantified using Picogreen protocol (Quant-
iT™ PicoGreen® dsDNA Products, Invitrogen) and read on
SpectraMAX GeminiXS Spectrophotometer. Bisulfite conversion
was performed with 500 ng of genomic DNA using the EZ-96
DNA Methylation-Gold Kit (Zymo Research) according to the
manufacturer’s instructions. The Illumina Methylation 450K kit
was used for the microarray experiment, as described by the
manufacturer’s protocol, except that 8 ul of bisulfite converted
material was used to initiate the amplification step. Arrays were
scanned using the Illumina iScan Reader. Data analysis was
performed using the Methylation module (version 1.9.0) of the
GenomeStudio software (Illumina; version 2011.1). Significant
differences in methylation levels between CPA and control groups
were obtained using the Illumina custom method with a False
Discovery Rate (FDR) <0.05. Beta-values with detection P-value
>0.001 were removed from the analysis since they are considered
to fall below the minimum intensity and threshold. All the probes
that contained a SNP within 10 bp of the CpG site were excluded
from the analysis to ensure equal annealing efficiency between the
samples. The raw data have been deposited in Gene Expression
Omnibus (GEO) at NCBI (www.ncbi.nlm.nih.gov/geo/) under
the accession number GSE53193.
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Primers were designed to generate amplicons <350 bp long
corresponding to the sequence containing differentially methylated
CGs identified by the Illumina 450K analysis. Bisulfite conversion
of individual male and female samples was performed using
500 ng of genomic DNA using the EZ-96 DNA Methylation-Gold
Kit (Zymo Research) according to the manufacturer’s instructions.
PCR amplifications were performed with 15 ng of bisulfite DNA
using TaKaRa EpiTaq HS polymerase (Cedarlane) on individual
samples using the following primers: JNE366: forward (5'-
GAAGGTATTTATTTGAGAAAAAGAG-3'), reverse  (5'-
CCAACTCCTAAAATCTAAATAACTACAAC-3"). To cali-
brate the assay and control for amplification bias, we amplified
the same regions from completely unmethylated (0%) or fully
methylated (100%) or mixtures of bisulfite-converted EpiTect
Control DNA (Qiagen). For pyrosequencing analysis, 20 pl of the
bisulfite-PCR products were processed according to the manufac-
turer’s standard protocol (Qiagen). Sequencing reactions were
performed on a PyroMark Q96 system using the PyroMark Gold
Q96 Reagent Kit (Qiagen) according to the manufacturer’s
instructions. The percentage methylation at each CpG site was
calculated from the raw data using PyroMark Q96-CpG Software

(Qiagen).
Results

T Cell Promoter Methylation Associated with CPA in

Women

Genome-wide promoter methylation profiles of T cell DNA
from women on a CPA trajectory during childhood and
adolescence were compared to women on normative physical
aggression trajectories. We found 917 probes corresponding to 430
distinct gene promoters differentially methylated between aggres-
sion groups (P<0.05 and FDR <0.05, Spreadsheet S1). Of these
promoters, 353 were less methylated and 77 were more
methylated in the CPA group (Figure 1A). A heatmap of the
probes in each of these gene promoters that best differentiate
between the groups is shown in Figure 1B. The 25 gene promoters
most significantly different between the two groups are listed in
Table S1 (P<<0.005 and FDR <0.01). Interestingly, the list of
differentially methylated genes includes a few that have been
previously associated with aggressive behavior in human and
animals [17] (Table 2). For example, Tryptophan Hydroxylase 2
(TPH2), Corticotrophin Releasing Hormone binding protein (CRHBP) and
the glucocorticoid receptor (NR3CI) were all found to be less
methylated in the CPA group.

We selected 19 of these regions called differentially methylated
for validation by Q-MeDIP (Figure S2A) as described in the
Methods section. Of these, 10 were found to be differentially
methylated by Q-MeDIP and, overall, the fold-change differences
identified by Q-MeDIP were highly correlated with fold-change
differences identified by microarray (R =0.849, P<0.001 by
Pearson’s correlation, Figure S2B).

