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New approaches to manipulating the 
epigenome
Jeremy J. Day, PhD

Cellular processes that control transcription of genetic 
information are critical for cellular function, and are 
often implicated in psychiatric and neurological disease 
states. Among the most critical of these processes are 
epigenetic mechanisms, which serve to link the cellu-
lar environment with genomic material. Until recently 
our understanding of epigenetic mechanisms has been 
limited by the lack of tools that can selectively manip-
ulate the epigenome with genetic, cellular, and tem-
poral precision, which in turn diminishes the potential 
impact of epigenetic processes as therapeutic targets. 
This review highlights an emerging suite of tools that 
enable robust yet selective interrogation of the epig-
enome. In addition to allowing site-specific epigenetic 
editing, these tools can be paired with optogenetic ap-
proaches to provide temporal control over epigenetic 
processes, allowing unparalleled insight into the func-
tion of these mechanisms. This improved control prom-
ises to revolutionize our understanding of epigenetic 
modifications in human health and disease states.            
© 2014, AICH – Servier Research Group Dialogues Clin Neurosci. 2014;16:345-357.

Introduction

 A rising from the interface between DNA and 
the nuclear environment, so-called “epi”-genetic mech-
anisms serve to regulate the readout of genetic material 
and thus serve a critical role in a host of cellular func-
tions. As highlighted throughout this issue of Dialogues 
in Clinical Neuroscience, epigenetic processes control a 
wide range of cellular and behavioral phenomena that 
have relevance to psychiatric disorders. In addition to 
having demonstrated importance for basic neuronal 
features such as synaptic potentiation, synaptic scaling, 
and activity-related signaling, epigenetic mechanisms 
are dysregulated in diseases or disorders such as addic-
tion, schizophrenia, Alzheimer’s disease, and depres-
sion. Overall, then, our understanding of epigenetic 
mechanisms in disease states holds immense relevance 
for potential therapeutics. 
 However, the very nature of epigenetic mechanisms 
poses a number of challenges. For example, pharmaco-
logical approaches that target specific neurotransmitter 
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receptor systems are able to utilize the relative exclu-
sivity of a substrate for that receptor, enabling reason-
ably selective interrogation of the function of that sys-
tem. By contrast, the epigenetic state at any given gene 
is established by a multitude of individual epigenetic 
factors, all of which will also be important for epigen-
etic regulation at many other genes. This fact implies 
that current epigenetic tools (including global inhibi-
tors of DNA methyltransferases and histone deacety-
lases), which target specific enzymes that regulate the 
epigenome as a whole, can be of only limited use in 
understanding how epigenetic properties at a specific 
gene can regulate transcription, neuronal function, and 
ultimately behavior. Moreover, even where epigenetic 
patterns at a target gene can be altered (in the presence 
of other off-target effects), we generally lack the ability 
to reverse those changes, or to regulate the temporal 
dynamics of that process. At present, this lack of robust 
tools to modulate the epigenome limit our ability to 
generate detailed mechanistic insights, and ultimately 
serves to delay the next generation of epigenetically 
targeted therapeutics. 
 These limitations demonstrate that in order to capi-
talize on the potential promise of epigenetic therapeu-
tics, we must first understand the basic biology of epi-
genetic machinery. These efforts are progressing in part 
due to a rapidly evolving suite of tools that offer the 
ability to monitor and control the epigenome with ex-
treme precision.1 The intent of this review is to describe 
emerging approaches that enable controlled epigenetic 
editing at specific genes and in specific cell types, and to 
highlight the potential importance of these approaches 
to specific clinical problems. 

