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Context: Our genome adapts to environmental influences, in part through epigenetic mechanisms, including DNA methylation. Variations in the quality of the
early environment are associated with alterations in
DNA methylation in rodents, and recent data suggest
similar processes in humans in response to early-life
adversity.
Objective: To determine genome-wide DNA methylation alterations induced by early-life trauma.
Design: Genome-wide study of promoter methylation

in individuals with severe abuse during childhood.
Patients, Setting, and Main Outcome Measures:

Promoter DNA methylation levels were profiled using
methylated DNA immunoprecipitation followed by microarray hybridization in hippocampal tissue from 41
French-Canadian men (25 with a history of severe childhood abuse and 16 control subjects). Methylation profiles were compared with corresponding genome-wide
gene expression profiles obtained by messenger RNA microarrays. Methylation differences between groups were
validated on neuronal and nonneuronal DNA fractions
isolated by fluorescence-assisted cell sorting. Func-

tional consequences of site-specific promoter methylation were assessed by luciferase assays.
Results: We identified 362 differentially methylated
promoters in individuals with a history of abuse compared with controls. Among these promoters, 248
showed hypermethylation and 114 demonstrated hypomethylation. Validation and site-specific quantification
of DNA methylation in the 5 most hypermethylated
gene promoters indicated that methylation differences
occurred mainly in the neuronal cellular fraction.
Genes involved in cellular/neuronal plasticity were
among the most significantly differentially methylated,
and, among these, Alsin (ALS2) was the most significant finding. Methylated ALS2 constructs mimicking
the methylation state in samples from abused suicide
completers showed decreased promoter transcriptional
activity associated with decreased hippocampal expression of ALS2 variants.
Conclusion: Childhood adversity is associated with epigenetic alterations in the promoters of several genes in
hippocampal neurons.
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HILDHOOD ADVERSITY ,
characterized by the
presence of sexual and
physical abuse, is a global
problem of significant
proportions.1,2 Epidemiologic studies3-5 indicate prevalence rates for all forms of
childhood sexual abuse and physical abuse
ranging from 11% to 35%.Childhood
sexual abuse and childhood physical abuse
are among the strongest predictors of psychiatric pathology and severity of clinical
course, including suicide.2,4-14 The influence of childhood sexual abuse and childhood physical abuse on psychological development is thought to be mediated
directly by changes in cognitive processing of threatening stimuli,15-18 resulting in
enhanced negative affect to daily life stress-
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ors.19 Although there is a clear link between early-life adversity and psychopathology, very little is known about the
molecular mechanisms responsible for the
long-lasting behavioral consequences of
childhood abuse. Significant insight into
this critical issue comes primarily from animal studies and from recent translation research in humans investigating epigenetic mechanisms.20,21
Early studies20,22 have shown that variations in the quality of postnatal parentoffspring interactions directly alter intracellular signals that regulate epigenetic
states, with sustained effects on gene transcription. For instance, in rats, adult
offspring of low licking and grooming
mothers show decreased hippocampal
expression of glucocorticoid receptor
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variant 7, glutamic acid decarboxylase 1, and estrogen
receptor ␣ associated with overall promoter hypermethylation that constrains the binding of transcription factors, such as nerve growth factor–induced protein A.23-25
Similarly, site-specific hypermethylation in brainderived neurotropic factor promoter associates with lower
expression of this neurotrophin in the prefrontal cortex
of offspring of chronically stressed mothers. 26 Prolonged periods of maternal separation in the mouse
regulate the methylation of an arginine vasopressin enhancer, arginine vasopressin expression, and hypothalamic-pituitary-adrenal responses to stress.27 Chronic social stress in adult mice decreases methylation levels in
the promoter of the corticotrophin-releasing factor and
increases expression in the paraventricular nucleus of the
hypothalamus.28 In humans, suicide completers with a
history of childhood abuse (SAs) show hypermethylation in the nerve growth factor–induced protein A binding site within glucocorticoid receptor variant 1F promoter that is associated with decreased glucocorticoid
receptor variant 1F receptor expression in the hippocampus (HPC).21 Abused suicide completers also have overall hypermethylation in the ribosomal RNA gene promoters associated with lower hippocampal expression,
suggesting widespread effects across the genome.29
These studies suggest that early-life adversity induces epigenetic alterations in gene regulatory regions.
An important question is whether childhood abuse affects only a restricted number of candidate genes or
whether it has a broader effect on the epigenome and, as
a consequence, on a large spectrum of functional pathways. To date, no large-scale genome-wide study has been
performed to identify epigenetic alterations found in the
brains of individuals who experienced childhood abuse.
We report results from a comprehensive genome-wide
screening of promoter DNA methylation modifications
found in the HPC of SAs compared with control individuals. Results from this study support the hypothesis
that child abuse induces a coordinated DNA methylation response in multiple promoters throughout the
genome.
METHODS
Complete methods are described in the Author eAppendix (available at http://www.douglas.qc.ca/page/mgss-supplementary).

