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Epigenetics and depression
Signe Penner-Goeke, BSc; Elisabeth B. Binder, MD, PhD

The risk for major depression is both genetically and environmentally determined. It has been proposed that epigenetic 
mechanisms could mediate the lasting increases in depression risk following exposure to adverse life events and 
provide a mechanistic framework within which genetic and environmental factors can be integrated. Epigenetics refers 
to processes affecting gene expression and translation that do not involve changes in the DNA sequence and include 
DNA methylation (DNAm) and microRNAs (miRNAs) as well as histone modifications. Here we review evidence 
for a role of epigenetics in the pathogenesis of depression from studies investigating DNAm, miRNAs, and histone 
modifications using different tissues and various experimental designs. From these studies, a model emerges where 
underlying genetic and environmental risk factors, and interactions between the two, could drive aberrant epigenetic 
mechanisms targeting stress response pathways, neuronal plasticity, and other behaviorally relevant pathways that have 
been implicated in major depression.
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Introduction

Major depressive disorder (MDD) is currently the primary 
cause of disability worldwide1 and the World Health Organi‑
zation predicts it will generate the greatest global burden by 
2030.2 Despite these significant social and economic costs, 
the molecular mechanisms underlying MDD remain poorly 
understood.

It is well established that the risk for MDD is partially 
mediated by genetic factors. A meta‑analysis quantified 
the increased risk of MDD as an odds ratio (OR) of 2.84 
(95% CI = 2.31‑3.49) for first‑degree relatives of individ‑
uals with MDD.3 A large twin study in a Swedish popula‑
tion estimated the heritability of MDD to be approximately 
37%, which is consistent with estimates made in previous 
studies.4 In more recent years, technological advances made 
in high‑throughput genotyping have enabled researchers to 
move beyond family‑based heritability studies of MDD to 
identify disease‑associated susceptibility loci using genome‑

wide association studies (GWAS). What has become clear 
from these studies is that MDD is a polygenic disorder, with 
multiple loci being identified, but each with a small effect. 
The latest GWAS of MDD meta‑analyzed data from 807 
553 individuals and identified 102 loci that were associated 
with the disorder at genome‑wide significance.5 Despite the 
strong evidence from both family‑based heritability studies 
and GWAS indicating that genetic risk factors play an 
integral role in the pathogenesis of MDD, the heritability 
estimates (~40%) are less than those for other neuropsychi‑
atric disorders, such as schizophrenia, bipolar disorder, and 
attention‑deficit/hyperactivity disorder (all between 75% 
and 80%).6,7,8 This suggests that other factors also play a role 
in mediating the risk for MDD. Indeed, it is well established 
that environmental factors, especially stress and exposure 
to adverse life events, contribute to the risk.9 For example, 
a meta‑analysis of 26 studies found that childhood trauma, 
especially neglect and emotional abuse, was strongly asso‑
ciated with depression in adulthood (OR 2.78 for neglect 
and 2.75 for emotional abuse).10
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Recently, it was proposed that epigenetic mechanisms could 
mediate the lasting increases in depression risk following 
exposure to an adverse life event and provide a mechanistic 
framework within which genetic and environmental factors 
can be integrated.11 Broadly, epigenetics refers to processes 
affecting gene expression and trans‑
lation that do not involve changes 
in the DNA sequence. Epigenetic 
processes include DNA methylation 
(DNAm), small noncoding RNAs 
such as microRNAs (miRNAs), and 
histone modifications, among others. 
Epigenetic processes are integral in 
normal biological processes such as 
cellular differentiation, but have also 
been implicated in disease states. 
In the following, we will summa‑
rize evidence for the contribution of 
epigenetic processes in the pathogen‑
esis of MDD. We include results from studies investigating 
DNAm, miRNAs, and histone modifications using different 
tissues and various experimental designs. This is summa‑
rized in Figure 1.

