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Objective: Gene expression changes
have been reported in the brains of suicide
completers. More recently, differences in
promoter DNA methylation between sui-
cide completers and comparison subjects
in specific genes have been associatedwith
these changes in gene expression patterns,
implicating DNA methylation alterations
as a plausible component of the patho-
physiology of suicide. The authors used
a genome-wide approach to investigate
the extent of DNA methylation alterations
in the brains of suicide completers.

Method: Promoter DNAmethylation was
profiled using methylated DNA immuno-
precipitation (MeDIP) followed by micro-
array hybridization in hippocampal tissue
from 62 men (46 suicide completers and
16 comparison subjects). The correlation
between promoter methylation and ex-
pression was investigated by comparing
the MeDIP data with gene expression
profiles generated through mRNA micro-
array. Methylation differences between
groups were validated on neuronal and

nonneuronal DNA fractions isolated by
fluorescence-assisted cell sorting.

Results: The authors identified 366 pro-
moters that were differentially methylated
in suicide completers relative to compari-
son subjects (273 hypermethylated and
93 hypomethylated). Overall, promoter
methylation differences were inversely
correlated with gene expression differences.
Functional annotation analyses revealed
an enrichment of differential methylation
in the promoters of genes involved,
among other functions, in cognitive pro-
cesses. Validation was performed on the
top genes from this category, and these
differences were found to occur mainly in
the neuronal cell fraction.

Conclusions: These results suggest broad
reprogramming of promoter DNA methyl-
ation patterns in the hippocampus of
suicide completers. This may help explain
gene expression alterations associated with
suicide and possibly behavioral changes
increasing suicide risk.

(Am J Psychiatry 2013; 170:511–520)

The World Health Organization has estimated that the
burden of suicide is 20 million life-years and that in 2020
suicide could be responsible for 2.4% of the total burden of
disease (1). Despite its major impact on society and the
attention it increasingly receives, our understanding of
suicide remains poor.
Suicide results from interactions between biological,

developmental, and social factors, and studies suggest that
individuals who die by suicide have a certain predisposi-
tion (2). Although suicide is strongly associated with de-
pressive psychopathology, previous studies have clearly
indicated that predisposition to suicide, while partially
overlappingwith vulnerability to depression, is distinct (3).
Because suicide risk factors are likely to induce risk by
acting on brain processes, delineating mechanisms by
which these risk factors affect brain function is of high
interest. Recent evidence suggests that alterations in DNA
methylation may play a role in the neurobiological pro-
cesses leading up to suicide.
DNA methylation is a covalent modification of the DNA

molecule that plays a role in regulating genome function in

conjunction with other mechanisms, such as histone mod-
ifications (4, 5). Although DNA methylation is part of the
chemistry of the DNAmolecule, it is dynamic and responsive
to external cues and signals. As such, the suggestion has been
made that it serves as a “genome adaptation”mechanism (6).
A growing body of evidence demonstrates the presence

of epigenetic alterations in the brains of suicide com-
pleters. Relative to comparison populations, suicide
completers show lower expression of the astrocytic vari-
ant of the tyrosine kinase receptor B (TrkB-T1) gene in
association with promoter hypermethylation in the pre-
frontal cortex (7), site-specific hypermethylation in the
promoter of the brain-derived neurotrophic factor variant
IV (BDNF-IV) associated with decreased expression in the
Wernicke area (8), and decreased expression of the GABA-
ergic receptor alpha subunit (GABAa) gene with hyper-
methylation in its promoter in the prefrontal cortex (9).
Interestingly, these associations were independent of the
possible effect of psychopathology. More recently, hyper-
methylation in the promoter of the glucocorticoid recep-
tor gene was associated with decreased expression of
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glucocorticoid receptor in the hippocampus of abused
suicide completers (10, 11). These findings are supported
by studies in animal models of maternal and stress-
induced depressive-like behaviors showing DNA methyl-
ation alterations in animal brains (12).