SAMPLE SELECTION
The project was approved by the research ethics board at the
Douglas University Mental Health Institute. Brain tissue was
obtained from the Quebec Suicide Brain Bank (Douglas Mental Health University Institute, Verdun, Québec, Canada). The
sample for this study consisted of brain tissue from 41 individuals (25 SAs and 16 controls [Author eTable 1]). An additional group composed of 20 nonabused suicide completers
(SNAs) was included in the validation experiments. All subjects were white males of French-Canadian descent, a population with a well-identified founder effect,30 and were group
matched for age, pH, and postmortem intervals. Presence of severe early-life abuse was based on adapted Childhood Experience of Care and Abuse interviews assessing various dimensions of the childhood experience, including abuse.31

METHYLATED DNA IMMUNOPRECIPITATION,
LABELING, AND HYBRIDIZATION
Methylated DNA was extracted following an adaptation of a
methylated DNA immunoprecipitation (meDIP) method developed32 using 5⬘ methylcytosine antibody bound to sepharose beads. Input, unmethylated, and methylated fractions were
purified by phenol-chloroform and precipitated in ethanol. Labeling, hybridization, and data extraction were performed following the manufacturer’s (Agilent Technologies) instructions. Every subject was hybridized on a separate microarray.
Microarrays were scanned (High-Resolution C Scanner; Agilent Technologies), and data were extracted using commercial
software (Feature Extraction; Agilent Technologies).

MICROARRAY DESIGN AND ANALYSIS
A custom-designed 400K promoter tiling array was used for
this study (Agilent Technologies). The array was designed using
the manufacturer’s array design platform (eArray) in July 2009.
Probes were selected to tile all known gene promoters, ie, intervals approximately 2000 base pairs (bp) upstream and 400
bp downstream of the transcription start sites of genes were described in Ensembl software (version 55; http://www.ensembl
.org) at 100-bp spacing. Extracted microarray intensities were
processed and analyzed using the R software environment for
statistical computing.33

EXPRESSION MICROARRAY DATA
Whole-genome gene expression data were obtained from gene
expression microarrays previously generated in our laboratory on the HU 133 plus2 microarrays (Affymetrix Inc).34 Methylation and expression data were compared in a subset of samples
for which we added expression and methylation profiles (13
SAs and 9 controls). Expression data were normalized as previously described.35

NEURONAL AND NONNEURONAL ISOLATION
AND MICROARRAY VALIDATION
Nuclei were isolated from hippocampal tissue by fluorescenceassisted cell sorting using human anti-NeuN antibody conjugated to a fluorescent marker (Alexa Fluor 488; Life Technologies Corp) as described previously.36 Nuclei were filtered and
sorted (FACSVantage SE system; BD Bioscience). Microarray
validation was performed by EpiTYPER (Sequenom) at the Génome Québec Innovation Centre. Every sample used in the microarray experiments was used in the validation experiments.
Results were analyzed by 2-way mixed-model analysis of variance (ANOVA), with groups as a fixed factor and CpG dinucleotides as a repeated measure followed by Fisher least significant difference (LSD) post hoc tests. The level of significance
was fixed at P=.05.

