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Aim: In view of the potential effects of psychiatric drugs on DNA methylation, we 
investigated whether medication use in bipolar disorder is associated with DNA 
methylation signatures. Experimental procedures: Blood-based DNA methylation 
patterns of six frequently used psychotropic drugs (lithium,quetiapine,olanzapine, 
lamotrigine, carbamazepine, and valproic acid) were examined in 172 bipolar disorder 
patients. After adjustment for cell type composition, we investigated gene networks, 
principal components, hypothesis-driven genes and epigenome-wide individual 
loci. Results: Valproic acid and quetiapine were significantly associated with altered 
methylation signatures after adjustment for drug-related changes on celltype 
composition. Conclusion: Psychiatric drugs influence DNA methylation patterns over 
and above cell type composition in bipolar disorder. Drug-related changes in DNA 
methylation are therefore not only an important confounder in psychiatric epigenetics 
but may also inform on the biological mechanisms underlying drug efficacy.
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Epigenetic mechanisms are important in the 
development of the CNS and brain plasticity 
throughout life by influencing gene expres-
sion [1,2]. A growing body of evidence sug-
gests that the epigenome also contributes 
to the pathogenesis of several psychiatric 
disorders [3–5]. Among numerous epigenetic 
mechanisms, DNA methylation is the most 
frequently studied epigenetic mark [6,7]. In 
this process a methyl group is attached to 
5′-cytosine residues at cytosine–guanine 
sequences (CpG) in the DNA [8]. The major-
ity of the CpG sequences are heavily meth-
ylated, resulting in a relatively stable repres-
sion of gene activity [9]. However, the CpG 
sequences that cluster at promoter regions 
of genes, called CpG islands, generally dis-
play relatively low levels of DNA meth-
ylation [10]. Although a large proportion of 
DNA methylation programing is stable and 

genetically regulated [11–14], environmen-
tal factors such as nutrition and medication 
can influence this process [15,16]. For instance 
prenatal exposure to famine is associated 
with hypomethylation at the IGF-2 gene in 
humans [17]. Such changes in methylation 
status of promoter CpGs can occur across 
the life span in a small but significant part 
of the genome [16,18]. In cancer the possi-
bility to influence DNA methylation has 
already lead to therapeutic pharmaceutical 
applications [19]. With regard to psychotro-
pic medication, compelling evidence emerges 
from several preclinical and in vitro stud-
ies indicating that a variety of psychotropic 
medication show epigenetic effects as well 
including alterations in DNA methylation 
(for review see Boks et al. [20]). Psychotropic 
medication can affect DNA methylation by 
altering activity of DNA methyltransferases 
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(DNMTs) that are essential in initiating and main-
taining DNA methylation [10,21] during development 
and in adulthood [22].

In order to investigate the epigenetic effects of psy-
chotropic medication, bipolar disorder (BD) patients 
are of particular interest because the treatment of both 
mood and psychotic symptoms require a wide variety 
of pharmaceutical compounds, including antipsy-
chotics and mood stabilizers [23,24]. This in contrast 
to schizophrenia patients who are generally all on the 
same class of drugs. An example of a drug that we are 
able to study in BD patients is valproic acid; a mood 
stabilizer that acts as an histone deacetylase inhibi-
tor [25] and indirectly counteracts hypermethylation of 
GABA promoters by inhibiting DNMT1 in prenatal 
stressed mice [26,27]. In human studies valproic acid use 
is associated with altered DNMT1 expression in the 
frontal cortex of patients with schizophrenia (SCZ) 
and BD with psychosis [28,29]. There are many more 
examples of psychotropic drugs that alter epigenetic 
marks in candidate gene studies in mice as well as 
postmortem brains of schizophrenia patients [30–34] 
(for review see Boks et al. [20]).

Even though several preclinical and in vitro stud-
ies have reported medication-related changes in DNA 
methylation, it is unknown whether such changes are 
truly present in psychiatric patients. Therefore we 
examined the DNA methylation signatures of psy-
chotropic medication in the blood of 172 BD patients. 
These patients used a variety of mood stabilizing and 
antipsychotic drugs [23,24] that allowed the study of 
DNA methylation signatures of the mood stabilizers 
lithium, valproic acid, carbamazepine and lamotrigine, 
as well as the antipsychotics olanzapine and quetiap-
ine. Because of the known association between cell 
type composition and medication, this study carefully 
addressed possible confounding effects of cell type 
composition [35,36].

Experimental procedures
Participants
Participants were eligible for participation if they had 
three or more Dutch grandparents and met criteria for 
diagnosis of BD. Data were collected in two waves at 
the Utrecht Medical Center; the first wave from 2009 
to 2011 included 122 participants whereas in the 
second wave 50 participants were included between 
December 2011 and May 2013. The study was 
approved by the Utrecht Medical Center ethical review 
board and performed according to the ICH guidelines 
for Good Clinical Practice and the latest amendments 
of the Declaration of Helsinki. All participants gave 
their written informed consent prior to their inclusion 
in the study and were financially compensated.

Procedures
General
Participants were invited to the UMC Utrecht for the 
assessment that included a blood draw and interview. 
The interview was conducted by at least one well-
trained independent rater. Clinical characteristics 
including mood and psychotic symptoms, comorbid 
psychiatric diagnosis, number of manic and depres-
sive episodes, and age of disease onset were established 
with the Comprehensive Assessment of Symptoms and 
History (CASH) [37]. Participants of the second wave 
were assessed with the Structured Clinical Interview 
for DSM-IV (SCID) [38]. Current use of psychoac-
tive substances was determined with the CASH in the 
first wave and a self-report questionnaire in the second 
wave. All participants reporting psychiatric medication 
use (antidepressants, benzodiazepines, anticonvulsants 
and antipsychotics), were on a stable (at least 1 month) 
dosing schedule. If participants smoked daily, they 
were defined as a smoker.

DNA methylation analyses
Whole blood DNA was extracted using Gentra Pure-
gene Kit (Qiagen, CA, USA). DNA concentration 
was assessed using riboGreen, and integrity using 
BioAnalyser. Bisulphite conversion was conducted 
using Zimo kits (ZYMO Research, CA, USA) using 
standard procedures. Genome-wide DNA meth-
ylation levels were assessed using Illumina Infinium 
HumanMethylation27K BeadChip (Illumina) arrays 
in the first wave (n = 122) and Illumina Infinium 
HumanMethylation450K BeadChip (Illumina) 
arrays in the second wave (n = 50). Samples were 
equally distributed over the 24 arrays balancing 
gender and age on each of them to reduce any batch 
effects to the minimum. Intensity read outs, qual-
ity control parameters and methylation measures 
were obtained from the genome studio software. 
DNA methylation measures were excluded based 
on a detection p-value larger than 0.001. Probes 
with failed detection in more than 1% of the par-
ticipants or less than five beads in 5% of samples 
were excluded as were samples with more than 1% 
of probes failed [39]. X chromosome, Y chromosome 
or nonspecific probes were removed [40]. Probes with 
SNPs of Minor Allele Frequency larger than 5% 
within 1 base pairs of the primer were also removed 
after constructing ancestry estimates based on their 
PCs as proposed by Barfield et al. [41]. After this step 
the 27 and 450 k data were combined, selecting the 
probes surviving quality control and present on both 
arrays (22,988 probes). The combined set was subse-
quently quantile normalized using the lumi package 
to remove technical variation between individuals.
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Batch effects were analyzed by investigating 
the association of the PC of the methylation lev-
els with plate, sentrix array and position using cor-
relation and visual inspection of heat maps (see 
Supplementary Material 1, Figure 1). The Combat pro-
cedure as implemented in the sva package was used to 
remove batch effects for sentrix array. In this way we also 
remove any differences that may have occurred by using 
the two types of arrays in different experiments. After 
this procedure no batches for array, plate or sentrix were 
apparent [42] (see Supplementary Material 1, Figure 2). 
Finally cell type composition was calculated based 
on the methylation values for the 27 k data using the 
Houseman algorithm [43], while the calculation for 
the 450 k data was based on relating the methylation 
values to data derived from FACS sorted methylation 
data using the Houseman algorithm as implemented 
in a minfi based procedure [44]. In short, we used DNA 
methylation data from the arrays to analyze several 
differentially methylated regions that are markers of 
immune cell identity. To estimate sample-specific cell 
proportion in our whole blood samples, we applied a 
statistical algorithm [43] based on cell specific methyla-
tion profiles of an independent reference dataset of flow 
sorted cell types (monocytes, CD4+ and CD8+ T cells, 
granulocytes, B cells, natural killer cells) [45]. Cell type 
composition was investigated as a potential confounder 
(see Figure 1, Supplementary Material 1, Figure 2 and 
the results section cell type composition).

Statistical analyses
All statistical analyses were carried out using R version 
3.1.2 [46]. For regression modeling, the Limma package 
was used [47]. Outliers were detected using Cook’s Dis-
tance with a cut-off value of 1. If more than ten partici-
pants reported taking a specific type of medication, this 
medication type was added as a covariate to the linear 
model (see Table 1 & Supplementary Material 1, Table 1). 
Following this criterion olanzapine, quetiapine, lith-
ium, carbamazepine, valproic acid and lamotrigine 
were included as specific medication types in all mod-
els. For methylation, β values were used for graphical 
display, but analyses were carried out using M-values 
(log2 ratio of methylation probe intensity) which has 
better statistical validity [48]. Because methylation 
may vary with age, sex and smoking [11], these were 
included as covariates in all analyses. To investigate 
population stratification, ancestry was estimated from 
methylation-based PCs as proposed in the Barfield 
study [41]. Population stratification did not play a 
role (see Supplementary Material 1, Figures 1–3) and 
methylation-based population PCs were not included 
in the models. First, the potential confounding effects 
of cell type composition was investigated by analyz-

ing the association of medication with cell type com-
position. To account for confounding due to cell type 
composition, the cell count variances were regressed 
out while protecting for the association between 
medication and methylation all other analyses (see 
Supplementary Material 1, Figure 3) as implemented 
in the sva package [42]. Finally, in accordance with 
WGCNA default preprocessing steps [49], we checked 
for any obvious outliers in our sample with an average 
linkage hierarchical cluster analysis of the DNA meth-
ylation levels as implemented in the hclust function of 
the stat package in R [46,50]. No outliers were identified 
and all analyses were performed on 172 subjects.

Cell type composition of whole blood
We investigated whether the differences in DNA 
methylation between medication groups were due to 
differences in cell type composition of the samples 
(i.e., whether changes in cell counts were a mediator of 
the relationship between medication, global methyla-
tion levels and blood cell counts). First, to determine 
for which medication types there was an association 
with cell type composition a multivariate analysis of 
variance was performed with the five cell types (natu-
ral killer [NK], Bcell, CD8T, CD4T and monocytes) 
as outcome and the six medication types (olanzapine, 
quetiapine, lithium, carbamazepine, valproic acid and 
lamotrigine), sex, age and smoking status as determi-
nants. Then PCs for methylation were calculated as a 
measure for global methylation and mediator analyses 
were performed with the mediation package in R [51]. 
In the mediator analyses the first five PCs were the 
outcome measures, the biggest cell fraction the pos-
sible mediator and the dependent measure was the 
medication type that had the highest correlation with 
the selected cell type in the multivariate analysis. The 
other cell types, sex, age and smoking were added to 
the model as covariates.

Network analysis
Weighted gene co-expression network analysis was 
performed with the WGCNA package in R to iden-
tify and characterize methylation clusters [49,50] based 
on their relationship with medication, the PCs and 
biological processes (using GO-term analysis). The 
association of the medication types with the identified 
methylation clusters was investigated using a linear 
model including age, sex and smoking status as covari-
ates. Results were reported only for models with a good 
fit (p-value < 0.05).

The PCs were calculated for all 22,988 loci and 
based on the scree plot we used the first five PCs for 
analyses (see Supplementary Material 1, Figure 10, pro-
portion explained variance per PC was: PC1 = 0.055; 
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Figure 1. Heatmap depicting the correlation between medication and cell counts.  
Significant values are denoted by * p < 0.05, ** p < 0.001, ***p < 0.0001.  
CD8T: CD8 T cell; CD4T: CD4 T cell; Gran: Granulocyte; Mono: Monocyte; NK: Natural killer cell.
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PC2 = 0.046; PC3 = 0.028; PC4 = 0.024; PC5 = 0.018, 
cumulative proportion = 0.17). First, the association 
between each PC and the selected medication types 
was tested in a linear regression model with smoking 
status, age and sex as covariates. Second, the correla-
tion between the identified methylation clusters and 
PCs was explored by correlating the WGCNA meth-
ylation cluster module score to the PC scores. Finally, 
to investigate enrichment for biological processes with 
the GOstat package [52], we tested the GO-terms of the 
probes in the identified methylation clusters against all 
GO-terms of the probes surviving quality control. We 
only reported biological enrichment if the GO-term 
is significant (p < 0.05) after applying bonferroni 
correction for all GO-terms tested.

Epigenome-wide association study
The association between all 22,988 loci and the six 
selected medication types was tested in one overall lin-
ear model with age, sex and smoking status as covari-
ates. From this model coefficients per medication type 
(adjusted for the other medication types) were extracted 
and the distribution of p-values was investigated by QQ-
plotting and calculation of the genomic inflation factor. 
Only if the genomic inflation factor and visual inspection 
of the QQ plot indicated an acceptable distribution of 
p-values (see Supplementary Material 1, Figures 4–9), did 
we include the analysis results for the top 1000 probes in 
Supplementary Material 2. Epigenome-wide significant 
results were loci with a p-value lower than 0.05 after 
applying false discovery rate (FDR) correction.
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Detailed analysis of candidate genes
Based on previous DNA methylation studies we 
selected the following candidate genes: RELN [31,53,54], 
SLC1A2 [55], MTNR1A [56], IGF2 [57,58], H19 [57,58], 
BDNF [34,59], SLC6A4 [55] and GAD1 [31]. We interro-
gated all the probes on these selected candidate genes 
for their association with our six selected medication 
types in one overall linear model with age, sex and 
smoking status as covariates. Per medication type the 
p-values were adjusted for multiple testing by applying 
FDR correction (α = 0.05).

Results
Baseline characteristics
A summary of the sample characteristics can be found 
in Table 1. Six medication types were used by more 
than ten patients, in order of number of users lithium 
(65%), followed by valproic acid (19%), quetiapine 
(17%), olanzapine (16%), carbamazepine (9%) and 
lamotrigine (8%). All other medication types were 
randomly distributed over these six main medication 
types (see Supplementary Material 1, Table 1). Diagno-
ses were: 169 patients with Bipolar type I disorder and 
three patients with Bipolar type II disorder.

Association between cell type composition  
& medication
There was a significant association between 
the five cell types and quetiapine (see Figure 1 
Pillai’s trace = 0.13; F(5, 158) = 4.9; p = 0.0003) and 
valproic acid (Pillai’s trace = 0.07; F(5, 158) = 2.4; 
p = 0.04), but not for lamotrigine (Pillai’s trace = 0.06; 
F(5, 158) = 2.3; p = 0.05), olanzapine (Pillai’s trace = 0.05; 
F(5, 158) = 1.9; p = 0.10), lithium (Pillai’s trace = 0.03; 
F(5, 158) = 1.0; p = 0.41) and carbamazepine (Pil-
lai’s trace = 0.02; F(5, 158) = 0.9; p = 0.50) (also see 
Figure 1 for correlation plot). The biggest cell fraction 

in our sample is CD4T and in the follow-up ANOVA 
the strongest association with CD4T was present in 
quetiapine users (F(1, 162) = 16.7; p = 6.7 × 10-05). 
However, we found no evidence that the effect of que-
tiapine on global methylation, expressed as PCs one 
till five, was mediated by CD4T (proportion mediated 
for PC1 = 0.007; p = 0.78; PC2 = 0.003; p = 0.85; 
PC3 = -0.008; p = 0.89; PC4 = -0.009; p = 0.91; 
PC5 =  0.004; p = 0.81). To correct for any possible 
confounding due to cell type composition all other 
analyses were performed on methylation data with 
the cell type composition effects regressed out while 
conserving the association with DNA methylation.

Association between medication & network 
analysis of the methylation levels
We investigated DNA methylation levels repre-
sented in WGCNA modules and PCs. We derived 
seven modules based on the intercorrelation patterns 
among probes of which the blue (F[9, 162] = 2.74; 
p = 0.005), the red (F[9, 162] = 3.06; p = 0.002), the 
yellow (F[9, 162] = 3.56; p < 0.001) and, the green 
(F[9, 162] = 5.97; p < 0.001) modules showed a good 
(significant) fit. The gray module contained 14,208 
remaining probes that were not correlated to any of 
the six modules. Figure 2 shows that several of the 
medication types were related to a WGCNA module. 
The strongest finding is the association of the blue 
module (containing 2103 probes) with valproic acid 
use (B = 0.040; p = 0.009), this module was related 
to the response to wounding GO-term GO:0009611 
(see Supplementary Material 3). In the yellow module 
(1450 probes, enriched for stimulus and detection-
related GO-terms see Supplementary Material 3) with 
valproic acid (B = -0.032; p = 0.028) and lamotrig-
ine (B = 0.045; p = 0.038). In the red module 
(254 probes, enriched for immune-related GO-

Table 1. Sample characteristics (n=172).

Variable n (%) or mean (range) 

Age, years; mean (range) 43 (19–77)

Female sex, n (%) 94 (55)

Smoking, n (%) 74 (43)

Age at onset, years; mean (range) 26 (7–60)

Number of episodes; mean (range) 9.3 (1–27)

Lithium, n (%) 112 (65)

Olanzapine, n (%) 27 (16)

Quetiapine, n (%) 29 (17)

Valproic acid, n (%) 33 (19)

Carbamazepine, n (%) 15 (9)

Lamotrigine, n (%) 14 (8)
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Figure 2. Heatmap for the relationship between the different WGCNA modules and the six selected medication 
types. In each cell the top value corresponds to the model t-value, whereas the bottom value between brackets 
denotes the p-value for this particular covariate.
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terms see Supplementary Material 3) with quetiapine 
(B = 0.033; p = 0.040) and valproic acid (B = -0.053; 
p = 0.0005). Finally the green module (974 probes, 
enriched for neurogenesis, embryonic and regula-
tory GO-terms see Supplementary Material 3) was 
associated with quetiapine (B = -0.031; p = 0.036). 
Supplementary Material 3 shows the full results of the 
modules and their enrichment.

Valproic acid was also significantly related to higher 
values of the second PC of methylation levels, while 
olanzapine and lithium were associated with lower 
values on this PC (see Figure 3 and correlation plot 
in Supplementary Material 1 Figure 3) (model fit: 
F(9, 162) = 2.28; p = 0.02; olanzapine B = -0.43; t = -2.0; 
p = 0.05; lithium B = -0.33; t = -2.0; p = 0.05; valproic acid 

B = 0.47; t = 2.3; p = 0.02). Consistently; the blue mod-
ule (related to valproic acid use), was highly correlated 
to PC2 (Blue: r = -0.81; p = 3.1 × 10-42). Furthermore, 
lamotrigine was related to lower values of the fourth 
PC (model fit: F(9, 162) = 7.83; p < 0.001, lamotrigine 
B = -0.67, t = -2.6; p = 0.009). Finally, lamotrigine users 
scored higher, whereas quetiapine users scored lower on 
the fifth PC (model fit: F(9, 162) = 2.08; p = 0.03, 
lamotrigine B = -0.43; t = -2.0; p = 0.05; quetiapine 
B = -0.43; t = -2.0; p = 0.04).

Genome-wide association between medication 
& DNA methylation levels
The distribution of p-values was acceptable for 
olanzapine, lithium and carbamazepine (respective 



www.futuremedicine.com 203

Figure 3. Barplot depicting the association between the six selected medication types and global DNA methylation 
measures principal component one till five. To enable comparison of the impact of the association between the five 
PCs and the six selected medication types the β from a standardized model are used in this graph. 
• p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001. 
PC: Principle component.
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genomic inflation factors: 1.011, 1.075 and 0.974, see 
Supplementary Material 1, Figures 5–10 for qq plots and 
Supplementary Material 2 for the top 1000 probes). 
None of the associations between probes and these 
three medication types were significant after FDR cor-
rection, but for carbamazepine the highest ranking 
probe (cg24523000) is located on the GABRA1 gene 
(logFC = 0.18; p = 0.205).

Association between medication & methylation 
on candidate genes
The results for the methylation probes for specific 
candidate genes (RELN, SLC1A2, MTNR1A, IGF2, 
H19, BDNF, SLC6A4 and GAD1) are presented in 
Supplementary Material 1, Table 2, but overall the asso-
ciation between specific medication types and meth-
ylation status of the loci did not provide any replication 
for these candidate genes after FDR correction.

Discussion
This study explored the influence of six psychotropic 
drugs on blood-based DNA methylation levels by ana-
lyzing networks, PCs, hypothesis driven candidate genes 
and epigenome-wide association in BD patients. The 
network and PCs analyses study global DNA meth-
ylation changes, whereas the candidate gene and epig-
enome-wide techniques evaluate individual methylation 
sites. The main findings of this study suggest that, after 
adjustment for cell type composition in whole blood, 
psychotropic medication use remains associated with 
alterations in DNA methylation levels at least in meth-
ylation networks and potentially at individual loci. Our 
study shows that DNA methylation based co-expression 
networks and PCs are linked to several medication 
types. The network modules indicate that immune 
and neurogenesis-related processes are involved. In the 
candidate- and epigenome-wide analysis no specific 
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differentially methylated CpG site survived multiple 
testing correction, but qq plot analysis and trend level 
results suggest that this is most likely the result of limited 
power. Overall both network and single locus analyses 
implicate biologically plausible mechanisms for future 
epigenetic studies of psychotropic drug action. However, 
the cross-sectional design of the current study prevents a 
direct causal inference from the methylation differences 
and should be interpreted with caution.

