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Abstract

Studies over the past several decades have identified numerous epigenetic mechanisms associated
with pathological states in psychiatric and neurological disease. Until recently, studies
investigating chromatin-regulatory proteins, using overexpression or knockdown approaches, did
not establish causal roles for epigenetic modifications at specific genes because these techniques
typically affect hundreds or thousands of genomic loci. In this Review, we describe recent efforts
in using locus-specific neuroepigenome editing in vivo to, for the first time, define causal
relationships between a single chromatin modification at a specific gene in a defined cell
population and downstream measures at the molecular, cellular, circuit and behavioural levels. We
briefly introduce three epigenome-editing platforms: zinc-finger proteins, transcriptional activator-
like effectors and clustered regularly interspaced short palindromic repeats (CRISPR). We then
explore the development of in vivo neuroepigenome-editing tools and their applications to resolve
epigenetic contributions to the pathophysiology of brain diseases. We also discuss technical
considerations for in vivo neuroepigenome-editing experiments and ongoing innovations in the
field, including new tools to investigate chromatin marks, manipulate chromatin topology and
induce epigenetic modifications at multiple genes in the same cell. Lastly, we explore the potential
clinical applications of in vivo neuroepigenome editing for treating brain pathology.

Studies of neuroepigenetics seek to define the mechanisms by which various environmental
stimuli and other factors, such as ageing, induce lasting changes in neuronal or glial function
through many types of chromatin modifications, which alter the expression of specific genes
without affecting the base pair sequence of DNA. In the nucleus, DNA wraps around an
octamer of histone proteins to form a nucleosome — the fundamental unit of chromatin.
Chromatin exists along a spectrum from a densely packaged (heterochromatic) and
transcriptionally silent state to a more open (euchromatic) state available for transcriptional
machinery binding and the dynamic activation or suppression of gene expression in response
to external stimuli. The diverse mechanisms that regulate chromatin state are reviewed
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extensively elsewhere, and include post-translational modifications to histones, DNA
methylation and non-coding RNAs1-3.

The ability to precisely delineate the mechanisms by which these neuroepigenetic factors
regulate cellular function in the brain in vivo is limited by the molecular techniques available
to manipulate chromatin modifications. Historically, a histone- or DNA-modifying enzyme
would be overexpressed or knocked down, but these manipulations — even if done inducibly
in the adult brain in a cell type-specific manner — would affect that histone or DNA
modification at hundreds or thousands of genomic loci, making it difficult to understand the
effects of the targeted modification at an individual locus of interest and its downstream
functional effects at the transcriptional, cellular, circuit and behavioural levels.

Genome engineering is a pioneering molecular technique to study a gene’s function by
inducing precise modifications to the base pair sequence of DNA. Well-established gene-
editing platforms include zinc-finger nucleases (ZFNSs), transcriptional activator-like effector
(TALE) nucleases (TALENS) and clustered regularly interspaced short palindromic repeats
(CRISPR). ZFNs and TALENS recognize specific sequences of DNA via direct protein—
DNA interactions to induce site-specific DNA cleavage. In CRISPR systems, Cas9 forms a
complex with a CRISPR RNA (crRNA) and a trans-activating crRNA (tracrRNA) — which
can be fused together to produce a single guide RNA (gRNA) — that undergoes
complementary base pairing with the targeted genomic locus to guide DNA cleavage. These
tools are used extensively in basic research to study the genetic basis of cell function and
disease, including in the brain®. CRISPR-based therapies are also entering the clinic for a
range of disorders®.

More recently, numerous studies have demonstrated that each of these gene-editing
approaches can be adapted to control transcription at a given gene, rather than altering the
base pair sequence of DNAS-8, These tools were modified to remove functional nuclease
domains and are instead fused to strong transcriptional activators or repressors, such as
VP64 (a viral transcriptional activator) or a Kriippel-associated box (KRAB) domain
(present in numerous repressive zinc-finger proteins (ZFPs))°. Guiding the transcriptional
effector domain to the regulatory region of a targeted gene (such as the promoter or
enhancer) provides a method to selectively modify gene expression. These tools continue to
be improved to enable greater specificity, tunable gene expression and simultaneous
targeting of more than one gene.

However, these gene-editing and transcription-regulation approaches provide limited insight
into endogenous epigenetic mechanisms. For instance, VP64 and KRAB represent artificial
means of activating or repressing a given gene of interest, and often produce changes in gene
expression that are far greater in magnitude than those seen under physiological or
pathological conditions in vivo. Similarly, chromatin immunoprecipitation followed by
sequencing and related approaches that correlate the enrichment of a given chromatin
modification with gene expression do not provide causal information. This is particularly
important because dozens of proteins and epigenetic modifications work in concert to drive
expression of a given gene, making it impossible to study the role of a single epigenetic
mark in isolation. Therefore, these approaches fall short in defining causal relationships
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between a specific chromatin modification at a single gene and downstream experimental
measures.

In this Review, we focus on the very recent development and applications of in vivo locus-
specific neuroepigenome-editing tools to study endogenous epigenetic mechanisms in the
brain. These tools make it possible to induce a single type of chromatin-regulatory event
(such as histone acetylation or methylation, DNA methylation or binding of a transcription
factor (TF)) at a single gene of interest in a specific cell population in a single brain region
of awake, behaving animals.

These new approaches offer four main advances for the field. First, they dramatically
increase the quality of proof that causally links an epigenetic mechanism to a functional end
point, overcoming the limitations of traditional overexpression or knockout approaches
stated above. Second, locus-specific neuroepigenome editing mimics endogenous
mechanisms of epigenetic regulation at a given locus, enabling the study of causal roles of
such naturally occurring mechanisms. Third, conventional overexpression, knockout and
CRISPR-based gene regulation strategies in the brain often induce high-magnitude changes
in gene expression that exceed physiologically relevant degrees of gene regulation10-13, By
contrast, because locus-specific neuroepigenome-editing tools capture normal mechanisms
of regulation, they have the potential to produce smaller changes in a gene’s expression
levels in the brain, better reflecting what happens under physiological or pathological
conditions1014.15 To date, few studies offer direct comparisons between conventional
approaches and neuroepigenome editing. Fourth, these tools enable the manipulation of
suites of genes in a single cell type and thereby advance beyond the still predominant
approach of studying the actions of individual genes, one at a time.