Evidence for epigenetic processes playing  
a role in depression: case/control differences  
in epigenetic modifications

DNAm in peripheral tissue
A number of studies have focused on whether there are 
differences in epigenetic modifications in various tissues 
of individuals with MDD versus controls. This has largely 
been centered on differences in the levels of DNAm, a 
process in which methyl groups are added to the 5′ position 
of cytosines in cytosine‑phosphate‑guanine dinucleotides 
(CpGs), which is generally associated with transcriptional 
repression.12 The majority of studies on DNAm in MDD 
have been performed in peripheral tissues. A recent system‑
atic review of 67 publications,13 61 of which were done in 
peripheral tissue, mainly blood cells, concluded there was 
evidence for DNAm differences between cases and controls 
at selected loci. Most consistently, candidate gene studies 
found that patients with MDD had hypermethylation in the 
loci encoding brain derived neurotrophic factor (BDNF), 
and SLC6A4, the serotonin transporter gene. However, even 
these findings are not consistent across all studies, high‑
lighting the importance of sufficient cohort sizes, longitu‑

dinal study design, and robust experimental and statistical 
workflows.13 Genome‑wide methylation approaches were 
also included, and although all studies found that DNAm 
was significantly associated with MDD at some loci, no 
consistent changes, either for direction or position, have 

been identified.13 Overall, there is very 
limited evidence for altered DNAm 
in peripheral blood in patients with 
MDD.

DNAm in brain tissue
Since DNAm is cell‑type specific,12 
and MDD is a neuropsychiatric 
disorder, aberrant DNAm patterns 
in brain tissue may provide more 
valuable insight into the molecular 
pathology of the disease than periph‑
eral tissues. Studies performed in 
brain tissue, even when limited to 

smaller sample sizes, reveal some case/control differences. 
A recent methylome‑wide association study in blood of 
MDD patients vs controls (n=1132) and in post‑mortem 
brain (n=61) of patients who died by suicide vs psychi‑
atrically healthy controls, found a number of significant 
MDD‑associated regions in both brain and blood tissue.14 
Interestingly, there was a significant overlap between the 
top MDD‑associated differentially methylated regions 
(DMRs) in the blood with the top MDD‑associated DMRs 
in Brodmann area (BA) 10 (P=5.4×10−3). BDNF, one of the 
most robust findings from studies in peripheral tissue, was 
significantly associated with MDD in both blood and BA10. 
However, there was no significant overlap between the top 
DMRs in blood and those in another cortical region (BA25). 
In fact, only three loci overlapped in blood, BA10, and 
BA25. These three loci were replicated in an independent 
cohort, suggesting that despite the cell‑specificity of DNAm, 
some DMRs have cross‑tissue relevance. One of these 
three loci (GABBR2) encodes the metabotropic GABAB 
receptor subunit, important for inhibitory neural activity, 
while the other two were located in RUFY3, encoding a 
protein involved in establishing neuronal polarity15 and axon 
growth.16 Both genes are important in normal brain devel‑
opment and function.

More studies have investigated MDD associated DNAm 
than the examples highlighted above, and they provide some 
evidence that case/control differences in DNAm exist in 
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peripheral and brain tissues. However, the factors driving 
these differences in epigenetic modifications have not 
yet been explored. Likely, a combination of both genetic 
and environmental factors contributes to these epigenetic 
changes in patients with MDD. These potential mechanisms 
will be explored in depth later in this review.

