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Abstract

Current understanding of environmental cross-talk with genetic makeup is found to be mediated 

through an epigenetic interface which is associated with prominent reversible and heritable 

changes at gene expression level. Recent emergence of epigenetic modulation in shaping the 

genetic information has become a key regulatory factor in answering the underlying complexities 

associated with several mental disorders. A comprehensive understanding of the pertinent changes 

in the epigenetic makeup of suicide phenotype exhibits a characteristic signature with the 

possibility of using it as a biomarker to help predict the risk factors associated with suicide. Within 

the scope of this current review, the most sought after epigenetic changes of DNA methylation and 

histone modification are thoroughly scrutinized to understand their close functional association 

with the broad spectrum of suicide phenotype.
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1. Introduction

Suicide is described as a person’s self-inflicted violence with a serious intent to obliterate 

life, which most of the time culminates into serious physical injuries (CDC, 2015). Under 

the current socio-economic scenario, every 40 seconds a person dies by suicide somewhere 

in the world and many more attempt to commit suicide (WHO, 2014). Notably, in the young 

age group between 15–29 years, suicide is the second leading cause of death globally, 

whereas, it is attributed as the tenth leading cause of death across all ages (CDC, 2015). 

These facts and the lack of timely implementation of proper preventive strategies make 

suicide a global health problem that warrants a serious global imperative to tackle it (WHO, 

2014).
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Present understanding of suicide and its underlying etiology has pointed out the involvement 

of several risk factors collectively emphasizing the role of genetic makeup, history of early 

life events, and the current psychopathological status of the victim (Turecki, 2014). With the 

exception of the inheritability of the genetic constitution, the other two state-dependent 

factors (i.e. early life events and recent psychopathological status) are the underlying causes 

of suicidal behavior (SB) found to be mostly vulnerable to environmental stimuli (Mann and 

Haghighi, 2010).

Over the last decade, much work has been done to understand the genetic basis of suicidal 

behavior. While collecting support for the genetic basis of suicidal behavior, a number of 

studies suggest the familial aggregation of suicide, which indicate that the likeliness of 

attempting or committing suicide is 10 times higher in relatives of suicide completers (Brent 

and Melhem, 2008; Kim et al., 2005; McGirr et al., 2009). Regardless of psychiatric 

disorders, this risk remains high within families with a history of suicidal attempts or 

incidences (Kim et al., 2005). Additional twin and adoption studies find that the 

predisposition to suicidal behavior is also partly heritable (Roy and Segal, 2001; Roy et al., 

1991; Roy et al., 1995). Although estimates of heritability for suicide among twins range 

from 21% to 50% (Currier and Mann, 2008), general population-based studies extend this 

limit up to 55% considering the broader aspects of suicidal behavior. Moreover, similar 

influence of environmental factors has been reported in twins where suicide concordance 

rate is 5.6% (1/18) in monozygotic (MZ) twin versus 0% (0/21) in dizygotic (DZ) twins 

(Kallman, 1953). Another study shows a similar pattern with an increasing incidence of 

suicide in 20% MZ and 3% in DZ (Pedersen and Fiske, 2010). Therefore, the involvement of 

genetic components is more likely to increase the risk of suicide incidences with a strong 

background of heritable predisposition. Likewise, a notable magnification of suicidal 

incidences was documented in the biological relatives of adoptees who die by suicide 

compared with adoptive relatives (Slap et al., 2001). Although a considerable amount of 

interest has been drawn to understand genetic predisposition as a major contributing factor in 

suicidal behavior, the neurobiological factors associated with suicide remain inconclusive.

Advancement in genome-wide expression studies has paved the way to unfold the potential 

involvement of a list of candidate genes and their improper functioning as a probable 

outcome or as a risk factor for suicidal behavior (Mann et al., 2009). Involvement of 

serotonergic, dopaminergic, and to some extent, noradrenergic systems have been 

investigated to explore their genetic association with the complexity of suicide (Zai, 2012). 

However, the involvement of multiple genetic factors and the heterogeneity of interacting 

genetic loci makes it more complicated to interpret the complex phenotype of suicidal 

behavior and has even failed to indicate a strong association from genome-wide association 

study (Galfalvy et al., 2015).

In this context, few recent findings have shown promising results in interpreting the missing 

link between the heritability of suicidal behavior and the interaction between environment 

and genome (Mandelli and Serretti, 2016; Roy, 2012) from a completely new perspective of 

epigenetic modulation (Bani-Fatemi et al., 2015; Lockwood et al., 2015). This type of 

mechanistic regulation and switching does not involve any permanent change in DNA 

sequence and seems to be transient in effect (Labonte and Turecki, 2010) as well as 

Roy and Dwivedi Page 2

Neurosci Biobehav Rev. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



consistent with the episodic modulation observed in suicidality and suicidal ideation. Thus, 

epigenetic modifications including histone modification and small non-coding RNA-

mediated post-transcriptional gene regulation in addition to DNA methylation are capable of 

causing a fast and quick response at the cellular level with the corresponding changes in 

environmental cues (Kubota et al., 2012).

Suicidal behavior is primarily dictated by the predisposed genetic constitution of the 

individual and most likely to be orchestrated by the epigenetic milieu working in continuum 

with environmental inputs. It has consistently been shown that suicidal behavior is mostly 

affected by psychiatric disorders (Harris and Barraclough, 1997) where epigenetic 

perturbation of underlying neuro-molecular circuitry principally involves altered DNA 

methylation and histone modifications (Figure 1) (Turecki, 2014).

In this review, we have attempted to critically evaluate the present understanding of 

epigenetic regulation in determining the phenotypic outcome (Table 1) and severity of 

suicidal behavior (McGowan and Szyf, 2010); we have an extended objective to explore the 

future possibility of its usefulness as suicide biomarker with strong diagnostic value and 

target for effective therapeutic strategy.

2. Influence of DNA methylation based (5mC) epigenetic modifications in 

suicide pathophysiology: knowledge from post-mortem brain studies

DNA methylation is the most studied epigenetic modification in the mammalian genome 

where covalent attachment of methyl group to cytosine residues by DNA methyltransferase 

enzyme renders a substantial change in information processing during gene expression 

(Moore et al., 2013). This particular type of DNA-based modification is classically found to 

be more stable and commonly present on adjacent CpG dinucleotide in the mammalian 

genome. Though much work has been done to understand the function of CpG methylation 

in relation to gene regulation which are generally found to be repressive in nature, it is 

inconclusive to suggest a negative correlation between the degree of CpG methylation and 

gene expression which holds partially true only when they are localized to promoter regions 

instead of gene body (Jones, 2012).

2a. Affecting neurons

An initial understanding of the monoaminergic system and their involvement in major 

psychiatric disorders has drawn attention for a long time; however, other possible molecular 

pathways appear to be critically and equally involved in the neurobiology of mental 

disorders (Fiori et al., 2011; Fiori and Turecki, 2012). Over the last few decades, extensive 

studies to elucidate the intricacies of dysregulated neurotransmission in psychiatric illnesses, 

potentially leading to suicidal behavior, have shifted the focus from monoaminergic 

hypothesis to other molecular pathways including noradrenergic, glutamatergic and γ-

aminobutyric acid (GABA) neurotransmission, as well as the polyamine system in post-

mortem brains (Fiori and Turecki, 2010).
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A. Involvement of GABAergic system—One of the very first reports that elaborated on 

the role of DNA methylation in reprogramming the gene expression of suicide brain focused 

on the GABAergic system (Poulter et al., 2008). This report connects the brain region 

specific (frontopolar cortex) hyperactivity of DNA methyltransferase (DNMT-3B) gene with 

an observed hypermethylation status of GABAA α1 subunit in suicide brains. The inverse 

relationship shown in this study between specific DNA methyltransferase enzymes with site-

specific methylation of GABAA α1 subunit was partly answerable as a possible underlying 

epigenetic regulatory mechanism to the earlier observation of GABAA α1 subunit 

downregulation in suicide brain (Merali et al., 2004). The physiological relevance of this 

GABAergic expression deficit could be attributed in assessing hedonic and decision-making 

capabilities of prefrontal cortex which was mostly found to be underserved in suicidal 

behavior as part of the impaired cognitive processes (Pabba and Sibille, 2016). But this 

report was rather inconclusive to establish a causal relationship between DNMT-3B 

expression, methylation, and the reduced mRNA abundance of the GABAA α1 subunit in 

suicide brain.