Zinc-finger proteins

Synthetic ZFPs were first introduced more than 30 years ago as a novel gene-editing tool16.
ZFPs are composed of a series of zinc ion-regulated Cys,-His, domains and bind to specific
18-bp sequences of DNA816, However, engineering the ZFP domains to target specific DNA
sequences is time-consuming and technically challenging. This process includes
bioinformatic analysis to predict binding interactions between ZFPs and the target DNA,
followed by expensive and labour-intensive empirical validation.

Among the most commonly used ZFPs are ZFNs. For example, a ZFP is fused to the DNA-
cleavage domain of Fokl endonucleases and, on binding to its target DNA sequence, disrupts
(that is, knocks out) the encoding genel’. In addition, ZFPs can be fused with a histone
modifier, such as a histone methyltransferase (HMT) or histone acetyltransferase (HAT), or
with a TF, which then induces epigenetic changes at the targeted gene!8-20 (FIG. 1).

In combination with viral vectors, ZFP—HAT complexes, ZFP-HMT complexes, and ZFP-
TF complexes can be delivered into a discrete brain region to study neuroepigenetic
mechanisms in vivo. In one study, a ZFP was fused to p65, an activation domain in the TF
nuclear factor-xB (NF-xB) to assess the neuroprotective effects of the activation of the gene
encoding glial cell line-derived neurotrophic factor (GDNF) in the 6-hydroxydopamine rat
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model of Parkinson disease?!. Virus-mediated delivery of ZFP—p65 into the striatum of adult
rats produced an approximately 60% increase in striatal GDNF levels and attenuated
neurodegeneration of dopaminergic nerve terminals in the injection region. In another study,
ZFPs were fused either to VP64 or to an HMT called ‘SUVDEL76’ and were directed to the
promoter of the D/g4 gene (which encodes postsynaptic density protein 95 (PSD95)) in the
rat hippocampus with use of a herpes simplex virus (HSV) vector. The researchers
demonstrated that bidirectional regulation of D/g4 expression with these tools altered the
maturation of hippocampal synapses and spines in vivo22. Moreover, increasing D/g4
expression in APP/PS1 mice (a model of Alzheimer disease in which the genes encoding
amyloid precursor protein and presenilin 1 are mutated), using adeno-associated virus
(AAV) encoding ZFP-\V/P64, rescued memory deficits in these mice?2.

This technique was applied to elucidate how drug- or stress-induced activation of Fosb
(which encodes a FOS-family TF) in the nucleus accumbens (NAc), a portion of the ventral
striatum that has a key role in reward and motivation, is controlled by histone post-
translational modifications?3. Previously, induction of Fosbin the NAc was shown to
increase the reinforcing effects of drugs of abuse and, depending on the cell type involved, to
promote either susceptibility or resilience to chronic social stress?4-26, Regulation of Fosbin
the NAc is associated with changes in histone acetylation and histone H3 lysine 9 (H3K9)
methylation?7:28 at this gene, but previous studies of the role of these histone modifications
in regulating Fosb expression were limited to conventional overexpression or knockout
approaches?8:29, To obtain more direct evidence of the role played by these chromatin
mechanisms in controlling Fosb expression and its downstream functional consequences,
ZFPs targeting Fosb were fused either to the p65 domain of NF-xB, which promotes
acetylation at nearby histones by recruiting a HAT, or to G9a, a repressive HMT that
catalyses histone H3K9 dimethylation. Selective expression of ZFP—p65 in NAc neurons
using HSVs induced histone acetylation, but not other histone modifications, at the Fosb
locus, and this epigenetic modification increases Fosb expression?3. Conversely, ZFP-G9a
induced H3K9 dimethylation selectively at the Fosb locus and repressed Fosb expression in
the NAc. These manipulations bidirectionally controlled cocaine- or stress-induced
behavioural outcomes, thus linking an individual histone modification at a single locus to
downstream transcriptional and behavioural outcomes?3:30, A later study showed that
suppressing Fosb expression in the NAc using ZFP—G9a also attenuates aggression30,

An important insight from these experiments is that they provide direct evidence that histone
acetylation or methylation is sufficient to control the expression of a gene and is not simply
a downstream consequence of transcriptional regulation mediated by TFs. ZFP-G9a-
mediated deposition of dimethylated H3K9 at Fosb suppressed cocaine-evoked induction of
Fosb in the NAc by preventing the phosphorylation of cAMP response element-binding
protein (CREB), which was already bound to the Fosb promoter23,

A follow-up study demonstrated the ability to induce such histone changes in a cell type-
specific manner in the NAc using Cre-dependent viral vectors in transgenic mice expressing
Cre recombinase under the control of the genes encoding dopamine D1 receptor (D1R;
Drd1) or D2R (Drd2). Here, inducing Fosb expression in D1R-expressing medium spiny
neurons (MSNs) using ZFP—p65 promoted stress resilience, whereas Fosb suppression in
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D1R-expressing MSNs using ZFP-G9a increased stress susceptibility. In D2R-expressing
MSNSs, the opposite phenotypes were observed3. This study establishes the principle of
targeting neuroepigenome editing in vivo to a given neuronal cell type in a mouse model of
neuropsychiatric disease.

The general applicability of this approach was demonstrated by the use of different ZFP—p65
and ZFP-G9a constructs to bidirectionally control the expression of another gene, Cak5
(which encodes cyclin-dependent kinase 5), in the NAc and its downstream control of drug-
and stress-induced behavioural outcomes32. CDKS5 is a member of the serine/threonine
cyclin-dependent kinase (CDK) family and is involved in cocaine- and stress-related
behaviour as well as fear-memory formation, regulating both the expression and the
magnitude of fear-related memory and depressive-like phenotypes through its actions in the
forebrain33, hippocampus3# and striatum3. HSV-mediated delivery of ZFP—p65 targeting
Cdk5in the NAc increased cocaine-induced locomotor behaviour and resilience to social
stress in male mice32. In a later study, ZFP—p65 was applied to target Cak5in the female
mouse hippocampus and was shown to attenuate fear-memory retrieval38.

These ZFP studies highlight two main challenges. First, synthesizing a ZFP that targets a
single gene of interest in vivo is extremely labour-intensive and time-consuming. This is due
to the lack of a convenient bioinformatics method to design functional ZFPs, the technical
expertise required to perform protein engineering and the observation that the effectiveness
of a ZFP in cultured Neuro2A cells (a line of mouse neuro-blastoma cells) is not predictive
of its in vivo activity in the brain1431, Primary neuronal cultures may improve the predictive
validity of ZFP screens in vitro, but this has not yet been tested. The ZFP approach therefore
requires extensive in vivo screening of numerous constructs. For these reasons, ZFPs are no
longer the preferred neuroepigenome-editing tool. Another challenge, pertinent to ZFPs and
all other neuroepigenome-editing tools, relates to the technical difficulty in confirming their
locus-specificity in vivo (BOX 1).