The gene weighted correlation network analysis is an 
unbiased and data-driven method which has a high sta-
bility across tissue [12]. Four methylation networks were 
related to the use of valproic acid, quetiapine or lamotrig-
ine. Valproic acid showed the strongest associations and 
was linked to three different co-expression modules, 
consistent with valproic acid’s documented relation with 
DNA methylation and neurotrophic actions such as 
promoting neurite growth and cell survival enhancing 
neuronal function [60,61]. In terms of methylation co-
expression networks, valproic acid as well as lamotrigine 
use were associated to a network characterized by the 
GO term detection stimuli, but the strongest connection 
between any medication type and a methylation net-
work was for valproic acid and an immune-related meth-
ylation network. Altered immune system responses and 
increased inflammation are frequently linked to psychi-
atric disorders (for review see [62]). Interestingly valproic 
acid can reduce immune cell signaling by inactivating 
several enzymes involved in inflammation [63]. Que-
tiapine use was also related to the same immune-related 
methylation network and anti-inflammatory proper-
ties [64,65]. Thus, the immune-related methylation net-
work could reflect the inflammation-reducing properties 
of valproic acid and quetiapine [63–65]. More importantly 
quetiapine use was linked to a methylation network with 
the highest enrichment for neurogenesis, which could 
correspond with the neurogenesis enhancing proper-
ties of quetiapine [66]. Reinstating adult neurogenesis is 
another potential treatment target for psychiatric disor-
ders [67,68], and the current findings could provide new 
leads to study the mechanism of action of psychotropic 
drugs such as quetiapine.

Another reflection of the relevance of medication use 
for DNA methylation is the association of the PCs of 
methylation with medication. Particularly, the second 
PC of DNA methylation was associated with several 
medication types including valproic acid, olanzapine and 
lithium use (see Figure 3). Although the explained vari-
ance of this second PC was modest (4.6%), it could indi-
cate that different types of medication may affect similar 
methylation in a similar way.

One approach to explore DNA methylation levels per 
individual locus was to perform a genome wide associa-
tion study of all six medication types. Although after 

adjustment for multiple testing the associations rendered 
nonsignificant, the highest ranking probe for carbamaze-
pine was on the GABRA1 gene, which encodes for one 
of the subunits of GABA-A receptor in the GABA neu-
rotransmitter system. Interestingly, the GABRA1 gene 
has been proposed in the literature as a possible candidate 
gene for BD [69,70]. These findings suggest potential local 
effects on methylation of specific genes by psychotropic 
medications. Although the shapes of the QQ plots sug-
gest a signal, limited sample size may have led to insuf-
ficient power to provide evidence. Limited power may 
also explain the inability to replicate several hypothesis-
driven analyses of previously associated candidate genes.

All analyses performed, were adjusted for whole blood 
cell type composition (for review see [71]). That such 
adjustments are important is underscored by the pro-
found influence of psychotropic medication on cell count 
of a variety of cell types reported here. Psychotropic med-
ication in almost all classes has been reported to cause 
changes in cell type composition. Mechanisms include 
direct toxic effects upon the bone marrow, the formation 
of antibodies against hematopoietic precursors or involve 
peripheral destruction of cells [72–76]. Valproic acid may 
exhibit cell type composition alterations through immu-
nosuppressive effects by activating apoptosis of activated 
lymphocytes and by weakening the cytotoxic effects of 
NK cells as well as the function of macrophages and 
monocytes but the underlying mechanisms need further 
investigation [77]. In our data particularly quetiapine and 
valproic acid use exerted a notable influence on cell type 
composition reaffirming this known effect of medica-
tion on cell type composition and underscore the need 
to adjust for this confounding effect in studies of whole 
blood. However, the reported DNA methylation differ-
ences were not mediated by the cell type differences and 
DNA methylation differences remained after elaborate 
adjustment for cell type and using network analysis that 
are more robust to tissue type influences.

Caution is required when interpreting results of this 
explorative cross-sectional DNA methylation study. The 
main limitations lie in the cross-sectional observational 
study design. In absence of randomization, blinding, 
placebo control groups and a longitudinal set up, there 
remains a risk of selection bias, confounding by indica-
tion and the inability to infer causality. Inherent to the 
study design is the presence of potential residual con-
founding, such as genotype, nutrition, other medical 
conditions or concomitant nonpsychotropic medication 
use. Finally since participants often use several medica-
tion types at the same time, it is not possible to fully 
disentangle selective effects of each medication type. 
Regarding the effects of polypharmacy (i.e., patients 
taking other types of medications), in our population 
the use of other psychotropic medication is low and ran-
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domly distributed across the six main medication types. 
Even though we cannot completely exclude the influence 
of other medication types on our results, this suggests 
that psychiatric polypharmacy is probably not of large 
influence. The use of blood also poses a limitation con-
sidering that most effects of psychotropic medication 
are in the brain. Several studies have now pointed out 
that although there are vast differences between tissue 
types, particularly blood and brain [78,79], the differences 
between exposed and nonexposed individuals are often 
reflected in multiple tissues, with larger effect sizes for 
the differences between individuals than for differences 
between tissues [78,80]. Moreover because blood cells are 
also exposed to these drugs and many of the lympho-
cytes, such as B, T and NK cells, express similar recep-
tors (e.g., BDNF, dopamine, GABA) as neuronal cells [81] 
the results are likely to be of use. For instance haloperi-
dol administration in mice is associated with correlated 
changes in blood and brain methylation in more than 
65% of the affected methylation sites [82].

Overall the current study found a profound influence 
of psychotropic medication on cell counts, but also pres-
ents evidence for an association between psychotropic 
medication and DNA methylation levels over and above 
altered cell type composition. Nevertheless, the precise 
nature of this association remains to be established in 
longitudinal studies.

Future perspective
Our understanding of the interaction between environ-
mental exposure, such as psychotropic medication, and 
DNA methylation is in its early stages. Studies in can-
cer have succeeded in developing compounds that are 
essentially epigenetic drugs.

Considering the importance of epigenetic mecha-
nisms in brain development and plasticity, manipula-

tion of these epigenetic mechanisms may be a new 
target for treatment of psychiatric disorders. Indeed 
our study underscores the potential of psychiat-
ric drugs to alter DNA methylation signatures and 
therefore highlights the need to further investigate 
and develop epigenetic treatments of psychiatric dis-
orders. A challenge remains to extend the current 
study of the epigenome by including other relevant 
epigenetic mechanisms. Subsequently the molecu-
lar relevance of such epigenetic changes needs to be 
established. Ultimately the goal should be to establish 
clinical epigenetic therapy for psychiatric disorders in 
the future.
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Executive summary

Aims & methods
• Cross-sectional observational study of methylation signatures of psychotropic medication in whole blood DNA 

of 172 patients with bipolar disorder focusing on:
 – ○Weighted gene co-expression networks
 – ○Principal component analysis
 – ○Epigenome-wide association analysis
 – ○Hypothesis-driven gene analysis

Conclusion
• Psychotropic medication has a profound influence on blood cell type composition.
• Over and above altered cell type composition this study provides evidence that psychotropic medication exerts 

an effect on DNA methylation levels of individual loci and networks.
Recommendations
• The influence of psychotropic medication is currently underestimated in epigenetic research and should be 

taken into account as an important confounder.
• Further exploration of the epigenetic effects of psychotropic medication can inform about potential drug 

mechanisms and facilitate the development of epigenetic drugs for psychiatric disorders.



206 Epigenomics (2016) 8(2) future science group

Research Article    Houtepen, van Bergen, Vinkers & Boks

References
Papers of special note have been highlighted as: 
• of interest

1 Flavell SW, Greenberg ME. Signaling mechanisms linking 
neuronal activity to gene expression and plasticity of the 
nervous system. Annu. Rev. Neurosci. 31, 563–590 (2008).

2 Tsankova N, Renthal W, Kumar A, Nestler EJ. Epigenetic 
regulation in psychiatric disorders. Nat. Rev. Neurosci. 
8(5), 355–367 (2007).

3 Mill J, Tang T, Kaminsky Z et al. Epigenomic profiling 
reveals DNA-methylation changes associated with major 
psychosis. Am. J. Hum. Genet. 82(3), 696–711 (2008).

4 Dempster EL, Pidsley R, Schalkwyk LC et al. Disease-
associated epigenetic changes in monozygotic twins 
discordant for schizophrenia and bipolar disorder. Hum. 
Mol. Genet. 20(24), 4786–4796 (2011).

5 Wong CC, Meaburn EL, Ronald A et al. Methylomic 
analysis of monozygotic twins discordant for autism 
spectrum disorder and related behavioural traits. Mol. 
Psychiatry 19(4), 495–503 (2014).

6 Reik W. Stability and flexibility of epigenetic gene 
regulation in mammalian development. Nature 447(7143), 
425–432 (2007).

7 Suzuki MM, Bird A. DNA methylation landscapes: 
provocative insights from epigenomics. Nat. Rev. Genet. 
9(6), 465–476 (2008).

8 Bird AP. CpG-rich islands and the function of DNA 
methylation. Nature 321(6067), 209–213 (1986).

•	 Landmark	study	showing	the	function	and	relevance	of	
cytosine-guanine	sequences	(CpG)	island	methylation	for	
transcriptional	regulation.

9 Klose RJ, Bird AP. Genomic DNA methylation: the mark 
and its mediators. Trends Biochem. Sci. 31(2), 89–97 
(2006).

10 Bird A. DNA methylation patterns and epigenetic memory. 
Genes Dev. 16(1), 6–21 (2002).

11 Boks MP, Derks EM, Weisenberger DJ et al. The 
relationship of DNA methylation with age, gender and 
genotype in twins and healthy controls. PLoS ONE 4(8), 
e6767 (2009).

•	 Study	that	effectively	shows	that	genetic	variation	and	
gender	influence	DNA	methylation	levels.

12 van Eijk KR, de JS, Boks MP et al. Genetic analysis of 
DNA methylation and gene expression levels in whole 
blood of healthy human subjects. BMC Genomics 13, 636 
(2012). 

•	 Study	showing	that	DNA	methylation	co-expression	
modules	are	reflecting	gene	co-expression	modules	but	
are	more	stable	across	tissue	types.

13 Schubeler D. Function and information content of DNA 
methylation. Nature 517(7534), 321–326 (2015).

14 Kim JK, Samaranayake M, Pradhan S. Epigenetic 
mechanisms in mammals. Cell Mol. Life Sci. 66(4), 
596–612 (2009).

15 Kofink D, Boks MP, Timmers HT, Kas MJ. Epigenetic 
dynamics in psychiatric disorders: environmental 

programming of neurodevelopmental processes. Neurosci. 
Biobehav. Rev. 37(5), 831–845 (2013).

16 Rutten BP, Mill J. Epigenetic mediation of environmental 
influences in major psychotic disorders. Schizophr. Bull. 35(6), 
1045–1056 (2009).

17 Heijmans BT, Tobi EW, Stein AD et al. Persistent epigenetic 
differences associated with prenatal exposure to famine in 
humans. Proc. Natl Acad. Sci. USA 105(44), 17046–17049 
(2008).

18 Bjornsson HT, Sigurdsson MI, Fallin MD et al. Intra-
individual change over time in DNA methylation with familial 
clustering. JAMA 299(24), 2877–2883 (2008).

19 Minucci S, Pelicci PG. Histone deacetylase inhibitors and the 
promise of epigenetic (and more) treatments for cancer. Nat. 
Rev. Cancer 6(1), 38–51 (2006).

20 Boks MP, de Jong NM, Kas MJ et al. Current status and future 
prospects for epigenetic psychopharmacology. Epigenetics 7(1), 
20–28 (2012).

21 Grayson DR, Guidotti A. The dynamics of DNA methylation 
in schizophrenia and related psychiatric disorders. 
Neuropsychopharmacology 38(1), 138–166 (2013).

22 Roth TL, Sweatt JD. Regulation of chromatin structure in 
memory formation. Curr. Opin. Neurobiol. 19(3), 336–342 
(2009).

23 Kowatch RA, Fristad M, Birmaher B, Wagner KD, Findling 
RL, Hellander M. Treatment guidelines for children and 
adolescents with bipolar disorder. J. Am. Acad. Child Adolesc. 
Psychiatry 44(3), 213–235 (2005).

24 Goodwin GM. Evidence-based guidelines for treating 
bipolar disorder: revised second edition–recommendations 
from the British Association for Psychopharmacology. 
J. Psychopharmacol. 23(4), 346–388 (2009).

25 Gottlicher M. Valproic acid: an old drug newly discovered as 
inhibitor of histone deacetylases. Ann. Hematol. 83(Suppl. 1), 
S91–S92 (2004).

26 Tremolizzo L, Doueiri MS, Dong E et al. Valproate corrects 
the schizophrenia-like epigenetic behavioral modifications 
induced by methionine in mice. Biol. Psychiatry 57(5), 
500–509 (2005).

27 Matrisciano F, Tueting P, Dalal I et al. Epigenetic 
modifications of GABAergic interneurons are associated with 
the schizophrenia-like phenotype induced by prenatal stress in 
mice. Neuropharmacology 68, 184–194 (2013).

28 Guidotti A, Dong E, Kundakovic M, Satta R, Grayson DR, 
Costa E. Characterization of the action of antipsychotic 
subtypes on valproate-induced chromatin remodeling. Trends 
Pharmacol. Sci. 30(2), 55–60 (2009).

29 Veldic M, Kadriu B, Maloku E et al. Epigenetic mechanisms 
expressed in basal ganglia GABAergic neurons differentiate 
schizophrenia from bipolar disorder. Schizophr. Res. 91(1–3), 
51–61 (2007).

30 Li J, Guo Y, Schroeder FA et al. Dopamine D2-like antagonists 
induce chromatin remodeling in striatal neurons through 
cyclic AMP-protein kinase A and NMDA receptor signaling.  
J. Neurochem. 90(5), 1117–1131 (2004).

31 Matrisciano F, Dong E, Gavin DP, Nicoletti F, Guidotti 
A. Activation of group II metabotropic glutamate receptors 



www.futuremedicine.com 207future science group

DNA methylation signatures of mood stabilizers & antipsychotics in bipolar disorder    Research Article

promotes DNA demethylation in the mouse brain. Mol. 
Pharmacol. 80(1), 174–182 (2011).

32 Dong E, Grayson DR, Guidotti A, Costa E. Antipsychotic 
subtypes can be characterized by differences in their ability to 
modify GABAergic promoter methylation. Epigenomics. 1(1), 
201–211 (2009).

33 Dong E, Nelson M, Grayson DR, Costa E, Guidotti A. 
Clozapine and sulpiride but not haloperidol or olanzapine 
activate brain DNA demethylation. Proc. Natl Acad. Sci. USA 
105(36), 13614–13619 (2008).

34 Yasuda S, Liang MH, Marinova Z, Yahyavi A, Chuang DM. 
The mood stabilizers lithium and valproate selectively activate 
the promoter IV of brain-derived neurotrophic factor in 
neurons. Mol. Psychiatry 14(1), 51–59 (2009).

35 Sun YV, Turner ST, Smith JA et al. Comparison of the DNA 
methylation profiles of human peripheral blood cells and 
transformed B-lymphocytes. Hum. Genet. 127(6), 651–658 
(2010).

36 Lam LL, Emberly E, Fraser HB et al. Factors underlying 
variable DNA methylation in a human community cohort. 
Proc. Natl Acad. Sci. USA 109(Suppl. 2), 17253–17260 (2012).

37 Andreasen NC, Flaum M, Arndt S. The Comprehensive 
Assessment of Symptoms and History (CASH). An instrument 
for assessing diagnosis and psychopathology. Arch. Gen. 
Psychiatry 49(8), 615–623 (1992).

38 First MB, Spitzer RL, Gibbon M, Williams JBW. Structured 
Clinical Interview for DSM-IV-TR Axis I Disorders, Research 
Version, patient edition with psychotic screen (SCID-I/P W/
PSY SCREEN)  (2002).  
www.scid4.org

39 Schalkwyk LC, Pidsley R, Wong CCY et al. wateRmelon: 
Illumina 450 methylation array normalization and metrics. 
(2013).

40 Chen YA, Lemire M, Choufani S et al. Discovery of cross-
reactive probes and polymorphic CpGs in the Illumina 
Infinium HumanMethylation450 microarray. Epigenetics 8(2), 
203–209 (2013).

41 Barfield RT, Almli LM, Kilaru V et al. Accounting for 
population stratification in DNA methylation studies. Genet. 
Epidemiol. 38(3), 231–241 (2014).

42 Johnson WE, Li C, Rabinovic A. Adjusting batch effects in 
microarray expression data using empirical Bayes methods. 
Biostatistics 8(1), 118–127 (2007).

43 Houseman EA, Accomando WP, Koestler DC et al. DNA 
methylation arrays as surrogate measures of cell mixture 
distribution. BMC Bioinformatics 13, 86 (2012).

44 Aryee MJ, Jaffe AE, Corrada-Bravo H et al. Minfi: a flexible 
and comprehensive Bioconductor package for the analysis 
of Infinium DNA methylation microarrays. Bioinformatics 
30(10), 1363–1369 (2014).

45 Reinius LE, Acevedo N, Joerink M et al. Differential DNA 
methylation in purified human blood cells: implications for 
cell lineage and studies on disease susceptibility. PLoS ONE 
7(7), e41361 (2012).

46 R Core Team. R: a language and environment for statistical 
computing (2014).  
www.gbif.org 

47 Smyth GK. Linear models and empirical bayes methods for 
assessing differential expression in microarray experiments. 
Stat. Appl. Genet. Mol. Biol. 3, Article3 (2004).

48 Du P, Zhang X, Huang CC et al. Comparison of Beta-value 
and M-value methods for quantifying methylation levels by 
microarray analysis. BMC Bioinformatics 11, 587 (2010).

49 Langfelder P, Horvath S. WGCNA: an R package for 
weighted correlation network analysis. BMC Bioinformatics 
9, 559 (2008).

50 Langfelder P, Horvath S. Fast R functions for robust 
correlations and hierarchical clustering. J. Stat. Softw. 46(11), 
pii: i11 (2012).

51 Tingley D, Yamamoto T, Hirose K, Keele L, Imai K. 
mediation: R package for causal mediation analysis. J. Stat. 
Softw. 59(5), 1–38 (2014).

52 Falcon S, Gentleman R. Using GOstats to test gene lists for 
GO term association. Bioinformatics 23(2), 257–258 (2007).

53 Mitchell CP, Chen Y, Kundakovic M, Costa E, Grayson 
DR. Histone deacetylase inhibitors decrease reelin promoter 
methylation in vitro. J. Neurochem. 93(2), 483–492 (2005).

54 Dong E, Guidotti A, Grayson DR, Costa E. Histone 
hyperacetylation induces demethylation of reelin and 67-kDa 
glutamic acid decarboxylase promoters. Proc. Natl Acad. Sci. 
USA 104(11), 4676–4681 (2007).

55 Perisic T, Zimmermann N, Kirmeier T et al. Valproate and 
amitriptyline exert common and divergent influences on 
global and gene promoter-specific chromatin modifications 
in rat primary astrocytes. Neuropsychopharmacology 35(3), 
792–805 (2010).

56 Kim B, Rincon Castro LM, Jawed S, Niles LP. Clinically 
relevant concentrations of valproic acid modulate melatonin 
MT(1) receptor, HDAC and MeCP2 mRNA expression in 
C6 glioma cells. Eur. J. Pharmacol. 589(1–3), 45–48 (2008).

57 Popkie AP, Zeidner LC, Albrecht AM et al. 
Phosphatidylinositol 3-kinase (PI3K) signaling via glycogen 
synthase kinase-3 (Gsk-3) regulates DNA methylation of 
imprinted loci. J. Biol. Chem. 285(53), 41337–41347 (2010).

58 Leng Y, Liang MH, Ren M, Marinova Z, Leeds P, Chuang 
DM. Synergistic neuroprotective effects of lithium and 
valproic acid or other histone deacetylase inhibitors in 
neurons: roles of glycogen synthase kinase-3 inhibition.  
J. Neurosci. 28(10), 2576–2588 (2008).

59 Fukuchi M, Nii T, Ishimaru N et al. Valproic acid induces 
up- or down-regulation of gene expression responsible for 
the neuronal excitation and inhibition in rat cortical neurons 
through its epigenetic actions. Neurosci. Res. 65(1), 35–43 
(2009).

60 Yuan PX, Huang LD, Jiang YM, Gutkind JS, Manji HK, 
Chen G. The mood stabilizer valproic acid activates mitogen-
activated protein kinases and promotes neurite growth.  
J. Biol. Chem. 276(34), 31674–31683 (2001).

61 Hao Y, Creson T, Zhang L et al. Mood stabilizer valproate 
promotes ERK pathway-dependent cortical neuronal growth 
and neurogenesis. J. Neurosci. 24(29), 6590–6599 (2004).

62 Reus GZ, Fries GR, Stertz L et al. The role of inflammation 
and microglial activation in the pathophysiology of 
psychiatric disorders. Neuroscience 300, 141–154 (2015).

www.scid4.org/
www.gbif.org/resource/81287


208 Epigenomics (2016) 8(2) future science group

Research Article    Houtepen, van Bergen, Vinkers & Boks

63 Watkins CC, Sawa A, Pomper MG. Glia and immune 
cell signaling in bipolar disorder: insights from 
neuropharmacology and molecular imaging to clinical 
application. Transl. Psychiatry 4, e350 (2014).

64 Bian Q, Kato T, Monji A et al. The effect of atypical 
antipsychotics, perospirone, ziprasidone and quetiapine on 
microglial activation induced by interferon-gamma. Prog. 
Neuropsychopharmacol. Biol. Psychiatry 32(1), 42–48 (2008).

65 Jaehne EJ, Corrigan F, Toben C, Jawahar MC, Baune BT. 
The effect of the antipsychotic drug quetiapine and its 
metabolite norquetiapine on acute inflammation, memory 
and anhedonia. Pharmacol. Biochem. Behav. 135, 136–144 
(2015).

66 Luo C, Xu H, Li XM. Quetiapine reverses the suppression of 
hippocampal neurogenesis caused by repeated restraint stress. 
Brain Res. 1063(1), 32–39 (2005).

67 Borsini A, Zunszain PA, Thuret S, Pariante CM. The role of 
inflammatory cytokines as key modulators of neurogenesis. 
Trends Neurosci. 38(3), 145–157 (2015).

68 Miller BR, Hen R. The current state of the neurogenic 
theory of depression and anxiety. Curr. Opin. Neurobiol. 30, 
51–58 (2015).

69 Serretti A, Mandelli L. The genetics of bipolar disorder: 
genome ‘hot regions,’ genes, new potential candidates and 
future directions. Mol. Psychiatry 13(8), 742–771 (2008).