Comparison between Differentially Methylated
Promoters Associated with Physical Aggression in Men
and Women

A previous study, conducted in our laboratory, analyzing
genome-wide promoter methylation profiles in the T cells of adult
males from the same longitudinal cohort as the one studied here
(Provencal et al., under review in PLoS One), found 448 gene
promoters to be differentially methylated in men with CPA. Of
these, 31 gene promoters belong to the list of gene promoters
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Figure 1. Gene promoters differentially methylated between
women CPA (n=5) and NPA (n=14) in T cells. A. Numbers of
promoters with significant methylation increases and decreases in CPA
versus NPA (P<<0.05; FDR<0.05). B. Heatmap depicts normalized
intensities of microarray probes contained in promoters that best
differentiate between CPA and NPA groups. Probes were selected from
gene promoters called differentially methylated with respect to
aggression groups (P=0.05; FDR =0.05). One probe was selected for
each gene, always the probe with the most extreme t-statistic.
Heatmaps are colored so the median values on each row are gray,
high values are red and low values are green. Red indicates higher
methylation in a row and green indicates lower methylation. Clustering
was performed using Ward's hierarchical clustering algorithm with
Pearson correlation distance as the distance metric. Rows correspond to
promoters and columns to subjects.
doi:10.1371/journal.pone.0086822.g001

found differentially methylated here in females (Table 3), a
significant overlap (P<<0.0001, Fisher’s exact test). Within the
promoters of these genes, there are 32 common differentially
methylated probes, indicating that a significant portion of the
overlap is actually due to identical genomic sites being differen-
tially methylated. One example is the JNF366 gene promoter
region where the MeDIP microarray analysis identified a region
which methylation pattern is associated with aggression in both
women and men (Figure 2).

Functional Relevance of the Differentially Methylated
Promoters Associated with CPA

To delineate if the list of genes differentially methylated between
CPA and NPA are grouped into biological functions and pathways
we used Ingenuity Pathway Analysis (IPA) software. In women,
IPA identified 74 functional categories significantly enriched with
the affected genes including “Cell signaling and interaction”,
“Inflammatory response” and “Behavior” (Table S2) as well as
specific canonical signalling pathways including CCR5, TEC
kinases, G-protein Gai and IL-10 (Table S3).
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Table 2. Differentially methylated gene promoters between women chronic physical aggression (CPA) and non-aggressive (NPA)
groups previously shown to be associated with aggressive behavior.

Distance from More methylated

factor-binding protein

Gene ID Gene description P-value FDR TSS in Association with aggressive behavior
TPH2 Tryptophan hydroxylase 2 0.03 0.02 -117 NPA Genetic association (SNP) in human [55]
NR3C1 Glucocorticoid receptor 0.05 0.01 84 NPA Genetic (SNP) association in pig [57]

CRHBP Corticotropin-releasing 0.04 0.01 -82 NPA KO mice show less maternal aggression [83]

doi:10.1371/journal.pone.0086822.t002

Aggression might also affect the methylation status of a specific
group of genes by targeting their upstream regulators. Using IPA
we were able to identify a set of potential upstream regulators
including transcription factors, growth factors and transmembrane
receptors. These potential upstream regulators were identified to
target a significant number of genes associated with aggression in
women (Table S4). The list includes many molecules that play an
important role in the regulation of genes involved in immune and
inflammatory responses, such as transcription factors FOS,
GATALI and GATAS3, hepatocyte growth factor (HGF) and many
cytokines (TNF, IFNG, IL1B, IL1A, IL17R, IL10, IL13, IL18).

Almost all of the functional categories significantly enriched
with genes associated with physical aggression in women were
previously observed in men (Provencal et al., under review in
PLoS One) (70 out of 74) with “Behavior” being one of the top 5
categories (Table 4 and Table S5; P<<0.0001 Fisher’s exact test), as
well as twelve out of the thirty enriched canonical pathways
(Table 4 and Table S6; P<<0.0001 Fisher’s exact test) and common
potential upstream regulators such as TNF and IL-1f involved in
inflammatory response (Table 4 and Table S7).

