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Abstract: As advances in genome engineering inch the technology towards wider clinical use—
slowed by technical and ethical hurdles—a newer offshoot, termed “epigenome engineering”, offers
the ability to correct disease-causing changes in the DNA without changing its sequence and, thus,
without some of the unfavorable correlates of doing so. In this review, we note some of the shortcom-
ings of epigenetic editing technology—specifically the risks involved in the introduction of epigenetic
enzymes—and highlight an alternative epigenetic editing strategy using physical occlusion to modify
epigenetic marks at target sites without a requirement for any epigenetic enzyme. This may prove to
be a safer alternative for more specific epigenetic editing.
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1. Introduction

Gene function is determined by an interaction between DNA sequences and their
programming by epigenetic processes. The same gene is programmed to be expressed
differently in different cellular, spatial, and temporal contexts by a combination of biological
processes that alter the histone proteins in chromatin by a gamut of modifications [1-4],
including acetylation, methylation, phosphorylation [5], ubiquitination [6], as well as the
DNA molecule itself by enzymatic methylation of the cytosine base [7] by DNA methyl-
transferases (DNMTs) (predominantly at the dinucleotide sequence CG), which could be
followed by a sequence of oxidations of the methyl moiety by TET enzymes [8].

Disruptions to gene function could occur due to changes to the primary nucleotide
sequence, which could be corrected through “genetic editing”, as well as by epigenetic
dysregulation, which could potentially be corrected through “epigenetic editing”. The
fundamental difference between epigenetic programming and genetic alterations is that
epigenetic programming is reversible, and “correction” of an epigenetic program does not
require alterations of the integrity of the DNA sequence and is, thus, more appealing as a
therapeutic strategy than gene editing.

Most studies examining the relationship between epigenetic modifications and gene
function are based on associations between various epigenetic modifications and cellular,
physiological, and pathological states. Initially, studies focused on the associations between
the epigenetic states of candidate genes and gene expression [9,10]. With the advent
of genome-wide methodologies, it became possible to overlay full transcriptomes with
genome-wide landscapes of multiple epigenetic modifications [11,12].

Pharmacological inhibitors of epigenetic enzymes [13,14] and knockdown/knockout
of genes encoding epigenetic enzymes [15-18] have established a general causal role for
epigenetic modifications in cellular differentiation, physiology, and pathology. However,
establishing causation between a specific epigenetic modification, gene expression, and the
phenotype has been challenging without methods that could alter an epigenetic modifica-
tion at a unique genomic position. When general inhibition or depletion of an epigenetic
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enzyme is used to establish causation, other confounders may also be involved. Epigenetic
proteins could have multiple roles in gene regulation as well as additional indirect actions
through disrupting cellular homeostasis. Since alterations in epigenetic modifications
are implicated in both normal physiology and disease, it is crucial to understand their
causal role in cellular processes. From a practical standpoint, the identification of critical
modifications is a prerequisite for the rational design of therapeutics aimed at reversing
these modifications to cure, prevent disease, or for the improvement of agricultural and
biotechnological processes. Epigenetic editing could potentially address this challenge.

Epigenetic editing can target either histone or DNA modifications. DNA modifica-
tions are base specific and can provide higher sequence-specific resolution than histone
modifications, which can cover a wider region. There is a significant body of evidence
that demonstrates DNA methylation alterations in various diseases, such as cancer [19-22],
autoimmune disease [23,24], cardiovascular disease [25-28], and metabolic disease [24,29].
If it is indeed demonstrated that specific alterations are causal, targeted epigenetic editing
could potentially reverse the disease-associated DNA methylation profiles in vivo; in other
words, targeted epigenetic editing is well suited to address both causality and correction.
Targeted epigenetic programming may also have applications in cell therapy and immune
therapy;, as in, for instance, trans-differentiation of liver cells to produce insulin through
demethylation of the insulin gene and pancreatic-specific transcription factors [28,30] or
silencing of checkpoint inhibitors in patient T cells [31,32] to enhance immunotherapy.
However, there are still numerous barriers to overcome.

While epigenetic editing for testing causality is already widely practiced [33], there are
two major obstacles currently delaying the clinical utility of targeted epigenetic engineering
technologies: (1) difficulties in the delivery of CRISPR/Cas9 components to target cells
and (2) molecular technologies that fail to achieve specific and efficient epigenetic editing.
In this review, we focus on the latter issue by highlighting the disadvantages of using
CRISPR/dCas9 systems that involve epigenetic enzymes and present, instead, an argument
for the increased clinical applicability of a recently developed epigenetic engineering
method based on the steric hindrance of a nuclease-dead Cas9 (dCas9) which simply
interferes with endogenous DNA methylation machinery and reduces unwanted epigenetic
side effects by foregoing the need for any enzyme as a component of the technology.

2. Targeting Architecture of Epigenetic Editors

A tool for site-specific epigenetic editing typically must consist of two components: an
enzymatic component with epigenetic-modifying activity (with the exception of targeted
DNA methylation editing [34,35], discussed below in the section titled “Steric inhibition
for DNA demethylation”) and a targeting component—a domain that can bind a specific
DNA sequence so that the epigenetic activity can be targeted to specific genes or genomic
locations. At present, targeting is achieved by one of three categories of targeting do-
mains: zinc-fingers (ZFs), transcription activator-like effectors (TALEs), or CRISPR/dCas9.
The benefits and drawbacks of each targeting system for epigenetic editing have been
extensively reviewed [36], but for research purposes, CRISPR/dCas9 remains by far the
simplest to re-target—requiring only a change of the ~20-bp targeting (gRNA) sequence
rather than more complicated de novo protein design required for TALEs or ZFs—and,
thus, the epigenetic editors discussed in this review will be limited to those that utilize
CRISPR/dCas9 as the targeting component. It is important to add that while this ease
of use has resulted in the widespread adoption and preference for CRISPR/dCas9-based
architecture in the research laboratory setting, TALEs and zinc-fingers remain highly useful
in the clinic, where the time-consuming development of a custom protein that targets a
single locus is acceptable when the therapeutic goal is the manipulation of a single known
disease-causing gene or locus [37,38].
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3. Enzymatic Epigenetic Engineering for Targeted Methylation and Its Shortcomings

Currently, the enzymatic component of any epigenetic editor for targeted DNA methy-
lation must be a DNA methyltransferase—an enzyme capable of catalytic addition of
methyl groups to DNA. Targeted DNA methylation in the mammalian genome using
CRISPR/dCas9 was first demonstrated in 2016 by four independent groups: all four
approaches were identical in their reliance on the fusion of dCas9 to the DNA methyl-
transferase DNMT3A (or its catalytic domain) [39-42]. Though these studies provided
an excellent proof-of-principle, the major downside was that efficient methylation required
prolonged high expression of dCas9-DNMT3A and declined rapidly after the termination
of dCas9-DNMT3A expression. In 2017, two studies reported increased efficiencies of
targeted methylation either by the addition of the DNMT3A-stimulating protein DNMT3L
as part of the methylation effector domain [43] or by replacing DNMT3A entirely with the
potent bacterial methyltransferase M.Sssl [44].

While complete and persistent targeted methylation continues to be elusive, the con-
siderably more serious drawback underlying all targeted methylation strategies is the
pervasive off-target activity of the methyltransferase effector domains which are overex-
pressed in all such strategies and are capable of nonspecific methylation independent of
the targeted dCas9 that they are fused to. There is no strategy to date that could limit
a CRISPR/dCas9 targeted enzyme only to its specific target. The DNMT3A active site
must recognize the CG dinucleotide sequence and it is, therefore, impossible to disentan-
gle methyl transfer from CG binding; DNMT3A could, therefore, potentially bind CGs
across the genome. The observation that methyltransferases possess a nonspecific activity
independent of targeting that renders them inadequate for precise epigenetic editing has
been widely accepted since before the development of CRISPR/dCas9 technology [45] and
has continued to be consistently demonstrated to be the case. Even in the least efficient
targeted methylation strategies—fusions of the catalytic domain of DNMT3A to dCas9
(dCas9-DNMT3A-CD)—the expression of dCas9-DNMT3A-CD causes global methylation
changes in cells that are highly similar to those observed upon the expression of DNMT3A
alone [46]. dCas9-M.Sssl exhibits a similar and potent nonspecific activity [44].