Current challenges

The pharmacological toolbox currently available for 
manipulation of the epigenome includes compounds 
that, despite clear substrate efficacy, are ultimately sub-
optimal. DNA methyltransferase (DNMT) and histone 
deacetylase (HDAC) inhibitors, which are the two most 
commonly used tools for probing epigenetic function, 
operate globally at their target enzymes.2 Thus, these 
drugs can generate significant side effects3-5 that are 
usually not related to the specific processes under in-
vestigation. Nevertheless, these approaches are not 
without benefits. For example, several of these drugs 
are small molecule inhibitors6,7 and therefore readily 

diffuse across the blood-brain barrier. In addition, in 
clinical cases that involve broad rearrangement of the 
epigenome at many genes, it is possible that only a glob-
al tool could reverse pathological symptoms. 
 A second group of tools involves the use of tradi-
tional genetic knockout/knock-in, transgenic, viral, and/
or RNA interference (RNAi) technology to manipulate 
specific epigenetic enzymes.8-12 While these approaches 
typically allow improved substrate specificity, manipu-
lation of specific substrate isoforms or subclasses, and 
even limited cellular specificity, they still operate uni-
versally within a given cell, and therefore lack the abil-
ity to modulate the epigenome in specific ways. Based 
on these issues, it is becoming evident that research 
progress, and ultimately therapeutic benefit, may hinge 
on the ability to improve epigenetically targeted ma-
nipulations on several fronts. These critical areas are 
discussed in detail below. 

Genetic specificity

Without question, the major shortcoming of current 
pharmacological and genetic tools is that they lack 
the specificity to direct epigenetic changes at specific 
sequences within DNA, or even at specific genes. It is 
now well understood that behavioral and experience-
dependent epigenetic changes can be traced to specific 
genes and even specific sites within a gene.13-16 The ap-
plication of genome-scale sequencing tools to the field 
of neuroepigenetics has confirmed the gene-specific 
nature of epigenetic changes within the brain,17-19 as 
well as the gene-specific nature of potential epigenetic 
treatments.14 With few exceptions, basic research tools 
that could manipulate the epigenetic landscape at sin-
gle genes would be vastly preferable to globally active 
pharmacological agents. As highlighted below, the abil-
ity to limit epigenetic remodeling to a single gene would 
allow the development of new hypotheses regarding 
epigenetic function, while also drastically reducing un-
desirable side effects. 

Cell type specificity

Behavioral outcomes, including those that require 
clinical treatment, have physiological correlates that 
have been traced to specific cell types in defined neu-
ronal circuitry.20-23 In some cases, behavioral patterns 
can be attributed to incredibly small populations of 
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neurons (eg, interneurons), many of which are embed-
ded in heterogeneous brain regions. In these limited 
neuronal populations, genetic mutations or epigenetic 
rearrangements may manifest to generate pathological 
outcomes. This basic observation implies that the abil-
ity to utilize epigenetic treatments to generate thera-
peutic outcomes will require the capacity to regulate 
the epigenome in specific cell types. However, this ca-
pacity is currently unavailable with current pharma-
cological tools that affect all cells. With genetic tools, 
achieving a cell-type specific manipulation is relatively 
straightforward, in that a cell’s own transcriptional 
properties can be used as a guide for manipulations. 
For example, Cre-dependent viruses can be used in 
tandem with transgenic mouse Cre-driver lines to limit 
epigenetic manipulations to selected cellular popula-
tions.21 However, these tools have only been sparsely 
used in the context of epigenetic manipulation in the 
intact brain. 

Temporal precision

Finally, none of the traditional tools described above 
have the capacity to modulate the epigenome on time-
scales commensurate with normal behavioral and 
neuronal phenomena. Infusion of global inhibitors of 
the epigenome may require several hours to bind and 
inhibit their targets and may remain active long after 
the desired manipulation period, whereas virally ex-
pressed constructs can require several weeks to achieve 
full expression or knockdown of target enzymes. This 
lag in onset and/or offset may enable the development 
of compensatory mechanisms that counteract desired 
effects, thereby diminishing target efficacy. Therefore, 
a technique that could induce temporally precise epi-
genetic alterations would be beneficial both for basic 
understanding of the biochemical nature of these mech-
anisms, as well as the role of epigenetic changes in be-
havior and disease states. 