Transcriptional activator-like effectors

TALEs are DNA-binding proteins derived from pathogenic bacteria (Xanthomonas) that
regulate the transcription of specific target genes. The central TALE domains comprise a
series of highly conserved tandem repeats that are approximately 34 amino acids long3’.
These repeat sequences differ from each other mainly at amino acid positions 12 and 13,
referred to as the ‘repeat variable diresidues’, which dictate the sequence specificity of the
TALE. These repeat variable diresidues can be engineered to target specific genomic loci,
providing an additional method to achieve locus-specific regulation of gene expression (FIG.
1).

Compared with ZFPs, TALEs are more easily engineered and highly selective and can target
multiple genes in parallel®8. Still, TALEs have a much more limited track record in DNA-
targeting applications, and few in vivo studies have used TALEs as neuroepigenome-editing
tools8:39. In one, light-inducible transcriptional effectors (LITES) were developed to
optogenetically regulate the expression of metabotropic glutamate receptor 2 (mGIuR?2) in
the brain. In the LITE system, light-sensitive cryptochrome 2 (CRY2) from Arabidopsis
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thaliana is tethered to the carboxy terminus of the TALE, and calcium and integrin-binding
protein 1 (CIB1), the interacting partner of CRY2, is tethered to VP64. Stimulation with blue
light (with a wavelength of approximately 466 nm) induces a conformational change in
CRY?2 and facilitates heterodimerization of CRY2 and CIB1. This study demonstrated that
Virus-mediated delivery of LITEs into the infralimbic cortex achieves light-inducible
mGIuR2 activation.

Despite the numerous advantages of TALEs over ZFPs, TALEs are scarcely used for gene
editing or for regulating gene expression owing to recent advances in CRISPR-based
techniques.

CRISPR gene editing.

CRISPR is an important component of the adaptive immune system in bacteria and
archaea®®. CRISPR loci comprise a set of CRISPR-associated (Cas) genes and the CRISPR
array, which contains a series of unique spacers separated by repeat sequences. There are
three main CRISPR systems (types I-I11), which differ in their composition of Cas genes
and mechanisms of adaptive immunity#L. In the type Il CRISPR system, Cas endonucleases
recognize short fragments of bacteriophage DNA (protospacers) downstream of the
protospacer-adjacent motif (PAM) and integrate the foreign sequence into the CRISPR array
as spacers. A tracrRNA initiates RNA processing of the CRISPR array to release the spacer
sequences as DNA-targeting crRNAs. The tracrRNA and crRNA form a complex with the
Cas9 endonuclease, producing an RNA-guided endonuclease complex that cleaves the
foreign nucleic acid sequence.

Early studies showing that CRISPR is a highly specific, RNA-guided, DNA-cleaving
complex led to the hypothesis that it could be repurposed as a genome-editing tool. In 2013,
two studies published in parallel provided the first evidence of genome engineering in
mammalian cells using the type Il CRISPR system#243, Soon afterwards, gene-editing
technology was paired with plasmid-delivery methods to study the functional consequences
of altering the base pair sequence of DNA in vivo, including in the brain#4.

Now, the applications of CRISPR go far beyond inducing double-strand breaks in DNA. The
CRISPR toolbox rapidly expanded to include single-strand nicking, single base pair
modification, fluorescent tagging of genomic loci, regulation of gene expression and light-
inducible genetic manipulations. Here we focus on the recent development of CRISPR-
based tools to regulate gene expression and their applications in neuroscience research (FIG.
1).

Regulating gene expression.

Following the emergence of CRISPR-based gene editing, work from numerous laboratories
demonstrated the ability to either induce or repress the expression of a given gene by fusing
nuclease-dead Cas9 (dCas9) with VP64 or with a KRAB protein®. In the literature, these
techniques are referred to as CRiSPR activation (CRISPRa) and CRiSPR interference
(CRISPRI), respectively.

Nat Rev Neurosci. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yim et al.

Page 7

The versatility of the CRISPRa/CRISPRI platform has expanded dramatically over the last
several years (FIG. 2). For example, by combining multiple gRNAs into a single vector
(multiplexing), several studies demonstrated that CRISPRa/CRISPRI can be used to regulate
the expression of multiple genes simultaneously®4°. This can be achieved by expressing
dCas9-VP64 or dCas9-KRAB with multiple different gRNAs. By contrast, multiplexing
with ZFPs or TALEs is far more challenging, and would require extensive optimization of
single-locus specificity for each gene as well as the expression of numerous ZFPs and
TALEs simultaneously.

The CRISPRa/CRISPRI system can also be adapted to fine-tune the level of gene induction
or repression by recruiting more than one transcription effector to a single promoter. In one
study, researchers increased effector recruitment to the target gene in vitro by directing
multiple gRNAs towards different locations along the same promoter#®, leading to
synergistic activation of gene transcription. In another study, researchers amplified effector
recruitment in vitro using a novel CRISPR system called ‘synergistic activation mediator’
(SAM)?#®_ In this method, dCas9-\V/P64 is combined with a modified gRNA that recruits the
RNA-binding protein MS2 tethered to p65 and heat shock protein 1 (HSP1), another
activation domain. Together, these potent activation domains induce gene expression far
beyond that achieved with the traditional dCas9-VP64 fusion. This study showed further
that SAM is compatible with gRNA multiplexing and that targeting multiple genes induces a
similar magnitude of gene induction as does targeting a single gene.

In addition, SunTag augments effector recruitment by using single-chain variable fragment
(scFv)-fused effectors that selectively bind to a protein scaffold tethered to dCas9 (REF.47).
The SunTag method may recruit up to 24 effectors to a single gene and achieves far greater
gene induction than does dCas9-VP64. Elements from the SAM and SunTag techniques
have been combined to produce the most potent transcriptional activator to date, termed
‘SunTag—p65-HSF1’ (SPH), in which a p65—-HSF1 fusion is recruited to the protein
scaffold!2. This approach may also reactivate highly heterochromatic regions of DNA,
thereby offering a tool to study the consequences of activating genes that are normally
quiescent. Together, these techniques allow researchers to set the dial for the magnitude of
gene induction. In future studies, the various techniques to amplify effector recruitment
could be paired with transcription repressors to achieve more robust knockdowns.