B. Involvement of polyamine system—Recent advancement in gene expression 

analysis with high-throughput technologies provided considerable evidence to closely 

examine the other systems and their extensive participation in disorders like major 

depression, schizophrenia and bipolar disorder which are potentially associated with suicidal 

phenotype (Hoertel et al., 2015). The identification of polyamine system, previously known 

for its involvement in the cellular cycle and cancer biology (Gerner and Meyskens, 2004), 

has gradually gained acceptance in the recent past because of its genetic and epigenetic 

association with suicide neurobiology (Fiori and Turecki, 2008).The very first identification 

of a downregulated enzyme ‘SAT1’ from this polyamine system across three major 

Brodmann Areas (BA 4, 8/9 and 11) in French-Canadian suicide completers added a 

substantial informative value to this less studied metabolic pathway for further investigation 

(Fiori et al., 2011). Owing to the fact of observing differential expression for SAT1 gene in 

selective brain regions of suicidal completers has warranted the need to closely examine the 

underlying regulatory mechanisms for this SAT1 gene and other genes actively participating 

in this pathway. Careful observations unveiled few more genes namely SMS, SMOX and 

AMD1 as differentially expressed candidates in suicide completers (Guipponi et al., 2009; 

Sequeira et al., 2006; Sequeira et al., 2007). With a growing need to underpin the functional 

relationship, Fiori and group (2010) hypothesized the possible subduing impact of promoter 

DNA methylation as a causal factor on observed attenuated expression of two of the 

previously mentioned polyaminergic genes, SMS and SMOX in prefrontal cortex of suicide 

completers (Fiori and Turecki, 2010). Brodmann area 8/9 based analysis of SMS and SMOX 

genes within 1kb upstream of their promoter region revealed either low level of methylation 

or complete unmethylated state in 10 cases of suicide completers. Furthermore, an overall 

methylation status analysis unfolds no significant difference between suicide completers and 

healthy control followed by the identification of a non-significant correlation between gene 

expression downregulation and promoter DNA methylation. However, a significant 

relationship was observed between SMOX expression and a specific site based 

hypermethylation on its promoter. The outcome of this study appeared to be rather 

surprising from DNA methylation standpoint, but it could possibly be explained considering 
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the very small population size which might have less ability to resolve the distinctive effect 

of methylation alteration (Fiori and Turecki, 2010).

Further substantiation for the involvement of polyaminergic system in suicide neurobiology 

and their epigenetic perturbation by DNA methylation came from an elegant study 

conducted on suicide completers (Fiori and Turecki, 2011). In this study, importance was 

given to the gene SAT1, synthesizing spermidine/spermine N1-acetyltransferase, a rate-

limiting enzyme in polyamine catabolism from polyamine system in the brain. A serious 

attempt was made to understand the role of other gene regulatory mechanisms instrumenting 

the downregulation of SAT1 gene in suicide completers, except two regulatory single 

nucleotide polymorphisms in its promoter. The study provided further insight into the 

functional impact of promoter methylation on SAT1 gene expression in prefrontal cortex by 

mapping the presence of a polyamine responsive element (PRE) within the two heavily 

methylated sites. The PRE is primarily involved in increasing the SAT1 expression by 

interacting with transcription factor Nrf2 in conjunction with polyamine-modulated factor-1 

(PMF-1). Additionally, the study turned out to be more interesting in characterizing an SNP 

(rs6526342) within the SAT1 gene promoter with high methylation incidence in suicide 

completers. A frequent occurrence of the C allele at this rs6526342 locus in suicide 

completers potentially draws the possibility of site-specific methylation induced SAT1 

repression in causing suicide pathophysiology (Fiori and Turecki, 2011).

More recent identification of additional polyamine pathways related genes including 

ornithine decarboxylase antizymes 1 and 2 (OAZ1 and OAZ2), arginase 2 (ARG2), and 

AMD1and their significantly induced transcriptional output in BA 44 of suicide completers 

with mood disorder background (Gross et al., 2013) has reinforced the involvement of 

differential regulatory mechanism on these rate limiting enzyme syntheses. In fact, 

identification of a hypomethylated status in the promoter area of AMD1 and ARG2 

correlated well with the observation of upregulated expression of these two genes in suicide 

completers. In spite of observing an increase in ORG1 and 2 gene expression and significant 

alteration in their promoter methylation, the study failed to show any significant correlation 

between these two observations. This observed inadequacy could partly be explained 

because of the smaller (500 bp) promoter fragments investigated for methylation study and 

might have been minimally involved in OAZ1 and 2 genes expression regulation. 

Nonetheless, this study provides a strong convergent evidence for the role of DNA 

methylation as a potential epigenetic modulator in orchestrating the various genetic 

components of polyamine system as evidenced by other reports collectively influencing the 

suicidal endophenotype (Fiori and Turecki, 2010; Limon et al., 2016). Furthermore, this 

study (Gross et al., 2013) conveys additional information on DNA methylation based 

epigenetic marks that could possibly be considered an exclusive signature of suicidal 

behavior. As part of this study, the identification of significantly different epigenetic marks 

on gene promoters in suicide completers could be explained as exclusive methylation 

signature capable of rendering pathophysiological consequences. The underlying uniqueness 

of this suicide-specific epigenetic study is the inclusion of suicide subjects with various 

mental disorders. Out of 34 subjects, 28 were diagnosed with axis I disorders and comprised 

of heterogeneous population of 3 schizophrenic cases, 12 major depressive disorder (MDD) 

cases, 7 bipolar cases and 3 substance abuse cases (Gross et al., 2013). Despite this 
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heterogeneity, a significant observation of hypomethylated status of ARG2 and AMD1gene 

promoters with negative correlation to their gene expression makes it compelling to 

associate them with suicidal behavior. Similar associations have been found by Keller et al. 

(2010) where a consistent observation of DNA hypermethylation BDNF has been linked to 

suicide phenotype while analyzing the cortical brain area from 44 suicide completers with a 

spectrum of psychiatric diagnosis. This study is discussed in more detail in the next section: 

“Involvement of neurotrophic system” (Keller et al., 2010).

C. Involvement of neurotrophic system—A paradigm shift in normal mental states 

involving cognition, emotion, and memory have been considered as cardinal signs to 

acknowledge the representation of suicidal behavior (van Heeringen, 2003) with a close 

relationship to the pathophysiology of mood disorder characteristically documented with the 

dysfunctional serotonergic system with a hippocampal origin (Mann, 2013). However, a 

close examination of suicide prefrontal cortex with special reference to area BA46, mostly 

involved in affective disorders of altered mood, has been shown to be overrepresented in 

suicide behavior (Hoptman et al., 2002; Kamali et al., 2001; Keilp et al., 2001; Mann, 2003; 

Raine et al., 1998; Raust et al., 2007). The brain’s inability to respond properly to 

environmental stimuli due to impaired structural and neural plasticity has been well-

established to cause suicide pathogenicity (Dwivedi, 2009, 2010; Furczyk et al., 2013). 

Recent neuroimaging identification of orbitofrontal and dorsolateral prefrontal cortex based 

structural abnormalities in suicide victims further reinforces the importance of impaired 

neuronal plasticity (Ding et al., 2015; van Heeringen et al., 2011). An overwhelming 

concern and ever-increasing need to better apprehend this compromised structural and 

functional plasticity, eventually unfolded the role of brain-derived neurotrophic factor 

(BDNF) and its cognate receptor molecule tropomycin receptor kinase B (TRKB) in suicide 

neurobiology (Dwivedi, 2009, 2010; Dwivedi et al., 2003; Lee and Kim, 2010; Pandey et al., 

2008). An in-depth study deciphering the functional contribution of BDNF gene in neuronal 

growth, differentiation, and maintenance during developing as well as in adult brain 

undoubtedly acknowledged its pivotal role in shaping the structural, morphological, and 

synaptic plasticity (Cohen-Cory et al., 2010; Park and Poo, 2013). Therefore, it is not 

difficult to envisage that alteration in the functionality of BDNF gene due to abnormal gene 

expression or impaired mature protein processing and transportation may give rise to serious 

pathological conditions abrogating the entire cellular pathway related to plasticity (Autry 

and Monteggia, 2012; Lipsky and Marini, 2007; Martinowich and Lu, 2008; Martinowich et 

al., 2007). Similarly, an equal contribution was noticed from TRKB receptor where its 

abstinence from proper functioning may turn into abnormal BDNF-TRKB intra-cellular 

signal transduction function with a loss of neuroprotective effect on neurons and glial cells 

(Minichiello, 2009; Rose et al., 2003). Converging lines of evidence further indicated 

significantly diminished expression of both BDNF and TRKB genes in prefrontal cortical 

neurons as well as hippocampus of adult suicide subjects where neuronal plasticity has been 

shown to be heavily compromised (Ernst et al., 2009; Karege et al., 2005).

The importance of area based functional compartmentalization in brain regions for 

epigenetic study became evident from a report by Keller et al. (2011) (Keller et al., 2011). 

This group showed an interesting result on TRKB and TRKB.T1 (truncated form of TRKB) 
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expression and promoter methylation in Wernicke’s area which did not correlate with 

suicidal behavior unlike the previous report for the same gene in different Brodmann area 

(BA 8/9) (Ernst et al., 2009). TRKB receptors are found to be expressed in three different 

isoforms: the splice variant TRKBFL codes for a full-length receptor with functional tyrosine 

kinase domain (TKD), whereas the other two truncated isoforms TRKB.T1 and T2 are 

devoid of any functional TKD and do not participate in triggering a fast intracellular 

signaling response unlike their full-length counterpart (TRKB FL). The truncated prototype 

TRKB.T1 is predominantly expressed in brain astrocytic population with a defined role in 

calcium release from intracellular storage after receiving a brief exposure to BDNF (Rose et 

al., 2003). However, a subtle difference lies between the TRKBFL and TRKB.T1 receptors in 

utilizing two different channels to evoke the intracellular calcium response once exposed to 

BDNF-ligand (Carim-Todd et al., 2009). Interestingly, preclinical studies in TRKB.T1 

deficient rodent model have indicated its role in developing anxiety-like behavior in 

comparison with normal littermates (Carim-Todd et al., 2009). Such compelling evidence 

may be contradictory to the unlikely outcome of the study conducted by Keller and 

colleagues and possibly indicating a bar due to smaller population size (n = 18/group). 