LUCIFERASE ASSAYS
Alsin gene (ALS2 [HGNC 443]) full-length and truncated promoters were amplified by polymerase chain reaction (PCR) from
human genomic DNA. A methylated full-length construct was
obtained by means of inverse PCR using a methylated primer
and ligated into a pGL3 vector before transfection into Be(2)c
cells. Firefly renilla plasmid was used as a control for transfec-
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Figure 1. Chromosomal location and expression. A, Chromosomal distribution of differentially methylated probes in abused suicide completers (SAs). The first
row represents the chromosomal location of probes with increased methylation (hypermethylated) in the SAs and the second row indicates the chromosomal
location of probes with decreased methylation (hypomethylated) in the SAs. B, Inverse correlation between whole-genome expression and promoter methylation
differences between SAs and controls. The mean promoter methylation differences (Meth) and gene expression (Expr) differences show that differential
methylation is inversely correlated with differential gene expression across the genome (Pearson r = −0.19, P ⱕ 4.0E−6). Data were obtained by summarizing
promoter methylation and gene expression differences across regions of 1 megabase throughout the whole genome.

tion efficiency and to normalize luciferase activity. All experiments were performed in 6 replicates. Results were analyzed
by independent sample t test, and the significance level was fixed
at P=.05.

QUANTIFICATION OF GENE EXPRESSION
USING QUANTITATIVE REAL-TIME PCR
Total RNA was extracted from the same samples used in the
microarray and validation experiments using a lipid tissue extraction kit (RNeasy; Qiagen) and was followed by Dnase I treatment, and cDNA conversion was performed using oligo(dT)
primers. Expression of ALS2 was quantified using customdesigned probes (ABI 7900HT Taqman; Applied Biosystems).
Mean quantities from all samples were normalized to the reference gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH [HGNC 4141]). Results were analyzed by 1-way
ANOVA followed by LSD post hoc tests. The level of significance was fixed at P=.05.
RESULTS

GENOME-WIDE PROMOTER
METHYLATION DIFFERENCES
Using custom-designed Agilent high-density microarrays, we investigated genome-wide methylation profiles
in gene promoter sequences in the HPC of SAs compared with controls. A total of 330 600 probes were distributed in the promoter regions of 23 551 genes. The SAs
and controls did not differ significantly with respect to
mean (SEM) age (SAs, 37.3[2.1] years; controls, 40.9 [3.6]
years; t =−0.92, P = .36), pH (SAs, 6.5 [0.1]; controls, 6.5
[0.1]; t=−0.06, P = .95), and postmortem interval (SAs,

28.5 [2.6] hours; controls, 32.6 [3.8] hours; t = −0.95,
P =.35).
We first examined promoter methylation levels and
distribution across the genome in SA compared with control samples, adjusting for confounders that showed evidence of a significant effect on the total amount of methylation variance in the microarray data or for variables
known to have an effect on methylation. Specifically, we
controlled for substance disorders, age, and postmortem interval. A total of 362 probe sets mapping to 307
different promoters were significantly differentially methylated between groups. (See the Author eAppendix for
the methods used in the analyses of the arrays.) Our analyses revealed an overrepresentation of hypermethylated
probes in the promoters of the SA group. Thus, 68.5%
of the probes (n=248) showed higher methylation and
31.5% (n=114) showed lower methylation in SA compared with control samples after false discovery rate correction (Pⱕ 1.2E−6, hypergeometric). Interestingly, our
analyses revealed that CpG density is more than 3.2 times
lower in hypomethylated regions compared with hypermethylated regions. The CpG density in hypermethylated regions was identical to density in all regions tiled
by the microarray (P⬍8.2E−38, Wilcoxon rank sum test).
Analysis of chromosomal distribution (Figure 1A)
of differentially methylated promoters across the genome showed that no chromosome or chromosomal region was overrepresented. As evidence of this, we noted
that only 20% of the differentially methylated promoters were within 500 kilobases (kb) of another differentially methylated promoter. A permutation test revealed
that this level (20%) was in the expected range for the
random distribution of 307 differentially methylated pro-
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Table. List of the 25 Most Significantly Differentially Methylated Gene Promoters Subjected to Multiple Testing Correction (FDR)
Chromosome a
Hypermethylated in SAs
11
1
17
17
9
1
1
1
11
20
2
20
16
11
14
3
1
2
2
1
1
Hypomethylated in SAs
14
14
9
15