CRISPRa/CRISPRI techniques have been applied to study gene function in the brains of
awake, behaving rodents. In one study, researchers used CRISPRa/CRISPRI to
bidirectionally regulate expression of the Nr4aZ gene (which encodes the TF nuclear
receptor 77) and study the downstream effects on behavioural responses to cocaine?®.
CRISPR-mediated activation of Ar4al in the NAc reduced an animal’s sensitivity to the
rewarding properties of cocaine as well as drug-seeking behaviour. Small molecule-mediated
activation of Nr4al recapitulated this effect on cocaine reward, suggesting that Air4aZ may
be a promising therapeutic target for cocaine-use disorder. Another study packaged dCas9-
KRAB into a lentivirus and demonstrated a robust and highly specific knockdown of
synaptotagmin 1 (SYT1), a protein involved in evoked neurotransmitter release, in
glutamatergic and GABAergic neurons of the hippocampal dentate gyrus*®. Knockdown of
SYTL1 in this brain region altered the physiological properties of the neurons and
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performance in learning- and memory-associated tasks. The study demonstrated further that
pairing dCas9-KRAB with multiplexed gRNAs enabled simultaneous downregulation of
several genes in vivo. Similarly, the simultaneous induction of more than one gene in vivo
was achieved with SPH and dCas9 fused to the activation domains VP64, p65 and RTA, a
replication and transcription activator protein encoded by Orf50 (dCas9-VPR)1213, n
summary, CRISPRa/CRISPRI is a highly specific and tunable method to study the effects of
gene induction or repression within specific cell populations in the brain.

CRISPR-based epigenome editing.

CRISPR emerged as a leading platform for epigenome editing with the advent of novel
fusion proteins composed of dCas9 tethered to various chromatin-modifying proteins (FIG.
3). With these tools, it is possible to mimic endogenous epigenetic mechanisms by recruiting
an epigenetic effector to a single genomic locus. The ease of swapping epigenetic effector
proteins tethered to dCas9 led to the rapid development of a growing library of CRISPR-
based epigenome-editing tools. To date, the epigenetic effectors tethered to dCas9 include
HATSs, histone deacetylases (HDACSs), HMTs, histone demethylases, DNA
methyltransferases (DNMTSs), ten—eleven translocation methylcytosine dioxygenase 1
(TET1), DNA glycosylase protein ROS1 (REFS®0:51) and TFs10.52-60,

As mentioned above, epigenome-editing tools offer several key advantages over CRISPRa/
CRISPRI and conventional gene-regulation approaches. Epigenome editing recapitulates
endogenous mechanisms regulating gene expression and causally links a specific epigenetic
manipulation with a functional output. Further, overexpression and knockdown techniques,
as well as the highly potent synthetic effector domains discussed already, induce high-
magnitude changes in gene expression in the brain, which fail to recapitulate the subtler
changes in gene expression that occur under most normal and pathophysiological
conditions1%-13, The current literature on in vivo neuroepigenome editing consistently shows
that this approach induces more physiologically relevant degrees of gene
regulation10.14.1561 For example, HSV-mediated overexpression of ZFP189 (encoded by
Zfp189) in the mouse prefrontal cortex (PFC) induces Zfp189 mRNA expression 20-fold10.
By contrast, inducing or suppressing endogenous Zfp189 expression using neuroepigenome
editing more closely recapitulates the smaller (less than 50%) changes in gene expression
that are observed in the PFC of depressed humans or chronically stressed mice.

There remains, however, a lack of literature on direct side-by-side comparisons among
conventional knockout and overexpression, synthetic transcriptional effectors and
endogenous epigenome editing. Such comparisons will be required to understand the relative
changes in gene expression achieved with each of these methods and are important because
the degree of a gene’s regulation can affect functional outcome measures. For example,
knocking down CDKS5 expression using a genetic knockout approach or using epigenomic
suppression in the same brain region has opposite effects on cocaine-induced behavioural
plasticity32:62,
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CRISPR-based in vivo locus-specific neuroepigenome editing.

A growing number of studies are testing a wide range of CRISPR-based epigenome-editing
tools in rodent models (TABLE 1). One study used a CRISPR-based method for in vivo
neuroepigenome editing by developing a method to precisely manipulate the methylation
status of DNA in the brain using dCas9 fused to either DNMT3A or TET1 (REF.53) (FIG.
3a). Recruitment of dCas9-TETL1 to the Snrpn promoter (which drives expression of small
nuclear ribonucleoprotein-associated polypeptide N) in the mouse forebrain reduced DNA
methylation at this locus and increased gene expression, whereas recruitment of dCas9—
DNMTS3A had the opposite effects. Whereas previous work studying the effect of DNA
methylation on gene expression was limited to correlational relationships, these studies
causally link DNA methylation in the brain with the bidirectional control of gene expression.
These tools will be essential for delineating the role of aberrant DNA methylation patterns
observed across many neurological and psychiatric diseases3-65,

Similar in vivo neuroepigenome-editing tools were used to study the consequences of
increased DNA methylation at the methylated CpG-binding protein 2 gene (Mecp?2)
promoter, which is observed in the brains of some individuals with autism spectrum disorder
(ASD)15. Virus-mediated delivery of dCas9-DNMT3A into the hippocampus of mice
suppressed MeCP2 expression and induced ASD-like behavioural phenotypes. These data
suggest that DNA methylation at the Mecp2 promoter causally contributes to ASD
pathology, with reversal of DNA methylation at this gene possibly improving treatment
outcomes in individuals with ASD. In addition, this work demonstrates that
neuroepigenome-editing tools are well suited to study epigenetic mechanisms that drive
pathology in neuro-developmental disorders and identify opportunities for therapeutic
intervention.