Genomic Organization of Differentially Methylated
Promoters Associated with CPA

In addition to functional organization, the differentially
methylated promoters exhibit genomic organization. As previously
observed in men (Provencal et al., under review in PLoS One),
regions with higher methylation in CPA women contained higher
than expected CpG densities and regions with lower methylation
in CPA women contained lower than expected CpG densities
(Figure 3A). Although CPA associated methylation differences are
distributed throughout the genome in both men and women, the
differences typically appeared in clusters such that methylation
differences at any given genomic location were weakly but
significantly predictive of methylation differences up to 1.5Mb
away in women (Figure 3B) and 2Mb away in men (Provencal
et al., under review in PLoS One).

Validation of the MeDIP-microarray Data using Illumina
Human Methylation 450K Arrays

To further confirm the results obtained using MeDIP-micro-
arrays, we generated and analyzed new methylation profiles using
the Infinium Human Methylation 450 BeadChip®. The Illumina
450K approach is an alternative to the MeDIP approach
appropriate for validation because it is based on bisulfite
conversion rather than antibody affinity. Although it has lower
coverage than the MeDIP microarray, it has higher resolution
(single-CpG resolution) and reasonable coverage with at least one
CpG ssite in 96% of known CpG islands and 99% of RefSeq gene
promoters. Due to small amounts of remaining DNA, samples
were pooled to produce three sample pools per aggression group
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(both male and female), each pool hybridized to an Illumina 450K
array and then the arrays analyzed to identify methylation
differences between CPA and NPA sample pools. A total of 716
gene promoters were found to contain CpG sites differentially
methylated between female CPA and NPA pools (P=0.05 and
FDR <0.05, Spreadsheet S2). Of these, 70 gene promoters were
also found differentially methylated using the MeDIP-microarrays
(Table S8; P<<0.001, Fisher’s exact test), and 79 contain a
differentially methylated CpG site in the male Illumina 450K
microarrays (P<<0.0001, Fisher’s exact test; Table 5). These 79
gene promoters differentially methylated in both men and women
according to the Illumina platform include 7 gene promoters
differentially methylated in women and 3 gene promoters
differentially methylated in men according to our MeDIP-
microarray data. One example is the JNF366 gene promoter
region where both the MeDIP microarray and Illumina 450K
analysis identified a region which methylation pattern is associated
with aggression in women (Figure 2).

The three CpG sites of this region were analyzed by
pyrosequencing. On average, all of the CpG sites have lower
methylation in the women CPA group with CG1 showing a
significant difference at P<<0.05 in all the techniques used: MeDIP
microarray, Illumina 450K array and pyrosequencing (Figure 2).

The Ilumina 450K profiles also include methylation levels for
many CpG sites outside of promoters of which 5898 CpG sites are
differentially methylated in women with CPA and 5795 are
differentially methylated in men with CPA (P<<0.05, no correction
for multiple testing, Spreadsheet S3). These two sets overlap on a
significant 744 CpG sites (P<0.0001; Fisher’s exact test).

Discussion

We have previously hypothesized that epigenetic mechanisms
mediate aggressive behaviors by showing a signature of aggression
in the T cells of adult, human males. In this study, we tested the
hypothesis that a similar DNA methylation signature exists in
well. Our study confirms this hypothesis and
furthermore identifies a significant but not perfect overlap between
the male and female signatures. Indeed, the methylation of 31
gene promoters was shown to associate with physical aggression in
both sexes (Table 3). Interestingly, a significant portion of the
overlap is due to identical genomic sites being differentially
methylated in a gender-independent fashion. Adding to this list,
744 CpG sites were found differentially methylated in men and
women with CPA using Illumina 450K arrays. The fact that such
an overlap is observed between men and women data in spite of
the fact that the methylome analyses were performed separately
and independently makes it highly unlikely that the methylome
signatures identified here could be derived randomly. The almost
perfect overlap between functional categories represented by both
the male and female signatures provides further evidence that

women  as
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Figure 2. Methylation pattern associated with aggression in women and in men of the ZNF366 gene promoter region analyzed by
MeDIP microarrays and validated using lllumina 450K arrays and pyrosequencing. Expanded views from the UCSC genome browser of
ZNF366 gene promoter region located on chromosomes 5 are depicted. The first and second tracks show the average MeDIP microarray probe log2-
fold differences (scale: —0.6 to 0.6 for both tracks) between chronic physical aggressive (CPA) and non-aggressive (NPA) groups for men and women
T cells. In black are probes that are more methylated and in gray are those that are less methylated in the CPA group. Highlighted in blue and in pink
are regions significantly differentially methylated between the groups in men and in women, respectively. The third and fourth track shows delta Beta
values (average Beta CPA- average Beta NPA) obtained for each CpG site analyzed by lllumina 450K arrays in men and in women (scale: —0.2 to 0.2 for
both tracks). The last track indicates the location of individual CpG sites using black lines. In this region, three CpG sites were analyzed by
pyrosequencing (underlined). The bar graph shows the average methylation levels for each CpG sites in the women CPA and NPA groups as