Precision epigenetic editing

The recent emergence of approaches that allow tailored 
editing of the epigenome with the requirements out-
lined above has been possible in part due to enormous 
advances in genetic engineering. A common feature of 
new epigenetic tools is that they employ unique DNA 
sequences as a molecular homing device for secondary 

effector proteins that are capable of robust epigenetic 
reorganization. At the forefront of these approaches 
are tools built upon the nucleotide sequence recogni-
tion capacities native to three different systems: zinc-
finger nucleases (ZFNs), transcriptional-activator like 
effectors (TALEs), and clustered regularly interspaced 
short palindromic repeats (CRISPR), which interact 
with Cas9 nucleases. Although these simple biochemi-
cal systems evolved for very different purposes, each 
employ an innate ability to recognize and bind specific 
DNA sequences, and each can be readily re-engineered 
to utilize this capacity for interrogation of the epig-
enome (Figure 1). This review will highlight TALE and 
CRISPR-based approaches, given their recent emer-
gence, ease of synthesis, and increased efficiency over 
ZFNs.
 TALE-based strategies utilize a customized ver-
sion of the site-specific binding system originally found 
in the bacteria Xanthamonas. The DNA binding motif 
of TALEs consists of repeating short (33-34aa) pro-
tein sequences, which contain variable diresidues that 
confer binding affinity for a specific nucleotide base 
within DNA. These repetitive sequences can be strung 
together in a designated order to create larger engi-
neered repeat arrays that exhibit selective binding pref-
erence for known DNA sequences, enabling the ability 
to use TALEs to bind specific genes or genetic regions 
(Figure 1). Likewise, CRISPR/Cas approaches were 
also first discovered in bacteria, where they serve as a 
form of adaptive immune defense against viruses and 
plasmids.24,25 However, CRISPR tools use engineered 
“guide” RNA (gRNA), which is a synthetic combina-
tion of two separate small RNAs endogenous to the 
bacterial system.26 These gRNAs have the dual function 
of binding specific regions of DNA (they can be engi-
neered to bind to almost any site in DNA), and serv-
ing as a scaffold to recruit CRISPR associated proteins 
to DNA (such as the nuclease Cas9). Moreover, Cas9 
can be modified such that it has no nuclease activity, 
but retains its gRNA binding capabilities.27 This general 
approach, despite its recent emergence, has received 
much attention due to the relative ease of synthesizing 
RNA molecules (as opposed to engineered proteins), 
as well potentially superior selectivity and targeting ef-
ficiency.28 
 In their simplest form, customized TALE repeat ar-
rays or synthetic CRISPR gRNAs are used to direct 
cleavage of specific sequences of DNA, which is highly 
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useful for deletion of genetic material in genome en-
gineering.29-32 However, almost simultaneously with the 
emergence of these techniques, many groups realized 
that the basic DNA binding capabilities of these tools 
could also be used to target fused effector proteins 
to DNA (Figure 1A). 33-35 Thus, beyond the relatively 
simple ability to cut or nick double-stranded DNA, 
TALE and CRISPR approaches can ferry other cargo 
to DNA, including transcription factors, generic tran-
scriptional activators, and transcriptional repressors 
(Figure 1B).1,27,33,35 These tools therefore enable rela-
tively straightforward yet highly robust interrogation of 
the functional roles of specific genes and gene products. 
However, more germane to the focus of this review, 
these tools can localize enzymes that regulate specific 
epigenetic modifications directly to genes of interest (or 
even promoter, intragenic, or enhancer sites in DNA). 
The potential use of these components in tandem with 
enzymes that modify the epigenome is addressed be-
low, with special focus on the two most well understood 
epigenetic mechanisms: DNA methylation and histone 
modifications. 

