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ABSTRACT

Chromatin adopts different configurations that are
regulated by reversible covalent modifications, re-
ferred to as epigenetic marks. Epigenetic inhibitors
have been approved for clinical use to restore epige-
netic aberrations that result in silencing of tumor-
suppressor genes, oncogene addictions, and en-
hancement of immune responses. However, these
drugs suffer from major limitations, such as a lack
of locus selectivity and potential toxicities. Techno-
logical advances have opened a new era of preci-
sion molecular medicine to reprogram cellular phys-
iology. The locus-specificity of CRISPR/dCas9/12a
to manipulate the epigenome is rapidly becom-
ing a highly promising strategy for personalized
medicine. This review focuses on new state-of-the-
art epigenome editing approaches to modify the
epigenome of neoplasms and other disease models
towards a more ‘normal-like state’, having charac-
teristics of normal tissue counterparts. We highlight
biomolecular engineering methodologies to assem-
ble, regulate, and deliver multiple epigenetic effec-
tors that maximize the longevity of the therapeutic
effect, and we discuss limitations of the platforms
such as targeting efficiency and intracellular deliv-
ery for future clinical applications.

INTRODUCTION

Maintenance of cellular identity requires faithful replica-
tion of the genome during cell division. However, the bal-
ance between ‘stability’ of the genetic information and ‘flex-
ibility’ of the spatiotemporal control of gene expression

is highly regulated in eukaryotic cells. Thus, while the ge-
nomic ‘infrastructure’ based on the nucleotide sequence is
faithfully replicated during cell division, the genomic ‘su-
perstructure’ at the chromatin level exhibits a high degree
of conformational freedom (1). Such adaptability of chro-
matin states stems largely from causal chemical modifica-
tions of the DNA and its associated proteins. These ‘epi-
genetic marks’ modulate chromatin structure by regulating
the accessibility of the DNA and the histones for binding
to a multitude of proteins that orchestrate DNA replica-
tion, gene expression, and DNA damage responses (2). A
multitude of cellular enzymes, or ‘writers’, are responsible
for depositing specific marks on the DNA and at specific
histone sites, while ‘erasers’ catalyze the specific removal of
these covalent modifications (Supplementary Tables S1 and
S2). Cells can, therefore, switch between distinct chromatin
states ranging from ‘euchromatin’, characterized by accessi-
ble DNA, for actively transcribed genes, to the ‘heterochro-
matin’ of untranscribed genes, associated with a more con-
densed and inaccessible DNA, and gene silencing (3). Dys-
regulation of DNA and histone post-translational modi-
fications has been linked with several diseases, including
developmental and neurological disorders as well as neo-
plasms (4).

Due to the reversible nature of epigenetic modifica-
tions, ‘epidrugs’ have been clinically approved for manip-
ulation of the epigenome. Epidrugs comprise specific in-
hibitors of DNA methyltransferases (DNMTs), histone-
lysine methyltransferases (KMTs), histone-lysine acetyl-
transferase (KATs), histone-lysine demethylases (KDMs)
and histone deacetylases (HDACs) (5). However, these in-
hibitors lack locus-selectivity and they potentially cause
global changes in gene expression and toxicity in patients.
To enhance the selectivity of epigenetic regulation, over
the past two decades, artificial transcription factors (ATFs)
have been engineered by fusion of a DNA-binding domain
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(DBD) to one or more effector domains (ED) to enable pre-
cise gene activation and repression at will (6).

The first ATFs were generated by linking zinc finger (ZF)
modules, potentially targeting single genes by the incorpo-
ration of six ZFs that can bind to 18-base pair (bp) ge-
nomic sites (7). However, these platforms suffered from a
high incidence of non-cognate site recognition when over-
expressed in mammalian cells (8). This issue was circum-
vented by the development of transcription activator-like
effectors (TALE) isolated from plant pathogenic bacteria
of the Xanthomonas genus (9), which have demonstrated
superior DNA selectivity than that of ZFs. Both ZF and
TALEs have paved the way for the next generation of
cutting-edge molecular tools that employ RNA-guided sys-
tems based on the Clustered Regularly Interspaced Short
Palindromic Repeats/CRISPR-associated protein 9, re-
ferred to as CRISPR/Cas9. In this system, a 20-nucleotide
(nt) guide RNA (gRNA) directs the Cas9 nuclease to cleave
or nick DNA. The deactivated or catalytically dead version,
referred to as CRISPR/dCas9 technology, has rapidly ad-
vanced the field of targeted gene regulation in recent years,
due to its ease of targeting and its high versatility. Despite
these advantages, CRISPR/dCas9 technology still suffers
from significant impediments to its successful applicability.

In this review, we discuss the main molecular in-
ducible and repressible systems that have been devised
for epigenome engineering, with an emphasis on the new
emerging technologies for combining effector domains
(EDs) to maximize targeted epigenome engineering for ap-
plications in molecular precision medicine.

EPIGENETIC EDITING TOOLS DERIVED FROM Cas9
AND Cas12a ORTHOLOGUES

The CRISPR–Cas system is part of an adaptive immu-
nity mechanism present in a multitude of bacteria and ar-
chaea that encode a library of DNA fragments from for-
eign invaders, such as viruses and plasmids, for recognition
and defense and ultimately destruction of foreign nucleic
acids (10). All Cas proteins utilized in genome engineer-
ing rely on a guide RNA (gRNA) to target the enzyme in
specific genomic sequences. The gRNA is a chimeric fu-
sion of CRISPR RNA (crRNA) and its trans-activating
CRISPR RNA (tracrRNA) for Cas9 (11), whereas for
Cas12a it only consists of the crRNA (12). The gRNA
comprises a ‘spacer’ of either 20 nucleotides (Cas9) or 24
nucleotides (Cas12a), which is the interchangeable portion
of the gRNA complementary to the targeted genomic se-
quence and it is positioned next to a proto-spacer adjacent
motif (PAM). The PAM-interacting domain of Cas pro-
teins crucially dictates PAM specificity, DNA hybridization
and Cas activation, followed by site-specific cleavage (Fig-
ure 1). Cas9 and Cas12a (Cpf1) are both RNA-guided en-
donucleases that belong to the Class 2 CRISPR–Cas sys-
tems. The Cas9 protein contains HNH and RuvC nuclease
domains, while Cas12a harbors RuvC and a putative nu-
clease (Nuc) domain, as it lacks an HNH domain. Even
though each of these nuclease domains can produce single-
strand breaks, both domains generate double-strand breaks
(DSBs) when expressed simultaneously (13). Eukaryotes
mainly repair DSBs through error-prone non-homologous

end joining (NHEJ) and by microhomology-mediated end
joining (MMEJ) mechanisms that lead to the accumula-
tion of small nucleotide insertions or deletions (indels). Al-
ternatively, DSBs can be repaired by error-free homology-
directed repair (HDR) when a template that is homologous
to the target site is delivered. However, HDR has a lower
efficiency than the error-prone mechanisms, and both ap-
proaches have been harnessed for genome editing using cat-
alytically active Cas9 proteins.

The Cas9 protein from Streptococcus pyogenes (SpCas9)
comprises 1368 amino acids (aa), and it has been catalyti-
cally inactivated by mutation of the Asp10 and His840 po-
sitions of the HNH and RuvC domains, respectively, to ala-
nine residues (D10A/H840A). The resulting nuclease dead
Cas9 (SpdCas9) is the most commonly employed for epige-
netic editing. It recognizes the most simple 5′-NGG-3′ PAM
sequence, which occurs every 8–12 base pairs in the human
genome (11,14–16).

The smaller Cas9 from Staphylococcus aureus (SaCas9,
comprising 1053 aa) has similarly been catalytically inac-
tivated (D10A/N580A) (SadCas9) for epigenome editing
(17). This orthologue variant of dCas9 recognizes a more
complex PAM sequence (5′-NNGRRT-3′) (17), and it can
be exploited, in conjunction with SpdCas9, for the deliv-
ery of multiple epigenetic modifiers to achieve simultaneous
gene activation and repression within the same cell (18–21).
As summarized in the following sections, its smaller size has
been exploited to generate more efficient delivery systems
for CRISPR.

Lastly, Cas12a (or Cpf1, comprising 1300 aa) has been
characterized more recently and repurposed for genome
and epigenome engineering (12). In contrast to Cas9, which
utilizes an NGG PAM on the 3′ end of the gRNA, the
Cas12a enzyme recognizes a T-rich PAM sequence (5′-
TTTV-3′) on the 5′ of the gRNA to cleave the DNA.
Catalytically dead Cas12a from Lachnospiraceae bacterium
(LbdCas12a) has been engineered by (D832A and/or
E925A) mutations and it has been successfully adapted
for gene transactivation (22,23). The resulting nuclease-null
mutants (dCas9, dCas12a) are, therefore, unable to cut the
DNA, but they are still able to bind tightly to the nucleic
acid, via a programmable gRNA complementary to a spe-
cific genomic region, which facilitates different strategies to
target EDs for epigenome engineering.

ENZYMES AND EFFECTOR DOMAINS FOR TRAN-
SCRIPTIONAL ACTIVATION

Recruiters of endogenous transcriptional activators

The first epigenome engineering architectures were ZFPs C-
terminally fused to activation domains, such as the Virion
protein 16, VP16, to recruit the Pol II transcription ma-
chinery (24,25). These designs were tailored for reactiva-
tion of tumor suppressor genes (TSGs) silenced by epi-
genetic mechanisms, such as MASPIN in breast (26) and
ovarian cancer (27). Another transactivator domain, p65
(RelA), has demonstrated potent activation when linked to
ZFs (25,28), TALEs (29), SpdCas9 (30), and LbdCas12a for
gene multiplex perturbation library screenings (22) (Figures
2A-IV, B-IV, 3A-I).
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Figure 1. Schematic representation of the main CRISPR–Cas proteins adopted for epigenetic editing. (A) Cas9 proteins are RNA-guided DNA-targeting
endonucleases. In epigenome engineering, the two Cas9 nuclease domains, RuvC and HNH, are mutated. Mutation of the catalytic residues of RuvC (D10A)
and HNH (H840A) and (N580A) for Streptococcus pyogenes and Staphylococcus aureus, respectively, render Cas9 proteins defective, i.e., SpdCas9 and
SadCas9. dCas9 proteins can still interact with the backbone of the guide RNA (gRNA). DNA binding results from complementary pairing of the spacer
portion of the gRNA (20 nucleotides) to a targeted genomic region positioned next to a 5′ protospacer adjacent motif (PAM). (B) Cas12a endonucleases
can be catalytically deactivated by point mutations. (D832A) in the RuvC domain and (E925A) in a putative nuclease (Nuc) domain render Lachnospiraceae
bacterium Cas12a-defective; i.e., LbdCas12a, also known as LbdCpf1. DNA recognition and binding relies on the complementarity between the CRISPR
RNA (crRNA) spacer (24 nucleotides), positioned next to a 3′ PAM, and the DNA target sequence.

Moreover, transcriptional activation is greatly enhanced
when multiple copies (arrays) of transcription activators
are assembled (31). For example, synthetic tetrameric re-
peats of VP16 (VP64) have been linked to ZFs (32),
TALEs (9,29,33), and more recently to dCas9 (34–37). Sim-
ilarly, VP48 and VP160 have also been engineered to a
doxycycline-inducible dCas9 system for multiplexed gene
activation in mouse embryonic stem cells (ESCs) (38).

Transactivator domains have been engineered for func-
tional screenings in mammalian cells. Despite binding to
multiple targets, large libraries of ZFs-VP64 have enabled
the identification of malignant gene signatures in head
and neck cancer (39,40). In contrast, dCas9-VP64 libraries
demonstrated high selectivity and negligible off-target ef-
fects, which facilitated the discovery of enhancers associated
with human immune dysfunction (41).

Tanenbaum et al. developed an epitope-based assembly
system (SUperNova Tagging (SunTag)) for effective recruit-
ment of multiple EDs (42). SunTag technology consists of
SpdCas9 engineered with a recombinant GCN4 peptide ar-
ray (10 copies) that is able to recruit multiple nuclear lo-
calization signal (NLS)-tagged anti-GCN4 scFv antibod-
ies fused to the EDs. VP64 was the first transactivator in-
vestigated in this system, exhibiting more robust gene ac-
tivation and associated biological responses compared to
those achieved by the single gRNA/dCas9-VP64 fusion.
The SunTag strategy bypasses the technical challenge of
cloning multiple copies of EDs directly onto dCas9 and it
circumvents the linker optimization between EDs to achieve
high epigenetic activity (Figure 2B-VI, 3A-V). Applications
of the SunTag-VP64 system include positive modulation of

the Frataxin gene in a mouse model of Friedreich ataxia by
Platinum TALE (43), dCas9-mediated reactivation of latent
HIV-1 in latently infected human T-cell lines (44), the gener-
ation of CRISPR activation libraries to identify TSGs and
to map complex networks involved in cell differentiation
(45), and for genome multiplexing employing LbdCas12a
scaffolds (23) (Table 1).

The aforementioned approaches rely on the fusion of syn-
thetic DBDs with the same type of EDs, which inevitably
leads to depletion of the same endogenous co-factors that
are recruited. To mimic the natural context of gene tran-
scription, where endogenous TFs perform synergistically
with a variety of co-factors, new strategies aim to combine
mechanistically distinct EDs in order to improve activation
efficiencies.

By modifying the gRNA scaffold without affecting the
DNA binding capacity of dCas9, Konermann et al. were
able to recruit multiple distinct EDs with a single gRNA
(46) (Figure 3A-VII). Two stem-loops of the modified
gRNA protrude from the SpdCas9/gRNA/target DNA
tertiary complex, and they are extended with MS2 RNA ap-
tamers from MS2 bacteriophage. The EDs, such as p65 and
HSF1, are fused to the MS2 coat protein (MCP), which is
recognized and recruited by the Synergistic Activation Me-
diator (SAM) system, thereby giving rise to a synergistic ef-
fect in combination with dCas9 linked to VP64. This system
can result in robust gene activation and gene reprogram-
ming for potential treatment of male androgen deficiency
diseases (47). Moreover, Fidanza et al. created the UniSam
system, which is an all-in-one vector version of dCas9-SAM
technology to maximize post-transfection cell viability by
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Figure 2. Programmable DNA-targeting platforms for epigenetic editing. (A) ZFPs are artificial protein modules that bind to the major groove of DNA.
Each zinc finger domain recognizes a 3-nucleotide sequence. Fusions of six ZFPs can recognize an 18-base-pair sequence. (I) A single effector domain
(ED) directly fused to the N-terminus of ZFP. (II) A light-inducible system based on blue light that controls heterodimerization of the GIGANTEA (GI)
protein fused to ZFP and another plant protein LOV to translocate ED to the gene of interest. (III) A chemically inducible system based on rapamycin.
A fusion of ZFP to the human protein Fkbp interacts, in the presence of rapamycin, with a domain derived from human protein Frb linked to ED. This
system has also been fused with CRISPR/dCas proteins (see Figure 4A-III). (IV) A single ED directly fused to the C-terminus of ZFP. (V) A bipartite
ED system directly linked to the C-terminus of ZFP. (B) TALEs are highly conserved tandem repeats or monomers of 34 amino acids in length that only
differ in the amino acid residues at the 12th and the 13th position. The amino acids at these two sites in each monomer target a single nucleotide in one
DNA strand according to a specific code (NI = adenine, HD = cytosine, NN = guanine, and NG = thymine). Fusions of customizable modules can target
an 18-base-pair sequence. (I) A single ED directly fused to the N-terminus of TALE. (II) Optogenetic modulation of gene transcription by the Light-
Inducible Transcriptional Effectors (LITE) system. Blue light triggers the interaction between TALE fused to the plant light-sensitive cryptochrome 2
(CRY2) protein and its interacting partner CIB1 linked to ED. (III) A spatiotemporal light-inducible system based on an inverted heterodimerizing fusion
protein approach. This system has also been fused with CRISPR/dCas9 (see Figure 4A-I). (IV) A single ED directly fused to the C-terminus of TALE.
(V) A bipartite ED system directly linked to the C-terminus of TALE. (VI) The SunTag system C-terminally fused to TALE. This technology involves a
protruding GCN4 peptide that contains several antibody-binding sites (triangles) that can recruit multiple single-chain antibodies (scFv) fused to EDs for
amplification of epigenetic editing activity. The system has also been devised with CRISPR/dCas proteins (see Figures 3A-V and 4A-IV).
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Figure 3. CRISPR-dCas9 and 12a proteins for epigenome engineering. (A) dCas9 and 12a are guided to the DNA by a customizable guide RNA (gRNA)
and CRISPR RNA (crRNA), respectively. The spacer is the interchangeable portion of the gRNA and crRNA that is complementary to the targeted
DNA sequence, which is 20 nucleotides (blue) and 24 nucleotides (violet) in length for dCas9 and dCas12a, respectively. In order to recognize and bind
the genomic sequence, dCas proteins also require a protospacer adjacent motif (PAM) immediately 3′ (red) and 5′ (orange) of the target DNA, for dCas9
and dCas12a, respectively. (I) A single ED directly fused to either the N- or the C-terminus of dCas. (II and III) A tripartite and a bipartite ED system
directly linked to either the N- or the C-terminus of dCas. (IV) A modular recruitment system based on green fluorescent protein (GFP)-coupled ED via
GFP-binding protein (GBP) fused to dCas proteins. (V) The SunTag system fused to dCas proteins for augmentation of epigenetic editing. (VI) The Casilio
recruitment platform comprises an appended gRNA fused with one to five copies of Pumilio/FBF (PUF) binding sites (PBS) to recruit multiple distinct
EDs, fused to a PUF domain. (a) Simultaneous gene activation and gene repression via EDs, independently recruited, by separate dCas9 proteins targeting
different promoters within the same cell. (b) Enhanced gene activation via synergistic activities of distinct EDs recruited, in different combinations, via the
same dCas9 protein. (VII) The Synergistic Activation Mediator (SAM) and gRNA 2.0 technology is based on a gRNA modified with MS2, PP7, or Com
RNA aptamers from bacteriophages, which recruit EDs fused to aptamer coat proteins to enhance the epigenetic editing activity of dCas proteins already
fused to EDs. (B) Schematic representation of the split dCas9 strategy for chemical induction of epigenetic editing. The two split fragments, N-dCas9 and
C-dCas9 fused to ED, are joined to the rapamycin-binding domains Frb and Fkbp, respectively. Spatial sequestration inside the cell is maintained by an
equal ratio of nuclear export sequences (NES) and nuclear localization sequences (NLS) separately fused to the two segments. The addition of rapamycin
activates rapid and reversible dCas9 dimerization, thereby allowing dynamic control of transcriptional modulation.
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Table 1. Epigenetic editing technologies for gene transcriptional activation

Gene
regulation:
ACTIVATION

Effector domain
(ED) Molecular function

Targeted
genomic region

Epigenetic
technology (direct
ED fusion)

Epigenetic technology (ED
recruitment)

Recruiters of
endogenous
transcriptional
activators

VP16 Virion protein
16, from herpes
simplex (minimal
unit)

DNA demethylation
Increased H3K27ac
and H3K4me

Gene promoters ZFP (24,25) ZFP (GI-LOV) (124)

VP48 (3 × VP16) DNA demethylation
Increased H3K27ac
and H3K4me

Gene promoters SpdCas9 (38)

VP64 (tetrameric
repeat of VP16)

DNA demethylation
Increased H3K27ac
and H3K4me

Gene promoters
and enhancers

ZFP
(26,27,32,40,83)
TALE (9,29,33,37)
SpdCas9 (30,34–
37,41,66,134,254,259)
SadCas9 (251)

TALE-SunTag (43)
TALE-LITE (120) SpdCas9
split (Fkbp/Frb) (122)
SpdCas9 (MS2-MCP) (117)
SpdCas9 (MS2-MCP)
(DHFR-DD and AID
systems) (128) SpdCas9
(LACE) (126)
SpdCas9-SunTag (42,44,45)
LbdCas12a-SunTag (23)

VP160 (10 tandem
copies of VP16
motif)

DNA demethylation
Increased H3K27ac
and H3K4me

Gene promoters SpdCas9 (38)

VP192 (12 tandem
copies of VP16
motif)

DNA demethylation
Increased H3K27ac
and H3K4me

Gene promoters SpdCas9
(DHFR-DD
system) (127)

p65 (major subunit
of NF-kB
transcription factor)

Increased H3K9ac
and H3K14ac

Gene promoters ZFP (25,28) TALE
(29) SpdCas9 (30)

ZFP (Fkbp/Frb) (121)
LbdCas12a (DmrA/DmrC)
(22)

p65-HSF1 (p65 and
Heat shock factor 1)

Increased H3K4me3
and H3K27ac

Gene promoters SpdCas9 (MS2-MCP) (250)

VP64, p65-HSF1
Synergistic
activation mediator
(SAM) (Enhanced
gene activation)

Not evaluated Gene promoters SpdCas9 (MS2-MCP) (46–48)

VPR VP64, p65, Rta
(Enhanced gene
activation)

Not evaluated Gene promoters
and enhancers

SpdCas9 (49,51–
54,133,235,258)
SadCas9 (253) Sp
and Sa dCas9 (19)
enAsdCas12a
(232) PaeCascade
(234)

Sp and Nme dCas9
(Fkbp/Frb) and (GAI/GID1)
(119) Sp and Sa dCas9
(GAI/GID1) and
(ABI/PYL1) (18) LbdCas12a
(DmrA/DmrC) (22)

VPH VP64, p65,
HSF1 (Enhanced
gene activation)

Not evaluated Gene promoters Sp and Sa dCas9-SunTag
(4-OHT) (123)

Enzymes: DNA
demethylation

TET1 Ten-Eleven
Translocation 1
catalytic domain
(CD)

Methylcytosine
dioxygenase 1
Decreased cytosine
methylation (5mC)
(eraser)

Gene promoters
and enhancers

ZFP and TALE
(58) SpdCas9
(60–62,66)
SadCas9 (19)

TALE (CRY2-CIB1) (125)
SpdCas9 (MS2-MCP) (63)
SpdCas9-SunTag (64)

lncRNA
promoters

TALE (59)

Major satellite
repeats

SpdCas9 (GBP-GFP) (65)

TET2 Ten-Eleven
Translocation 2
(CD)

Methylcytosine
dioxygenase 2
Decreased 5mC
(eraser)

Gene promoters ZFP (55,56)

TDG Thymine
DNA glycosylase

Recognizes and binds
5fC and 5caC and
mediates
base-excision repair
(BER) (eraser)

Gene promoters ZFP (57)

TET1-CD and
VP64 (Enhanced
gene activation)

DNA Demethylation
Increased H3K27ac
and H3K4me

Gene promoters SpdCas9-SunTag (247)

TET1-CD and
GADD45A or
NEIL2 (Enhanced
gene activation)

DNA demethylation
coupled with BER
machinery (eraser)

Gene promoters SpdCas9 (Casilio system) (67)
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Table 1. Continued

Gene
regulation:
ACTIVATION

Effector domain
(ED) Molecular function

Targeted
genomic region

Epigenetic
technology (direct
ED fusion)

Epigenetic technology (ED
recruitment)

Multiple distinct
EDs for
epigenetic
memory

TET1-CD and VPR Long-term gene
activation DNA
demethylation
coupled with VPR
activator

Gene promoters Sa and Sp dCas9
(19)

Enzymes:
Histone lysine
acetylation

p300 (catalytic
domain)

Histone lysine
acetyltransferase
(KAT) Increased
H3K27ac (writer)

Gene promoters
and enhancers

ZFP, TALE, and
Sp and Nme
dCas9 (69)
SpdCas9 (70,135)
LbdCas12a (23)
EcoCascade (233)

Putative
regulatory
elements

SpdCas9 (71)
SpdCas9 (AID
system) (129)

CBP (CREB-
binding protein
domain)

Histone lysine
acetyltransferase
(KAT) Increased
H3K27ac (writer)

Gene promoters
and enhancers

SpdCas9 (Casilio system) (68)

GCN5 (General
Control Of Amino
Acid Synthesis
Protein 5-Like 2)