Although the study was based on a small sample size and limited to Caucasians, this finding 

was interesting to understand the concept of brain area specific epigenetic signature in 

conferring characteristic gene expression pattern relevant to suicidal behavior. Furthermore, 

a detailed examination in same samples, focused again on Wernicke’s area, deciphered a 

significant hypermethylation status of BDNF Exon IV promoter in suicide completers. This 

finding appeared to be in agreement with the previous report from the same group (Keller et 

al., 2010) where a subset of the same samples were used to study the BDNF exon IV 

methylation pattern. BDNF promoter methylation in Wernicke’s area from human brain was 

a significant step to better understand the underlying epigenetic complexity of suicide. 

Wernicke’s area of prefrontal cortex, grossly representing BA 21 and 22, is better known for 

semantic thinking and decision making which is mostly affected in suicidal behavior (Jollant 

et al., 2005; Jollant et al., 2007; Jollant et al., 2010; Keller et al., 2010). Identification of 

BDNF exon IV specific hypermethylation status in Wernicke’s area invaluably highlights the 

serious outcome of its deficit as neurotrophic factor and possibly correlates the deficiency 

with aforementioned functional impairments in associative and neurocognitive processing of 

suicidal brain (Jollant et al., 2005; Jollant et al., 2007; Speckens and Hawton, 2005).

In 2014, Maussion et al. provided a deeper insight into understanding the methylation-based 

TRKB.T1 gene regulation in suicide brain with a completely different perspective (Maussion 

et al., 2014). Considering 3′UTR coding sequence for this gene as the potential site for 

DNA based methylation, the study was able to correlate astrocyte restricted TRKB.T1 

isoform expression downregulation with suicide pathophysiology. The study was mainly 

focused on exploring the possibility of relative methylation contribution in regulating 

astrocyte-based TRKB.T1 isoform expression in frontal cortex of suicide completers 

emphasizing the involvement of four CpG sites in 3′UTR coding part of TRKB gene. This 

regulatory mechanism was different from miRNA-185* mediated post-transcriptional 

repression of TRKB.T1earlier found to happen in the frontal cortex of suicide brain 

(Maussion et al., 2012). Unlike the promoter oriented methylation regulation on TRKB.T1 

isoform (Ernst et al., 2009), this study added a new dimension by considering 3′UTR coding 
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DNA as the target of methylation modification to answer the high magnitude of 

transcriptional repression observed for TRKB.T1 isoform in frontal cortical areas of suicide 

completers. The identification of additional polymorphic CpG site located in close proximity 

to other four sites failed to produce a significant association with suicide after genotyping 33 

suicide completers. This observation of site-specific differential methylation pattern with a 

negative effect on corresponding transcript expression was supported by the mapping of 

CTCF binding site overlapped with four CpG sites, which is in agreement with the observed 

distribution of 1.42% 3′UTR specific CTCF binding across the whole eukaryotic genome 

apart from 5.34% promoter specific distribution (Pena-Hernandez et al., 2015). Most likely, 

the characterization of a CTCF binding site in the same area of preoccupying methylated 

CpG sites at the 3′UTR transcriptional unit of TRKB.T1 holds a strong possibility towards 

abated interaction of CTCF within this intragenic region. Moreover, the study is also in 

agreement with other previous findings where methylation in the 3′UTR coding parts other 

than the promoter region has been shown to be involved in transcript specific regulation of 

gene under the tight spatio-temporal cellular environment (Choi et al., 2009; Zheleznyakova 

et al., 2015). While signifying the relevance of astrocyte-specific TRKB.T1 isoform 

expression modulation in suicide completers, the above mentioned mechanistic intricacies 

hold true to justify the observed epigenetic interference possibly linking the astrocyte-

mediated neuronal activity modulation (Allen, 2014) found to be affected in suicide brain 

possibly via TRKB.T1 Ca2+ signaling (Rose et al., 2003).

D. Involvement of hypothalamus-pituitary-adrenal (HPA) axis—Consistent reports 

on blunted HPA axis functionality has elaborated the importance of stress originated 

maladaptive neuroendocrine system as one of the major risk factors behind suicidal 

behavior, despite the involvement of other cellular and biochemical determinants such as 

neurotransmitters, neurotrophic factors and cytokines (Carballo et al., 2008; Melhem et al., 

2016). Dysregulated glucocorticoid receptors (GR) are mostly found to be the cause of 

dampened negative feedback regulation mediated by glucocorticoid hormone in ascribing a 

hyperactive HPA axis response under stress environment (Arnett et al., 2016; Pandey, 2013). 

Complex molecular understanding of this maladaptive HPA axis response in adult suicide 

victims indicated an interesting link between their adverse early life experiences with 

dysregulated GR activity in hippocampi (Kundakovic and Champagne, 2015; Labonte et al., 

2012). Similar kind of childhood adversity was found to be influential in regulating HPA 

axis functions in rodent model where deviation from normal maternal care in the form of 

low licking-grooming and arched back nursing on pups resulted in altered DNA methylation 

profile of GR promoter in hippocampus (Weaver et al., 2004; Weaver et al., 2007). This 

altered methylation at the earliest phase of life (first week after birth) worked as a stable 

epigenetic signature to heterochromatinize the conformation of GR promoter and impeded 

the binding of NGF1-A transcription factor in adulthood (Hellstrom et al., 2012). Thus, the 

involvement of diversified environmental insults like childhood abuse, maternal separation 

or nutritional deprivation received at earliest phases of life might be considered as risk 

factors to intensify suicidal behavior in adult phases of human life with altered stress 

responsiveness due to dysregulated HPA axis function. In 2009, a seminal study conducted 

by McGowan and colleagues contemplated the significant decline in hippocampal NR3C1 

expression in 12 suicide victims with a history of childhood abuse (McGowan et al., 2009). 
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Conversely, differences in glucocorticoid receptor expression was found to be absent in the 

same brain area of 12 suicide victims without a history of childhood abuse when compared 

with 12 controls. More surprisingly, this study was further comparable with the findings in 

rodent model as discussed earlier (Weaver et al., 2004; Weaver et al., 2007) showing similar 

changes in NR3C1 exon 1F promoter methylation closely associated with childhood 

adversity in suicide victims which most likely mirrors the incident of interrupted mother-

infant interaction in rat model. Moreover, the observations made by Labonte and associates 

(Labonte et al., 2012) reiterated similar kind of site-specific DNA methylation changes in 

the vicinity of transcriptional start sites of three non-coding GR transcript variants (1B, IC 

and 1H) in hippocampai of suicide completers with a history of childhood abuse and found 

to be associated with decreased expression. Successive use of in vitro cell line system with 

luciferase reporter assay further interpreted the functional role of promoter DNA 

methylation in GR 1C transcript expression regulation; however, critical examination of 

anterior cingulate cortex from the same suicide subjects did not reveal any significant 

expression alterations of three GR transcript variants mentioned earlier (Labonte et al., 

2012). This report represents the involvement of certain brain regions with compromised 

HPA axis functionality as risk factor for suicidal behavior. Altogether, these observations 

confirm the in vivo finding of coordinated DNA methylation response as stable epigenetic 

modification acquired on multiple promoters of the hGR gene during childhood adversities 

contributing toward decreased hGR expression and HPA dysregulation in adult suicide 

victims. However, a far-reaching effect of promoter DNA methylation in hippocampi of 25 

suicide completers with a history of early life trauma showed a bidirectional pattern on a 

genome-wide scale (Labonte et al., 2012). The significant bidirectional changes in DNA 

methylation included both hyper- and hypomethylated status of gene promoters functionally 

enriched for genes associated with neural plasticity. In sum, this genome-wide methylation 

study put additional emphasis on understanding the acquired methylation changes due to 

traumatic incidences in early life that could be perpetuated in late life with an increasing risk 

of suicide in the individuals who were abused during childhood (Haghighi et al., 2014; 

Labonte et al., 2012).

Abnormal functional response of glucocorticoid receptors as part of dysregulated HPA axis 

is not only moderated by their impaired cellular transcription but also found to be affected 

by their compromised availability in nuclear compartment as transcription factor (Tatro et 

al., 2009). In this regard, a gene named SKA2 (spindle and kinetochore (KT)-associated 

protein 2). involved in anaphasic movement of mitotic chromosome (Hanisch et al., 2006), 

has been identified as a molecular escort to help translocate glucocorticoid receptor (GR) 

from cytosol to nucleus where GR acts as a transcription factor (Rice et al., 2008; Sadeh et 

al., 2016).). A study conducted by Guintivano and colleagues (Guintivano et al., 2014) 

showed DNA methylation-mediated epigenetic mode of gene regulation with a polymorphic 

nucleotide rs7208505 at cg13989295 locus of SKA2 gene in neuronal population of autopsy 

brain. Further analysis of this polymorphic locus present at 3′UTR of SKA2 gene unfolded 

a rare involvement of an exclusive DNA methylation signature with functional implications 

in altering GR responsiveness predominantly in prefrontal cortex (PFC) of suicide subjects 

(Guintivano et al., 2014). Moreover, observations from peripheral blood tissue of three living 

cohorts were found to be aligned with the brain findings replicating a similar functional 
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impact of SKA2 epigenetic mark on its own expression in relation to suicidal ideation 

(Guintivano et al., 2014). Further molecular insight in explaining the diminished SKA2 

expression in a cohort of PFC collected from National Institute of Child Health and Human 

Development Brain and Tissue Bank for Developmental Disorders at the University of 

Maryland included two additional regions of CpG sites located on promoter area and 1st 

exon of SKA2 gene. As an additive effect, 40% reduction in SKA2 gene expression was 

found to occur via CpG methylation of those two additional sites along with the epigenetic 

and genetic variation contributed by rs7208505 site. Another interesting observation which 

appeared to be noteworthy from this study was the close linkage between genetic and 

epigenetic variability in conferring a high risk factor for ethnicity based suicidal phenotypes. 