Work from our laboratory applied another in vivo neuroepigenome-editing approach to study
genes in the PFC that causally contribute to stress resilience®. Transcriptomic network
analysis of RNA-sequencing data collected from the PFC after chronic social defeat stress
identified Z7p189as a key driver of genes associated with a resilient phenotype, downstream
of CREB signalling. To study the role of Z7p189in stress resilience, we generated novel
fusion constructs composed of dCas9 tethered to the phosphomimetic (activated) form of
CREB (dCas9-CREBS133D) or to G9a (FIG. 3b,d) Previous studies investigating CREB
function using overexpression or knockdown techniques were limited, because these
approaches induce transcriptional changes at hundreds of CREB target genes86. By injecting
an HSV expressing dCas9—CREBS133D into the PFC, we selectively recruited CREB to the
ZIp189 gene and causally linked this manipulation to behavioural outputs. CREB-mediated
activation of Zfp189in PFC neurons induced a more resilient behavioural phenotype after
chronic social defeat stress, whereas knockdown of Zfp189 with dCas9-G9a had the
opposite effect. Delivery of dCas9 fused to a mutant form of CREB that prevents its
activation, CREBS133A had no effect on Zfp189 expression or stress responses. Importantly,
dCas9—CREBS133D also selectively induced genes in the Zfv289 module as compared with
those in all other gene modules. The behavioural and transcriptional effects of CRISPR-
mediated Zfp189induction were lower in magnitude compared with those induced by
conventional, Virus-mediated overexpression of Zfp189.
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We further demonstrated that delivery of dCas9—CREBS133D, hut not dCas9-CREBS133A,
into the NAc similarly induced expression of Fosb, another CREB target gene®’. This work
provides evidence that CRISPR-based neuroepigenome editing provides a powerful set of
tools to study endogenous TFs in the brain and will be crucial for elucidating the role of
individual target genes controlled by TF function.

Another recent study used CRISPR tools to establish a causal role for histone acetylation in
regulating the physiological properties of hippocampal neurons via immediate early gene
induction®®. Neuronal depolarization induces histone H3 lysine 27 acetylation at several
enhancers in close proximity to Fos, an immediate early gene commonly used as a proxy for
measuring neuronal activity. Recruitment of dCas9 tethered to p300 (a HAT) to a Fos
enhancer increased Fos expression, whereas recruitment of dCas9 tethered to HDACS had
the opposite effect (FIG. 3c¢). LentiVirus-mediated delivery of dCas9—HDACS into the
dentate gyrus markedly reduced Fos expression, thereby establishing the use of in vivo
neuroepigenome editing of histone acetylation with CRISPR tools.

Lastly, another study investigated the function of the chromosome 11 open reading frame 46
gene (C1l1orf46), which encodes a chromatin-regulatory protein, in neuronal arborization in
the somatosensory cortex using CRISPR-based neuroepigenome editing4. Mutations in
Cl1orf46 are associated with intellectual disability and reduced corpus callosum volume®8,
Knockdown of CI1orf46 substantially increases the expression of the semaphorin 6A gene
(Semaba), a putative C11orf46target gene associated with axonal development. To establish
a causal role for the interaction between C11orf46 and Sema6a, the researchers used the
dCas9-SunTag platform to recruit multiple copies of C11orf46 to the Sema6a promoter.
C1l1orf46 recruitment reduced Semaéa expression and rescued the marked reduction in
neuronal arborization in the somatosensory cortex seen after C17orf46 knockdown.

As with all epigenome-editing approaches, the field needs to pay more attention to ensuring
the functionality and selective targeting of epigenome-editing tools. This includes validation
of selective dCas9 binding, quantitative measurements of epigenetic modifications at a target
gene and genome-wide measures of gene expression. This poses a major technical challenge
for the field (BOX 1).

Innovations in neuroepigenome editing

To date, neuroepigenome-editing tools applied to the brain include histone- and DNA-
modifying enzymes and TFs. This list represents a small fraction of known epigenetic
mechanisms that govern gene expression in the nervous system. The field thus needs to
dramatically expand the suite of neuroepigenome-editing tools to capture the diversity of
endogenous epigenetic-regulatory events. These tools will be crucial to reveal causal
relationships between epigenetic modifications at individual genomic loci and their
downstream effects at the molecular, cellular, circuit and behavioural levels.

Ongoing innovations in neuroepigenome editing go beyond increasing the types of
epigenetic manipulations that can be applied in the brain. For example, gRNA multiplexing
can be used to model more complex transcriptional programmes by inducing epigenetic
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modifications at several loci simultaneously (FIG. 4a). Multiplexing gRNAs has already
been accomplished using CRISPRa/CRISPRI approaches but have not yet been implemented
using epigenome-editing tools that target endogenous regulatory mechanisms121349 Sych
multiplexing approaches are crucial for studying multiple gene targets of a given TF. For
example, it would be required to determine the functional effect achieved when CREB is
targeted to both Zfp189and Fosb (which are both induced by cocaine in the same population
of NAc MSNs) as opposed to when CREB activates either gene alone. Multiplexing is also
instrumental for characterizing the function of gene networks — for example, targeting
multiple driver genes in a single module, or key drivers in different modules — in
neuropsychiatric disease models.

Another innovation uses a novel CRISPR-dCas9 platform that recruits RNA-binding
proteins — tethered to transcription effectors — to distinct scaffolds on gRNAs that are
directed towards separate genes®?. This method makes it possible to simultaneously control
multiple genes but with different chromatin modifications (FIG. 4b) — for example,
inducing histone acetylation at one gene and removing histone acetylation at another in the
same cell population. This approach has been validated in cell culture experiments and is
poised to be applied to the brain.

Besides targeting multiple genes, epigenome-editing tools can be expressed exclusively in a
specific cell type in a single brain region. This is a major frontier in the field given recent
single-cell sequencing experiments that increasingly highlight the numerous neuron and glia
subtypes involved in nervous system function and pathophysiology®. As noted earlier,
specific cell populations can be targeted by coupling Cre-dependent viral constructs with
Cre driver transgenic animals, such that the CRISPR—dCas9 components are expressed
exclusively in Cre-expressing cells. Work from our laboratory used Cre-dependent vectors to
target D1R versus D2R subpopulations of NAc MSNs in mice3. Similarly, Cre-inducible
CRISPRa and Cre-inducible gRNA mouse lines have been developed for various other cell
types, including dopaminergic neurons and astrocytes, allowing cell type-specific expression
of CRISPR tools”72. Alternatively, cell-type specificity could potentially be achieved by
use of promoters that target transgene expression to a specific cell population of interest,
such as the human synapsin 1 gene (SYN) promoter to target neurons!2:73.74 or the glial
fibrillary acidic protein (Gfap) promoter to target astrocytes’®. Despite these examples, the
track record of using promoters to target specific subtypes of neurons has been problematic
to date, perhaps because promoters are often active across numerous cell types in the
nervous system. Recent work suggests that using enhancers might offer superior cell-type
specificity, and their small size is compatible with virus-mediated transgene delivery,
although only a few cell type-specific enhancers have been identified and empirically
validated to date’®. Expanding the capability of cell type-specific transgene expression will
be crucial to interrogate the role of individual cell types in normal brain function and
disease.