Histone lysine
acetyltransferase
(KAT) Increased
H3K9ac and
H3K14ac (writer)

Gene promoters SpdCas9 (72)

Chromatin
readers

BRD4
Bromodomain
containing 4

Recognizes and binds
acetylated histones,
i.e., H4K5ac and
H4K8ac (reader)

Gene promoters SpdCas9 (73)

Chromatin
remodelers

Ldb1 LIM domain
binding protein 1
(Self-association
domain)

Recruitment of
enhancer-associated
endogenous Ldb1
Forced looping
between promoter
and enhancer

Gene promoters
and enhancers

ZFP (74) TALE
(75)

Enzymes:
Histone lysine
methylation

PRDM9 (PR/SET
Domain 9)

Histone lysine
methyltransferase
(KMT) Increased
H3K4me3 (writer)

Gene promoters ZFP and SpdCas9
(76)

DOT1L (DOT1
Like)

Histone lysine
methyltransferase
(KMT) Increased
H3K79me2 and 3
(writer)

Gene promoters ZFP and SpdCas9
(76)

MLL3SET
(Myeloid/Lymphoid
Or Mixed-Lineage
Leukemia Protein 3
SET domain)

Histone lysine
methyltransferase
(KMT) Increased
H3K4me1 (writer)
Recruitment of p300
Increased H3K27ac

Super
enhancers

SpdCas9 (77)

SMYD3 (SET and
MYND Domain
Containing 3)

Histone lysine
methyltransferase
(KMT) Increased
H3K4me3 (writer)

Gene promoters SpdCas9 (78)

Multiple distinct
EDs for
epigenetic
memory

PRDM9 and
DOT1L

Long-term gene
activation Increased
H3K4me3 and
H3K79me2 and 3

Gene promoters SpdCas9 (76)

Abbreviations: H3: histone 3; K: lysine; ac: acetylation; me: methylation; me2: di-methylated state; me3: tri-methylated state; ZFP: zinc-finger proteins; GI:
GIGANTEA; LOV: light oxygen voltage domain of FKF1; TALE: transcription activator-like effector; Sp: Streptococcus pyogenes; Sa: Staphylococcus au-
reus; dCas9: catalytically deactivated Cas9 protein; SunTag: SUperNova Tagging; LITE: Light-Inducible Transcriptional Effector; FKBP: FK506-binding
protein; FRB: FKBP–rapamycin binding; MS2: RNA aptamer; MCP: MS2-coat protein; LACE: Light-Activated CRISPR-dCas9 Effector; Lb: Lach-
nospiraceae bacterium; dCas12a: catalytically deactivated Cas12a protein; DHFR-DD system: dihydrofolate reductase (DHFR)-derived destabilization
domain; Rta: replication and transcription activator; en: enhanced; As: Acidaminococcus sp.; Pae: Pseudomonas aeruginosa; Cascade: CRISPR-associated
complex for antiviral defense; DmrA: FKBP domain; DmrC: FRB domain; Nme: Neisseria meningitidis; GAI: gibberellin (GA) insensitive protein; GID1:
gibberellin-insensitive dwarf1 protein; ABI: abscisic acid (ABA)-insensitive 1 protein; PYL1: abscisic acid receptor; 4-OHT: 4-Hydroxytamoxifen; 5mC:
5-methylcytosine; CRY2: cryptochrome 2; CIB1: cryptochrome-2-interacting binding protein-1; lncRNA: long non-coding RNAs; GFP: green fluorescent
protein; GBP: GFP-binding protein; 5fC: 5-formylcytosine; 5caC: 5-carboxylcytosine; GADD45A: Growth Arrest and DNA-Damage-inducible Alpha;
NEIL2: Nei-Like DNA Glycosylase 2; Eco: Escherichia coli; AID: Auxin-Inducible Degron; H4: histone 4.
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reduction of the total amount of DNA plasmid that is used
(48). Both SAM and SunTag technologies have the advan-
tage of being more scalable, in particular for genome-wide
gain-of-function screens and for genome multiplexing rela-
tive to tiling of gRNAs (30,34–36), while still achieving the
same activation efficiency.

George Church’s laboratory has C-terminally functional-
ized SpdCas9 with a tripartite VPR system (49). The VPR is
a tandem chimeric fusion of VP64-p65-Rta, the Rta being
another transcriptional activator adopted from gammaher-
pesviruses (50) (Figure 3A-II). The dCas9-VPR construct
has demonstrated superior potency than dCas9-VP64 in
terms of multi-activation of a panel of genes, thus providing
a powerful tool for cellular identity reprogramming, such as
the neuronal differentiation of human iPSCs (49), as well as
for rescuing disease-causing mutations in genetic disorders,
such as cystic fibrosis (51). In oncology, dCas9-VPR has
demonstrated pronounced upregulation of TSGs, such as
PTEN in triple-negative breast cancer and melanoma (52),
DKK in prostate cancer (53), and MASPIN and REPRIMO
in lung and gastric cancer cells (54).

Importantly, additional research is needed, however, to
assess how all of these second-generation activators dif-
fer in terms of their molecular mechanisms and synergistic
effects when co-recruited at particular (epi)-genomic con-
texts. To this aim, numerous epigenetic enzymes fused to
programmable DBDs have recently been developed for pre-
cise control of gene regulation.

Epigenetic enzymes for gene activation

DNA demethylases (erasers). Aberrant DNA methyla-
tion (DNAme), i.e., 5-methylcytosine, is associated with
many diseases, such as neoplasms and neural degenera-
tion. A ZFP engineered with the catalytic domain (CD) of
TET2, Ten-Eleven Translocation methylcytosine dioxyge-
nase 2 (ZFP-TET2), was first reported to precisely direct
demethylation and reactivation of epigenetically silenced
TSGs in cervical (55) and ovarian (56) cancer cells. Thymine
DNA glycosylase (TDG) is another enzyme implicated in
the cascade of methylcytosine demethylation. A quartet of
ZFP-TDGs concurrently targeting the NOS2 promoter in-
duced gene reactivation in fibroblasts (57) (Figure 2A-IV).

To understand the causal effect of DNA demethylation
and activation of gene expression, J. Keith Joung’s labora-
tory has engineered TALEs linked to the hydroxylase activ-
ity of the human TET1 CD to identify and remove critical
CpG dinucleotides methylation marks at endogenous gene
promoters in a chronic myelogenous leukemia cell line (58).
Similarly, TALE-TET1 and dCas9-TET1 fusions were em-
ployed as a way to treat diabetes via induction of � cell repli-
cation (59), to reactivate the TSG BRCA1 and inhibition of
cell proliferation (60), to facilitate reprogramming of fibrob-
lasts into myoblasts (61), and to potentially target diseases
caused by dysregulated gene expression, such as Fragile X
syndrome (62) (Figures 2B-IV, 3A-I). ED recruitment tech-
nologies have also been successfully applied to manipulate
DNA demethylation with TET1-CD, as a fusion with dCas9
or MS2 coat proteins in neuroblastoma cells, with negligi-
ble off-target effects (63). On the other hand, an optimized
SunTag strategy with an extended linker length between the

GCN4 peptide arrays, from 5 to 22 aa, and a reduction in
the number of GCN4 copies, effectively recruited TET1-CD
to functionally relevant CpGs sites in ESCs, primary neural
precursor cells, cancer cell lines and mouse fetuses (64).

Alternatively, a doxycycline-inducible modular recruiting
system based on dCas9 fused to green fluorescent protein
(GFP) Binding Protein (GBP) and GFP-TET1-CD repre-
sents an additional platform to simultaneously titrate the
two molecular constituents, thus minimizing off-target ef-
fects (65) (Figure 3A-IV).

When DNAme exerts tight control over gene expression
through sustained silencing, as is the case for SOX1 in neu-
ral progenitor cells, a combination of different EDs target-
ing the same region, such as dCas9-VP64 and dCas9-TET1-
CD, is required to remove cell identity barriers, thereby
leading to transcriptional reprogramming (66). TET1-CD
and VPR, N-terminally fused to SadCas9 and SpdCas9 or-
thologues, respectively, represent further examples of a po-
tent synergistic effect that has led to HNF1A gene expres-
sion being maintained for up to 30 days (19) (Figure 3A-I).

Lastly, another strategy to enhance activation of
methylation-silenced genes relies on linking TET1-CD
activity with the Base Excision Repair machinery, such
as Growth Arrest and DNA-Damage-inducible Alpha
(GADD45A) or Nei-Like DNA Glycosylase 2 (NEIL2) to
complete the DNA demethylation cycle (67). Multimer-
ization of EDs at targeted sites has been accomplished by
coupling, in different combinations, distinct EDs to the
PUMILIO/FBF (PUF) modules, referred to as the Casilio
recruiting technology (68). This consists of SpdCas9
protein and an appended gRNA with one to five copies of
PUF Binding Site (PBS), while the EDs are fused to PUF
modules (Figure 3A-VI-b).

Histone lysine acetyltransferases (KATs) (writers).
Hilton et al. have shown that dCas9 fused to the CD of
the human acetyltransferase p300, which catalyzes H3K27
acetylation in promoters and in proximal and distal
enhancers, induced gene expression with a high degree
of specificity across the genome (69). Applications of
SpdCas9-p300 range from activation of immune response
regulation (70) to the discovery of new regulatory elements
(71). Lastly, epigenetic editing in cancer cells has also been
achieved with LbdCas12a-p300 (23) (Figure 3A-I).

In another study, the histone lysine acetyltransferase
(KAT) domain from CREB-binding protein (CBP) was C-
terminally engineered with dCas9 as well as with the Casilio
PUF modules (68). The recruited EDs exhibited a higher ef-
ficacy in regulating gene expression by targeting both proxi-
mal and distal enhancers compared to the direct dCas9-ED
fusions (Figure 3A-I, VI-a).

Lastly, the C-terminal domain of dCas9 has also been en-
gineered with the enzymatic core of KAT GCN5 from P.
falciparum to hyper-acetylate the transcriptional start site
of the silent Rh4 gene, as a way to block the invasion of hu-
man erythrocytes by malaria parasites (72) (Figure 3A-I).

Chromatin readers. Catalytically deficient dCas9 has been
fused with BRD4, a bromodomain reader of acetyl-lysine
histones, to reinforce the effect of epidrugs for the treatment
of neuropsychiatric disorders. The engineering of dCas9-
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BRD4 resulted in enhanced BDNF gene expression, neu-
roplasticity, and memory following pharmacological inhi-
bition of HDAC3 (73) (Figure 3A-I).

Chromatin remodelers. Overruling chromatin conforma-
tions that instruct and restrict gene expression programs,
such as the synthesis of � -fetal and �-adult globins, can be
achieved by forcing chromatin looping. To this aim, ZFPs
(74) and TALEs (75) fused to the enhancer recruiter, LIM
domain-binding protein 1 (Ldb1), targeting the develop-
mentally silenced embryonic globin gene, were able to in-
duce its de novo transcriptional activity in adult murine ery-
throblasts and in human umbilical cord blood-derived ery-
throid progenitor cells, respectively (Figure 2A-IV, B-IV).

Histone lysine methyltransferases (KMTs) (writers).
Marianne Rots’ laboratory first demonstrated that targeted
deposition of H3K4me3 by fusion of the catalytic core
domain of the histone-lysine N-methyltransferase PR/SET
Domain 9 (PRDM9) to either dCas9 or ZFPs is sufficient
to re-express silent genes in a context-dependent manner in
lung, ovarian and cervical cancer cells. However, H3K79me
induced by dCas9 or ZFPs fused to the DOT1-like
histone-lysine N-methyltransferase, H3 lysine-79 specific
(DOT1L) was found to be essential to maintain durable
gene re-expression (76) (Figures 2A-IV and 3A-I).

The myeloid/lymphoid or mixed-lineage leukemia pro-
tein 3 SET domain (MLL3SET) is another histone ly-
sine methyltransferase (KMT) that was recently linked to
dCas9 to orchestrate chromatin interactions between super-
enhancers and the SOX2 promoter in differentiating mouse
ESCs (77). Furthermore, an N-terminally truncated vari-
ant of the KMT SMYD3 that is incapable of binding to
its DNA cognate motif 5′-CCCTCC-3′ nor able to interact
with the endogenous positive coactivator 4, PC4, has been
tethered to dCas9 to boost gene transcription, thereby ex-
panding the arsenal of tools available for epigenome editing
(78) (Figure 3A-I).

In summary, upregulation of silenced genes, particularly
via ‘hit-and-run’ approaches (transient transfections) by
single EDs, either directly fused to or recruited by DBDs,
has been shown to be effective for many target genes. How-
ever, multiple and mechanistically distinct EDs are required
to avoid exhaustion of the recruited endogenous co-factors,
as well as to obtain a more durable epigenome manipula-
tion. This can be achieved by different recruiting systems
such as SunTag, aptameric, and Casilio technologies. There
are several limitations, however, for each system, which in-
clude the large size of the SunTag constructs, which can af-
fect delivery efficiencies in vivo, and the number of available
aptameric sequences that can be incorporated in SAM sys-
tems (Table 2).

ENZYMES AND EFFECTOR DOMAINS FOR TRAN-
SCRIPTIONAL REPRESSION

Targeted gene repression has been applied in basic
and translational research, ranging from loss-of-function
screening with minimal off-target activity (45) to a more
precise strategy to switch-off oncogenic addictions with
long-lasting effects, such as SOX2 in breast cancer (79–81).

Recruiters of endogenous transcriptional repressors

The repressor domain most commonly fused to DBDs is
the Krüppel-associated box KRAB (82). ZF arrays have
been N-terminally tethered to KRAB to down-regulate
genes (83), laying the foundations of synthetic biology for
gene therapy applications (79). Similarly, TALE-KRAB
fusions allowed potent, specific, and simultaneous gene
knock-downs to investigate interconnected molecular path-
ways (84). Moreover, the KRAB domain fused to either
the N- or the C-terminus of dCas9 has been devised in a
doxycycline-inducible system for robust targeted inhibition
of gene transcription at promoters (30,45) as well as at en-
hancers (85). A combinatorial gRNA-dCas9-KRAB sys-
tem demonstrated epigenetic perturbation of enhancers and
super-enhancers. In this approach (Mosaic-seq), the activity
of single and multiple gRNAs was monitored at single-cell
resolution by screening of a barcode gRNA library followed
by sequencing and identification of the gRNA barcodes
(86) (Figures 2A-I, B-IV, 3A-I). In addition to KRAB, the
SIN3A (87), FOG1 (88) and HP1 (89) are additional exam-
ples of EDs recruiting the endogenous repressor machinery,
thereby resulting in targeted gene down-regulation (Table
3).

Another approach focuses on the assembly of different
ED recruiters for enhanced repression of multiple genes si-
multaneously (90). A new artificial repressor tool has been
engineered by fusion of dCas9 to KRAB and with the
methyl-CpG binding protein 2 (MeCP2), thereby generat-
ing the bipartite entity dCas9-KRAB-MeCP2 that has been
shown to have a superior degree of gene repression than
dCas9-KRAB (Figure 3A-III). However, none of these re-
cruiters were able to induce a long-lasting repressive chro-
matin state, and restoration of gene repression was observed
within 5–10 days after the DBD was no longer expressed
(45,88,89).

An additional study demonstrated that sustained expres-
sion of KRAB for 10 days achieved long-term epigenetic
silencing in targeted loci in the context of a doxycycline-
inducible articular chromosome, with a resulting memory
of ∼60 days (and ∼66% silenced cells in the population).
Conversely, de novo DNAme induced by DNMT3B led to a
similar irreversible gene silencing rate (∼58%) after 3 days
of activity (91). Similar findings have been shown in the con-
text of endogenous chromatin in cancer cells in vivo, as in
the case for ZF-KRAB targeting the SOX2 gene (79) and
ZF-DNMT3A targeting the MASPIN (80) and SOX2 genes
(80,81), thereby corroborating the longevity of epigenetic
silencing via de novo DNAme and consequent inhibition of
tumor growth.

Epigenetic enzymes for gene repression

DNA methyltransferases (DNMTs) (writers). Epigenetic
engineering, in particular with DNA synthetic methyltrans-
ferases, has led to the development of molecular tools
to advance the field of functional epigenetics, notably to
understand the causal effects of DNAme in chromatin
structure, gene expression, and phenotype specification at
particular loci. For example, ZFPs fused to the CD of
DNMT3A mediated stable repression of the SOX2 onco-
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Table 2. Comparison of different assembly methodologies of effector domains (EDs) for epigenome engineering

Strategies Advantages Disadvantages

Single ED directly
fused to DBDs

- Small size potentially facilitates delivery in target
cells and tissues
- Cost-effective to produce, e.g., by recombinant
protein production

- Limited epigenetic editing ability associated to
single EDs
- Requires de novo construction of each DBD
- Single EDs may exhaust endogenous
transcriptional machinery

Multiple EDs
directly fused to
DBDs

- Simultaneous editing of multiple epigenetic marks
to restore long-lasting manipulation of the
epigenome or ‘epigenetic memory’
- Versatile/flexible enabling N- and/or C-terminal
fusions of arrays of effectors
- Delivery is facilitated by ‘all-in-one’ component
system

- Larger size of ED arrays could affect intracellular
delivery and potentially change the specificity
- ED combinations may have to be tailored to
genomic contexts

SunTag system - Enhances epigenetic editing activity
- Low frequency of off-target effects due to fewer
DBDs employed nor gRNA tiling

- Larger size of the multi-component systems limits
intracellular delivery
- Requires linker optimization of the GCN4
polypeptide array

GBP-GFP system - Any ED can be potentially GFP-tagged
- Fluorescent tagging enables dynamic real-time
microscopy visualization of dCas9

- GFP fusions may potentially interfere with
epigenetic editing activity

Aptameric systems - Enhances epigenetic editing activity
- Enables targeting of multiple EDs
- Low frequency of off-target effects, nor gRNA tiling
- Enables simultaneous gene activation and
repression

- Delivery limited by a three-component system
- Potentially limited by the number of available RNA
aptamers (MS2, PP7, Com)
- Requires delivery of larger gRNAs and co-delivery
of multiple coat proteins

Casilio system - Highly flexible ED recruiting module design
- Highly controlled stoichiometry of EDs
- Potential for multiplexing and multimerization of
synergistic EDs
- Enables robust epigenetic editing activity and
longevity
- Facilitates simultaneous gene activation and gene
repression

- Delivery limited by a three-component system

Abbreviations: ED: effector domain; DBD: DNA-Binding Domain; SunTag: SUperNova Tagging; GFP: green fluorescent protein; GBP: GFP-binding
protein.

gene in vivo (81), and similar designs inactivated the TSG
P16 (92) by writing de novo DNAme at specific regulatory
regions (Figures 2A-IV and 3A-I). Moreover, site-specific
deposition of DNAme mediated by dCas9-DNMT3A en-
abled investigation of the physiological mechanistic links
between de novo DNAme and cellular differentiation (93).
Furthermore, this approach confirmed that de novo pro-
moter hyper-methylation of the TSG SMARCA2 is an
epigenetic driver event in lung adenocarcinoma progres-
sion (94). In addition to applications for cancer treat-
ment, synthetic de novo DNAme to down-regulate the ab-
normally high levels of the SNCA gene could represent
a promising potential treatment for Parkinson’s disease
(95).

Other studies have revealed the spatiotemporal dynam-
ics of de novo DNAme and gene silencing. Importantly,
multiple gRNAs are required to synergistically methylate
a broader chromosomal region within CpG-islands con-
trolling promoter gene expression (96). In the case of the
TSG CDKN2A, broad DNAme deposition across the entire
CpG-island was required to repress gene expression (97).
In regard to the dynamic control of DNAme, it reached its
peak of efficacy 3 days (97) and 6–7 days after transfection
(96). In another study, Lei et al. achieved a DNAme peak
in less time, 24 h post-transfection, by directly fusing dCas9
with the prokaryotic DNMT mutant version, MQ1Q147L.
This approach is particularly important for modeling and

to study embryogenesis in vivo, where editing of DNAme
has to be rapid (98) (Figure 3A-I).

Several strategies based on different assembly methods
of diverse EDs have also been devised to increase DNAme
activity while minimizing global off-target effects. In terms
of DNAme activity, it is known that the catalytic activ-
ity of DNMT3A is stimulated by its regulatory cofactor
DNMT3L (99). When ZFPs were C-terminally linked to
DNMT3A and DNMT3L the resulting constructs yielded
2-fold more gene silencing than DNMT3A alone (100)
(Figure 2A-V). Stepper et al. have also confirmed the po-
tency of DNMT3A and DNMT3L multimerization at-
tached to dCas9, although unintended off-target effects oc-
curred (101). The dCas9-DNMT3A-DNMT3L fusion has
been used to validate the DNAme-mediated silencing of
the TSG CDKN2A during tumorigenesis (102). Indeed,
CDKN2A silencing by the TALE-DNMT3A-DNMT3L fu-
sion demonstrated increased cell replication in primary hu-
man fibroblasts (103) (Figures 2B-V, 3A-III). In contrast to
mammalian methyltransferases, the bacterial DNMT SssI
does not require the DNMT3L co-factor. Yamazaki et al.
have fused SssI to either TALEs or dCas9 to investigate the
impact of DNAme on mitotic chromosomal segregation.
However, refinements on dCas9-SssI system are required to
reduce off-target activity (104).