Manipulating DNA methylation

DNA methylation processes in neurons have been 
shown to regulate multiple types of memory formation 
and long-term behavioral change, and these behav-
ioral phenomena have been linked to changes in DNA 
methylation profiles at numerous plasticity-related 
genes.9,36-43 Furthermore, alterations in DNA methyla-
tion status at specific genes are frequently implicated in 
psychiatric and neurological disease states.9,44-51 Recent 
landmark studies have revealed that certain processes 
related to DNA methylation are highly enriched within 
adult neurons, suggesting the potential importance of 
this modification for a host of neuronal functions. For 
example, although it was previously believed that DNA 
methylation occurred only at cytosine-guanine dinucle-
otides within DNA, recent genome-wide sequencing 
approaches using enriched neuronal populations have 
uncovered widespread methylation of cytosine nucleo-
tides in other sequence contexts.17 Intriguingly, neuronal 
methylation in these contexts emerges during brain de-
velopment and is correlated with synaptogenesis, while 
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remaining nearly absent in glial cells.17 Furthermore, it 
is now clear that activity- and experience-dependent 
processes within neurons can regulate active demethyl-
ation of DNA,52-54 via hydroxylation of methylcytosine 
by the Tet family of methylcytosine dioxygenases55-58 
and subsequent base excision repair by thymine DNA 
glycosylases.59-61 
 However, despite the dual observations that DNA 
methylation is altered in a gene-specific manner in the 
brain, and that DNA methylation is required for many 
behavioral and neuronal properties, the relationship be-
tween these observations remains unclear due to the in-
ability to selectively control these changes in a systemic 
fashion. Contributing to this confusion is evidence sug-
gesting that neuronal DNA methylation can both pro-
mote and repress gene expression, depending on the 
context and the genes in question.39,62-64 Additionally, 
the precise transcriptional role of DNA hydroxymeth-
ylation also remains an open question, although the 
presence of this modification is correlated with actively 
transcribed genes in the nervous system.64 
 Thus, targeting of DNA methylation enzymes to 
specific DNA sequences with TALE or CRISPR-based 
tools has the potential to revolutionize our understand-
ing of the functional consequences of DNA methyla-
tion and demethylation.65 A general proof-of-concept 
for this approach has already been demonstrated using 
several targeting strategies.66-69 For example, targeting 
of the mammalian DNA methyltransferases Dnmt3a 
directly to the MASPIN or SOX2 genes in breast can-
cer cell lines led to stable increases in DNA methyla-
tion at these genes, which were heritable across cell 
division and associated with robust gene repression.67 
Likewise, demethylation of specific nucleotides in hu-
man cells has been accomplished by fusing the catalytic 
domain of the Tet1 enzyme to a custom TALE array 
targeting several genes individually.68 Finally, targeted 
DNA demethylation has also been accomplished by 
fusing thymine deglycosylase (TDG) to the DNA bind-
ing domain of a transcription factor.70

 As these studies indicate, it is clear that both meth-
ylation and demethylation of specific DNA sequences 
can be accomplished with these engineered approaches. 
Indeed, it would seem possible to modulate almost any 
aspect of DNA methylation status using this general 
template (Figure 2A), with the only limitations being 
the ability to accurately monitor the potential changes 
in question, and the ability to choose the correct location 

to modulate transcriptional activity. However, both of 
these limitations have been diminished by overlapping 
advances in whole-genome sequencing tools that have 
been developed to track DNA methylation status in a 
comprehensive and relatively unbiased fashion.17,71-73 
Future studies should employ these sequencing tools to 
select the most robust and effective strategies for ma-
nipulation of epigenetic material. For example, the pro-
moter regions of active genes tend to be demethylated, 
meaning that tools directing demethylation machinery 
to these sites would be ineffective, whereas direction of 
DNMTs to these endogenous loci would likely repress 
transcription and reduce gene expression. 