P Value FDR

LFC

Gene

1.48E−3
1.48E−3
5.24E−3
5.24E−3
5.24E−3
5.49E−3
5.49E−3
5.49E−3
5.59E−3
5.72E−3
5.72E−3
5.72E−3
5.73E−3
6.07E−3
6.63E−3
6.63E−3
6.79E−3
6.79E−3
6.79E−3
6.79E−3
6.79E−3

0.97
0.97
1.27
1.08
0.98
0.90
0.85
0.82
0.98
1.34
1.10
0.81
0.89
0.85
1.17
0.82
1.06
1.22
0.97
1.20
0.98

DGKZ
HIST2H2AB
NR1D1
NR1D1
RGS3
TAF5L
TAF5L
TAF5L
ABCG4
HCK
MIR10B
HCK
HYDIN
C2CD3
C14orf174
FHIT
C1orf51
ALS2
ALS2
PPFIA4
PPFIA4

8.05E−4
8.05E−4
1.48E−3
3.13E−3

0.81
0.78
1.03
0.96

SNORD114-14
SNORD114-14
AL449083.1
SNRPN

TSS, bp
642
836
314
358
878
−968
−518
−957
208
564
−96
383
377
−548
−739
294
1199
596
352
68
84
884
950
505
535

Abbreviations: bp, base pairs; FDR, false discovery rate; LFC, log-fold change; SAs, suicide completers who were abused as children; TSS, distance from the
transcription start site (positive, upstream; negative, downstream).
a Multiple probes were differentially methylated on the same chromosome.

moters (P=.65). Thus, epigenetic alterations associated
with early-life adversity were equally distributed throughout the genome.
Promoter hypermethylation has classically been associated with gene silencing, whereas hypomethylation
has been observed with increased gene expression.37 We
assessed the transcriptional consequences of methylation changes in gene promoters by comparing the methylation data with messenger RNA (mRNA) gene expression data generated in an overlapping sample using
Affymetrix HU 133 plus2 microarrays. We first compared expression and methylation data independent of
group differences. As expected, genome-wide expression levels were inversely correlated with estimated genome-wide promoter methylation levels (Pearson
r =−0.14, Pⱕ4.6E−247). Furthermore, this inverse correlation became more pronounced when summarizing promoter methylation and gene expression differences across
1-megabase regions (Pearson r = −0.19, P ⱕ 4.0E −6 )
(Figure 1B). These findings are consistent with an overall negative effect of promoter methylation on the regulation of gene expression.
The Table provides a list of the most significantly differentially methylated gene promoters ranked by corrected (false discovery rate) P values and log2-fold change
(see Author eTable 2 for a complete list). Genomic regions in the promoter of the most significantly differentially methylated genes in the SA group (DGKZ [HGNC
2857], HIST2H2AB [HGNC 20508], NR1D1 [HGNC 7962],
RGS3 [HGNC 9999], and TAF5L [HGNC 17304]) were se-