Another active area of research in the epigenome-editing field seeks to regulate gene
expression by precisely manipulating the 3D chromatin conformation in the nucleus. The
arrangement of chromatin alters gene expression through various mechanisms, including the
proximity of distant enhancers to the regulatory regions of a gene, localization in specific
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nuclear subcompartments and the density of chromatin packaging. One group developed the
chromatin loop reorganization using CRISPR-dCas9 (CLOuD9) method to force chromatin
looping between two specified genomic loci in cultured cells’” (FIG. 4c). In this method,
gRNAs are directed towards two genes of interest, and application of abscisic acid induces
heterodimerization of the domains tethered to dCas9. A similar study, using the same
principles of chemically induced ligation, introduced a method called ‘CRISPR genome
organization’ (CRISPR-GO) to localize a single gene to a nuclear subcompartment of
interest, such as the nuclear envelope or Cajal bodies, again in cultured cells’8 (FIG. 4d).
CLOuD9 and CRISPR-GO are powerful tools to interrogate the causal relationships between
3D chromatin topology and gene expression. These systems both depend on the presence of
abscisic acid, a plant-derived chemical that facilitates dimerization, making it more difficult
to apply in the brain, however. Presumably, abscisic acid could be introduced to the brain via
cannulation, but the technical difficulty and potential for toxicity and off-target effects pose
considerable challenges.

Last, recent work introduced methods to overcome the temporal constraints of in vivo
neuroepigenome-editing experiments. Light- or chemical-inducible epigenome-editing
systems offer improved spatiotemporal control of genetic manipulations (FIG. 4e). These
techniques are technically challenging to conduct in the brain but may be useful for
experiments that require high temporal resolution (for a detailed discussion, see REF.9). In
addition, viral delivery approaches dictate the window of transgene expression but are
limited in their packaging capacity89. HSVs are ideal for packaging dCas9, owing to their
large carrying capacity, but HSVs can be neurotoxic unless carefully purified and their in
vivo expression window is less than 7 days, making it difficult to study the long-term
consequences of epigenetic perturbations8l. Lentiviruses offer sufficient packaging capacity
and long-term expression in vivo, but their poor safety profile and relatively low infection
rates hinder experimental insight and the potential for clinical translation82. AAVs exhibit
stable in vivo expression and low toxicity, making them a suitable delivery platform with
translational potential. Nevertheless, the small packaging capacity of AAVs makes it
impossible to package the traditional CRISPR—dCas9 components into a single vector2.
Recent studies have demonstrated that smaller dCas9 orthologues, such as dCas9 from
Staphylococcus aureus (dSaCas9), tethered to a transcriptional effector can be packaged into
AAVs8384 The size of the effector moiety and other transgene components may still be a
limiting factor for AAV packaging, however.

Clinical potential

Studies of the molecular mechanisms of neurological and psychiatric disease, using post-
mortem tissue and animal models, show widespread changes in the transcriptome across
many brain regions. Equipped with new tools to casually link endogenous epigenetic
mechanisms to a specific pathological state, neuroscientists will inevitably identify new gene
targets with therapeutic potential.

Ongoing clinical trials are evaluating the efficacy of gene-editing approaches, including
ZFPs and CRISPR, for treating various diseases in peripheral organs. In the past decade,
these tools have been preclinically and clinically tested for several ocular, skin,
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neuromuscular, cardiovascular, hepatic, respiratory, gastric and haematologic disorders8®.
For example, ZFPs are used to engineer T cells to control human immunodeficiency virus
(HIV) infection. HIV-infected patient T cells are treated ex vivo with ZFNs to knock out
CCR5to remove a co-receptor needed for HIV infection®6. Moreover, CRISPR—Cas9 is used
to generate chimeric antigen receptor T cells, whereby T cells from a patient or from a
healthy donor are modified ex vivo to more effectively target cancer cells and are then
administered to the patient8’. Studies are also under way to use CRISPR tools to treat Leber
congenital amaurosis type 10 (LCA10), a form of congenital blindness®8. LCA10 is caused
by mutation of the CEP290 gene, which encodes a centrosomal protein. Cas nucleases
targeting CEP290 are being administered directly into the eye to excise the mutated region
of the gene and restore normal levels of CEP290 function. These clinical trials establish the
therapeutic potential of genome-engineering tools. Moreover, the recent discovery of protein
inhibitors of CRISPR—Cas systems, termed ‘anti-C RISPR—-Cas proteins’, adds potential to
more precisely regulate CRISPR-Cas9-based gene editing8%-91. We are much further from
applying such approaches to patients with neurological or psychiatric disorders, however,
owing to challenges in delivering the constructs to the brain.

Developing a safe and minimally invasive approach to deliver neuroepigenome-editing tools
to the brains of human patients would mark a critical turning point for treating pathology in
the CNS. An in-d epth discussion of the obstacles that must be overcome to progress
towards clinical applications of neuroepigenome-e diting tools is beyond the scope of this
Review, but we refer the reader to literature addressing methods to deliver transgenes to the
brain, such as use of AAVs and nanoparticles??-%4, to circumvent the adaptive immune
response to Cas proteins®® and to mitigate off-t arget effects%6-98 (BOX 1).

Conclusions

Psychiatric and neurological conditions are associated with profound changes in gene
expression in the CNS that directly contribute to disease pathology. The complex epigenetic
mechanisms that govern gene expression in pathological states remain incompletely
understood. In this Review, we introduced in vivo locus-specific neuroepigenome editing as
the gold standard for establishing a causal link between a given epigenetic modification at a
single gene and functional output measures.