Histone modifications

As with DNA methylation, there is ample evidence that 
histone modifications are important regulators of be-
havioral and synaptic plasticity, trans-generational epi-
genetic inheritance, and neurological or psychiatric dis-
ease states.11,14,36,43,74-81 Occurring at specific amino acid 
residues on protruding histone tails, these modifications 
(which include histone acetylation, methylation, and 
phosphorylation and are reviewed in great detail else-
where13,82), have a generally well-understood relation-
ship with transcriptional activity. However, the number 
of combinatorial possibilities at any given histone,83,84 
together with the overall complexity of the chromatin 
environment, has limited our ability to understand the 
functional direction of this relationship. 
 To bridge this gap in knowledge, several recent 
papers have employed TALE-based strategies to tar-
get histone methyltransferases, histone demethylases, 
histone acetyltransferases, and histone deacetylases 
directly to endogenous DNA sequences.1,85 These ef-
forts have been largely successful for a broad range of 
histone-modifying enzymes. For example, Konermann, 
et al1 fused either histone methyltransferases or histone 
deacetylases to a TALE repeat array targeting the Grm2 
and Neurog2 gene promoters in neuronal cultures. In 
general, these manipulations resulted in significant in-
creases in histone methylation and decreases in histone 
acetylation, each of which led to 1.5-3 fold decrease in 
mRNA levels. Likewise, another study fused the histone 
demethylase LSD1 to TALE repeat domains that tar-
geted non-genic “enhancer” sites that transcribe small 
noncoding RNAs that are hypothesized to regulate the 
transcription of nearby genes.85,86 This study found that 
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histone demethylation at these sites resulted in reduced 
enhancer RNA and decreased transcription of nearby 
gene targets, and was thus critical for revealing the ac-
tual function of these sites.85 Both of these studies are in 
line with several others that targeted histone modifying 
enzymes to DNA in less specific ways.69 
 However, an interesting observation noted in the 
first report is that certain histone modifying enzymes 

were effective at silencing one gene, but ineffective at 
silencing another.1 While this outcome may simply re-
flect differences between the TALE target sites selected 
for these genes, it may also highlight the possibility that 
endogenous epigenetic states lead to differing interpre-
tations of these new marks, or even protect against the 
new marks completely. Additionally, it is also possible 
that certain cofactors must also be present in order to 
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produce the desired epigenetic effects. In either case, 
this result was not completely predictable given the 
previous state of knowledge. Together, these studies 
have been among the first to demonstrate a clear func-
tional outcome of altering epigenetic status at a specific 
gene or genetic locus, and have unveiled key features of 
functional genomic and epigenetic elements that were 
previously not understood. 
 These studies provide clear support for the concept 
that artificially induced histone modifications can be 
very useful tools for dissecting epigenetic processes in 
the central nervous system (Figure 2B). A simple ex-
ample of how this may work is the robust decrease in 
hippocampal Brain-derived neurotrophic factor (Bdnf) 
mRNA in mouse models of depression (social defeat 
stress).87,88 This deficit in Bdnf levels is associated with a 
repressive histone modification (dimethylation at lysine 
27 on histone H3) at specific Bdnf isoform promoters, 
which are also an epigenetic target of antidepressants 
that reverse depression-like behavior in this model.88 A 
prediction that becomes testable with sequence-specific 
epigenetic editing is that selective demethylation of this 
histone mark would similarly reverse depression like 
symptoms. Likewise, the direction of histone deacety-
lases to these promoters should enhance depression-
like behaviors, whereas direction of histone acetyltrans-
ferases (such as Creb-binding protein, or CBP) to these 
promoter sites should reverse and possibly even pre-
vent depression-like behaviors. As is evident with this 
simple example, targeted epigenetic editing will enable 
researchers to conduct experiments that determine the 
causal relationship between epigenetic changes and be-
havioral phenomena, without the potential confounds 
that emerge using globally active epigenetic pharma-
ceuticals. 

Optoepigenetics

Given the ability to selectively modulate epigenetic 
states at any gene, it is easy to recognize the potential 
strengths of combining this capability with the temporal 
precision and tunability of optogenetics,89 which would 
enable temporally specific modulation of epigenetic 
states on a timescale that is similar to many behavioral 
and neuronal phenomena. However, unlike tradition-
al optogenetic approaches, which utilize membrane-
bound ion channels or G-protein coupled receptors to 
manipulate the physiology of neurons, the ability to se-