lected for validation (eFigure; http://www.archgenpsychiatry
.com). We validated our findings in neuronal and nonneuronal cell fractions from the same hippocampal samples used
in the promoter methylation array study to investigate
whether significant differential methylation between groups
resulted from methylation differences in neurons or glial
cells. We first isolated nuclei from both cellular fractions
using a fluorescence-assisted cell-sorting method with the
neuronal nuclei marker NeuN.38 Sorting total nuclei stained
by NeuN generated a bimodal fluorescence intensity distribution (Figure 2B and C) composed of approximately
30% of neuronal nuclei and 70% of nonneuronal nuclei.
The sorting procedure was assessed under fluorescence microscopy and revealed a high level of purity (Author eFigure 2). With the exception of RGS3, all promoters investigated confirmed significant methylation differences specific
to the neuronal fraction (eFigure).
We explored the functional significance of the differentially methylated genes with a functional annotationclustering analysis using DAVID 6.7 (http://david.abcc
.ncifcrf.gov). The 5 functional clusters most significantly
enriched with differentially methylated genes are listed
in Author eTable 3. The list suggests that genes associated with neuronal plasticity, including both cell adhesion and cell plasticity, were significantly enriched categories. We focused on differentially methylated genes
within this functional cluster to further understand the
relationship between early-life adversity and hippocampal function. Figure 2A shows the cell-plasticity functional annotation cluster and the genes it contains. This
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revealed significant hypermethylation in SAs compared with
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(F9,54 =59.9, P=1.58E−67) and a significant group⫻CpG site
interaction (F29,54 =2.1, P=.006) in the neuronal cell fraction. Post hoc analysis indicated significant hypermethylation at CpG4 in SA compared with SNA (LSD, P=7.07E−5)
and control samples (LSD, P=9.59E−9) and between SNA
and control samples (LSD, P=.03) (Figure 4C). There was
also a trend toward a significant hypermethylation at CpGs
16 and 17 between SAs and controls (LSD, P = .07)
(Figure 4C). These results suggest that child abuse is associated with differential ALS2 promoter methylation levels in the neuronal cell fraction, specifically at CpG site 4.
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Figure 2. Pathway analysis and fluorescence-assisted cell-sorting summary.
A, Functional annotation chart of the neuronal plasticity cluster in the abused
suicide completer group determined from the differentially methylated gene
sets after false discovery rate correction. Shown are the genes and
associated annotations for functional annotation cluster 4 related to neuronal
plasticity. Green represents corresponding gene-term associations
previously reported, and black represents corresponding gene-term
associations not yet reported. B, Total nuclei stained with NeuN generated a
bimodal fluorescence intensity distribution. The intensity of fluorescence in
the nonneuronal fraction (left peak) is less than in the neuronal fraction (right
peak). C, Density plot representing the neuronal and nonneuronal cell
fractions as a function of the intensity of fluorescence (FITC-A). SSC-A
indicates side scatter (internal granulosity).

annotation was enriched with 19 genes, among which
ALS2 was the only gene appearing among our top candidates (Table) and found in all ontologic terms. We thus
further investigated ALS2 to define the functional effect
of hypermethylation in its promoter.
CHARACTERIZATION OF METHYLATION
ALTERATIONS IN ALS2 PROMOTER
The ALS2 (Alsin) gene is located on chromosome 2q and
is composed of 34 exons spanning a region of 80 kb of
DNA. It has 2 major transcripts predicted to encode 2
protein isoforms39,40 composed of multiple guaninenucleotide exchange factor motifs.41 Interestingly, ALS2
is thought to be expressed specifically in neurons.41
We quantified individual CpG methylation levels in a
region of 409 bp, including 14 CpG sites in the promoter
of ALS2 (Figure 3A). A group of SNAs matched with SAs
and controls for age, pH, and postmortem interval was in-