Histone modifications

Histone modifications have also been studied in MDD, 
albeit to a lesser degree than DNAm. Though various 
modifications of histones are possible, most studies have 
focused on histone acetylation and methylation. Histone 
acetylation is generally associated with transcriptional 
activation as it leads to chromatin decondensation, thus 
allowing transcriptional machinery access. The process is 
controlled by histone acetyltransferases (HATs) and histone 
deacetyltransferases (HDACs), enzymes responsible for 
adding and removing acetyl groups from histone tails, 
respectively. Like with DNAm, case/control differences in 
depression have been observed. Global acetylation of the 
histone 3 at lysine 14 (H3K14ac), a modification shown 
to be dynamically regulated by social defeat in rodent 
models in various brain regions,17,18 was increased in the 
nucleus accumbens (NAc) taken from postmortem tissue 
of patients with MDD vs psychiatrically healthy controls.19 
Accordingly, a downregulation of HDAC2 was observed 
in these patients.19 Another study of histone modifications 
in postmortem prefrontal cortex (PFC) of MDD patients 
reported enrichment of trimethylated H3K4—a modifica‑
tion generally associated with transcriptional activity—at 
the SYN1 promoter.20 SYN1 is a member of the synapsin 
vesicle family of neuronal phosphoproteins and plays a role 
in neurotransmitter release and synaptic plasticity.21 Aber‑
rant H3K4me3 or H3K27me3—a repressive histone mark—
has also been described in the promoter regions of OAZ1, 
TRKB, and BDNF in patients treated with antidepressants, 
in postmortem PFC.22,23,24

In peripheral tissue, a limited number of studies have 
measured the expression of HDACs in peripheral blood 
cells from individuals with MDD compared with healthy 
controls.25, 26 One study found elevated HDAC2 and HDAC5 
levels in patients experiencing an acute depressive episode. 
Interestingly, upon remission, the levels normalized to those 
of healthy controls, highlighting the potential of HDAC 
levels to be used as a biomarker for disease monitoring.25 

Overall, very few studies have described case/control differ‑
ences in histone acetylation and methylation, and they have 
not been performed on a genome‑wide scale. Whether and 
how histone modifications are altered in depression thus 
remains to be seen.

MicroRNAs

Although miRNAs were discovered in the late 20th century,27 
it has only been in recent years that they have been impli‑
cated in psychiatric disease. miRNAs are a type of short 
(typically 22 nt) noncoding RNA molecule that post‑tran‑
scriptionally regulate gene expression for example via 
binding to mRNAs, causing their degradation and thus, 
translational repression. Not only do miRNAs play an 
important role in development and cellular differentiation 
by acting as a switch to silence appropriate gene groups, 
they also have a more nuanced role in dampening gene 
expression by decreasing, but not obliterating, mRNA tran‑
scripts of specific targets.28 Therefore, miRNAs may have 
a role in disease, via dysregulation of genes involved in 
specific disease relevant processes. Indeed, studies show 
altered levels of specific miRNAs in patients with psychi‑
atric disorders, including MDD. In a recent review of 23 
studies assessing miRNAs in peripheral tissues of patients 
with MDD, 178 different miRNAs were altered in cases 
versus controls.29 However, with the exception of miRNA‑
132 which was replicated in four independent studies, these 
miRNAs were not consistently altered across studies, high‑
lighting the need for more robust studies with larger sample 
sizes, consistent methodologies, and more stringent diag‑
nostic criteria.29

There have also been studies focused on miRNAs in human 
brain tissue of patients with MDD. For example, miR‑1202, 
a miRNA regulating a glutamate receptor (GRM4) was 
found to be downregulated in PFC of MDD patients who 
died by suicide compared with psychiatrically healthy 
controls. This was further replicated in two independent 
cohorts. Correspondingly, mRNA levels of GRM4 increased 
in both cohorts. Additionally, upon antidepressant treatment, 
peripheral levels of miR‑1202 increased after 8 weeks of 
treatment,30 an example of how findings in human brain 
tissue could be applied for clinical use. Other studies of 
postmortem brain and peripheral tissues have identified 
altered levels of miRNAs in patients with MDD and after 
treatment with antidepressant medication (see ref 31 for a 
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review). This highlights miRNAs’ potential as biomarkers 
for treatment response; however, further studies are needed.