The above statement happened to be the most likely explanation for the observed low allelic 

frequency for “C” containing allele at rs7208505 site in African American race (18%) than 

other ethnicities, possibly rendering the site to be less methylated (Guintivano et al., 2014). 

Therefore, certain SKA2 variations suggest a lower risk factor for suicidal phenotypes based 

on allelic discrimination in moderating the propensity of methylation modification at defined 

genetic locus. However, the cellular and molecular mechanisms underlying the associated 

risk of suicide with SKA2 genetic variation at rs7208505 site indicated a connection with 

defective glucocorticoid signaling which could be increasingly driven by CpG methylation 

intensity in response to stress factors. This was found to be true while analyzing the stress 

and anxiety related matrices of three living cohorts, where relative involvement of stress 

appeared to be influential on SKA2 epigenetic variation in progressing the successive stages 

of suicidal behavior i.e. suicidal ideation and suicidal attempt. Therefore, this SNP based 

epigenetic alteration of SKA2 in influencing HPA axis functionality of suicide brain was 

much more complex in interpreting the bimodal regulation of SKA2 on GR activity, overlaid 

with additional epigenetic features as evidenced from SKA2 promoter methylation and 

impaired microRNA 301a expression (Smalheiser et al., 2012) from the same intronic 

location. However, the overall outcome of this study suggests a genetic variation at 3′UTR 

of SKA2 gene accompanied by a signature methylation mark may mediate risk for suicidal 

behaviors that progress from ideation to attempt to suicide via GR alteration (Guintivano et 

al., 2014).

Stressful life events including early life trauma has been well described to cause a myriad of 

psychiatric disabilities involving a major functional impairment in hypothalamic-pituitary-

adrenal axis (HPA) axis (Faravelli et al., 2012a; Faravelli et al., 2012b). As detailed before, a 

non-responsive GR feedback mechanism serves as the epicenter to transduce the related 

neuroendocrine changes into a stress related phenotype (Herman et al., 2005; Jankord and 

Herman, 2008; Smith and Vale, 2006). Since, stress is highly associated with suicidal 

behavior; biochemical studies have unveiled the involvement of a few more operational 

molecular components from this stress axis system (Currier and Mann, 2008). FK506-

binding protein 51 (FKBP5/FKBP51), alternately known as FKBP5, is one of the 

intracellular components that modulates stress response by moderating the GR sensitivity 

toward cortisol binding (Binder, 2009). Detailed biochemical analysis from in vitro 
experiments with extended support from in vivo observations have proved the inhibitory role 

of FKBP5 in impeding the nuclear translocation of GR (Guidotti et al., 2013; Tatro et al., 

2009). By interacting with heat-shock protein 90 (Hsp90), P23 protein, and other co-
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chaperones of the steroid receptor complex, FKBP5 interferes with the interaction of GR 

with cytoskeletal motor protein dynein to delay their retrograde nuclear translocation 

(Zannas et al., 2016). As a result, a diminished GR-dependent transcriptional activity has 

been found to occur in nuclear environment as part of the dysfunctional stress response. This 

underlying cellular physiology is closely associated with a number of stress-related 

neuropsychiatric abnormalities including MDD, post-traumatic stress disorder (PTSD) and 

severe cognitive disbalance which generally lead to suicidal phenotype (Perez-Ortiz et al., 

2013; Zannas and Binder, 2014). Mounting reports have been published in past years where 

FKBP5 was made accountable for the debilitating condition either arising as suicidal 

thoughts or attempts in patients with a severe stress related background(Binder et al., 2008; 

Binder et al., 2004; Mehta et al., 2011; Roy et al., 2010; Roy et al., 2012; Willour et al., 

2009). Identification of polymorphic loci on FKBP5 has recently been associated with 

suicidal incidences in European and Japanese population (Brent et al., 2010; Supriyanto et 

al., 2011). Childhood trauma-related suicidal attempts were found to be at higher risk due to 

the occurrence of specific transcript variant of FKBP5 gene in African American population 

(Klengel et al., 2013). Furthermore, FKBP5 variant-induced genetic predisposition was also 

evaluated as high risk factor for a wide spectrum of affective disorders ranging from bipolar 

disorder (BP), PTSD, to the recurring incidence of MDD (Appel et al., 2011; Menke et al., 

2013; Willour et al., 2009; Zimmermann et al., 2011). However, a recent report on 

postmortem amygdala samples collected from 13 suicide completers with no clinical 

background of psychiatric disorders and free of psychoactive medication or substance abuse 

showed a significant depletion of FKBP5 gene expression both at transcript and protein level 

(Perez-Ortiz et al., 2013). This FKBP5 expression downregulation as well as reduction in 

GR gene product in amygdala of suicide victims could be a good source to interpret the 

experimental outcome which is free of any additive effects from comorbid psychiatric 

disorders and devoid of any artifacts generally contributed by medications prior to suicide. 

Most interestingly, the data from this study might be indicating the functional involvement 

of an ultrashort negative feedback loop that orchestrates the GR repression by FKBP5 and 

vice versa (Vermeer et al., 2003; Zannas et al., 2016). Other possibilities related to FKBP5 

expression modulation, besides genetic factors, have been recently worked out in altered 

stress-gene interaction model where the involvement of epigenetic modulation via DNA 

methylation has been shown to be a regulatory factor (Ewald et al., 2014; Hohne et al., 

2015). In this context, a report published in 2012 deserves to be mentioned briefly where the 

genetic predisposition contributed by a functional polymorphism in FKBP5 gene was shown 

to be fine-tuned by a DNA demethylation event to develop stress-related psychiatric disorder 

(Klengel et al., 2013). This study provided the clear mechanistic evidence of early life stress 

exposure in individuals carrying FKBP5 risk allele to receive an epigenetic re-patterning on 

glucocorticoid response element (GRE) of FKBP5, resulting in the disruption of ultra-short 

negative feedback loop between GR and FKBP5. This molecular disruption at intracellular 

level eventually got reflected in late life stress incidences functionally imbalancing the 

related hormonal system with the increasing risk for psychiatric disorders. Therefore, 

considering the relevance of neuropsychiatric disorders and their prevalence in suicide 

neurobiology, and given that FKBP5 plays a critical role in stress-related disorders, it will be 

interesting to examine if this gene is altered in suicide and if this alteration is due to 

epigenetic modifications like CpG methylation or histone modifications. However, earlier 
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report on histone-based epigenetic regulation of FKBP5 has been documented in relation to 

cancer biology (Paakinaho et al., 2010), but its role is yet to be understood in suicide 

neurobiology.

Collective evidences from all these remarkable studies point out the significance of 

considering DNA methylation as interface of molecular crosstalk between predisposed 

genetic environment with external risk factors for assessment of complex suicidal behavior; 

however, they still fall short of interpreting the genome-wide involvement of DNA 

methylation alteration in impairing several biochemical pathways with increased 

vulnerability of interconnected neurobiological networks associated with suicide phenotype. 

Neuron-specific whole genome-wide assessment of refined DNA methylation signature in 

dentate gyrus of 46 male suicide completers from French Canadian descent interestingly 

unfolds a cohort of gene promoters significantly associated with cognitive process (Labonte 

et al., 2013). Functional clustering of such genes elaborates their role in learning, memory 

and other complex behavioral outcomes which characteristically denote the possible 

impairment of higher order function in suicide brains. Here in this study, more insightful 

analysis of four selected genes (NR2E1, GRM7, CHRNB2 and DBH) coding for membrane 

receptors and membrane-associated enzyme molecules with gross involvement in 

impulsivity, anxiety, learning and memory-related behavior exhibited a hypermethylation 

status concordant with their attenuated RNA level expression (except DBH). Overall deficit 

in the expression of these genes and their related functions in the hippocampus of suicide 

brains correlates with hyper-responsive behavioral phenotypes and are considered as 

predominant risk factors for increasing susceptibility to committing, suicide. In conclusion, 

this study proved to be an invaluable piece of first genome-wide differential DNA 

methylation report focused on neuronal subpopulation in hippocampal region of brains with 

substantial role found in dysregulating multiple cellular pathways intensifying the risk 

factors in predisposed suicide victims.

Taken together, all the evidences discussed herein undoubtedly point out the relative 

importance of post-mortem brain samples as effective functional model to study DNA 

methylation based epigenetic modification in understanding the suicide neurobiology with 

certain advantages. Most amenably, the post-mortem brain samples provide the expanded 

window for complete examination of the neurobiological changes at post suicidal phase 

(Furczyk et al., 2013; Pandey and Dwivedi, 2010). Moreover, because of the stable cytosine 

methylation, the differences in CpG methylation are unlikely to be a consequence of events 

immediately preceding death or during the postmortem period. Therefore, changes in brain 

pH do not affect DNA methylation (Ernst et al., 2008; Gross et al., 2013).