Collectively, these data suggest that DNA-specific meth-
ylation patterns are associated with suicide, independently
from psychopathology. To date, this hypothesis has been
primarily investigated by candidate-gene studies. Our un-
derstanding of gene interactions, however, suggests that
genes act in complex networks, and it therefore stands to
reason that DNA methylation involved in complex patho-
physiology leading to suicide is not limited to a fewcandidate
genes. We report results from a comprehensive genome-
wide screening of promoter DNAmethylationmodifications
found in the hippocampus of suicide completers compared
withnonpsychiatric sudden-death comparison subjects. The
results support the hypothesis that promoter DNA methyl-
ation patterns are altered in a coordinated way, affecting
gene expression throughout the genome.

Method

Full details of the study methods are provided in the data
supplement that accompanies the online edition of this article.

Samples

The project was approved by the Research Ethics Board at the
Douglas Mental Health University Institute, Verdun, Quebec.
Brain tissues were obtained from the Quebec Suicide Brain Bank,
Douglas Mental Health University Institute. Brain samples (dentate
gyrus) from the left hemisphere were obtained from 62 subjects
(46 suicide completers and 16 nonpsychiatric sudden-death
comparison subjects; see Table S1 in the online data supple-
ment). Samples were carefully dissected at 4°C after having been
flash-frozen in isopentene at –80°C. Dissection of the hippocam-
pus was performed by expert brain bank staff using reference
neuroanatomical maps (13). All samples were from Caucasian
males of French Canadian descent, a population with a well-
identified founder effect (14), and were group-matched for age,
pH, and postmortem interval. Age, postmortem interval, pres-
ence of adversity, and comorbidity in the suicide group were
controlled for by regression analysis. (See the online data sup-
plement, including Table S1, for a complete description of sam-
ple selection and demographic characteristics.)

Methylated DNA Immunoprecipitation, Labeling,
and Hybridization

Methylated DNA was extracted from each sample following
methylated DNA immunoprecipitation (meDIP) as previously
described (15) using 5: methylcystosine antibody. Every sample
was hybridized on a separate microarray. Microarrays were
scanned using an Agilent High-Resolution C Scanner (Santa Clara,
Calif.). Data were extracted using Agilent’s Feature Extraction
software. (See the online data supplement for complete descrip-
tions of meDIP, labeling, and hybridization methods.)

DNA Methylation Microarrays

DNA was hybridized on custom-designed (eArray, July 2009)
400K promoter tiling microarrays (Agilent). Probes were selected
to tile the proximal promoter regions of all known genes, that is,
intervals roughly 2,000 bp upstream and 400 bp downstream of
the transcription start sites of genes at 100-bp spacing. Extracted

microarray intensities were processed and analyzed using the R
software environment (16). Our model was adjusted for the four
covariates identified by eigenR2 analysis (17) as those contribut-
ing more importantly to the variance: history of adversity (5.4%),
postmortem interval (2.1%), substance use disorder comorbidity
(1.7%), and age (1.7%). (See the online data supplement for
complete descriptions of probe design and microarray analysis.)

Gene Expression Microarrays

Whole-genome gene expression data were obtained from gene
expression microarrays previously generated by our group (18)
using Affymetrix HU 133 plus2 GeneChip microarrays (Santa Clara).
Methylation and expression data were compared in a subset of
samples for which we also generated expression and methylation
profiles (21 suicide completers and nine comparison subjects).
Expression data were normalized as previously described (19).
(See the online data supplement for complete descriptions of
gene expression microarray analysis.)