To investigate the specificity of the SpdCas9-DNMT3A
or -DNMT3B, Lin et al. conducted whole-genome bisul-
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Table 3. Epigenetic editing technologies for gene transcriptional repression

Gene regulation:
REPRESSION

Effector domain
(ED) Molecular function

Targeted
genomic region

Epigenetic
technology (direct
ED fusion)

Epigenetic technology (ED
recruitment)

Recruiters of
endogenous
transcriptional
repressors

KRAB
(Krüppel-associated
box)

Recruitment of
corepressor KAP1,
HP1, SetDB1 and
NuRD Increased
H3K9me3 Decreased
H3K9ac

Gene promoters
and enhancers

ZFP
(8,79,83,154,191,244)
TALE (84)
SpdCas9
(30,45,85,86,174)
SadCas9 (245)
LmoCascade
(233)

Sp and Sa dCas9
(GAI/GID1) and
(ABI/PYL1) (18) SpdCas9
(Com) (117)

SIN3A (SIN3
Transcription
Regulator Family
Member A)

Transcriptional
corepressor hub
Recruitment of
HDACs Decreased
H3ac

Gene promoters
and enhancers

SpdCas9 (87) TALE-LITE (120)

FOG1 (Friend of
GATA1)

Recruitment of
NuRD, HDAC1 and 2
and PRC2 complex
Increased H3K27me3

Gene promoters SpdCas9 (88)

HP1 (Heterochro-
matin protein
1)

Interacts with KMTs,
e.g., Suv39h1,
SetDB1, and G9a
Increased H3K9me3

Gene promoters SpdCas9-FIRE (89)

KRAB and MeCP2
(Enhanced gene
repression)

MeCP2 binds to DNA
methyltransferase
DNMT1 and the
SIN3A–histone
deacetylase
co-repressor complex

Gene promoters SpdCas9 (90)

Enzymes: DNA
methylation
(DNAme)

DNMT3A (catalytic
domain or
full-length)

DNA
methyltransferase
Increased cytosine
methylation (writer)

Gene promoters
and introns

ZFP
(80,81,92,243,246)
SpdCas9
(61,93–97,105)
SadCas9 (20)

TALE (CRY2-CIB1) (125)
SpdCas9-SunTag (106,107)

Major satellite
repeats

SpdCas9 (GBP-GFP) (65)

DNMT3B (catalytic
domain)

DNA
methyltransferase
Increased cytosine
methylation (writer)

Gene promoters SpdCas9 (105)

DNMT3A and
DNMT3L
(Enhanced gene
repression)

A: DNA
methyltransferase
(writer) L: regulatory
factor

Gene promoters ZFP (100) TALE
(103) SpdCas9
(101,102)

MQ1 Prokaryotic DNA
methyltransferase
(writer)

Gene promoters SpdCas9 (98)

M.SssI Prokaryotic DNA
methyltransferase
(writer)

Pericentromeres TALE and
SpdCas9 (104)

Multiple distinct
EDs for
epigenetic
memory

DNMT3A,
DNMT3L, and
KRAB

Long-term gene
silencing Increased
DNAme and
H3K9me3 Decreased
H3K4me3

Gene promoters TALE (108,109)
SpdCas9 (108)

Enzymes: Histone
lysine methylation

Ezh2 (catalytic
domain)

Histone lysine
methyltransferase
(KMT) Increased
H3K27me3 (writer)

Gene promoters SpdCas9
(88,110,112)

SpdCas9 (PP7-PCP) (111)

G9a (EHMT2)
(minimal catalytic
domain)

Histone lysine
methyltransferase
(KMT) Increased
H3K9me2 (writer)

Gene promoters ZFP (28)

Multiple distinct
EDs for
epigenetic
memory

Ezh2,
DNMT3A, and
DNMT3L
(overexpressed)

Long-term gene
silencing Increased
DNAme and
H3K27me3 Decreased
H3K27ac

Gene promoters SpdCas9 (112)
(Ezh2 and
DNMT3A)
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Table 3. Continued

Gene regulation:
REPRESSION

Effector domain
(ED) Molecular function

Targeted
genomic region

Epigenetic
technology (direct
ED fusion)

Epigenetic technology (ED
recruitment)

Enzymes: Histone
lysine
demethylation

LSD1 (Lysine
Demethylase 1A)

Histone lysine
demethylase (KDM)
Decreased H3K4me2
Decreased H3K27ac
(eraser)

Enhancers TALE (113)
NmedCas9 (114)
SadCas9 (21)

Enzymes: Histone
lysine
deacetylation

HDAC3 (full-length) Histone deacetylase
Decreased H3K27ac
(eraser)

Gene promoters SpdCas9 (115)

HDAC8 (full-length) Histone deacetylase
Decreased H3K27ac
(eraser)

Enhancers SpdCas9 (116)

Sir2a (Sirtuin Type
1)

Histone deacetylase
Decreased H3ac and
H4ac (eraser)

Gene promoters SpdCas9 (72)

Abbreviations: KAP1: KRAB associated protein 1; HP1: heterochromatin protein 1; SetDB1: SET domain bifurcated histone lysine methyltransferase 1;
NuRD: nucleosome remodeling and deacetylase; KMT: histone lysine methyltransferase; HDAC: histone lysine deacetylase; H3: histone 3; K: lysine; me2:
di-methylated state; me3: tri-methylated state; ac: acetylation; ZFP: zinc-finger proteins; TALE: transcription activator-like effector; Sp: Streptococcus
pyogenes; Sa: Staphylococcus aureus; dCas9: catalytically deactivated Cas9 protein; Lmo: Listeria monocytogenes; Cascade: CRISPR-associated complex
for antiviral defense; GAI: gibberellin (GA) insensitive protein; GID1: gibberellin-insensitive dwarf1 protein; ABI: abscisic acid (ABA)-insensitive 1 pro-
tein; PYL1: abscisic acid receptor; Com: RNA aptamer Com-coat protein; LITE: light-inducible transcriptional effector; PRC2: polycomb repressive
complex 2; Suv39h1: suppressor of variegation 3–9 homolog 1; G9a: histone-lysine N-methyltransferase EHMT2; EHMT2: euchromatic histone lysine
methyltransferase 2; FIRE: Fkbp/Frb inducible recruitment for epigenome; FKBP: FK506-binding protein; FRB: FKBP–rapamycin binding; MeCP2:
methyl-CpG binding protein 2; DNMT: DNA methyltransferase; CRY2: cryptochrome 2; CIB1: cryptochrome-2-interacting binding protein-1; SunTag:
SUperNova tagging; GFP: green fluorescent protein; GBP: GFP-binding protein; Ezh2: enhancer of zeste 2 polycomb repressive complex 2 subunit; PP7:
RNA aptamer; PCP: PP7-coat protein; Nme: Neisseria meningitidis.

fite sequencing and they identified off-target differentially
methylated regions (DMR)s (105). To reduce off-target
DMRs, as well as to extend the DNAme deposition over
larger genomic regions (4.5-kb), Huang and colleagues em-
ployed a SpdCas9-SunTag-DNMT3A system (Figure 3A-
V). This modular platform greatly amplifies the DNMT3A
enzyme concentration at the site of interest. This allows
the formation of functional DNMT3A tetramers while us-
ing a single gRNA, thereby exerting a minimal impact on
global DNAme (106). A similar strategy has been exploited
followed by a more comprehensive survey of on- and off-
targets, revealing the lowest level of DNAme off-targets
documented to date, compared to direct fusions (107).

Finally, to achieve long-lasting effects, combinations of
distinct EDs, such as KRAB, DNMT3A, and DNMT3L
have been separately fused to multiple SpdCas9s or TALEs
(108) or linked together as an N-KRAB-TALE-DNMT3A-
Dnmt3L-C fusion (109). Both studies have demonstrated
local and persistent alteration of the chromatin structure,
thus ensuring long-term epigenetic memory in genes in-
volved in immune responses, such as B2M (108) or CCR5
and CXCR4 in human primary T lymphocytes as a form
of protection from HIV infection (109), with negligible off-
target activity (Figure 2B-I, V and 3A-I).

Histone lysine methyltransferases (KMTs) (writers). In
addition to KRAB and DNMTs, additional enzymes have
been harnessed to more readily achieve synthetic and en-
during gene silencing. ZF domains engineered with the CD
of G9a have been utilized for in vivo targeting of the FosB
gene to elucidate transcriptional gene dysregulation in neu-
ropsychiatric diseases, such as drug-addiction and depres-
sion (28) (Figure 2A-IV).

Furthermore, the KMT EZH2 has been attached to
dCas9 to down-regulate the GRANULIN gene, which is re-
sponsible for cancer progression in the hepatoma cell line
Hep3B (110). In another study, EZH2 was fused to the
PP7 coat protein (PCP) and recruited by the PP7 RNA
aptameric system, demonstrating that targeted manipula-
tion of H3K27me3 was inherited by the daughter cells (111)
(Figure 3A-I, VII). O’Geen et al. co-targeted Ezh2-dCas9
with DNMT3A-dCas9 along with simultaneous overex-
pression of DNMT3L. This multivalent design induced an
epigenetic switch from euchromatin to heterochromatin ca-
pable of inducing long-term repression of HER2 for at least
50 days and perpetuated for 57 cell divisions in the human
colon cancer cell line HCT116, with no detectable off-target
activity (112). This is another example whereby the combi-
nation of multiple distinct EDs was found to be critical for
sustained epigenetic modulation (Figure 3A-I).

Histone lysine demethylases (KDMs) (erasers). Targeted
decommissioning of endogenous enhancers by TALEs
(113) and NmedCas9 from Neisseria meningitidis (114)
fused to LSD1 has been extremely helpful to researchers.
Precise inactivation of the enhancer’s chromatin is a power-
ful tool to functionally characterize these tissue-specific el-
ements for transcriptional repression activity. To this aim,
SadCas9-LSD1 has been used to modify the chromatin
state of a conserved enhancer, leading to altered expression
of PDX1 and its target genes in insulinoma cells and in pan-
creatic islets (21) (Figure 2B-IV, 3A-I).

Histone deacetylases (HDACs) (erasers). Another new
synthetic epigenome remodeler is based on the fusion of
SpdCas9 to HDAC3. However, in this study only mod-
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est gene repression was observed, suggesting that the chro-
matin environment plays an important role in gene mod-
ulation, particularly when an enzyme that has the ability
to bidirectionally control gene transcription, is used to tar-
get gene promoters (115). Conversely, SpdCas9-HDAC8
was able to deacetylate enhancers and reduce Fos gene ex-
pression in neurons (116). In another study, SpdCas9 was
fused to Sir2a, an HDAC from P. falciparum, to mediate hy-
poacetylation of the eba-175 gene, which is the most highly
expressed erythrocyte invasion-related gene in P. falciparum
(72) (Figure 3A-I).

In conclusion, to induce potent and persistent gene si-
lencing, multiple strategies take advantage of the linkage
of mechanistically distinct EDs. While DNMTs alone have
demonstrated a modest degree of silencing activity, the pres-
ence of additional cofactors enables the reinforcement and
maintenance of DNAme over cell generations. Addition-
ally, the incorporation of diverse epigenetic effectors, such
as KMTs and HDACs, may be required to maximize gene
silencing. The specific combinations of EDs harnessed for
gene silencing generally depend on the particular epige-
nomic context targeted; thus, new emerging strategies aim
to expand our combinatorial arsenal of epigenetic domains
for effective epigenome manipulation.

SIMULTANEOUS STRATEGIES FOR GENE ACTIVA-
TION AND REPRESSION

Eukaryotic cells execute complex transcriptional programs,
for example during development or during metabolic path-
way regulation, where specific sets of genes are activated
while others are simultaneously repressed. Zalatan et al.
engineered three separate scaffolding modules fused with
the gRNA of SpdCas9, based on the viral RNA sequences
of the MS2, PP7 and Com aptamers. These aptamers rec-
ognize homodimeric MCP, PCP and Com RNA-binding
coat proteins, respectively. The EDs, such as VP64 and
KRAB, are then C-terminally fused to different RNA-
binding coat protein sequences and recruited by a single
gRNA/SpdCas9, thereby enabling concomitant synthetic
ON/OFF gene regulation in human cells (117) (Figure 3A-
VII). There are, however, limitations to this approach due to
the restricted number of well-characterized RNA aptamers
as well as potential difficulties in gRNA expression when
more copies of these structured aptamers are engineered
onto the gRNA. The Casilio technology has been devel-
oped to bypass these aforementioned limitations, achiev-
ing both multiplexing and multimerization of EDs. A recent
publication demonstrated simultaneous activation via p65-
HSF1 and repression via KRAB, when the Casilio modules
were independently recruited by dCas9 targeting the OCT4
and SOX2 gene promoters, respectively. This system has the
capability to exponentially increase the number of distinct
EDs, including KAT enzymes, to target specific gene net-
works (68) (Figure 3A-VI-a).

Another strategy deploys different dCas9 orthologues in
a dual orthogonal inducible system (18) (Figure 4A-II, IV).
An example is the expression of DNMT3A-SpdCas9 and
TET1-SadCas9 fusions within the same cells (19). A poten-
tial limitation of this approach is the limited frequency of

some of the dCas9 orthologues binding to specific promot-
ers relative to that of SpdCas9.

INDUCIBLE SYSTEMS FOR DYNAMIC CONTROL OF
EPIGENETIC EDITING

Novel inducible systems have recently been developed and
optimized to finely modulate the expression of epigenetic
editors. To this aim, two main strategies have been devel-
oped based on chemical and optical systems. Both strategies
are based on the principle of oligomerization, in particular,
homo- and hetero-dimerization, which mechanistically con-
trol the specific activation of proteins and cellular signaling
transduction pathways.

For a number of years, orally bioavailable small-molecule
drugs, such as doxycycline or tetracycline, have been ex-
ploited to induce transgene expression in mammalian cells
and mouse models. However, leaky basal gene expression
in the absence of the inducers has been noted even af-
ter concerted optimization efforts with these expression
systems (118). Another concern is the lack of scalabil-
ity for simultaneous genome multiplexed modulation, as
these dimerizer-regulated systems depend on only one in-
ducer. Therefore, other technologies have been developed
for tighter epigenetic editing inducibility to assess epige-
netic memory (89), to temporally manipulate complex gene
networks (18,119), and to establish causal relationships be-
tween epigenetic marks, gene regulation, and cellular func-
tions (22,120). Such alternative chemical dimerizers for in-
ducible gene expression in vitro and in vivo require FDA ap-
proval to warrant sufficient safety in terms of bioavailabil-
ity, biodistribution, drug metabolism, and toxicity. These
compounds include rapamycin and its analogs, or rapalogs,
such as A/C heterodimerizer; estrogen antagonists, such as
4-hydroxytamoxifen (4-OHT); lastly, plant hormones, rep-
resented by the classical antagonistic duo comprising the
abscisic acid (ABA)-inducible ABI–PYL1 system and the
gibberellin (GA)-inducible GID1–GAI system, for which
one of the key features is the tightness of regulation (Fig-
ure 4A).

A pioneering study has shown therapeutic gene expres-
sion of human growth hormone hGH in a humanized
mouse using a tripartite complex comprised of targeted ZF
fused to three copies of the cellular protein Fkbp, Frb fused
to the transactivator domain p65, and rapamycin acting as
an adaptor to join ZF-Fkbp to Frb-p65, thereby resulting
in induction of hGH gene activation in vivo (121) (Figure
2A-III).

Fkbp/Frb Inducible Recruitment for Epigenome editing
by the dCas9 (FIRE) system (89) is a recent SpdCas9-MS2
recruitment-based approach that exploits the same dimer-
izing fusion proteins to reprogram chromatin states in a
controllable manner. Recruitment of the endogenous het-
erochromatin complex comprising methyltransferases such
as Suv39h1, SetDB1, and G9a via HP1 locus-specifically
deposited H3K9me3 epigenetic mark at the CXCR4 pro-
moter in HEK293 cells. The gene silencing could be reversed
upon washout with FK506, which is a dimeric competitive
inhibitor of the dimerizing drug rapamycin (89) (Figure 4A-
VI).
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Figure 4. Inducible and repressible systems for precise and dynamic control of CRISPR-dCas9- and 12a-mediated epigenetic editing. (A) (I) The light-
activated CRISPR-dCas9 effector (LACE) system induces spatiotemporal gene regulation based on exposure to blue light. (II) The chemical gibberellin
(GA) induces dimerization of dCas fused to the GA-insensitive (GAI) plant protein and its binding partner gibberellin-insensitive dwarf1 (GID1) linked
to either (a) single EDs or (b) tripartite ED systems. (III) The Fkbp-Frb technology recruits tripartite ED systems in the presence of rapamycin. (IV)
The chemical abscisic acid (ABA)-inducible system. ABA triggers dimerization of dCas fused to the ABA-insensitive 1 (ABI) plant protein and its PYL1
interacting domain directly linked to (a) tripartite ED systems or to the SunTag system, which recruits (b) single EDs or (c) tripartite ED systems. (V) A
drug-dependent system based on DmrA and DmrC domains fused to dCas and EDs, respectively, which interact only in the presence of the rapamycin
analog A/C heterodimerizer. (VI) The Fkbp/Frb inducible recruitment for epigenome editing (FIRE) system combines the gRNA MS2 technology with
the rapamycin-dependent dimerization approach. (VII) The hybrid drug inducible technology (HIT) based on the SunTag system. scFv antibodies are engi-
neered with two copies of a mutated human estrogen receptor (ERT2) followed by single and multiple EDs. 4-Hydroxytamoxifen (4-OHT) induces nuclear
translocation of these constructs that are otherwise retained in the cytoplasm. (B) (I) A drug-tunable system for conditional stabilization of dCas linked to
ED (dCas9-ED) and N-terminally fused to a dihydrofolate reductase (DHFR)-derived destabilization domain. The addition of trimethoprim (TMP) tem-
porally stabilizes the fusion construct. (II) Auxin-Inducible Degron technology (AID) involves tagging dCas-ED with the auxin plant hormone-sensitive
domain IAA17 and co-expression of the auxiliary protein TIR1. The addition of auxin targets the chimeric dCas-ED protein for rapid proteasomal degra-
dation. (III) Anti-CRISPR (Acr) proteins, e.g., AcrIIA4, interfere, and compete with dCas9-ED DNA recognition. The microRNA (miRNA)-responsive
‘Acr switch’ system is designed to cell-specifically regulate epigenetic editing. High levels of a specific miRNA can block Acr expression, thereby releasing
dCas9-ED. (IV) A combinatorial strategy that couples the DHFR-TMP system, based on the MS2 ED-recruitment approach, with the AID technology.
TMP results in stability, which can be abrogated by the addition of auxin to the system. (V) Optogenetic control based on the CASANOVA system. Acr
fused to the plant photosensor LOV2 constitutively interferes with dCas9-ED DNA targeting. Blue light unfolds and impairs Acr-LOV2 fusion, thereby
releasing dCas9-ED.
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With regards to ligand-dependent gene activation, the
orthologues SpdCas9 and NmedCas9 were engineered
with the chemically induced dimerizing GAI/GID1 and
Fkbp/Frb systems, respectively, and fused to VPR to exert
simultaneous multiple gene activation with minimal back-
ground activity (119) (Figure 4A-II, III).

Synergistic and combinatorial gene activation has also
been achieved with LbdCas12a, by leveraging its ability
to encode two or more crRNAs in a multiplex single
transcript. This drug-dependent system used DmrA and
DmrC–VPR fusions in the presence of the rapalog A/C het-
erodimerizer for controllable multiple gene regulation in the
bone osteosarcoma cell line U2OS (22) (Figure 4A-V).

Furthermore, rapid and reversible response to drug in-
duction in transcription modulation has been demonstrated
with the split SpdCas9-VP64 system. Spatial sequestration
of the two split fragments inside the cells was maintained by
an equal ratio of nuclear export sequences (NES) and nu-
clear localization sequences (NLS) fused to N-dCas9-Frb
and C-Fkbp-dCas9-VP64, respectively, and rapamycin was
used to activate the dimerization (122) (Figure 3B).

Different dimerizer-inducible systems can be exploited to
generate synthetic epigenetic machinery by fusion of dis-
tinct EDs to the dCas9 split. Alternatively, different or-
thologues, such as Sp and SadCas9 fused to VPR and
KRAB, and vice versa, can be employed to achieve simul-
taneous regulation of orthogonal genes when dynamically
controlled by ABA- and GA-inducible systems in the same
cell (18) (Figure 4A-II, IV).

Lastly, to avoid the use of rapamycin, which interferes
with mTOR, a crucial cellular pathway component, Hybrid
drug Inducible CRISPR/Cas9 Technologies (HIT) have
been developed for rapid and reversible modulation of tran-
scriptional activation of the OCT4 and KLF4 genes. The
HIT system deploys 4-OHT to chemically induce proxim-
ity of either Sp or SadCas9 and the scFv portion of the
SunTag molecular entity directly grafted to two copies of
a triple-mutated human estrogen receptor (ERT2). ERT2
guarantees low background activity due to its selective affin-
ity for synthetic 4-OHT relative to the endogenous ligand
�-estradiol. Without its ligand, scFv-ERT2 is sequestered
by heat shock protein 90 in the cytoplasm. VP64 and p65-
HSF1 (VPH) are separately attached to scFv-ERT2 con-
structs, as they have been shown to exhibit more pro-
nounced synergistic activation than V and PH alone or
fused together (123) (Figure 4A-VII).

Spatial and temporally tunable gene expression can also
be achieved by adopting photoactivatable systems. Initial
work combined ZFs fused to GIGANTEA (GI) and VP16
with LOV, two light-inducible dimerizing proteins from
Arabidopsis thaliana, to control the level of gene activa-
tion by modulation of the blue light intensity (124) (Figure
2A-II). Light-inducible transcriptional effector (LITE) sys-
tems integrating TALEs fused to the light-sensitive protein
CRY2 with its interacting partner CIB1, from Arabidop-
sis thaliana, linked to either VP64 or SIN3 have been used
for rapid and reversible optogenetic control of gene activa-
tion and repression, respectively, in primary mouse neurons
(120). Moreover, exchanging the dimerization domain pair,
by fusing TALEs to CIB1 and CRY2 to either DNMT3A-
CD or TET1-CD, allowed optical regulation of the methy-

lation state of Ascl1, which is a candidate proneuronal gene
in murine neural stem cells (125) (Figure 2B-II, III).

Dynamic gene regulation has also been achieved with the
light-activated CRISPR–Cas9 effector (LACE) system. The
same optogenetic actuators, CRY2 and CIB1, were attached
to VP64 and to SpdCas9, respectively, to tightly regulate
endogenous gene transcription in the presence of blue light
(126) (Figure 4A-I).

REPRESSIBLE SYSTEMS FOR DYNAMIC CONTROL
OF EPIGENETIC EDITING

Another strategy to chemically control gene expression for
human cell reprogramming is based on SpdCas9 linked to
VP192 activator and N-terminally fused to a dihydrofolate
reductase (DHFR)-derived destabilization domain. The ad-
dition of the small molecule trimethoprim (TMP) tempo-
rally stabilizes the complex, thereby providing control over
degradation of the DHFR fusion construct. However, this
system has been shown to exhibit a degree of leakiness due
to partial protein degradation (127) (Figure 4B-I).

Moreover, both the DHFR-TMP strategy and the MS2-
VP64 system have been combined with the development
of auxin-inducible degron (AID) technology. The AID sys-
tem involves tagging Sp or SadCas9 with the auxin plant
hormone-sensitive domain IAA17 and co-expression of the
auxiliary protein TIR1. The administration of TMP allows
for drug-tunable gene upregulation, which can be abrogated
by the addition of auxin to the system as this results in rapid
dCas9 protein proteasomal degradation (128) (Figure 4B-
IV).

Lastly, the AID approach has been exploited to assess
epigenetic memory and gene regulation in the chronic myel-
ogenous leukemia cell line K562. Use of AID technology
allowed temporal control of SpdCas9-p300 expression. The
epigenetic editor was targeted to distal non-regulatory ge-
nomic regions, thereby reprogramming them into enhancer-
like elements (i-Enhancer), by depositing H3K27ac marks,
and induction of gene expression from the proximal pro-
moter (129) (Figure 4B-II).

As an alternative to chemical approaches, interference
and competition with CRISPR/dCas9 DNA recognition
represents a valid tool to regulate its epigenetic editing ac-
tivity. Since the CRISPR–Cas system is a natural bacte-
rial defense against foreign invading elements, such as plas-
mids or bacteriophage infections (10), as a countermeasure,
several phages have evolved to express proteins that block
the CRISPR–Cas system. These proteins are called ‘anti-
CRISPR’ or Acr proteins.

Alan Davidson’s laboratory was the first to identify small
inhibitory proteins specific to the type I CRISPR–Cas sys-
tem, which does not include Cas9 proteins (130). The dis-
covery of AcrII2 and AcrII4 proteins has resulted in suc-
cessful inhibition of the widely used SpCas9 (131). The crys-
tal structure revealed that AcrIIA4 inhibits SpCas9 activ-
ity by mimicking PAM, thereby blocking PAM recognition
on the DNA by SpCas9 (132). For instance, demethylation
of the FMR1 gene promoter and its expression were main-
tained for at least 14 days after inhibition of SpdCas9-TET1
by the potent AcrIIA4 protein. However, the inhibition of
DNA demethylation was irreversible (62).
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To control AcrIIA4 expression, a miRNA-responsive
AcrIIA4 switch has been designed to cell-specifically regu-
late dCas9-VPR-mediated gene activation (133). Similarly,
miR-122-dependent knockdown of AcrIIA4 has been de-
veloped that resulted in SpdCas9-VP64 activity and thus lu-
ciferase expression in the hepatocellular carcinoma cell line
HuH-7 (134) (Figure 4B-III).

Optogenetic control of AcrIIA4 is another option, based
on fusion of the Acr protein with the photosensor LOV2
from Avena sativa, referred to as the CASANOVA system.
In the presence of blue light, the AcrIIA4-mediated inhi-
bition of SpdCas9-p300 is suppressed, thereby resulting in
acetylation of the genomic loci of interest (135) (Figure 4B-
V).

Finally, new anti-CRISPR proteins, such as AcrIIA2 and
its more potent homolog AcrIIA2b, have been shown to
be temperature-sensitive blockers of SpCas9 (136). These
findings provided a basis for the design of synthetic small-
molecule inhibitors, e.g., BRD0539 and BRD20322 (137),
thereby further expanding the toolbox of CRISPR–dCas9
modulators.