2b. Glial cell modulation

Identification of altered gene expression profile and their ontological relationship with 

astrocyte/oligodendrocyte apart from classically represented neurotransmitter function in 

fronto-cortical area has been a remarkable development to understand suicide neurobiology 

from a different perspective. These groundbreaking findings necessarily establish a strong 

cornerstone for central glial pathology in interpreting molecular complexities associated 
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with depression and warrants further insight into their link with suicidal behavior (Fields, 

2008; Klempan et al., 2009a; Sequeira et al., 2009).

Closer examination of affected gene list related to oligodendrocyte dysfunction in depressed 

suicide completers, regardless of the four cortical regions (BA 11, 44, 45 and 47) 

investigated by Klempan and colleagues (Klempan et al., 2009a), helped to sort out a gene 

named QKI with significant expression downregulation. QKI was studied to cause severe 

demyelination in CNS due to loss of function mutation and genetically found to be linked 

with schizophrenia showing a widespread expression deficit, which collectively points out 

its close functional relationship with mental disorders (Bockbrader and Feng, 2008). 

Moreover, to collect further substantial evidence in support of the documented expression 

deficit in QKI gene and the possible regulatory mechanism behind the compromised 

transcription, the same group (Klempan et al., 2009a) investigated the promoter methylation 

in cortical and subcortical brain regions of suicide completers with a history of depression. 

Despite finding a significantly repressed protein expression in BA 11 of suicide completers, 

the study was only able to identify traceable amount of CpG methylation in the same brain 

area. The week promoter methylation enrichment of QKI gene was resolved to be less than 

one per 80 CpG sites on a 281 base pair long genomic sequence investigated in BA 11 area 

of four suicide completers. The absence of any correlation between DNA methylation 

mediated promoter regulation on reduced expression of QKI gene both at mRNA and protein 

level might be suggesting the involvement of other epigenetic modifiers in those suicide 

completers. More likely explanation of histone modification impacting the transcriptional 

output and small non-coding RNA, like microRNA mediated translational impairment of 

QKI gene, could be connected with the oligodendroglial abnormalities observed in suicide 

brain which stems from neuropathology of major depression.

The role of astrocytes in evaluating suicide pathophysiology was further authenticated in a 

study by Nagy et al. in 2015. The group, for the first time, used a genome wide approach 

instead of candidate gene examination strategy to find out the degree of involvement of 

astrocyte specific differentially methylated regions (DMRs) in BA 10 area of patients who 

died by suicide (Nagy et al., 2015). The de-novo sequencing based identification of multiple 

DMRs across the genome from 76 suicide subjects helped to classify them based on their 

physical location regardless of promoter centric localization. Most interestingly, 90% of 

DMRs were found to be associated with non-promoter regions, and DMRs localized in the 

vicinity of gene body and intergenic regions exhibited most variability in methylation. 

Although significant functional relationship was demonstrated across the genome wide 

distributed DMRs with their variable DNA methylation status in suicidal brain, two DMRs 

were given thorough consideration because of their presence in the intragenic regions of 

GRIK2 and BEGAIN genes. GRIK2 was important in coding astrocyte associated glutamate 

ionotropic kainate receptor (Brand-Schieber et al., 2004). Improper functioning of this 

receptor to mediate calcium signaling under antidepressant treatment has been previously 

associated with depression (Hertz et al., 2014; Kawamoto et al., 2012). De-novo sequencing 

data from this study of Nagy and colleagues (Nagy et al., 2015), for the first time revealed a 

hypomethylation status of GRIK2 in intron 13 with a possible effect of producing alternate 

protein isoform with reduced permeability for calcium signaling in astrocytes. On the other 

hand, identifying BEGAIN gene with a hypomorphic functional status in astrocytes of 
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suicidal brain more likely indicates a repressive effect exerted by the hypermethylated DMR 

characterized in its vicinity. Earlier report of a close physical association between BEGAIN 

protein and postsynaptic density protein (PSD95) (Yao et al., 2003) clearly marks its 

functional importance in post-synaptic transmission of astrocytes which appeared to be 

weakened under the glio-pathological background of suicide. The observation of 

dysfunctional astrocytes could be substantiated with the methylation alteration by DMRs, as 

mentioned before, to postulate a strong connection between astrocyte specific methylation 

signature with suicidal behavior.

The importance of site-specific methylation changes in the promoter region of genes and its 

strong correlation with suicide pathobiology was further exemplified in a study by Ernst and 

his colleagues (Ernst et al., 2009). The study correlated methylation specific changes in an 

astrocyte-specific transcript variant (T1) of TRKB gene with the MDD induced suicide 

behavior. A number of previous studies have shown a positive correlation between reduced 

TRKB expression with MDD pathology in the cortex (Qi et al., 2013; Tripp et al., 2012). 

However, the identification of two hypermethylated sites (site 2 and site 5) on TRKB 

promoter and the demonstration of a significant inverse correlation with the astrocyte-

specific TRKB.T1 expression in suicide completers with an MDD background was first to 

be mentioned in this report (Ernst et al., 2009). Furthermore, this could be physiologically 

linked with impaired calcium signaling in the frontal cortex of suicide brain due to depleted 

synthesis of TRKB.T1 receptor, functionally known to elicit a neurotrophic response in 

cortical astrocytes, but the study design was technically limiting to answer the observed glial 

specific TRKB.T1 promoter modulation as a functional consequence of methylation 

alteration with direct experimental evidence. However, the authors attributed possibilities of 

either astrocyte-specific assorted methylation machinery unique from neurons or astrocyte-

specific gene regulatory mechanism different from neurons, which could be responsible for 

the observed pattern of epigenetic regulation of TRKB.T1 expression. Although the study 

witnessed serious limitation to provide more mechanistic insights into TRKB promoter 

methylation regulation for synthesizing TRKB.T1 isoform, it still established a strong 

association with suicidality in a relatively limited population size (n = 10) free from the 

effect of confounding variables like PMI, pH, age and substance abuse.

3. Influence of histone modification based epigenetic regulation in suicide 

pathophysiology: knowledge from post-mortem brain samples

Histones are basic proteins in their chemical constitution and functionally involved in 

maintaining a three dimensional chromatin conformation by forming nucleosomal core 

structures in eukaryotic nuclei (Venkatesh and Workman, 2015). The structural framework 

of nucleosome lies in the formation of octamer unit with dimers of four different histone 

isoforms H2A, H2B, H3 and H4. Approximately, 147 base pairs of DNA wrapping around 

the histone octamer with a 1.67 left handed superhelical turn usually connects two adjacent 

nucleosome cores with an 80bp long linker DNA thread. Dynamic switching of different 

histone variants and post-translation modification of N-terminal protruded tails (PTM) of 

core histone molecules results in transient nuclear DNA breathing. This switching helps to 

acquire either an open (euchromatin) or a closed (heterochromatin) chromatin conformation 
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representative of an active or repressed state of gene transcription (Luger et al., 2012). The 

N-terminal protruded tails of histones are prone to get various covalent reversible 

modifications including acetylation, methylation, phosphorylation and many more (Li et al., 

2007), but distinct histone modification profiles such as histone 3 lysine 4 (H3K4) 

dimethylation and trimethylation, and histone 3 lysine 27 (H3K27) acetylation at promoter 

regions and H3K4 monomethylation in enhancer regions of genes are associated with active 

gene transcription, whereas repressed promoters are associated with H3K9 and H3K27 

dimethylation and trimethylation marks (Turecki, 2014). Collectively, this tail based various 

histone modifications and associated biochemical modifiers like histone methyltransferase 

[HMT] and histone deacetylase [HDAC]) build up a potential epigenetic mechanism to 

transduce the extracellularly received environmental signals into the intracellular milieu with 

active modulation of gene transcription (Maze et al., 2013).

Reversible histone modification as environmentally induced epigenomic footprint has 

remained an encouraging field to study in order to understand psychiatric illnesses at the 

molecular level. A plethora of scientific reports have poured in over last few years to 

understand the altered histone code in explaining mental disorders such as major depression 

and schizophrenia (Gavin and Sharma, 2010; Sun et al., 2013; Tsankova et al., 2007), but 

adequate knowledge is still lacking in interpreting the epigenomic complexities of suicidal 

behavior from histone modification perspective except for a few interesting reports in both 

post-mortem samples and in blood cells of suicide attempters.

A. Involvement of neurotrophic receptors

One of the first studies conducted by Ernst and colleagues in 2009 brought attention to 

certain changes in the histone tails as possible epigenetic modification in post-mortem brains 

(Ernst et al., 2009). The observed methylation alteration of histone residues was thought to 

be the reason behind the down regulation of TRKB and TRKB.T1 genes in the brain 

samples of suicide and major depression cases. Closer examination in the orbital frontal 

cortex (Brodmann Area 10) of 20 suicide completers revealed a significant increase in type 3 

histone (H3) lysine (K) methylation in core octamer of nucleosome close to the TRKB.T1 

promoter. The possibility of including any erroneous astrocyte-specific genomic fragments 

in the chromatin pull-down group was nullified by assaying the promoter enrichment for 

glutamine synthetase gene. Altogether, the experimental outcome first elucidated the role of 

H3K27 methylation based repressive chromatin modification in suicide brains with 

depression background, devoid of any psychotic involvement. Furthermore, a significant 

inverse correlation was identified between the expression level of TRKB.T1 gene in the 

same brain area and the observed histone methylation status in its promoter region which 

necessarily signifies the functional involvement of the repressive epigenetic mark on altered 

TRKB.T1 expression.