There have been numerous efforts to improve specificity. Two independent groups re-
ported similar strategies which involved activity-reducing point mutations in the DNMT3A
(R887E) [47] or M.Sssl (Q147L) [44] components of dCas9-based epigenetic editors, both
claiming increased methylation specificity. For DNMT3A (R887E), off-target methylation,
though reduced, was still detectable; targeted analysis of an arbitrary off-target region in
the VEGFA promoter consistently revealed gRNA-independent off-targeted methylation of
the R887E mutant, suggesting that the accompanying genome-wide methylation (MBD-seq)
analyses (which also reported mild off-target methylation) might be underpowered and un-
derestimate the off-target methylation events that might be detected with a more powerful
genome-wide DNA methylation analysis method. For M.SssI (Q147L), the authors analyzed
candidate gRNA off-target sites of the gRNA and reported no off-target methylation—yet,
this off-target analysis strategy is insufficient in that it does not assess the aforementioned
off-target methylation independent of dCas9 by the methyltransferase domain as has been
extensively demonstrated. Though the authors also performed reduced-representation
bisulfite sequencing, they correctly conclude that a failure to detect off-target effects with
these approaches does not equate to an absence of off-target effects and, indeed, a more
recent study presented evidence that the Q147L mutation in M.Sssl does not reduce its
nonspecific activity [48], instead only reducing its catalytic activity which suggests that in
the original study, the Q147L mutation leads to off-target methylation that is below the
threshold of detection. Off-target detection is highly dependent on the power and com-
prehensiveness of the detection method; it is likely that deep whole-genome methylation
sequencing—which was not used in either study—would reveal the true extent of off-target
methylation of these engineered epigenetic editor variants.

Another approach reported a reduction of the nonspecific methylation by recruitment
of multiple DNMT3A domains by the SunTag system rather than direct fusion to dCas9 [49,50].
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Still, this strategy continues to require overexpression of the methyltransferase domain
and nonspecific methylation was still reported. Furthermore, contradictory results from
an independent group reported no observed increase in the specificity of the SunTag
approach [47].

A final strategy to reduce off-target methylation of epigenetic editors is to split the
methyltransferase domain into two components such that the complete methyltransferase
domain is reconstituted only at the targeted site (either by targeting the two split domains
separately or by targeting one of the split domains to the target site and constitutively
expressing, without any targeting, the other split domain). Though there is some evi-
dence that this split methyltransferase approach improves non-specificity compared to
dCas9-DNMTB3A fusion proteins, the data are limited to only a few targeted sites and
lacks whole-genome methylation analysis [51]. Moreover, there are contradictory reports
which suggest that split methyltransferase strategies are incapable of targeted methylation
as they exhibit similar efficiencies in the methylation of target and non-target sites [45].
Off-target methylation activity, thus, appears to be an inevitable correlate of targeted methy-
lation as long as epigenetic editors remain invariably dependent on the overexpression of
methyltransferase domains.

An additional point to keep in mind regarding dCas9-methyltransferase fusions is
that human methyltransferases have evolved to interact with dozens of nuclear proteins
to regulate transcription which could lead to unintended consequences of the epigenetic
editor both at the target site and throughout the genome. DNMT3A, for example, interacts
with EZH?2 [52], p53 [53], and many other proteins. These interactions are likely to persist
even when only the catalytic domain of DNMT3A is used but are likely less relevant for
epigenetic editors relying on the non-human methyltransferase M.SssL.

Exceptionally, a new approach to induce methylation in an unmethylated promoter
without using enzymes involves the disruption of an unmethylated CG island by the inte-
gration of a fragment of CG-less DNA into embryonic stem cells using CRISPR-mediated
targeting and recombination [54]. This method triggers methylation of the disrupted CG
island and, after inducing methylation, the CG-less fragment is removed by Cre-Lox or
Piggybac transposase-mediated recombination. The introduced methylation can be sta-
ble and trans-generationally heritable in mice with resulting changes in gene expression
and phenotype [55]. While this method is valuable for research, its clinical utility may
be limited to modulating cellular therapy due to the high de novo methylation activity
required, which is mainly found in embryonic stem cells. Furthermore, this approach can
only induce regional methylation, not site-specific methylation. Finally, in its current form,
the technique introduces genetic changes that arise from Piggybac transposase-mediated
recombination and also risks additional mutations caused by the use of catalytically active
CRISPR/Cas9 which may introduce off-target edits [56] and genomic alterations [57] that
could confound interpretation of results and limit its clinical utility.

4. Enzymatic Epigenetic Engineering for Targeted Demethylation and Its Shortcomings

The characteristics of targeted enzymatic DNA demethylation techniques parallel
those of techniques for targeted methylation. In humans, active DNA demethylation
is initiated by the TET family of enzymes which catalyze the conversion of methylated
cytosines to a series of more oxidized forms that are eventually excised from the genome and
replaced by unmodified /unmethylated cytosines by DNA repair machinery [58]. Therefore,
though TET proteins are not biochemically demethylases, they are classically used as
the enzymatic component of CRISPR/dCas9-based targeted demethylation techniques
(Figure 1).
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Figure 1. DNA demethylation by dCas9-TET. A schematic diagram of dCas9-TET-based targeted
DNA demethylation, highlighting the numerous steps and enzymes required for a methylated CG to
be converted to an unmethylated CG by this epigenetic editing tool.

In 2016, four independent groups developed CRISPR/dCas9-based systems for tar-
geted DNA demethylation; those that fuse [41,59] or recruit [60,61] the catalytic domain of
TET1 with CRISPR/dCas9. Interestingly, despite the ability of all three TET family proteins
(TET1, TET2, and TET3) to oxidize methylated CGs [62], fusions of dCas9 to the catalytic
domain of TET2 and TET3 have only been presented in one thesis [63] and one article [64],
respectively. The general absence of other known efficient demethylases from humans or
other organisms has resulted in comparatively reduced innovation in the demethylation
editing field (compared to methylation editing which is described above) and has yielded
a much simpler landscape of epigenetic editing tools for targeted demethylation than
those for methylation. However, there is one strategy for targeted demethylation that
does not invoke TET enzymes: ROS1, a glycosylase from Arabidopsis, is able to directly
initiate the replacement of methylated CGs without the need for an initial oxidation step.
To this end, dCas9-ROS1 [65] has been successfully used to demethylate CGs by way of
direct glycosylation.

Unlike the tools for targeted DNA methylation, there have been no systematic com-
parisons of CRISPR/dCas9-based demethylation tools. In a recent study, we tested the
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demethylation, gene activation, and off-target effects of dCas9-TET targeted demethyla-
tion [35]. dCas9-TET effectively demethylated the target (a methylated mouse 1133 promoter
in NIH-3T3 cells) with the highest demethylation directly at the gRNA binding site and acti-
vated transcription severalfold over the control. However, similar activation was achieved
by a catalytic mutant of TET which, as expected, did not trigger demethylation [35]; gene
activation by a catalytic mutant of TET has been previously reported [66]. We further found
that TET proteins could increase transcription from a completely unmethylated transfected
promotor-reporter. It was also previously reported that the transcriptional effects of TET
depletion in cells without all three DNMTs are similar to those in wild-type cells, suggesting
significant methylation independent activities of TET [8]. Similarly, TET1 was shown to
regulate H3K27 modification independent of its catalytic activity as a catalytic TET1 mutant
expressed in embryonic stem cells or mice restored the normal pattern of H3K27me3 and
normal differentiation which were deregulated in a TET-/- mutant; TET deficiency causes
aberrant upregulation of (H3K4me3+; H3K27me3+) bivalent marks on developmental
genes which results in developmental delays [67].