Fluorescence-Assisted Cell Sorting and Microarray
Validation

Neuronal nuclei were isolated from hippocampal tissue by
fluorescence-assisted cell sorting using human anti-NeuN anti-
body conjugated to a fluorescent Alexa-488 marker as previously
described (20). Nuclei were filtered and sorted on a FACSVantage
SE system. Microarray validation was performed by EpiTYPER at
the Genome Quebec Innovation Centre. Every sample used in
the microarray experiments was used in the validation experi-
ments. Results were analyzed by mixed-model analysis of
variance (ANOVA) with group as a fixed factor and CpGs as a
repeated measure, followed by least significant difference post
hoc tests. The significance threshold was fixed at 0.05. (See the
online data supplement for complete descriptions of fluorescence-
assisted cell sorting and EpiTYPER analyses.)

Quantification of Gene Expression Using Quantitative
Reverse Transcriptase Polymerase Chain Reaction

Total RNA was extracted from the same samples used in the
microarray and validation experiments using the RNeasy lipid
tissue extraction kit (Qiagen), followed by DNase I treatment, and
cDNA conversion was performed using oligo(dT) primers. Gene
expression was quantified using commercially available taqman
primers and probe in an ABI7900HT (see Table S3 in the online
data supplement; Applied Biosystems, Foster City, Calif.). Mean
quantities from all samples were normalized to the reference
genes b-actin and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) using commercially available primers and probe (see
Table S3). Results were analyzed by univariate analysis of var-
iance and adjusted for age, pH, postmortem interval, and RNA
integrity number values.

Results

Probe Distribution

We used a genome-wide approach to map DNA methyl-
ation differences in the hippocampus of suicide com-
pleters relative to comparison subjects. There were no
significant differences between groups in age, pH, and
postmortem interval (see the online data supplement). In
total, 330,600 probes were distributed over the promoter
regions of 23,551 genes. The mean intensity was signifi-
cantly different between the suicide and comparison
groups at 366 probe locations after correction for multiple
testing and significant covariates, including postmortem
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interval, history of adversity, substance use disorders, and
age (Table 1; see also the online data supplement). From
this list of differentially methylated regions, 273 (75%)
probes indicated hypermethylation and 93 (25%) probes
indicated hypomethylation in gene promoters of suicide
completers.

Genomic Distribution and Relation With Expression

We first assessed the genomic distribution of differen-
tially methylated probes between suicide completers and
comparison subjects across the genome. We did not find
any evidence for clusters of DNA methylation alterations,
with probes being evenly distributed across the genome
(Figure 1A). To estimate the statistical significance of
this finding, we first computationally divided the genome
into regions of 500 kb to 1 Mb, and found that only
20% of the differentially methylated probes were within
500 kb of each other. Permutation tests revealed that this
proportion was in the expected range for the random
distribution of 319 differentially methylated promoter
regions.
DNA methylation in promoters has classically been

associated with regulation of gene expression (4). The
functional relationship between transcription and DNA

methylation in promoters at a genome-wide level was
assessed in our sample using gene expression data available
from a substantial subgroup of the same tissue samples
(Affymetrix HU 133 plus2).Mean expression levels across all
samples in both groups were found to be significantly
inversely correlatedwithmean promotermethylation levels
across all samples (r=–0.14; p#4.73102247) (Figure 1B; see
also the online data supplement). More importantly, we
found thatmean gene expression and promotermethylation
differences between suicide completers and comparison
subjects were also inversely correlated. However, because
differences are more subtle than variations in absolute
levels of gene expression and promoter methylation, we
first partitioned the genome into 1-Mb regions and cal-
culated summaries of gene expression and promoter
methylation differences between suicide completers and
comparison subjects from all genes within each partition.
These summarized gene expression and promoter meth-
ylation differences are inversely correlated across the
genome (r=–0.19, p#4.031026).