B. Involvement of polyamine system

In the following years, three subsequent studies by Fiori and colleagues in Brodmann areas 

cited the involvement of histone methylation as key events in regulating the expression of 

polyamine genes in suicide victims (Fiori and Turecki, 2010, 2011; Fiori and Turecki, 2012). 

However, two of the dorsolateral prefrontal cortex based studies (Fiori and Turecki, 2010, 
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2011) in suicide victims were found to be interesting due to the absence of finding any 

significant changes in the methylation of the 27th lysine residue in the histone-3 tail 

(H3K27). These two studies were done to identify the repressive role of H3K27 tri-

methylation in downregulating the SMS, SMOX, and SAT1 genes by altering their promoter 

chromatin conformation. Although a functional connection between H3K27me3 and 

repressed gene expression was found to be lacking in these two studies, it seems to be 

important for the involvement of other histone-based repressive modifications like 

H3K9me3 to explain the modulated expression of three aforementioned polyamine genes in 

suicide brain. Additionally, in-depth consideration are also expected to justify the 

importance of area specific epigenetic modifications in suicide brains in interpreting the lack 

of correlation between the histone methylation and corresponding gene expression as 

observed in these two studies. Most interestingly, the third study from the same group was 

successful in indicating an association between the H3K4me3 based increased methylation 

levels with higher risk of suicide (Fiori and Turecki, 2012). The study explained the 

importance of activating histone-based chromatin modification to transcriptionally induce 

OAZ1 expression, essentially involved in polyamine biosynthesis and found to be 

upregulated in the suicide brain. Compelling evidence from this study helps to make a 

comprehensive understanding of the epigenetically impaired polyamine biosynthesis system 

in suicide neurobiology. An analysis of 34 suicide brains in BA 44 region identified a 

significantly elevated level of OAZ1 expression unlike the other three genes (AMD1, ARG2, 

or OAZ2) examined. Upstream promoter analysis following chromatin immunoprecipitation 

displayed significantly elevated levels of H3K4me3 in the same 34 suicide completers and 

this inducible chromatin modification was found to be directly correlated with upregulated 

OAZ1 expression. The lack of observation of either significant differences in the levels of 

H3K4me3 in the promoter regions of AMD1, ARG2, or OAZ2, or the expression of AMD1 

or OAZ2 leaves the possibility of distinct epigenetic regulation of these.

Collectively, all the evidence discussed above portrays the increasing need of understanding 

histone-based epigenetic regulation to address the neurobiological complexities associated 

with suicide. Genome-wide histone modification study could possibly open up and help to 

explore altered epigenomic regulatory networks as the underlying cause of suicide to 

interpret the complex nature of this disease or may eventually help to design effective 

diagnostic strategy for earlier prevention of this mental disorder.

C. Involvement of gap junctional protein connexin

Being primary contributor of glial cell lineage (Kimelberg and Nedergaard, 2010), 

dysfunctional astrocyte network has been implicated as one of the underlying causes in 

conferring depressive phenotype (McNally et al., 2008; Rial et al., 2015). Family of 

connexin genes including CX30 and CX43 (Koulakoff et al., 2008) were found to be heavily 

impaired in PFC of depressed brain as part of this astrocyte network (Koyama, 2015)which 

failed to build up proper inter-astrocytic connection with functionally active gap junctional 

channels (Ernst et al., 2011; Sun et al., 2012). This observation was extended by Nagy and 

group (Nagy et al., 2016), where a previously reported downregulation of CX30 and CX43 

genes in PFC of suicide brain had been shown to be closely associated with epigenetic 

modifications at their promoter regions (Ernst et al., 2011). The functional contribution of 
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associated epigenetic change on repressing CX gene expression was found to be mediated 

by a repressive histone modification (H3K9me3) in BA8/9 regions of suicide brain (Nagy et 

al., 2016). Although a negative correlation was observed between the enriched H3K9me3 

modification and gene expression of both CX genes (CX30 and CX43), a significant 

correlation was only observed for CX30 gene which was found to be free from any 

confounding effects of variables such as age, tissue pH, or PMI. This histone-specific 

modification of CX genes provided further insight in explaining the role of alternative 

epigenetic regulation in causing diminished expression of CX30 and 43 genes which were 

earlier (Nagy et al., 2015) not supported by site-specific methylation changes at DNA level 

(CpG based DNA methylation). Moreover, findings from this study also indicated an abrupt 

change in two CX genes resulting in the loss of correlation between their expressions status, 

except the subcortical area of 22 suicide brains, where it was found to be tightly correlated 

in all over neocortex of matched control subjects. Furthermore, an altered cellular 

morphology of astrocyte has been documented with a corresponding change in CX gene 

expression downregulation (Olk et al., 2009). The indicated hypertrophic nature of astrocytic 

population could be due to cytoskeletal deformities arising from CX gene hypofunction. 

Taken together, this study (Nagy et al., 2016) represented a new dimension of histone 

mediated epigenetic regulation on cellular morphology and connectivity in moderating PFC 

function of depressed suicide brain associated with glial lineage.

4. Future directions

A. Epigenetic signature in peripheral blood mononuclear cells-an emerging diagnostic 
approach to explore suicide biomarker

The recent emergence of peripheral blood mononuclear cells as a reliable source to study 

and analyze the epigenetic signature of neurological disorders seems to be promising and 

offers an adequate scope to develop predictive biomarkers (Arosio et al., 2014; Fan et al., 

2014; Munkholm et al., 2015; Sharma, 2012). Suicide is a complex process encompassing 

ideation, planning, attempting, and finally committing suicide (Klonsky et al., 2016). Thus, 

it would be more logical to study the associated epigenetic changes at every step in suicidal 

patients, as this will provide ample scope for environmental influence to be worked upon. In 

this connection, peripheral blood samples would be more accessible and minimally invasive 

tissue source to carry out biochemical analysis for identifying any corresponding changes 

(Rao et al., 2013). Emergent application of peripheral blood mononuclear cell transcriptome 

analysis provides a futuristic surrogate marker concept for assessing neurologic diseases as 

well as neuropsychiatric disorders (Karsten et al., 2011; Rollins et al., 2010). Moreover, 

using peripheral blood mononuclear cells (PBMC) over post-mortem brain samples to study 

epigenetic alteration related to suicide behavior offers an additional advantage of less 

interfered chemical environment which is relatively challenging in brain samples obtained 

from suicide victims because of unwanted acidosis.

Considering all these compelling facts, Kang and colleagues in 2013 first reported the 

successful observation of increased BDNF gene promoter DNA methylation in major 

depressive patients showing a significant association with previous history of suicidal 

attempt as well as with suicidal ideation (Kang et al., 2013). This hypermethylated BDNF 

Roy and Dwivedi Page 17

Neurosci Biobehav Rev. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gene promoter parallels the earlier observation of decreased BDNF gene expression in 

peripheral blood mononuclear cells of depressed patients with earlier history of attempted 

suicide (Lee and Kim, 2010). Under the study, the degree of BDNF promoter methylation 

was found to be correlated with suicidal ideation across 108 patients diagnosed with MDD. 

The outcome of this PBMC based study strongly suggests the possible use of observed 

BDNF promoter methylation as proxy epigenetic biomarker for suicidal behavior in 

depressive patients.

The next piece of study was conducted in East Asian population where prevalence of 

suicidal rate among elderly adults was found to contribute a major portion in worldwide 

suicide incidences (Kim et al., 2014). The objective of the study was to find out a possible 

connection between BDNF promoter methylation with the prevalence and incidence of 

suicidal ideation in late life. Based on the earlier observation of DNA methylation based 

BDNF promoter regulation in Wernicke’s area of suicidal brain (Keller et al., 2010), the 

group postulated to observe similar epigenetic signature in venous blood leukocytes of 93 

patients with strong suicidal ideation. Biochemical analysis of a GC-rich region around the 

vicinity of BDNF transcript identified five prominent sites with significantly 

hypermethylated status which were strongly associated with the prevalence of suicidal 

ideation at baseline as well as over a 2 year follow-up period. In conclusion, the study 

clearly represents the epigenetic modulation of BDNF gene in peripheral blood which could 

potentially be used in high risk assessment of present suicidal ideation and could be 

predictive of future suicidal behavior in elderly population.

With the increasing knowledge on the epigenetic involvement of peripheral blood-based 

biomarker analysis, certain studies have made remarkable contribution in understanding 

suicide behavior in the last few years (Guintivano et al., 2014; Kang et al., 2013). One of 

them was a continuation (Kaminsky et al., 2015) of the study of epigenetic profiling of 

SKA2 gene which was discussed earlier in the postmortem brain section. The same group 

had taken initiative to predict the biomarker value of a DNA methylation associated 

polymorphic locus (rs7208505) in SKA2 gene in a study population of 466 individuals 

following a noninvasive approach of analyzing their peripheral blood tissue (Sadeh et al., 

2016). The study was aimed to ascertain the reliability of this specific SNP linked epigenetic 

signature on SKA2 3′UTR and its association with suicide risk where high degree of mental 

trauma was involved as a precipitating factor. With an attempt to associate the epigenetic 

variation at ‘C’ allele of (rs7208505) SKA2 locus (CpG cg13989295) with suicidal thoughts 

and behaviors, the study was found to be successful in establishing a strong relationship 

between SKA2 and suicidal behavior in the living cohort of military individuals (Sadeh et 

al., 2016). This finding happened to be congruent with an earlier report from an independent 

study cohort of civilians where the subjects experienced major trauma in their lifetime 

before going through the investigational procedure (Niculescu et al., 2015a; Niculescu et al., 

2015b).