70 Horiuchi Y, Nakayama J, Ishiguro H et al. Possible 
association between a haplotype of the GABA-A receptor 
alpha 1 subunit gene (GABRA1) and mood disorders. Biol. 
Psychiatry 55(1), 40–45 (2004).

71 Houseman EA, Kim S, Kelsey KT, Wiencke JK. DNA 
Methylation in Whole Blood: Uses and Challenges. Curr. 
Environ. Health Rep. 2(2), 145–154 (2015).

72 Flanagan RJ, Dunk L. Haematological toxicity of drugs used 
in psychiatry. Hum. Psychopharmacol. 23(Suppl. 1), 27–41 
(2008).

73 Oyesanmi O, Kunkel EJ, Monti DA, Field HL. Hematologic 
side effects of psychotropics. Psychosomatics 40(5), 414–421 
(1999).

74 Vasudev K, Keown P, Gibb I, McAllister-Williams RH. 
Hematological effects of valproate in psychiatric patients: 
what are the risk factors? J. Clin. Psychopharmacol. 30(3), 
282–285 (2010).

75 Shankar BR. Quetiapine-induced leucopenia and 
thrombocytopenia. Psychosomatics 48(6), 530–531 (2007).

76 Huynh M, Chee K, Lau DH. Thrombotic thrombocytopenic 
purpura associated with quetiapine. Ann. Pharmacother. 
39(7–8), 1346–1348 (2005).

77 Chen Q, Ouyang DY, Geng M et al. Valproic acid exhibits 
biphasic effects on apoptotic cell death of activated 
lymphocytes through differential modulation of multiple 
signaling pathways. J. Immunotoxicol. 8(3), 210–218 (2011).

78 Davies MN, Volta M, Pidsley R et al. Functional annotation 
of the human brain methylome identifies tissue-specific 
epigenetic variation across brain and blood. Genome Biol. 
13(6), R43 (2012).

79 Walton E, Hass J, Liu J et al. Correspondence of DNA 
Methylation Between Blood and Brain Tissue and its 
Application to Schizophrenia Research. Schizophr. Bull. 
doi:10.1093/schbul/sbv074 (2015) (Epub ahead of print).

80 Illingworth RS, Gruenewald-Schneider U, De SD 
et al. Inter-individual variability contrasts with regional 
homogeneity in the human brain DNA methylome. Nucleic 
Acids Res. 43(2), 732–744 (2015).

81 Gladkevich A, Kauffman HF, Korf J. Lymphocytes as a 
neural probe: potential for studying psychiatric disorders. 
Prog. Neuropsychopharmacol. Biol. Psychiatry 28(3), 559–576 
(2004).

82 Aberg KA, Xie LY, McClay JL et al. Testing two models 
describing how methylome-wide studies in blood are 
informative for psychiatric conditions. Epigenomics 5(4), 
367–377 (2013).



67Epigenomics (2015) 7(1), 67–74 ISSN 1750-1911

part of

Perspective

10.2217/EPI.14.66 © 2015 Future Medicine Ltd

Epigenomics

Perspective
7

1

2015

Evidence for involvement of DNA methylation in psychosis forms the focus of this 
perspective. Of interest are results from two independent sets of experiments 
including rats treated with antipsychotic drugs and monozygotic twins discordant for 
schizophrenia. The results show that DNA methylation is increased in rats treated with 
antipsychotic drugs, reflecting the global effect of the drugs. Some of these changes 
are also seen in affected schizophrenic twins that were treated with antipsychotics. 
The genes and pathways identified in the unrelated experiments are relevant to 
neurodevelopment and psychiatric disorders. The common cause is hypothesized to 
be aberrations resulting from medication use. However, this needs to be established 
by future studies that address the origin of methylation changes in psychosis.

Keywords:  antipsychotics • DNA methylation • environment • epigenomics • exposure  
• mental disorders • monozygotic twins • olanzapine • psychosis

It is now apparent that the manifestation of 
the genetic code into psychiatric phenotypes 
including mental disorders is not determined 
solely by DNA sequence [1,2]. The causation 
of psychiatric disorders involves complex 
interactions involving chromatin, where 
epigenetic signals superimpose a regulatory 
role. In fact, it has been suggested that the 
missing heritability seen in neuropsychiatric 
disorders could be due in part to the effect 
of epigenetic patterning [1,2]. This perspective 
suggests that the epigenome is in a dynamic 
state influenced by both deterministic as well 
as stochastic processes. This complexity also 
makes it difficult to tease apart the underlying 
factors that contribute to its state at any given 
time [3]. It represents a major challenge for 
future studies. For now, and for a variety of 
reasons, this research is accentuated by stud-
ies on epigenetic processes involving DNA 
methylation. DNA methylation in mam-
mals involves the modification of cytosine to 
methylated cytosine (or its equivalent) in the 
genome. The phenomenon is sequence spe-
cific and needed for the proper functioning 
of the genome. DNA methylation provides 

regulatory roles in cellular functioning via 
regulation of gene transcription [4], genomic 
imprinting [5], gene splicing [6] and chroma-
tin structure and stability [7]. Indeed, any 
aberration from normal patterns of methyla-
tion may cause abnormal cellular functioning 
including disease phenotypes [8]. Potentially, 
DNA methylation profiles can be altered by 
various factors including seasonal, social and 
environmental factors as well as chemicals 
and drugs [9,10]. This dynamic property may 
help to further the understanding of disease 
processes including mechanisms of actions of 
drugs that are used to treat disease. For exam-
ple, it remains unknown how antipsychotic 
drugs control emotional and behavioral 
symptoms. The most accepted explanation 
is that antipsychotics have their own recep-
tor-binding profiles, pharmacologic profiles 
and mechanisms of action [11–14]. Often, 
the treatment protocol involves ‘testing and 
trying’ toward finding a suitable drug and 
its appropriate dose for each patient. Some 
patients fail to respond to one antipsychotic 
but subsequently show a robust response to 
a different drug despite the fact that both 

DNA methylation in psychosis: insights into 
etiology and treatment

Christina A Castellani‡,1, 
Melkaye G Melka‡,1, Eric 
J Diehl1, Benjamin I Laufer1, 
Richard L O’Reilly2 & Shiva M 
Singh*,1,2

1Department of Biology, The 

University of Western Ontario, 

London, Ontario, Canada 
2Department of Psychiatry, The 

University of Western Ontario, 

London, Ontario, Canada 

*Author for correspondence: 

ssingh@uwo.ca 
‡Authors contributed equally

For reprint orders, please contact: reprints@futuremedicine.com



68 Epigenomics (2015) 7(1) future science group

Perspective    Castellani, Melka, Diehl, Laufer, O’Reilly & Singh

block the D2 receptor, which is believed to be their 
mechanism of action [15]. Also, adverse effects of anti-
psychotic drugs vary greatly across patients [16]. Fur-
ther, the delayed response of antipsychotics [17] and the 
associated variable metabolic side effects remain poorly 
understood [18–20]. It is however understood that drugs 
used to treat psychiatric disorders may cause epigenetic 
changes in the genome [21,22]. These changes have been 
identified in patients with psychosis that were on anti-
psychotic medication as compared with controls who 
were not on any medication. In fact, there have been a 
number of reports on epigenetic profile differences in 
psychosis patients, but the role of epigenetic changes in 
the causation of psychosis remains poorly understood 
[23]. The questions remain, whether these changes are 
the causes or the effects of the disease process and what 
is the role, if any, of drugs used by patients? In this 
perspective, we will discuss the role of DNA methyla-
tion in the etiology, pathophysiology and treatment of 
psychosis.

The etiology of psychiatric disorders 
involves DNA methylation
Psychiatric disorders, such as schizophrenia, may run 
in families as well as result from the response to a vari-
ety of drugs and chemicals. Schizophrenia has a high 
heritability (~80%) but monozygotic twins show a high 
discordance rate (~50%) [24]. The most extensive study 
performed on schizophrenia to date, has identified 
108 loci, most of them with additive effects, that may 
contribute to this disease [25]. Also, some of the associ-
ated markers may contribute to the disease by affecting 
gene expression. These results argue for the potential 
involvement of regulatory mechanisms, particularly 
DNA methylation, in the development of the disease 
[26]. These mechanisms may underlie aberrations in 
neurodevelopment known to exist in a number of men-
tal disorders [27–29]. The direct involvement of DNA 
methylation in schizophrenia has been assessed using 
a variety of inventive approaches, such as post-mortem 
human brains, familial relatedness including monozy-
gotic twins discordant for the disease and animal mod-
els. In this perspective, we will use selected results to 
make the point that the epigenome is involved in the 
development of psychiatric disorders in general and in 
particular in schizophrenia, as summarized below.

First, studies on brains from patients with schizo-
phrenia and matched controls have identified dif-
ferences in DNA methylation [30]. The results are 
comparable to similar studies on blood samples from 
schizophrenia patients [30]. The questions of both tissue 
specificity and the effect of drugs are critical and present 
concerns in studies on methylation involving human 
brain disorders. Indeed, a recent study on medication 

free patients [31] suggests that the methylation effect is 
indeed a part of the complexity of epigenetic studies on 
schizophrenia. Also, some nonbrain tissues may serve 
as markers for abnormalities in the brain [32]. Further, 
the genes affected in patients are related to a number 
of pathways particularly the glutamatergic and GAB-
Aergic neurotransmission pathways, which have been 
previously implicated in psychosis [33,34].

Second, results on DNA methylation analysis of 
blood DNA from monozygotic twins discordant for 
schizophrenia further support the involvement of DNA 
methylation in psychosis [35]. Methylation of genomic 
DNA and promoter methylation of specific genes in 
blood samples of twins discordant for schizophrenia 
showed hypermethylation and hypomethylation of sev-
eral genes [34]. These findings are consistent with the 
global increase and decrease in methylation of promoter 
regions of several genes in brain tissues in a rat model 
[36]. These findings suggest that a common epigenetic 
regulation mechanism may be applicable both in the 
brain and in peripheral tissues of schizophrenia patients 
[37]. Also, observed changes in methylation in all these 
studies report epigenetic changes that may have resulted 
in the disorder and also changes induced by the drugs 
administered to treat the patients. In addition, studies 
involving medication-free schizophrenia patients sug-
gests that altered DNA methylation could be involved 
in the pathophysiology of schizophrenia [31]. Differ-
ences in methylation between identical twins have 
been identified as early as in newborn twin pairs [38]. 
Also, these differences change over time, supporting 
the potential for neurodevelopmental programing and 
reprograming in the causation of this disease [35]. Addi-
tional contributions to the discordance of monozygotic 
twins may involve de novo mutations  [39–41] and epi-
mutations [42], strengthening the case for dynamic pro-
cesses including DNA methylation in psychosis. These 
processes are likely directed by genetic as well as ran-
dom and environmental contributors over the lifetime 
[43]. We assessed the blood DNA methy lation in two 
pairs of unrelated monozygotic twins discordant for 
schizophrenia using Methylated DNA Immunoprecipi-
tation (MeDIP) [Castellani et al., Unpublished Data]. The 
genomic DNA was processed at ArrayStar Inc (MD, 
USA); this included the MeDIP, sample labeling and 
hybridization to the NimbleGen Human DNA Meth-
ylation Promoter Plus CpG Island 720k Array. DNA 
was extracted from whole blood samples and the arrays 
were analyzed using Partek Genomics Suite® version 
6.6 (MO, USA), Partek Pathways (Fishers Exact Test) 
and Ingenuity Pathway Analysis (Ingenuity Systems 
Inc., CA, USA). The results show that the monozygotic 
twins differ in DNA methylation. Interestingly, differ-
entially methylated genes affect common pathways in 
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the schizophrenic twins [Castellani CA et al., Unpublished 

Data]. Specific pathways identified include cell death 
and survival, cellular movement and immune cell 
trafficking network. In addition, Ingenuity Pathway 
Analysis (IPA) has identified protein kinase A signaling 
(p = 3.09E-04), granzyme A signaling (p = 6.83E-03), 
G protein signaling (p = 1.24E-02), serotonin receptor 
signaling (p = 1.72E-02) and UVB-induced MAPK sig-
naling (p = 2.12E-02) as canonical pathways affected in 
this disease. Additionally, the top physiological system 
functions identified were nervous system development 
and function, immune cell trafficking and behavior. 
These results on blood DNA argue that DNA meth-
ylation in schizophrenia is common. Its pattern pre-
dominates the pathways that are compatible with their 
manifestation [Castellani CA et al., Unpublished Data].

Third, evidence is emerging from human as well as 
animal models that antipsychotic drugs may function 
via their effect on DNA methylation. For example, 
a significant increase in DNA methylation (60.5 vs 
37.6%) has been observed in schizophrenic patients 
who were treated with antipsychotic medication ver-
sus those that were not [34]. Similar results have been 
found in twins with major depressive disorder and on 
medication as compared with their unaffected co-twin 
not exposed to medication [44]. The authors also sug-
gest that this difference could be due to antidepres-
sants rather than as a cause or result of the disease 
alone [44]. It argues that methylation changes are not 
only involved in the etiology of psychosis, but also play 
a role in the response to antipsychotics [45,46]. Interest-
ingly, antipsychotics were reported to have improved 
the efficacy of histone deacetylase (HDAC) inhibitors 
when administered in combination, through down-
regulation of genes such as mGlu2 [47]. Also, previous 
reports suggested that antipsychotic drugs impacted 
DNA methylating enzymes only when the HDAC 
inhibitor, valproate, was administered concurrently 
[48]. This suggests that the impact of antipsychotics on 
DNA methylation may involve indirect mechanisms 
[47,48]. However, the specific mechanisms of actions of 
antipsychotics are not yet fully understood. Further 
study is required to investigate the possible mecha-
nisms by which DNA methylation functions in regu-
lating chromatin structure, stability and thereby gene 
expression.

We used a rat model to evaluate the effect of an 
antipsychotic drug (olanzapine) on genome-wide 
DNA methylation using methylation chips [36]. It 
offers for the first time, a published assessment of 
methylation differences between brain regions (hip-
pocampus and cerebellum) and liver as a nonbrain 
reference in the same individual. The results show 
that olanzapine causes differential methylation that 

is tissue specific [36]. This response is similar but not 
identical between hippocampus and cerebellum and 
very different in the liver. Explicitly, olanzapine caused 
methylation changes in genes encoding for members 
of the dopamine pathways. They include Drd1, Drd2, 
Drd5, Slc18a2, Ddc8 and Comt. Most of these genes 
(17/19) showed an increase in methylation in their pro-
moter regions with in silico analysis [49]. These results 
strongly indicate the potential to suppress transcrip-
tion, particularly in brain regions [49,50]. The findings 
support the dopamine hypothesis of psychosis and 
argue that antipsychotic drugs may mediate disease 
symptoms by their effect on the methylation of genes 
of critical pathways that include dopamine. Interest-
ingly, the observed methylation alterations in the liver 
are compatible with the adverse effects of olanzapine 
that include metabolic syndrome and increased body 
weight. We conclude that DNA methylation may play 
an important role in the efficacy, as well as side effects, 
of the drugs used to treat psychosis.

Methylation changes in psychiatric disorders 
affect multiple pathways
Psychiatric disorders are highly heterogeneous in 
manifestation and causation. They involve multiple 
mechanisms including a large number of genes affect-
ing relevant pathways. In fact, schizophrenia is associ-
ated with > 108 genes that participate in a number of 
pathways [25]. Most of these pathways are consistent 
with leading pathophysiological hypotheses. Some of 
these pathways are rare while others may be relatively 
common, such as the dopamine pathway. Such con-
clusions drawn from genome-wide associations are 
also compatible with methylation studies that have 
reported hypermethylation of the serotonin trans-
porter gene promoter particularly in schizophrenia 
patients [50]. Some pathways are shared by a number 
of manifestations. As an example, CDK5 and CREB 
signaling is often reported in schizophrenia [51], in 
excessive anxiety induced by stress [52], as well as in 
depressive-like behavior [53]. Interestingly, altered DNA 
methylation of genes involved in the CREB pathway 
has been reported in a recent study [54]. We feel that 
this complexity is complemented by differences in 
methylation across relevant tissues as well as by dif-
ferential responses to different drugs. For example, the 
effect of a second-generation antipsychotic, blonanse-
rin, causes hypermethylation in DRD2 and HTR2A 
in human neuroblastoma cells [55]. Also, methylation 
at a transcription factor-binding site of the 5-HT1A 
gene was reported to be associated with the treat-
ment response to negative symptoms in schizophrenia 
patients [56]. In addition, a number of genes including 
Drd2 and Drd3 were downregulated in the nucleus 
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accumbens and prefrontal cortex of rat brains due to 
antipsychotic treatment, while GLRA1 was found to 
have a hypermethylated promoter region [57]. Further, 
DRD2, DRD4 and DRD5 promoters were significantly 
methylated in schizophrenia patients as compared with 
healthy controls [58], suggesting that the dopamine net-
work is actively involved in an increased risk for psy-
chosis. We conclude that alterations in DNA methyla-
tion are in fact important to the etiology of psychosis. 
Also, alterations in DNA methylation may mediate 
the efficacy and side effects of antipsychotic drugs. 
The results also argue that not all pathways involved 
may have an equal contribution to psychosis. We will 
address this issue under two separate headings using 
results generated from our rat model [36,49].

DNA methylation & dopaminergic pathways in 
psychosis
Olanzapine-induced DNA methylation changes in rats 
included hypermethylation of genes of dopamine synthe-
sis, receptors, transporters and metabolism [49]. It follows 
a report on olanzapine-induced methylation changes in 
the promoter regions of genes involved in the dopami-
nergic pathways in humans [59] arguing that transcrip-
tional repression of those genes may be critical [60]. A 
similar conclusion might be applicable for other genes 
of this pathway including DRD5 [61-64] and COMT [65]. 
Interestingly, the observed methylation peaks often over-
lapped with genomic regions containing CTCF binding 
sites, which are frequently associated with gene promot-
ers and involved in genome organization [66]. The effi-
cacy of antipsychotic drugs may represent an indirect 
effect via alterations in DNA methylation, which may 
take time to act. These results from different experi-
mental setups suggest that the dopaminergic pathway is 
likely to serve as an essential framework in the etiology 
as well as treatment of psychosis.

DNA methylation & nondopaminergic 
pathways in psychosis
Results on olanzapine-induced methylation changes 
in our rat model identified six of the 18 genes to be 
involved in the GABAergic, glutamatergic and cholin-
ergic pathways [36]. Among them, three (Gls, Psd and 
Psd2) were affected in hippocampus: one (Nr1) was 
affected in cerebellum, and two (Nr2b and Glud1) in 
the liver. Interestingly, a deficit of brain γ-aminobutyric 
acid (GABA)ergic function in schizophrenia patients 
has been linked to the downregulation of GABAer-
gic genes [67]. The cadherin pathway was also affected 
by antipsychotic-induced DNA methylation in a rat 
model [36]. These adhesion molecules that constitute 
a super-family of transmembrane receptors mediate 
Ca2+-dependent cell-to-cell communication [68]. The 

organization of these genes allows differential expres-
sion including gene-specific DNA methylation and 
differential splicing to facilitate expression of specific 
cadherin(s) in different cells and cell types [69]. Taken 
together, the results offer novel insights into the role 
of DNA methylation in altering expression of genes 
involved in nondopamine pathways potentially affect-
ing the pathophysiology of psychosis. It is likely that 
additional pathways critical in psychosis will be identi-
fied in the future. There is every reason to hypothesize 
that at least some of these genes will involve alterations 
regulated by DNA methylation.

Conclusion
DNA methylation may play an important role in psy-
chiatric disorders. Emerging evidence shows that anti-
psychotic drugs that are used to treat such disorders 
may also involve alterations in DNA methylation. This 
conclusion is based on the results from two distinct, 
yet overlapping, projects from our lab. First, our study 
on olanzapine treated rats showed that olanzapine-
induced DNA methylation affects psychosis relevant 
pathways, including the dopamine, ephrin, GAB-
Aergic, cholinergic and cadherin pathways. How-
ever, an increase in promoter DNA methylation and 
GABAergic gene expression downregulation has been 
detected in the post-mortem brain of psychosis patients 
[70,71]. Also, Reelin promoter hypermethylation and 
its reduced mRNA expression has been reported [72]. 
This argues that antipsychotic-induced methylation 
(whether direct or indirect) may underlie the amelio-
ration of psychotic symptoms as well as account for 
certain adverse effects including metabolic syndrome 
through upregulation or downregulation of relevant 
genes and thus have the potential to lead to an increase 
or decrease in impairment. As expected, the observed 
methylation changes were cell type specific and offered 
novel insight into the mechanism of action of antipsy-
chotics [36]. However, the study did not assess DNA 
hydroxymethylation, which would be of future research 
interest. Second, the study on monozygotic twins dis-
cordant for schizophrenia, which included patients 
exposed to antipsychotic drugs, has uncovered many of 
the same pathways and networks, particularly relating 
to the dopamine pathway and GABAergic functions. 
These network functions have previously been linked 
to schizophrenia and were found both in our olanzap-
ine-treated rats and in schizophrenia-affected twins 
when compared with their unaffected co-twins. Over-
all, the collective understanding of DNA methylation 
in psychosis demonstrates that methylation changes 
in the genome likely play a role in disease etiology. 
In addition, antipsychotic-induced changes in DNA 
methylation suggest that antipsychotic use could result 



www.futuremedicine.com 71future science group

DNA methylation in psychosis    Perspective

in methy lation changes as a consequence of treatment. 
Thus, it remains the challenge of future research to tease 
apart the specific roles of methylation in the etiology of 
the disease, in response to drugs, and also in develop-
ing effective therapeutic strategies involving reversal 
of methylation. The results have provided a reminder 
that clinical research should no longer be about nature 
versus nurture, but instead about the complex inter-
play of nature and nurture. Also, the implications of 
these findings need to be carefully examined. They 
may help develop early diagnosis as well as methylation 
based grouping of patients to overcome heterogeneity. 
We note that DNA methylation is reversible and that 
this may allow for targeted methylation changes in the 
treatment of neurodevelopmental disorders.