Challenges and solutions for overcoming  
cell-type specificity in epigenetic research  
in depression

The above briefly described some of the evidence for altered 
epigenetic modifications in MDD both in brain and periph‑
eral tissue. It is worth noting that in addition to the epigen‑
etic modifications mentioned in this review, other epigenetic 
modifications have been observed in patients with MDD, 
such as RNA methylation; however, these are much less 
studied.32 Modifications in peripheral tissue have clinical 
potential to be used as biomarkers for diagnosis, treat‑
ment selection, and treatment monitoring. Although marks 
found in brain tissue are not suitable for biomarkers, they 

provide valuable insight into the pathological mechanisms, 
which is needed to develop a mechanistic understanding of 
disease and novel treatments. The cross‑tissue relevance 
of findings in one tissue to another remains unclear and 
is most likely modification‑ and region‑specific. Indeed, a 
recent study performed genome‑wide methylation assays 
on blood, brain, saliva, and buccal samples and found that 
cross‑tissue correlation strength was highly region‑specific, 
with the correlation coefficient varying widely for different 
CpGs. Overall, the saliva‑brain correlations (r=0.9) were 
higher than blood‑brain and buccal‑brain correlations, 
suggesting some peripheral tissues may be more useful than 
others. However, at the individual CpG level, correlations 
for all peripheral tissues were only nominally significantly 
correlated with brain tissue.33

Given the cell‑type specificity of epigenetic marks, even 

Figure 1. Examples of aberrant epigenetic modifications observed in patients with depression compared with healthy  
controls in brain and peripheral tissue.72
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studies done using specific regions from postmortem brain 
are limited by the fact that tissue homogenates were used; 
these contain both neuronal and non‑neuronal cell‑types. 
Recent developments in single‑cell technologies are circum‑
venting this issue and allowing epigenetic modifications to 
be assessed on a single‑cell level.34 However, to date, single‑
cell work in postmortem brain for MDD research is limited, 
and what exists is mainly limited to single‑cell transcrip‑
tomics. A study published in 2018 analyzed single nuclei 
from the PFC of MDD patients and psychiatrically healthy 
controls. Twenty‑six unique cellular clusters were identi‑
fied, with the majority of the clusters showing case/control 
differences at the transcriptome level.35 Whether epigenetic 
modifications were involved in driving these transcriptional 
changes within the cellular clusters was not examined, but 
may be an indication of possible epigenetic modifications 
specific to certain cell types.

An alternative method to assess cell‑type specific modifica‑
tions relies on flow cytometry to sort cells into subtypes by 
using established cell‑type specific markers, to which down‑
stream epigenetic analyses are applied. Though not depres‑
sion‑specific, a recent study36 assessed various epigenetic 
modifications in postmortem brain sorted into excitatory 
glutamatergic neurons, medial ganglionic eminence‑derived 
y‑aminobutryric acid (GABA)‑ergic inhibitory neurons, 
and oligodendrocytes. Downstream epigenetic analyses on 
specific cell types revealed patterns of epigenetic modifi‑
cations exclusive to certain brain cell types. Most notably, 
there was an association between hydroxymethylation, an 
intermediate state in the reaction responsible for DNAm, 
and gene expression in the inhibitory neurons, but not in 
the other subtypes. The activity of these inhibitory neurons 
has previously been implicated in psychiatric disorders,37 
providing an example of how studying a specific cell popu‑
lation may reveal unique disease relevant mechanisms that 
may have otherwise not been identified. Further cell‑type 
specific studies may reveal other cell‑type specific mech‑
anisms and identify more robust epigenetic mechanisms 
involved in depression.

The abovementioned studies in single‑cell transcriptomics 
and cell‑specific epigenetic modifications have provided 
valuable insight into new cell populations that may be 
relevant in the molecular pathology of MDD, but more 
depression‑focused studies on cell‑type specific epigenetic 
modifications are required.