lectively alter the epigenome requires proteins that are 
active in the nuclear environment but remain respon-
sive to light stimulation. 
 A potential solution for this challenge has recently 
been explored using the light-sensitive protein Crypto-
chrome 2 (Cry2) originally found in Arabidopsis, where 
it mediates phototropism.90 Intriguingly, upon pho-
tostimulation with a blue light source, Cry2 alters its 
protein conformation, which recruits a binding partner 
called CIB1. This basic capability has been repurposed 
for use in neurons, where these distinct components 
can be shuttled to the nucleus with the attachment of a 
nuclear localization signal found in other nuclear pro-
teins.1 The utility of this system was first demonstrated 
by fusing CIB1 to a generic transcriptional activator, 
and fusing Cry2 to a TALE that targeted a selected 
DNA locus (see Figure 3A for details). Upon blue light 
stimulation, the induction of Cry2-CIB1 binding local-
ized the transcriptional activator to the gene of interest, 
generating robust (~20-fold) increases in mRNA levels 
within hours. Further, after cessation of light stimula-
tion, gene expression levels returned to baseline by 12 h  
after stimulation, indicating remarkable temporal con-
trol of transcriptional properties. Furthermore, this 
study also generated the first optoepigenetic demon-
stration in neuronal systems by fusing the HDAC com-
plex Sin3a to CIB1, allowing localization of this repres-
sive histone modification to the target gene upon light 
stimulation. Indeed, blue light resulted in substantial 
decreases in histone acetylation at this target gene, as 
well as significant decreases in mRNA levels.1 
 As the components of this approach are not endog-
enous to the mammalian nervous system, TALE-medi-
ated epigenetic and optoepigenetic tools require trans-
fection into neuronal cultures, or viral expression in the 
intact brain. While this poses certain challenges (viral 
packaging constraints, efficiency of viral expression), it 
also presents an opportunity to employ readily avail-
able viral targeting strategies adapted from optogenet-
ics89,91,92 that can enable cell- or even projection-specific 
epigenetic modulation (Figure 3B-D). For example, the 
ventral tegmental area (VTA) and its projection tar-
gets are often implicated in psychiatric diseases,93,94 and 
epigenetic modulation in this brain region is critical for 
reward-related learning.39 However, in addition to the 
well-studied dopaminergic projection originating from 
this region and terminating in the nucleus accumbens 
(NAc), the VTA also contains multiple non-dopami-
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nergic neuronal subtypes and sends projections to func-
tionally diverse brain regions.95 As detailed in Figure 3, a 
combination of viral and transgenic tools could be high-
ly useful for targeting the epigenome of these specific 

neuronal populations. For example, the use of viruses 
that depend on Cre recombinase in tandem with trans-
genic mice that only express Cre recombinase in dopa-
mine neurons would allow cell-type specific targeting of 
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the epigenome with optical fibers localized to the VTA 
(Figure 3C). This powerful approach would enable not 
only the first optically driven epigenetic reorganization 
in this brain region, but would also provide the first de-
tailed studies of cell-type specific epigenetic processes. 
As such, this approach has the potential to fundamen-
tally alter the way in which epigenetics manipulations 
are conducted.

The eccentric biology of the epigenome: 
insights for therapeutics

Given the plethora of excellent reviews focusing on the 
mechanistic details of epigenetic processes,13,57,96-98 this 
review has not addressed the precise biochemical nature 
of these modifications. However, it is worth mentioning 
that several epigenetic mechanisms have biochemical 
properties that make them favorable candidates for 
supporting long-lasting behavioral changes that arise 
from environmental experiences. For example, histones 
are relatively long-lasting proteins, with turnover rates 
often an order of magnitude or more lower than other 
proteins.99,100 Histone variants with different functional 
properties can become incorporated into chromatin 
in an experience-dependent manner, engaging new 
regulatory templates and gene expression patterns.101 
Together, these attributes make histone variants and 
histone modifications attractive candidates for long-
term information storage. Likewise, DNA methylation 
can be self-perpetuating, making it a remarkably stable 
epigenetic modification that can last the lifetime of a 
cell, and even perpetuate during cell division.102 In fact, 
these basic mechanisms that are critical players in es-
tablishing and maintaining cellular phenotype, even in 
classically non-dividing cells such as neurons. It is this 
fundamental capacity that makes therapeutics that can 