determined by pyrosequencing. Error bars show the SEM and * indicate P<<0.05 and # P<0.1.

doi:10.1371/journal.pone.0086822.9002

these signatures are associated with female and male chronic
physical aggression (Table 4). The existence of sex-specific and
sex-independent components of the signatures is consistent with
what we know about sex differences and similarities in human
physical aggression, and future studies will examine the relation-
ships of these components with gender-specific and independent
aggressive behaviors.

MeDIP microarray and Illumina 450K array methods captured
different population of the differentially methylated regions
although both methods validated the difference between the
groups. These methods measure DNA methylation differently and
have different representation of CpG sites in their array. The main

PLOS ONE | www.plosone.org

difference between the methods is that the MeDIP microarray
method measures average differences across 250 bp and their
proximal regions while Illumina 450K arrays measure CpG sites
independently. One example of the different results obtained from
the two techniques is illustrated in Figure 2. JNF366 gene
promoter was found differentially methylated by both techniques
in both sexes but at different CpG sites. Indeed, this region contain
CpG sites called differentially methylated by both techniques
(Figure 2 on the left highlighted in pink) as well as regions called
differentially methylated by MeDIP microarray in both sexes
(Figure 2, on the right highlighted in blue and in pink) but where
no CpG sites were analyzed by Illumina 450K arrays. It is
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therefore not surprising that these methods reveal different
sensitivities to differences in DNA methylation in different
promoters and therefore capture different although somewhat
overlapping domains of the differentially methylated landscape
associated to chronic aggression.

Three genes of the 430-gene female signature were already
known to associate with aggression in animals and in humans
(Table 2). Indeed, recent studies that aimed to decipher the
biological mechanisms involved in the development and mainte-
nance of chronic aggression have consistently found a key role for
the serotonin (5-hydroxytryptamine, 5-HT) pathway, suggesting
lower serotoninergic activity associated with aggression/impulsiv-
ity [51-54]. Tryptophan Hydroxylase is the rate-limiting enzyme

PLOS ONE | www.plosone.org

Table 4. Functions and pathways enriched with genes whose methylation is associated with aggression in both sexes from IPA
analysis (women n=430 genes and men n=448 genes).
Functional Categories Group P-value # Genes
Cancer women 2.47E-09;3.72E-03 221

men 5.09E-08;2.74E-02 205
Respiratory Disease women 5.27E-06;3.55E-03 126

men 5.09E-08;2.04E-02 130
Cellular Growth and Proliferation women 1.11E-07;3.97E-03 124

men 3.15E-05;2.08E-02 7
Cellular Development women 1.11E-07;4.29E-03 79

men 3.15E-05;2.6E-02 64
Behavior women 8.62E-04;2.16E-03 13

men 2.75E-04;2.54E-02 10
Canonical Pathways Group P-value # Genes
Granulocyte Adhesion and Diapedesis women 1. 51E-04 12

men 5.13E-04 11
Agranulocyte Adhesion and Diapedesis women 2.51E-04 12

men 8.71E-02 9
FXR/RXR Activation women 5.25E-04 8

men 9.77E-03 6
IL-10 Signaling women 2.63E-03 6

men 1.17E-02 5
Role of Cytokines in Mediating Communication between Immune Cells women 4.07E-03 5

men 3.80E-03 5
Upstream Regulators Group P-value of overlap # Genes
TNF women 5.49E-06 55