SPECIFICITY OF EPIGENOME EDITING TOOLS

The ultimate goal in molecular precision medicine is to tar-
get very specific disease-driving genes while minimizing the
risk of off-target effects by not causing significant pertur-
bations elsewhere in the genome. Compared to previous
technologies, such as RNA interference (iRNA) methods
(siRNA and shRNAs) (138), engineered proteins, particu-
larly those based on TALE monomers and CRISPR/Cas
platforms, have exhibited far superior genome-wide tran-
scriptional specificity (30).

The binding specificity of genome editing tools depends
primarily on the editing platforms employed and on the na-
ture of the effector domains (EDs). Several studies, out-
lined in this section, have shown different or even par-
tially contradictory results in regard to the exact map-
ping of DNA-binding events reported for each of these
technologies. These discrepancies could, in part, be asso-
ciated with the methods used to monitor off-target activ-
ities, which are determined by a number of ‘OMIC’ ap-
proaches, such as ChIP-sequencing (ChIP-seq), to detect
the direct genome-wide binding events of the engineered
proteins.

In the case of CRISPR/Cas nucleases (139–152) and
base editors (153), several methods enable the mapping
of indels and other genomic alterations in the genome.
By contrast, for epigenome engineering tools, the genomic
off-target DNA binding activities do not necessarily in-
duce significant transcriptional changes and/or functional
alterations in chromatin structure. As stated in some of
the works below, ChIP-seq datasets, therefore, need to be
integrated with RNA-sequencing (RNA-seq) and ideally
with other techniques to assess DNA accessibility, such
as DNase-sequencing (DNase-seq) or by the more recent
ATAC-sequencing method (ATAC-seq) to fully assess the
specificity of the epigenome engineering tools.

Early studies of ZF proteins fused with the KRAB do-
main suggested a high degree of transcriptional specificity
genome-wide, as measured by DNA expression microar-

rays (154). More recently, Grimmer et al. conducted more
comprehensive on- and off-target analyses on a 6ZF pro-
tein linked to KRAB, confirming the widespread binding
of ZF platforms. Out of ∼6000 promoters bound, mapped
by ChIP-seq, only ∼10% of these were differentially regu-
lated (comprising 264 upregulated and 416 downregulated
targets), as assessed by RNA-seq. Interestingly, the link-
age of the KRAB repressor to the 6ZF arrays led to a ∼5-
fold increase in binding sites, and the new sites were pre-
dominantly located outside of promoter regions (8), thus
highlighting the influence of the effector domain in bind-
ing specificity, possibly via KAP1 recruitment. Moreover,
the ZFs centrally located in the 6ZF array had strong but
degenerated consensus-binding sites, as expected from the
predicted specificities and the intrinsic degenerative binding
of the ZF units.

In contrast to ZF proteins, Polstein et al. demonstrated
that pools of four TALE-VP64 constructs targeting 17–18
bp in the IL1RN, HBG1 and HBG2 gene promoters were
highly specific across the genome. ChIP-seq analyses un-
veiled between 4 and 31 off-target binding sites, although
this did not result in significant transcriptional changes in
off-target sites (37).

Another report suggested some non-specific DNA
demethylation activity with TALE-TET1 fusions targeting
17–18 bp in the KLF4 gene promoter, as observed by high-
throughput bisulfite sequencing. The presence of off-target
activities in the HBB locus was conceivably attributed to the
pool of chimeric molecules residing in the nucleus without
binding the cognate DNA sequence, although no significant
changes in HBB gene expression were observed (58).

Similarly, TALEs comprising 17–20 repeats fused to
LSD1 histone demethylase selectively targeted endoge-
nous enhancers, as confirmed by ChIP-seq and RNA-
seq. These constructs down-regulated gene expression in
both the nearest upstream (FAM18A, PLP2 and ZFPM2)
and downstream (ERMP1) genes (113). Moreover, Am-
abile et al. achieved highly selective and durable epige-
netic silencing by co-expressing TALEs individually fused
to KRAB, DNMT3A and DNMT3L. In this case, the
DNAme mapping and RNA abundance were determined
by whole genome methylated DNA immunoprecipitation
followed by deep-sequencing (MeDIP-seq) and RNA-seq,
respectively. However, 10 off-target deregulated transcripts
were reported experimentally, which were not computa-
tionally predicted (108). Furthermore, the single chimeric
TALEs engineered by Mlambo et al. (N-KRAB-TALE-
DNMT3A-Dnmt3l-C) have proven high specificity, with
undetectable genome-wide perturbations, as confirmed by
the superimposition of RNA-seq, ATAC-seq, and in silico
prediction of off-target binding sites using PROGNOS soft-
ware (109).

Inactive SpdCas9 protein in the absence of ED expres-
sion has been referred to as CRISPRi and exploited as
gene repression tool, acting by interfering with the endoge-
nous transcriptional activity. The DNA targeting speci-
ficity of dCas9 has been comprehensively assessed by ChIP-
seq analyses, with off-target binding sites ranging from
10 to >1000 (155); from 26 to 6000 (156); or from 69
to 254 (157) across the genome, depending on the gRNA
employed.
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In contrast with CRISPRi, gene activation (CRISPRa)
platforms have more consistently confirmed high preci-
sion in regulating target genes. For example, the SpdCas9-
VP64 system demonstrated zero significantly upregulated
off-target genes and one significantly down-regulated off-
target gene, as monitored by RNA-seq (36). However, in
another report, ChIP-seq identified 31 off-target binding
sites for a pool of four SpdCas9-VP64 proteins, but again
RNA-seq confirmed negligible changes in gene expression
at off-target sites (37). Regarding the SpdCas9-MS2-SAM
(46) and the SpdCas9-p300 (69) systems, only two off-target
genes have been reported to date.

The specificity of CRISPR repressor systems (CRISPRr)
revealed similar results to that of activation platforms. The
SpdCas9-KRAB repressor has been particularly studied,
and demonstrated high on-target specificity, as evaluated
by RNA-seq, for the targeting of a reporter gene (the GFP
gene driven by the SV40 promoter) (30) or the endogenous
HS2 distal enhancer regulating the HBE1, HBG1, HBG2,
and HBB downstream globin genes. In the latter study, non-
significant off-target perturbations were detected by RNA-
seq, ChIP-seq for the detection of H3K9me3, and DNase-
seq for mapping of accessible chromatin regions (85). In-
terestingly, and in contrast to ZF proteins, the linkage of
KRAB to SpdCas9 did not alter the predicted specificity of
DNA binding by dCas9–gRNA complexes (85,157).

Small-scale analysis based on ChIP-qPCR for hi-
stone modifications such as H3K4me2, H3K9me3,
H3K27me3 and H3K27Ac has confirmed the high speci-
ficity of NmedCas9 from Neisseria meningitidis engineered
with LSD1 targeting the Tbx3 distal enhancer. However,
gene expression microarray data revealed 174 differentially
expressed genes, albeit not exceeding a two-fold change,
thus suggesting that limited off-target effects occurred
(114). Moreover, and similarly to TALEs, even pools of
SpdCas9 proteins separately fused to KRAB, DNMT3A
and DNMT3L demonstrated high specificity, with 14
off-target transcripts deregulated and one DMR detected
across the genome. These off-target activities were not
computationally predicted by the sequences of gRNAs
used (108).

It is worthy to note that, for synthetic induction of
DNAme by dCas9 systems, Lin et al. conducted whole-
genome bisulfite sequencing (WGBS) to investigate the
specificity of SpdCas9 proteins fused to either DNMT3A
or DNMT3B, identifying >1000 off-target DMRs, with hy-
permethylated regions mapping in promoter regions, 5′ un-
translated regions, CpG islands, and in DNase I hypersen-
sitivity sites. Interestingly, the hypomethylated CpG sites
mapped in repetitive sequences, such as Alu and LINE1 in-
terspersed elements (105).

Conversely, the SpdCas9-SunTag lentiviral system, which
recruits multiple DNMT3As, identified only 35 hyper- and
30 hypomethylated off-target CpG sites in addition to the
expected on-target hypermethylation in the HOXA5 pro-
moter by reduced representation bisulfite sequencing (106).
These off-target activities may be associated with the consti-
tutive expression of the long isoform of DNMT3A, which
potentially could bind to and/or be recruited into the DNA
in a gRNA-independent manner. Pflueger et al. more re-
cently confirmed the specificity of the SpdCas9-SunTag-

DNMT3A-CD system in transient transfections by ChIP-
seq, evidencing 13 off-target peaks, three of which exhibited
an increase in DNAme mapped by targeted bisulfite PCR
sequencing (bsPCR-seq) (107).

In summary, both Cas9 and TALE systems demonstrate
a degree of off-target activities, which can be exacerbated
by certain EDs, in particular DNMTs. Researchers should
carefully map and determine potential non-cognate target
sites, ideally by integrating several ‘OMIC’ and computa-
tional platforms. However, binding to off-target sites does
not necessarily produce significant transcriptional pertur-
bations in associated genes since the probability of bind-
ing to sequences mapping in proximity to regulatory re-
gions, such as TSSs and enhancers, is relatively low. Vali-
dation methods, such as the engineering of multiple DBDs
targeting the same regulatory region, as well as functional
rescue experiments, are, therefore, recommended to fully
validate the application of these tools in cells, tissues, and
organisms.

The origins of off-target activities

Potential off-target activities of genome engineering tools
have been attributed primarily to the DNA base-pairing
specificity of the DBD, for example the ZF and TALE do-
mains, or the gRNAs interacting with genomic sequences
for Cas9 and Cas12a proteins.

For protein-based modules, early studies demonstrated
that the number of domains or repeats assembled in ZFPs
or TALEs increased the specificity by expanding the num-
ber of DNA contacts and, therefore, reducing the frequency
of DNA binding events genome-wide. For example, 3ZF
proteins, which only recognize 9 bp, are expected to recog-
nize thousands of sites in a complex genome, such as the
human genome (158). By contrast, multimodular 6ZF pro-
teins, which recognize 18 bps, were anticipated to poten-
tially regulate single genes (159). Similarly, TALEs compris-
ing >18 repeats have the potential to regulate single genes
(160). Moreover, the structural characteristics of the bind-
ing of individual domains as well as the specific arrays as-
sembled play a fundamental role in DNA recognition (7).
For instance, the N- and C-terminally located ZFs have
shown decreased selectivity, with some ZFs not contribut-
ing to consensus sequence binding or not binding to the
DNA at all (161), while the extension of the linkers between
ZFs provided an enhanced DNA-binding affinity (162).

On the other hand, some residues mapping in key alpha-
helical positions of the ZF, such as –1, +3 and +6, can
tolerate different amino acids side chains and still bind
DNA (163,164). This redundancy is at the basis of non-
cognate off-target effects observed with ZFPs, which can be
predicted computationally (165–169). In contrast to ZFs,
the recognition of DNA by TALE repeats is more selec-
tive, with each repeat specifying a single base pair in a
one-to-one recognition fashion, thereby making TALEs
improved tools for recognizing unique sites in complex
genomes (9).

In the case of RNA-guided platforms, such as Cas9 sys-
tems, the recognition of the PAM sequence dictates the ini-
tial Cas9 binding to the DNA, while the 20 nt target site
complementary to the DNA is essential for binding speci-
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ficity. Within this complementary sequence, the specificity
is mainly conferred by the 3′ end of the gRNA, referred
to as ‘seed region’, which comprises 10–12 nt upstream of
the NGG PAM sequence (170). Therefore, mismatches in
the core of the gRNA seed region (specifically the first 5 nt
upstream of the PAM sequence) severely compromise the
binding to the target DNA and consequent cleavage of Sp-
Cas9 proteins. In contrast, more distal mismatches can po-
tentially be tolerated, thereby giving rise to potential off-
target effects (156,157).

Aside from genomic sequences that contain mismatches
with the gRNA, off-target binding loci can also originate
from targeted DNA sequences that either contain insertions
(a DNA bulge) or that have nucleotide deletions (generat-
ing a gRNA bulge) relative to the designed gRNA sequence
(171). Importantly, ‘hot-spots’ that are rich in PAM mo-
tifs, such as CpG islands, may act as decoys for SpdCas9,
thereby decreasing on-target specificity (157).

Regarding Cas12a systems, recent studies have charac-
terized the thermodynamic determinants that influence the
DNA binding of FndCas12a from Francisella novicida, in-
cluding an extended PAM sequence that increases the sur-
face of DNA binding. Moreover, the platform is more per-
missive therefore more biased towards dT:rU and dG:rG
than to dA:rA and dC:rC mismatches (d = DNA, r = cr-
RNA guide). Lastly, the system tolerated mismatches oc-
curring after the 17th nt on the crRNA distal region, and
up to three mismatches within the 6 nt of the seed region
(172).

In addition to the nature of the DBDs, other factors can
influence off-target activities. In contrast to catalytically ac-
tive Cas9, dCas9 proteins are artificially linked to one or
more EDs, potentially influencing the recruitment of the
resulting fusions in the genome. Notably, the catalytic do-
main of DNMTs fused to the dCas9 protein induced de
novo DNAme activities in both a gRNA-dependent and
a gRNA-independent manner (105). The latter generated
unspecific DNAme effects, aggravated by the absence of a
linker between SpdCas9 and the catalytic domain of DN-
MTs as well as by an elevated presence of the chimeric fu-
sion proteins in the nucleus when overexpressed. SpdCas9-
SunTag systems, which recruit various DNMT3A domains
in the same genomic site, could minimize off-target ac-
tivities as compared to direct SpdCas9-DNMT3A fusions
(107).

The ChIP-seq analyses conducted by Wu et al. and sim-
ilarly by Kuscu et al. have shown conspicuous non-specific
DNA binding events by inactive SpdCas9, particularly in
open chromatin regions, thus highlighting that the local
chromatin structure and the chromatin context can strongly
influence the binding of SpdCas9 to its nucleic acid tar-
get site (155,156). Similarly, several works reported the co-
delivery of multiple activators targeting the same gene pro-
moter, such as TALEs-VP64 for the regulation of VEGF-A,
NTF3 promoters (29) and CEACAM5, KLK3, IL1RN and
ERBB2 (33); TALEs-VP64 in combination with ZFs-VP64
for targeting the tumor suppressor genes MASPIN and
REPRIMO (54); and TALEs-p65 for the upregulation of
the miR-302/367 cluster’s gene promoter (29). These stud-
ies concluded that combinations of activators resulted in a
higher on-target transcriptional specificity relative to that

of single agents, resulting in synergistic gene regulation. The
basis of this increased transcriptional specificity stems from
the synergistic interactions between the platforms, requir-
ing the expression of very small amounts of each regula-
tor. Lastly, artificial proteins also exhibited pharmacolog-
ical synergisms with combinations of chromatin remodel-
ing drugs, such as 5-aza-2′-deoxycytidine (Decitabine) and
suberoylanilide hydroxamic acid, i.e., SAHA (Vorinostat)
for the regulation of targeted genes in heterochromatic con-
texts (173). Of note in this regard, off-target binding sites
that are not in proximity to functional regulatory regions,
such as TSSs and enhancers, are highly unlikely to result
in off-target activities (45,52,174). Interestingly, in another
work, engineered ZFs linked to the KRAB domain were
able to activate, and not repress, the targeted OCT4 pro-
moter, marked by DNAme in cancer cells. Again, this out-
lines the influence of the chromatin microenvironment on
the outcome of gene regulation (175).

In summary, these works suggest that the origins of off-
target specificity are not only intrinsically dependent on the
platforms used for epigenetic engineering, but also driven
by ‘extrinsic’ factors. These include genomic sequence vari-
ations, the genomic context, the chromatin structure and
chromatin microenvironment (e.g., the presence of cell-
type-specific co-factors and epigenetic regulators) at tar-
geted loci, which can highly influence both the binding and
the efficiency of the regulation of different epigenetic editing
platforms.

Strategies to improve specificity

To improve specificity, efforts have been directed at re-
engineering the DBD or DNA-binding activity of artifi-
cial transcription factors. Several strategies, outlined be-
low, focus on: 1) re-engineering and molecular evolution of
DBDs/gRNAs; 2) variations on the gRNA design; 3) syn-
thetic Cas9 variants; 4) Cas9 and Cas12a orthologues; 5)
cascade systems (CRISPR Class 1 systems); 6) ED recruit-
ing technologies for CRISPR systems; 7) spatiotemporal
control of DBDs and EDs.

1) Re-engineering and molecular evolution of DBDs and
gRNAs
In the case of ZFs (159) and TALEs (160), increasing
the number of domains or repeats to recognize 18 or
more bps has been shown to enhance the DNA bind-
ing specificity by potentially recognizing single sites in
the genome. Several online tools are available to the sci-
entific community for the assembly of both ZFs (165–
168,176,177) and TALE repeats (178–185). As regards
ZF arrays, re-engineering of ZF domains using molecu-
lar modelling and by selection of ZF variants by phage
display methods has been shown to enhance the DNA-
binding selectivity (186–189), with some of these ZF ar-
rays entering clinical trials (190–192).
The binding specificity of TALEs has also been im-
proved by several methods, including: (i) the iden-
tification of the diresidue asparagine-histidine (NH),
as a more stringent guanine-specific repeat-variable
diresidue (RVD) (193); (ii) the discovery of new reper-
toires of RVDs (194,195); (iii) the incorporation of biva-
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lent cations, i.e., Mg2+ or Ca2+ in the binding reaction in
vitro (196). (iv) Lastly, the histidine-aspartic acid (HD)
repeat unit is potentially allele-specific, discriminating
single-nucleotide polymorphisms (SNPs), e.g., the C/G
SNP (185).
With respect to CRISPR/Cas systems, bioinformatic
pipelines and web-based algorithms are available to pro-
vide guidance for optimal gRNA design, thereby min-
imizing predictable off-target activities (170,197–209).
The designed gRNAs are highly unlikely to generate
off-target effects, as experimentally validated by the
verification of in vivo off-targets (VIVO) method. In this
strategy, the potential off-target cleavage sites from the
gRNA/SpCas9 endonuclease ribonucleoprotein (RNP)
system are first identified in vitro on the genomic DNA
extracted from an animal model, employing the highly
sensitive circularization for in vitro reporting of cleavage
effects sequencing method (CIRCLE-seq) (148). These
identified off-target loci are subsequently validated for
indel mutations by targeted amplicon sequencing per-
formed on the same genomic DNA isolated from the
animal tissue experimentally treated with the same
gRNA/SpCas9 endonuclease system delivered by ade-
noviral vectors (150).
Importantly, the cell-type-specific and personalized
SNPs need to be taken into account when assessing
off-target specificities as outlined by the highly sensi-
tive CIRCLE-seq method. In this study, Tsai et al. over-
lapped the detected off-target sites for six gRNAs tar-
geting cell lines with the genotypes of individuals from
the 1000 Genomes Project Consortium (210). The au-
thors found that indeed genetic variations enhanced the
number of off-targets by increasing the range of mis-
matches. Importantly, a single SNP is expected in ∼69%
of SpCas9 off-target loci in the human genome (148).
This method can be particularly important to generate
personalized specificity profiles in order for gene ther-
apy to be translationally applied to patients. In addi-
tion to SNPs located in DNA regions complementary
to the gRNA as well as the PAM, for epigenome editing
it is crucial to map the location of enhancers, promoters,
and other regulatory elements. Several comprehensive
public resources provide information on chromatin ac-
cessibility, nucleosome positioning, DNAme (presence
of CpG islands), enhancers and super-enhancers (NIH
Roadmap Epigenomics (211), ENCODE (212,213) and
FANTOM5 (214,215) projects).

2) Variations on the gRNA design
Multiple strategies have been developed to improve the
DNA binding specificity of the gRNAs. First, regarding
the seeding region, Fu et al. have shown that truncated
gRNAs <20 nt (17 or 18 nt) can still bind efficiently to
the cognate DNA target site while reducing off-target
activities by 5000-fold for particular target sites (216).
Further shortening of gRNAs down to 14 nt (referred
to as ‘dead’ gRNAs, as they abolish the Cas9-mediated
DNA cleavage while maintaining the DNA binding) are
less tolerant to mismatches when guiding SpCas9-VPR
to reporter genes. These shorter gRNAs did not increase
unappreciated off-target activities, as assessed by RNA-
seq (217).

Lastly, in addition to the length of the gRNAs, hairpin
secondary structures engineered on the spacer region of
either gRNAs (Cas9) or crRNAs (Cas12a) can increase
the specificity of the gRNAs by thermodynamically in-
creasing the instability with their off-target sites (218).

3) Synthetic Cas9 variants
Repertoires of SpCas9 variants have been rationally en-
gineered to improve on-target genome editing specificity,
by designed point mutations (219–222) or by directed
evolution screenings performed in yeast (223) and bac-
teria (224). Examples of both are the enhanced eSpCas9
(K810A, K1003A, R1060A) (219), the high-fidelity
SpCas9-HF1 (N497A, R661A, Q695A, Q926A) (220),
followed by the hyper-accurate variant Hypa-SpCas9
(N692A, M694A, Q695A, H698A) (221), and the
evolved evoSpCas9 (M495V, Y515N, K526E, R661Q)
(223), all delivered in cells as plasmid DNA. The Sniper-
SpCas9 (F539S, M763I, K890N) (224) and the high
fidelity HiFi-SpCas9 (R691A) (222) variants have been
delivered in a preassembled RNP format, the latter for
the treatment of sickle cell disease.
Additional SpCas9 variants have been generated to in-
crease DNA targeting specificity, as is the case of dCas9-
VQR (D1135V, R1335Q, T1337R), -EQR (D1135E,
R1335Q, T1337R) and -VRER (D1135V, G1218R,
R1335E, T1337R). These are SpCas9 derivatives that
harbor the PAM-interacting (PI) domain mutagenized
via bacterial-selection based screening (225) or through
phage-assisted continuous evolution (226). All these
variants possess altered and novel PAM recognition
specificities.

4) Cas9 and Cas12a orthologues
The specificity of epigenetic editing by Cas9 and Cas12a
systems can be maximized by taking advantage of nat-
ural variants. Specifically, the two type II-C Cas9 com-
pact orthologues, NmeCas9 from Neisseria meningitidis
(1082 aa) (227,228) and CjeCas9 from Campylobacter
jejuni (984 aa) (229) are naturally hyper-accurate. This
enhanced specificity is attributed to the presence of ei-
ther longer gRNAs (24 nt for Nme and 22 nt for Cje,
compared to the 20 nt gRNAs for SpCas9 (1368 aa)) or
to more stringent and larger PAM sequences. Moreover,
these constricting PAM requirements highly reduce the
frequency of on-target sites in the genome. Furthermore,
among the available arsenal of small Cas9 orthologues,
SaCas9 (1053 aa) represents a multi-turnover enzyme, a
fact attributed to its weaker affinity for gRNAs. This is
in contrast to the low-rate kinetics observed for SpCas9.
Such high turnover could be potentially advantageous
for enhancing the efficiency and specificity of CRISPR
systems when employing SadCas9 orthologues for epi-
genetic editing (230).
It is worth noting that Cas12a orthologues (AsCas12a
more so than LbCas12a) exhibit higher DNA bind-
ing specificity than SpCas9, evaluated by the Breaks
Labeling In Situ and Sequencing (BLISS-seq), which is
a sensitive method for detecting genome-wide off-target
activity (149). Additionally, the novel CeCas12a ortho-
logue from Coprococcus eutactus, with its more stringent
non-canonical PAM recognition, provides another po-
tentially more specific toolkit for epigenome engineer-
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ing (231). Lastly, another high-fidelity version of Cas12a
is the enhanced enAsdCas12a-HF1 variant from Aci-
daminococcus sp. orthologue, while enAsdCas12a has al-
ready been fused for gene activation by a fusion with the
VPR activation domain (232).