Future perspective
Future epigenetic studies are sure to contribute a wave 
of Epigenome-Wide Association Studies (EWAS) 
results. It is critical to pair any EWAS data with a better 
understanding of the theoretical backdrop of epigene-
tic changes. This will include a better understanding of 
epigenetic response to treatment and other influences 
including environmental factors. Moving forward, a 
database of epigenetic profiles in healthy controls, in 
patients on antipsychotics and in patients without med-
ication will allow researchers to begin to unravel some 
of these questions. For example, recent studies have 
begun to unravel involvement of aberrant DNA meth-
ylation changes involving medication-free [31] and drug 
naïve patients [50]. Methylome-wide studies also sug-
gest that the methylation status of blood reflects those 
in the brain, supporting the use of blood as a surrogate 
tissue [73]. The timing of epigenetic change is crucial 

to ascertaining the role of epigenetics in complex traits 
such as psychosis, which may need further attention.

The inherent dynamic and responsive nature of the 
methylation landscape makes it both a candidate for 
the explanation of disease discordance in monozygotic 
twins for a number of phenotypes yet also presents an 
experimental challenge given its complexity and the 
vast number of factors that are now known to affect 
such changes. The question moving forward remains: 
What epigenetic changes being identified in cases 
are causal toward disease? Technological advances, 
increased sample sizes, model organism studies and an 
increased understanding of the timing and origin of 
epigenomic mutations will help us uncover the answers 
to some of these questions, which in turn will allow for 
a better understanding of the complex phenomenon 
of methylopathy. Finally, molecules will have to be 
identified that will help correct such aberrations and 
ameliorate the disorder.
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Executive summary

The etiology of psychiatric disorders involves DNA methylation
•	 Studies on brain and blood from patients with schizophrenia show differences in DNA methylation. This 

includes differences in monozygotic twins discordant for schizophrenia.
•	 We argue that methylation plays a critical role during neurodevelopment. Any aberration may contribute to 

the development of psychosis.
•	 Antipsychotic drugs that are often used to treat psychosis may function via their effect on DNA methylation.
Methylation changes in psychosis affect multiple pathways
•	 Alterations in DNA methylation may mediate the efficacy as well as side effects of antipsychotic drugs 

accomplished by a variety of unrelated pathways.
•	 The dopamine pathway and genes involved in glutamatergic neurotransmission are hypothesized to play a 

major role in psychosis related disorders.
•	 The dopaminergic pathway may serve as a prominent framework for the treatment of psychosis.
•	 Nondopaminergic pathways such as GABAergic, glutamatergic and cholinergic pathways likely also play a 

significant role.
•	 Other pathways, some still unknown, may be important in selected patients including families.
Future perspective
•	 There is a need to fully understand the involvement of DNA methylation in neurodevelopmental disorders.
•	 This understanding will be critical in the development of novel corrective measures currently not available in 

psychosis, which remain a societal burden.
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Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder that is 
characterized by a wide range of cognitive and behavioral abnormalities. Genetic 
research has identified large numbers of genes that contribute to ASD phenotypes. 
There is compelling evidence that environmental factors contribute to ASD through 
influences that differentially impact the brain through epigenetic mechanisms. Both 
genetic mutations and epigenetic influences alter gene expression in different cell 
types of the brain. Mutations impact the expression of large numbers of genes and 
also have downstream consequences depending on specific pathways associated with 
the mutation. Environmental factors impact the expression of sets of genes by altering 
methylation/hydroxymethylation patterns, local histone modification patterns and 
chromatin remodeling. Herein, we discuss recent developments in the research of ASD 
with a focus on epigenetic pathways as a complement to current genetic screening.

Keywords: common final pathway • DNA hydroxymethylation • DNA methylation • genetics 
• prenatal environment • transcriptome

The Center for Disease Control estimates 
that approximately one in 88 children are 
diagnosed with autism spectrum disorder 
(ASD). ASD is a neurodevelopmental disor-
der characterized by symptoms that include 
impaired social and contextual interactions, 
difficulties with communication skills and 
restrictive or repetitive patterns of behavior. 
ASD is considered to be genetically com-
plex and inherited ASD can be caused by 
either single-gene defects or chromosomal 
abnormalities. It is also thought that mul-
tiple alleles of small effect that are present in 
high frequency in the population contribute 
to ASD heritability. ASD is symptomatically 
heterogeneous with many of the diagnostic 
symptoms showing considerable variability 
in severity. Females with ASD exhibit greater 
deficits in social communication, lower cog-
nitive ability, reduced levels of restricted 
interests, weaker adaptive skills, as well as, 
greater difficulties with externalizing prob-
lems when compared with males [1]. Children 
with ASD exhibit a broad range of sensory 

differences both in terms of severity and with 
respect to sensory subtype focus [2].

The broad symptomatic profile of patients 
with ASD has hampered the search for diag-
nostic biomarkers of the disorder. Idiopathic 
(nonsyndromic) ASD, for which an underly-
ing cause has not been identified, represent the 
majority of cases. Individuals with ASD traced 
to either single-gene mutations or defined 
chromosomal/cytogenetic abnormalities (syn-
dromic autism) exhibit characteristic features 
that are often accompanied by additional 
comorbidities [3,4]. Genetically defined syn-
dromic disorders which phenotypically over-
lap with ASD include Rett, Fragile X, Tuber-
ous sclerosis, Asperger’s, Smith–Lemli–Opitz 
syndromes, 22q11.2del, etc. [5]. Adding to 
these complexities is the observation that 70% 
of children diagnosed with idiopathic ASD 
exhibit comorbid medical, developmental or 
psychiatric conditions [3,6], including intel-
lectual disability [7]. According to one review, 
over 100 genes have been linked to syn-
dromic forms of autism [8]. In addition, there 
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are over 400 high-confidence, nonsyndromic autism 
related genes that have been implicated by genetic 
approaches [9]. Interestingly, not all children with a pre-
disposing genotype develop ASD [10]. This suggests that 
additional environmental factors likely interact with the 
genome in producing ASD. We discuss current findings 
related to molecular mechanisms of ASD and propose 
that the fetal environment interacts with predispos-
ing genotypes to alter the developmental trajectory of 
cellular transcription in the brain.

Individuals diagnosed with ASD are often associ-
ated with alterations in the expression of specific genes 
depending on the presence of specific polymorphisms 
in the genotype. For example, null alleles in MET pro-
duce a frameshift and premature stop codon which 
results in little if any protein arising from the affected 
allele [11]. The MET proto-oncogene is a candidate 
ASD susceptibility gene. In addition to the genotype, 
the prenatal environment induces factors that mod-
ify the expression of distinct and likely overlapping 
gene sets. It seems plausible that the transcriptome of 
affected individuals reflects contributions from both 
the genetic background (genotype) and from envi-
ronmentally mediated changes to the developmental 
transcription program. In other words, even though 
ASD is considered a complex genetic disorder, the 
complexity lies not only in the genetics, but rather in 
how the environment interacts at the level of the gen-
otype to influence gene expression relative to neuro-
typical development. Ultimately, gene–environment 
interactions determine the specific ASD phenotypes 
associated with each patient. Increased risk of ASD is 
associated with mutations in genes that overlap with 
chromatin remodeling proteins, transcriptional regula-
tors and synapse-associated proteins [12]. Interestingly, 
these genes are also targets of environmentally induced 
changes in gene expression.

ASD genetics: background
During the last decade, it has become increasingly 
clear that in addition to SNPs, copy number variants 
(CNVs) account for a significant percentage of ASD 
disease burden. During the last decade, both de novo 
and inherited gene mutations have been shown to 
contribute to increased risk of psychiatric disorders, 
including ASD. Whole exome sequencing studies have 
led to the identification of de novo CNVs in sporadic 
ASD patients, although specific variants are often rare 
and overlap with other psychiatric disorders [12,13]. 
The use of larger patient and control sample sizes has 
increased the confidence in the risk associated with 
specific CNVs. A recent analysis of extended ASD ped-
igrees suggests that the etiology of ASD is complex and 
does not necessarily involve the same genetic mecha-

nisms across even closely related cases [14]. Recent esti-
mates suggest that the numbers of genes genetically 
associated with ASD are greater than 1000 [12]. At the 
same time, these loci account for only a small fraction 
of the estimated heritability. While it seems clear that 
advances in our understanding of the genetic causes 
of ASD have been made by recent findings, additional 
work is now needed to further our understanding of 
the underlying biology of how various risk genes inter-
act and the role of the environment in shaping these 
interactions.

In spite of the recent identification of large numbers 
of ASD risk genes and associated pathways, current 
estimates indicate that syndromic ASD accounts for 
less than 10% of total diagnoses [15]. Current estimates 
of heritability vary between 38 and 90%. A recent 
study of Swedish children was used to determine the 
relative recurrent risk of ASD [16]. Results show that 
the individual risk of ASD increased with genetic relat-
edness. Moreover, the heritability of ASD was esti-
mated at 50% indicating that half of the risk is likely 
due to environmental factors that may either be shared 
or not shared [16].

Many of the mutations that have been implicated 
in ASD by genetic studies reside in genes that encode 
proteins associated with synaptic function, transcrip-
tional regulation and chromatin-remodeling [12]. The 
functional diversity of genes implicated in ASD sug-
gests the possibility that the etiology of ASD may be 
as heterogeneous as is the variable symptomatology [8]. 
There is also considerable overlap in genes associated 
with ASD and intellectual disability, as well as between 
ASD and epilepsy [8]. This suggests that the genetic 
origins of ASD may not only be difficult to tease apart 
but that the etiological heterogeneity of ASD may be 
just as complex. However, reducing phenotypic heter-
geneity (by subphenotyping) did not increase the 
statistical power of a recent association analysis, sug-
gesting the possibility that phenotypic heterogeneity 
is not simply the consequence of genetic variation [17]. 
Collectively, the large numbers of syndromic ASD-like 
disorders and the associated genetic variability indicate 
that ASD may represent a common end point for a 
collection of neurodevelopmental disorders that arise 
from a finite set of genes associated with brain func-
tion. While we are a long way from appreciating how 
genetic background influences global gene expression 
profiles, it seems plausible that the ultimate impact of 
genetic mutation lies in the downstream consequences 
of altered gene expression and function. The goal for 
the foreseeable future is to provide a better understand-
ing of how specific genes function to disrupt specific 
biological pathways and whether these pathways are 
amenable to pharmacotherapeutic interventions.
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Transcriptome profiles in ASD brain
 As noted above, the symptomatic profile of individ-
ual patients is heterogenous. This observation when 
coupled with the concept that the etiological hetero-
geneity of ASD is complex leads to the suggestion 
that biochemical studies of ASD brain may not prove 
informative. Instead, however, what is emerging from 
ongoing mechanistic studies across the world is that 
the pathophysiology of ASD may converge on com-
mon biological pathways [18–20]. It seems likely that 
the observed symptom heterogeneity that is typical of 
ASD clinical presentation arises as a result of common 
pathophysiological mechanisms that interfere at differ-
ent times (different trimesters) or with distinct brain 
structures (different cortical areas, hippocampus, etc.) 
during development. In addition, it also seems plau-
sible that the variable ASD symptomatology associated 
with idiopathic ASD arises due to the consequences 
of epigenetic mechanisms acting on multiple, distinct 
genetic locations at different times and brain regions 
during development.

Many of the genes enriched in lists of genetic vari-
ants associated with increased ASD risk are linked to 
neuronal function. Analysis of gene expression rela-
tionships in specific human brain regions allows for the 
identification of modules of interconnected genes that 
correspond to distinct cell types. The modules, con-
structed by Weighted Gene Co-Expression Network 
Analysis (WGCNA) of genome-wide transcriptome 
data [21], are designed to provide information regarding 
coexpression networks that correspond to neurons, oli-
godendrocytes, astrocytes and microglia [22,23]. More-
over, they provide information regarding specific func-
tionalities associated with the transcriptional programs 
of coexpressed genes. These relationships are useful in 
defining genes that are differentially expressed across 
multiple neuropsychiatric diseases [24]. Transcriptome 
studies of postmortem ASD brain show that mod-
ules of genes associated with brain function are dys-
regulated in ASD cortex. Comparisons of coexpressed 
genes in different brain structures show that regional 
variations in gene expression that highlight differences 
between frontal and temporal cortex are attenuated in 
ASD brain [25]. This finding supports the idea that gene 
expression related to cortical patterning is likely dis-
rupted. WGCNA of the genes downregulated in ASD 
brain regions illustrate that one of the modules consists 
of genes related to both interneuron and synaptic func-
tion. Many of the synaptic function mRNAs have also 
been identified as ASD-susceptibility or risk genes. In 
addition to the decreased expression of genes associated 
with neuronal and synaptic function, the expression of 
genes enriched in astrocytes and microglia are increased 
in ASD cortex [25]. The involvement of genes associated 

with synaptic function and immune responses sug-
gests the possibility that neuroinflammation or altered 
immune function in the brain may be responsible for 
the disrupted neuronal/synaptic function observed in 
ASD [26].

A recent transcriptome analysis of multiple ASD 
brain regions confirms these findings and also impli-
cates genes associated with the activation of microglia 
and the immune response [20]. The microglial cell state 
module, which negatively correlates with the synaptic 
transmission module, includes genes associated with 
the type I IFN pathway, viral response genes and cyto-
kine-mediated signaling pathway genes. Microglia have 
been shown to be important to the process of synaptic 
pruning by engulfing material in the brain through the 
complement receptor pathway [27,28]. Synaptic pruning 
prevents the overaccumulation of neuronal connec-
tions that accumulate during neurodevelopment and is 
linked to specific genetic mutations common in ASD 
patients [29]. The observed microglial/immune system 
dysfunction also raises the possibility that transcrip-
tion profiles of ASD brain mirror the consequences of 
environmental insults such as prenatal infection.

DNA methylation writers
The downstream consequences of environmental fac-
tors such as maternal stress or infection reside in how 
cells of the brain respond to these prenatal or early life 
events. Transcriptionally active chromatin is open and 
characterized by the presence of transcription factors 
and coactivators that bind DNA in nucleosome-free 
regions. In closed chromatin, the DNA is condensed 
and bound by large numbers of repressor proteins. The 
transitions between open and closed chromatin states 
are facilitated, in part, by changes in the methylation 
status of the DNA. DNA methylation is a cell-type 
specific epigenetic modification that impacts chroma-
tin architecture by influencing nucleosome positioning 
and the binding of various methylation readers to dis-
crete regions of the genome. DNA methylation is criti-
cal during development of the brain and plays a key 
role in diverse processes from synaptic plasticity [30], 
learning and memory [31], to cognitive decline [32]. 
DNA methylation consists of the enzymatic addi-
tion of a methyl group to the C5 position of cytosine 
using S-adenosyl methionine and DNA as substrates. 
DNA methylation is a stable epigenetic mark that 
when located proximal to regulatory elements associ-
ated with transcription start sites, including promoters, 
most often facilitates the formation of a repressed chro-
matin state (reviewed in [33,34]). Approximately 70% of 
CpGs genome-wide are symmetrically methylated [35]. 
Regions of high CpG density, called CpG islands, are 
generally undermethylated as compared with other 
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regions of the genome with moderate-to-low CpG 
density. Stretches of DNA flanking the CpG islands, 
called CpG island shores, are thought to contain sites 
corresponding to cell-type specific differential meth-
ylation [36]. Genome-wide mapping of DNA methyla-
tion in the frontal cortex of humans has shown that 
in addition to traditional CpG methylation, non-CpG 
methylation is prominent in brain [37–39]. Interestingly, 
the positions of CpH are remarkably well preserved 
between neurons of different individuals [40]. Non-
CpG methylation (or CpH methylation) is enriched 
at regions of low CpG density, in the vicinity of pro-
tein-DNA binding sites and, like CpG methylation, 
inversely correlates with gene expression [38,40]. More-
over, methylation of CpH occurs de novo during neuro-
nal maturation and represents the majority of cell-type 
specific DNA methylation that promotes repressive 
chromatin and inhibits transcription [39]. In addition, 
determination of genome-wide methylation shows that 
megabase-sized regions of DNA exist that are devoid 
of mCpH, and these so-called mCpH deserts occur in 
genes such as the immunoglobulin VH locus which 
encodes variable domains of the immunoglobulin 
heavy chain and in olfactory receptor gene clusters [40]. 
Comparisons of mCpH/CpH and chromatin accessi-
bility indicate that low-accessibility regions of chroma-
tin tend to contain minimal amounts of mCpH. The 
more-accessible genomic regions exhibit a proportional 
relationship between accessibility and mCpH content, 
while mCpG levels do not show this proportional-
ity [40]. These data support the idea that CpG and 
CpH methylation are independently regulated.

DNA methylation is initiated and maintained by 
members of the DNMT family (DNMT1, DNMT3A, 
DNMT3B and DNMT3L) of DNA writers which 
methylate cytosine to form 5-methylcytosine (5mC) 
(see Figure 1). DNMT1 is involved in maintaining 
the methylation status of CpGs during replication 
and is referred to as the maintenance methyltrans-
ferase. DNMTs 3A and 3B, so-called de novo meth-
yltransferases, initiate new methylation in most cell 
types [33]. In addition to methylating DNA, DNMT 
family members bind to DNA in association with 
additional proteins, such as MeCP2, forming stable 
repressor complexes [41,42]. Genome-wide mapping 
of the localization of DNMT proteins to DNA in 
human differentiated and undifferentiated cells show 
that each DNMT binds to discrete and overlapping 
intragenic regions depending on cellular differen-
tiation status [41]. Interestingly, comparisons between 
the genome-wide locations of DNA methylation and 
DNMT binding suggest that DNMTs exert methyl-
ation-independent regulatory roles particularly in the 
vicinity of promoters and transcription start sites [41].

Cell-type specific patterns of methylation have been 
observed in different cortical brain regions and cer-
ebellum using DNA isolated from postmortem human 
brain [43,44]. A large portion of differentially methylated 
regions (DMRs) are detected at or near genes that are 
selectively expressed across different brain regions [43]. 
Interestingly, it was noted in this study that 5mC is 
under-represented at classic CpG island containing 
promoters and enriched at intragenic CpG islands 
and promoters containing low levels of CpGs [43]. A 
more recent comparison of the DNA methylation pro-
files of four cortical regions, cerebellum, thalamus, 
hippocampus and pons showed that, with the excep-
tion of the cerebellum, DNA methylation patterns are 
far more homogeneous between different regions of 
the same individual, than they are for a single brain 
region between different individuals [45]. These studies 
show that while the mRNA profiles differ markedly 
in different brain regions, the methylation landscape 
does not. This study suggests that DNA methyla-
tion may not determine patterns of cell-specific gene 
expression as previously thought. By contrast, in the 
cerebellum, a strong inverse correlation was observed 
between gene expression profiles and DNA methyla-
tion data [45]. These studies present contrasting points 
of view regarding the role of DNA methylation in 
regulating the cellular phenotype. The differing con-
clusions could be related to the approaches used in 
producing the results of the respective studies. That 
is, one group used human DNA methylation microar-
rays [43,44] while the second group used methyl-CpG-
binding domain (MBD) affinity purification followed 
by deep-sequencing [45]. In both cases, only a fraction 
of the total sites in the genome that can be methylated 
are assayed. Moreover, both approaches do not provide 
adequate coverage of mCpH sites in the genome.

DNA methylation readers
Proteins that read methylated (5mC) and hydroxymeth-
ylated (5hmC) DNA bind these modified sequences 
through their evolutionarily conserved DNA-binding 
domains. Of the family of DNA methylation read-
ers that bind methylated and/or hydroxymethylated 
DNA, MeCP2 is by far the most well studied. MeCP2 is 
X-linked and is subject to X chromosome inactivation. 
It is genetically linked to the autism-related disorder 
Rett syndrome [46]. The purification, sequencing and 
cloning of MeCP2 from rat brain was first reported some 
25 years ago [47,48]. The single polypeptide chain con-
tains a methyl-binding domain (MBD) and a transcrip-
tional repression domain [49–51]. Structural comparisons 
with other MBD proteins, including MBDs 1–4, sup-
port the idea that the MBD is common to proteins that 
recognize and bind methylated cytosines in DNA [52].
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Figure 1. DNA demethylation pathway. DNA methylation, which utilizes the universal methyl donor SAM, is 
catalyzed by members of the DNMT family of proteins (DNMT 1, 3a and 3b). 5mC is a repressive chromatin mark 
that negatively correlates with gene expression. The demethylation of DNA, which re-activates transcription, 
occurs through several steps that involve the hydroxylation of the methylated cytosine. DNA hydroxymethylation, 
the first step in this cascade, is catalyzed by members of the TET (TETs 1–3) family of Fe(II)/α-ketoglutarate-
dependent dioxygenases. These enzymes further oxidize the hydroxymethyl group to form 5fC and 5caC. Both 
5fC and 5caC can be excised by TDG generating an abasic site which is subsequently replaced by BER enzymes 
regenerating the unmodified C. The intermediates in DNA demethylation (5hmC, 5fC and 5caC) accumulate to 
different extents in cells indicating that each epigenetic DNA mark is stable and likely serves a distinct function. 
This is thought to occur by the interaction of each modified base with a variety of DNA readers [86,87]. For 
example, unmodified cytosines (5C) are recognized and bound by proteins such as DNMT1 and TET1 that contain a 
-CXXC- motif in their zinc finger DNA-binding domain [42]. Methyl-binding domain proteins, like MeCP2 and other 
MBDs, bind to 5mC. 
BER: Base excision repair; SAM: S-adenosylmethionine. 
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For many years (as indicated above), methylation 
was thought to occur predominantly at CG dinucleo-
tides, although, as noted above, 5mC had been found 
in CA, CT, CC (i.e., CH, where H = A, T or C) 
sequences as well [53,54]. Recent estimates of non-CG 
methylation in mouse and human indicate that levels 
of 5mCH in the brain are at least as high as 5mCG 
if not more so [39,40]. In addition, the TET family of 
proteins oxidize 5mC to form 5hmC (see Figure 1), 
which acts as a stable epigenetic mark in neurons [55]. 
These findings raise the possibility that MeCP2 and 
other methyl-CpG binding domain proteins bind to 
multiple methylated or hydroxymethylated dinucleo-
tides other than mCpG. But while MeCP2 has a high 
affinity for single symmetrically methylated CG dinu-
cleotides, recent studies show that the MBD of MeCP2 
also binds mCH with a strong bias for mCA [39,56]. In 
addition, it was also shown that the affinity of MeCP2 
for 5hmC is considerably reduced relative to 5mC. 
This result contrasts with previous findings that iden-
tified MeCP2 as the major 5hmC-binding protein in 
the nervous system [57]. The recombinantly-expressed 
MBD of MeCP2 binds instead the rare hmCA modi-
fied dinucleotide [56]. Because of the low abundance of 

this modification in the neuronal genome, the signifi-
cance of this finding is currently not clear. These find-
ings challenge the concept that the MBD of MeCP2 
binds both 5mCG and 5hmCG. However, MeCP2 
may not strictly mimic the recombinantly expressed 
MBD and may exhibit altered binding properties when 
present as part of the native molecule.