Drivers of aberrant epigenetic processes— 
genetic mechanisms

As described above, some evidence for case/control differ‑
ences in epigenetic marks exist. However, the modifica‑
tions themselves are only end‑point observations, and most 
studies provide little insight into the factors driving these 
differences. Given the strong genetic component of MDD, 
genetically driven epigenetic mechanisms are a suitable 
starting point for further mechanistic studies. Drawing 
on research from neurodevelopmental disorders provides 
insight into how genetic factors can cause aberrant epigen‑
etic processes. For example, there are monogenetic brain 
disorders in which the phenotype is driven by mutations in 
genes encoding epigenetic modifiers, such as Rett Syndrome 
(see ref 38 for review). Even though depression is clearly 
not a monogenetic disorder, variants in genes coding for 
epigenetic modifiers may still drive the epigenetic changes 
observed in patients with MDD. Indeed, one of the first 
single‑nucleotide polymorphisms (SNPs; rs12413112) 
identified genome‑wide to be associated with MDD is 
located next to SIRT1,39 which encodes a type III HDAC, 
an epigenetic modifier. A second SNP (rs10997875) in 
SIRT1 was found to be associated with MDD in a Japanese 
population.40 SIRT1 deacetylates histones and non‑histone 
proteins involved in chromatin processes to modulate gene 
expression.41 It has been shown to modulate mood‑related 
behaviors in rodent models,42 and to be necessary for normal 
neuronal excitability and synaptic functions.43

A handful of studies have also identified depression 
risk variants in precursor miRNA encoding genes,44,45  
variants located in or near miRNA target genes46,47 or vari‑
ants located in genes involved in miRNA processing.48  
In a study of both European‑Americans and African‑ 
Americans, a variant (rs41305272), located in a predicted 
target site of the microRNA miR‑330‑3p in MAP2K5, was 
associated with MDD in the African‑American population 
(OR=2.64, P=0.01; 427 cases), but not in the European‑ 
American population.47

Another line of research on how genetic variants influence 
epigenetic modifications are methylation quantitative trait 
loci (mQTL) studies. An mQTL is a genetic variant that 
explains, or partly explains, variation of DNAm at a locus. 
A GWAS meta‑analysis of MDD published in 2018 iden‑
tified 44 depression‑associated loci and integrated genetic 
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and mQTL data from two large studies to identify nine risk 
variants controlling local DNAm in blood.49 This overlap 
indicates that a subset of the risk variants for MDD could be 
responsible for the DMRs observed in patients with MDD. 
Interestingly, some of the nine mQTLs are located near 
genes encoding miRNAs; however, the function of these 
variants and DMRs must still be assessed.

Collectively, these studies indicate that the epigenetic 
differences observed in patients with MDD may have 
genetic correlates driving the aberrant epigenetic processes. 
However, these studies have not been followed up by 
directly measuring the epigenetic modifications themselves. 
Rather, they have identified genetic variants located in 
genes that encode epigenetic modifiers. As the power of 
GWAS continues to increase and more MDD risk variants 
are identified, more variants in genes encoding for epigen‑
etic modifiers are likely to be discovered. To directly assess 
whether the genetic variants are driving the aberrant epigen‑
etic modifications observed in case control studies of MDD, 
functional assays are required.

Drivers of aberrant epigenetic processes— 
environmental mechanisms

Since environmental factors mediate the risk for MDD, it is 
plausible that they too can drive the epigenetic differences 
observed in patients with MDD compared with healthy 
controls. Indeed, environmental factors have been shown 
to modulate epigenetic processes. Since stress and expo‑
sure to adverse life events are one of the most robust envi‑
ronmental risk factors for MDD, we will focus on them in 
this review. Studies from animal models demonstrate that 
stress, usually psychological stress via chronic social defeat 
paradigms, can induce changes in epigenetic marks. In a 
high‑resolution genome‑wide methylation study, O’Toole 
et al50 identified striking changes in methylation patterns in 
the NAc of mice subjected to chronic social defeat stress 
compared with non‑stressed controls. Hypermethylation 
at CpG sites was more prevalent than hypomethylation 
in the stressed versus control mice. Genes (such as Est1, 
Cacna1c, and Dcc) associated with stress sensitivity and 
psychiatric disorders, including MDD in humans,51 were 
significantly differentially methylated. Network analysis of 
the DMRs showed involvement of β‑catenin‑related WNT/
frizzled signalling, a pathway involved in neuroplasticity.52  
β‑catenin, one of the hub genes identified in the network, 

has previously been shown to modulate social stress. 
NAc‑selective β‑catenin knockout mice showed increased 
vulnerability to chronic stress, whereas an overexpression 
in the NAc increased stress resilience.53 Although transcrip‑
tomics were not performed in this particular study, other 
findings have identified widespread transcriptional changes 
in the NAc of chronically stressed mice.54 Collectively, this 
suggests that aberrant DNAm, specifically in the NAc of 
chronically stressed mice, may be a mechanism driving 
these transcriptional changes.