Furthermore, effective activation of a distal promoter of 1133 was achieved when
dCas9-TET was targeted to the proximal promoter as well as in cells expressing a non-
targeted (scrambled gRNA) alongside dCas9-TET, suggesting efficient off-target effects by
dCas9-TET. This was confirmed with genome-wide bisulfite sequencing which revealed
multiple demethylation events across the genome by a dCas9-TET vector targeted to the
proximal promoter of the 1133 gene [35]. Off-target effects of dCas9-TET were reported inde-
pendently [68]. Epigenetic editing with a tethered TET enzyme is, therefore, confounded by
(1) the methylation-independent activities of TET as seen by the efficient gene activation
with a catalytic TET mutant and its established DNA methylation-independent transcrip-
tional and histone modification effects, (2) the genome-wide untargeted effects of the
tethered TET enzyme, and (3) the fact that TET proteins are dioxygenases and not demethy-
lases and, therefore, it is difficult to discriminate whether epigenetic effects are caused by
newly demethylated or newly oxidized CGs which impact transcription through numer-
ous gains or losses of interactions [69]. Moreover, TET-mediated demethylation requires
base excision repair by TDG and other proteins which might compromise the integrity
of the DNA and possibly indirectly affect gene expression. Therefore, TET-based epige-
netic editing tools—in contrast to DNMT-based epigenetic tools, which are methylating
enzymes—are further confounded by the fact that they bear an enzymatic activity that is
not directly demethylating the DNA.

5. Steric Inhibition for DNA Demethylation

The specificity of any drug is a fundamental requirement in pharmacology and molec-
ular therapy. Since dCas9-TET as an epigenetic editing tool is confounded at multiple
levels, it cannot fully address the mechanistic role of DNA methylation or be used as
a specific demethylating agent. In addition to these limitations, any epigenetic editing tool
that consists of an enzyme tethered to dCas9 would modify a region of DNA of varying
sizes based on processivity, the steric parameters, chromatin structure, and the flexibility of
the tethered enzyme and it, therefore, cannot be targeted to a specific CG.

In a recent study [35], we noticed that while the gRNA-guided dCas9-TET vectors
caused variable demethylation at CG positions away from their binding sites, the CG
positions that were within or proximal to the gRNA binding sites were invariably highly
demethylated. This raised the possibility that dCas9 binding alone, irrespective of the
tethered enzyme, can cause demethylation by steric hindrance of DNMT: tight binding of
dCas9 and its guide RNA to the target CG might be occluding access to DNA methylating
machinery and also, possibly, to demethylation machinery. DNA methylation in dividing
cells is amenable to steric hindrance-driven demethylation since new unmethylated DNA
is generated with each round of DNA replication and the deposition of paternal strand
DNA patterns requires faithful methylation by DNMT1. Thus, restricting access of DNMT1
to a small region by a tightly bound dCas9 and gRNA could prevent newly synthesized
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DNA from acquiring the paternal strand pattern of methylation at the site without affecting
the ability of DNMT1 to faithfully replicate methylation elsewhere. After several rounds
of replication, the ancestral strands are diluted, and the blocked site becomes demethy-
lated in the population (Figure 2). Steric hindrance by binding of transcription factors
had been proposed almost four decades ago as a mechanism for demethylation during
development [7].

3 rounds of DNA replication
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Figure 2. DNA demethylation by dCas9 steric hindrance. A schematic diagram depicting the targeted
DNA demethylation induced by the steric hindrance method in dividing cells. Parental DNA strands,
shown in dark blue, are diluted as the cells divide. In the presence of a fully effective targeted
interference of dCas9 with DNMT1, after 3 rounds of cell division wherein methylation levels halve
with every round due to a lack of methylation of nascent DNA strands (light blue), a target site
which was originally 100% methylated would be effectively demethylated to 12.5%, though, in
practice, more rounds of cell division should be included to further reduce methylation. dCas9 and
gRNA expression can then be terminated, leaving the unmethylated target site exposed to potential
interacting proteins in the nucleus.

If dCas9-gRNA binding can indeed block DNMT access to DNA, it could cause
demethylation without requiring an additional tethered enzyme, potentially avoiding the
confounders discussed above. dCas9 can act as a classic antagonist of DNMT by obstructing
the enzyme’s access to the substrate. Compared to a tethered enzyme, steric hindrance is
expected to be limited to the CG positions that are targeted and bound to dCas9, resulting
in higher specificity. Furthermore, since steric hindrance requires a tight association of
dCas9 to its target, weaker binding at off-targets should preclude off-target effects.

To determine whether targeted dCas9 blocks DNA methylation in vitro and to de-
termine the specificity of inhibition, we examined the demethylation of a sequence of
DNA that had several CG sites, each targeted by a specific gRNA [35]. The experiment
demonstrated potent site-specific inhibition (only the CGs targeted by their specific gRNAs
were “demethylated”) of DNA methyltransferase M.Sssl when the DNA was preincubated
with dCas9 and gRNA. As expected from a steric inhibitor with no demethylase activity,
dCas9 had no effect if added to a methylated substrate. In vitro assays of a dense CG island
of the p16 gene defined the minimum footprint of dCas9 to be a maximum of 45 base pairs,
including the 20-bp gRNA, with a peak inhibition directly within the gRNA site. Moreover,
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careful positioning of dCas9 in the context of relatively low CG density could be used to
protect single CpGs from methylation [35].

The use of in vitro methylated reporter vectors, such as luciferase, to define the func-
tional role of DNA methylation in the silencing of promoters and enhancers has been
a standard practice [70]. However, a major challenge of these studies is the difficulty
of recapitulating the site-specific methylation profile observed in vivo. While such stud-
ies measure the effects of regional methylation on promoter activity, it is unfeasible to
use this approach to measure the effects of site-specific methylation events since in vitro
methylation has been unable to be performed in a site-specific manner.

However, using this system, it should be possible to selectively inhibit methylation at
specific CG positions during in vitro methylation and generate constructs with different
demethylated /methylated positions to map the specific methylation events that block tran-
scription. By transiently transfecting these promoter/reporter constructs and measuring
their expression activity, it is possible to investigate the effects of site-specific methylation
events. Applying this method to the promoter of the mouse 1133 gene revealed that methy-
lation of three CGs located directly adjacent to the transcription start site (TSS) inhibited
the expression of the tested construct, while the methylation of other CGs in the promoter
was inconsequential [35]. This experiment illustrates the significance of examining site
specific rather than regional methylation.

To test the method in living cells, lentiviral vectors were utilized to express dCas9
and specific gRNAs with all gRNAs directing CG position-specific demethylation. The
extent of demethylation was proportional to the gRNA expression level and selecting
highly expressed gRNAs resulted in almost completely demethylated cell lines [35]. After
demethylation, it is crucial to remove dCas9-gRNA since its binding also blocks interactions
between the transcription machinery and the gene. Importantly, gRNA-dCas9 targeting
the three CGs located at the transcription start site (TSS) severely impedes transcription,
even after these CGs become demethylated [35]. In this study, a Cre-lox strategy was
employed by using Floxed dCas9 which was removed after demethylation by expressing
Cre recombinase.

After site-specific demethylation and removal of dCas9, we evaluated whether gene
activation could be achieved [35]. Our findings indicate that activation of the IL33 gene
through site-specific demethylation was comparable to the activation achieved by treating
cells with the global DNA methylation inhibitor 5-aza-2'-deoxycytidine, but one order of
magnitude smaller than the activation achieved with dCas9-TET epigenetic editing. These
results suggest that while steric hindrance-triggered demethylation reveals the specific role
of DNA methylation, the effects achieved by dCas9-TET may reflect both DNA methylation-
dependent and independent activities, making it difficult to discern the specific contribution
of DNA methylation to silencing or the role of specific sites.