Gene Ontology Analysis

The functional relevance of our findings was investi-
gated through gene ontology analysis using the gene

TABLE 1. List of the Top 25 Differentially Methylated Genes in Suicide Ranked by Corrected p Value

Methylation and Chromosome
Methylation

Level Corrected p
Log Fold
Change Gene

Distance From Transcription
Start Site (bp) Group

Hypermethylated in
suicide completers
7 1.0000 0.0032 1.1018 MUC3A 638 Suicide
17 0.9514 0.0037 1.4821 KCNJ12 466 Suicide
17 0.9514 0.0037 1.2924 KCNJ12 444 Suicide
17 0.9595 0.0037 1.0525 KCNJ12 379 Suicide
14 1.0000 0.0037 1.3159 SYNE2 500 Suicide
10 0.6210 0.0043 0.9216 SYNPO2L 298 Suicide
1 0.8826 0.0046 1.1937 RPS6KA1 800 Suicide
1 0.8803 0.0046 0.7385 RPS6KA1 253 Suicide
1 0.9050 0.0053 1.0831 HIST2H2AB 1,113 Suicide
1 0.9050 0.0053 0.9466 HIST2H2AB 1,074 Suicide
2 0.2822 0.0054 1.1356 MIR10B –96 Suicide
19 0.9058 0.0054 0.9742 JUNB 468 Suicide
11 NA 0.0057 0.9130 SNX32 1,060 Suicide

Hypomethylated in
suicide completers
14 0.6156 0.0031 –0.8895 SNORD114–14 950 Comparison
14 0.5840 0.0031 –0.8581 SNORD114–14 884 Comparison
12 0.0809 0.0032 –0.9669 CLEC12B 708 Comparison
9 0.7779 0.0032 –1.1428 MAPKAP1 –37 Comparison
3 0.6333 0.0040 –1.2078 PLCL2 320 Comparison
Y 0.8759 0.0071 –1.2183 AMELY 211 Comparison
Y 0.5848 0.0073 –0.9263 NLGN4Y 765 Comparison
9 0.6421 0.0073 –0.9465 OR13F1 1,177 Comparison
5 0.2893 0.0076 –1.1632 DNAH5 820 Comparison
6 0.6349 0.0077 –0.9754 CLIC5 545 Comparison
10 NA 0.0080 –1.4672 A1CF 716 Comparison
15 0.8396 0.0111 –0.8247 TGM7 549 Comparison
15 1.0000 0.0111 –0.9649 TGM7 429 Comparison
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annotation algorithm in DAVID, version 6.7 (Database for
Annotation, Visualization, and Integrated Discovery; http://
david.abcc.ncifcrf.gov/), including every gene showing
differential promoter methylation in suicide completers
relative to comparison subjects (see Table S2 in the online
data supplement). Results revealed an enrichment of meth-
ylation alterations in genes involved in, among other
functions, cognitive processes, including learning,memory,
and neuronal communication, such as synaptic trans-
mission (Figure 2A; Table 2). In total, this functional
cluster was composed of 33 genes divided into 10 on-
tological terms. The orphan nuclear receptor NR2E1
gene, the neuronal acetylcholine receptor subunit beta-2
(CHRNB2), the metabotropic glutamatergic receptor 7
(GRM7), and the dopamine beta-hydroxylase (DBH) genes
were among themost differentiallymethylated genes within
this cluster and were thus selected for follow-up validation
(Figure 2).

Fluorescence-Assisted Cell Sorting

DNA methylation is cell-type specific, and neurons are
likely to exhibit DNA methylation patterns different from
those of nonneuronal cell types (21). To determine whether
methylation differences found in the arrays were more
pronounced in the neuronal or the nonneuronal cell frac-
tion, we performed the validation of our microarray data
on DNA from both neuronal and nonneuronal cell pop-
ulations isolated by fluorescence-assisted cell sorting.
Fluorophore-conjugated anti-NeuN antibody was used to
target neuronal nuclei in hippocampal tissue, and a bi-
modal distribution of neuronal and nonneuronal nuclei
was obtained (Figure 2B).

Experimental Validation

Microarray validation was performed on four genes rep-
resented in the first functional cluster (NR2E1, CHRNB2,
GRM7, andDBH) on both neuronal and nonneuronal DNA.