We used a dual-reporter cell assay using the neuroblastoma Be(2)c cell line to investigate the functional effects of hypermethylation at CpG site 4 in the ALS2 promoter. We first assessed transcriptional activity of the ALS2
promoter. Two deletion constructs of the ALS2 promoter were generated: a full-length construct composed of a 1000-bp region upstream of the distance from
the transcription start site (TSS) of ALS2, including the
site of hypermethylation identified at CpG4, and a truncated construct of 543-bp upstream ALS2 TSS, excluding the site of hypermethylation (Figure 3A). The luciferase assays showed significantly higher transcriptional
activity for the full-length compared with the truncated
construct (t=2.8, P=.02) (Figure 3B), suggesting that the
region identified as hypermethylated in ALS2 participates in the regulation of ALS2 expression.
We then methylated CpG site 4 in the full-length construct to assess whether methylation at this site decreases transcriptional activity. Site-specific methylation (see the Author eAppendix for the complete
procedure) significantly decreased ALS2 promoter activity compared with the unmethylated, full-length construct (t =11.3, P =3.38E−6) (Figure 3C). Given the transcriptional effect of methylation in the ALS2 promoter,
we then used quantitative real-time PCR to examine the
hippocampal expression of the 2 major ALS2 transcripts. A 1-way ANOVA performed on ALS2 isoform 1
transcript expression levels revealed no significant group
effect (Figure 3D). However, a significant group effect
was found for ALS2 isoform 2 (F2,51 =3.2, P=.049) with
post hoc analysis revealing lower levels of ALS2 isoform
2 expression in SA (LSD, P=.02) and SNA (LSD, P=.048)
samples compared with control samples (Figure 3E). Together, these results suggest that hypermethylation in the
ALS2 promoter decreases its transcriptional activity, leading to decreased expression of isoform 2 in the HPC of
all suicide completers.
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Figure 3. In vitro analysis of ALS2 promoter sequence methylation. A, ALS2 promoter sequence, showing the location of the CpG dinucleotides. The full-length
(FL) (1050 basepairs [bp], black triangle, solid underline) and the truncated (Trunc) (543 bp, white triangle, broken underline) constructs are shown, along with
the specific CpG dinucleotide that was hypermethylated as shown by EpiTYPER (circled, CpG4). The solid-lined box represents an upstream stimulating factor 1
putative binding site with the blue area indicating area investigated with EpiTYPER. Capitalized letters represent the beginning of exon 1. B, Mean (SE) levels of
luciferase expression in Be(2)c cells for the FL and Trunc constructs. Results are expressed as mean luciferase expression normalized by renilla expression.
Experiments were run with 6 replicates. C, Mean(SE) levels of luciferase expression in Be(2)c cells for the FL ALS2 promoter that was either unmethylated (FL No
CH3) or artificially methylated at CpG4 (FL CH3). Results are expressed as mean luciferase expression normalized by renilla expression. Experiments were run with
6 replicates. D, Mean (SE) levels of ALS2 isoform 1 expression in the hippocampus. Results are expressed as mean ALS2 expression normalized with the
glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH ) expression. Abused suicide completer (SA) (n = 22), nonabused suicide completer (SNA) (n=19), and
control subjects (n = 12). E, Mean (SE) levels of ALS2 isoform 2 expression in the hippocampus. Results are expressed as mean ALS2 expression normalized with
GAPDH expression. SA (n=22), SNA (n=17), and controls (n=13). *P ⬍ .05. †P ⬍ .0001.