Site-specific demethylation with the steric hindrance of other promoters yielded simi-
lar results, indicating a small contribution of DNA demethylation itself to gene activation,
with one exception being the methylated repeat of the FMR1 gene, where demethylation
had a significant impact on gene expression [35]. The findings of these studies highlight
the importance of site-specific demethylation in understanding the functional role of DNA
methylation at specific sites, as opposed to relying solely on methods of epigenetic repro-
gramming by dCas9-TET which induces broader epigenetic changes across larger regions.
A genome-wide analysis of the potential off-target methylation effects of the gRNAs used
in this study showed a significantly higher incidence of off-target demethylation with the
use of dCas9-TET compared to dCas9 steric hindrance [35]. These findings support the
fundamental premise of the approach which is that excluding a tethered epigenetic enzyme
can prevent widespread off-target epigenetic reprogramming.

Initially, the steric hindrance method provides a feasible approach for demethylation
in dividing cells and is adaptable to a research setting. However, for the method to be used
in an in vivo setting or for cell and in vivo therapy, advances in methods for delivering
dCas9-gRNA particles—as protein-RNA or RNA particles—will be necessary. Progress in
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in vivo delivery of other CRISPR/Cas9-based methods—which is a burgeoning field with
a variety of promising new advances [71-74]—would also benefit the clinical development
of the steric hindrance method. Since dCas9 must be removed to enable transcription,
methods that do not require stable DNA transfer and deliver proteins or RNA with a
shorter half life are preferred. The kinetics of delivery of dCas9 protein-gRNA complexes or
dCas9-gRNA RNA could be optimized to achieve the highest blockage of DNA methylation
before the concentration of the complexes is reduced and interaction with the transcription
machinery is enabled.

The steric hindrance method as presented thus far has a limitation in that it requires
DNA replication to induce the loss of DNA methylation which makes it ineffective in
non-dividing cells. As a result, the applicability of this method is largely restricted to
dividing tissues, ex vivo cellular therapy, and differentiation of progenitor cells derived
from induced pluripotent stem cells. Additionally, it is unclear how stable the loss of
methylation is and whether it can be protected from de novo methylation after dCas9
removal. While our initial study found stable demethylation, future research is needed to
assess the long-term stability of the demethylated state in different cell types and explore
potential strategies to maintain the demethylated state [35]. It is worth noting that the
effectiveness of steric hindrance in inhibiting methylation may vary depending on the gene
and cellular context. Nonetheless, steric hindrance may have the potential for investigating
dynamic de novo methylation and demethylation in non-dividing cells by inhibiting, for
example, methylation in response to neuronal activation [75-77] or behavioral exposure as
we will discuss below.

6. Steric Inhibition to Either Prevent or Preserve DNA Methylation

Dynamic DNA methylation systems in non-dividing cells, such as neurons, involve both
de novo methylation and demethylation events in the absence of DNA replication. De novo
methylation is catalyzed by de novo methyltransferases, such as DNMT3A [66,78,79]. It
is, therefore, possible to prevent de novo methylation in response to exposure or learning
and memory episodes by treating with site-specific dCas9-gRNA before the anticipated
trigger. This treatment would sterically inhibit future de novo methylation. Removal of
dCas9 or its turnover would then enable interaction between the unmethylated position
and the transcription machinery and other factors in the future. Such an approach could
help understand the role of site-specific de novo methylation in neuronal activation, stress
responses, and other context-dependent processes.

Dynamic DNA methylation responses, such as those observed during neuronal activa-
tion, involve not only de novo methylation but also site-specific demethylation of specific
CG positions in key genes [80,81]. Replication-independent demethylation is believed to
occur through a sequence of oxidations of the methyl group on the cytosine base by TET
enzymes followed by the removal of the oxidized methyl-cytosine through base excision
repair [82,83]. Since site-specific demethylation relies on interaction with TET enzymes, it is
also potentially amenable to inhibition via steric hindrance using gRNA-targeted dCas9. By
applying steric hindrance prior to neuronal activation or other triggers, demethylation at
the targeted CG site could similarly be prevented. Upon removal of dCas9 or its turnover,
the methylated site could then interact with other factors once the transient demethy-
lation trigger subsides. This would allow for the assessment of the functional role of
site-specific demethylation by comparing the physiological and phenotypic responses of an-
imals that retain methylation at the position and those that were demethylated in response
to treatment. Although the inhibition of the TET enzyme interaction by gRNA-targeted
dCas9 has not yet been tested, it is a promising approach that fundamentally parallels
DNMT inhibition and could be optimized for studying site-specific demethylation in
dynamic systems.
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7. Concluding Remarks

The steric hindrance method offers a feasible approach to study the role of DNA
methylation in dividing cells, including pluripotent and progenitor cells. By using steric
hindrance, researchers can focus on the impact of specific sites and avoid the pitfalls of
broad, off-target effects of dCas9-tethered epigenetic enzymes. The transitory nature of
steric inhibition also allows researchers to study the effects of the loss of DNA methylation
at defined time points during differentiation, aging, and other physiological processes on
downstream events and methylation trajectories.

One interesting question that researchers can address using this system is the stability
of the dCas9-induced loss of DNA methylation through subsequent stages of the life
cycle. It is anticipated that signals existing in the cell or triggered during subsequent
differentiation stages could restore the original methylation state. However, an alternative
possibility is that transient demethylation by dCas9 could elicit downstream epigenetic
modifications that stabilize the demethylated state. In our study [35], dCas9-induced
demethylation was stable; however, a transitory DNA methylation loss that has been
mostly restored by DNMTs has been seen in studies with DNA demethylation agent 5-aza-
2’-deoxycytidine [83]. The long-term outcome of the methylation change is, thus, likely to
be dependent on numerous factors, such as de novo methyltransferase activity, intrinsic,
and extrinsic signals, and the context of other epigenetic marks in the region, all of which
also vary with cell type. Although the loss of DNA methylation may not persist through
subsequent stages of differentiation or the life cycle of the cell or animal, it might trigger
downstream events which might have long-term impacts through intermediary steps.
Therefore, studying the potential long-term downstream impact of transitory demethylation
can provide valuable insights into understanding how epigenetic marks can interact across
time and trigger downstream cascades of epigenetic changes.

Barring the development of new strategies to restrict the activity of dCas9-TET-based
epigenetic editors to their intended targets, the use of dCas9-TET in causality research
remains unreasonable and is obscured further by the methylation-independent activities
of TET and by the fact that TET enzymes are dioxygenases that deposit unique epigenetic
modifications. Nevertheless, if the goal of a study or a clinical intervention is to activate
a gene stably and avoid rebound silencing, the use of TET-tethered dCas9 is beneficial,
regardless of the epigenetic modification involved. Since steric hindrance might not provide
the stability of a demethylated state achieved by (constitutive) expression of dCas9-TET,
there may continue to be a need for dCas9-TET epigenetic editing as well as dCas9-based
recruitment of other transcriptional activators, especially in a clinical setting.

The steric hindrance method cannot achieve silencing by methylation of an unmethy-
lated site, thus necessitating the use of a dCas9-based DNMT editing tool [40]. However, as
discussed, this inevitably triggers genome-wide and off-target changes in DNA methyla-
tion [46]. An alternative method that does not involve expressing an ectopic DNMT involves
integrating CG-less floxed DNA into a CG island to trigger stable de novo methylation of
the CG island [54]. However, this method has its limitations and potential confounders
as discussed above, including the fact that it can only work in cells with high de novo
methylation activity, it requires double-strand breaks, integration, and excision by recom-
bination which might compromise genomic sequence integrity, it cannot be targeted to
specific CGs (only large CG islands), and risks CRISPR/Cas9-based off-target mutation of
the genome. Nevertheless, this method appears to induce DNA methylation that is stable
through development and intergenerationally and has important research applications. Al-
though the clinical utility of such an approach seems limited, it might have a role in cellular
therapy where induced pluripotent stem cells from a patient are epi-edited in vitro and
then transplanted back into the patient following differentiation into specific progenitors
or terminally differentiated cell types.

