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Abstract
Cancer epigenetics is one of the most important research subjects in dissecting cancer mechanisms and therapeutic targets
because the emergence and malignant transformation of various cancers are caused by unnatural expression of cancer-related
genes attributed to their epigenetic errors. The original concept of cancer epigenetics basically stands on the analysis of the
epigenetic status in naturally occurring cancer cells; however, the rapidly emerging technology called epigenome editing
would change this situation drastically. Epigenome editing, the most promising derivative technology of genome editing, can
modify the epigenetic states at the pre-defined genomic locus using the programmable effectors, consisting of various
epigenetic factors combined with site-specific DNA-binding domains. This technology can be utilized in a reversible
manner; i.e., cancer modeling can be achieved by introducing aberrant epigenetic marks in normal cells, and cancer
suppression can be achieved by correcting the epigenetic errors in cancer cells. In this review, we summarize the basics of
epigenome editing and cancer epigenetics, followed by the current examples of cancer induction and suppression with the
transcriptional control and epigenome editing technologies.

Introduction

Recent definition of epigenetics can be expressed as the
mechanisms of regulating gene expression along with
the genomic DNA sequence [1] such as DNA methylation
[2, 3], histone modification [3, 4], non-coding RNA [5], and
chromatin higher-order structures [6]. These features reg-
ulate global or local gene expression via various modes of
action, and mostly inherit after cell division. Epigenetics
studies are essential to elucidate diverse life phenomena;
thus, a huge variety of analytical techniques has been
developed. For example, bisulfite sequencing [7] detects
individual methylated cytosine in the target genomic region,
and chromatin immunoprecipitation (ChIP) assay [8–10]
detects DNA sequences interacting with specific proteins
such as modified histone. Furthermore, recently developed
techniques such as ChIP-seq [11], Infinium [12, 13], and
3C-based methods [14] have allowed global analysis of
various epigenetic states.

Epigenetic errors cause various human diseases such as
cancer, protein aggregation diseases, metabolic diseases,
neurological and psychiatric diseases, and imprinting dis-
orders [15]. As can be expected from the past studies, it has
become available to analyze such natural epigenetic errors
found in epigenetic diseases, including cancers, which can
be expressed as “forward epigenetics”. Yet, “reverse epige-
netics”, i.e., analysis of local epigenetic functions by artifi-
cially modifying the target genomic region was extremely
difficult because the appropriate research tools for such
analysis had been unavailable. Epigenome editing is the one
and only technology enabling reverse epigenetics; thus, it
will open a new avenue for cancer epigenetics study. In this
review, we summarize the current transcriptional control
and epigenome editing technology with focusing on the
cancer induction and suppression.

Cancer epigenetics

Epigenetics study, especially for the chemical tags of DNA
and histone, has historically been closely related to cancer
research. Cancer epigenetics was first discovered as the
significant reduction of DNA methylation in human tumors
[16, 17]. Current understanding is that the genomic DNA in

* Tetsushi Sakuma
tetsushi-sakuma@hiroshima-u.ac.jp

1 Department of Mathematical and Life Sciences, Graduate School
of Science, Hiroshima University, Hiroshima 739-8526, Japan

12
34

56
78

90

http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-017-0377-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-017-0377-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-017-0377-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s10038-017-0377-8&domain=pdf
mailto:tetsushi-sakuma@hiroshima-u.ac.jp


cancer cells is globally demethylated, whereas abnormally
methylated DNA can be found at the CpG islands (CGIs) in
the regulatory region of tumor suppressor genes (TSGs),
causing their impaired expression. It also has proved by
numerous studies that abnormal histone modifications
around cancer-related genes affect cancer induction and
progression. In addition, mutations of epigenetic modifier
genes such as DNMT (DNA methyltransferase), KAT
(histone acetyltransferase), and KMT (histone methyl-
transferase) have been known to cause global epigenetic
changes, which have been observed in a wide variety of
cancers [18]. These basic findings of cancer epigenetics
have been well summarized in magnificent previous reviews
[18–21].