As indicated above, MeCP2 is defective in a major-
ity of Rett syndrome patients [46]. There is significant 
symptomatic overlap between Rett syndrome and 
ASD, including deficits in verbalization skills and loss 
of purposeful hand movements. While many Rett syn-
drome patients were initially diagnosed with ASD prior 
to genetic analysis, most do not meet DSM-5 diag-
nostic criteria for ASD [58]. Nevertheless, pos mortem 
brains from both disorders show cellular abnormali-
ties that include reductions in dendritic branching and 
cell soma size and reductions in the numbers of den-
dritic spines [59–61]. While the function of MeCP2 is 
primarily associated with neurons and astrocytes [62], 
the distribution of MeCP2 has been reported in a 
large number of cell types [63]. MeCP2 associates 
preferentially with methylated DNA and next-gener-
ation sequencing shows that its genome-wide binding 
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tracks methyl-CpG density [64]. The MeCP2 primary 
transcript is alternatively spliced producing multiple 
(MeCP2E1 and MeCP2E2) isoforms. While both 
isoforms localize to neurons, astrocytes and oligoden-
drocytes, MeCP2E1 is relatively uniformly distributed 
in different brain regions, whereas MeCP2E2 shows 
differential enrichment in distinct brain regions [63]. 
Moreover, MeCP2 is differentially phosphorylated in 
an activity-dependent manner that is dependent on 
calcium [65,66]. Site specific phosphorylation of MeCP2 
is known to impact both its binding to DNA and pro-
tein interaction partners such as CREB1, SIN3A, HP1 
and SMC3 [67]. Moreover, activity-dependent phos-
phorylation alters MeCP2 function so that it orches-
trates a genome-wide response to neuronal stimulation 
during nervous system development [68]. In addition to 
phosphorylation, MeCP2 has been shown to undergo 
additional post-translational modifications including 
acetylation, ubiquination and sumoylation (reviewed 
in [69]).

Mice deficient in MeCP2 in GABAergic neurons 
develop features reminiscent of ASD including ste-
reotyped behaviors, deficits in social behavior, motor 
function, cognition and sensorimotor gating [70]. 
MeCP2 functions in cooperation with multiple chro-
matin repressors in binding to 5mC, including the 
Sin3A repressor protein and HDACs [50,71]. Chro-
matin immunoprecipitation assays demonstrate that 
MeCP2, DNMT1, DNMT3a and HDAC2 bind to 
the same region of DNA of the GAD1 and RELN 
promoters in NT2 cells [72]. MeCP2 has a substantial 
role in modifying chromatin architecture. In addition 
to repressing gene transcription, gene dosage stud-
ies show that MeCP2 positively regulates the expres-
sion of a wide range of genes [73]. By associating with 
the transcriptional activator CREB1 and binding 
to cAMP response element-binding (CREB) sites at 
the promoters of activated targets [73]. In addition to 
Rett syndrome, MeCP2-mediated regulation of gene 
expression has been implicated in a wide number of 
neurodevelopmental disorders, including, as discussed 
below, ASD [74].

DNA hydroxymethylation
In addition to 5mC, 5hmC accumulates in the genome 
in mammalian cells (see Figure 1). The identification 
of 5hmC in cerebellar Purkinje and granule neurons 
of the cerebellum [75], and the demonstration that 
knockdown of ten-eleven translocase methylcytosine 
dioxygenases (TETs) reduce the amounts of cellular 
5hmC levels [76] established a mechanism by which 
DNA methylation might be reversed. For many years, 
it was thought that the stability of the methyl group on 
the cytosine ring made DNA demethylation thermo-

dynamically unfavorable. 5hmC is formed from 5mC 
by the enzymatic oxidation of the methyl group which 
is catalyzed by members of the TET (1–3) protein fam-
ily. 5hmC is both an intermediate in DNA demeth-
ylation and a stable epigenetic mark that plays a role 
in various processes in the brain [77]. Moreover, 5hmC 
accumulates at promoters, gene bodies and distal regu-
latory elements [78,79]. It is thought that once converted 
to 5fC and 5caC, the modified base is committed to 
demethylation by the action of thymine deglycosylase 
(TDG) [80]. Recent genome-wide maps of 5hmC in the 
brain have led researchers to attribute distinct func-
tions to this modification depending on genic local-
ization and local 5hmC density. That is, the function 
of 5hmC at distal regulatory elements called enhanc-
ers is different from its role within gene bodies or its 
role at mRNA splice sites. 5hmC is thought to impact 
transcription positively because it is located along the 
gene bodies of actively transcribed genes and it often 
also correlates with gene expression [81]. This is sup-
ported by data showing that the genome-wide location 
of 5hmC also negatively correlates with the location of 
two repressive chromatin marks, namely H3K27me3 
and H3K4me3 [82]. Having said this, it appears that 
the role of 5hmC may be even more complex [83]. Base 
resolution maps of 5mC, 5hmC, 5fC and 5caC show 
that there is a Tet-mediated gradient of 5mC oxidation 
state that correlates with enhancer activity [80]. This 
suggests that one role of the TET proteins is to facili-
tate enhancer activity during development from the 
fetus to the adult [81].

As indicated in Figure 1, the TET proteins further 
oxidize 5hmC to form 5-fC and 5-caC, both of which 
are also stable epigenetic marks that accumulate in the 
brain across the genome [84,85]. 5hmC interacts with a 
large number of distinct nuclear proteins that recognize 
and read this epigenetic mark both in embryonic stem 
cells and in adult brain [57,86,87]. The 5hmC oxidation 
product, 5fC, is also read by a diverse set of proteins 
that include transcriptional regulators, DNA repair 
factors and chromatin regulators [87]. Both 5fC and 
5caC (Figure 1) are specifically bound by TDG, which 
catalyzes the formation of abasic sites that are subse-
quently repaired by enzymes of the base excision repair 
(BER) pathway producing unmodified cytosine [88–90]. 
DNA demethylation via TET-mediated oxidation 
occurs in the brain in response to depolarization. Some 
3000 CpG sites undergo active DNA demethylation in 
dentate granule neurons following synchronous neuro-
nal activation [91]. The demethylated CpGs are located 
at or proximal to neuronal-specific genes implicated in 
neuronal plasticity [91]. The simultaneous activation 
of multiple genes by DNA demethylation in response 
to depolarization allows for an orchestrated transcrip-
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tional response as an adaptation or plasticity program 
of the neuron. While many studies of TET proteins in 
the CNS have focused on TET1, TET3 was recently 
shown to act as a sensor of synaptic activity in the brain 
and to regulate surface levels of GluR1 in response to 
synaptic activity [92]. It is now recognized that all three 
TET proteins serve distinct functions in the brain 
and that neuronal differentiation is accompanied by 
increased levels of all three TETs.

DNA methylation in ASD
Female patients heterozygous for mutations in the 
X-linked methyl DNA-binding protein MECP2 are 
highly likely to exhibit symptoms of Rett syndrome. 
Because of the symptomatic overlap between Rett syn-
drome and ASD, DNA methylation would seem to be 
a likely mechanism associated with the pathogenesis of 
ASD. In addition, recent studies support the concept 
that epigenetic factors converge on DNA methylation 
as a consequence of environmental factors that are rel-
evant to ASD. Studies of single ASD gene candidates 
provide evidence of altered methylation at multiple 
genes including BCL2 [93], EN2 [94], MeCP2 [95,96], 
OXTR [97], RORA [93], SHANK3 [98] and UBE3A [99]. 
While these candidate gene studies support a role for 
methylation in ASD, it is as yet unclear as to what may 
be causing these changes and why these particular 
genes are targeted.

In contrast, data from genome-wide DNA methyla-
tion studies have produced mixed results. A genome-
wide methylation analysis of DNA from cerebella and 
cortices (Brodmann area 9 [BA9]) of ASD subjects 
versus matched typical developing controls found no 
significant differences in DNA methylation between 
groups [100]. This study was performed using the 
Illumina HumanMethylation27 BeadChip, which 
measures upwards of 27,000 probes across the genome. 
A second study independently reported results from 
multiple brain regions (dorsolateral prefrontal cortex, 
temporal cortex and cerebellum) of 20 ASD and typi-
cally developing controls using the updated Illumina 
HumanMethylation450 BeadChip. They identified 
multiple DMRs [101]. Positive results within each tis-
sue were subsequently validated. The DMRs in the 
temporal cortex were proximal to the following genes: 
PRRT1, TSPAN32/C11orf21 and ZFP57. In cerebel-
lum SDHAP3 was identified [101]. The DMRs are 
interesting and biologically diverse. PRRT1 is thought 
to be expressed primarily in the hippocampus and is 
a component of the outer core of the AMPAR com-
plex. This DMR may be important in regulating the 
expression of the corresponding gene [102]. A second 
DMR identified in this study is located in a region 
that overlaps TSPAN32 and C11orf21. While the func-

tion of the C11orf21 protein is not known, TSPAN32 
appears to be a scaffolding protein important for cel-
lular immunity [103,104]. ZFP57 is important for DNA 
imprinting marks during development [105,106] and 
recruits DNMTs [107]. Finally, the DMR identified 
in cerebellum is located on a CTCF binding site and 
active regulatory element associated with a noncoding 
RNA and a small coding RNA. It is also an alternative 
promoter of SDHAP3 which is involved in succinate 
metabolism. Analysis of whole blood DNA from MZ 
twins discordant for ASD identified numerous signifi-
cant DMRs, including many in genes previously impli-
cated in ASD. These DMRs are widespread and corre-
late with autistic trait scores [108]. The specific sites that 
have been identified thus far support a role for aber-
rant DNA methylation in ASD brain and blood and 
provide insight into novel genes dysregulated in ASD.

The most recent methylation array analysis of ASD 
compared two cortical regions, BA24 and BA10, and 
also used the HumanMethylation450 BeadChip [109]. 
Like the previous two studies [100,101], these authors 
report data using a small set of postmortem ASD and 
control brain. In BA10, over 5329 CpG sites were 
detected as differentially methylated and 10745 CpGs 
were identified as differentially methylated in BA24 [109]. 
Interestingly, neurotypical controls exhibit over 50,000 
DMRs between these brain regions. The same compari-
son between ASD brain regions (i.e., BA10 vs BA24) 
showed only approximately 10,000 DMRs [109]. Only 
a small percentage of hypomethylated (3.5%) or hyper-
methylated (5.9%) DMRs corresponded to previously 
identified autism candidate genes. Of particular interest 
is the finding that of the significant DMRs identified 
in ASD, many of these were associated with immune 
response genes, including leukocyte migration, cyto-
kine biosynthesis and the inflammatory response. Many 
of the DMRs related to immune functions are hypo-
methylated and correlate with increased transcription. 
In contrast, genes relevant to synaptic membrane func-
tion are hypermethylated and correlate with decreased 
expression. These data highlight an important area of 
investigation that is receiving attention in the litera-
ture (see transcriptomic studies discussed above). That 
immune response genes are enriched in the hypometh-
ylated gene set suggests a dysregulated immune sys-
tem as a potential etiological factor. Many of the same 
‘immune’ genes are not also observed in the positive 
findings identified by genetic studies supporting the 
concept that these genes are likely induced through an 
environmentally-mediated epigenetic mechanism. In 
DNMT1/DNMT3A knockout mice, immune response 
genes are disproportionately represented as differentially 
methylated [110]. Maternal hospitalization due to viral 
infection is one of the environmental factors reported 
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to increase risk of ASD [111–113]. These studies add to 
the growing literature, encompassing both animal and 
human studies that support possible immune response-
mediated epigenetic mechanisms as potential etiological 
factors in ASD.

The genome-wide methylation studies indicated 
above [101,109] differed with respect to their findings 
regarding methylation and ASD. Reasons for these 
differences could be due to differences in the methyla-
tion detection platform or in the means of processing 
the methylation data. However, both groups used the 
same detection platform, in other words, the Human-
Methylation450 BeadChip. This platform covers over 
485,000 CpGs and so has a much broader coverage than 
the HumanMethylation27 array. However, it should be 
noted that while the 450k BeadChip covers over 99% of 
known RefSeq genes, there is only limited coverage of 
non-CpG sites (i.e., CpH sites). In addition, the 450 k 
BeadChip covers only about 2% of the total CpG sites 
in the human genome (∼28,000,000 [114]), and there are 
areas that are poorly represented (e.g. introns and inter-
genic regions) that are enriched in DMRs. One potential 
reason for the observed differences may be the different 
in silico analytical tools used in evaluating the methyla-
tion array data. It should be noted that results from the 
earlier study [101] were also examined in the later one [109]. 
Many of the sites previously identified, including CpGs 
sites upstream of C11orf21/TSPAN32, were also positive 
in the second study. Aside from technical issues related 
to data processing, there may also be issues related to 
cellular composition in postmortem tissue samples [115], 
as well as differences between patient/control cohorts. 
It should be noted that in both studies, sample sizes 
were relatively small. In addition, the HumanMethyl-
ation450k BeadChip does not differentiate between 
5mC and 5hmC unless the conventional methodology is 
modified. With the recent advances that have occurred 
in the identification and sequencing of modified cyto-
sines, complete coverage of the human genome at base 
resolution should be considered a necessity [83]. This 
is particularly important as we uncover new functions 
associated with large numbers of non-coding genes likely 
involved in different types of gene regulation. While a 
great deal of new information is available regarding 
genomic locations of 5mC and 5hmC in adult brain [82], 
much less is currently known regarding how changes in 
the levels of 5hmC at specific sites are facilitated and how 
these modifications are targeted to specific sites.

DNA hydroxymethylation in ASD
As noted above, 5hmC is abundant in the develop-
ing nervous system with levels increasing markedly 
between the fetus and adult brain [82]. However, there 
is currently little information available regarding DNA 

hydroxymethylation and ASD in structures other than 
the cerebellum. The dynamics of DNA hydroxymeth-
ylation were recently examined using immunepre-
cipitation of 5hmC from DNA isolated from fetal and 
adult human brain [116]. This group reported that while 
5hmC is highly enriched at specific DNA domains 
including exons and untranslated regions, it is depleted 
at introns and intergenic regions. In addition, the 
amounts of 5hmC were noted to increase during cere-
bellar development with the largest amounts present in 
the adult. Moreover, differentially hydroxymethylated 
regions (DhMRs) were shown to overlap within highly 
expressed genes and CpG island shores. Interestingly, 
5hmC was enriched at mRNAs that are regulated by the 
fragile X mental retardation protein (FMRP), as well as 
many genes linked to neurodevelopment and ASD [116].

We recently examined epigenetic mechanisms 
underlying the regulation of several candidate genes in 
cerebella of ASD subjects. We studied the expression 
of several enzymes in the DNA methylation/hydroxy-
methylation pathway, regional amounts of 5mC and 
5hmC, and the expression of various ASD candidate 
genes in cerebellum of ASD subjects [117]. Our data 
showed that DNMT1 mRNA is unchanged and TET1 
mRNA is increased in cerebella of ASD postmortem 
subjects. Moreover, the increase in TET1 is accompa-
nied by enriched amounts of 5hmC in the promoters 
of GAD1 and RELN. While no changes were detected 
in MeCP2 protein levels, increased binding of MeCP2 
to the same RELN and GAD1 promoter DNA stretch 
was noted. While there were no measurable differences 
in DNMT mRNA levels or in the binding of DNMT1 
to the RELN and GAD1 promoters, the increased 
expression of TET1 was accompanied by increased 
binding of TET1 protein to these promoters [117]. 
Moreover, the study showed that increased amounts of 
5hmC in promoter proximal domains negatively cor-
relate with GAD1 and RELN mRNA levels in ASD 
cerebella. As opposed to the study cited above [116], our 
finding supports a negative role for increased 5hmC 
levels and expression of the corresponding gene.

A recent paper described results obtained in a similar 
candidate gene study of EN2 in a cohort of ASD cere-
bella [118]. These investigators examined DNA modifi-
cations in the context of the regulation of EN2. Like the 
previous paper, they show increased levels of not only 
TET1, but also TET3, DNMT3A and DNMT3B. 
Increased amounts of 5hmC were observed at the EN2 
promoter which correlate with increased EN2 mRNA 
expression [118] rather than decreased expression, as 
noted with RELN and GAD1 [117]. In addition, the 
increased levels of 5hmC at EN2 were associated with 
decreased levels of MeCP2 binding to the correspond-
ing promoter sequences. MeCP2 binding has been 
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reported to be dependent on total 5mC/5hmC content 
and additional factors such as the local histone modifi-
cations [57]. The discrepancy in terms of MeCP2 bind-
ing relative to 5mC and 5hmC in these two studies is 
not clear although could be the consequence of various 
post-translational modifications.

Similar to what was reported in cerebella of ASD 
patients [117], the levels of RELN and GAD1 mRNA 
are also reduced in the frontal cortices of ASD and 
control postmortem brain [119]. There is a concomitant 
increase in TET1–3 expression, a decrease in DNMT1 
and MeCP2 mRNA levels are unchanged in the fron-
tal cortex in the same patient cohort. We also report 
that MeCP2 and DNMT1 binding to the RELN and 
GAD1 promoters is increased. At the same time, the 
levels of 5mC in the corresponding promoter regions 
decrease while the levels of 5hmC are not statistically 
different. The 5hmC/5mC ratio at both promoter 
regions is higher and negatively correlates with tran-
scription. The finding of increased MeCP2 binding 
and reduced amounts of DNA methylation in the 
same stretch of DNA is difficult to reconcile. However, 
DNMT1 has been shown to interact with the tran-
scriptional repressor domain of MeCP2 [120]. It may 
be that DNMT1, through protein–protein interac-
tions with MeCP2, drives the increased binding of a 
DNMT1:MeCP2 repressor complex to unmethylated 
cytosines through the DNMT1 –CXXC- domain [121]. 
Biochemical studies demonstrate that MeCP2 assem-
bles novel repressive chromatin structures independent 
of DNA modification [122]. Another possibility is that 
recognition of 5mC by the MBD of MeCP2 is facili-
tated by chromatin compaction [122]. Additional stud-
ies are needed to better understand how 5hmC/5mC 
levels change genome-wide, and how this measure 
impacts MBD/MeCP2 and DNMT protein binding 
and gene transcription.

Environmental effects
Environmental factors induce perturbations to the 
epigenome during critical periods of neurodevelop-
ment, which affect cells during processes of prolifera-
tion, migration and terminal differentiation. As indi-
cated above, at the molecular level these perturbations 
include changes in DNA methylation, hydroxymeth-
ylation, histone modifications and the expression of 
various noncoding RNAs. Reviews describing asso-
ciations between environmental factors and ASD have 
been published in recent years [74,123–128]. However, 
considerably less is known regarding the mechanisms 
by which these factors impact the epigenome. Vast 
amounts of monies have been expended on identifying 
genes associated with ASD. We now need to invest in 
research that provides a better understanding of mech-

anisms by which environmental factors influence gene 
expression profiles at both the molecular and circuit 
levels so that we can better appreciate their effect on 
brain development. Below we discuss the role of mater-
nal stress, infections and prenatal nutrition because 
considerably more is known regarding the effect of 
these factors on the epigenome.