Steric hindrance cannot induce loss of nondynamic DNA methylation in non-dividing,
terminally differentiated cells, such as neurons or muscle cells. This limitation restricts
its utility in addressing the role of site-specific methylation in fully differentiated systems
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and limits its clinical use. However, an agent that can cause site-specific demethylation in
dividing cells still has a wide range of utility. One approach is to use ex vivo methods with
either induced pluripotent cells or progenitor cells that can be epigenetically modified and
reintroduced to the patient, such as the activation of insulin through trans-differentiation
and epigenetic editing. Another approach is to use site-specific demethylating agents for
cancer therapy which can demethylate and activate tumor suppressor genes while avoiding
the demethylation of tumor-promoting and metastatic genes. Site-specific demethyla-
tion also has potential use in immunotherapy as differentiation and activation involve

cell division.

Although interference with dynamic methylation—demethylation is of great value for
research purposes and for understanding the role of site-specific dynamic methylation in
development, differentiation, and physiological responses in the brain and other tissues,
it is currently difficult to see how this could be utilized in the clinic, except for cellular
therapy. However, once our understanding of the role of dynamic DNA methylation in
different pathologies is further developed, possibly directly as a result of the utilization of
the steric hindrance approach, such tools might have important clinical applications.

As the use of DNA methylation inhibitors in the treatment of various clinical conditions
is becoming increasingly supported, the need for site-specific demethylation agents that can
be administered in a clinical setting is growing. However, the limitation of current drugs is
their non-specificity as they may target numerous methylation positions with the potential
for consequential side effects. Targeted steric hindrance agents may address this need, but
their advancement as clinical tools would require the use of proteins and RNA, rather than
viral delivery and effective packaging to increase bioavailability and nuclear entry. This is
currently a general challenge in the entire CRISPR field, and its advancement could turn
steric hindrance into a potent pharmacological, site-specific demethylation agent.

Author Contributions: D.M.S. and M.S. contributed equally to this review. All authors have read

and agreed to the published version of the manuscript.

Funding: The work related to this review was funded by the Canadian Institutes of Health Research
(PJT159583). D.M.S was supported by fellowships from the McGill University Faculty of Medicine
and Health Sciences (Friends of McGill Fellowship; JP Collip Fellowship in Medical Research; James

Frosst Fellowship).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors have no competing interests to declare.

References

1. Strahl, B.D.; Allis, C.D. The language of covalent histone modifications. Nature 2000, 403, 41-45. [CrossRef] [PubMed]

2. Jenuwein, T; Allis, C.D. Translating the Histone Code. Science 2001, 293, 1074-1080. [CrossRef]

3.  Kouzarides, T. SnapShot: Histone-Modifying Enzymes. Cell 2007, 128, 802.e1-802.€2. [CrossRef]

4.  Berger, S.L.; Kouzarides, T.; Shiekhattar, R.; Shilatifard, A. An operational definition of epigenetics: Figure 1. Genes Dev. 2009, 23,
781-783. [CrossRef]

5. Szopa,].; Jacob, G.; Arfmann, H.A. Influence of histone phosphorylation upon histone-histone interactions studied in vitro.
Biochemistry 1980, 19, 987-990. [CrossRef]

6.  Emre, N.; Berger, S. Histone H2B Ubiquitylation and Deubiquitylation in Genomic Regulation. Cold Spring Harb. Symp. Quant.
Biol. 2004, 69, 289-300. [CrossRef]

7. Razin, A.; Riggs, A.D. DNA Methylation and Gene Function. Science 1980, 210, 604-610. [CrossRef]

8.  Williams, K,; Christensen, J.; Pedersen, M.T.; Johansen, J.V.; Cloos, P.A.C.; Rappsilber, J.; Helin, K. TET1 and hydroxymethylcyto-
sine in transcription and DNA methylation fidelity. Nature 2011, 473, 343-348. [CrossRef]

9. Yisraeli, J.; Frank, D.; Razin, A.; Cedar, H. Effect of in vitro DNA methylation on beta-globin gene expression. Proc. Natl. Acad.
Sci. USA 1988, 85, 4638-4642. [CrossRef]

10. Razin, A.; Szyf, M. DNA methylation patterns. Formation and function. Biochim. Biophys Acta 1984, 782, 331-342. [CrossRef]


https://doi.org/10.1038/47412
https://www.ncbi.nlm.nih.gov/pubmed/10638745
https://doi.org/10.1126/science.1063127
https://doi.org/10.1016/j.cell.2007.02.018
https://doi.org/10.1101/gad.1787609
https://doi.org/10.1021/bi00546a024
https://doi.org/10.1101/sqb.2004.69.289
https://doi.org/10.1126/science.6254144
https://doi.org/10.1038/nature10066
https://doi.org/10.1073/pnas.85.13.4638
https://doi.org/10.1016/0167-4781(84)90043-5

Biomedicines 2023, 11, 1238 12 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lister, R.; Mukamel, E.A.; Nery, J.R.; Urich, M.; Puddifoot, C.A.; Johnson, N.D.; Lucero, J.; Huang, Y., Dwork, AJ;
Schultz, M.D,; et al. Global Epigenomic Reconfiguration During Mammalian Brain Development. Science 2013, 341, 1237905.
[CrossRef] [PubMed]

Lister, R.; Pelizzola, M.; Dowen, R.H.; Hawkins, R.D.; Hon, G.; Tonti-Filippini, J.; Nery, ].R.; Lee, L.; Ye, Z.; Ngo, Q.-M.; et al.
Human DNA methylomes at base resolution show widespread epigenomic differences. Nature 2009, 462, 315-322. [CrossRef]
Jones, P.A.; Taylor, S.M.; Wilson, V. DNA modification, differentiation, and transformation. J. Exp. Zool. 1983, 228, 287-295.
[CrossRef] [PubMed]

Jones, P.A.; Taylor, S.M.; Wilson, V.L. Inhibition of DNA Methylation by 5-Azacytidine. Modif. Nucleosides Cancer 1983, 84, 202-211.
[CrossRef]

Ramchandani, S.; MacLeod, A.R.; Pinard, M.; von Hofe, E.; Szyf, M. Inhibition of tumorigenesis by a cytosine-DNA, me-
thyltransferase, antisense oligodeoxynucleotide. Proc. Natl. Acad. Sci. USA 1997, 94, 684-689. [CrossRef]

MacLeod, A.R.; Szyf, M. Expression of Antisense to DNA Methyltransferase mRNA Induces DNA Demethylation and Inhibits
Tumorigenesis. J. Biol. Chem. 1995, 270, 8037-8043. [CrossRef]

Szyf, M.; Rouleau, J.; Theberge, J.; Bozovic, V. Induction of myogenic differentiation by an expression vector encoding the DNA
methyltransferase cDNA sequence in the antisense orientation. J. Biol. Chem. 1992, 267, 12831-12836. [CrossRef]

Li, E.; Bestor, T.H.; Jaenisch, R. Targeted mutation of the DNA methyltransferase gene results in embryonic lethality. Cell 1992, 69,
915-926. [CrossRef]

Baylin, S.B.; Herman, J.G.; Graff, ].R.; Vertino, PM.; Issa, ].P. Alterations in DNA methylation: A fundamental aspect of neoplasia.
Adv. Cancer Res. 1998, 72, 141-196.