men 6.61E-03 44
IL1B women 1.37E-05 33

men 3.16E-03 27
FOS women 6.46E-05 23

men 8.55E-03 18
Prostaglandin E2 women 3.34E-04 15

men 1.03E-02 12
ADAMTS12 women 1.30E-02 3

men 1.44E-02 3
doi:10.1371/journal.pone.0086822.t004

in the synthesis of serotonin. In humans, Perez-Rodriguez et al.
[55] tested several polymorphisms of TPH? and found an
extended haplotype associated with enhanced aggressiveness,
suicidal behavior, and susceptibility to borderline personality
disorder. We found that the promoter of TPH2 is less methylated
in CPA women. We also found CRHBP, regulator of cortisol levels,
and the glucocorticoid receptor (VR3C1, GR) to be less methylated
in the CPA women. The glucocorticoid receptor, whose epigenetic
changes, were associated with early-life stress (reduced maternal
care in rats [31,56], childhood abuse in human brain [37]), plays
also a key role in HPA axis related stress reactivity and aggressive
behavior in pigs [57]. The stress response and the HPA axis have
also been associated with aggression [51,58]. Both hyper- and
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Figure 3. Genomic organization of differentially methylated
promoters associated with CPA. A. CpG density of the differentially
methylated promoters. Normalized CpG density is the density of CpG
sites divided by the expected density calculated by multiplying the
density of C sites by the density of G sites. *** indicate P<<0.0001. B. The
Pearson correlations of DNA methylation differences between CPA and
NPA groups at various genomic distances are shown. Error bars denote
95% confidence intervals obtained from 1000 bootstraps composed of
randomly selected probe pairs with replacement. The grey highlight
shows the expected 95% confidence interval for correlations of probe
pairs independent of their distance. Independence was simulated by
with 500 random permutations of the probe coordinates. This
confidence interval does not overlap with the error bars associated
with distances less than 1.5Mb suggesting the existence of systematic
dependencies between methylation differences at distances up to
1.5Mb.

doi:10.1371/journal.pone.0086822.g003

hypo-active HPA axis are associated with aggression in humans
[69-62]. It is perhaps not surprising that these genes are
differentially methylated only in women where the HPA negative
feedback control is known to be more sensitive than in males [63].
The same is true for rodents where it has been shown that female
rodents have higher HPA axis activity under basal and stress-
induced conditions than males [64].

As previously observed in men (Provengal et al., under review in
PLoS One), several of the genes in the female aggression signature
play roles in cytokine function and inflammatory response (Table 4
and Table S1-3). Recent studies have shown that cytokines are
associated with various behavioral disorders such as anxiety,
depression, suicide, childhood mood disorder and post-traumatic

PLOS ONE | www.plosone.org
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stress disorder (PTSD) [40,65-75]. It was also suggested that
cytokines might play a role in the neurobiology of aggression since
they are expressed in brain regions already known to be involved
in aggression and behavior [76-78]. For example, IL/RN have
been shown to be involved in defensive aggression through its
activation by IL-1 beta [79,80]. Our results show that ILIRN
belongs to both the male and female aggression signatures.
Moreover, cytokines expression in blood and gene methylation in
T cells was recently found to associate with men CPA in the same
subjects as the one studied here [47]. Further work is needed to
investigate the role of peripheral cytokines in aggression but taken
together these data suggest that cytokine regulation could play an
important role in human behavior and mental health.

Three of the genes in both the male and female signatures of
aggression are members of the protocadherin gene family (PCDHS,
PCDHB?2, PCDHBS). Interestingly, we have recently shown that
the protocadherin gene family is differentially methylated in
hippocampi from rats exposed to low maternal care and humans
subjected to child abuse [31,81]. It is noteworthy that although
these genes are clearly involved in brain function, we also observed
changes in DNA methylation in T cells associated with aggressive
behavior. Similar results were obtained when we recently
compared rhesus monkey DNA methylation changes in prefrontal
cortex and T cells in response to differences in maternal rearing
[32]. This analysis revealed both tissue specific alterations as well
as common differentially methylated regions in T cells and
prefrontal cortex. Two previous reports suggested that brain
function-specific genes were differentially methylated in peripheral
blood cells in association with physical aggression [42,47]. Further
work is needed to understand why seemingly brain-specific genes
would be differentially methylated in blood DNA in association
with aggression and other environmental factors.