Non-coding RNA and chromatin higher-order structure
are also key mechanisms to understand cancer induction
and progression. Non-coding RNA, which is a collective
term of the RNA molecules not encoding a protein, has
various biological functions, including transcription, RNA
splicing, and translation [5, 22]. The microRNA (miRNA)
and T-UCR (transcribed ultraconserved regions), both
categorized as non-coding RNA, upregulate the cancer
metastatic ability and induce epithelial-mesenchymal tran-
sition (EMT). Long non-coding RNA (lncRNA) promotes
reconstruction of chromatin structure and progresses cancer
via transcriptional regulation. In addition, chromatin higher-
order structure such as topologically associated domains
(TAD) also regulates gene expression [6]. Regarding the
relationship between TAD and cancer, for example, TAD-

associated CTCF sites are known to be highly mutated
compared to other CTCF sites in esophageal and liver
carcinoma [23].

The frameworks of epigenome editing tools

The current epigenome editing technology has been focused
on modifying the chemical tags of DNA and histones. The
basic architecture of epigenome editing tools depends on a
chimeric protein consisting of epigenetic effector domain
and programmable DNA-binding domain such as such as
zinc finger (ZF) [24] (Fig. 1a), transcription activator-like
effector (TALE) [25] (Fig. 1b), and nuclease-deficient Cas9
(dCas9) [26, 27] (Fig. 1c). Thus, epigenome editing
enzymes can be regarded as the variant of genome editing
nucleases, replacing the nuclease activity with the epige-
netic effector activity.

Classical genome editing tools such as ZF nuclease
(ZFN) [28] and TALE nuclease (TALEN) [29] are com-
posed of the protein-based DNA-binding motifs and the
nuclease domain derived from FokI enzyme. Natural ZFs
can be found in various transcription factors and regulatory
proteins in a wide variety of eukaryotic organisms, whose
conformation is surprisingly compact and sophisticated.
ZFs have been used as a platform for epigenome editing in
the early days [30–33]; however, artificial engineering
of ZFs is very difficult because the base-recognition
specificity of ZFs can change in a context-dependent man-
ner, when the motifs are tandemly assembled. The TALE

Fig. 1 Programmable systems
for transcriptional control and
epigenome editing. The first-
generation systems depend on
the direct linkage of the
epigenetic effector and the
DNA-binding proteins such as
ZF (a), TALE (b), and dCas9
(c). In the second-generation
systems, synergistic activation
can be achieved by recruiting
multiple effectors via dCas9-
SunTag d and SAM e systems
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protein, the DNA-binding domain of the second-generation
genome editing tool, has also utilized for epigenome editing
[34–36]. TALEs have the DNA-binding repeats that can
recognize DNA bases on a one-to-one basis, whose base-
recognition specificity is rarely affected by the context.
Therefore, TALEs are much more easily customizable than
ZFs. Since ZF- or TALE-based epigenome editing reagents
consist of protein alone, they might be simply delivered for
clinical applications as the protein drugs.

Clustered regularly interspaced short palindromic repeats
(CRISPR)-CRISPR associated protein 9 (Cas9) [37, 38], the
easiest-to-use nuclease for genome editing, works as a
complex of a chimeric single guide RNA (sgRNA) and
Cas9 nuclease. The sgRNA recognizes around 20-base
DNA sequence, which is easily and freely programmable.
Cas9 recognize a few bases called protospacer adjacent
motif (PAM), which is barely programmable. The PAM
sequence of Cas9 derived from Streptococcus pyogenes
(SpCas9), which is the most commonly used Cas9, is
5′-NGG-3′. The specificity of the PAM sequence is different
among species, and a few examples of artificial alteration of
PAM specificity have been reported [39]. Thus, any
sequence can be targeted by CRISPR-Cas9 (i.e., gene-
specific sgRNA and common Cas9 protein) except for the
PAM restriction. The wild-type Cas9 protein harbors the
nuclease activity, which is unnecessary for epigenome
editing. Therefore, epigenetic effectors are fused with
catalytically-dead dCas9. Collectively, CRISPR-based epi-
genome editing can be performed with the gene-specific
CRISPR-dCas9 reagent, consisting of synthesis-friendly
sgRNA and generic Cas9; thus, the creation of the materials
is rather simple and cost-effective compared with the ZF-
and TALE-based tools. This feature is practically quite
advantageous, and the technical development of epigenome
editing has rapidly been evolving with CRISPR-dCas9
platform [40–44].