FIGURE 1. Probe Distribution and Relation With Expressiona
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a Panel A shows the chromosomal distribution of differentially methylated probes in suicide completers relative to comparison subjects. The
upper row shows sites that were hypermethylated relative to comparison subjects, and the lower row hypomethylated. Both hyper- and
hypomethylated probes are evenly distributed across the genome. Panel B shows the relationship between gene expression and promoter
DNA methylation across the genome. Genes were ordered by level of expression and split into 10 groups, from the lowest 10% to the highest
10%, with each line representing one of these groups (green=low expression; gray=medium expression; red=high expression). Genes with low
expression typically have higher promoter methylation levels, whereas genes with high expression typically have lower promoter methylation
levels (r=–0.14; p#4.73102247).
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The methylation patterns and expression profiles gener-
ated for these four genes through microarray analysis were
successfully confirmed by EpiTYPER. Promoter hyper-
methylation was found more frequently in the promoters
of NR2E1, CHRNB2, GRM7, and DBH in neuronal nuclei
as compared with nonneuronal nuclei. Our results also
suggest the presence of different methylation signatures in
neuronal and nonneuronal cell populations. In addition, we
quantified the expression of genes that were selected for
validation. In accordance with the overall inverse cor-
relation between promoter methylation and gene ex-
pression reported in this study, our results suggest that
DNA methylation in the promoters of validated genes is
associated with differential expression in the brain samples
of suicide completers. Herewe describe only NR2E1 results;
complete results onCHRNB2, GRM7, andDBHmethylation

and expression data are provided in Figure S4 in the online
data supplement.
WemeasuredDNAmethylation levels in a 466-bp region

in the NR2E1 promoter (chr6:108,488,081 to 108,488,545)
including 28 CpGs. In the neuronal fraction, we found
a significant hypermethylation in the suicide completers
relative to the comparison subjects (mixed-model ANOVA:
F=13.24, df=1, 165, p,0.0005) (Figure 3A). Post hoc
analyses revealed significant hypermethylation in suicide
completers relative to comparison subjects at CpG sites 15
(p,0.005), 22, 23 (p,0.05), 24 (p,0.05), and 28 (p,0.005)
(Figure 3E).
Similar results were obtained in the nonneuronal cell

fraction. Indeed, a significant hypermethylationwas found
in the suicide completers relative to comparison subjects
(F=10.53, df=1, 271, p,0.005) (Figure 3B). Post hoc

FIGURE 2. Heat Map From DAVID Analysis Listing Genes With Differentially Methylated Promoters (rows) and Related Gene
Functions (columns)a
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a The analysis was conducted using DAVID, version 6.7 (Database for Annotation, Visualization, and Integrated Discovery). In panel A, a green
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analyses in the nonneuronal cell fraction revealed signif-
icant hypermethylation at CpG sites 18 (p,0.01), 19
(p,0.05), 20 (p,0.005), 21 (p,0.005), and 25 (p,0.005)
in the suicide completers relative to the comparison
subjects (Figure 3F). Overall, our data show that a region
of 300 bp within the NR2E1 promoter, and including 14
CpGs, is strongly hypermethylated in neurons and non-
neuronal cells of suicide completers relative to compari-
son subjects.

The hypermethylation found in NR2E1 promoter was
also associated with a significantly lower expression of the
NR2E1 gene in the hippocampus of suicide completers
relative to comparison subjects (F=5.10, df=1, 56, p,0.05)
(Figure 3C) that was inversely correlated with overall mean
DNA methylation levels in the neuronal cell fraction
(r=–0.308, p=0.05) (Figure 3D).We did not observe a similar
interaction in the nonneuronal cell fraction. Together,
these data suggest that DNA methylation within this
region of NR2E1 promoter may have a regulatory role on
NR2E1 expression.