There are three important limitations to this study. First,
although we recruited subjects from a large longitudinal study, we
managed to assess only a small number of women with chronic
physical aggression because they represent a very small percentage
of the population and are difficult to recruit. Thus, replications are
needed from similar longitudinal studies to confirm our results.
Second, we analyzed DNA methylation profiles only in adulthood
because 'T' cells were not collected at earlier time points during the
longitudinal study. New longitudinal studies are needed to help
distinguish whether the observed DNA methylation profiles are
present before the start of the chronic physical aggression
trajectories or are an outcome of these behaviors. Third, there
was no psychometric-physical evaluation at the time of blood
draw. The acute psychological and/or physical status might
confound our findings. Future longitudinal studies that include
concurrent blood draws and psychometric-physical evaluations are
required to address this question. In addition, childhood abuse is
also known to increase the risk of aggression in adolescents and
adults [82] and was also found to associate with DNA methylation
differences [37]. Therefore, it is possible that child abuse acts as a
third factor in explaining the reported association between
aggression and DNA methylation. This however might be
reflecting the simple fact that these behaviors are molecularly
and functionally linked within the same biological pathways.

Nevertheless, this study is consistent with a DNA methylation
signature of chronic aggression that is maintained into adulthood
and provides justification for future longitudinal and intervention
studies using T cell methylomes to investigate the causal and
temporal relationships between social experiences and long-term
behavioral phenotypes in humans.
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Supporting Information

Figure S1 Distributions of promoter methylation levels
by published expression level. Genes expression levels were
obtained from publicly available T cells expression profiles (Su,
Wiltshire et al. 2004) that we used to partition genes by expression
percentiles (0-5, 5-10, ..., 95-100). To obtain gene promoter
methylation levels, we computed the average normalized intensity
of each probe across all samples and replicates, and then applied
the Bayesian deconvolution algorithm mentioned above to the
resulting averages (Down, Rakyan et al. 2008). Shown are the
distributions of methylation levels for each expression percentile.
The distributions show that genes with low or no expression
(represented in green) tend to have highly methylated promoters,
whereas genes with high expression (represented in red) tend to
have lower promoter methylation.

(TIF)

Figure 82 Validation by Q-MeDIP of differentially
methylated sequences between CPA (n=5) and NPA
(n=14) groups. A. Fold differences between CPA and NPA
groups obtain by Q-MeDIP (grey fill) and microarray (dark fill)
analyses are shown for 19 genes predicted to be more methylated
(n=2) and less methylated (n =17) in the CPA individuals by the
microarray analysis. In bold are the genes in common between
men and women MeDIP-arrays. * and # indicated the P value
obtained by comparing the groups (# P=0.1; * P<0.05; ** P<
0.001; *** P<0.0001). B. Correlation of the fold differences
between CPA and NPA obtain by Q-MeDIP and by MeDIP-array
for 19 genes predicted to be differentially methylated between
CPA and NPA groups by the microarray analysis.

(TTF)

Table S1 Top 25 gene promoters differentially methylated
between women CPA (n=15) and NPA (n=14) groups from the
MeDIP-microarray analysis (P<<0.005 and FDR <0.01). In bold
are genes also found to be differentially methylated in men
MeDIP-microarray analysis. Underlined are genes validated by
Illumina 450K arrays.

(DOCX)

Table 82 Biological functions enriched with genes whose
methylation is associated with women aggression from IPA
analysis (n =430 genes).

(DOCX)

Table 83 Canonical pathways enriched with genes whose
methylation is associated with women aggression from IPA
analysis (n =430 genes). All of the p values were calculated using
a right tailed Fisher’s exact test and corrected for multiple
comparison with the Benjamini-Hochberg method. Significance
threshold were p =0.05.

DOCX)

Table S4 Upstream regulators showing a significant overlap
with genes whose methylation is associated with aggression from
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IPA analysis (n =430 genes). Upstream regulators differentially
methylated between chronic and normal aggression are shown in
bold. Significance threshold were P=0.05.

(DOCX)

Table S5 Biological functions enriched with genes whose
methylation is associated with aggression in both sexes from IPA
analysis (women n =430 genes and men n =448 genes).

(DOCX)

Table S6 Canonical pathway enriched with genes whose
methylation is associated with aggression in both sexes from IPA
analysis (women n =430 genes and men n =448 genes).

(DOCX)
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