5) Cascade systems (CRISPR Class 1)
Beyond the canonical Class 2 CRISPR–Cas systems
(Cas9 and Cas12a), Pickar-Oliver et al. have recently
engineered the multi-component Class 1 CRISPR-
associated complex for antiviral defense ‘Cascade’ sys-
tems from Escherichia coli (EcoCascade) and from Liste-
ria monocytogenes (LmoCascade). Similarly to Cas sys-
tems, Cascade proteins can be fused with EDs such as
p300 and the KRAB for specific gene activation and re-
pression, respectively.
These novel parallel approaches, employing longer
crRNAs of 32 nt (EcoCascade-p300) and 36 nt
(LmoCascade-KRAB) in length, respectively, demon-
strated high genomic selectivity (233). For instance, VPR
fusions to Cascade systems from Pseudomonas aerugi-
nosa (PaeCascade-VPR) guided by 32 nt crRNAs are
capable of activating gene transcription of therapeutic
genes such as HBB and HBG to treat �-thalassemia,
without predicted off-target activities. This recent tech-
nology is very sensitive to crRNA-DNA mismatches, in-
cluding those very distal to the PAM sequence (234).
Despite this high specificity, the delivery in vivo of such
bulky multi-modular complexes represent a potential
obstacle for subsequent translational applications. Fur-
thermore, the cytotoxicity and immunogenicity of these
emergent tools also need further investigation for enter-
ing clinical pipelines.

6) ED recruiting technologies for CRISPR systems
In addition to the nature of the gRNAs, the specific strat-
egy employed to recruit the EDs to dCas9 can highly
influence the binding selectivity. For example, direct fu-
sions of SpdCas9-DNMT3A may be more prone to gen-
erate off-target activities (105) compared to recruiting-
based platforms, such as SpdCas9-SunTag-DNMT3A,
where multiple enzymes are simultaneously engaged in
the same region of the genome (107). In this system, even
the delivery of a single gRNA elicits very effective epige-
netic editing (106).
Similarly, several recruiting platforms have been devel-
oped for the delivery of DNMTs or other enzymes by
the aptameric, Casilio, and SunTag technologies, in or-
der to boost on-target versus off-target DNAme activi-
ties. Moreover, recruitment systems can also bypass the
tiling of promoter regions with many gRNAs, thus po-
tentially lowering unintended off-target effects.

7) Spatiotemporal control of DBDs and EDs
Another strategy to improve the on-target activity of
genome engineering tools is to tightly and dynamically
control the expression of the platforms. This is partic-
ularly important for epigenetic domains that have in-
trinsic enzymatic activity, such as the DNMTs. For ex-
ample, McDonald et al. observed significantly reduced
off-target effects when SpdCas9-DNMT3A-CD direct
fusions were induced by doxycycline (Dox) relative to
that of the same fusions expressed in a constitutive
system (97). Given that Dox-inducible systems rely on

promoter-driven transcriptional regulation, the remain-
ing dCas9 gene expression upon Dox removal can po-
tentially be a concern for particular biomedical applica-
tions involving dCas9 systems. Anti-CRISPR peptides,
e.g., AcrIIA4 can strongly inhibit Cas activities ‘at com-
mand’ for more rapid and tunable control of epigenome
editing in mammalian cells (235).
In general, methods that ensure both spatial (cell-
type-specific) and temporal control of epigenetic edit-
ing will be crucial for the development of more selec-
tive epigenome engineering tools. While Cas and TALE
backbone systems are present naturally in bacteria and
plant pathogens, respectively, mammalian cells already
utilize several endogenous DBDs/TFs to precisely con-
trol cell-type-specific cell fates. Endogenous DBDs/TFs
are often tightly spatiotemporally controlled by net-
works of TFs, which ensure that the right regulator is
expressed at the proper threshold (expression levels) and
within a given tissue, and in specific cell types. Simi-
larly, future engineered epigenome editing technologies
may not only consider on-target ‘genomic’ selectivity,
but also ‘cell type’ selectivity. This could in the future be
achieved by engineering artificial/synthetic networks of
TFs (236–238), by using tissue-specific regulatory pro-
moters, and by targeting delivery systems with cell-type-
specific ligands/receptors.
In summary, both TALE and CRISPR platforms have
been developed to modify single genes with minimal, in
some cases negligible, off-target activities. This can be
achieved by modification or direct evolution of the pro-
teins, by using different variants of Cas proteins (ortho-
logues, high-fidelity variants), by modifications of gR-
NAs (shorter spacer regions, incorporation of secondary
structures), and by the recognition of more specific and
stringent PAM sequences. Moreover, the choice of the
method/s to assemble different effectors as well as the
spatiotemporal control of the epigenetic editing tools
are important, particularly when manipulating DNAme.
Lastly, ‘cell type’ in addition to the canonical ‘genomic’
specificity should also be taken into account when de-
signing an effective expression strategy for epigenomic
editing in vivo.

STABILITY OF THE EDITED EPIGENETIC STATE

An ultimate goal of epigenetic editing is the maintenance
of gene expression patterns over cell divisions, which can
be achieved by engineering of several epigenetic domains.
Some epi-marks, such as DNAme (239) and H3K9me3
(240), are faithfully transmitted during DNA replication
(241,242); thus de novo induction of these marks by engi-
neered domains can be expected to be ‘read’ and ‘main-
tained’ by the endogenous epigenetic regulators during
DNA replication.

In regard to gene repression, several works support the
notion that DBDs linked to the CD of DNMT3A, such as
ZF-DNMT3A-CD (80,81,92) and dCas9-DNMT3A-CD
(88,96) or even DBDs-KRAB, could lead to a window of
maintenance of gene repression, such as ZFs targeting the
MASPIN (80) or the SOX2 (79,81) gene promoter or Spd-
Cas9 targeting enhancers (85).
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An exciting prospect of epigenetic editing is the capacity
of these toolkits to potentially modify chromatin with very
long lasting effects, ideally causing a permanent reprogram-
ming. However, the temporal window of ‘epigenetic mem-
ory’ reported in native chromatin contexts varies between
different studies, from 5 to 10–15 days for both DNMT3A-
CD (88,92,96,243) and KRAB (30,45,85,88,244) to up
to 100 days in an inducible ZF-DNMT3A-CD system
in breast cancer (81); at least 31 days employing 6ZFs-
DNMT3A-CD targeting the MASPIN TSG promoter in
breast cancer (80), or ∼168 days employing SadCas9-
KRAB in the liver of adult mice (245). In contrast, an-
other study deploying ZFs linked to DNMT3A-CD tar-
geting the VEGF-A gene promoter suggest that the poor
maintenance of gene silencing (10–15 days) may be due
to the transient duration of the epigenetic editing stimulus
(243).

These aforementioned studies point to the notion that,
while achievable, durable epigenetic editing relies on the
chromatin context and the nature of the targeted gene. For
example, targeting TFs, such as SOX2, which are often reg-
ulating epigenetic modifiers themselves, could be a good
strategy for reinforcing the initial effect of the synthetic reg-
ulators (79–81). This, in turn, could be related to several fac-
tors such as the specific combinations of epigenetic effectors
used and to the epi-marks and the abundance of specific co-
repressors, and/or other epigenetic modifiers at particular
regulatory regions.

Lastly, the outcomes of gene silencing may also be highly
dependent on the technology used for delivery. More per-
sistent entities, such as lentiviral vectors might be more ef-
ficient at imprinting and maintaining the desired epigenetic
marks compared to ‘hit-and-run’ transient delivery vehicles,
including adenoviruses, adeno-associated viruses (AAVs),
liposomes, or other nanotechnology vehicles. However, the
manifestation of potential higher off-target activities, when
a genomic integration choice is pursued, has to be consid-
ered carefully and addressed by using newer and more reli-
able and precise inducible systems.

Sustained gene repression of highly overexpressed tar-
gets, such as oncogenic drivers, represents a great challenge
for epigenetic editing technologies, particularly when using
transient vectors. Several works have demonstrated that the
assembly of multiple epigenetic domains could be highly ef-
fective for increasing the longevity of the repression state,
even when using ‘hit-and-run’ transient delivery methods.
For instance, the DNMT3A-CD (DA) and DNMT3L (DL)
have been combined with either KRAB (K) (108,109) or
Ezh2 (E) (112) in the context of TALEs and SpdCas9 plat-
forms, and these entities exhibited long-lasting gene silenc-
ing. This enhanced epigenetic longevity ranged from ∼30
days (for the combination of SpdCas9-DA, SpdCas9-DL
and SpdCas9-K fusions) to ∼50 days (for the combina-
tion of TALE-DA, TALE-DL, and TALE-K fusions) (108),
∼21 days (for the K-TALE-DA-DL single fusion) (109),
and ∼50 days (for the combination of DA-SpdCas9 and E-
SpdCas9 fusions along with overexpressed DL) (112). Over-
all, these studies suggest that strategies combining several
distinct effectors might be more effective at maximizing the
epigenetic and transcriptional ‘memory’ of the repressive
state.

It is important to note that the majority of studies so far
had mostly focused on the synergisms between repressive
machineries, although ‘on’ epi-marks (associated with gene
activation) may still be present in the targeted genes. In fact,
a genome-wide study with ZF-DNMT3A-CD found that
genes that quickly ‘relapsed’ from de novo DNAme induced
by the ZFs were marked by H3K4me3 (246). Thus, future
works should evaluate a concomitant targeting of ‘on’ and
‘off’ epi-marks for effective and more persistent epigenetic
editing.

A few works have explored combinatorial ED strategies
to maximize the durability of the activation state, although
much more research in the arena of gene activation needs to
be conducted to identify long-lasting and durable gene ac-
tivators. Cano-Rodriguez et al. have found that the combi-
nation of two KMTs targeting histone H3, PRDM9 (induc-
ing H3K4me3) and DOT1L (inducing H3K79me), fused to
Dox-inducible SpdCas9 proteins, resulted in sustained (20+
days) gene re-expression of hyper-methylated gene promot-
ers (76). Another example is the co-targeting of synergistic
EDs by different orthologues, such as TET1-CD-SadCas9
and VPR-SpdCas9, which resulted in durable reactivation
of gene expression (∼30 days) (19) compared to the ∼14-
day gene re-expression with SpdCas9-TET1-CD (62).

Furthermore, the combination of TET1-CD (catalyz-
ing DNA demethylation) with Base excision repair (BER)
enzymes (e.g., GADD45A or NEIL2) using the Spd-
Cas9 Casilio recruiting system (67), or TET1-CD and
VP64, simultaneously recruited by an optimized single
gRNA/SpdCas9-SunTag platform, also enhanced the up-
regulation of several hypermethylated genes in a lung ade-
nocarcinoma cell line (247). It might be of interest to de-
termine whether these combinations of enzymatic activi-
ties or synergistic epigenetic effects could also enhance the
longevity of the activation state in promoters marked by
DNAme.

In general, the simultaneous writing and erasing of mutu-
ally exclusive epi-marks that co-exist at particular promot-
ers (e.g., H3K4me3 and 5mC, or H3K9ac and H3K9me3)
may be a key requirement for more sustained synthetic epi-
genetic manipulation. As more becomes known regarding
the molecular epigenetics of most cell types and tissues, tai-
lored therapeutic strategies may be devised whereby epige-
netic regulators are combined to achieve more effective and
sustained ‘reprogramming’ of targeted cells.

TARGETED DELIVERY SYSTEMS FOR dCas9-
MEDIATED EPIGENOME EDITING in vivo; PRE-
CLINICAL, AND CLINICAL STUDIES/TRIALS

Personalized medicine by epigenome editing requires pre-
cise in vivo delivery of the molecular tools to the proper
cell types and tissues to restore the altered epigenome in
these cells. Several strategies have been pursued for gene
therapy. These comprise viral-based approaches, mainly
adeno-associated viruses (AAVs), and non-viral-based ap-
proaches, which predominantly involve targeted cationic
lipid nanoparticles (NPs) and polymers.

For therapeutic epigenome editing, AAVs pose safety
concerns due to pre-existing immunity towards them in the
majority of the human population (248). Moreover, the
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eleven well-characterized AAV serotypes that dictate the
diverse and selective tissue tropism may not be suitable
for cancer treatment as neoplastic cells tend to exhibit ab-
normal cell surface features. Therefore, the generation of
chimeric vectors with low immunogenicity and tailored for
cancer cell specificity might prove to be more useful tools
for gene delivery. Viral integration into the host genome will
nonetheless still result in sustained expression of dCas9/12a
protein fused to EDs, which could potentially lead to un-
intended off-target effects. Additionally, the viral titers re-
quired to achieve therapeutic levels are exponentially higher
than the clinically approved levels. Lastly, the small pack-
aging capacity of AAVs (∼5 kb) constitutes another limita-
tion, particularly for the delivery of bulky EDs or multiple
EDs linked to the already quite sizeable dCas9 protein.

To circumvent the AAV payload limit, SpdCas9 (4.2 kb)
with an intein-mediated split at its disordered linker (V713–
D718) can be used to facilitate incorporation of the VPR
domain (1.6 kb) into various AAV9 vectors. No widespread
cellular damage has been noted in vivo, although it did elicit
immunological reactions. Additionally, since this system re-
lies on the trans-splicing machinery, it might not be the ideal
approach to attain sufficiently high levels of gene activa-
tion in vivo to induce physiologically relevant phenotypic
changes (249). To overcome this limitation, a dual-AAV9
vector system has been devised to epigenetically remodel
and thus transcriptionally activate genes in mouse models
of human diseases, including regenerative medicine appli-
cations for muscular dystrophy, diabetes, and acute kidney
disease. The system comprises SpCas9 and a truncated 14-
bp dead MS2 dgRNA that prevents the active Cas9 nuclease
from creating double-stranded breaks, yet that is capable
of binding to the DNA and recruiting MS2 coat protein-
p65-HSF1 for robust target gene activation in vivo (250). A
therapeutically safer AAV9 has also been employed to sep-
arately deliver the considerably smaller SadCas9 fused to
2xVP64 and gRNAs to upregulate the compensatory mod-
ifier gene Lama1 in a mutation-independent fashion in a
mouse model of congenital muscular dystrophy type 1A
(251).

Moreover, a dual-vector approach has been devised for
programmable long-term gene silencing. AAV8 vectors ex-
pressing SadCas9 fused to KRAB and a gRNA targeting
the Pcsk9 gene, respectively, were systemically administered
in a wild-type adult mouse model. Transcriptional repres-
sion of Pcsk9, a gene responsible for cholesterol homeosta-
sis, was maintained for 24 weeks after a single treatment in
post-mitotic tissue, with a moderate host response and co-
incidental liver toxicity. This was primarily due to SadCas9-
KRAB expression rather than the AAV8 used as gene vector
(245), given the high presence of antibodies against Sa and
SpCas9 proteins in the adult human population (252).

As an alternative to the dual vector system, researchers
have engineered the all-in-one mini-dCas9 system, which
can be incorporated into a single AAV vector. It consists
of a compact version of transactivators based on VPR do-
main C-terminally fused to a downsized variant of SadCas9
along with an optimized gRNA expression cassette to max-
imize gene activation and for potential delivery in vivo (253).

In cancer therapy, the novel telomerase-activating gene
expression (TAGE) system exploits the synergy of dCas9-

VP64-mediated gene activation and Cas9 endonuclease ac-
tivity to specifically target cancerous cells in vivo (254). As
non-cancerous cells do not exhibit telomerase activity, the
telomere injury and consequent cell apoptosis caused by the
TAGE approach has been found to only occur in oncolog-
ical conditions. However, multiple recombinant AAVs have
to be used, which may limit virus dosage control and thus its
applicability in clinical studies. Nanoparticle carriers can be
harnessed to facilitate the translation of these gene therapy
techniques to the clinic.

Nanotechnology represents a valid alternative to AAV-
based delivery systems. This is due to the flexibility of
the scaffolds, which allows large cargoes to be accommo-
dated. Furthermore, the use of specific ligands attached to
NPs makes this non-viral delivery approach more targetable
for cancer treatment applications. Finally, PEGylation and
other biodegradation-related strategies may render the NPs
immunologically inert or reduce their immune clearance,
stimulate cell internalization or endocytosis, and promote
endosomal escape.

The use of cyclic RGD-functionalized dendritic polymers
has enabled targeted activation of TSGs via SpdCas9-VPR
in a mouse model of breast cancer. A long-lasting ther-
apeutic effect with negligible tissue toxicity was achieved
after intravenous injection of the plasmid DNA polyplex
(255). Furthermore, sufficient levels of endogenous tu-
mor suppressor miR-524 upregulation have been achieved
in a mouse model of triple-negative breast cancer to re-
sult in a therapeutic effect. Multistage delivery nanopar-
ticles (MDNP) were developed to efficiently tumor-target
SpdCas9-VP64 and gRNAs as plasmid DNA polyplex via
systemic administration. MDNPs have been intentionally
designed to bypass physiological barriers, such as instabil-
ity in the circulatory system and dissociation in the tumor
microenvironment, followed by internalization into tumor
cells (256).

In contrast to plasmid DNA, neither transcription nor
translation are required for RNP delivery. Moreover, cy-
tosolic DNA has been shown to induce host immune re-
sponses (257). Therefore, the delivery of RNPs may lead to a
cell-cycle independent, faster, more effective and safer ther-
apeutic effect.

In vivo delivery of the SpdCas9-VPR protein complexed
with gRNAs that targets and upregulates the HGF gene (a
hepatocyte growth factor essential for liver regeneration)
led to a therapeutic effect in a mouse model of liver dam-
age. The authors generated this novel genome editing with
designed extracellular vesicles (GEDEX) system to medi-
ate targeted transfer of RNPs based on extracellular vesicles
produced and released by HEK293 cells (258).

CONCLUSIONS AND PERSPECTIVES

Epigenome engineering has enormous potential as an inno-
vative treatment for many human diseases, including can-
cer and neurodegenerative diseases. By strategically com-
bining multiple different epigenetic effector domains and
enzymes to rewrite the epigenome in a sustained manner,
epigenetic therapy has a promising niche in a wide variety of
human diseases. With the help of state-of-the-art genomic
technologies, personalized medicine will also be a reality for
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many patients, minimizing side effects and thus improving
overall survival. Nevertheless, many aspects, including off-
target effects and ethical concerns, need to be addressed to
extensively employ epigenome editing clinically. In light of
the greater long-term safety of epigenome engineering ver-
sus genome editing, the former being potentially reversible
and the latter potentially prone to unattended and more ir-
reversible changes in the DNA sequence, epigenetic edit-
ing approaches hold considerable promise for applications
in a clinical setting. To date, there have only been clini-
cal trials based on the use of the endonuclease Cas9. The
‘promise’ of epigenetic memory based on the faithful trans-
mission of some epigenetic marks also provides avenues for
long-lasting and durable therapeutic effects. Moreover, the
success of epigenetic engineering strategies will be highly
dependent on the collateral development of safe, immune-
inert, and targeted delivery systems to enable dCas9/gRNA
expression in specific cell types, such as cancer cells and
other diseased tissues.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dr Robin Scaife (The Harry Perkins Institute of
Medical Research) for critical reading and editing of this
manuscript and Leandro Sgro for his assistance in generat-
ing the figures.

FUNDING

Australian Research Council Future Fellowship
[FT130101767]; Cancer Council of Western Australia Re-
search Fellowship program; National Health and Medical
Research Council (NHMRC) [APP1187328, APP1109428,
APP1165208, APP1147528, APP1130212]; National
Institutes of Health [R01CA170370, R01DA036906];
National Breast Cancer Foundation and Cure Brain
Cancer [NBCNBCF19-009]; A.S. is supported by the
Australian Government Research Training Program PhD
Scholarship. Funding for open access charge: National
Health and Medical Research Council (NHMRC).
Conflict of interest statement. None declared.

REFERENCES
1. Reik,W. (2007) Stability and flexibility of epigenetic gene regulation

in mammalian development. Nature, 447, 425–432.
2. Kouzarides,T. (2007) Chromatin modifications and their function.

Cell, 128, 693–705.
3. Margueron,R. and Reinberg,D. (2010) Chromatin structure and the

inheritance of epigenetic information. Nat. Rev. Genet., 11, 285–296.
4. Esteller,M. (2008) Epigenetics in cancer. N. Engl. J. Med., 358,

1148–1159.
5. Bennett,R.L. and Licht,J.D. (2018) Targeting epigenetics in cancer.

Annu. Rev. Pharmacol. Toxicol., 58, 187–207.
6. Falahi,F., Sgro,A. and Blancafort,P. (2015) Epigenome engineering

in cancer: fairytale or a realistic path to the clinic? Front. Oncol., 5,
22.

7. Pavletich,N.P. and Pabo,C.O. (1991) Zinc finger-DNA recognition:
crystal structure of a Zif268-DNA complex at 2.1 A. Science, 252,
809–817.

8. Grimmer,M.R., Stolzenburg,S., Ford,E., Lister,R., Blancafort,P.
and Farnham,P.J. (2014) Analysis of an artificial zinc finger
epigenetic modulator: widespread binding but limited regulation.
Nucleic Acids Res., 42, 10856–10868.

9. Zhang,F., Cong,L., Lodato,S., Kosuri,S., Church,G.M. and
Arlotta,P. (2011) Efficient construction of sequence-specific TAL
effectors for modulating mammalian transcription. Nat. Biotechnol.,
29, 149–153.

10. Barrangou,R., Fremaux,C., Deveau,H., Richards,M., Boyaval,P.,
Moineau,S., Romero,D.A. and Horvath,P. (2007) CRISPR provides
acquired resistance against viruses in prokaryotes. Science, 315,
1709–1712.

11. Jinek,M., Chylinski,K., Fonfara,I., Hauer,M., Doudna,J.A. and
Charpentier,E. (2012) A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science, 337, 816–821.

12. Zetsche,B., Gootenberg,J.S., Abudayyeh,O.O., Slaymaker,I.M.,
Makarova,K.S., Essletzbichler,P., Volz,S.E., Joung,J., van der
Oost,J., Regev,A. et al. (2015) Cpf1 is a single RNA-guided
endonuclease of a class 2 CRISPR–Cas system. Cell, 163, 759–771.

13. Mali,P., Yang,L., Esvelt,K.M., Aach,J., Guell,M., DiCarlo,J.E.,
Norville,J.E. and Church,G.M. (2013) RNA-guided human genome
engineering via Cas9. Science, 339, 823–826.

14. Mojica,F.J., Diez-Villasenor,C., Garcia-Martinez,J. and
Almendros,C. (2009) Short motif sequences determine the targets of
the prokaryotic CRISPR defence system. Microbiology, 155,
733–740.

15. Cong,L., Ran,F.A., Cox,D., Lin,S., Barretto,R., Habib,N., Hsu,P.D.,
Wu,X., Jiang,W., Marraffini,L.A. et al. (2013) Multiplex genome
engineering using CRISPR/Cas systems. Science, 339, 819–823.

16. Sternberg,S.H., Redding,S., Jinek,M., Greene,E.C. and
Doudna,J.A. (2014) DNA interrogation by the CRISPR
RNA-guided endonuclease Cas9. Nature, 507, 62–67.

17. Nishimasu,H., Cong,L., Yan,W.X., Ran,F.A., Zetsche,B., Li,Y.,
Kurabayashi,A., Ishitani,R., Zhang,F. and Nureki,O. (2015) Crystal
structure of Staphylococcus aureus Cas9. Cell, 162, 1113–1126.

18. Gao,Y., Xiong,X., Wong,S., Charles,E.J., Lim,W.A. and Qi,L.S.
(2016) Complex transcriptional modulation with orthogonal and
inducible dCas9 regulators. Nat. Methods, 13, 1043–1049.

19. Josipovic,G., Tadic,V., Klasic,M., Zanki,V., Beceheli,I., Chung,F.,
Ghantous,A., Keser,T., Madunic,J., Boskovic,M. et al. (2019)
Antagonistic and synergistic epigenetic modulation using
orthologous CRISPR/dCas9-based modular system. Nucleic Acids
Res., 47, 9637–9657.

20. Josipovic,G., Zoldos,V. and Vojta,A. (2019) Active fusions of Cas9
orthologs. J. Biotechnol., 301, 18–23.

21. Haldeman,J.M., Conway,A.E., Arlotto,M.E., Slentz,D.H.,
Muoio,D.M., Becker,T.C. and Newgard,C.B. (2019) Creation of
versatile cloning platforms for transgene expression and
dCas9-based epigenome editing. Nucleic Acids Res., 47, e23.