Discussion

We examined DNA methylation patterns in the hippo-
campus of suicide completers and nonpsychiatric sudden-
death comparison subjects at the proximal promoter regions
of all known genes. In accordance with previous gene
candidate studies (12), our results suggest that promoter

DNAmethylation levels are significantly greater for several
genes in suicide completers relative to comparison subjects.
In addition, our results reveal the existence of a significant
number of hypomethylated sequences in the promoters
of suicide completers, suggesting that DNA methylation
patterns are altered in the brains of suicide completers,
with both hyper- and hypomethylation found in gene pro-
moters across the genome.
DNAmethylation is amajor regulator of gene expression

(4). In agreement with previous findings in brain tissue
(12), our results show that overall in the genome, gene
expression is negatively correlated with promoter methyl-
ation. This observation is also supported by our expression
data on validated genes. Differentially methylated regions
were found evenly distributed across the genome, an ob-
servation that has also been reported in the blood of
patients with posttraumatic stress disorder and in brain
tissue of psychotic and bipolar subjects (22, 23), suggesting
that epigenetic changes in psychiatric disorders may not
be limited to a short list of specific gene candidates but
may affect multiple functional gene networks in multiple
chromosomal regions.
Suicide is a complex problem that most likely results

from multiple pathological pathways (24). Epigenetic al-
terations are expected to increase vulnerability to suicide
by interferingwith normal gene expression patterns, leading
to neurobiological abnormalities associated with the de-
velopment of specific emotional and behavioral phenotypes

TABLE 2. Gene Ontology Analysis

Cluster, Category, and Term Count % p Enrichment

Functional annotation cluster 1 (enrichment
score, 1.50)

Biological processes
Memory 6 1.97 3.6E-04 9.64
Learning or memory 8 2.63 2.0E-03 4.51
Behavior 16 5.26 8.1E-03 2.14
Associative learning 3 0.99 2.9E-02 11.05
Adult behavior 5 1.64 4.8E-02 3.64
Learning 4 1.32 7.0E-02 4.18
Cognition 20 6.58 1.3E-01 1.38
Transmission of nerve impulse 9 2.96 1.9E-01 1.61
Synaptic transmission 8 2.63 2.0E-01 1.68
Cell-cell signaling 12 3.95 3.6E-01 1.25

Functional annotation cluster 2 (enrichment
score, 1.15)

Biological processes
Regulation of carbohydrate metabolic process 3 0.99 4.0E-02 9.39
Regulation of cellular carbohydrate metabolic process 3 0.99 4.0E-02 9.39

Functional annotation cluster 3 (enrichment
score, 1.14)

Molecular function
Phosphoric diester hydrolase activity 5 1.64 4.2E-02 3.81
Phosphoinositide phospholipase C activity 3 0.99 5.7E-02 7.67
Lipase activity 5 1.64 7.1E-02 3.20
Phospholipase C activity 3 0.99 8.3E-02 6.19
Phospholipase activity 4 1.32 1.4E-01 3.08
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(25, 26) as well as cognitive impairments (27, 28). The
biological functions identified by our ontological analyses,
as the most significantly enriched in genes with differ-
ential promoter methylation, are related to behavioral
and cognitive processes such as learning and memory.
This implies that the epigenetic regulation of these pro-
cesses in the brain may be altered in suicide completers,
leading to the dysregulation of cognitive processes.
We targeted four genes known to be involved, whether

directly or indirectly, in the regulation of the cellular
processes of learning, memory, and behavior (29–33).
NR2E1 encodes a brain-specific orphan nuclear recep-
tor acting as a transcriptional repressor (33), and
GRM7 codes for the G-protein coupled metabotropic
glutamate receptor subunit 7 (34). CHRNB2 encodes a
brain-specific subunit (b2) of the ligand-gated ionotropic

nicotinic acetylcholine receptor family (35, 36), and
DBH codes for a catecholamine-synthetic membrane-
bound enzyme responsible for the synthesis of norepi-
nephrine (37).
Our results revealed that both NR2E1 and GRM7

promoter methylation levels were associated with lower
gene expression in the hippocampus of suicide com-
pleters. Interestingly, NR2E1 knockout mice exhibit se-
verely aggressive and impulsive behaviors, blunted anxiety,
fear conditioning, learning and memory deficits, and
reduced mating (32). Similarly, GRM72/2 mice display a
marked reduction in fear-mediated freezing responses
(38) and short-term working memory deficits in the four-
and eight-arm maze task (39). These behavioral pheno-
types parallel many behavioral traits in humans that are
regarded as risk factors for suicidal behavior. For instance,