Graff, J.R,; Herman, J.G.; Myohanen, S.; Baylin, S.B.; Vertino, PM. Mapping patterns of CpG island methylation in normal and
neoplastic cells implicates both upstream and downstream regions in de novo methylation. J. Biol. Chem. 1997, 272, 22322-22329.
[CrossRef]

Graff, ].R.; Herman, ].G.; Lapidus, R.G.; Chopra, H.; Xu, R,; Jarrard, D.F; Isaacs, W.B.; Pitha, PM.; E Davidson, N.; Baylin, S.B.
E-cadherin expression is silenced by DNA hypermethylation in human breast and prostate carcinomas. Cancer Res. 1995, 55,
5195-5199. [PubMed]

Baylin, S.B.; Herman, J.G. DNA hypermethylation in tumorigenesis: Epigenetics joins genetics. Trends Genet. 2000, 16, 168-174.
[CrossRef]

Richardson, B. DNA methylation and autoimmune disease. Clin. Immunol. 2003, 109, 72-79. [CrossRef]

Richardson, B. The interaction between environmental triggers and epigenetics in autoimmunity. Clin. Immunol. 2018, 192, 1-5.
[CrossRef] [PubMed]

Heijmans, B.T.; Tobi, E.W,; Stein, A.D.; Putter, H.; Blauw, G.J.; Susser, E.S.; Slagboom, P.E.; Lumey, L.H. Persistent epigenetic
differences associated with prenatal exposure to famine in humans. Proc. Natl. Acad. Sci. USA 2008, 105, 17046-17049. [CrossRef]
[PubMed]

Kim, J.Y;; Jelinek, J.; Lee, Y.H.; Kim, D.H.; Kang, K.; Ryu, S.H.; Moon, H.R.; Cho, K; Rha, S.H.; Cha, ] K,; et al. Hypomethylation in
MTNRI1B: A novel epigenetic marker for atherosclerosis profiling using stenosis radiophe-notype and blood inflammatory cells.
Clin. Epigenet. 2023, 15, 11. [CrossRef]

Ramos, R.B.; Fabris, V.; Lecke, S.B.; Maturana, M.A.; Spritzer, PM. Association between global leukocyte DNA methylation and
cardiovascular risk in postmenopausal women. BMC Med. Genet. 2016, 17, 71. [CrossRef]

Har-Zahav, A.; Lixandru, D.; Cheishvili, D.; Matei, 1.V.; Florea, LR.; Aspritoiu, V.M.; Blus-Kadosh, I.; Meivar-Levy, I.; Serban, A.M.;
Popescu, L; et al. The role of DNA demethylation in liver to pancreas transdifferentiation. Stem Cell Res. Ther. 2022, 13, 476.
[CrossRef] [PubMed]

Waterland, R.A.; Michels, K.B. Epigenetic Epidemiology of the Developmental Origins Hypothesis. Annu. Rev. Nutr. 2007, 27,
363-388. [CrossRef]

Kuroda, A.; Rauch, T.A.; Todorov, I.; Ku, H.T,; Al-Abdullah, I.H.; Kandeel, F.; Mullen, Y.; Pfeifer, G.P,; Ferreri, K. Insulin gene
expression is regulated by DNA methylation. PLoS ONE 2009, 4, e6953. [CrossRef]

Rover, L.K.; Gevensleben, H.; Dietrich, J.; Bootz, F.; Landsberg, J.; Goltz, D.; Dietrich, D. PD-1 (PDCD1) Promoter Methylation
Is a Prognostic Factor in Patients With Diffuse Lower-Grade Gliomas Harboring Isocitrate Dehydrogenase (IDH) Mutations.
Ebiomedicine 2018, 28, 97-104. [CrossRef]

Goltz, D.; Gevensleben, H.; Dietrich, J.; Ellinger, J.; Landsberg, J.; Kristiansen, G.; Dietrich, D. Promoter methylation of the
immune checkpoint receptor PD-1 (PDCD1) is an independent prognostic biomarker for biochemical recurrence-free survival in
prostate cancer patients following radical prostatectomy. Oncoimmunology 2016, 5, €1221555. [CrossRef] [PubMed]

Lei, Y.; Huang, Y.-H.; Goodell, M.A. DNA methylation and de-methylation using hybrid site-targeting proteins. Gernome Biol.
2018, 19, 187. [CrossRef] [PubMed]

Sapozhnikov, D.M.; Szyf, M. Enzyme-free targeted DNA demethylation using CRISPR-dCas9-based steric hindrance to identify
DNA methylation marks causal to altered gene expression. Nat. Protoc. 2022, 17, 2840-2881. [CrossRef] [PubMed]
Sapozhnikov, D.M.; Szyf, M. Unraveling the functional role of DNA demethylation at specific promoters by targeted steric
blockage of DNA methyltransferase with CRISPR/dCas9. Nat. Commun. 2021, 12, 5711. [CrossRef]

Waryah, C.B.; Moses, C.; Arooj, M.; Blancafort, P. Zinc Fingers, TALEs, and CRISPR Systems: A Comparison of Tools for
Epigenome Editing. Epigenome Ed. Methods Protoc. 2018, 1767, 19-63. [CrossRef]


https://doi.org/10.1126/science.1237905
https://www.ncbi.nlm.nih.gov/pubmed/23828890
https://doi.org/10.1038/nature08514
https://doi.org/10.1002/jez.1402280212
https://www.ncbi.nlm.nih.gov/pubmed/6198436
https://doi.org/10.1007/978-3-642-81947-6_15
https://doi.org/10.1073/pnas.94.2.684
https://doi.org/10.1074/jbc.270.14.8037
https://doi.org/10.1016/S0021-9258(18)42351-4
https://doi.org/10.1016/0092-8674(92)90611-F
https://doi.org/10.1074/jbc.272.35.22322
https://www.ncbi.nlm.nih.gov/pubmed/7585573
https://doi.org/10.1016/S0168-9525(99)01971-X
https://doi.org/10.1016/S1521-6616(03)00206-7
https://doi.org/10.1016/j.clim.2018.04.005
https://www.ncbi.nlm.nih.gov/pubmed/29649575
https://doi.org/10.1073/pnas.0806560105
https://www.ncbi.nlm.nih.gov/pubmed/18955703
https://doi.org/10.1186/s13148-023-01423-x
https://doi.org/10.1186/s12881-016-0335-x
https://doi.org/10.1186/s13287-022-03159-6
https://www.ncbi.nlm.nih.gov/pubmed/36114514
https://doi.org/10.1146/annurev.nutr.27.061406.093705
https://doi.org/10.1371/annotation/947a8d4a-3585-4b23-ac84-b47a255a70d9
https://doi.org/10.1016/j.ebiom.2018.01.016
https://doi.org/10.1080/2162402X.2016.1221555
https://www.ncbi.nlm.nih.gov/pubmed/27853645
https://doi.org/10.1186/s13059-018-1566-2
https://www.ncbi.nlm.nih.gov/pubmed/30400938
https://doi.org/10.1038/s41596-022-00741-3
https://www.ncbi.nlm.nih.gov/pubmed/36207463
https://doi.org/10.1038/s41467-021-25991-9
https://doi.org/10.1007/978-1-4939-7774-1_2

Biomedicines 2023, 11, 1238 13 of 14

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Wegmann, S.; DeVos, S.L.; Zeitler, B.; Marlen, K,; Bennett, R.E.; Perez-Rando, M.; MacKenzie, D.; Yu, Q.; Commins, C,;
Bannon, R.N; et al. Persistent repression of tau in the brain using engineered zinc finger protein transcription factors. Sci. Adv.
2021, 7, eabel611. [CrossRef]

Li, H.; Haurigot, V.; Doyon, Y.; Li, T.; Wong, S.Y.; Bhagwat, A.S.; Malani, N.; Anguela, X.M.; Sharma, R.; Ivanciu, L.; et al. In vivo
genome editing restores haemostasis in a mouse model of haemophilia. Nature 2011, 475, 217-221. [CrossRef]

McDonald, J.I; Celik, H.; Rois, L.E.; Fishberger, G.; Fowler, T.; Rees, R.; Kramer, A.; Martens, A.; Edwards, J.R.; Challen, G.A.
Reprogrammable CRISPR/Cas9-based system for inducing site-specific DNA methylation. Biol. Open 2016, 5, 866-874. [CrossRef]
Vojta, A.; Dobrini¢, P.; Tadi¢, V.; Bockor, L.; Kora¢, P; Julg, B.; Klasi¢, M.; Zoldos, V. Repurposing the CRISPR-Cas9 system for
targeted DNA methylation. Nucleic Acids Res. 2016, 44, 5615-5628. [CrossRef]

Liu, X.S.; Wu, H.; Ji, X,; Stelzer, Y.; Wu, X.; Czauderna, S.; Shu, J.; Dadon, D.; Young, R.A.; Jaenisch, R. Editing DNA Methylation
in the Mammalian Genome. Cell 2016, 167, 233-247.e17. [CrossRef]