In human models, there is also evidence of environ‑
mental factors inducing epigenetic changes.55 In a model 
of stress using a human hippocampal progenitor cell line 
(HPCs), exposure to glucocorticoids (GCs) during differ‑
entiation and proliferation induced long‑lasting DNAm 
changes. Subsequent post‑differentiation exposure to GCs 
resulted in robust transcriptional changes in the HPCs 
that were initially treated during proliferation and differ‑
entiation, indicating that GC induced DNAm changes 
are long‑lasting and prime the stress response for future 
exposure. Furthermore, the DMRs were enriched for the 
binding motif of the glucocorticoid receptor (GR), a key 
modulator of the hypothalamus‑pituitary‑adrenal (HPA) 
axis. The DMRs with GR binding motifs were more 
commonly demethylated than hypermethylated. Given 
that there is evidence that GRs can induce demethylation 
at glucocorticoid response elements (GREs),56 the authors 
postulate that the molecular mechanisms underlying 
the observed methylation changes in this study are GR‑ 
mediated. Further evidence of GR‑mediated methylation 
changes will be discussed later in the review.

The effect of stress and exposure to adverse life events has 
also been well studied in human populations. Studies of 
adults with a history of child abuse, which is a strong risk 
factor for depression, have investigated whether childhood 
adversity is associated with aberrant DNAm patterns in 
brain and peripheral tissues. A genome‑wide study of hippo‑
campal tissue from 41 adult males found 362 differentially 
methylated gene promoter regions in individuals (n=25) 
who had experienced child abuse and completed suicide, 
compared with the psychiatrically healthy controls (n=16). 
These DMRs were most pronounced in the neuronal fraction 
of the brain tissue, and consistent with the findings in animal 
studies mentioned above, were enriched in genes involved 
in neuroplasticity.57 Other studies have also observed asso‑
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ciations between childhood maltreatment and differences 
in DNAm in the brain,58 blood,59,60 and even gametes.61 
However, well‑powered studies have also reported nega‑
tive results.62

As with the case/control studies described previously, to 
date most work investigating how stress and exposure to 
adverse life events induce epigenetic modifications has 
focused on methylation. Nonetheless, a few studies have 
shown environmentally driven changes of the epigenetic 
landscape in other ways, such as via histone modifications 
and long noncoding RNAs. This has almost exclusively 
been done in animal models,63,64,65,66 with a few exceptions 
of studies in human cohorts.67 Overall, DNAm remains 
the most characterized epigenetic process that changes in 
response to exposure to adverse life events.

Gene x environment mechanisms in depression

Both genetic and environmental factors can drive epigenetic 
processes. However, these factors are not independent, and 
they have been shown to interact. Gene by environment 
(GxE) interactions refer to the influence of environmental 
and genetic factors on a measured phenotype, in this case, 
epigenetic modifications. However, in GxE interactions, the 
magnitude of the environmental influence on the phenotype 
depends on the genotype of the individual. For example, 
in a recent study of over 2000 newborns, the influence of 
the prenatal environment on genome‑wide DNAm was 
examined. The prenatal environment (E), genotypes in 
cis (G), their additive (G+E) or interaction (GxE) effects 
on DNAm at DMRs in neonatal blood were assessed. The 
GxE and G+E models outperformed the models with G 
or E only in predicting DNAm at the DMRs, indicating a 
synergistic interaction between genetic and environmental 
factors. Notably, both models (G+E and GxE) were enriched 
for DMRs associated with GWAS of psychiatric disease, 
including MDD.68