22. Tak,Y.E., Kleinstiver,B.P., Nunez,J.K., Hsu,J.Y., Horng,J.E.,
Gong,J., Weissman,J.S. and Joung,J.K. (2017) Inducible and
multiplex gene regulation using CRISPR-Cpf1-based transcription
factors. Nat. Methods, 14, 1163–1166.

23. Zhang,X., Wang,W., Shan,L., Han,L., Ma,S., Zhang,Y., Hao,B.,
Lin,Y. and Rong,Z. (2018) Gene activation in human cells using
CRISPR/Cpf1-p300 and CRISPR/Cpf1-SunTag systems. Protein
Cell, 9, 380–383.

24. Zhang,L., Spratt,S.K., Liu,Q., Johnstone,B., Qi,H., Raschke,E.E.,
Jamieson,A.C., Rebar,E.J., Wolffe,A.P. and Case,C.C. (2000)
Synthetic zinc finger transcription factor action at an endogenous
chromosomal site. Activation of the human erythropoietin gene. J.
Biol. Chem., 275, 33850–33860.

25. Liu,P.Q., Rebar,E.J., Zhang,L., Liu,Q., Jamieson,A.C., Liang,Y.,
Qi,H., Li,P.X., Chen,B., Mendel,M.C. et al. (2001) Regulation of an
endogenous locus using a panel of designed zinc finger proteins
targeted to accessible chromatin regions. Activation of vascular
endothelial growth factor A. J. Biol. Chem., 276, 11323–11334.

26. Beltran,A., Parikh,S., Liu,Y., Cuevas,B.D., Johnson,G.L.,
Futscher,B.W. and Blancafort,P. (2007) Re-activation of a dormant
tumor suppressor gene maspin by designed transcription factors.
Oncogene, 26, 2791–2798.

27. Lara,H., Wang,Y., Beltran,A.S., Juarez-Moreno,K., Yuan,X.,
Kato,S., Leisewitz,A.V., Cuello Fredes,M., Licea,A.F.,
Connolly,D.C. et al. (2012) Targeting serous epithelial ovarian

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa1000#supplementary-data


12476 Nucleic Acids Research, 2020, Vol. 48, No. 22

cancer with designer zinc finger transcription factors. J. Biol. Chem.,
287, 29873–29886.

28. Heller,E.A., Cates,H.M., Pena,C.J., Sun,H., Shao,N., Feng,J.,
Golden,S.A., Herman,J.P., Walsh,J.J., Mazei-Robison,M. et al.
(2014) Locus-specific epigenetic remodeling controls addiction- and
depression-related behaviors. Nat. Neurosci., 17, 1720–1727.

29. Maeder,M.L., Linder,S.J., Reyon,D., Angstman,J.F., Fu,Y.,
Sander,J.D. and Joung,J.K. (2013) Robust, synergistic regulation of
human gene expression using TALE activators. Nat. Methods, 10,
243–245.

30. Gilbert,L.A., Larson,M.H., Morsut,L., Liu,Z., Brar,G.A.,
Torres,S.E., Stern-Ginossar,N., Brandman,O., Whitehead,E.H.,
Doudna,J.A. et al. (2013) CRISPR-mediated modular RNA-guided
regulation of transcription in eukaryotes. Cell, 154, 442–451.

31. Pettersson,M. and Schaffner,W. (1990) Synergistic activation of
transcription by multiple binding sites for NF-kappa B even in
absence of co-operative factor binding to DNA. J. Mol. Biol., 214,
373–380.

32. Beerli,R.R., Dreier,B. and Barbas,C.F. 3rd (2000) Positive and
negative regulation of endogenous genes by designed transcription
factors. Proc. Natl. Acad. Sci. U.S.A., 97, 1495–1500.

33. Perez-Pinera,P., Ousterout,D.G., Brunger,J.M., Farin,A.M.,
Glass,K.A., Guilak,F., Crawford,G.E., Hartemink,A.J. and
Gersbach,C.A. (2013) Synergistic and tunable human gene
activation by combinations of synthetic transcription factors. Nat.
Methods, 10, 239–242.

34. Maeder,M.L., Linder,S.J., Cascio,V.M., Fu,Y., Ho,Q.H. and
Joung,J.K. (2013) CRISPR RNA-guided activation of endogenous
human genes. Nat. Methods, 10, 977–979.

35. Mali,P., Aach,J., Stranges,P.B., Esvelt,K.M., Moosburner,M.,
Kosuri,S., Yang,L. and Church,G.M. (2013) CAS9 transcriptional
activators for target specificity screening and paired nickases for
cooperative genome engineering. Nat. Biotechnol., 31, 833–838.

36. Perez-Pinera,P., Kocak,D.D., Vockley,C.M., Adler,A.F.,
Kabadi,A.M., Polstein,L.R., Thakore,P.I., Glass,K.A.,
Ousterout,D.G., Leong,K.W. et al. (2013) RNA-guided gene
activation by CRISPR–Cas9-based transcription factors. Nat.
Methods, 10, 973–976.

37. Polstein,L.R., Perez-Pinera,P., Kocak,D.D., Vockley,C.M.,
Bledsoe,P., Song,L., Safi,A., Crawford,G.E., Reddy,T.E. and
Gersbach,C.A. (2015) Genome-wide specificity of DNA binding,
gene regulation, and chromatin remodeling by TALE- and
CRISPR/Cas9-based transcriptional activators. Genome Res., 25,
1158–1169.

38. Cheng,A.W., Wang,H., Yang,H., Shi,L., Katz,Y., Theunissen,T.W.,
Rangarajan,S., Shivalila,C.S., Dadon,D.B. and Jaenisch,R. (2013)
Multiplexed activation of endogenous genes by CRISPR-on, an
RNA-guided transcriptional activator system. Cell Res., 23,
1163–1171.

39. Blancafort,P., Magnenat,L. and Barbas,C.F. 3rd (2003) Scanning the
human genome with combinatorial transcription factor libraries.
Nat. Biotechnol., 21, 269–274.

40. Blancafort,P., Chen,E.I., Gonzalez,B., Bergquist,S., Zijlstra,A.,
Guthy,D., Brachat,A., Brakenhoff,R.H., Quigley,J.P., Erdmann,D.
et al. (2005) Genetic reprogramming of tumor cells by zinc finger
transcription factors. Proc. Natl. Acad. Sci. U.S.A., 102,
11716–11721.

41. Simeonov,D.R., Gowen,B.G., Boontanrart,M., Roth,T.L.,
Gagnon,J.D., Mumbach,M.R., Satpathy,A.T., Lee,Y., Bray,N.L.,
Chan,A.Y. et al. (2017) Discovery of stimulation-responsive immune
enhancers with CRISPR activation. Nature, 549, 111–115.

42. Tanenbaum,M.E., Gilbert,L.A., Qi,L.S., Weissman,J.S. and
Vale,R.D. (2014) A protein-tagging system for signal amplification
in gene expression and fluorescence imaging. Cell, 159, 635–646.

43. Cherif,K., Gerard,C., Rousseau,J., Ouellet,D.L., Chapdelaine,P. and
Tremblay,J.P. (2018) Increased frataxin expression induced in
friedreich ataxia cells by platinum TALE-VP64s or platinum
TALE-SunTag. Mol Ther Nucleic Acids, 12, 19–32.

44. Ji,H., Jiang,Z., Lu,P., Ma,L., Li,C., Pan,H., Fu,Z., Qu,X., Wang,P.,
Deng,J. et al. (2016) Specific reactivation of latent HIV-1 by
dCas9-SunTag-VP64-mediated guide RNA targeting the HIV-1
promoter. Mol. Ther., 24, 508–521.

45. Gilbert,L.A., Horlbeck,M.A., Adamson,B., Villalta,J.E., Chen,Y.,
Whitehead,E.H., Guimaraes,C., Panning,B., Ploegh,H.L.,

Bassik,M.C. et al. (2014) Genome-scale CRISPR-Mediated control
of gene repression and activation. Cell, 159, 647–661.

46. Konermann,S., Brigham,M.D., Trevino,A.E., Joung,J.,
Abudayyeh,O.O., Barcena,C., Hsu,P.D., Habib,N., Gootenberg,J.S.,
Nishimasu,H. et al. (2015) Genome-scale transcriptional activation
by an engineered CRISPR–Cas9 complex. Nature, 517, 583–588.

47. Huang,H., Zou,X., Zhong,L., Hou,Y., Zhou,J., Zhang,Z., Xing,X.
and Sun,J. (2019) CRISPR/dCas9-mediated activation of multiple
endogenous target genes directly converts human foreskin
fibroblasts into Leydig-like cells. J. Cell. Mol. Med., 23, 6072–6084.

48. Fidanza,A., Lopez-Yrigoyen,M., Romano,N., Jones,R.,
Taylor,A.H. and Forrester,L.M. (2017) An all-in-one UniSam
vector system for efficient gene activation. Sci. Rep., 7, 6394.

49. Chavez,A., Scheiman,J., Vora,S., Pruitt,B.W., Tuttle,M., E,P.R.I.,
Lin,S., Kiani,S., Guzman,C.D., Wiegand,D.J. et al. (2015) Highly
efficient Cas9-mediated transcriptional programming. Nat.
Methods, 12, 326–328.

50. Staudt,M.R. and Dittmer,D.P. (2007) The Rta/Orf50 transactivator
proteins of the gamma-herpesviridae. Curr. Top. Microbiol.
Immunol., 312, 71–100.

51. Villamizar,O., Waters,S.A., Scott,T., Saayman,S., Grepo,N.,
Urak,R., Davis,A., Jaffe,A. and Morris,K.V. (2019) Targeted
activation of cystic fibrosis transmembrane conductance regulator.
Mol. Ther., 27, 1737–1748.

52. Moses,C., Nugent,F., Waryah,C.B., Garcia-Bloj,B., Harvey,A.R.
and Blancafort,P. (2019) Activating PTEN tumor suppressor
expression with the CRISPR/dCas9 system. Mol. Ther. Nucleic
Acids, 14, 287–300.

53. Kardooni,H., Gonzalez-Gualda,E., Stylianakis,E., Saffaran,S.,
Waxman,J. and Kypta,R.M. (2018) CRISPR-Mediated reactivation
of DKK3 expression attenuates TGF-beta signaling in prostate
cancer. Cancers (Basel), 10, 165.

54. Garcia-Bloj,B., Moses,C., Sgro,A., Plani-Lam,J., Arooj,M.,
Duffy,C., Thiruvengadam,S., Sorolla,A., Rashwan,R.,
Mancera,R.L. et al. (2016) Waking up dormant tumor suppressor
genes with zinc fingers, TALEs and the CRISPR/dCas9 system.
Oncotarget, 7, 60535–60554.

55. Huisman,C., van der Wijst,M.G., Schokker,M., Blancafort,P.,
Terpstra,M.M., Kok,K., van der Zee,A.G., Schuuring,E.,
Wisman,G.B. and Rots,M.G. (2016) Re-expression of selected
epigenetically silenced candidate tumor suppressor genes in cervical
cancer by TET2-directed demethylation. Mol. Ther., 24, 536–547.

56. Chen,H., Kazemier,H.G., de Groote,M.L., Ruiters,M.H., Xu,G.L.
and Rots,M.G. (2014) Induced DNA demethylation by targeting
Ten-Eleven Translocation 2 to the human ICAM-1 promoter.
Nucleic Acids Res., 42, 1563–1574.

57. Gregory,D.J., Zhang,Y., Kobzik,L. and Fedulov,A.V. (2013) Specific
transcriptional enhancement of inducible nitric oxide synthase by
targeted promoter demethylation. Epigenetics, 8, 1205–1212.

58. Maeder,M.L., Angstman,J.F., Richardson,M.E., Linder,S.J.,
Cascio,V.M., Tsai,S.Q., Ho,Q.H., Sander,J.D., Reyon,D.,
Bernstein,B.E. et al. (2013) Targeted DNA demethylation and
activation of endogenous genes using programmable TALE-TET1
fusion proteins. Nat. Biotechnol., 31, 1137–1142.

59. Ou,K., Yu,M., Moss,N.G., Wang,Y.J., Wang,A.W., Nguyen,S.C.,
Jiang,C., Feleke,E., Kameswaran,V., Joyce,E.F. et al. (2019)
Targeted demethylation at the CDKN1C/p57 locus induces human
beta cell replication. J. Clin. Invest., 129, 209–214.

60. Choudhury,S.R., Cui,Y., Lubecka,K., Stefanska,B. and
Irudayaraj,J. (2016) CRISPR-dCas9 mediated TET1 targeting for
selective DNA demethylation at BRCA1 promoter. Oncotarget, 7,
46545–46556.

61. Liu,X.S., Wu,H., Ji,X., Stelzer,Y., Wu,X., Czauderna,S., Shu,J.,
Dadon,D., Young,R.A. and Jaenisch,R. (2016) Editing DNA
methylation in the mammalian genome. Cell, 167, 233–247.

62. Liu,X.S., Wu,H., Krzisch,M., Wu,X., Graef,J., Muffat,J., Hnisz,D.,
Li,C.H., Yuan,B., Xu,C. et al. (2018) Rescue of fragile X syndrome
neurons by DNA methylation editing of the FMR1 gene. Cell, 172,
979–992.

63. Xu,X., Tao,Y., Gao,X., Zhang,L., Li,X., Zou,W., Ruan,K.,
Wang,F., Xu,G.L. and Hu,R. (2016) A CRISPR-based approach for
targeted DNA demethylation. Cell Discov., 2, 16009.

64. Morita,S., Noguchi,H., Horii,T., Nakabayashi,K., Kimura,M.,
Okamura,K., Sakai,A., Nakashima,H., Hata,K., Nakashima,K.



Nucleic Acids Research, 2020, Vol. 48, No. 22 12477

et al. (2016) Targeted DNA demethylation in vivo using
dCas9-peptide repeat and scFv-TET1 catalytic domain fusions. Nat.
Biotechnol., 34, 1060–1065.

65. Anton,T. and Bultmann,S. (2017) Site-specific recruitment of
epigenetic factors with a modular CRISPR/Cas system. Nucleus, 8,
279–286.

66. Baumann,V., Wiesbeck,M., Breunig,C.T., Braun,J.M., Koferle,A.,
Ninkovic,J., Gotz,M. and Stricker,S.H. (2019) Targeted removal of
epigenetic barriers during transcriptional reprogramming. Nat.
Commun., 10, 2119.

67. Taghbalout,A., Du,M., Jillette,N., Rosikiewicz,W., Rath,A.,
Heinen,C.D., Li,S. and Cheng,A.W. (2019) Enhanced
CRISPR-based DNA demethylation by Casilio-ME-mediated
RNA-guided coupling of methylcytosine oxidation and DNA repair
pathways. Nat. Commun., 10, 4296.

68. Cheng,A.W., Jillette,N., Lee,P., Plaskon,D., Fujiwara,Y., Wang,W.,
Taghbalout,A. and Wang,H. (2016) Casilio: a versatile
CRISPR–Cas9-Pumilio hybrid for gene regulation and genomic
labeling. Cell Res., 26, 254–257.

69. Hilton,I.B., D’Ippolito,A.M., Vockley,C.M., Thakore,P.I.,
Crawford,G.E., Reddy,T.E. and Gersbach,C.A. (2015) Epigenome
editing by a CRISPR–Cas9-based acetyltransferase activates genes
from promoters and enhancers. Nat. Biotechnol., 33, 510–517.

70. Okada,M., Kanamori,M., Someya,K., Nakatsukasa,H. and
Yoshimura,A. (2017) Stabilization of Foxp3 expression by
CRISPR-dCas9-based epigenome editing in mouse primary T cells.
Epigenet. Chromatin, 10, 24.

71. Klann,T.S., Black,J.B., Chellappan,M., Safi,A., Song,L., Hilton,I.B.,
Crawford,G.E., Reddy,T.E. and Gersbach,C.A. (2017)
CRISPR–Cas9 epigenome editing enables high-throughput
screening for functional regulatory elements in the human genome.
Nat. Biotechnol., 35, 561–568.

72. Xiao,B., Yin,S., Hu,Y., Sun,M., Wei,J., Huang,Z., Wen,Y., Dai,X.,
Chen,H., Mu,J. et al. (2019) Epigenetic editing by CRISPR/dCas9
in Plasmodium falciparum. Proc. Natl. Acad. Sci. U.S.A., 116,
255–260.

73. Sartor,G.C., Malvezzi,A.M., Kumar,A., Andrade,N.S.,
Wiedner,H.J., Vilca,S.J., Janczura,K.J., Bagheri,A., Al-Ali,H.,
Powell,S.K. et al. (2019) Enhancement of BDNF expression and
memory by HDAC inhibition requires BET bromodomain reader
proteins. J. Neurosci., 39, 612–626.

74. Deng,W., Rupon,J.W., Krivega,I., Breda,L., Motta,I., Jahn,K.S.,
Reik,A., Gregory,P.D., Rivella,S., Dean,A. et al. (2014) Reactivation
of developmentally silenced globin genes by forced chromatin
looping. Cell, 158, 849–860.

75. Zhan,J., Irudayam,M.J., Nakamura,Y., Kurita,R. and
Nienhuis,A.W. (2020) High level of fetal-globin reactivation by
designed transcriptional activator-like effector. Blood Adv, 4,
687–695.

76. Cano-Rodriguez,D., Gjaltema,R.A., Jilderda,L.J., Jellema,P.,
Dokter-Fokkens,J., Ruiters,M.H. and Rots,M.G. (2016) Writing of
H3K4Me3 overcomes epigenetic silencing in a sustained but
context-dependent manner. Nat. Commun., 7, 12284.

77. Yan,J., Chen,S.A., Local,A., Liu,T., Qiu,Y., Dorighi,K.M.,
Preissl,S., Rivera,C.M., Wang,C., Ye,Z. et al. (2018) Histone H3
lysine 4 monomethylation modulates long-range chromatin
interactions at enhancers. Cell Res., 28, 204–220.

78. Kim,J.M., Kim,K., Schmidt,T., Punj,V., Tucker,H., Rice,J.C.,
Ulmer,T.S. and An,W. (2015) Cooperation between SMYD3 and
PC4 drives a distinct transcriptional program in cancer cells. Nucleic
Acids Res., 43, 8868–8883.

79. Stolzenburg,S., Rots,M.G., Beltran,A.S., Rivenbark,A.G., Yuan,X.,
Qian,H., Strahl,B.D. and Blancafort,P. (2012) Targeted silencing of
the oncogenic transcription factor SOX2 in breast cancer. Nucleic
Acids Res., 40, 6725–6740.

80. Rivenbark,A.G., Stolzenburg,S., Beltran,A.S., Yuan,X., Rots,M.G.,
Strahl,B.D. and Blancafort,P. (2012) Epigenetic reprogramming of
cancer cells via targeted DNA methylation. Epigenetics, 7, 350–360.

81. Stolzenburg,S., Beltran,A.S., Swift-Scanlan,T., Rivenbark,A.G.,
Rashwan,R. and Blancafort,P. (2015) Stable oncogenic silencing in
vivo by programmable and targeted de novo DNA methylation in
breast cancer. Oncogene, 34, 5427–5435.

82. Sripathy,S.P., Stevens,J. and Schultz,D.C. (2006) The KAP1
corepressor functions to coordinate the assembly of de novo

HP1-demarcated microenvironments of heterochromatin required
for KRAB zinc finger protein-mediated transcriptional repression.
Mol. Cell. Biol., 26, 8623–8638.

83. Beerli,R.R., Segal,D.J., Dreier,B. and Barbas,C.F. 3rd (1998)
Toward controlling gene expression at will: specific regulation of the
erbB-2/HER-2 promoter by using polydactyl zinc finger proteins
constructed from modular building blocks. Proc. Natl. Acad. Sci.
U.S.A., 95, 14628–14633.

84. Zhang,Z., Wu,E., Qian,Z. and Wu,W.S. (2014) A multicolor panel
of TALE-KRAB based transcriptional repressor vectors enabling
knockdown of multiple gene targets. Sci. Rep., 4, 7338.

85. Thakore,P.I., D’Ippolito,A.M., Song,L., Safi,A., Shivakumar,N.K.,
Kabadi,A.M., Reddy,T.E., Crawford,G.E. and Gersbach,C.A.
(2015) Highly specific epigenome editing by CRISPR–Cas9
repressors for silencing of distal regulatory elements. Nat. Methods,
12, 1143–1149.

86. Xie,S., Duan,J., Li,B., Zhou,P. and Hon,G.C. (2017) Multiplexed
engineering and analysis of combinatorial enhancer activity in single
cells. Mol. Cell, 66, 285–299.

87. Mochizuki,Y., Chiba,T., Kataoka,K., Yamashita,S., Sato,T.,
Kato,T., Takahashi,K., Miyamoto,T., Kitazawa,M., Hatta,T. et al.
(2018) Combinatorial CRISPR/Cas9 approach to elucidate a
far-upstream enhancer complex for tissue-specific Sox9 expression.
Dev. Cell, 46, 794–806.

88. O’Geen,H., Ren,C., Nicolet,C.M., Perez,A.A., Halmai,J., Le,V.M.,
Mackay,J.P., Farnham,P.J. and Segal,D.J. (2017) dCas9-based
epigenome editing suggests acquisition of histone methylation is not
sufficient for target gene repression. Nucleic Acids Res., 45,
9901–9916.

89. Braun,S.M.G., Kirkland,J.G., Chory,E.J., Husmann,D., Calarco,J.P.
and Crabtree,G.R. (2017) Rapid and reversible epigenome editing by
endogenous chromatin regulators. Nat. Commun., 8, 560.

90. Yeo,N.C., Chavez,A., Lance-Byrne,A., Chan,Y., Menn,D.,
Milanova,D., Kuo,C.C., Guo,X., Sharma,S., Tung,A. et al. (2018)
An enhanced CRISPR repressor for targeted mammalian gene
regulation. Nat. Methods, 15, 611–616.

91. Bintu,L., Yong,J., Antebi,Y.E., McCue,K., Kazuki,Y., Uno,N.,
Oshimura,M. and Elowitz,M.B. (2016) Dynamics of epigenetic
regulation at the single-cell level. Science, 351, 720–724.

92. Cui,C., Gan,Y., Gu,L., Wilson,J., Liu,Z., Zhang,B. and Deng,D.
(2015) P16-specific DNA methylation by engineered zinc finger
methyltransferase inactivates gene transcription and promotes
cancer metastasis. Genome Biol., 16, 252.

93. Ziller,M.J., Ortega,J.A., Quinlan,K.A., Santos,D.P., Gu,H.,
Martin,E.J., Galonska,C., Pop,R., Maidl,S., Di Pardo,A. et al.
(2018) Dissecting the functional consequences of de novo DNA
methylation dynamics in human motor neuron differentiation and
physiology. Cell Stem Cell, 22, 559–574.

94. Wu,J., He,K., Zhang,Y., Song,J., Shi,Z., Chen,W. and Shao,Y.
(2019) Inactivation of SMARCA2 by promoter hypermethylation
drives lung cancer development. Gene, 687, 193–199.

95. Kantor,B., Tagliafierro,L., Gu,J., Zamora,M.E., Ilich,E.,
Grenier,C., Huang,Z.Y., Murphy,S. and Chiba-Falek,O. (2018)
Downregulation of SNCA expression by targeted editing of DNA
Methylation: A potential strategy for precision therapy in PD. Mol.
Ther., 26, 2638–2649.

96. Vojta,A., Dobrinic,P., Tadic,V., Bockor,L., Korac,P., Julg,B.,
Klasic,M. and Zoldos,V. (2016) Repurposing the CRISPR–Cas9
system for targeted DNA methylation. Nucleic Acids Res., 44,
5615–5628.

97. McDonald,J.I., Celik,H., Rois,L.E., Fishberger,G., Fowler,T.,
Rees,R., Kramer,A., Martens,A., Edwards,J.R. and Challen,G.A.
(2016) Reprogrammable CRISPR/Cas9-based system for inducing
site-specific DNA methylation. Biol Open, 5, 866–874.