Harnessing more predictive information using the blood-based biomarker approach in order 

to interpret the probability of hospitalizing subjects due to unsuccessful suicidal attempt 

turned out to be more molecular with few recent studies (Blasco-Fontecilla et al., 2013; Le-

Niculescu et al., 2013; Niculescu et al., 2015b). As can be seen from the recent report by 
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Niculescu and group, a peripheral blood based expression profile of certain genes represents 

a high degree of significance from their active participation to correlate no suicidal ideation 

to high suicidal ideation state in 37 individuals from a large cohort of 217 participants 

(Niculescu et al., 2015b). Initial screening of those genes based on their expression 

variability were later used in a two-step process to sort out the top most candidate genes with 

higher potential value as molecular biomarker once assessed for their functional relevance to 

suicidal ideation. The interesting study design behind this report made it possible to validate 

the involvement of participating gene set in suicidal thought by analyzing their expression 

status in a cohort of 26 suicide completers (Niculescu et al., 2015b). Overall, the three steps 

procedure (discovery for ideation, prioritization based on literature evidence, validation for 

behavior in completers) to select the top ranking molecular markers considering both up and 

down regulated expression status ultimately resulted in short listing of 8 genes notably 

SAT1, SKA2, SLC4A4, KIF2C, MBP, IL6, JUN and KLHDC3 in predicting suicidal 

ideation (the gene set presented here is free of Bonferroni correction). However, 

identification of SAT1 and SKA2 genes was potentially significant in establishing a close 

relationship with suicidal ideation because of their previously established role as biomarker 

for suicidal behavior (Guintivano et al., 2014; Le-Niculescu et al., 2013).

Epigenetic involvement of serotonergic system in predicting suicidal behavior did not 

receive much attention or rather appeared inconclusive due to week experimental evidences. 

However, in a recent report Bani-Fatemi and group attempted to find out a functional link 

between hyposerotonergic neurotransmission and 25 methylated polymorphic loci of 

HTR2A gene in blood genomic DNA of 32 suicide attempters with major psychosis (Bani-

Fatemi et al., 2016). Though the study was unable to establish a possible connection 

between the 5HT based epigenetic changes and suicide risk in schizophrenia patients but 

was able to determine significant hypermethylation at a genetically variable locus (rs6313) 

in the exon I of HTR2A gene. This was in agreement with the previous report which 

indicated a possible association of suicide attempts with the hypermethylation status of the 

same polymorphic locus in patients with schizophrenia background (De Luca et al., 2009).

B. Therapeutic intervention as preventive strategy against aberrant epigenetic modulation 
in suicide behavior

Disease specific epigenetic footprints is a coordinated biochemical process (Tsankova et al., 

2007) which could be intervened with empirical pharmacokinetic modeling to develop novel 

therapeutics (Karahoca and Momparler, 2013; Kelly et al., 2010; Nebbioso et al., 2012; Sun 

et al., 2013). Recent advancement in pharmacological research has put forward a series of 

inhibitors with promising results in silencing active epigenetic states related to 

schizophrenia, depression, and bipolar disorder (Narayan and Dragunow, 2010; Szyf, 2009). 

Due to an unarguable predominance of psychiatric illnesses in determining the increasing 

risk of suicidal behavior (Bertolote and Fleischmann, 2002), an overwhelming need to 

further consolidate the possible involvement of common epigenetic pathways as potential 

therapeutic targets with proper psychopharmacological intervention is largely unanswered. 

Furthermore, long standing neurobiological studies have pointed out the role of impaired 

cognitive functions originating from psychiatric disorders as one of the crucial determinants 

of the elevated risk of suicidal behavior (Keilp et al., 2001; Van Heeringen and Marusic, 
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2003). Keeping this in mind, recent understanding of a well-established connection between 

epigenetic perturbation and cognitive dysfunction (Day and Sweatt, 2012) could potentially 

serve as the bridge to decide upon formulating novel therapeutic strategies to lower the risk 

of attempting suicide and related thoughts. However, a comprehensible input is still lacking 

in devising a proper therapeutic approach to repair the epigenetic defects accrued in course 

of developing complex suicidal behavior. Though a considerable number of studies have 

shown the usefulness of antipsychotic and antidepressant drugs like clozapine and lithium in 

diminishing the suicidal risks (Griffiths et al., 2014), their effective administration in 

reversing the epigenetic aberrations is yet to be dissected with greater resolution. Pre-clinical 

studies have shown that chronic administration of imipramine can lead to hyperacetylation 

of histone3 (H3) to induce transcriptional activation at BDNF promoter, which may have a 

role in improving cognitive behavior (Tsankova et al., 2006). Similarly, dimethylation of 

H3K9 and H3K27 by imipramine (Wilkinson et al., 2009) was found to be equally effective 

in upregulating transcription of genes which could potentially be directed towards reversing 

dysfunctional cognitive system. Despite the controversy related to its recreational use and 

abuse, ketamine has been used to stabilize the mood with a moderate dose by augmenting 

epigenetic alteration in neurochemical pathways with its fast mode of antidepressant 

function (Choi et al., 2015). Recent evidence has shown its effectiveness in moderating the 

impulsivity associated with suicidal ideation of mood disorder patients (Price et al., 2014; 

Thakurta et al., 2012). Likewise, pharmaco-chemical intervention with valproic acid as 

histone deacetylase inhibitor (HDACi) in stabilizing the mood could prove to be equally 

effective in mitigating the risk of suicide attempts because of high life time prevalence of 

affective disorder (30%–40%) among suicidal patients (Hesdorffer et al., 2010; Oquendo et 

al., 2011). From pre-clinical studies, similar speculation could be advocated for Trichostatin 

A for their proven role in long-term potentiation to induce histone acetylation and DNA 

demethylation with increased efficiency in synaptic transmission (Levenson et al., 2004). 

Falling in the same category with valproic acid, sodium butyrate, a short chain fatty acid 

compound, has also been shown to modulate H3 acetylation for upregulating expression of 

neurotrophic factors such as BDNF and GDNF in brain astrocyte population (Wu et al., 

2008). In addition to its primary activity as HDACi, sodium butyrate has been found to act 

on the H3K4 residue in nucleosome complex to induce trimethylation level (Gupta et al., 

2010). Apart from targeting histone modifiers, finding novel pharmacological compound to 

unplug DNA methylation machinery from being recruited to CpG cites on genome could be 

an effective strategy to restore gene function which is mostly affected in suicidal brain. The 

compounds such as 5-aza-dC (AZA), zebularine and doxorubicin were earlier reported to 

minimize the DNA methyltransferase (DNMTs) activity as well as inducing H3 acetylation 

in the promoter area of CNS related genes like BDNF in the hippocampal region (Grayson 

and Guidotti, 2013; Kundakovic et al., 2007; Levenson et al., 2006). Therefore, they may 

hold a great deal of promise to be implicated as DNMT inhibitors (DNMTi) in a dose-

dependent manner to reverse the gene function found to be altered in patients suffering from 

psychiatric disorders with known history of suicidal behavior. While assessing the scope of 

designing a more effective therapeutic strategy (Table 2), it is pertinent to understand the 

intrinsic pattern of epigenetic signature associated with this complex disorder.
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A strong association of MDD related neuropathology with disrupted neuro molecular 

circuitry of suicidal brain shares an overlapping pattern of the epigenetic landscape (Autry 

and Monteggia, 2009). This epigenetic commonality affecting normal gene function could 

be effectively manipulated with antidepressant drugs having the pharmacological capability 

to reinstate the pathogenic modifications. In this connection, few prime candidates, notably 

imipramine, fluoxetine, escitalopram, ketamine, MAOA inhibitors, and 5-azaD could be 

named for their equal ability to serve as an antidepressant as well as an epigenetic modifier 

(Boks et al., 2012; Vialou et al., 2013). Support for this statement comes from the preclinical 

study where a mouse model of stress-induced depression was used (Tsankova et al., 2006). 

In this study, Bdnf promoter 3 and 4 (responsible for synthesizing transcript variants III and 

IV) were analyzed to see the corresponding changes in chromatin conformation associated 

with histone modifications in response to chronic imipramine treatment (Tsankova et al., 

2006). Interestingly, a well-designed experiment with a series of chromatin conformation 

analysis reported a long-lasting, more than twofold hyperacetylation at histone H3 

selectively at Bdnf P3 and P4 under chronic imipramine treatment. Histone acetylation of 

this kind is associated with open chromatin conformation (Felsenfeld and Groudine, 2003) 

which helps to de-repress the transcription of downstream genes from the promoter. The 

most important part of this study was the observation of a non-responsive acetylation status 

at Bdnf P3 and P4 in control (nondefeated) mice with chronic imipramine administration. 

The underlying causes of these molecular changes showed that an alteration in Hdac5 and 

Hdac9 mRNA expression from class I and class II Histone Deacetylases (HDACs) were 

successfully linked with chronic imipramine treatment in the hippocampus of defeated mice. 

This proved the potential of imipramine to act as epigenetic modifier in addition to its 

regular pharmacological role as antidepressant (Nghia et al., 2015).