Ongoing innovations hold promise for further elucidating the epigenetic basis of nervous
system development, cellular differentiation and psychiatric and neurological disease by
expanding the library of epigenome-editing tools, targeting specific populations of cells in
the CNS and modelling more complex transcriptional programmes involving the
upregulation and downregulation of numerous genes®®-101. For example, CRISPR is capable
not only of identifying genes that contribute to neuronal differentiation but also of
establishing a causal relationship between epigenetic modifications at these genes and cell
fate. Moreover, in combination with single-c ell RNA sequencing and use of non-
mammalian organisms that permit high-throughput screening (such as Drosophila and
zebrafish)192, in vivo locus-specific neuroepigenome editing can identify cell type-specific
gene signatures across large panels of genes implicated in psychiatric and neurological
diseases190, Last, the recent success of CRISPR-based genome-editing therapies in clinical
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trials for peripheral and ocular disturbances demonstrates that epigenome editing is poised
for clinical applications, with the ultimate frontier being the treatment of CNS diseases.
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Transcription activator-like effector (TALE)
DNA-binding protein derived from bacteria (Xanthomonas) that regulates gene expression

Clustered regularly interspaced short palindromic repeats (CRISPR)

A component of the adaptive immune system in bacteria and archaea that cleaves foreign
nucleic acid sequences. it is used routinely in the laboratory to enable targeted genetic and
epigenetic manipulations

Guide RNA (gRNA)
A synthetic RNA that guides clustered regularly interspaced short palindromic repeats
(CRISPRY)-associated protein 9 (Cas9) to a specific DNA sequence in the genome

VP64
A complex of four copies of VP16 (a viral protein sequence of 16 amino acids) that activates
gene transcription

Zinc-finger proteins (ZFPs)

Proteins consisting of zinc ion-regulated Cys,-His, domains that recognize specific 18-bp
sequences of DNA. These proteins can be fused to various effector proteins, including
nucleases and chromatin-modifying proteins

Transcription factor (TF)
Protein that binds to specific sequences of DNA and regulates gene expression through the
recruitment of chromatin-modifying enzymes and other proteins

Fosb

An immediate early gene that encodes full-length FOSB and a truncated splice variant
AFOSB, and that has served as a useful target for the development of novel
neuroepigenome-editing tools

cAMP response element-binding protein (CREB)
A ubiquitously expressed transcription factor implicated in diverse functions in the central
nervous system and periphery

Protospacer adjacent motif (PAM)
A short DNA sequence upstream of the target gene that is recognized by clustered regularly
interspaced short palindromic repeats (CRISPR)-associated protein 9 (Cas9)

CRISPR activation (CRISPR)
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A clustered regularly interspaced short palindromic repeats (CRISPR) system that uses
potent activation domains, such as the viral transcription factor VP64, to increase gene
expression

CRISPR interference (CRISPR i)

A clustered regularly interspaced short palindromic repeats (CRISPR) system that uses
repressive domains, such as the Kriippel-associated box (KRAB) domain, to suppress gene
expression

SunTag

A clustered regularly interspaced short palindromic repeats (CRISPR)-based method that
uses a repeating peptide array to recruit multiple copies of single-chain variable fragment
(scFv)-fused effector proteins to a target gene

ZFP189

A putative transcription factor whose gene is a target of cCAMP response element-binding
protein (CREB). Recent studies suggest that this protein is involved in regulating synaptic
plasticity and behavioural responses to stress

DNMT3A
Enzyme that catalyses the addition of methyl groups to DNA

Chromatin loop reorganization using CRISPR-dCas9 (CLOuD?9)
A clustered regularly interspaced short palindromic repeats (CRISPR) system that uses
chemically induced ligation to selectively and reversibly establish chromatin loops

CRISPR genome organization (CRISPR-GO)
A clustered regularly interspaced short palindromic repeats (CRISPR) system that uses
chemically induced ligation to bring loci in close proximity to nuclear subcompartments
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Box 1 |
Experimental validation of in vivo locus-specific neuroepigenome editing

The effective use of locus-specific neuroepigenome editing requires empirical validation
that the targeted locus is affected with high selectivity across the entire genome. this is
essential because zinc-finger proteins (ZFPs), transcriptional activator-like effectors
(TALEsS) and nuclease-dead clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein 9 (dCas9) can bind to off-target sites in the genome, and the
binding of these proteins, even without a fused functional domain, can be sufficient to
affect transcription; for example, via steric hindrance of RNA polymerase Il (REF.102),
Moreover, studies using native Cas9 for DNA base pair editing show that the guide RNA
(gRNA) sequence tolerates one or two mismatched base pairs and exhibits widespread
off-target effects. Despite this considerable potential for nonspecific effects, there are
no well-established guidelines for validating the single-locus specificity of
neuroepigenome-editing tools, especially in vivo. Here we discuss the advantages and
potential pitfalls of current validation techniques.

A commonly used approach for validating the targeting specificity of epigenome-editing
tools is RNA sequencing?®. this technique allows researchers to identify differentially
expressed genes on the basis of experimenter-set thresholds for fold change and P value.
the key advantage of RNA sequencing is that it provides an unbiased quantification of all
RNA transcripts. Off-target activity is detected on the basis of differential expression of
genes besides the targeted locus — particularly those with a few mismatches compared
with the gRNA used. However, the differential expression of off-target genes may be due
not to promiscuous binding of a ZFP, TALE or dCas9, but rather may be to the
physiological consequences of altered expression levels of the targeted gene. this is
particularly the case when the targeted gene is a transcription factor or another
transcription-regulatory protein.

Chromatin immunoprecipitation (ChiP) followed by sequencing is a method to quantify
genome-wide binding of a ZFP, TALE or dCas9 and better establish the single-locus
specificity of epigenome-editing approaches. However, validating epigenome-editing
approaches using ChiP—sequencing is extremely challenging: if epigenome-editing tools
are perfectly selective, there would be only two binding sites per cell, compared with the
many thousands of sites normally characterized by ChiP—sequencing for chromatin
modifications or transcription factor binding. this would be even more challenging when
applied to the brain because of the limited amount of tissue and the requirement for
especially selective ChiP-grade antibodies. Modified ChiP—sequencing procedures, such
as CUT&RUN (cleavage under targets and release using nuclease), provide an alternative
method that may reduce the amount of input tissue required'95. Nevertheless, to date, it
has not been possible to validate any epigenome-editing approach by use of ChiP-
sequencing on brain tissue. instead, researchers rely on demonstrating induction or
depletion of the targeted histone or DNA modification at the target locus and not at other
loci most homologous in DNA sequence®17:38,
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Studies of native Cas9 identify several methods that may increase the single-locus
specificity of neuroepigenome editing. One study showed that shorter gRNAs (18-19
base pairs) exhibit fewer off-target effects, while preserving efficient binding at the target
genel%. Cas9 specificity can also be increased by altering the secondary structure of the
gRNA by adding a hairpin loop to its 5" end107. the hairpin structure may destabilize
Cas9 binding at off-target loci, where energetic favourability of binding is lower owing to
mismatches between the gRNA and the DNA strand. in addition, analysis of the crystal
structure of CRISPR—Cas9 reveals a positively charged groove that probably stabilizes
interactions with DNA’. By inducing point mutations to neutralize the positively
charged amino acids in the groove, only highly complementary RNA-DNA interactions
would be able to stabilize Cas9 binding. Last, different Cas9 orthologues have distinct
protospacer-adjacent motif (PAM) sequences, which may be less tolerant of mismatched
base pairs®8. Overall, despite efforts to enhance Cas9 specificity, it remains essential to
consider off-target interactions in the experimental design.