Maternal stress
Fundamental processes facilitating changes in gene 
expression in response to environmental or extracel-
lular cues include DNA and histone modifications 
(Figure 2). There is ample evidence to suggest that 
environmental factors related to the response of the 
brain to pre- or postnatal stress/trauma increase risk for 
ASD. Numerous studies have reported an association 
between prenatal stress and the development of autis-
tic traits [129], and increased ASD risk [130]. The effects 
of prenatal stress via maternal factors crossing the 
placenta influence a wide range of neuronal and non-
neuronal systems during fetal development depending 
on gestational timing. Recent evidence indicates that 
neuronal circuit formation in the brain is susceptible 
to the effects of prenatal stress. The establishment of 
GABAergic inhibitory circuits occurs at times when 
prenatal stress exerts persistent effects on the brain and 
behavior [130]. Prenatal restraint stress has been shown 
to delay tangential migration of interneuron progeni-
tors in rodents [131]. Prenatal stress exerts a profound 
epigenetic influence on GABAergic interneurons by 
altering the levels of proteins such as DNMT1 and Tet1 
and decreasing the expression of various targets such 
as BDNF [132,133]. Ultimately, this results in reducing 
the numbers of fully functional GABAergic neurons 
postnatally and a concomitant increased susceptibil-
ity toward hyperexcitability. The delayed migration of 
GABAergic interneuron progenitors results in reduced 
gene expression postnatally which is likely the conse-
quence of increased amounts of DNA methylation [133]. 
In mice, mutations targeting the Plaur gene disrupt 
the ontogeny of the forebrain by arresting migration of 
inhibitory parvalbumin interneurons from the medial 
ganglionic eminence [134]. Parvalbumin-expressing 
interneurons have also been implicated in transcrip-
tomic studies of postmortem ASD brain [25,135], and in 
the autism-like behavioral deficits exhibited by Pvalb 
knock-out mice [136]. The downstream effectors of the 
stress response, glucocorticoids, have also been shown 
to retard the radial migration of postmitotic neurons 
during cortical development [137]. The net effect of 
stress during early development is to disrupt the bal-
ance of excitatory/inhibitory neuronal firing due to 
the loss of function associated with disrupted neuronal 
migration and maturation.
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Figure 2. Epigenetic impact of the prenatal environment. Environmentally induced epigenetic mechanisms acting on the genome 
during prenatal and early postnatal development facilitate genome-wide changes in the epigenome that alter transcription at 
distinct developmental time points. The mRNA alterations that occur cause deficits in multiple processes including cortical migration, 
chromatin remodeling, transcriptional regulation, immune-response regulation and the formation of synaptic connections. 
Genome-wide association and whole exome sequencing studies have identified a large number of genes linked with ASD that 
encode proteins that function in synapse formation, transcriptional regulation and chromatin-remodeling pathways [12]. Current 
findings, highlighted in this review, indicate that there is considerable overlap between ASD-susceptibility genes and the mRNAs 
impacted by various environmental/epigenetic influences. Both environmental factors and genetic mutations alter the transcriptome 
during neurodevelopment. We propose that idiopathic ASD is the consequence of environmentally induced epigenetic influences 
operating on sufficient numbers of ASD susceptibility genes to produce the ASD phenotype. Individuals with mutations in ASD 
susceptibility genes are also subject to these same in utero environmental influences (arrow from altered genome). In contrast, 
syndromic ASD is characterized by genetic mutations that occur in so-called network hub genes [25]. In network theory, hub genes 
refer to highly interconnected nodes that are often times responsible for regulating key biological pathways or directing the cellular 
response to a given stimulus [185]. For example, FMR1 encodes the RNA-binding protein, FMRP which is deficient in Fragile X, an 
ASD-related syndrome. FMRP regulates the translation of a set of over 800 plasticity-related genes in response to stimulation by 
the neurotransmitter glutamate [186]. Mutations in FMR1 cause Fragile X syndrome, which is a syndromic ASD. The etiology and 
symptomatology of various syndromic ASD disorders has recently been reviewed [8,9]. 
ASD: Autism spectrum disorder; CNV: Copy number variant.
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Maternal infections
Immune system dysfunction plays an important role 
during neurodevelopment and has been implicated 
in ASD symptoms. This includes findings of neuro-
inflammation, presence of autoantibodies, increased 
T-cell responses, increased natural killer cell responses 
and monocyte responses in ASD subjects [138]. More-

over, there are also reports of cytokine dysregulation in 
ASD which is likely the consequence of altered immune 
system activity [139]. Transcriptome studies of ASD 
brain provide data demonstrating that mRNAs associ-
ated with activated microglial and immune response 
genes are altered relative to non-ASD brain [20,25]. As 
noted above, an independent methylation analysis of 
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ASD brain samples shows that genes associated with 
immune system function tend to be hypomethylated 
compared with DNA isolated from non-ASD brain 
samples [109]. This is consistent with the increased 
mRNAs observed in the transcriptome studies [20,25]. 
Alterations in the expression of genes that function in 
immune-glial response pathways are likely the con-
sequence of prenatal maternal infections or neuroin-
flammation (see [140] for recent review). This is sup-
ported by recent reports showing that increased risk for 
ASD correlates with maternal inpatient diagnosis with 
infection during pregnancy [111–113,141,142]. These find-
ings are also consistent with observations that children 
with ASD report numerous immune system irregulari-
ties including inflammation [143,144]. Immunological 
factors, including inflammation, autoimmunity and 
maternal immune activation have long been suspected 
in the context of aberrant neurodevelopment and ASD 
risk (see [140,145] for current reviews). A recently pub-
lished proof of concept study was undertaken to exam-
ine genome-wide RNA expression profiles in leuco-
cytes from cohorts of children ages 1 to 4 years looking 
for gene modules as potential ASD biomarkers [146]. 
The authors report strong significant dysregulation of 
immune and inflammatory gene networks at an age 
where clinical risk signs of ASD are first beginning to 
emerge [146]. The finding that immune system dys-
function may be an important causative factor in ASD 
also provides a link to schizophrenia, another neuro-
developmental disorder that shows some overlap with 
respect to de novo mutations [147], and has been etio-
logically linked with maternal immune activation [148]. 
The risk for both schizophrenia and autism has been 
linked epidemiologically to maternal infection [111,149].

Prenatal nutrition
The maternal lifestyle during gestation can expose 
the fetus to a wide range of environmental insults and 
influences [123,125]. These include nutritional choices of 
the mother that directly impact neurodevelopment of 
the fetus and which been shown to influence epigenetic 
mechanisms [124,150]. Maternal nutrition is essential for 
fetal brain development and nutritional deficiencies 
due to increased metabolic demands imposed by the 
placenta and fetus during pregnancy are linked to neu-
rodevelopmental disorders. The most direct associa-
tion between nutrition and epigenetics occurs through 
pathways that involve methyl transfers, such as DNA 
and histone methylation, which utilize the methyl 
donor S-adenosyl-methionine (SAM). Early altera-
tions in DNA methylation can cause cells to aberrantly 
differentiate from their normal lineage causing abnor-
mal pools of differentiated neurons [151]. DNMTs 
utilize SAM to donate methyl groups at specific sites 

in DNA [33]. Similarly, histone methyltransferases 
(HMTs), which have been genetically linked to various 
psychiatric disorders [152], catalyze the transfer of up to 
three methyl groups to the e-amino group of specific 
lysines on histones H2 (H2BK5), H3 (H3K4, H3K9, 
H3K27 and H3K79) and H4 (H4K20). The levels of 
SAM available for one carbon transfers are affected by 
methyl groups derived from dietary choline, methio-
nine and methyl-tetrahydrofolate. Folate is a major 
source of the methyl group for SAM and is readily avail-
able for pregnant women as part of a peri conceptual 
vitamin supplement. A large case–control study pro-
vides epidemiological data showing that mothers of 
ASD children consumed less folic acid than mothers 
of typically developing children [153]. Based on results 
from this study, a greater risk of ASD was observed for 
children whose mothers had defects in genes associated 
with one carbon metabolism [153]. Subsequently, this 
group also reported that there is an inverse correlation 
between folic acid intake and ASD risk [154]. The find-
ing that periconceptional folic acid supplementation is 
associated with a lower risk of ASD was replicated in 
a large Norwegian cohort of over 85,000 children [155]. 
The folic acid contained in these formulations is suf-
ficient for both the prevention of neural tube defects 
and to ensure an adequate supply of methyl donors 
preceding and during gestation. Folic acid and prena-
tal vitamin supplementation protect against a range 
of human cancers, neurodevelopmental and neurode-
generative disorders [126]. A model was recently pro-
posed that explains how exposure to a wide range of 
environmental toxins that impact neurodevelopment 
also result in global DNA hypomethylation [156]. This 
model was extended to connect pathways between 
dietary nutrition and environmental exposures in the 
context of DNA hypomethylation [157]. More recently, 
this hypothesis was expanded to show how dietary 
nutrients, environmental toxins, genome instability 
and neuroinflammation interact to produce changes to 
the DNA methylome [126].

In addition to folic acid, there is evidence that chil-
dren of mothers that have a higher intake of polyun-
saturated fatty acids before and during pregnancy have 
a reduced risk of ASD [158]. Vitamin D is a fat-solu-
ble steroid hormone that regulates large numbers of 
genes that impact the brain during development. The 
levels of vitamin D are low in populations living in 
overcast areas that have low sun exposure. The num-
ber of ASD diagnoses in regions with low sun expo-
sure in the USA is increased and has also been linked 
to vitamin D insufficiency [159]. Recent studies show 
that vitamin D activates the expression of tryptophan 
hydroxylase, the enzyme associated with serotonin 
synthesis [159]. This is particularly interesting because 
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it links findings showing decreased levels of serotonin 
in ASD patients [160] and reduced levels of vitamin D. 
However, a previous study found little evidence that 
maternal gestational vitamin D levels are related to 
the ASD phenotype among offspring [161]. In addition, 
while there is evidence that vitamin D may increase 
DNA demethylation of selected gene promoters, the 
mechanisms behind this effect are not clear [162]. There 
is stronger evidence that vitamin D acts to modulate 
chromatin access through interactions with histone 
acetyltransferases [162]. Moreover, aside from activat-
ing vitamin D responsive genes through a coactiva-
tor mediated pathway, the means by which vitamin D 
facilitates changes in chromatin relaxation are only 
beginning to be understood.

Exposure to air pollution, pesticides, 
prenatal valproate, cell phone radiation 
& ASD
Environmental toxins that are associated with nega-
tive health consequences have been shown to impact 
neurodevelopment and have been implicated in 
ASD [123]. For example, exposure to traffic-related 
air pollution, nitrogen dioxide and particulate matter 
during pregnancy and the first year of life is associ-
ated with ASD [163]. Toxicants that are associated with 
increased ASD risk include pesticides, phthalates, 
poly chlorinated biphenyls, solvents, toxic waste sites, 
heavy metals and air pollutants [164]. An epidemio-
logical study has linked PVC flooring material in the 
home to parental- reported ASD [165]. Exposure to plas-
ticizers, such as bisphenol-A, results in higher levels of 
metabolites excreted in urine [166].

Respiratory distress and other markers of hypoxia 
have been associated with increased risks of ASD in 
twins [167]. Early exposure to androgenic hormones and 
maternal immune response represent epigenetic factors 
that affect sex susceptibility to ASD [168]. Residential 
proximity to agricultural pesticides during pregnancy 
is associated with increased risk of ASD and develop-
mental delay [169]. The histone deacetylase inhibitor 
and antiepileptic drug, valproate, has long been known 
to cause congenital malformations and developmental 
delay in children exposed during gestation. In addi-
tion, maternal use of valproate to treat epilepsy during 
pregnancy is associated with significantly increased risk 
of ASD [170]. Finally, mice exposed to low frequency 
electromagnetic fields show a lack of normal sociabil-
ity and preference for social novelty while maintaining 
otherwise normal behaviors [171]. While these studies 
show associations and links between factors in the 
environment and ASD, much less is known regard-
ing how exposure to these developmental influences 
trigger changes to the epigenome.

Conclusion
Genetic studies have revealed a plethora of genes that 
are associated with increased ASD risk. It is well known 
that patients diagnosed with ASD exhibit considerable 
variability in both the number and severity of symptoms. 
Because of the genetic and symptomatic heterogeneity, 
ASD is also thought to be etiologically heterogeneous. 
However, as recently argued [19], neuro pathological 
findings in both idiopathic and syndromic ASD sup-
port instead a common pathophysio logical mechanism. 
The author of this study argues that multiple exo genous 
and endogenous factors disrupt cell division in the brain 
which leads to the pathological changes observed in 
ASD. These changes are thought to be related to altera-
tions in cortical columnar structure, in dendritic spines 
and within the cortical subplate [172] manifest as various 
dysplasias and heterotopias [173]. In addition to these 
cortical malformations, environmental factors that con-
tribute to neuro development by altering folate metabo-
lism, modifying the stress and inflammatory responses, 
and disrupting neuro endocrine hormonal signaling 
were also discussed [174]. In other words, both genetic 
mutations and environmental stressors impact neuro-
development by altering the expression of modules of 
genes in multiple cell types.

Transcriptome studies of postmortem brain indi-
cate that the expression of numerous genes and hence 
multiple pathways are disrupted in ASD pathophysiol-
ogy (Figure 2). This includes pathways associated with 
synaptic and neuronal function (neuronal growth, 
migration, dendritic and neurite outgrowth, synaptic 
plasticity), chromatin remodeling (DNA 5mC and 
5hmC writers, readers and erasers; histone writers, 
readers and erasers; chromatin remodeling proteins; 
microRNA expression) and immune function (microg-
lial activation states). An overlapping set of genes asso-
ciated with these pathways have also been identified 
in genetic studies of ASD. Immune function genes are 
the exception as the expression of these genes is likely 
a consequence of infection or neuroinflammation and 
not due to genetic mutation [175]. Moreover, mRNA 
changes linked to immune function genes tend to be 
increased rather than decreased in ASD [20]. It seems 
clear that both DNA mutations and environmental 
factors impact development in similar ways by reduc-
ing the expression of key genes associated with typi-
cal development. That is, the overlap between genes 
identified by genetic and transcriptomic studies sup-
ports observations that genes associated with synap-
tic function and chromatin remodeling are disrupted 
in ASD and related neurodevelopmental disorders. 
Loss-of-function mutations are syndromic when mul-
tiple downstream pathways are affected, as occurs in 
Fragile X and Rett syndromes (Figure 2). The disrup-
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tion of hub (multiconnected) genes impacts multiple 
downstream pathways. Instead, environmental factors, 
which also reduce the expression of multiple genes that 
impact downstream pathways, often result in idio-
pathic ASD. This could be due to the less severe devel-
opmental effects caused by reducing gene expression, 
as opposed to a complete loss of function. As we move 
forward in defining the causative factors of ASD, it will 
be important to invest in research designed to fill the 
void in our current understanding of how individual 
environmental factors impact epigenetic marks across 
the genome. Organizations (both governmental and 
private) that fund ASD studies need to invest both in 
epigenomic and genetics research.

In the context of this review, we have discussed numer-
ous advances that have been made in ASD research in 
recent years. As noted, however, ASD is comorbid with 
multiple additional conditions including various seizure 
disorders and ID. Although there is considerable overlap 
between ASD and ID, intellectual disability is often con-
sidered separately from ASD. This is not surprising given 
that there are people with ASD or ID and people that 
experience both ASD and ID. It is not surprising that 
recent genetics studies of ID have identified CNVs that 
are often times also present in subjects with ASD [176]. 
One of the problems that these issues raise is that current 
estimates of autism prevalence do not always account for 
the effects of comorbidity on the ASD diagnosis [177]. 
In fact, at one point it was speculated that much of the 
recent advances in ASD research have been the result 
of research on subjects who are intellectually normal [7]. 
While it is not clear if this remains to be a problem, it is 
incumbent upon researchers reporting results to provide 
accurate, clear and anonymous clinical descriptions of 
the subjects in their studies.

Future perspective
Transcriptome analyses of ASD postmortem brain tis-
sue demonstrate that large numbers of mRNAs are 
altered as compared with age- and gender-matched 
typically developing subjects. A recent meta-analysis of 
transcriptome studies in ASD confirmed that there are 
commonalities across independent groups of individu-
als with ASD [178]. The mRNA changes are the conse-
quence of gene mutations (SNPs, de novo and inher-
ited CNVs, chromosome abnormalities) that impact 
the associated gene and environmental factors that 
influence the epigenome during neurodevelopment 
(see Figure 2). While the immediate consequences of 
null mutations may be predicted, the downstream 
consequences of these mutations are more difficult 
to predict. For example, a mutation in GRIN2B has 
the immediate consequence of disrupting GRIN2B 
mRNA and protein levels. Downstream consequences 

of this mutation impact the expression of genes asso-
ciated with numerous signaling cascades (p53, Jak-
STAT, Wnt and Notch pathways), as well as, the actin 
cytoskeleton and neuroactive ligand-receptor interac-
tions [179]. In order to better understand the complex 
interconnections that underlie ASD-related pheno-
types, we have to better appreciate how multiple gene 
networks overlap and the connections within each net-
work. These studies are currently underway and some 
have appeared in the literature [179–183]. That is, we are 
currently at the point in which genes within networks 
show nonquantifiable relationships and it would be 
more informative to be able to weight the contributions 
of individual genes to nodes within networks to allow 
for quantitative predictions to be made.

Currently available data suggest that there is overlap 
between mRNAs misregulated in ASD due to genetic 
abnormalities [12,13,15,184], and the mRNAs differen-
tially expressed derived from transcriptome studies of 
ASD subjects [20,25]. Epigenetic modifications likely 
converge on specific sets of genes depending on the 
nature of the environmental factor. Moreover, while 
numerous studies have been carried out on environ-
mental factors in specifying ASD-related pheno-
types [124–126,158]), considerably less is known regarding 
the direct consequences of these factors on the epig-
enome. Some environmental factors increase DNA 
methylation (as in synaptic plasticity genes), while oth-
ers likely facilitate DNA demethylation (immune func-
tion genes) and others likely affect histone methylation 
and acetylation patterns. Ultimately, transcriptomic 
profiles reflect the downstream consequences of the 
effects of genetic mutations/abnormalities and envi-
ronmental factors and how these forces interact during 
neurodevelopment. Understanding how the epigenome 
responds to environmental insults will likely provide 
better insight into common final pathways operative in 
the pathophysiology of ASD and provide for the design 
of better pharmacotherapeutic treatments.
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The diverse functions of noncoding RNAs (ncRNAs) can influence virtually every 
aspect of the transcriptional process including epigenetic regulation of genes. In the 
CNS, regulatory RNA networks and epigenetic mechanisms have broad relevance to 
gene transcription changes involved in long-term memory formation and cognition. 
Thus, it is becoming increasingly clear that multiple classes of ncRNAs impact neuronal 
development, neuroplasticity, and cognition. Currently, a large gap exists in our 
knowledge of how ncRNAs facilitate epigenetic processes, and how this phenomenon 
affects cognitive function. In this review, we discuss recent findings highlighting a 
provocative role for ncRNAs including lncRNAs and piRNAs in the control of epigenetic 
mechanisms involved in cognitive function. Furthermore, we discuss the putative roles 
for these ncRNAs in cognitive disorders such as schizophrenia and Alzheimer’s disease.

Keywords:  chromatin • epigenetics • long noncoding RNA • neuroplasticity • neuroscience  
• short noncoding RNA

Epigenetic mechanisms have emerged as crit-
ical components of the memory formation 
process and are involved in cognition and 
cognitive disorders. As related to the nervous 
system, the term epigenetics refers to long-
term, potentially heritable changes in gene 
expression patterns that do not result from 
mutations in the DNA sequence. This broad 
definition encompasses a number of chemi-
cal modifications to DNA residues as well 
as alterations to closely associated molecules 
such as histone proteins or chromatin-asso-
ciated RNAs [1]. These epigenetic modifica-
tions (also referred to as epigenetic marks) are 
involved in numerous cellular and molecular 
functions, ultimately influencing nuclear 
organization and transcriptional activity at 
chromatin regions [1]. The semipermanent 
nature of these epigenetic modifications thus 
allows genetically identical cells to differenti-
ate into distinct lineages, express unique gene 
patterns, and perform unique functions in a 
lineage-dependent fashion [2,3].

As the epigenome plays an important role 
in driving cellular development, it is not sur-

prising that epigenetic mechanisms critically 
control the development of the nervous sys-
tem [4–7]. However, in the past decade it has 
become increasingly clear that despite the 
postmitotic state of most neurons, epigenetic 
mechanisms continue to play a critical role 
in controlling transcription into adulthood 
(reviewed in [8]). This is especially evident in 
the context of transcription-dependent cog-
nitive processes such as long-term memory 
formation, where altered epigenetic processes 
can either impair or improve performance in 
memory tasks.

While the importance of epigenetic reg-
ulation in cognition has been well estab-
lished, the mechanisms by which epigenetic 
marks are targeted to particular genes or loci 
remain relatively unexplored. Instead, most 
studies to date have examined either global 
changes in the levels of epigenetic marks 
within specific brain regions or the presence 
of epigenetic marks at particular genes and 
promoters with known cognitive function. 
As a result of these studies, it is becoming 
increasingly clear that the neuro-epigenetics 
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landscape can differ significantly within and across 
brain regions, and that dysregulation of chromatin-
modifying enzymes (CMEs) can have profound 
effects on brain function, and thereby, cognition and 
cognitive disorders [9–11]. Indeed, evidence suggests 
that dysfunction of epigenetic processes is involved 
in the etiology of many cognitive disorders, including 
schizophrenia, bipolar disorder and major depressive 
disorder [9]. Such studies have advanced our knowl-
edge of the role of epigenetic mechanisms in spe-
cific brain regions, and have given rise to the rapidly 
expanding field of cognitive epigenetics. However, as 
very few CMEs have demonstrated sequence-specific 
DNA binding, the question of how CMEs are directed 
to their target gene regions remains largely unsolved. 
Some observations have indicated that DNA binding 
proteins, such as the transcription factors including 
nuclear factor-ĸB, Nanog, and Oct4, interact with 
CMEs to direct site-specific epigenetic gene regula-
tion [12–14]. Additionally, recent studies suggest that 
multiple families of regulatory RNAs also mediate 
epigenetic targeting.

To date, a majority of the research studies have 
described regulatory RNAs with little to no protein-
coding potential, thus defined as noncoding RNAs 
(ncRNAs). Although poorly described relative to pro-
tein-coding genes, ncRNAs comprise a major portion 
of the mammalian transcriptome [15]. While estimates  
differ as to the abundance of ncRNAs, the general con-
sensus of the field is that ncRNAs are quite plentiful, 
particularly in brain tissues [15–19]. It remains plausible 
that regulatory RNAs have both translation-inde-
pendent functions and protein-coding potential, and 
indeed, translation-independent activity of mRNAs 
has been identified in well-studied pathways such as 
p53 signaling [20–22]. However, the field of epigenetics 
has largely focused on characterizing such functions in 
ncRNAs, in part as a precaution against experimental 
confounds.

Common practice in the epigenetics field describes 
ncRNAs as either long or short, with the division being 
set at a length of 200 nucleotides. While seemingly 
arbitrary, this division allows for the useful separation 
of the many characterized classes of small functional 
RNAs, including miRNAs, piRNAs (PIWI-interact-
ing RNAs), siRNAs (small interfering RNA), snoR-
NAs (small nucleolar RNAs) and tRNAs (transfer 
RNAs) from the less well characterized long noncoding 
RNAs (lncRNAs) [23]. Among other functions, both 
short and lncRNAs have attributable roles in neuronal 
epigenetic mechanisms [24,25] – a finding with excit-
ing implications for cognitive sciences. In this review, 
we will highlight key findings that are beginning to 
elucidate a role for ncRNAs in the control of neuro-

nal and cognitive function via epigenetic mechanisms. 
Our goal for this review is to draw attention to this 
phenomenon and encourage new investigations into 
ncRNA-mediated control of the epigenome in cogni-
tion and cognitive disorders. Further, while miRNAs 
are well studied with regard to cognitive disorders, 
they are poorly studied in the context of epigenetic 
function. In contrast, while piRNAs and lncRNAs are 
better characterized in the context of epigenetic func-
tion, they are poorly studied with regard to cognitive 
disorders – even though many such disorders involve 
dysregulation of the epigenome. Nonetheless, emerg-
ing studies are beginning to explore the interesting idea 
that ncRNAs are involved in the epigenetic process 
underlying cognition and may be altered in cognitive 
disorders.