98. Lei,Y., Zhang,X., Su,J., Jeong,M., Gundry,M.C., Huang,Y.H.,
Zhou,Y., Li,W. and Goodell,M.A. (2017) Targeted DNA
methylation in vivo using an engineered dCas9-MQ1 fusion protein.
Nat. Commun., 8, 16026.

99. Chedin,F., Lieber,M.R. and Hsieh,C.L. (2002) The DNA
methyltransferase-like protein DNMT3L stimulates de novo
methylation by Dnmt3a. Proc. Natl. Acad. Sci. U.S.A., 99,
16916–16921.

100. Siddique,A.N., Nunna,S., Rajavelu,A., Zhang,Y., Jurkowska,R.Z.,
Reinhardt,R., Rots,M.G., Ragozin,S., Jurkowski,T.P. and Jeltsch,A.



12478 Nucleic Acids Research, 2020, Vol. 48, No. 22

(2013) Targeted methylation and gene silencing of VEGF-A in
human cells by using a designed Dnmt3a-Dnmt3L single-chain
fusion protein with increased DNA methylation activity. J. Mol.
Biol., 425, 479–491.

101. Stepper,P., Kungulovski,G., Jurkowska,R.Z., Chandra,T.,
Krueger,F., Reinhardt,R., Reik,W., Jeltsch,A. and Jurkowski,T.P.
(2017) Efficient targeted DNA methylation with chimeric
dCas9-Dnmt3a-Dnmt3L methyltransferase. Nucleic Acids Res., 45,
1703–1713.

102. Saunderson,E.A., Stepper,P., Gomm,J.J., Hoa,L., Morgan,A.,
Allen,M.D., Jones,J.L., Gribben,J.G., Jurkowski,T.P. and Ficz,G.
(2017) Hit-and-run epigenetic editing prevents senescence entry in
primary breast cells from healthy donors. Nat. Commun., 8, 1450.

103. Bernstein,D.L., Le Lay,J.E., Ruano,E.G. and Kaestner,K.H. (2015)
TALE-mediated epigenetic suppression of CDKN2A increases
replication in human fibroblasts. J. Clin. Invest., 125, 1998–2006.

104. Yamazaki,T., Hatano,Y., Handa,T., Kato,S., Hoida,K.,
Yamamura,R., Fukuyama,T., Uematsu,T., Kobayashi,N.,
Kimura,H. et al. (2017) Targeted DNA methylation in
pericentromeres with genome editing-based artificial DNA
methyltransferase. PLoS One, 12, e0177764.

105. Lin,L., Liu,Y., Xu,F., Huang,J., Daugaard,T.F., Petersen,T.S.,
Hansen,B., Ye,L., Zhou,Q., Fang,F. et al. (2018) Genome-wide
determination of on-target and off-target characteristics for
RNA-guided DNA methylation by dCas9 methyltransferases.
Gigascience, 7, 1–19.

106. Huang,Y.H., Su,J., Lei,Y., Brunetti,L., Gundry,M.C., Zhang,X.,
Jeong,M., Li,W. and Goodell,M.A. (2017) DNA epigenome editing
using CRISPR–Cas SunTag-directed DNMT3A. Genome Biol., 18,
176.

107. Pflueger,C., Tan,D., Swain,T., Nguyen,T., Pflueger,J., Nefzger,C.,
Polo,J.M., Ford,E. and Lister,R. (2018) A modular dCas9-SunTag
DNMT3A epigenome editing system overcomes pervasive off-target
activity of direct fusion dCas9-DNMT3A constructs. Genome Res.,
28, 1193–1206.

108. Amabile,A., Migliara,A., Capasso,P., Biffi,M., Cittaro,D.,
Naldini,L. and Lombardo,A. (2016) Inheritable silencing of
endogenous genes by Hit-and-Run targeted epigenetic editing. Cell,
167, 219–232.

109. Mlambo,T., Nitsch,S., Hildenbeutel,M., Romito,M., Muller,M.,
Bossen,C., Diederichs,S., Cornu,T.I., Cathomen,T. and
Mussolino,C. (2018) Designer epigenome modifiers enable robust
and sustained gene silencing in clinically relevant human cells.
Nucleic Acids Res., 46, 4456–4468.

110. Wang,H., Guo,R., Du,Z., Bai,L., Li,L., Cui,J., Li,W.,
Hoffman,A.R. and Hu,J.F. (2018) Epigenetic targeting of granulin
in hepatoma cells by synthetic CRISPR dCas9 Epi-suppressors.
Mol. Ther. Nucleic Acids, 11, 23–33.

111. Chen,X., Wei,M., Liu,X., Song,S., Wang,L., Yang,X. and Song,Y.
(2019) Construction and validation of the CRISPR/dCas9-EZH2
system for targeted H3K27Me3 modification. Biochem. Biophys.
Res. Commun., 511, 246–252.

112. O’Geen,H., Bates,S.L., Carter,S.S., Nisson,K.A., Halmai,J.,
Fink,K.D., Rhie,S.K., Farnham,P.J. and Segal,D.J. (2019)
Ezh2-dCas9 and KRAB-dCas9 enable engineering of epigenetic
memory in a context-dependent manner. Epigenet. Chromatin, 12,
26.

113. Mendenhall,E.M., Williamson,K.E., Reyon,D., Zou,J.Y., Ram,O.,
Joung,J.K. and Bernstein,B.E. (2013) Locus-specific editing of
histone modifications at endogenous enhancers. Nat. Biotechnol.,
31, 1133–1136.

114. Kearns,N.A., Pham,H., Tabak,B., Genga,R.M., Silverstein,N.J.,
Garber,M. and Maehr,R. (2015) Functional annotation of native
enhancers with a Cas9-histone demethylase fusion. Nat. Methods,
12, 401–403.

115. Kwon,D.Y., Zhao,Y.T., Lamonica,J.M. and Zhou,Z. (2017)
Locus-specific histone deacetylation using a synthetic
CRISPR–Cas9-based HDAC. Nat. Commun., 8, 15315.

116. Chen,L.F., Lin,Y.T., Gallegos,D.A., Hazlett,M.F.,
Gomez-Schiavon,M., Yang,M.G., Kalmeta,B., Zhou,A.S.,
Holtzman,L., Gersbach,C.A. et al. (2019) Enhancer histone
acetylation modulates transcriptional bursting dynamics of neuronal
Activity-Inducible genes. Cell Rep., 26, 1174–1188.

117. Zalatan,J.G., Lee,M.E., Almeida,R., Gilbert,L.A., Whitehead,E.H.,
La Russa,M., Tsai,J.C., Weissman,J.S., Dueber,J.E., Qi,L.S. et al.
(2015) Engineering complex synthetic transcriptional programs with
CRISPR RNA scaffolds. Cell, 160, 339–350.

118. Costello,A., Lao,N.T., Gallagher,C., Capella Roca,B.,
Julius,L.A.N., Suda,S., Ducree,J., King,D., Wagner,R., Barron,N.
et al. (2019) Leaky expression of the TET-On system hinders control
of endogenous miRNA abundance. Biotechnol. J., 14, e1800219.

119. Bao,Z., Jain,S., Jaroenpuntaruk,V. and Zhao,H. (2017) Orthogonal
genetic regulation in human cells using chemically induced
CRISPR/Cas9 activators. ACS Synth Biol, 6, 686–693.

120. Konermann,S., Brigham,M.D., Trevino,A., Hsu,P.D.,
Heidenreich,M., Cong,L., Platt,R.J., Scott,D.A., Church,G.M. and
Zhang,F. (2013) Optical control of mammalian endogenous
transcription and epigenetic states. Nature, 500, 472–476.

121. Rivera,V.M., Clackson,T., Natesan,S., Pollock,R., Amara,J.F.,
Keenan,T., Magari,S.R., Phillips,T., Courage,N.L., Cerasoli,F. Jr
et al. (1996) A humanized system for pharmacologic control of gene
expression. Nat. Med., 2, 1028–1032.

122. Zetsche,B., Volz,S.E. and Zhang,F. (2015) A split-Cas9 architecture
for inducible genome editing and transcription modulation. Nat.
Biotechnol., 33, 139–142.

123. Lu,J., Zhao,C., Zhao,Y., Zhang,J., Zhang,Y., Chen,L., Han,Q.,
Ying,Y., Peng,S., Ai,R. et al. (2018) Multimode drug inducible
CRISPR/Cas9 devices for transcriptional activation and genome
editing. Nucleic Acids Res., 46, e25.

124. Polstein,L.R. and Gersbach,C.A. (2012) Light-inducible
spatiotemporal control of gene activation by customizable zinc
finger transcription factors. J. Am. Chem. Soc., 134, 16480–16483.

125. Lo,C.L., Choudhury,S.R., Irudayaraj,J. and Zhou,F.C. (2017)
Epigenetic editing of Ascl1 gene in neural stem cells by optogenetics.
Sci. Rep., 7, 42047.

126. Polstein,L.R. and Gersbach,C.A. (2015) A light-inducible
CRISPR–Cas9 system for control of endogenous gene activation.
Nat. Chem. Biol., 11, 198–200.

127. Balboa,D., Weltner,J., Eurola,S., Trokovic,R., Wartiovaara,K. and
Otonkoski,T. (2015) Conditionally stabilized dCas9 activator for
controlling gene expression in human cell reprogramming and
differentiation. Stem Cell Rep., 5, 448–459.

128. Kleinjan,D.A., Wardrope,C., Nga Sou,S. and Rosser,S.J. (2017)
Drug-tunable multidimensional synthetic gene control using
inducible degron-tagged dCas9 effectors. Nat. Commun., 8, 1191.

129. Kuscu,C., Mammadov,R., Czikora,A., Unlu,H., Tufan,T.,
Fischer,N.L., Arslan,S., Bekiranov,S., Kanemaki,M. and Adli,M.
(2019) Temporal and spatial epigenome editing allows precise gene
regulation in mammalian cells. J. Mol. Biol., 431, 111–121.

130. Bondy-Denomy,J., Pawluk,A., Maxwell,K.L. and Davidson,A.R.
(2013) Bacteriophage genes that inactivate the CRISPR/Cas
bacterial immune system. Nature, 493, 429–432.

131. Rauch,B.J., Silvis,M.R., Hultquist,J.F., Waters,C.S., McGregor,M.J.,
Krogan,N.J. and Bondy-Denomy,J. (2017) Inhibition of
CRISPR–Cas9 with bacteriophage proteins. Cell, 168, 150–158.

132. Dong Guo,M., Wang,S., Zhu,Y., Wang,S., Xiong,Z., Yang,J., Xu,Z.
and Huang,Z. (2017) Structural basis of CRISPR-SpyCas9
inhibition by an anti-CRISPR protein. Nature, 546, 436–439.

133. Hirosawa,M., Fujita,Y. and Saito,H. (2019) Cell-Type-Specific
CRISPR activation with MicroRNA-Responsive AcrllA4 switch.
ACS Synth. Biol., 8, 1575–1582.

134. Hoffmann,M.D., Aschenbrenner,S., Grosse,S., Rapti,K.,
Domenger,C., Fakhiri,J., Mastel,M., Borner,K., Eils,R., Grimm,D.
et al. (2019) Cell-specific CRISPR–Cas9 activation by
microRNA-dependent expression of anti-CRISPR proteins. Nucleic
Acids Res., 47, e75.

135. Bubeck,F., Hoffmann,M.D., Harteveld,Z., Aschenbrenner,S.,
Bietz,A., Waldhauer,M.C., Borner,K., Fakhiri,J., Schmelas,C.,
Dietz,L. et al. (2018) Engineered anti-CRISPR proteins for
optogenetic control of CRISPR–Cas9. Nat. Methods, 15, 924–927.

136. Jiang,F., Liu,J.J., Osuna,B.A., Xu,M., Berry,J.D., Rauch,B.J.,
Nogales,E., Bondy-Denomy,J. and Doudna,J.A. (2019)
Temperature-responsive competitive inhibition of CRISPR–Cas9.
Mol. Cell, 73, 601–610.

137. Maji,B., Gangopadhyay,S.A., Lee,M., Shi,M., Wu,P., Heler,R.,
Mok,B., Lim,D., Siriwardena,S.U., Paul,B. et al. (2019) A



Nucleic Acids Research, 2020, Vol. 48, No. 22 12479

high-throughput platform to identify small-molecule inhibitors of
CRISPR–Cas9. Cell, 177, 1067–1079.

138. Sigoillot,F.D., Lyman,S., Huckins,J.F., Adamson,B., Chung,E.,
Quattrochi,B. and King,R.W. (2012) A bioinformatics method
identifies prominent off-targeted transcripts in RNAi screens. Nat.
Methods, 9, 363–366.

139. Cho,S.W., Kim,S., Kim,J.M. and Kim,J.S. (2013) Targeted genome
engineering in human cells with the Cas9 RNA-guided
endonuclease. Nat. Biotechnol., 31, 230–232.

140. Crosetto,N., Mitra,A., Silva,M.J., Bienko,M., Dojer,N., Wang,Q.,
Karaca,E., Chiarle,R., Skrzypczak,M., Ginalski,K. et al. (2013)
Nucleotide-resolution DNA double-strand break mapping by
next-generation sequencing. Nat. Methods, 10, 361–365.

141. Cho,S.W., Kim,S., Kim,Y., Kweon,J., Kim,H.S., Bae,S. and Kim,J.S.
(2014) Analysis of off-target effects of CRISPR/Cas-derived
RNA-guided endonucleases and nickases. Genome Res., 24,
132–141.

142. Tsai,S.Q., Zheng,Z., Nguyen,N.T., Liebers,M., Topkar,V.V.,
Thapar,V., Wyvekens,N., Khayter,C., Iafrate,A.J., Le,L.P. et al.
(2015) GUIDE-seq enables genome-wide profiling of off-target
cleavage by CRISPR–Cas nucleases. Nat. Biotechnol., 33, 187–197.

143. Frock,R.L., Hu,J., Meyers,R.M., Ho,Y.J., Kii,E. and Alt,F.W.
(2015) Genome-wide detection of DNA double-stranded breaks
induced by engineered nucleases. Nat. Biotechnol., 33, 179–186.

144. Kim,D., Bae,S., Park,J., Kim,E., Kim,S., Yu,H.R., Hwang,J.,
Kim,J.I. and Kim,J.S. (2015) Digenome-seq: genome-wide profiling
of CRISPR–Cas9 off-target effects in human cells. Nat. Methods,
12, 237–243.

145. Wang,X., Wang,Y., Wu,X., Wang,J., Wang,Y., Qiu,Z., Chang,T.,
Huang,H., Lin,R.J. and Yee,J.K. (2015) Unbiased detection of
off-target cleavage by CRISPR–Cas9 and TALENs using
integrase-defective lentiviral vectors. Nat. Biotechnol., 33, 175–178.

146. Kim,D., Kim,S., Kim,S., Park,J. and Kim,J.S. (2016) Genome-wide
target specificities of CRISPR–Cas9 nucleases revealed by multiplex
Digenome-seq. Genome Res., 26, 406–415.

147. Cameron,P., Fuller,C.K., Donohoue,P.D., Jones,B.N.,
Thompson,M.S., Carter,M.M., Gradia,S., Vidal,B., Garner,E.,
Slorach,E.M. et al. (2017) Mapping the genomic landscape of
CRISPR–Cas9 cleavage. Nat. Methods, 14, 600–606.

148. Tsai,S.Q., Nguyen,N.T., Malagon-Lopez,J., Topkar,V.V., Aryee,M.J.
and Joung,J.K. (2017) CIRCLE-seq: a highly sensitive in vitro screen
for genome-wide CRISPR–Cas9 nuclease off-targets. Nat. Methods,
14, 607–614.

149. Yan,W.X., Mirzazadeh,R., Garnerone,S., Scott,D., Schneider,M.W.,
Kallas,T., Custodio,J., Wernersson,E., Li,Y., Gao,L. et al. (2017)
BLISS is a versatile and quantitative method for genome-wide
profiling of DNA double-strand breaks. Nat. Commun., 8, 15058.

150. Akcakaya,P., Bobbin,M.L., Guo,J.A., Malagon-Lopez,J.,
Clement,K., Garcia,S.P., Fellows,M.D., Porritt,M.J., Firth,M.A.,
Carreras,A. et al. (2018) In vivo CRISPR editing with no detectable
genome-wide off-target mutations. Nature, 561, 416–419.

151. Yin,J., Liu,M., Liu,Y., Wu,J., Gan,T., Zhang,W., Li,Y., Zhou,Y. and
Hu,J. (2019) Optimizing genome editing strategy by
primer-extension-mediated sequencing. Cell Discov, 5, 18.

152. Wienert,B., Wyman,S.K., Richardson,C.D., Yeh,C.D., Akcakaya,P.,
Porritt,M.J., Morlock,M., Vu,J.T., Kazane,K.R., Watry,H.L. et al.
(2019) Unbiased detection of CRISPR off-targets in vivo using
DISCOVER-Seq. Science, 364, 286–289.

153. Zuo,E., Sun,Y., Wei,W., Yuan,T., Ying,W., Sun,H., Yuan,L.,
Steinmetz,L.M., Li,Y. and Yang,H. (2019) Cytosine base editor
generates substantial off-target single-nucleotide variants in mouse
embryos. Science, 364, 289–292.

154. Tan,S., Guschin,D., Davalos,A., Lee,Y.L., Snowden,A.W.,
Jouvenot,Y., Zhang,H.S., Howes,K., McNamara,A.R., Lai,A. et al.
(2003) Zinc-finger protein-targeted gene regulation: genomewide
single-gene specificity. Proc. Natl. Acad. Sci. U.S.A., 100,
11997–12002.

155. Kuscu,C., Arslan,S., Singh,R., Thorpe,J. and Adli,M. (2014)
Genome-wide analysis reveals characteristics of off-target sites
bound by the Cas9 endonuclease. Nat. Biotechnol., 32, 677–683.

156. Wu,X., Scott,D.A., Kriz,A.J., Chiu,A.C., Hsu,P.D., Dadon,D.B.,
Cheng,A.W., Trevino,A.E., Konermann,S., Chen,S. et al. (2014)
Genome-wide binding of the CRISPR endonuclease Cas9 in
mammalian cells. Nat. Biotechnol., 32, 670–676.

157. O’Geen,H., Henry,I.M., Bhakta,M.S., Meckler,J.F. and Segal,D.J.
(2015) A genome-wide analysis of Cas9 binding specificity using
ChIP-seq and targeted sequence capture. Nucleic Acids Res., 43,
3389–3404.

158. Waryah,C.B., Moses,C., Arooj,M. and Blancafort,P. (2018) Zinc
fingers, TALEs, and CRISPR systems: a comparison of tools for
epigenome editing. Methods Mol. Biol., 1767, 19–63.

159. Liu,Q., Segal,D.J., Ghiara,J.B. and Barbas,C.F. 3rd (1997) Design of
polydactyl zinc-finger proteins for unique addressing within complex
genomes. Proc. Natl. Acad. Sci. U.S.A., 94, 5525–5530.

160. Rinaldi,F.C., Doyle,L.A., Stoddard,B.L. and Bogdanove,A.J. (2017)
The effect of increasing numbers of repeats on TAL effector DNA
binding specificity. Nucleic Acids Res., 45, 6960–6970.

161. Pavletich,N.P. and Pabo,C.O. (1993) Crystal structure of a five-finger
GLI-DNA complex: new perspectives on zinc fingers. Science, 261,
1701–1707.

162. Kim,J.S. and Pabo,C.O. (1998) Getting a handhold on DNA: design
of poly-zinc finger proteins with femtomolar dissociation constants.
Proc. Natl. Acad. Sci. U.S.A., 95, 2812–2817.

163. Miller,J.C. and Pabo,C.O. (2001) Rearrangement of side-chains in a
Zif268 mutant highlights the complexities of zinc finger-DNA
recognition. J. Mol. Biol., 313, 309–315.

164. Segal,D.J., Dreier,B., Beerli,R.R. and Barbas,C.F. 3rd (1999)
Toward controlling gene expression at will: selection and design of
zinc finger domains recognizing each of the 5′-GNN-3′ DNA target
sequences. Proc. Natl. Acad. Sci. U.S.A., 96, 2758–2763.

165. Sander,J.D., Zaback,P., Joung,J.K., Voytas,D.F. and Dobbs,D.
(2007) Zinc Finger Targeter (ZiFiT): an engineered zinc
finger/target site design tool. Nucleic Acids Res., 35, W599–W605.

166. Maeder,M.L., Thibodeau-Beganny,S., Osiak,A., Wright,D.A.,
Anthony,R.M., Eichtinger,M., Jiang,T., Foley,J.E., Winfrey,R.J.,
Townsend,J.A. et al. (2008) Rapid “open-source” engineering of
customized zinc-finger nucleases for highly efficient gene
modification. Mol. Cell, 31, 294–301.

167. Fu,F., Sander,J.D., Maeder,M., Thibodeau-Beganny,S., Joung,J.K.,
Dobbs,D., Miller,L. and Voytas,D.F. (2009) Zinc Finger Database
(ZiFDB): a repository for information on C2H2 zinc fingers and
engineered zinc-finger arrays. Nucleic Acids Res., 37, D279–D283.

168. Bhakta,M.S. and Segal,D.J. (2010) The generation of zinc finger
proteins by modular assembly. Methods Mol. Biol., 649, 3–30.

169. Gupta,A., Christensen,R.G., Bell,H.A., Goodwin,M., Patel,R.Y.,
Pandey,M., Enuameh,M.S., Rayla,A.L., Zhu,C.,
Thibodeau-Beganny,S. et al. (2014) An improved predictive
recognition model for Cys(2)-His(2) zinc finger proteins. Nucleic
Acids Res., 42, 4800–4812.

170. Hsu,P.D., Scott,D.A., Weinstein,J.A., Ran,F.A., Konermann,S.,
Agarwala,V., Li,Y., Fine,E.J., Wu,X., Shalem,O. et al. (2013) DNA
targeting specificity of RNA-guided Cas9 nucleases. Nat.
Biotechnol., 31, 827–832.

171. Lin,Y., Cradick,T.J., Brown,M.T., Deshmukh,H., Ranjan,P.,
Sarode,N., Wile,B.M., Vertino,P.M., Stewart,F.J. and Bao,G. (2014)
CRISPR/Cas9 systems have off-target activity with insertions or
deletions between target DNA and guide RNA sequences. Nucleic
Acids Res., 42, 7473–7485.

172. Specht,D.A., Xu,Y. and Lambert,G. (2020) Massively parallel
CRISPRi assays reveal concealed thermodynamic determinants of
dCas12a binding. Proc. Natl. Acad. Sci. U.S.A., 117, 11274–11282.

173. Beltran,A.S., Sun,X., Lizardi,P.M. and Blancafort,P. (2008)
Reprogramming epigenetic silencing: artificial transcription factors
synergize with chromatin remodeling drugs to reactivate the tumor
suppressor mammary serine protease inhibitor. Mol. Cancer Ther.,
7, 1080–1090.

174. Moses,C., Hodgetts,S.I., Nugent,F., Ben-Ary,G., Park,K.K.,
Blancafort,P. and Harvey,A.R. (2020) Transcriptional repression of
PTEN in neural cells using CRISPR/dCas9 epigenetic editing. Sci.
Rep., 10, 11393.

175. Juarez-Moreno,K., Erices,R., Beltran,A.S., Stolzenburg,S.,
Cuello-Fredes,M., Owen,G.I., Qian,H. and Blancafort,P. (2013)
Breaking through an epigenetic wall: re-activation of Oct4 by
KRAB-containing designer zinc finger transcription factors.
Epigenetics, 8, 164–176.

176. Bae,K.H., Kwon,Y.D., Shin,H.C., Hwang,M.S., Ryu,E.H.,
Park,K.S., Yang,H.Y., Lee,D.K., Lee,Y., Park,J. et al. (2003) Human



12480 Nucleic Acids Research, 2020, Vol. 48, No. 22

zinc fingers as building blocks in the construction of artificial
transcription factors. Nat. Biotechnol., 21, 275–280.