selectively target the epigenome such an attractive and 
promising idea. 
 However, even apart from the vast contribution of 
the epigenome to neuronal function, approaches that 
involve epigenetic manipulation have several distinct 
practical advantages over other approaches. The first 
advantage is that in comparison to tools that seek to 
manipulate neuronal function by interfering with RNA 
translation, enzymatic activity, or receptor signaling, the 
unit of operation at the epigenetic scale is comparative-
ly small. For example, within a single neuron, there may 
at any given time be thousands of neurotransmitter re-
ceptors of a particular type, hundreds or thousands of 
mRNA copies that will be translated into that receptor, 
and an indefinite number of signaling molecules that 
are operating to control the function of that receptor. 
However, even in the most complex neurons, there are 
at most two copies of the genetic material that codes for 
that receptor. Therefore, manipulations that alter the 
epigenome at this level are potentially capable of much 
stronger functional regulation than RNAi or receptor-
based approaches. 
 A second advantage is that, unlike other manipula-
tions wherein cessation of treatment is generally accom-
panied by declining therapeutic benefit, epigenetic ma-
nipulations may capitalize on the unique biochemistry 
outlined above, and therefore enable continued target 
manipulation even in a drug-free state. While this trait 
could certainly be a double-edged sword (extending po-
tential benefits as well as side effects), it is nevertheless 
a potentially favorable option. For example, this form of 
“hit-and-run” therapeutic could be useful in situations 
where continued drug dosing can be toxic, or where com-
pliance with scheduled prescriptions in an issue. 
 Finally, new epigenetically targeted approaches 
could be extremely useful in tandem with available 

353

Figure 3.  (Opposite) Optical tools enable temporally precise modulation of epigenetic state. (A) Basic targeting strategy using the blue light sensi-
tive protein cryptochrome 2 (Cry2) and its binding partner CIB1. Dual viral expression of tandem constructs (transcriptional-activator like 
effector [TALE] machinery + Cry2; CIB1 + epigenetic effector protein) enables site-specific localization of Cry2 to DNA. In the presence of 
blue light (delivered here via an optical fiber), Cry2 alters its conformation and binds CIB1, recruiting the epigenetic effector directly to the 
target gene. In the absence of blue light, the epigenetic effector is not targeted to DNA. (B-C) The use of conventional viral tools and trans-
genic animal models enables robust region, cell type, and pathway-specific epigenetic modification. For example, the ventral tegmental 
area (VTA) contains a heterogeneous neuronal population, including dopamine (DA) neurons that project to target structures such as the 
nucleus accumbens (NAc) and prefrontal cortex, as well as glutamatergic (Glu) and γ-aminobutyric acid (GABA)ergic projections (GABA). 
Viruses expressing TALE+Cry2 and CIB1+effector proteins could be infused directly into the ventrotegmental area (VTA), where localized 
blue light delivery would induce gene-specific epigenetic alterations in all coexpressing neurons (B). Application of a virus dependent on 
Cre-recombinase and a transgenic mouse line that expresses Cre only in tyrosine hydroxylase (Th)-containing dopamine neurons could 
further limit epigenetic alterations only to dopamine neurons (C). Finally, packaging of Cre-dependent CIB1-effector constructs into a trans-
synaptic virus could be used to isolate specific projection targets (for example, the NAc), and combination with transgenic Th-Cre mouse 
lines could limit epigenetic alterations specifically to dopamine neurons that project from the VTA to the NAc (D).
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pharmacological and behavioral therapies. These tra-
ditional approaches are acting on top of long-lasting 
epigenetic marks (some of which may have been in-
herited), and so it is possible that this biochemical in-
ertia could profoundly influence the success or failure 
of these approaches. Indeed, the success of a treatment 
might require a favorable epigenetic milieu in a pa-
tient, and drugs that fail to permanently reverse clinical 
symptoms may possess this limitation due to an inabil-
ity to act on stable epigenetic landscapes. Treatments 
that operate directly at the level of the epigenome will 
bypass this challenge. Thus, a third strength of epigen-
etic tools is their potential combination with traditional 
approaches in order to create a favorable condition for 
pharmacological efficacy. 