COMMENT

The results of a genome-wide methylation analysis of HPC
suggest that early-life trauma alters methylation levels in
several gene promoters. This finding is in accordance with
studies23-26,42 performed in rats showing that variability in
early-life social environment alters promoter methylation in the brain of offspring. Previous candidate-gene studies in humans, such as the study of the GR gene,21,43 also
show increased promoter methylation associated with earlylife adversity. Our results indicated that early-life adversity is associated with both hypomethylated and hypermethylated promoters, suggesting that active DNA
methylation and demethylation may result from social
stressors during early development. Interestingly, prolonged periods of maternal separation during early postnatal development in the mouse are associated with hypomethylation of the Avp gene.27 Likewise, a recent study28
reported hypomethylation in the promoter of the corticotrophin-releasing factor (Crf) gene in socially stressed
mice. Taken together with previous studies in rats, these
findings suggest dynamic, bidirectional alterations in methylation as a function of early-life adversity.
Clustering analyses of the annotated gene terms suggested that differential methylation associated with earlylife adversity occurs across a number of biological processes. It was noteworthy that terms related to cellular/

neuronal plasticity were among the most significantly
enriched functions. Multiple studies with human and nonhuman models suggest that adult hippocampal neurogenesis and synaptic architecture are altered by stress.
For instance, acute psychosocial stress decreases the number of proliferating cells in nonhuman primates44 and the
survival of adult-born hippocampal cells in rats,45 whereas
chronic stress decreases hippocampal cell proliferation
and neurogenesis, as well as hippocampal volume, in tree
shrews, rats, and mice.46-55 Furthermore, chronic pharmacologic antidepressant treatment increases adult hippocampal neurogenesis in rats, 49,56 mice, 57,58 primates,53,54 and humans,59 whereas suppressing adult
hippocampal neurogenesis abolishes the therapeutic effects of antidepressants.58,60,61 Moreover, epigenetic mechanisms have been involved in the regulation of adult neurogenesis in mice.62 Importantly, variations in maternal
care regulate both neuronal survival and synaptic density in the rat63-65 as well as synaptic plasticity.65,66 Therefore, our results suggest that early-life stress induces molecular changes regulating methylation patterns in genes
involved in neuroplasticity. Given the retrospective design of our study, we cannot directly validate this observation. However, as mentioned previously, these results
are consistent with experimental data in rodents, suggesting that adult hippocampal neurogenesis is affected
by early-life stress.44-66
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Figure 4. Methylation levels in ALS2 promoters in abused suicide completer
(SA), nonabused suicide completer (SNA), and control groups. A, Total
percentage of methylation in all CpGs for ALS2 in the neuronal cell fraction.
B, Total percentage of methylation in all CpGs in ALS2 promoter in the
nonneuronal cell fraction. C, Individual CpG methylation levels in the
promoter of ALS2 in the neuronal cell fraction. Abused suicide completer
(n = 24), SNA (n = 19), and controls (n=16). For ALS2, methylation values for
CpGs 7 and 8, as well as 16 and 17, are pooled. Values are given as the
mean (SE) percentage of methylation.*P⬍ .05. †P⬍ .10.

Our follow-up analyses focused on the ALS2 gene, the
most differentially methylated gene in the cellular/
neuronal plasticity cluster and among the most significantly affected genes in the array. The ALS2 gene encodes 2 major mRNA variants generating 2 functional
protein isoforms39,40 that regulate small GTPase activity.67,68 The ALS2 gene contains several guanine nucleotide exchange factor domains39,40 stimulating the exchange of GDP to GTP and generating the active form
of GTPase68 by interacting with the small GTPase Rab5.67
Small GTPases control a broad spectrum of cellular and
molecular processes, including chromatin condensation,69 regulation of actin cytoskeleton organization,70 signaling cascades,71 neuronal morphogenesis,72,73 axonal/
neurite growth, and neuroprotection processes.74-76
Although deletions and mutations in the coding sequence of ALS2 are involved in a juvenile recessive form
of amyotrophic lateral sclerosis,39,40 recent data suggest
that this gene is also associated with psychiatric phenotypes.77 Indeed, loss of ALS2 function is associated with
behavioral alterations related to anxietylike phenotypes. For instance, ALS2−/− mice exhibit more freezing
episodes in the open field compared with wild-type mice,
which is an index of anxiety behavior.78 The ALS2−/− mice
also show fewer visits into the open arm and spend less
time in both the central area and the open arms of an elevated plus maze compared with wild-type mice.79 Thus,
beside its well-characterized peripheral function, ALS2
appears to have important central functions and more