Nat Rev Neurosci. Author manuscript; available in PMC 2021 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yim et al.

Effector domain

CRISPR-dCas9

dCasgj

N/N/NTNTNY

Fig. 1|. In vivo neuroepigenome-editing tools.
Zinc-finger proteins (ZFPs) and transcriptional activator-like effectors (TALES) are DNA-

binding proteins that can be engineered to target specific genomic loci. Fusing the DNA-
binding domain to transcription effector proteins offers a tool to selectively regulate gene
transcription. In the clustered regularly interspaced short palindromic repeats (CRISPR)
system, a nuclease-dead CRISPR-associated protein 9 (dCas9) molecule fused to an effector
domain forms a complex with a guide RNA (gRNA) that undergoes base pairing with the
homologous DNA sequence. Pairing these various tools with transgene delivery methods
offers a method to regulate the expression of specific genes in a defined cell population in
the brains of awake, behaving rodents. These tools can be applied to a wide range of
behavioural paradigms, electrophysiology experiments and biochemical analyses to
understand the functional roles of a given gene in the brain.
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Fig. 2 |. Overview of CRISPRa/CRISPRI techniques.
Clustered regularly interspaced short palindromic repeats (CRISPR) activation (CRISPRa)/

CRISPR interference (CRISPRI) provides a powerful set of tools to study gene function
through precise and modulatory regulation of gene expression. CRISPRi techniques include
empty nuclease-dead CRISPR-associated protein 9 (dCas9) (that is, with no effector
domain), which is thought to attenuate gene expression via steric hindrance of RNA
polymerase 11 (Pol 1) binding to DNA92, and dCas9 tethered to the Kriippel-associated box
(KRAB) domain, a potent transcriptional repressor. The CRISPRa techniques were
developed using a fusion between dCas9 and VP64, a potent viral transcriptional activator.
This toolbox continues to expand to include new methods to increase effector recruitment to
a single gene and increase the magnitude of gene induction. Combining dCas9-VP64 with
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multiplexed guide RNAs (gRNAs) directed towards several locations along the same
promoter synergistically activates transcription®®. In addition, dCas9 fused to multiple
transcriptional effectors, including VP64, p65 and RTA (dCas9-VPR), substantially
increases the magnitude of gene induction!2.13, Synergistic activation mediator (SAM)
combines dCas9-VP64 with a gRNA scaffold that selectively recruits an RNA-binding
protein tethered to the p65 and HSF1 activation domains. Last, SunTag and SunTag—p65—
HSF1 (SPH) use a dCas9-bound protein scaffold that acts as a binding site for single-chain
variable fragment (scFv)-fused transcriptional activators. The effector domains for SunTag
and SPH are VP64 and p65—-HSF1, respectively. The CRISPRa/CRISPRi methods are
illustrated on a spectrum showing their estimated repression and activation of gene
expression. TSS, transcription start site.
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Fig. 3 |. CRISPR-based neuroepigenome-editing tools.
The neuroepigeneome-editing toolbox continues to expand to incorporate a wider range of

chromatin-modifying proteins. a | Clustered regularly interspaced short palindromic repeats
(CRISPR)-nuclease-dead CRISPR-associated protein 9 (dCas9) fused to a DNA
methyltransferase (DNMT) or ten—eleven translocation methylcytosine dioxygenase 1
(TETL) provides a method to bidirectionally regulate DNA methylation at a single genomic
locus®3. CRISPR-based neuroepigenome editing also includes methods to add or remove
various post-translational histone modifications, such as histone methylation19 (part b) and
histone acetylation®® (part c). d | More recently, work from our laboratory used CRISPR
tools to selectively guide the phosphomimetic (active) form of the transcription factor cAMP
response element (CRE)-binding protein (CREB) (CREBS133D) to a CRE site at a single
target genel0. Ac, acetyl group; gRNA, guide RNA; HDACS, histone deacetylase 8;
H3K9ac, acetylated histone H3 lysine 9; H3K9me2, dimethylated histone H3 lysine 9; Me,
methyl group; Me2, dimethyl group; TSS, transcription start site.
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Ongoing innovations in the neuroepigenome-editing field include novel clustered regularly
interspaced short palindromic repeats (CRISPR)-nuclease-dead CRISPR-associated protein

9 (dCas9) tools that are poised for applications in neuroscience research. a |

Neuroepigenome editing can be paired with guide RNA (gRNA) multiplexing to regulate the
chromatin state at multiple genes simultaneously. b | Novel CRISPR tools have been applied
in vitro to activate the expression of one gene and suppress another in the same cell. This
system uses two distinct gRNAs that are directed towards separate genes and contain a
unique RNA scaffold®. These RNA scaffolds are recognized by distinct RNA-binding
protein—effector fusions. Pairing this method with use of chromatin-modifying proteins
offers a means of regulating multiple genes in the same cell, but with different chromatin
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modifications. ¢ | Chromatin loop reorganization using CRISPR-dCas9 (CLOuD9) is a
method to force chromatin interactions between two genomic loci of interest’’. The presence
of abscisic acid induces dimerization between the domains tethered to dCas9. d | CRISPR
genome organization (CRISPR-GO) uses a similar principle of inducible ligation, but
instead forces proximity between a genomic locus and a nuclear subcompartment of interest,
such as Cajal bodies or the nuclear envelope’®. e | Light-inducible CRISPR activation uses
blue light to induce heterodimerization between dCas9-bound calcium and integrin-binding
protein 1 (CIB1) and cryptochrome 2 (CRY2) tethered to an effector protein, such as
VP64103_ Similar light-inducible systems have been achieved with VP64 in the brain in vivo
but have not yet been achieved with endogenous chromatin-modifying enzymes. f | Lastly,
ongoing work seeks to expand the library of epigenome-editing tools to capture the diversity
of endogenous epigenetic mechanisms. This includes a wider range of chromatin
modifications, such as the newly discovered serotonylation of histones, in which serotonin
(Ser) is added by transglutaminase 2 (TGM2) to the glutamine at position 5 (Q5) of histone
H3 trimethylated at lysine 4 (H3K4me3)104, KRAB, Kriippel-associated box; TSS,
transcription start site.
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