FIGURE 3. Association of NR2E1 Promoter Methylation Levels With Lower Hippocampal Gene Expression in Suicide
Completersa

45

30

0

60

15

30
40
50
60
70
80

20
10
0

30

40

50

60

70

20

10

0

%
 o

f 
M

e
th

yl
a
ti

o
n

%
 o

f 
M

e
th

yl
a
ti

o
n

%
 o

f 
M

e
th

yl
a
ti

o
n

NR2E1 Relative Expression

CpGs

CpGs

D

E

F

1

1,2 13,14 22,23 26,277 8 9 10 11 12 15 16 17 18 19 20 21 24 25 283,4,
5,6

1,2 13,14 22,23 26,277 8 9 10 11 12 15 16 17 18 19 20 21 24 25 283,4,
5,6

2 30

Suicide completer Comparison subject

Suicide completer

Comparison subject

Suicide completer

Comparison subject

Mean r=–0.380, p<0.05

†

N
R

2
E
1
 R

e
la

ti
ve

 E
xp

re
ss

io
n

2

1

0

1.5

0.5

C
30

20

10

0

15

5

25

%
 o

f 
M

e
th

yl
a
ti

o
n

B

20

10

0

15

5

25

%
 o

f 
M

e
th

yl
a
ti

o
n

A
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between NR2E1 mean total % of methylation and NR2E1 relative expression. The graphs in panels E and F show the individual CpG
methylation levels in the promoter of NR2E1 in the neuronal and nonneuronal cell fractions, respectively. Values are mean % of methylation,
and error bars indicate standard error of the mean. *p,0.05; †p,0.1.
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developmental trajectories characterized by high anxiety
traits and externalizing behaviors (impulsivity, aggression)
are predictive of suicide (40). It is possible that changes in
DNA methylation within promoters of a subset of genes
regulating behavioral traits may lead to regulatory changes
in the establishment of stable emotional and behavioral
trajectories and associate with higher levels of anxiety,
aggression, and impulsivity, which may in turn increase
vulnerability to suicide.

Vulnerability to suicide has also been associated with
several cognitive deficits (28). Interestingly, in addition
to NR2E1 and GRM7, we found differential promoter
methylation in CHRNB2 and DBH, two genes that have
been directly or indirectly associated with learning and
memory formation by modulating long-term potentiation
or long-term depression (29, 31). Chronic, but not acute,
pretreatment with nicotine reverses the effects of chronic
psychosocial stress on long-term potentiation and long-
term depression in rats (41, 42). Consistently with the
cognitive deficits observed in individuals with a past
history of suicidal acts, these deficits seem to be in close
relationship with the capacity to respond effectively to
stressful situations. Indeed, individuals with altered
hypothalamic-pituitary-adrenal axis reactivity fail to im-
prove in retest of executive function (43) and show more
decision-making impairments (44) following stress. To-
gether, our results showing differential promoter DNA
methylation associated with changes in the expression of
genes involved in the cellular processes of learning and
memory are consistent with current theoretical models
of the neurobiology of suicidal behavior, and thus it is
possible that these alterations are etiologically related to
suicide (45).

On the other hand, the role of DBH in the hippocampus
may rather be indirect through its role in the synthesis of
norepinephrine. Indeed, norepinephrine is suspected to
enhance contextual fear memory and long-term potenti-
ation in the hippocampus through phosphorylation of
GluR1 subtypes, facilitating AMPA trafficking at synaptic
sites (46). However, our data show no difference in DBH
expression between suicide completers and comparison
subjects, suggesting that other mechanisms regulating
expression, such as histone modifications, may be in-
volved. More research is needed to elucidate the complex
relationship between DNA methylation and histone
modifications.