Mkannez, G.; Gagne-Ouellet, V.; Nsaibia, M.].; Boulanger, M.-C.; Rosa, M.; Argaud, D.; Hadji, F.; Gaudreault, N.; Rhéaume, G;
Bouchard, L.; et al. DNA methylation of a PLPP3 MIR transposon-based enhancer promotes an osteogenic programme in calcific
aortic valve disease. Cardiovasc. Res. 2018, 114, 1525-1535. [CrossRef]

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

Lei, Y,; Zhang, X,; Su, J.; Jeong, M.; Gundry, M.C.; Huang, Y.-H.; Zhou, Y.; Li, W.; Goodell, M.A. Targeted DNA methylation
in vivo using an engineered dCas9-MQ]1 fusion protein. Nat. Commun. 2017, 8, 16026. [CrossRef]

Meister, G.E.; Chandrasegaran, S.; Ostermeier, M. An engineered split M.Hhal-zinc finger fusion lacks the intended me-
thyltransferase specificity. Biochem. Biophys. Res. Commun. 2008, 377, 226-230. [CrossRef]

Galonska, C.; Charlton, J.; Mattei, A.L.; Donaghey, J.; Clement, K.; Gu, H.; Mohammad, A.W.; Stamenova, E.K.; Cacchiarelli, D.;
Klages, S.; et al. Genome-wide tracking of dCas9-methyltransferase footprints. Nat. Commun. 2018, 9, 597. [CrossRef]
Hofacker, D.; Broche, J.; Laistner, L.; Adam, S.; Bashtrykov, P; Jeltsch, A. Engineering of Effector Domains for Targeted DNA
Methylation with Reduced Off-Target Effects. Int. J. Mol. Sci. 2020, 21, 502. [CrossRef]

Slaska-Kiss, K.; Zsibrita, N.; Koncz, M.; Albert, P; Csabradi, A.; Szentes, S.; Kiss, A. Lowering DNA binding affinity of SssI DNA
methyltransferase does not enhance the specificity of targeted DNA methylation in E. coli. Sci. Rep. 2021, 11, 1-11. [CrossRef]
Huang, Y.-H.; Su, J.; Lei, Y.; Brunetti, L.; Gundry, M.C.; Zhang, X.; Jeong, M.; Li, W.; Goodell, M.A. DNA epigenome editing using
CRISPR-Cas SunTag-directed DNMT3A. Genome Biol. 2017, 18, 176. [CrossRef]

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

Xiong, T.; Meister, G.E.; Workman, R.E.; Kato, N.C.; Spellberg, M.].; Turker, F.; Timp, W.; Ostermeier, M.; Novina, C.D. Targeted
DNA methylation in human cells using engineered dCas9-methyltransferases. Sci. Rep. 2017, 7, 6732. [CrossRef]

Vire, E.; Brenner, C.; Deplus, R.; Blanchon, L.; Fraga, M.; Didelot, C.M.; Morey, L.; Van Eynde, A.; Bernard, D.; Vanderwinden, J.-M.; et al.
The Polycomb group protein EZH?2 directly controls DNA methylation. Nature 2006, 439, 871-874. [CrossRef]

Wang, Y.A.; Kamarova, Y.; Shen, K.C.; Jiang, Z.; Hahn, M.; Wang, Y.; Brooks, S.C. DNA methyltransferase-3a interacts with p53
and represses p53-mediated gene expression. Cancer Biol. Ther. 2005, 4, 1138-1143. [CrossRef]

Takahashi, Y.; Wu, J.; Suzuki, K.; Martinez-Redondo, P.; Li, M.; Liao, H.-K.; Wu, M.-Z.; Hernandez-Benitez, R.; Hishida, T.;
Shokhirev, M.N; et al. Integration of CpG-free DNA induces de novo methylation of CpG islands in pluripotent stem cells.
Science 2017, 356, 503-508. [CrossRef]

Cheng, S.; Mayshar, Y.; Stelzer, Y. Induced epigenetic changes memorized across generations in mice. Cell 2023, 186, 683-685.
[CrossRef]

Fu, Y.; A Foden, J.; Khayter, C.; Maeder, M.L.; Reyon, D.; Joung, ] K.; Sander, J.D. High-frequency off-target mutagenesis induced
by CRISPR-Cas nucleases in human cells. Nat. Biotechnol. 2013, 31, 822-826. [CrossRef]

Papathanasiou, S.; Markoulaki, S.; Blaine, L.J.; Leibowitz, M.L.; Zhang, C.-Z.; Jaenisch, R.; Pellman, D. Whole chromosome loss
and genomic instability in mouse embryos after CRISPR-Cas9 genome editing. Nat. Commun. 2021, 12, 5855. [CrossRef]

Wu, X.; Zhang, Y. TET-mediated active DNA demethylation: Mechanism, function and beyond. Nat. Rev. Genet. 2017, 18, 517-534.
[CrossRef] [PubMed]

Choudhury, S.R.; Cui, Y.; Lubecka, K.; Stefanska, B.; Irudayaraj, ]. CRISPR-dCas9 mediated TET1 targeting for selective DNA
demethylation at BRCA1 promoter. Oncotarget 2016, 7, 46545-46556. [CrossRef]

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

Morita, S.; Noguchi, H.; Horii, T.; Nakabayashi, K.; Kimura, M.; Okamura, K.; Sakai, A.; Nakashima, H.; Hata, K.; Nakashima, K; et al.
Targeted DNA demethylation in vivo using dCas9-peptide repeat and scFv-TET1 catalytic domain fusions. Nat. Biotechnol. 2016,
34, 1060-1065. [CrossRef]

Rasmussen, K.D.; Helin, K. Role of TET enzymes in DNA methylation, development, and cancer. Genes Dev. 2016, 30, 733-750.
[CrossRef] [PubMed]

Rienecker, K. Paternal Grb10 in Brain and Behaviour. Ph.D. Thesis, Cardiff University, Cardiff, UK, 2018.


https://doi.org/10.1126/sciadv.abe1611
https://doi.org/10.1038/nature10177
https://doi.org/10.1242/bio.019067
https://doi.org/10.1093/nar/gkw159
https://doi.org/10.1016/j.cell.2016.08.056
https://doi.org/10.1093/cvr/cvy111
https://doi.org/10.1093/nar/gkw1112
https://doi.org/10.1038/ncomms16026
https://doi.org/10.1016/j.bbrc.2008.09.099
https://doi.org/10.1038/s41467-017-02708-5
https://doi.org/10.3390/ijms21020502
https://doi.org/10.1038/s41598-021-94528-3
https://doi.org/10.1186/s13059-017-1306-z
https://doi.org/10.1101/gr.233049.117
https://doi.org/10.1038/s41598-017-06757-0
https://doi.org/10.1038/nature04431
https://doi.org/10.4161/cbt.4.10.2073
https://doi.org/10.1126/science.aag3260
https://doi.org/10.1016/j.cell.2023.01.023
https://doi.org/10.1038/nbt.2623
https://doi.org/10.1038/s41467-021-26097-y
https://doi.org/10.1038/nrg.2017.33
https://www.ncbi.nlm.nih.gov/pubmed/28555658
https://doi.org/10.18632/oncotarget.10234
https://doi.org/10.1038/celldisc.2016.9
https://doi.org/10.1038/nbt.3658
https://doi.org/10.1101/gad.276568.115
https://www.ncbi.nlm.nih.gov/pubmed/27036965

Biomedicines 2023, 11, 1238 14 of 14

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Xu, X.; Tan, X.; Tampe, B.; Wilhelmi, T.; Hulshoff, M.S.; Saito, S.; Moser, T.; Kalluri, R.; Hasenfuss, G.; Zeisberg, EIM.; et al.
High-fidelity CRISPR/Cas9- based gene-specific hydroxymethylation rescues gene expression and attenuates renal fibrosis. Nat.
Commun. 2018, 9, 3509. [CrossRef] [PubMed]