177. Kim,H.J., Lee,H.J., Kim,H., Cho,S.W. and Kim,J.S. (2009) Targeted
genome editing in human cells with zinc finger nucleases constructed
via modular assembly. Genome Res., 19, 1279–1288.

178. Cermak,T., Doyle,E.L., Christian,M., Wang,L., Zhang,Y.,
Schmidt,C., Baller,J.A., Somia,N.V., Bogdanove,A.J. and
Voytas,D.F. (2011) Efficient design and assembly of custom TALEN
and other TAL effector-based constructs for DNA targeting. Nucleic
Acids Res., 39, e82.

179. Reyon,D., Tsai,S.Q., Khayter,C., Foden,J.A., Sander,J.D. and
Joung,J.K. (2012) FLASH assembly of TALENs for
high-throughput genome editing. Nat. Biotechnol., 30, 460–465.

180. Doyle,E.L., Booher,N.J., Standage,D.S., Voytas,D.F., Brendel,V.P.,
Vandyk,J.K. and Bogdanove,A.J. (2012) TAL Effector-Nucleotide
Targeter (TALE-NT) 2.0: tools for TAL effector design and target
prediction. Nucleic Acids Res., 40, W117–W122.

181. Sanjana,N.E., Cong,L., Zhou,Y., Cunniff,M.M., Feng,G. and
Zhang,F. (2012) A transcription activator-like effector toolbox for
genome engineering. Nat. Protoc., 7, 171–192.

182. Li,L., Piatek,M.J., Atef,A., Piatek,A., Wibowo,A., Fang,X.,
Sabir,J.S., Zhu,J.K. and Mahfouz,M.M. (2012) Rapid and highly
efficient construction of TALE-based transcriptional regulators and
nucleases for genome modification. Plant Mol. Biol., 78, 407–416.

183. Neff,K.L., Argue,D.P., Ma,A.C., Lee,H.B., Clark,K.J. and
Ekker,S.C. (2013) Mojo Hand, a TALEN design tool for genome
editing applications. BMC Bioinformatics, 14, 1.

184. Fine,E.J., Cradick,T.J., Zhao,C.L., Lin,Y. and Bao,G. (2014) An
online bioinformatics tool predicts zinc finger and TALE nuclease
off-target cleavage. Nucleic Acids Res., 42, e42.

185. Rogers,J.M., Barrera,L.A., Reyon,D., Sander,J.D., Kellis,M.,
Joung,J.K. and Bulyk,M.L. (2015) Context influences on
TALE-DNA binding revealed by quantitative profiling. Nat.
Commun., 6, 7440.

186. Rebar,E.J. and Pabo,C.O. (1994) Zinc finger phage: affinity selection
of fingers with new DNA-binding specificities. Science, 263,
671–673.

187. Kim,J.S., Kim,J., Cepek,K.L., Sharp,P.A. and Pabo,C.O. (1997)
Design of TATA box-binding protein/zinc finger fusions for
targeted regulation of gene expression. Proc. Natl. Acad. Sci. U.S.A.,
94, 3616–3620.

188. Wolfe,S.A., Greisman,H.A., Ramm,E.I. and Pabo,C.O. (1999)
Analysis of zinc fingers optimized via phage display: evaluating the
utility of a recognition code. J. Mol. Biol., 285, 1917–1934.

189. Wolfe,S.A., Ramm,E.I. and Pabo,C.O. (2000) Combining
structure-based design with phage display to create new
Cys(2)His(2) zinc finger dimers. Structure, 8, 739–750.

190. Paschon,D.E., Lussier,S., Wangzor,T., Xia,D.F., Li,P.W.,
Hinkley,S.J., Scarlott,N.A., Lam,S.C., Waite,A.J., Truong,L.N. et al.
(2019) Diversifying the structure of zinc finger nucleases for
high-precision genome editing. Nat. Commun., 10, 1133.

191. Zeitler,B., Froelich,S., Marlen,K., Shivak,D.A., Yu,Q., Li,D.,
Pearl,J.R., Miller,J.C., Zhang,L., Paschon,D.E. et al. (2019)
Allele-selective transcriptional repression of mutant HTT for the
treatment of Huntington’s disease. Nat. Med., 25, 1131–1142.

192. Miller,J.C., Patil,D.P., Xia,D.F., Paine,C.B., Fauser,F.,
Richards,H.W., Shivak,D.A., Bendana,Y.R., Hinkley,S.J.,
Scarlott,N.A. et al. (2019) Enhancing gene editing specificity by
attenuating DNA cleavage kinetics. Nat. Biotechnol., 37, 945–952.

193. Cong,L., Zhou,R., Kuo,Y.C., Cunniff,M. and Zhang,F. (2012)
Comprehensive interrogation of natural TALE DNA-binding
modules and transcriptional repressor domains. Nat. Commun., 3,
968.

194. Miller,J.C., Zhang,L., Xia,D.F., Campo,J.J., Ankoudinova,I.V.,
Guschin,D.Y., Babiarz,J.E., Meng,X., Hinkley,S.J., Lam,S.C. et al.
(2015) Improved specificity of TALE-based genome editing using an
expanded RVD repertoire. Nat. Methods, 12, 465–471.

195. Juillerat,A., Pessereau,C., Dubois,G., Guyot,V., Marechal,A.,
Valton,J., Daboussi,F., Poirot,L., Duclert,A. and Duchateau,P.
(2015) Optimized tuning of TALEN specificity using
non-conventional RVDs. Sci. Rep., 5, 8150.

196. Cuculis,L., Zhao,C., Abil,Z., Zhao,H., Shukla,D. and
Schroeder,C.M. (2020) Divalent cations promote TALE
DNA-binding specificity. Nucleic Acids Res., 48, 1406–1422.

197. Bae,S., Park,J. and Kim,J.S. (2014) Cas-OFFinder: a fast and
versatile algorithm that searches for potential off-target sites of Cas9
RNA-guided endonucleases. Bioinformatics, 30, 1473–1475.

198. Heigwer,F., Kerr,G. and Boutros,M. (2014) E-CRISP: fast CRISPR
target site identification. Nat. Methods, 11, 122–123.

199. Montague,T.G., Cruz,J.M., Gagnon,J.A., Church,G.M. and
Valen,E. (2014) CHOPCHOP: a CRISPR/Cas9 and TALEN web
tool for genome editing. Nucleic Acids Res., 42, W401–W407.

200. Stemmer,M., Thumberger,T., Del Sol Keyer,M., Wittbrodt,J. and
Mateo,J.L. (2015) CCTop: An intuitive, flexible and reliable
CRISPR/Cas9 target prediction tool. PLoS One, 10, e0124633.

201. Singh,R., Kuscu,C., Quinlan,A., Qi,Y. and Adli,M. (2015)
Cas9-chromatin binding information enables more accurate
CRISPR off-target prediction. Nucleic Acids Res., 43, e118.

202. Labun,K., Montague,T.G., Gagnon,J.A., Thyme,S.B. and Valen,E.
(2016) CHOPCHOP v2: a web tool for the next generation of
CRISPR genome engineering. Nucleic Acids Res., 44, W272–W276.

203. Zhu,H., Misel,L., Graham,M., Robinson,M.L. and Liang,C. (2016)
CT-Finder: a web service for CRISPR optimal target prediction and
visualization. Sci. Rep., 6, 25516.

204. Oliveros,J.C., Franch,M., Tabas-Madrid,D., San-Leon,D.,
Montoliu,L., Cubas,P. and Pazos,F. (2016) Breaking-Cas-interactive
design of guide RNAs for CRISPR–Cas experiments for
ENSEMBL genomes. Nucleic Acids Res., 44, W267–W271.

205. Liu,H., Ding,Y., Zhou,Y., Jin,W., Xie,K. and Chen,L.L. (2017)
CRISPR-P 2.0: An improved CRISPR–Cas9 tool for genome
editing in plants. Mol Plant, 10, 530–532.

206. Haeussler,M., Schonig,K., Eckert,H., Eschstruth,A., Mianne,J.,
Renaud,J.B., Schneider-Maunoury,S., Shkumatava,A., Teboul,L.,
Kent,J. et al. (2016) Evaluation of off-target and on-target scoring
algorithms and integration into the guide RNA selection tool
CRISPOR. Genome Biol., 17, 148.

207. Xie,X., Ma,X., Zhu,Q., Zeng,D., Li,G. and Liu,Y.G. (2017)
CRISPR-GE: a convenient software toolkit for CRISPR-Based
genome editing. Mol Plant, 10, 1246–1249.

208. Peng,H., Zheng,Y., Zhao,Z., Liu,T. and Li,J. (2018) Recognition of
CRISPR/Cas9 off-target sites through ensemble learning of uneven
mismatch distributions. Bioinformatics, 34, i757–i765.

209. Minkenberg,B., Zhang,J., Xie,K. and Yang,Y. (2019)
CRISPR-PLANT v2: an online resource for highly specific guide
RNA spacers based on improved off-target analysis. Plant
Biotechnol. J., 17, 5–8.

210. Genomes Project,C., Auton,A., Brooks,L.D., Durbin,R.M.,
Garrison,E.P., Kang,H.M., Korbel,J.O., Marchini,J.L.,
McCarthy,S., McVean,G.A. et al. (2015) A global reference for
human genetic variation. Nature, 526, 68–74.

211. Roadmap Epigenomics,C., Kundaje,A., Meuleman,W., Ernst,J.,
Bilenky,M., Yen,A., Heravi-Moussavi,A., Kheradpour,P., Zhang,Z.,
Wang,J. et al. (2015) Integrative analysis of 111 reference human
epigenomes. Nature, 518, 317–330.

212. Consortium,E.P. (2012) An integrated encyclopedia of DNA
elements in the human genome. Nature, 489, 57–74.

213. Thurman,R.E., Rynes,E., Humbert,R., Vierstra,J., Maurano,M.T.,
Haugen,E., Sheffield,N.C., Stergachis,A.B., Wang,H., Vernot,B.
et al. (2012) The accessible chromatin landscape of the human
genome. Nature, 489, 75–82.

214. Consortium,F., the,R.P., Clst, Forrest,A.R., Kawaji,H., Rehli,M.,
Baillie,J.K., de Hoon,M.J., Haberle,V., Lassmann,T. et al. (2014) A
promoter-level mammalian expression atlas. Nature, 507, 462–470.

215. Andersson,R., Gebhard,C., Miguel-Escalada,I., Hoof,I.,
Bornholdt,J., Boyd,M., Chen,Y., Zhao,X., Schmidl,C., Suzuki,T.
et al. (2014) An atlas of active enhancers across human cell types
and tissues. Nature, 507, 455–461.

216. Fu,Y., Sander,J.D., Reyon,D., Cascio,V.M. and Joung,J.K. (2014)
Improving CRISPR–Cas nuclease specificity using truncated guide
RNAs. Nat. Biotechnol., 32, 279–284.

217. Kiani,S., Chavez,A., Tuttle,M., Hall,R.N., Chari,R.,
Ter-Ovanesyan,D., Qian,J., Pruitt,B.W., Beal,J., Vora,S. et al. (2015)
Cas9 gRNA engineering for genome editing, activation and
repression. Nat. Methods, 12, 1051–1054.

218. Kocak,D.D., Josephs,E.A., Bhandarkar,V., Adkar,S.S., Kwon,J.B.
and Gersbach,C.A. (2019) Increasing the specificity of CRISPR
systems with engineered RNA secondary structures. Nat.
Biotechnol., 37, 657–666.



Nucleic Acids Research, 2020, Vol. 48, No. 22 12481

219. Slaymaker,I.M., Gao,L., Zetsche,B., Scott,D.A., Yan,W.X. and
Zhang,F. (2016) Rationally engineered Cas9 nucleases with
improved specificity. Science, 351, 84–88.

220. Kleinstiver,B.P., Pattanayak,V., Prew,M.S., Tsai,S.Q., Nguyen,N.T.,
Zheng,Z. and Joung,J.K. (2016) High-fidelity CRISPR–Cas9
nucleases with no detectable genome-wide off-target effects. Nature,
529, 490–495.

221. Chen,J.S., Dagdas,Y.S., Kleinstiver,B.P., Welch,M.M., Sousa,A.A.,
Harrington,L.B., Sternberg,S.H., Joung,J.K., Yildiz,A. and
Doudna,J.A. (2017) Enhanced proofreading governs CRISPR–Cas9
targeting accuracy. Nature, 550, 407–410.

222. Vakulskas,C.A., Dever,D.P., Rettig,G.R., Turk,R., Jacobi,A.M.,
Collingwood,M.A., Bode,N.M., McNeill,M.S., Yan,S., Camarena,J.
et al. (2018) A high-fidelity Cas9 mutant delivered as a
ribonucleoprotein complex enables efficient gene editing in human
hematopoietic stem and progenitor cells. Nat. Med., 24, 1216–1224.

223. Casini,A., Olivieri,M., Petris,G., Montagna,C., Reginato,G.,
Maule,G., Lorenzin,F., Prandi,D., Romanel,A., Demichelis,F. et al.
(2018) A highly specific SpCas9 variant is identified by in vivo
screening in yeast. Nat. Biotechnol., 36, 265–271.

224. Lee,J.K., Jeong,E., Lee,J., Jung,M., Shin,E., Kim,Y.H., Lee,K.,
Jung,I., Kim,D., Kim,S. et al. (2018) Directed evolution of
CRISPR–Cas9 to increase its specificity. Nat. Commun., 9, 3048.

225. Kleinstiver,B.P., Prew,M.S., Tsai,S.Q., Topkar,V.V., Nguyen,N.T.,
Zheng,Z., Gonzales,A.P., Li,Z., Peterson,R.T., Yeh,J.R. et al. (2015)
Engineered CRISPR–Cas9 nucleases with altered PAM specificities.
Nature, 523, 481–485.

226. Hu,J.H., Miller,S.M., Geurts,M.H., Tang,W., Chen,L., Sun,N.,
Zeina,C.M., Gao,X., Rees,H.A., Lin,Z. et al. (2018) Evolved Cas9
variants with broad PAM compatibility and high DNA specificity.
Nature, 556, 57–63.

227. Lee,C.M., Cradick,T.J. and Bao,G. (2016) The Neisseria
meningitidis CRISPR–Cas9 system enables specific genome editing
in mammalian cells. Mol. Ther., 24, 645–654.

228. Amrani,N., Gao,X.D., Liu,P., Edraki,A., Mir,A., Ibraheim,R.,
Gupta,A., Sasaki,K.E., Wu,T., Donohoue,P.D. et al. (2018)
NmeCas9 is an intrinsically high-fidelity genome-editing platform.
Genome Biol., 19, 214.

229. Kim,E., Koo,T., Park,S.W., Kim,D., Kim,K., Cho,H.Y., Song,D.W.,
Lee,K.J., Jung,M.H., Kim,S. et al. (2017) In vivo genome editing
with a small Cas9 orthologue derived from Campylobacter jejuni.
Nat. Commun., 8, 14500.

230. Yourik,P., Fuchs,R.T., Mabuchi,M., Curcuru,J.L. and Robb,G.B.
(2019) Staphylococcus aureus Cas9 is a multiple-turnover enzyme.
RNA, 25, 35–44.

231. Chen,P., Zhou,J., Wan,Y., Liu,H., Li,Y., Liu,Z., Wang,H., Lei,J.,
Zhao,K., Zhang,Y. et al. (2020) A Cas12a ortholog with stringent
PAM recognition followed by low off-target editing rates for genome
editing. Genome Biol., 21, 78.

232. Kleinstiver,B.P., Sousa,A.A., Walton,R.T., Tak,Y.E., Hsu,J.Y.,
Clement,K., Welch,M.M., Horng,J.E., Malagon-Lopez,J., Scarfo,I.
et al. (2019) Engineered CRISPR–Cas12a variants with increased
activities and improved targeting ranges for gene, epigenetic and
base editing. Nat. Biotechnol., 37, 276–282.

233. Pickar-Oliver,A., Black,J.B., Lewis,M.M., Mutchnick,K.J.,
Klann,T.S., Gilcrest,K.A., Sitton,M.J., Nelson,C.E., Barrera,A.,
Bartelt,L.C. et al. (2019) Targeted transcriptional modulation with
type I CRISPR–Cas systems in human cells. Nat. Biotechnol., 37,
1493–1501.

234. Chen,Y., Liu,J., Zhi,S., Zheng,Q., Ma,W., Huang,J., Liu,Y., Liu,D.,
Liang,P. and Songyang,Z. (2020) Repurposing type I-F
CRISPR–Cas system as a transcriptional activation tool in human
cells. Nat. Commun., 11, 3136.

235. Nakamura,M., Srinivasan,P., Chavez,M., Carter,M.A.,
Dominguez,A.A., La Russa,M., Lau,M.B., Abbott,T.R., Xu,X.,
Zhao,D. et al. (2019) Anti-CRISPR-mediated control of gene editing
and synthetic circuits in eukaryotic cells. Nat. Commun., 10, 194.

236. Keung,A.J., Bashor,C.J., Kiriakov,S., Collins,J.J. and Khalil,A.S.
(2014) Using targeted chromatin regulators to engineer
combinatorial and spatial transcriptional regulation. Cell, 158,
110–120.

237. Hughes,T.R. and de Boer,C.G. (2013) Mapping yeast
transcriptional networks. Genetics, 195, 9–36.

238. Finnegan,A.I., Kim,S., Jin,H., Gapinske,M., Woods,W.S.,
Perez-Pinera,P. and Song,J.S. (2020) Epigenetic engineering of yeast
reveals dynamic molecular adaptation to methylation stress and
genetic modulators of specific DNMT3 family members. Nucleic
Acids Res., 48, 4081–4099.

239. Bashtrykov,P., Jankevicius,G., Smarandache,A., Jurkowska,R.Z.,
Ragozin,S. and Jeltsch,A. (2012) Specificity of Dnmt1 for
methylation of hemimethylated CpG sites resides in its catalytic
domain. Chem. Biol., 19, 572–578.

240. Hathaway,N.A., Bell,O., Hodges,C., Miller,E.L., Neel,D.S. and
Crabtree,G.R. (2012) Dynamics and memory of heterochromatin in
living cells. Cell, 149, 1447–1460.

241. Bronner,C., Fuhrmann,G., Chedin,F.L., Macaluso,M. and
Dhe-Paganon,S. (2010) UHRF1 links the histone code and DNA
methylation to ensure faithful epigenetic memory inheritance.
Genet. Epigenet., 2009, 29–36.

242. Ooi,S.K. and Bestor,T.H. (2008) Cytosine methylation: remaining
faithful. Curr. Biol., 18, R174–R176.

243. Kungulovski,G., Nunna,S., Thomas,M., Zanger,U.M.,
Reinhardt,R. and Jeltsch,A. (2015) Targeted epigenome editing of
an endogenous locus with chromatin modifiers is not stably
maintained. Epigenet. Chromatin, 8, 12.

244. Gjaltema,R.A.F., Goubert,D., Huisman,C., Pilar Garcia
Tobilla,C.D., Koncz,M., Jellema,P.G., Wu,D., Brouwer,U., Kiss,A.,
Verschure,P.J. et al. (2020) KRAB-Induced heterochromatin
effectively silences PLOD2 gene expression in somatic cells and is
resilient to TGFbeta1 activation. Int. J. Mol. Sci., 21, 3634.

245. Thakore,P.I., Kwon,J.B., Nelson,C.E., Rouse,D.C.,
Gemberling,M.P., Oliver,M.L. and Gersbach,C.A. (2018)
RNA-guided transcriptional silencing in vivo with S. aureus
CRISPR–Cas9 repressors. Nat. Commun., 9, 1674.

246. Ford,E., Grimmer,M.R., Stolzenburg,S., Bogdanovic,O., de
Mendoza,A., Farnham,P.J., Blancafort,P. and Lister,R. (2017)
Frequent lack of repressive capacity of promoter DNA methylation
identified through genome-wide epigenomic manipulation. bioRxiv
doi: https://doi.org/10.1101/170506, 20 September 2017, preprint:
not peer reviewed.

247. Morita,S., Horii,T., Kimura,M. and Hatada,I. (2020) Synergistic
upregulation of target genes by TET1 and VP64 in the
dCas9-SunTag platform. Int. J. Mol. Sci., 21, 1574.

248. Fitzpatrick,Z., Leborgne,C., Barbon,E., Masat,E., Ronzitti,G., van
Wittenberghe,L., Vignaud,A., Collaud,F., Charles,S., Simon
Sola,M. et al. (2018) Influence of Pre-existing Anti-capsid
neutralizing and binding antibodies on AAV vector transduction.
Mol Ther Methods Clin Dev, 9, 119–129.

249. Chew,W.L., Tabebordbar,M., Cheng,J.K., Mali,P., Wu,E.Y.,
Ng,A.H., Zhu,K., Wagers,A.J. and Church,G.M. (2016) A
multifunctional AAV-CRISPR–Cas9 and its host response. Nat.
Methods, 13, 868–874.

250. Liao,H.K., Hatanaka,F., Araoka,T., Reddy,P., Wu,M.Z., Sui,Y.,
Yamauchi,T., Sakurai,M., O’Keefe,D.D., Nunez-Delicado,E. et al.
(2017) In vivo target gene activation via CRISPR/Cas9-Mediated
Trans-epigenetic modulation. Cell, 171, 1495–1507.

251. Kemaladewi,D.U., Bassi,P.S., Erwood,S., Al-Basha,D., Gawlik,K.I.,
Lindsay,K., Hyatt,E., Kember,R., Place,K.M., Marks,R.M. et al.
(2019) A mutation-independent approach for muscular dystrophy
via upregulation of a modifier gene. Nature, 572, 125–130.

252. Charlesworth,C.T., Deshpande,P.S., Dever,D.P., Camarena,J.,
Lemgart,V.T., Cromer,M.K., Vakulskas,C.A., Collingwood,M.A.,
Zhang,L., Bode,N.M. et al. (2019) Identification of preexisting
adaptive immunity to Cas9 proteins in humans. Nat. Med., 25,
249–254.

253. Ma,D., Peng,S., Huang,W., Cai,Z. and Xie,Z. (2018) Rational
design of Mini-Cas9 for transcriptional activation. ACS Synth Biol,
7, 978–985.

254. Dai,W., Xu,X., Wang,D., Wu,J. and Wang,J. (2019) Cancer therapy
with a CRISPR-assisted telomerase-activating gene expression
system. Oncogene, 38, 4110–4124.

255. Kretzmann,J.A., Evans,C.W., Moses,C., Sorolla,A.,
Kretzmann,A.L., Wang,E., Ho,D., Hackett,M.J., Dessauvagie,B.F.,
Smith,N.M. et al. (2019) Tumour suppression by targeted
intravenous non-viral CRISPRa using dendritic polymers. Chem.
Sci., 10, 7718–7727.

https://www.doi.org/10.1101/170506


12482 Nucleic Acids Research, 2020, Vol. 48, No. 22

256. Liu,Q., Zhao,K., Wang,C., Zhang,Z., Zheng,C., Zhao,Y., Zheng,Y.,
Liu,C., An,Y., Shi,L. et al. (2019) Multistage delivery nanoparticle
facilitates efficient CRISPR/dCas9 activation and tumor growth
suppression in vivo. Adv. Sci. (Weinh), 6, 1801423.

257. Sun,L., Wu,J., Du,F., Chen,X. and Chen,Z.J. (2013) Cyclic
GMP-AMP synthase is a cytosolic DNA sensor that activates the
type I interferon pathway. Science, 339, 786–791.

258. Lainscek,D., Kadunc,L., Keber,M.M., Bratkovic,I.H., Romih,R.
and Jerala,R. (2018) Delivery of an artificial transcription regulator

dCas9-VPR by extracellular vesicles for therapeutic gene activation.
ACS Synth. Biol., 7, 2715–2725.

259. Saayman,S.M., Lazar,D.C., Scott,T.A., Hart,J.R., Takahashi,M.,
Burnett,J.C., Planelles,V., Morris,K.V. and Weinberg,M.S. (2016)
Potent and targeted activation of latent HIV-1 using the
CRISPR/dCas9 activator complex. Mol. Ther., 24, 488–498.