Transcriptional control with artificial transcription
factors

For the transient regulation of transcription, artificial tran-
scription factors (ATFs), transcriptional activator or
repressor fused with programmable DNA-binding domain,
have been used instead of direct alteration of epigenetics
[45–47]. In principle, such ATFs can commonly work in the
promoter region of the gene of interest, while epigenetic
effectors should be designed corresponding to the positions
of endogenous epigenetic marks, which vary with the
variety of every gene. In this regard, ATFs are technically
easy to apply; thus, they are developed as underlying
technology of epigenome editing.

Synthetic ATFs can be divided into two types according
to their functions; transcriptional activator and suppressor.

Typical activation domains are VP16 derived from herpes
simplex virus [45] and its concatemer (VP64 [46] and
VP160 [48]). For the suppressors, Krüppel-associated box
(KRAB) domain [45] and mSin3 interaction domain (SID)
[49] are often used. Of these, transcriptional suppression
mediated by KRAB domain has frequently been reported in
cancer modeling and therapeutic approaches, including the
induction of breast cancer [31] and the suppression of
several cancers including ovarian [33], lung [50], and
monocytic leukemia [51].

However, the primary design of ATFs only brings
one effector domain per one DNA-binding molecule.
Therefore, more effective second-generation systems
have been invented by several groups such as dCas9-
SunTag [52] and synergistic activation mediators (SAM)
[53] (Fig. 1d) systems. These systems can accumulate
multiple activators at the dCas9-binding sites. In addition,
strong activation was also achieved by the artificial fusion
activator, VP64-p65-Rta (VPR) [54]. Particularly, as
explained below, SAM system was applied to construct the
potential therapeutic model in cancer cells [55]. SAM
system consists of three components; dCas9 fused with
VP64 (dCas9-VP64), sgRNA containing two MS2 RNA
aptamers (sgRNAMS2), and chimeric activator fused with
MS2 coat protein (MS2-p65-HSF1). MS2-p65-HSF1 is
captured at the MS2 loops of sgRNAMS2; thus, VP64
and p65-HSF1 can act as synergistic activators at the
dCas9-binding regions.

Expanded applications using the synthetic ATF
systems

Synthetic ATFs have been applied to cancer induction and
suppression in various ways. Blancafort and colleagues
showed that SAM system could increase the REPRIMO
mRNA expression (680-fold change) in AGS cell line
derived from stomach cancer [55]. REPRIMO is a tumor
suppressor gene that triggers G2 arrest in a tp53-dependent
manner; thus, the activation of REPRIMO decreases cell
viability. In parallel with the above mechanisms, the
decreased and increased expression of proliferation marker
Ki67 and apoptotic marker Caspase-3, respectively, were
also observed in the REPRIMO-activated cells. These
observations indicate that the activation of REPRIMO gene
induces tumor suppression in vitro. Moreover, using the
modified version of SAM system, containing VPR fused
with dCas9 (dCas9-VPR) instead of dCas9-VP64, 22,145-
fold activation of MASPIN mRNA expression in H157 lung
cancer cells was achieved, which was more effective than
the treatment of dCas9-VPR without the synergistic
activator.
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Huang and Cai groups showed that the expression
of tumor suppressor p53 gene could be upregulated
by light-inducible ATFs with exposure to blue light in
5637 and UMUC-3 bladder cancer cells, resulting in the
suppression of cell proliferation [56]. According to
their validation study, dCas9 fused with two truncated
CIB1 (CIBN) modules (CIBN-dCas9-CIBN) in combina-
tion with photolyase homology region of CRY2
(CRY2PHR) fused with p65 activation domain
(CRY2PHR-p65) activated p53 mRNA expression most
efficiently, where 20–30% reduction of cell proliferation
was observed.