Short ncRNA
Mechanisms of canonical RNA interference
When Lee and colleagues [26] first demonstrated 
that the small (22-nucleotide) ncRNA dubbed lin–4 
represses the translation of several developmental 
genes in Caenorhabditis elegans, the scientific com-
munity failed to recognize this discovery as anything 
more than a curious feature of the invertebrate model’s 
genetics. As a consequence, few of these ncRNAs were 
identified or characterized until the discovery of RNA 
interference (RNAi), a post-transcriptional regulatory 
process that will be reviewed and discussed in later sec-
tions. However, we begin our discussion with small 
regulatory RNAs initially shown to be highly con-
served in plants and animals in the early 2000s [27]. 
Today, the known roles of miRNAs and their related 
structures have expanded to encompass the view that 
as many as 60% of protein-coding RNAs are regulated 
by miRNA activity [28,29]. Since the days of Ambrose 
and Lee, tens of thousands of miRNAs have been 
annotated [30–34], and miRNAs have been shown to 
regulate such diverse biological processes as develop-
mental pattern formation [27], pluripotency [35], cell 
signaling [36], cardiovascular disease [37], cancer [38], 
diabetes [39], neural plasticity and memory [40], among 
others [41]. This review will largely describe miRNAs 
as they relate to the epigenome; however, in order to 
better understand how miRNAs have come to be asso-
ciated with epigenetic activity, it is first necessary to 
understand the canonical post-transcriptional pathway 
by which these miRNAs regulate gene expression.

In the canonical pathway (reviewed in [42]), the 
nascent miRNA begins as a transcript of intronic or 
intergenic DNA, a miRNA precursor molecule known 
as a primary miRNA (pri-miRNA). While still in the 
nucleus, this pri-miRNA is bound and cleaved by a 
microprocessor complex composed of Drosha and 
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Dgcr8. Processing of the pri-miRNA by this complex 
leads to the formation of a shorter hairpin-like structure 
defined as a precursor miRNA (pre-miRNA) [42,43]. 
The pre-miRNA is then exported into the cytoplasm 
via Exportin 5 where it undergoes further cleavage by 
the RNAase enzyme Dicer, thereby forming a comple-
mentary duplex of two miRNA strands. Unwinding 
of this duplex releases one of the RNA strands, while 
the remaining strand is bound to an AGO protein 
in the RNA-induced silencing complex (RISC). The 
mature miRNA, coupled with RISC (now referred to 
as miRISC), then functions to detect complementary 
sequences inside messenger RNAs, usually found in 
the 3′-untranslated region of the target mRNA [43,44]. 
The binding of this miRISC complex to a target 
mRNA results in silencing of the mRNA, which may 
occur either by degrading the target transcript via the 
endonuclease activity of AGO2, or by simply prevent-
ing translation of the target transcript in cases of less 
perfect complementarity.

Although studies have generally focused on the 
regulation of mRNA by the canonical RNAi path-
way, there is considerable evidence that interaction 
between canonical RNAi and other ncRNA signaling 
pathways occurs and may have broad ramifications in 
neuroplasticity and cognition (reviewed in [45]). Many 
miRNAs are expressed in the brain, and a number of 
studies have examined their role in cognitive disorders 
(Table 1) [46]. Indeed, roles for miRNA have been attrib-
uted to molecular signaling in neurodevelopment [47], 
neural stem cell differentiation [48,49] and cortical neu-
rodegeneration [50,51], where knockout of the enzyme 
Dicer results in the dysregulation of these processes. 
Intriguingly, studies using an inducible Dicer1 knock-
out mouse model demonstrate improved performance 
in several memory tasks, suggesting that miRNA sig-
naling may also act to restrict memory formation in 
some cases [52].

Canonical miRNA signaling in schizophrenia
Among miRNA-related cognitive disorders, schizo-
phrenia is perhaps the most extensively studied. 
Patients suffering from DiGeorge Syndrome often 
experience microdeletions affecting the miRNA 
microprocessing gene Dgcr8, and are 30-times more 
likely to suffer from schizophrenia or schizoaffec-
tive disorders [66]. This observation suggests a critical 
importance for miRNA signaling in schizophrenia. 
Postmortem studies in the brains of schizophrenic 
patients have identified dysregulation of two miRNAs, 
miR-132 and miR-219, both of which have been linked 
to schizophrenia-associated cognitive or behavioral 
impairments [60,67–69]. Both miRNAs are dysregulated 
in response to NMDA-receptor blockade [42], an inter-

esting finding in light of the hypothesis that hypo-
function/downregulation of the NMDA receptor plays 
a critical role in schizophrenia pathophysiology. A 
third candidate, miR-195, is increased in the brains of 
patients with schizophrenia, where it regulates several 
schizophrenia-related genes, including Bdnf [70], Reln, 
Vsnl1, Htr2a and Grin3 [71]. Indeed, in silico studies of 
miRNAs associated with transcription factors suggest 
that miR-195 plays a central role within a regulatory 
network of schizophrenia-related genes [63].

Because schizophrenia is a heterogeneous and com-
plex disorder that involves several brain regions and 
cell types, the role miRNAs in the control of gene tran-
scription must be considered in this context as well. 
For example, patients with schizophrenia are known 
to exhibit a wide range of up-regulated miRNAs in the 
superior temporal gyrus and prefrontal cortex, includ-
ing miR-107, miR-15a, miR-15b, miR-16, miR-195, 
miR181b, let-7e, miR-20a, miR-26b, miR-19a [71]. 
Interestingly, none of the miRNAs described above 
are specific to neurons: miR-219 regulates oligoden-
drocyte maturation [72], while miR-195 and miR-132 
are expressed in astrocytes [73–75]. Comprehensive 
studies should further elucidate the role of miRNAs in 
the nervous system, as well as test the possibility that 
global changes in miRNA processing may result in the 
disease’s pathogenesis [71].

While the miRNAs described above target schizo-
phrenia related genes directly, there is also evi-
dence for miRNA-mediated epigenetic dysfunction 
in schizophrenia, and some schizophrenia-related 
miRNAs are known to be more directly involved 
in epigenetic regulation via the targeting of CMEs 
(Figure 1). Such regulatory miRNAs include miR-
132, miR-212 and miR-195 [64,71,76–77]. miR-132, 
which was described above, is downregulated in 
the prefrontal cortex (PFC) of patients with schizo-
phrenia, and regulates expression of DNA methyl-
transferase 3 α (DNMT3-α), thereby regulating 
DNA methylation [60]. This is especially interesting, 
considering that DNMT3-α is known to be upregu-
lated some brain regions in schizophrenia – includ-
ing the PFC (see [78] for review). Another promis-
ing candidate is miR-137, an miRNA identified as 
having a SNP strongly associated with schizophrenia 
in a meta-analysis of genome-wide association stud-
ies [79]. miR-137 targets multiple chromatin-modify-
ing genes [80], including the histone-lysine N-methyl-
transferase EZH2 [81], as well as the lysine-specific 
histone demethylase 1A (KDM1A), which governs 
neuron differentiation and migration [62]. While 
such epigenetic regulation may occur, future stud-
ies are required to determine the exact nature and 
extent of miRNA-mediated epigenetic regulation in 
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the development and pathophysiology of cognitive 
disorders such as schizophrenia.

Canonical function of siRNA-mediated RNA 
inteference
There are significant functional similarities between 
miRNA- and siRNA-mediated RNAi. In this section we 
will highlight some of the more unique aspects of siRNA 
generation and regulation. Similar to miRNAs, siRNAs 
are short (∼21 nucleotide), noncoding transcripts that are 
canonically generated from exogenous dsRNAs. When 
siRNAs were first discovered in plants by David Baul-
combe and colleagues [82], they appeared to function 
as part of a natural, antiviral immune response. Upon 
exposure, exogenous, double-stranded RNAs (dsRNAs) 
– often from viruses – are digested by Dicer in the cyto-
plasm, generating short RNA duplexes. These RNA 
duplexes are bound by AGO as part of the RISC complex 
and guide the complex to a complementary target, in this 
case, a copy of the viral RNA. Once bound, the endo-
nuclease ‘slicer’ activity of AGO2 is further activated by 

the complementation of the siRNA-target interaction, 
thus mediating target destruction [83]. In this fashion, 
canonical siRNA-mediated RNAi initiation turns viral 
RNA against itself for destruction. Interestingly, newly 
discovered noncanonical mechanisms of endogenous 
siRNA (endo-siRNA) generation and function are gain-
ing increased relevance in cognitive neuroscience. Below, 
we discuss emerging roles for siRNA-directed epigenetic 
regulation of gene expression changes.

Emerging mechanisms of siRNA directed 
epigenetic regulation
siRNAs participate in epigenetic regulation of genes 
through DNA methylation as well as by histone modi-
fication (Figure 2) [84,85]. The precise mechanism of 
siRNA generation depends on the organism involved. 
In Schizosaccaromyces pombe, endo-siRNAs are gener-
ated by an RNA-directed RNA polymerase complex 
(RDRC), and epigenetic regulation is carried out by the 
RNA-induced transcriptional silencing (RITS) com-
plex, with the latter being dependent on siRNAs gener-

Table 1 Examples of noncoding RNAs in epigenetically-linked cognitive disorders.

Name Type Putative epigenetic MOA Disorder Ref. 

17A lncRNA None indicated AD [53]

1810014B01Rik lncRNA None indicated AD, PD [53]

BACE1-AS lncRNA None indicated AD [54]

GDNFOS lncRNA None indicated AD [53]

Gomafu lncRNA Binds to the polycomb repressor 
complex, PRC1

Scz, Anx [55]

Malat–1 lncRNA Associates with the EZH2 subunit of the 
polycomb repressor complex

Alc [56]

NAT-Rad18 lncRNA None indicated AD [53]

Sox2OT lncRNA None indicated AD, PD [57]

miR-106b miRNA None indicated Scz [58]

miR-125a miRNA  – MDD [59]

miR-132 miRNA Targets the DNA methyltransferase 
DNMT3-α

Scz, MDD [60,61]

miR-137 miRNA Targets the EZH2 subunit of the 
polycomb repressor complex; targets the 
histone demethylase KDM1A

Scz [62]

miR-16 miRNA None indicated Scz [58]

miR-182 miRNA None indicated MDD [59,61]

miR-195 miRNA None indicated Scz [63]

miR-212 miRNA None indicated Scz [64]

miR-219-3p miRNA None indicated Scz [58]

miR-298 miRNA None indicated MDD [59]

miR-29c miRNA None indicated AD [65]

AD: Alzheimers disease; Alc: Alcoholism; Anx: Anxiety; MDD: Major depressive disorder; MOA: Mechanism of Action; PD: Parkinsons 
disease; Scz: Schizophrenia.
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Figure 1. Canonical mechanism of miRNA generation and epigenetic regulation. (A) Schematic of canonical miRNA 
biogenesis. Pri-miRNA are transcribed by RNA Pol II, and stem-loop regions are processed by Drosha and DGCR8. 
The resulting pre-miRNA is exported through the nuclear membrane into the cytoplasm, where Dicer further 
cleaves the pre-miRNA into a short double-stranded RNA region. A guide strand is selected and bound by AGO 
within the RISC complex, while the passenger strand is cleaved and degraded. (B) miRNA and siRNA in conjunction 
with the cytoplasmic RISC complex target proteins involved in epigenetic regulation at the mRNA level. This 
post-transcriptional silencing, ultimately results in global alterations in the epigenome and cellular function. 
AGO: Argonaute; CME: Chromatin-modifying enzyme; miRISC: miRNA in complex with RISC; PTM: Post-
translational modifications; Pri-miRNA: Primary miRNA; Pre-miRNA: Precursor miRNA; RISC: RNA-induced silencing 
complex. 
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ated by the former (for review see [86]). In Arabidopsis 
thaliana, this process involves two plant-specific RNA 
polymerase II related RNA polymerase enzymes: Pol IV 
and Pol V [87]. First, transcripts from Pol IV are used 
as templates by the RNA-dependent RNA polymerase 
RDR2 to form dsRNA which is reduced into 24-nucle-
otide duplexes by the Dicer protein DCL3. From the 
cytoplasm, one strand of a duplex is then loaded onto 
AGO4, which translocate into the nucleus [88] and binds 
to complementary, nascent transcripts created by Pol 
V [89,90]. Once stabilized to a target transcript by Pol V 
and the Pol V transcript binding protein KTF1, AGO4 
associates with the DRM2 DNA methyltransferase, a 
writer of the 5 mC epigenetic mark at CHH sites [91]. 
RDM1, a subunit of the final complex responsible for 
linking AGO4 to Pol V and DRM2, has itself an affin-
ity for methylated DNA, a finding that suggests a pre-
dilection of the Pol V-AGO4 complex for pre-existing 
sites of methylated DNA. While still speculative, these 
studies suggest a parallel between siRNA-directed his-
tone modification and siRNA-directed DNA meth-
ylation insofar as both may be mediated as part of a 
self-perpetuating feedback loop [92].

Although endo-siRNA generation and epigen-
etic function is well-characterized in S. pombe and 
A. thaliana, other studies speculate on a potential role 
in endogenous production of siRNAs and their epi-
genetic function in human cells [96,97]. Mammalian 
endo-siRNAs are known to be generated from hybrid-
ized mRNAs and antisense transcripts [97], which may 
then regulate the epigenome. An alternative pathway 
for the generation of such endo-siRNAs has also been 
identified in which a complex composed of human 
TERT (hTERT), Brahma-related gene 1 (BRG1) and 
nucleostemin (NS) – together referred to as the TBN 
complex-produces dsRNAs. These dsRNAs can then 
be processed into siRNAs that facilitate the formation 
of heterochromatic regions [98].

Promisingly, several studies demonstrate endo-
siRNA-mediated histone methylation and DNA meth-
ylation in cultured mammalian cells [84–85,99]. The 
mechanistic actions of mammalian endo-siRNA are 
poorly characterized; moreover, a neurological role for 
these endo-siRNAs also remains to be established, as 
little neuroepigenetic research has focused on these 
mechanisms. Importantly, targeted sequencing studies 
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Figure 2. Epigenetic regulation by nuclear short noncoding RNA. Proposed mechanisms of sncRNA-mediated 
epigenetic regulation. (A) Studies have demonstrated short non-coding RNA (sncRNA)-mediated targeting of 
mRNA cotranscriptionally. This results in the recruitment of AGO or PIWI proteins to the gene locus of nascent 
transcripts and may result in the recruitment of CMEs and epigenetic regulation via DNA methylation or the post-
translational modification of associated proteins, such as histones [93,94]. (B) sncRNAs in complex with AGO/PIWI 
also associate directly with DNA. This results in the recruitment of CMEs and epigenetic regulation [95]. AGO/PIWI 
indicates a member of either the argonaute or PIWI family of proteins. 
CME: Chromatin-modifying enzyme; DNMT: DNA methyltransferase; PTM: Post-translational modifications;  
RNA Pol II: RNA polymerase II.
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demonstrate a large number of these RNAs in human 
somatic cells [100], and recent studies have identified 
putative endo-siRNA populations in hippocampal tis-
sues [101,102]. Thus, indicating a potential epigenetic 
role for endo-siRNAs in neuronal alterations.

piRNAs: regulators of the epigenome and 
neuroplasticity
In exploring the role for ncRNAs in cognition and cog-
nitive sciences, piRNAs have become a topic of some 
intriguing investigations. piRNAs are distinguished 
from siRNAs by their size (they are slightly longer at 
26–31 nt rather than 20–24 nt), and association with 
PIWI proteins, a clade of the AGO family [103]. Unlike 
miRNAs and siRNAs, piRNAs are generated from 
single-stranded RNA species in a Dicer-independent 
manner [104]. piRNAs are preeminently expressed and 

best characterized in the context of germ cell develop-
ment [105–107]. Indeed, the name ‘PIWI’ has its humor-
ous origin owing to the discovery of the ‘P-element 
induced wimpy testis’ in the gonadal cells of Drosoph-
ila. PIWI proteins translocate into the nucleus in an 
RNA-dependent manner, guided by piRNAs [107,108] 
where they serve to silence transposons in the nuclei 
of germ cells [109], ostensibly for the purpose of genome 
protection in the vulnerable germline DNA. However, 
this functionality is not exclusive, as protein-coding 
genes may also code for piRNAs [110]. Moreover, 
recent studies provide evidence for numerous piRNAs 
expressed in adult organ tissues, including in the brain, 
suggesting new possibilities for epigenome regulation 
in neurons [111,112].

With regard to epigenetic initiation and targeting, 
piRNAs have been shown to target heterochromatic 



www.futuremedicine.com 141

Figure 3. Origins of long noncoding RNAs. 
(A–E) Many lncRNA genomic loci are colocalized with 
protein coding genes, and they are often described in 
relation to these genes. A number of common naming 
conventions have come into general use to describe the 
various protein coding gene associated lncRNAs. (A) 
Antisense transcripts overlap protein coding genes, but 
are transcribed from the antisense strand.  
(B) Bidirectional transcripts share transcription start 
sites with protein coding genes, but are transcribed in 
the opposite direction. (C) Intergenic transcripts do not 
overlap with protein coding genes. (D) Overlapping 
transcripts overlap significantly with or encompass 
protein coding genes on the sense strand. (E) Intronic 
transcripts are located within a sense-strand intron 
of a protein coding gene. Solid bars indicate exons of 
mRNAs (blue), lncRNAs (red). Diagonal stripes indicate 
overlapping exons. Chevron arrows indicate introns of 
mRNAs (blue), lncRNAs (red) or overlapping transcripts 
(alternating red and blue). Curved arrows indicate 
transcription start sites.
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regions with the help of bound heterochromatin pro-
tein 1a (HP1a) as part of a PIWI-piRNA complex [113]. 
This complex typically associates with repressive his-
tone lysine methylation marks, but may also facilitate 
transcription [114], and some evidence suggests that 
piRNA could form an initiator complex on chromatin 
that recruits other chromatin-modifying agents [115]. 
Additionally, Carmell and colleagues provide an inter-
esting set of studies that suggests chromatin regula-
tion by piRNAs. Specifically, Carmell and colleagues 
demonstrate that knockout of a murine PIWI results 
in increased transposon expression due to a loss of 
inhibitory DNA methylation at transposon sites [116]. 
Further elucidation of this mechanism by Aravin and 
colleagues revealed that piRNA-mediated silencing of 
transposons by PIWI orthologs plays a significant role 
in maintaining the genome integrity of the mouse tes-
tis [117,118]. Interestingly, some transposable elements 
have been identified as sources of dsRNAs, which feed 
into the endo-siRNA pathway, suggesting a degree of 
redundancy between endo-siRNA and piRNA path-
ways [104]. While still largely unexplored in mam-
malian systems, at least one population of piRNAs 
has been identified in the murine hippocampus via 
next-generation sequencing [119].

With regard to the neuroepigenetic function of 
piRNAs, recent studies suggest an epigenetically-
active population of serotonin-induced piRNAs in 
the CNS of Aplysia. These studies demonstrate (via 
knockout of PIWI) the necessity of PIWI for sero-
tonin induced long-term facilitation [111] – a synaptic 
correlate for memory formation. piRNAs have also 
been demonstrated to silence CREB2 – a suppres-
sor of memory formation- in an activity-dependent 
manner in Aplysia [111], further supporting the idea 
that piRNA signaling is necessary for memory for-
mation. Collectively, these results are suggestive of a 
broader role for piRNAs in epigenetic regulation than 
was previously expected and future studies will likely 
uncover additional piRNAs mediating neuroepigenetic 
regulation.

lncRNA
Discovery & characterization of lncRNAs
Typically, sncRNAs can be separated into distinct 
classes by clearly defined homologies of structure and 
function, while lncRNAs represent a heterogeneous 
and often modular set of transcripts [120–122]. As a 
result, the most common working nomenclature of 
lncRNA structure describes transcripts on the basis 
of their genomic location relative to nearby protein-
coding genes [23,120]. Among these subcategories of 
lncRNAs are antisense, bidirectional, intergenic, 
intronic and overlapping transcripts (Figure 3).

Although the first functional role attributed to 
a lncRNA was described prior to the discovery of 
sncRNAs [123], it is only recently that the abundance 
of lncRNAs in the mammalian transcriptome has 
been fully recognized. Recent studies have identified 
thousands of lncRNA genes in the human transcrip-
tome [19,124]. While these studies have expanded our 
knowledge of the transcriptome, most observations are 
still limited in scope to cultured cells and resting state 
expression profiles within tissues. Given the highly spe-
cific expression profiles of many known lncRNAs and 
their comparatively lower expression levels (ten-fold 
lower than protein coding genes, on average) [125,126], 
it is likely that many functional lncRNA transcripts 
are expressed below the power of detection for such 
studies. Indeed, novel deep-sequencing methodologies 
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demonstrate that the full transcriptome is much larger 
than current sequencing studies have revealed [127–129]. 
A thorough investigation of lncRNA abundance will 
likely require the targeted transcriptional profiling of 
specific tissues, cell types or perturbations. Moreover, 
as many as 80% of mammalian protein coding loci 
express some form of antisense transcript along with 
their respective mRNAs [130–132]. Antisense transcripts 
can often impact the regulation of associated protein 
coding genes [133], though this is not a necessity, nor 
does it preclude additional in trans effects [23].

In addition to shared genomic loci, lncRNAs and 
mRNAs share characteristics that distinguish them 
from other small RNA species. Similar to mRNAs, 
lncRNAs demonstrate properties such as chroma-
tin structure typical of RNA polymerase II (Pol II) 
transcription, alternative splicing sites and regula-
tion by transcription factors [134]. Furthermore, 
many lncRNAs are polyadenylated and capped with 
5′-methylguanisine [124]. There have even been reports 
of lncRNAs associating with ribosomes – although 
ribosome profiling experiments suggest that such asso-
ciations are usually inactive [135,136]. Surprisingly, some 
translation of lncRNAs has been observed, resulting 
in the expression of small proteins products, though 
recent studies suggest that global translation of all 
ncRNAs may occur in a manner resembling pervasive 
gene transcription [137], though the importance of this 
mechanism remains to be defined in any cell system.

lncRNAs impact cellular processes via a number 
of molecular mechanisms. These include regulation 
of transcription [138–140], epigenetic regulation [141], 
scaffolding of protein complexes [142,143], guiding of 
regulatory complexes [143], acting as decoys to regula-
tory complexes [144] or simply being transcribed [145]. 
These mechanisms of action often rely on the abil-
ity of RNAs to bind both proteins and nucleic acids 
in a targeted manner. An RNA molecule’s primary 
structure – that is, the linear sequence of nucleo-
tides – allows RNA transcripts to bind homologous 
DNA regions via canonical or noncanonical base 
pairing. Recently, tools have been developed for the 
computational prediction of lncRNA DNA-binding 
motifs and binding sites [146]. Similar hybridization 
also allows single stranded RNA to fold into complex 
secondary and tertiary structures, and to bind with 
other RNA molecules. It is these structural arrange-
ments, in addition to sequence specificity, that often 
underlie interactions with RNA-binding proteins 
(RBPs) [147,148]. Many currently known mechanisms 
of lncRNA activity rely largely on interaction with 
RBPs and alterations in localization, activity or asso-
ciation with other proteins. RBPs are a function-
ally and structurally diverse class of molecules, and 

recent studies have estimated that 40% of RBPs (out 
of a cohort of 1542 RBPs) are involved in ncRNA-
related processes [149]. Additionally, lncRNAs have 
been observed to bind and regulate other small RNA 
molecules such as miRNAs [150,151], and extensive 
noncoding interactomes have been proposed [152].