work will be required to elucidate the involvement of ALS2
in the regulation of behavior.
Differences in both ALS2 expression and promoter
methylation were specific to the neuronal cell fraction.
Our results suggest that methylation of the distal region
of the ALS2 promoter, and CpG4 in particular, is increased as a result of childhood adversity. Transfection
studies with CpG4 methylated constructs indicated that
methylation of this site decreases ALS2 promoter activity, an observation that is consistent with the evidence
for significantly lower hippocampal expression of isoform 2 in all suicides. Interestingly, CpG4 is located in
the binding site for the upstream stimulating factor 1
(USF1). Decreasing binding of USF1 to the ALS2 promoter through increased CpG4 methylation provides a
possible mechanism for the in vitro effect on promoter
activity as well as the postmortem expression of ALS2 observed in our study. However, given that the expression
of ALS2 isoform 2 was decreased in both SAs and SNAs
compared with controls, other mechanisms, such as histone modifications, should be considered.
Further experiments will be required to demonstrate
the role of USF on ALS2 expression and the possible effects of promoter methylation preventing its action. Interestingly, the transcriptional dynamic of ALS2, generating 2 alternative transcripts, suggests the use of
alternative promoters and/or different transcription factors. Moreover, protein levels, as well as neuronal morphologic characteristics, are other important features that
need to be investigated.
One limitation of this study was the absence of a
group of controls who did not die by suicide and who
experienced early-life adversity. Such a group would
have allowed us to fully separate the methylation
changes associated with childhood adversity from the
methylation changes associated with suicide. However,
obtaining samples from an age- and sex-matched group
of individuals who died suddenly by causes other than
suicide and had a history of early-life adversity comparable to the suicide group is logistically challenging because of the very low frequency of severe early-life adversity among controls. In this study, we analyzed only
samples of SAs with a history of severe early-life adversity. However, to control for the effect of suicide, all
validation studies included a group of suicide completers with no history of childhood adversity. In general, SNAs showed intermediary results, falling between
SAs and controls. This finding suggests that, at least for
the differentially methylated genes, the effect of earlylife adversity on promoter methylation is independent
of suicide.
Another important point to consider in this study is
the method used to isolate methylated DNA. The meDIP method is highly sensitive, allowing the enrichment of methylated genomic DNA,32,80 and its advantage over other methods is that it is not limited by the
sequence context of methylation-specific enzymes81 and
does not require extensive bisulfite treatment.82 This
method enriches DNA sequences with both low and high
CpG density, although it is known to have a bias toward
CpG-rich regions and CpG islands.83 Consequently, it is
possible that some differences in gene promoters with
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low CpG density may not be well represented in this study
and that our results represent only a subset of even larger
methylation changes that are taking place throughout the
genome.
CONCLUSIONS

In summary, this study assessed genome-wide promoter methylation patterns in the HPC of SAs. Our findings indicate that early-life adversity induces a pattern
of alterations, including both hypermethylation and hypomethylation, in gene promoters that inversely correlate with gene expression throughout the whole genome. Our data suggest that methylation alterations
associated with early-life adversity are significantly enriched in the promoter of genes functionally related to
neuronal plasticity. Validation experiments revealed that
alterations in methylation of the ALS2 promoter were specific to the neuronal cell fraction. Functional assays revealed that site-specific hypermethylation in the promoter of ALS2 reduces transcriptional activity. This effect
was also associated with decreased expression of 1 major mRNA variant in the HPC of suicide completers. These
results highlight the importance of the molecular modifications induced by early-life adversity in brain functions. Taken together, this study suggests that early-life
adversity induces sustained modifications in DNA methylation across the genome that associate with alterations in transcriptional patterns that may be relevant to
help understand suicide risk among individuals who were
abused during childhood.
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