In vivo cancer induction using ATFs was demonstrated
by Hemann and colleagues, by regulating the transcription
of cancer-related genes such as Trp53 and Mgmt using
dCas9 and dCas9-VP64 [57]. Trp53 gene was silenced by
dCas9/sgRNA designed to target downstream of transcrip-
tion start site in lymphoma cells, and then the cells were
transplanted into recipient mice. In the presence of dCas9/
sgRNA, time to disease onset became shorter than control
mice. Overall, survival period also became shorter with or
without cisplatin administration. Similarly, Mgmt upregu-
lation by dCas9-VP64/sgRNA in leukemia cells followed
by transplantation resulted in reduced survival rate with

Table 1 Selected list of the examples of cancer induction and suppression with transcriptional control and epigenome editing technologies

Cancer
type

Cell line Transcriptional/
epigenetic
effector

Function DNA-
binding
domain

Target
gene

Transcriptional
reguration

Phenotype Reference

Cancer induction

Cervix HeLa G9a (catalytic
domain)

H3K9
methylation

TALE CDH1 Down Increased cell migration and invasion [65]

Colon HCT116

Breast SUM159 DNMT3A
(catalytic
domain)

DNA
methylation

ZF MASPIN Down Increased colony formation [31]

KRAB domain Transcriptional
repression

Skin Fibroblast DNMT3A-3L DNA
methylation

TALE CDKN2A Down Increased cell proliferation [62]

Lymphoma Eμ-Myc
p19Arf-/-

- Transcriptional
repression

dCas9/
sgRNA

Trp53 Down Reduced survival rate with or without cisplatin [57]

Leukemia Bcr-Abl
B-ALL

VP64 Transcriptional
activation

Mgmt Up Reduced survival rate with temozolomide

Cancer suppression

Ovary SKOV3 DNMT3A DNA
methylation

ZF EpCAM Down Decreased cell proliferation [63]

KRAB domain Transcriptional
repression

G9a H3K9
methylation

ZF HER2/neu Down Reduced metabolic activity and decreased colony
numbers

[33]

SUV39H1
(catalytic
domain)

H3K9
methylation

Lung A549 KRAB domain Transcriptional
repression

dCas9/
sgRNA

SPDEF Down Repression of mucus production-rerated gene
expression (AGR2 and MUC5AC)

[50]

DNMT3A
(catalytic
domain)

DNA
methylation

G9a (catalytic
domain)

H3K9
methylation

H157 VPR+MS2-
p65-HSF

Transcriptional
activation

dCas9/
sgRNAMS2

REPRIMO Up Decreased cell viavility and reprogramming of
genes involved in cancer phenotypes (Ki67 and
Caspase-3)

[55]

Stomach AGS MASPIN

Bladder 5637 and
UMUC-3

CRY2PHR-
p65

Transcriptional
activation

CIBN-
dCas9-
CIBN/
sgRNA

P53 Up Decreased cell proliferation [56]

Cervix HeLa TET1 (catalytic
domain)

DNA
demethylation

dCas9/
sgRNA

BRCA1 Up Decreased cell proliferation under the Mitomin-C
stress

[61]

Breast MCF7 DNMT3A
(catalytic
domain)

DNA
methylation

ZF SOX2 Down Downregurated ATP release, tumor growth
inhibition in mice, and various improved tumor
phenotypes (organized structure, downregulated
mesenchymal markers such as SOX2, TWIST1
and Vimentin, and upregulated epithelial
junction proteins such as Claudin 4)

[64]
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temozolomide; however, it did not show any difference in
survival rate in the absence of treatment. Thus, they showed
in vivo modeling of cancer progression and therapeutic
relapse by transcriptional control systems.

Cancer induction and suppression with bona fide
epigenome editing

In the bona fide epigenome editing, i.e., removing, adding,
and modifying epigenetic marks such as DNA and histone
tags, similar systems have been adopted. Most studies have
utilized simple linking of DNA-binding module and epi-
genetic effector, but some groups recently reported the
application of the second-generation architecture, SAM [58]
and SunTag [59], in epigenome editing.