Concordant with their expression patterns, the hyper-
methylation in the promoter of NR2E1, CHRNB2, GRM7,
and DBH was almost specific to the neuronal cell fraction.
Indeed, CHRNB2, GRM7, and DBH are expressed only in
neurons (37, 47, 48), whereas NR2E1 expression is not
restricted to neurons. Our data suggest that the hyper-
methylation found within the neuronal cell fraction may
be responsible for the lower expression of NR2E1, GRM7,
and CHRNB2 genes in the hippocampus of suicide
completers.

However, we found significant hypomethylation in
CHRNB2 and GRM7 promoters in the nonneuronal cell
fractions, suggesting that the same genes could be differently
affected in different cell types, with cellular consequences
proper to each cell type. This is consistent with the fact
that different tissues (49) and cell types within the same
tissue (21, 50) exhibit different DNA methylation pat-
terns. However, it is hard to speculate on the functional
impact of these findings, especially given that these ob-
servations were made on a highly heterogeneous cell
population composed of different nonneuronal cell types
and that these genes are expressed primarily in neurons.
Our results are concordant with results we recently

published on the epigenetic effects of early-life adversity in
the brain (51). While early-life adversity was also associ-
ated with a genome-wide epigenetic reprogramming, the
differentiallymethylated genes observed in the two studies
were different and are known to be involved in different
functional pathways. Thus, the data in the present study
expand our understanding of the role of epigenetic mech-
anisms in the brains of suicide completers and provide
future avenues of investigation in the study of molecular
processes in the brains of suicide completers.
The data we present here have been adjusted for

covariates susceptible to influencing DNA methylation
and expression (history of adversity, postmortem interval,
substance use disorder comorbidity, and age). It is known,
however, that medication alters DNA methylation levels
both in the brain and in peripheral tissue (52, 53). Although
our analyses suggest that medication may not have sig-
nificantly affected DNA methylation in our study, more
research is needed to investigate the role of medication in
DNA methylation in the human brain.
One important consideration regarding our study is

the method used to isolate methylated DNA. MeDIP is a
highly sensitive method for the enrichment of methylated
genomic DNA (15) that is not limited by sequence context
of methylation-specific enzymes and does not require
extensive bisulfite treatment. Although MeDIP enriches
DNA sequences with both low and high CpG density, it is
more sensitive to methylation in CpG-rich regions and
CpG islands (54). The extent of promoters’ CpG enrich-
ment varies throughout the genome (55), and CpG density
within promoters has been associated with different DNA
methylation levels. Generally, CpG-rich promoters have
been associated with low DNA methylation levels, while
low-CpG density promoters have been shown to be more
methylated (55, 56). Thus, it is possible that our results
represent only a subset of even largermethylation changes
taking place throughout the genome, given that some dif-
ferences in gene promoters with low CpG density may not
be well represented.
In addition, it has been suggested that the 5:methylcytosine

antibody may capture, to a certain extent, non-CpG methyl-
ation (54), which has classically been reported in embry-
onic and induced pluripotent stem cells (57–59), but
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also recently inmouse brains (60). It is unlikely, however,
that this happened in our study. Indeed, our analyses
were focused on gene promoters, and non-CpG DNA
methylation has been reported mainly in gene bodies
(57). However, more research is needed to address this
question.
In summary, our results show DNA methylation dif-

ferences in gene promoter regions throughout the ge-
nome in the hippocampus associated with suicide. These
changes in methylation levels are in genes involved in
the regulation of behavioral and cognitive processes that
have been shown to be altered in individuals with suicidal
behaviors. Thus, our findings suggest that such mecha-
nisms may, in individuals with particular behavioral, molec-
ular, and cellular predispositions, increase susceptibility to
suicide.
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