Over the past few years, compelling evidence from studies related to suicidal behavior have 

pointed out the pharmacological role of ketamine, an anesthetic agent in antagonizing the 

glutamate N-methyl-d-aspartate (NMDA) receptor (Kashani et al., 2014; Lee et al., 2015; 

Niciu et al., 2013). Having been tested as an effective antidepressant drug in patients with 

depression and treatment-resistant depression (TRD), ketamine was found to reduce 

clinician-rated explicit suicidal cognition 24 hr after its infusion which can last for up to 10 

days (Price et al., 2014). While trying to understand the mechanistic changes associated with 

this fast mode of anti-suicidal response upon ketamine administration, one clinical correlate 

appeared to be massively impacted i.e. depression (Price and Mathew, 2015). An overall 

reversal of depressive symptom in the same study cohort found to be paralleled with the 

observed anti-suicidal tendency which indicated a positive role of ketamine in regulating 

AMPA to NMDA receptor throughput, changes in synaptic connections and enhancing the 

BDNF signaling (Price et al., 2014). However, a link was still missing to establish the 

intermediate role of ketamine as epigenetic modulator until a recent report from preclinical 

study pointed out HDAC5 modulation in hippocampal neurons (Choi et al., 2015). The 

report helped to understand ketamine’s role in rapidly stimulating histone deacetylase 5 

(HDAC5) phosphorylation and nuclear export in rat hippocampal neurons with direct 

involvement of calcium/calmodulin kinase II- and protein kinase D-dependent pathways. 

Taken together, the above reports helped us remarkably to build up a consolidated 

therapeutic link between the anti-depressive (Reus et al., 2013) and anti-suicidal (Reinstatler 
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and Youssef, 2015; Wilkinson and Sanacora, 2016) property of ketamine which could be 

potentially mediated by HDAC5 modulation on downstream genes.

C. Future perspective of glial epigenetics in understanding suicide neurobiology

In early 90s, the delineation of ‘tri-partite’ concept of astrocytes (Araque et al., 2014; 

Araque et al., 1999) and their spatial association with synaptic junctions endowed the 

researcher with a detailed introspection of glial cell contribution in critically affecting 

cognitive responses like memory and mood (Kreisel et al., 2014; Pearson-Leary et al., 2015; 

Rial et al., 2015). Later on, the identification of microglial cell and their dynamic 

involvement in numerous synaptic junctions by providing cytokines (Rebola et al., 2011), 

purines (George et al., 2015; Pascual et al., 2012), glutamate and D-serine (Scianni et al., 

2013), NO (Zhan et al., 2014) or BDNF (Gomes et al., 2013; Parkhurst et al., 2013) had 

helped to forward the ‘quad-partite’ theory of glial contribution in understanding the critical 

role of bidirectional communication between astrocyte and neurons to reshape the plasticity. 

The possible loss of aforementioned synaptic plasticity under psychiatric disorders have 

been found to be correlated with functional deficiency in gliotransmitters such as D-serine 

(Henneberger et al., 2010; Panatier et al., 2006; Yang et al., 2003), glutamate (Fellin et al., 

2004), ATP (Koizumi et al., 2003; Pankratov and Lalo, 2015; Zhang et al., 2003) or 

adenosine (Newman, 2003; Pascual et al., 2005; Serrano et al., 2006), and/or astrocyte-

specific neurotransmitter receptors (Kettenmann and Ransom, 2005). This functional 

understanding of glial cell biology, which is far from its apparent role in metabolically 

supporting neuronal system, was further re-enforced from a number of studies conducted in 

postmortem brains of MDD subjects and suicide completers (Ernst et al., 2009; Ernst et al., 

2011; Klempan et al., 2009b; Pandey et al., 2012; Sequeira et al., 2009; Torres-Platas et al., 

2011). Detailed cellular and biochemical examination interestingly unfolded the abrogated 

vesicular traffic and inter-membrane transportation system behind the dysfunctional 

astrocytic population in selective brain regions such as fronto-cortices (Altshuler et al., 

2010; Cao et al., 2013; Rajkowska and Stockmeier, 2013). Such astrocytic disabilities in the 

fronto-limbic region result in compromised plasticity related adaptive functions which are 

supported by preclinical studies where reversal of compromised astrocytic function has been 

observed with administration of antidepressants like SSRI and/or fluoxetine (Hertz et al., 

2015; Kong et al., 2009). Perhaps, this could be bridged with the established hypothesis of 

mood disorder related compromised neuroplasticity in suicide brain (Fuchsova et al., 2015) 

subjected to the variable adaptive response from environmental stimuli. Over the course of 

time, advancement in molecular techniques and in-depth molecular dissection have put 

forward several epigenetic mechanisms with regulatory impact on many neural signaling 

pathways and individual genes but less has been documented in thoroughly examining the 

associated molecular pathways at glial level. Therefore, considerable attention needs to be 

paid on this aspect of glial cell biology where the magnitude of DNA methylation, histone 

modifications or non-coding RNA-mediated epigenetic regulation could be eventually linked 

with dysregulated astrocytic gene function to understand dysfunctional fronto-limbic axis in 

suicide brain in response to environmental cues. Fewer studies (as mentioned before in this 

review) have been conducted to explore the manifold epigenetic impact of the glial cell 

population in answering compromised neurotrophic factor related signaling pathways using 

post-mortem brain, but, a lot can be done by deploying the emergent concepts of DNA 
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hydroxymethylation, long-non coding RNA mediated transcriptional regulation or 

conformational chromatin capture mediate long-distance gene regulation as a future 

endeavor to bring about more of the intense functional commitment from glial cell 

population to answer questions of suicide epigenetics.

5. Concluding remarks

Recently, other types of epigenetic players such as hydroxyl methylated DNA and non-

coding RNAs have shown promising influence on distinctly regulating gene expression at 

both transcription and post-transcription level related to several psychiatry disorders 

(Grayson and Guidotti, 2014; Kocerha et al., 2015), but their role needs to be equally 

expanded in understanding the pathobiology of suicide behavior. The recent identification of 

Ten-Eleven-Translocation family protein TET and its involvement in modifying methylated 

cytosine to hydroxymethylated cytosine residue has gained considerable attention as a 

potential epigenetic modifier for activating gene expression (Pastor et al., 2013; Tan and Shi, 

2012). Variable representation of 5hmC content across different tissues in vertebrates and its 

relative enrichment (nearly 10 fold higher if compared with embryonic stem cells) in brain 

(Kato and Iwamoto, 2014; Kinde et al., 2015) makes it a pertinent choice to explore its 

relevance in regulating higher order chromatin structure in brain regions such as frontal 

cortex (accounting for 25% over all other GC modifications) (Kinde et al., 2015), which is 

mostly susceptible to suicide (Furczyk et al., 2013). This pervasive trend of 5hmC based 

DNA modification in CNS was further found to be functionally accompanied with neural 

plasticity related phenotypes with pronounced adaptive behavioral features in regulating 

higher order cognitive functions by modulating genes such as BDNF IX and FGF 1B (Sun et 

al., 2014). Additional data on TET 3 isoform, known for its functional abundance in both 

cortex and hippocampus for intrinsically modulating the magnitude of DNA 5hmC 

modification, was found to be closely associated with homeostatic plasticity (Yu et al., 

2015), which enunciates the need to understand its imperative role in compromising synaptic 

plasticity of suicidal brain. On the other hand, microRNAs, small RNA molecules from non-

coding RNA family, have made a remarkable impact in understanding their epigenetic role 

as post-transcriptional modifier in dysfunctional gene regulatory network in several central 

nervous systems (CNS) related psychiatric disorders (Dwivedi, 2011, 2013, 2014). 

Although, an in-depth discussion of these two major epigenetic modifications in relation to 

suicide is beyond the scope of this review, anticipating their functional relevance and future 

perspective of other epigenetic reagents like methylated RNA molecules and long non-

coding RNAs is important (Aliperti and Donizetti, 2016; Barry et al., 2014; Satterlee et al., 

2014; Zuo et al., 2016). Receiving more mechanistic insight to explore the underlying inter-

molecular network, acting as a delicate interface to receive environmental inputs found to be 

vulnerable to the magnitude of external adversities with increasing risk of suicidal 

phenotype, will be more helpful to devise effective strategies for early assessment of suicidal 

behavior and prevention of suicide attempt.
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Highlights

• Influence on suicidal epigenome by environmental cues

• Reversible histone and 5-methyl cytosine based DNA modifications are 

prime candidates responsible for epigenomic alteration

• Psychoepipharmacological intervention as a promising therapeutic tool 

to improve suicide neuropathology.
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Figure 1. 
Schematic representation showing possible epigenetic regulatory mechanisms proved to 

impart dynamic alteration in chromatin architecture primarily responsible for reversible 

switching of transcriptional status within the genomic context of suicidal brain. Covalent 

attachment of acetyl group or di-methylation on H3K4 residue marks the genome for active 

transcription with recruitment of RNA PolIII enzyme and associated transcription factors 

(TFs). Selective tagging of histone tails with tri-methyl groups (e.g. H3K9) mostly restricts 

the genomic milieu from active transcription. Similar situation prevails when reversible 

covalent modification of cytosine residues with methyl group transforms the chromatin 

organization to become repressive. These two fundamental repressive mechanisms (histone 

modifications and 5′ cytosine methylation) are mostly found to be dynamic in silencing 

candidate genes in specific brain regions of suicide completers or peripheral tissues like 

blood mono-nuclear cells of suicide attempters or ideators.
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