In another mechanistic study of GxE interactions driving 
epigenetic modifications, Klengel et al69 identified an inter‑
action between a variant (rs1360780) located in an enhancer 
region in FK506 binding protein 5 gene (FKBP5) and child‑
hood trauma on DNA methylation of FKBP5 in peripheral 
blood cells. FKBP5 is an important regulator of the HPA axis 
and is involved in a negative feedback loop to terminate the 
stress response. The authors found that methylation of FKBP5 

was associated with childhood trauma in carriers of the risk 
allele, but not those with childhood trauma with the major 
allele, an example of gene x childhood trauma interaction. 
Importantly, this study identified not only an interaction, but 
also the mechanism by which it induces changes to DNAm. 
Using a series of experiments, the authors propose the 
following model: the risk allele of rs1360780 causes differen‑
tial interactions between the enhancer and transcription start 
site upon GR activation induced via child abuse, resulting in 
transcriptional activation of FKBP5. Persistent overexpres‑
sion of FKBP5 results in impaired termination of the stress 
response, including prolonged GR activation. The geno‑
type dependent changes in chromatin structure, along with 
prolonged GR activity, cause DNA demethylation at CpGs 
located within and proximal of GREs that have been shown 
to increase FKBP5 mRNA levels. Highly dynamic GR‑de‑
pendent changes in DNAm of CpGs in FKBP5 after acute 
GR activation have been shown to occur in adult peripheral 
blood cells, with de‑ and remethylation occurring within a 
period of 24 hours following GR activation.56 However, as 
shown in a human hippocampal progenitor cell line, GR‑in‑
duced demethylation can become stable when initiated during 
certain early developmental periods.55 Such lasting changes 
in DNAm result in an altered set‑point for transcriptional 
changes of FKBP5 upon subsequent GR activation.55,69,72 The 
exact mechanisms contributing to such stable changes have 
not been investigated so far, but likely involve developmental 
stage‑specific functions of DNA methyltransferase, enzymes 
involved in active DNA de‑methylation such as the ten‑eleven 
translocation protein family as well as methyl‑CpG binding 
proteins. Differences in the levels and dynamics of these 
proteins will have an impact on DNAm levels.

In summary, in the FKBP5 model, the genotype, via differ‑
ential chromatin interactions, and environmental risk, via 
enhanced GR activation, converge to establish the long‑
term transcriptional changes of FKBP5 by lasting changes 
in DNAm of enhancer regions. Further studies have asso‑
ciated this interaction between rs1360780 and childhood 
abuse with psychiatric conditions later in life, including 
MDD,70,71 highlighting its clinical relevance.

Future directions

The risk for MDD is both genetically and environmentally 
determined. There is evidence from case/control studies 
that implicate epigenetic processes in MDD, and these 
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epigenetic processes are likely driven by both genetic 
and environmental factors. Collectively, a model emerges 
where underlying genetic and environmental factors, and 
interactions between the two, drive aberrant epigenetic 
mechanisms targeting stress response pathways, neuronal 
plasticity, and other behaviorally relevant pathways that 
have been implicated in MDD.

Yet, many gaps remain in our understanding of epigen‑
etic processes in MDD. Most studies describing epigen‑
etic modifications in patients with MDD have focused on 
DNAm, with fewer studies focused on histone modifications 
and long noncoding RNAs. Most studies have been done 
using peripheral tissue, and those that have used postmortem 
brain tissue are generally limited to smaller cohort sizes and 
brain tissue homogenates. These factors have contributed to 

the difficulty in validating depression‑associated epigen‑
etic modifications across cohorts. Other factors currently 
inherent to psychiatric research, such as the polygenic 
architecture of depression, symptom‑based diagnoses, and 
retrospective recall of environmental exposures, have only 
added to the difficulty. However, recent advances have 
been made, such as consortium‑based cohorts for GWAS, 
decreasing costs of next‑generation sequencing technolo‑
gies, and developments in single‑cell methods. These devel‑
opments, among others, can help to identify robust aberrant 
epigenetic mechanisms occurring in MDD, to increase our 
understanding of the molecular mechanisms governing this 
disease, and to guide future treatment. n
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