Conclusions and future directions

At present, the tools described in this review are gener-
ally only compatible with basic research uses in animal 
models or in vitro assays, where they will likely prove 
critical for unraveling the epigenetic mechanisms of 
neuronal plasticity, memory formation, and transgener-
ational epigenetic inheritance. Nevertheless, the ability 
to bidirectionally modulate the readout of genetic ma-
terial will be useful across health-related research fields, 
potentially enabling rapid screening and verification of 

new targets arising from high-throughput screening ap-
proaches. Additionally, the relatively rapid emergence 
of these tools has created excitement for their potential 
application to human conditions.32,103,104 In the future, 
modified versions of these tools may be packaged into 
nanoplatforms for delivery into the brain,105 or targeted 
to specific brain areas with using phage libraries106 or 
antibody-coated nanoparticle approaches.107 
 The further advance of this general class of tools 
could also allow the development of robust new treat-
ment options for psychiatric and neurological disease 
states, especially for clinical cases that are resistant to 
current approaches.108 Epigenetic alterations could be 
targeted to the specific cell types that generate delete-
rious behavioral patterns, and even done so in a tem-
porally specific manner in order to coordinate with 
effective behavioral treatments for anxiety disorders, 
post-traumatic stress disorder, addiction, or depression. 
Such approaches will allow unprecedented control over 
the molecular and circuit mechanisms underlying these 
phenomena, ushering in the new age of epigenetic ther-
apeutics.  o
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Nuevos planteamientos para la manipulación del 
epigenoma

Los procesos celulares que controlan la transcripción de la 
información genética son esenciales para la función celu-
lar y con frecuencia se relacionan con enfermedades psi-
quiátricas y neurológicas. Los mecanismos epigenéticos 
son uno de los procesos más importantes que permiten 
relacionar el ambiente celular con el material genético. 
Hasta hace poco nuestra comprensión de los mecanismos 
epigenéticos ha estado limitada por la falta de herra-
mientas que puedan manipular selectivamente el epige-
noma con precisión genética, celular y temporal, lo que 
a su vez disminuye el potencial impacto de los procesos 
epigenéticos como blancos terapéuticos. Esta revisión 
destaca la aparición de un conjunto de herramientas que 
facilita un examen consistente y selectivo del epigenoma. 
Además de permitir la edición epigenética sitio-específi-
ca, estas herramientas pueden complementarse con me-
canismos optogenéticos para proveer un control tempo-
ral sobre los procesos epigenéticos, lo que favorece una 
mirada novedosa sobre la función de estos mecanismos. 
Este control perfeccionado promete revolucionar nuestra 
comprensión de las modificaciones epigenéticas en la sa-
lud y en la enfermedad en humanos.      

Nouvelles approches de manipulation de 
l’épigénome

Les processus cellulaires contrôlant la transcription de 
l’information génétique sont essentiels à la fonction 
cellulaire et souvent impliqués dans les pathologies 
psychiatriques et neurologiques. Les mécanismes épigé-
nétiques en sont parmi les plus importants, liant l’envi-
ronnement cellulaire au matériel génomique. Jusqu’à 
récemment, le manque d’outils capables de manipuler 
sélectivement l’épigénome avec une précision géné-
tique, cellulaire et temporelle, a limité notre compré-
hension des mécanismes épigénétiques et donc diminué 
l’impact potentiel des processus épigénétiques comme 
cibles thérapeutiques. Cet article met en lumière une 
série d’outils nouveaux qui permettent d’interroger 
l’épigénome de façon à la fois sélective et fiable. Ces 
outils, en plus de permettre des réarrangements épigé-
nétiques spécifiques du site, peuvent être appariés à des 
techniques optogénétiques pour contrôler temporelle-
ment les processus épigénétiques, donnant un aperçu 
incomparable du fonctionnement de ces mécanismes. 
Ce contrôle amélioré va révolutionner notre compré-
hension des modifications épigénétiques chez l’homme 
sain et malade.
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