Devesa-Guerra, 1.; Morales-Ruiz, T.; Pérez-Roldan, J.; Parrilla-Doblas, ]J.T.; Dorado-Ledn, M.; Garcia-Ortiz, M.V.; Ariza, R.R.;
Roldan-Arjona, T. DNA Methylation Editing by CRISPR-guided Excision of 5-Methylcytosine. J. Mol. Biol. 2020, 432, 2204-2216.
[CrossRef]

Kaas, G.A.; Zhong, C.; Eason, D.E.; Ross, D.L.; Vachhani, R.V.; Ming, G.-L.; King, ].R.; Song, H.; Sweatt, ].D. TET1 Controls CNS
5-Methylcytosine Hydroxylation, Active DNA Demethylation, Gene Transcription, and Memory Formation. Neuron 2013, 79,
1086-1093. [CrossRef]

Chrysanthou, S.; Tang, Q.; Lee, J.; Taylor, S.J.; Zhao, Y.; Steidl, U.; Zheng, D.; Dawlaty, M.M. The DNA dioxygenase Tet1 regulates
H3K27 modification and embryonic stem cell biology independent of its catalytic activity. Nucleic Acids Res. 2022, 50, 3169-3189.
[CrossRef]

Liu, X.S.; Wu, H.; Krzisch, M.; Wu, X,; Graef, ].; Muffat, J.; Hnisz, D.; Li, C.H.; Yuan, B.; Xu, C.; et al. Rescue of Fragile X Syndrome
Neurons by DNA Methylation Editing of the FMR1 Gene. Cell 2018, 172, 979-992.e6. [CrossRef]

Pfeifer, G.P.; Szabo, PE.; Song, ]J. Protein Interactions at Oxidized 5-Methylcytosine Bases. J. Mol. Biol. 2019, 432, 1718-1730.
[CrossRef]

Klug, M.; Rehli, M. Functional Analysis of Promoter CPG-Methylation using a CpG-Free Luciferase Reporter Vector. Epigenetics
2006, 1, 127-130. [CrossRef]

Kreitz, J.; Friedrich, M.]J.; Guru, A.; Lash, B.; Saito, M.; Macrae, R.K.; Zhang, F. Programmable protein delivery with a bacterial
contractile injection system. Nature 2023, 616, 357-364. [CrossRef]

Sago, C.D.; Lokugamage, M.P,; Loughrey, D.; Lindsay, K.E.; Hincapie, R.; Krupczak, B.R.; Kalathoor, S.; Sato, M.; Echeverri, E.S.;
Fitzgerald, ].P; et al. Augmented lipid-nanoparticle-mediated in vivo genome editing in the lungs and spleen by disrupting Cas9
activity in the liver. Nat. Biomed. Eng. 2022, 6, 157-167. [CrossRef]

Rosenblum, D.; Gutkin, A.; Kedmi, R.; Ramishetti, S.; Veiga, N.; Jacobi, A.M.; Schubert, M.S.; Friedmann-Morvinski, D.;
Cohen, Z.R.; Behlke, M. A ; et al. CRISPR-Cas9 genome editing using targeted lipid nanoparticles for cancer therapy. Sci. Adv.
2020, 6, eabc9450. [CrossRef]

Qiu, M,; Glass, Z.; Chen, ].; Haas, M.; Jin, X.; Zhao, X.; Rui, X,; Ye, Z.; Li, Y.; Zhang, F; et al. Lipid nanoparticle-mediated
codelivery of Cas9 mRNA and single-guide RNA achieves liver-specific in vivo genome editing of AngptI3. Proc. Natl. Acad. Sci.
USA 2021, 118, €2020401118. [CrossRef]

Levenson, ].M.; Roth, T.L.; Lubin, ED.; Miller, C.A.; Huang, 1.-C.; Desai, P.; Malone, L.M.; Sweatt, ].D. Evidence That DNA
(Cytosine-5) Methyltransferase Regulates Synaptic Plasticity in the Hippocampus. J. Biol. Chem. 2006, 281, 15763-15773. [CrossRef]
Meadows, ].P.; Guzman-Karlsson, M.C.; Phillips, S.; Brown, J.A ; Strange, S.K.; Sweatt, ].D.; Hablitz, ].J. Dynamic DNA methylation
regulates neuronal intrinsic membrane excitability. Sci. Signal. 2016, 9, ra83. [CrossRef]

Meadows, J.P.; Guzman-Karlsson, M.C.; Phillips, S.; Holleman, C.; Posey, ].L.; Day, ].].; Hablitz, ].].; Sweatt, ].D. DNA methylation
regulates neuronal glutamatergic synaptic scaling. Sci. Signal. 2015, 8, ra61. [CrossRef]

Okano, M,; Bell, D.W.; Haber, D.A.; Li, E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methyl-ation
and mammalian development. Cell 1999, 99, 247-257. [CrossRef]

Feng, J.; Zhou, Y.; Campbell, S.L.; Le, T; Li, E.; Sweatt, ].D.; Silva, A.].; Fan, G. Dnmt1l and Dnmt3a maintain DNA methylation
and regulate synaptic function in adult forebrain neurons. Nat. Neurosci. 2010, 13, 423-430. [CrossRef]

Guo, J.U.; Ma, D.K.; Mo, H.; Ball, M.; Jang, M.-H.; A Bonaguidi, M.; A Balazer, J.; Eaves, H.L.; Xie, B.; Ford, E.; et al. Neuronal
activity modifies the DNA methylation landscape in the adult brain. Nat. Neurosci. 2011, 14, 1345-1351. [CrossRef]

Kumar, D.; Aggarwal, M.; Kaas, G.A.; Lewis, J.; Wang, J.; Ross, D.L.; Zhong, C.; Kennedy, A.; Song, H.; Sweatt, ].D. Tetl oxidase
regulates neuronal gene transcription, active DNA hydroxymethylation, object location memory, and threat recognition memory.
Neuroepigenetics 2015, 4, 12-27. [CrossRef]

He, Y.-F; Li, B.-Z; Li, Z,; Liu, P; Wang, Y.; Tang, Q.; Ding, J; Jia, Y.; Chen, Z; Li, L.; et al. Tet-Mediated Formation of
5-Carboxylcytosine and Its Excision by TDG in Mammalian DNA. Science 2011, 333, 1303-1307. [CrossRef] [PubMed]

Gasson, ].C.; Ryden, T.; Bourgeois, S. Role of de novo DNA methylation in the glucocorticoid resistance of a T-lymphoid cell line.
Nature 1983, 302, 621-623. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41467-018-05766-5
https://www.ncbi.nlm.nih.gov/pubmed/30158531
https://doi.org/10.1016/j.jmb.2020.02.007
https://doi.org/10.1016/j.neuron.2013.08.032
https://doi.org/10.1093/nar/gkac089
https://doi.org/10.1016/j.cell.2018.01.012
https://doi.org/10.1016/j.jmb.2019.07.039
https://doi.org/10.4161/epi.1.3.3327
https://doi.org/10.1038/s41586-023-05870-7
https://doi.org/10.1038/s41551-022-00847-9
https://doi.org/10.1126/sciadv.abc9450
https://doi.org/10.1073/pnas.2020401118
https://doi.org/10.1074/jbc.M511767200
https://doi.org/10.1126/scisignal.aaf5642
https://doi.org/10.1126/scisignal.aab0715
https://doi.org/10.1016/S0092-8674(00)81656-6
https://doi.org/10.1038/nn.2514
https://doi.org/10.1038/nn.2900
https://doi.org/10.1016/j.nepig.2015.10.002
https://doi.org/10.1126/science.1210944
https://www.ncbi.nlm.nih.gov/pubmed/21817016
https://doi.org/10.1038/302621a0

	Introduction 
	Targeting Architecture of Epigenetic Editors 
	Enzymatic Epigenetic Engineering for Targeted Methylation and Its Shortcomings 
	Enzymatic Epigenetic Engineering for Targeted Demethylation and Its Shortcomings 
	Steric Inhibition for DNA Demethylation 
	Steric Inhibition to Either Prevent or Preserve DNA Methylation 
	Concluding Remarks 
	References