In the nucleus, lncRNAs modulate gene expression 
via regulation of transcription and the epigenetic land-
scape (Figure 4) [134,153]. Indeed, lncRNAs can bind 
to a number of CMEs, usually ‘writers’ of epigenetic 
marks [153]. The extent of such a phenomenon was 
established in 2009, when it was shown that some 20% 
of lncRNAs (out of a cohort of 3300) associate with the 
PRC2, a histone methyltransferase that catalyzes the 
addition of repressive H3K27 methylation [154]. Addi-
tionally, binding of lncRNAs to CMEs can prevent or 
restrict CME activity, as was recently demonstrated 
to occur at the CEBPA locus, where an overlapping 
lncRNA (sometimes described as an extracoding RNA 
or ecRNA) preferentially binds the DNA methyltrans-
ferase DNMT1 [144], ultimately leading to decreased 
local DNA methylation. Interestingly, this phenom-
enon is not restricted to the CEBPA locus but occurs at 
multiple methylation sites across the epigenome [144].

lncRNAs in cognitive disorders
The importance of epigenetics is become increas-
ingly recognized in neuronal alterations and cog-
nitive function. A recent GWAS study of common 
cognitive disorders found that epigenetic – specifi-
cally, histone methylation – pathways were strongly 
associated with impaired cognition [9], and a number 
of screening studies suggest that lncRNA dysregula-
tion is associated with neurodevelopmental and cog-
nitive disorders [155], including Rett syndrome [156], 
autism [157] and Fragile X syndrome [55]. While the 
widespread mechanisms of ncRNA-mediated regu-
lation have been established for some time, only 
in very recent years have these mechanisms been 
investigated in a neurological or cognitive context. 
lncRNAs have been found to be co-expressed with 
genes that are critical for neuronal activity, includ-
ing C-fos, Arc and BDNF, suggesting an extensive  
network of protein coding and noncoding genes 
involved in neuronal plasticity [55,158]. Additionally, 
lncRNAs are known to play a role in normal brain 
development [159]. While the majority of lncRNAs 
transcripts have been characterized either in cell cul-
ture or during development, efforts to examine the 
functional roles of neuronal lncRNAs in cognition 
are still continuing. Here, we will recount some of 
the better-characterized examples of lncRNA func-
tioning in the context of the adult brain, and their 
impact on cognition or cognitive disorders.
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Figure 4.  lncRNA-mediated epigenetic regulation. lncRNAs possess a number of mechanisms by which they 
initiate or facilitate epigenetic regulation, and multiple archetypal functions are often utilized within a single 
lncRNA transcript. (A) lncRNAs often recruit chromatin-modifying enzymes in cis, thereby mediating epigenetic 
regulation of nearby genes (dimitrova, zhang, redrup). (B) lncRNAs may also act as guides, targeting associated 
CMEs to target loci in trans, potentially through direct interaction with target regions. (C) lncRNAs may act as 
scaffolding factors, and mediate the assembly of ribonucleoprotein complexes with multiple regulatory functions. 
This may occur either in cis, as occurs with the direct CMEs to target loci in trans.  
CME: Chromatin-modifying enzyme; DNMT: DNA methyltransferase; PTM: Post-translational modifications;  
RNA Pol II: RNA polymerase II; RNP complex: Ribonucleoprotein complex. 
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Malat1
One lncRNA that has been observed to regulate neu-
ronal activity is Malat1 (also known as Neat2). This 
highly conserved nuclear lncRNA is expressed in 
numerous tissues, with a high degree of expression 
in neurons [160]. Knockdown studies of Malat1 have 
resulted in decreased synaptic density in cultured hip-

pocampal neurons [160], and postmortem studies have 
demonstrated that Malat1 is upregulated in multiple 
brain regions in both human alcoholism as well as 
rodent models of alcoholism [56]. Malat1 can regulate 
gene expression in cis, thus controlling the expression of 
proximally located genes which are involved in nuclear 
function [138]. Conversely, Malat1 can associate with 



144 Epigenomics (2016) 8(1) future science group

Review    Butler, Webb & Lubin

hundreds of sites in trans, where it preferentially binds 
the gene body of active genes in a transcription-depen-
dent fashion [161]. Epigenetically, Malat1 has been 
shown to associate in vivo with EZH2, a subunit of the 
PRC2 [162]. Interestingly, and despite many functional 
associations, Malat1 knockout in mice does not affect 
viability or normal development [138,163].

Gomafu
The lncRNA Gomafu has also been shown to play 
multiple roles in the adult brain. Gomafu has been 
observed to govern SZ-related alternative splicing by 
acting as a splicing factor scaffold for QK1 and SRSF1, 
and it is known to be dysregulated in postmortem 
studies of schizophrenia patients [164]. Recently, an 
additional study has suggested that Gomafu functions 
in cis to mediate epigenetic regulation of gene expres-
sion via the PRC1 complex, and that knockdown of 
Gomafu in adult mice results in abnormal behavioral 
phenotypes and increased anxiety [55].

BACE1-AS
Another example of lncRNAs involved in neuronal 
disorders, is the antisense lncRNA, BACE1-AS that 
has been implicated in Alzheimer’s disease (AD). AD 
is a progressive neuro-degenerative disorder which has 
been previously associated with epigenetic dysregu-
lation, particularly in histone acetylation [165,166]. A 
characteristic marker of AD pathology is the accumu-
lation of β amyloid plaques consisting of oligomerized 
amyloid β peptides. These plaques form as a result of 
the processing of amyloid precursor protiens (APP), 
the rate limiting step of which is the cleavage of APP 
by the Beta-secretase enzyme (BACE1) [167]. Dysreg-
ulation of BACE1 contributes to AD pathology via 
the overproduction of Aβ [167]. Recent studies have 
identified an antisense lncRNA at the BACE1 locus 
(BACE1-AS) which physically associates with and sta-
bilizes BACE1 mRNA, increasing BACE1 expression 
both in vitro and in vivo, and ultimately resulting in 
increased generation of Aβ [54]. BACE1 mRNA is tar-
geted by the miR-485–5p, which normally results in 
BACE1 repression; however, BACE1-AS prevents this 
repression by competitively binding the miRNA tar-
get site [168]. Both the BACE1-AS lncRNA and BACE1 
mRNA are overexpressed in the parietal lobe and in 
the cerebellum of postmortem AD patients, suggesting 
a relevant mechanistic link between the BACE1-AS 
lncRNA and the pathophysiology of AD [168]. Interest-
ingly, knockdown of BACE1 or BACE1-AS results in 
reduction of Alzheimer’s pathology in an APP mouse 
model of AD [169].

While the dysregulation of lncRNAs has been 
implicated in cognitive disorders, the task of exploring 

the role of lncRNA-mediated epigenetic regulation in 
normal cognitive function remains incomplete.

Transgenerational impacts of ncRNA-
mediated epigenetic regulation
Since the discovery of epigenetics, there has been much 
curiosity and speculation as to the transgenerational her-
itability of epigenetic marks. In mammals, much of the 
epigenome is erased during the processes of fertilization 
and generation of primary germ cells (reviewed in [170]); 
nonetheless, evidence of a transgenerationally altered 
epigenome has steadily accumulated, including heritable 
cognitive changes and behavioral phenotypes [171–175]. 
A simple explanation for this phenomenon would be 
incomplete erasure of DNA and histone modifications. 
While there is some evidence in support of this hypoth-
esis (reviewed in [176]), other studies have demonstrated 
the existence of an indirect mechanism of chromatin 
regulation via generational transfer of ncRNAs.

Recently developed mammalian epimutation 
models – in which phenotypes are derived from a 
heritable change in gene expression, as opposed to an 
altered genome – have demonstrated the sufficiency of 
parental RNA to alter the epigenome of treated prog-
eny [177]. Additionally, in a rodent stress model, treat-
ment of fertilized mouse oocytes with ncRNAs from 
the sperm of stressed males is sufficient to recapitulate 
heritable stress-related behavioral and metabolic phe-
notypes [173]. These results indicate that alterations 
in the transcriptome are sufficient for the transfer of 
epigenetic information across generations, and play a 
critical role in cognitive function.

The most direct evidence for a neuronal role in 
transgenerational epigenetic phenomenon comes from 
C. elegans, where neuronally expressed RNA species 
are transported to the cells of the germline. These 
RNAs then initiate the transgenerational epigenetic 
silencing of particular genomic loci, thereby impact-
ing gene expression in the germ line and, potentially, 
in any progeny [178]. It is tempting to speculate that 
an analogous mechanism could exist in mammals, by 
which somatic tissues such those of the brain may reg-
ulate the epigenome of cells distant in both space and 
time. Clearly, such a finding would have far-reaching 
consequences for cognitive science.

Conclusion & future perspective
While numerous studies have found associations 
between ncRNAs, cognition and cognitive disor-
ders, few have fully investigated and characterized 
the diverse mechanisms that can be attributed to 
ncRNAs. In this review, we provide insights for 
future direction in the investigation of different 
classes of ncRNAs and discuss regulatory RNAs that 
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have both established roles in cellular and molecu-
lar processes and a defined relationship to the epig-
enome. Thus, we present the provocative research 
idea that ncRNAs might serve to control epigenetic 
mechanisms involved in cognition by illustrating 
the few cases of such phenomena that have been 
described in the literature.

To date, only a few regulatory RNAs have been 
discovered to have both epigenetic and cognitive rel-
evance. However, these few examples underscore the 
extent to which the numerous and heterogeneous 
classes of regulatory RNAs are still unexplored. Ana-
tomically, these species are expressed primarily within 
the cognitive centers of the brain, and indeed, their 
relevance to cognition is well established. However, 
emerging studies are beginning to explore beyond 
the canonical pathways of regulatory RNA function 
established in previous decades. The studies we have 
reviewed here demonstrate the long-term impact of 
regulatory RNAs on the epigenome and thereby cog-
nition. Although the canonical functions of ncRNAs 
involve diverse  mechanisms, new insights suggest 
that several classes of ncRNAs impact the epigenome, 
a common ground where both protein and RNA spe-
cies converge to regulate cellular function. Ground-
breaking studies are beginning to demonstrate that 
epigenetic regulation by ncRNAs is – to a yet poorly 

explored extent – actively influencing neuronal and 
cognitive function. Therefore, it is likely that future 
studies will focus on increasing knowledge of ncRNA-
mediated epigenetic regulation on well-characterized 
cognitive functions, such as memory formation. 
Moreover, we fully expect that further investigations 
into the role of regulatory RNAs will reveal novel 
epigenetic roles for this versatile class of molecules in 
cognitive disorders.
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Executive summary

•	 This review discusses mechanisms of multiple classes of nonoding RNAs (ncRNAs) and how they relate to the 
epigenome.

•	 Schizophrenia, a cognitive disorder with epigenetic dysfunction, is used to describe a possible role for 
canonical miRNA species in the regulation of epigenetic mechanisms.

•	 A description of small interfering RNA mechanism of action is provided, and newly defined mechanisms of 
epigenetic regulation not yet investigated in cognition or cognitive dysfunction.

•	 An introduction to PIWI-interacting RNAs is provided along with studies describing the potential role of PIWI-
interacting RNAs as regulators of the epigenome in neuroplasticity.

•	 We present a description of long noncoding RNAs, a newly defined class of ncRNAs, and describe the roles 
of several long noncoding RNAs in cognition and cognitive disorders. Moreover, we highlight new studies 
indicating that long ncRNAs impact cognition via their role as epigenetic regulators.

•	 Importantly, we highlight recent studies on the transgenerational impact of ncRNAs and the epigenome on 
cognitive function.

•	 The key findings presented throughout this review warrant future studies of ncRNAs, as related to the 
epigenome and cognitive function.
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The introduction, in the middle of the last 
century, of specific drug treatments for 
schizophrenia, bipolar illness and depression 
brought relief to many of those suffering from 
these disorders. Subsequently developed drugs 
have offered some improvements in tolerabil-
ity, through changes in side effect profiles, 
but not more than marginal changes in effi-
cacy. Thus severe mental illness, despite the 
undoubted value of current pharmacotherapy, 
still represents a huge economic and social 
burden, reflecting the limited efficacy of drug 
treatments. Treatment of depression achieves 
response rates of little more than 50%, while 
even lower proportions of people with schizo-
phrenia achieve adequate symptom relief with 
the antipsychotic drugs.

Thus there are profound differences 
between individuals with severe mental ill-
ness in how they respond to drug treatments. 
In addition to the wide variability in symp-
tom response mentioned above, the expe-
rience of adverse drug effects can also vary 
greatly between individuals. These differ-
ences in efficacy and side effects are thought 
to reflect, at least in part, genetic differences 
between patients; thus pharmacogenetics in 
psychiatry has much to offer in the even-
tual identification of risk factors for these 
limitations of drug treatment.

Over the past two decades, research into 
the pharmacogenetics of psychiatric drugs 
has identified several genetic variations that 
reliably associate with some of the effects of 

drug treatment, as well as many more that 
provide intriguing but inadequately repli-
cated indications of gene associations. There 
appears to have been more success in identi-
fying genetic factors relating to side effects 
of drug treatment than in finding associa-
tions with symptom response. This may be 
because the phenotypes related to adverse 
effects, such as weight gain, are often easily 
defined and objectively measurable, while 
disease severity in psychiatry is multifactorial 
with complex and subjective measures.

Nevertheless, some consistent findings 
relating to treatment response of symptoms 
of depression and schizophrenia have been 
found, particularly when one considers neu-
rotransmitter systems rather than individual 
genes or SNPs. For example, variations in 
genes related to serotonin (5-HT) synthesis, 
disposition and its receptors have variously 
been implicated in antidepressant response. 
Many of the various pharmacogenetic find-
ings involve functional SNPs in 5′ regula-
tory regions. Often these polymorphisms 
are within islands of CpG sequences, sites 
for DNA methylation that contribute to the 
epigenetic control of transcription. Thus, it 
seems very plausible that the extent of CpG 
methylation of specific promoter sequences 
that are recognition sites for transcription fac-
tors might correlate, as SNPs can associate, 
with the consequences of drug treatments.

While sequence polymorphisms of DNA 
are enduring genetic factors, the extent of 
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CpG methylation may have multiple influences, both 
environmental (in the broadest interpretation of that 
term) and genetic. It is well established that, in addi-
tion to genetic variability, environmental factors such 
as childhood trauma and maltreatment can contribute 
to an impaired response to antidepressants. Further-
more, such factors can interact with SNPs in their asso-
ciation with response to treatment [1]. This provides a 
potential indication of, and justification for studies in, 
epigenetic mechanisms that may link environmental 
factors to treatment outcome.

Certainly there is increasing evidence that DNA 
methylation may be involved in the influence of early life 
stress on depression and antidepressant drug response. 
As one example, DNA methylation of the serotonin 
transporter SLC6A4, perhaps the best studied of genes 
in psychiatric pharmacogenetics, is greater in subjects 
reporting child abuse, and can influence gene expres-
sion by interacting with a common functional pro-
moter SNP, the HTTLPR [2]. Accumulating evidence 
suggest that this methylation is itself affecting treat-
ment response independent of other influences [3,4]. 
Few other specific genes associated with antidepressant 
response have been investigated for their methylation 
status. Interestingly, DNA methyltransferase inhibi-
tors have been reported to have an antidepressant effect 
in an animal model [5]. It would be valuable to know if 
this effect extended to human depression, and whether 
it might address those poorly responding patients with 
a history of childhood trauma.

Of course, the interactions between drugs and a 
dynamic biological factor such as DNA methylation can 
be in two directions. Not only can DNA methylation 
influence the effects of drug treatment, but also psy-
chiatric drugs might modify DNA methylation either 
globally, or in specific genes, with consequent effects 
on gene expression that may contribute to drug action. 
Certainly DNA methylation in blood cells appears to be 
affected by antipsychotic drug treatment [6]. The major 
site of action of the antipsychotic drugs is the dopamine 
D2 receptor; methylation of almost one half of 40 genes 
related to dopamine neurotransmission is changed fol-
lowing administration of olanzapine to rats, primarily 
by increased methylation [7]. It seems likely, although 
not studied, that this might be a common action of all 
the D2 receptor antagonist antipsychotic drugs.

While the dopamine system is the target for the effect 
of antipsychotic drugs on positive symptoms of schizo-

phrenia, such as hallucinations and delusions, there 
is evidence from both pharmacogenetics and clinical 
pharmacology that the less responsive negative symp-
toms (e.g., withdrawal, lack of self care) may involve 
5-HT neurotransmission [8]. One replicated pharma-
cogenetics study showed that a functional SNP rs6295 
in the 5-HT1A receptor was associated with negative 
symptom response [9]. A DNA methylation study of 
the promoter sequence around this SNP, thought to 
have its effects by affecting transcription factor bind-
ing, has identified how methylation of a single CpG 
site, itself within a transcription factor recognition 
site, has a strong correlation with negative symptom 
response to treatment, paralleling pharmacogenetic 
findings [10].

Quetiapine, an antipsychotic that also has some 
efficacy against depressive and manic symptoms, can 
along with several other mood stabilizers decrease 
methylation in the promoter region of SLC6A4, per-
haps counteracting the SLC6A4 hypermethylation 
seen in mood disorders [11]. Equivalent results have 
been obtained from investigation of BDNF promoter 
methylation in bipolar disease patients undergoing 
treatment, with similar conclusions being drawn [12].

Understanding the action of valproate is providing 
clues as to the importance of DNA methylation in psy-
chiatric pharmacotherapy. Valproate is an important 
drug in the treatment of bipolar disorder as well as epi-
lepsy. Its mechanism of action is not fully understood, 
although it is an inhibitor of histone deacetylases and 
induces DNA demethylation, effects that appear to 
correlate with its ability to relieve symptoms of bipo-
lar illness [13,14]. This results in widespread changes in 
gene expression, some of which have been proposed as 
important in symptom relief, including increases in 
some indicators of GABAergic neuronal activity [13].

Another example of a psychiatric problem that has 
attracted some interest from epigenetic studies is atten-
tion deficit hyperactivity disorder (ADHD). Here too 
there are established environmental risk factors that 
may underlie disturbances in DNA methylation, as 
well as recent evidence for hypermethylation in spe-
cific and biologically plausible genes [15,16]. One study 
has identified how increased promoter methylation in a 
strong candidate gene – SLC6A3, coding for the dopa-
mine transporter which is a site of action of methyl-
phenidate, the main drug treatment for ADHD – was 
correlated with poorer response to treatment [ ding 

et al .,  unpublished ].
A concern that runs through all human epigenetic 

studies of diseases associated with brain dysfunction is 
the relevance of methylation of DNA from peripheral 
sources, primarily cells in blood or saliva. Neverthe-
less there are several studies indicating concordance 

“How much this modulation of methylation 
might contribute to the clinical consequences  

of drug treatments remains unquantified, but it 
certainly provides a potential target for  

therapeutic intervention.”
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of DNA methylation between these peripheral cells 
and brain tissue in neurological and psychiatric dis-
ease [17,18]. Notably a site-specific hypomethylation of 
the gene for the 5-HT2A receptor, a site of action of 
newer antipsychotic and antimanic drugs, was found in 
both brain- and saliva-derived DNA in schizophrenia 
and bipolar disorder [19].

Conclusion & future perspective
Thus accumulating evidence of correlations of clinical 
outcomes of psychiatric drug treatments with DNA 
methylation from peripheral samples may well reflect 
changes in brain DNA. This in turn is likely to result 
in effects on central gene expression. In this way, DNA 
methylation changes can be compared with SNPs, 
although the former is likely to be more subtle while 
the latter is dichotomous in its effects on gene func-
tion. DNA methylation may therefore provide a further 
measure to enter into personalized medicine algorithms.

In this editorial, we have only cited a few examples 
of recent research to illustrate the role of DNA methyl-
ation in psychiatric pharmacotherapy. Although there 
are many more valuable studies, work so far has still 
only scratched the surface of the problem and there 
are many questions to be answered. Laboratory studies 
have shown us that DNA methylation can be highly 
dynamic, and that the extent of methylation in specific 
sites with potentially functional effects can be differen-
tially modified by a variety of factors including psycho-
logical and physiological stress, toxins and psychiatric 
drugs. The mechanisms underlying these various envi-
ronmental influences on DNA methylation remain 
obscure. How much this modulation of methylation 

might contribute to the clinical consequences of drug 
treatments remains unquantified, but it certainly pro-
vides a potential target for therapeutic intervention. 
Such an approach is not straightforward; drugs such 
as valproate that decrease DNA methylation may be 
unselective in the genes they target and can also be 
teratogenic, presumably for the same reason.

Although also true for association studies of pro-
moter region SNPs, the intermediate steps that link 
DNA methylation to drug response and side effects 
have not been considered in much of this research. Few 
studies identifying ‘pharmacoepigenetic’ links have 
looked further into the mechanisms, which are likely 
to include effects on transcription factor binding, to 
assess the role of changes in gene transcription in deter-
mining clinical outcomes. A greater understanding of 
the precise mechanisms whereby changes in DNA 
methylation lead to different pharmacotherapeutic 
outcomes, as well as how they interact with functional 
SNPs, will be invaluable in identifying novel targets 
that better address the substantial unmet needs in the 
treatment of major psychiatric disorders.
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