From here we selectively introduce various milestone
studies of cancer induction and suppression, mediated by
epigenome editing technologies. The selective list of such
studies is also summarized in Table 1; however, note that
the following text is written in the context of effector
domains, while the list is categorized by cancer induction/
suppression and cancer types in Table 1. For the compre-
hensive list of epigenome editing applications categorized
by effector domains, see the previous review by Beck and
colleagues [60].

Targeted DNA methylation and demethylation

The examinations of epigenome editing with DNA methy-
lation/demethylation have been reported by many groups,
where TET1 demethylase [36, 41, 58, 59, 61] and
DNMT3A methyltransferase [31, 32, 41, 43, 44, 62–64]
have been used as the epigenetic effectors.

TET1 DNA demethylase has been used for epigenome
editing from a relatively early stage of this field of study
[36, 41, 61]. Human TET1 is a large protein exceeding 2000
amino acids (a.a.), while the study of targeted DNA
demethylation based on the TALE technology revealed that
700-a.a. catalytic domain of TET1 (TET1CD) could effi-
ciently induce DNA demethylation [36]. After that, other
epigenetic effectors have been often used compactly by
removing extra domains other than the catalytic domain.
Stefanska, Irudayaraj, and colleagues reported a therapeutic
application of dCas9-TET1CD [61], in which they induced
the increased expression of a TSG, BRCA1 (up to about 2.5-
fold change), in HeLa cervical cancer cells. They also
observed 10–15% decrease in the methylation level of the
CpG sites at the BRCA1 promoter region.

Several independent studies reported the therapeutic
models of cancers, harnessing epigenome editing with
DNMT3A. DNMT3A is a DNA methyltransferase working
in de novo methylation. DNMT3A-mediated tumor sup-
pression was shown by introducing DNA methylation at the

promoter regions of oncogenes in MCF7 cells [64], SKOV3
ovarian cancer cells [32], and A549 lung cancer cells [50].
One especially notable research is SOX2 silencing by
Blancafort and colleagues [64], showing the tumor growth
suppression in vivo by methylating DNA using ZF-
DNMT3A (fusion protein of ZF and the catalytic domain
of DNMT3A) targeting the SOX2 promoter. They first
established the MCF7 cells with the doxycycline-inducible
expression of ZF-DNMT3A, and then implanted it into a
nude mouse. After the sufficient growth of the tumor,
doxycycline was administered into the xenograft mouse to
express ZF-DNMT3A, aiming for the reduction of tumor
progression by increasing DNA methylation at the SOX2
promoter. Indeed, tumor phenotype was dramatically
changed with ZF-DNMT3A, with the decrease and increase
of mesenchymal markers (SOX2, TWIST1, and Vimentin)
and epithelial junction protein (Claudin 4), respectively.
Furthermore, after doxycycline treatment, the tumors
formed more organized clusters and the extended tumor
gaps were observed histologically. This study is the excel-
lent example of site-specific in vivo DNA methylation to
possibly contribute cancer therapy.

Moreover, recent studies showed that the combinatorial
recruitment of DNMT3A and DNMT3L is more effective
than DNMT3A alone [32, 44, 62]. DNMT3L does not have
catalytic activity, but it reportedly stimulates de novo
methyltransferases (i.e., DNMT3A and DNMT3B). Cancer
modeling using DNMT3L has been reported by Kaestner
and colleagues, showing that CDKN2A downregulation by
methylating its promoter region upregulated cell prolifera-
tion of fibroblast cells [62]. Consistently, high-efficiency
and long-term DNA methylation were induced using dCas9
or TALE combined with DNMT3L, DNMT3A, and KRAB
domain, as shown by Lombardo and colleagues [44]. They
showed silencing of B2M gene by the triple effectors in
K562 and HEK293T cells for more than 50 days. The sta-
bility of epigenome editing outcome is an important factor
especially for the cancer therapy, because repeated admin-
istration of epigenetic effectors significantly increase the
medical expenses and physical and emotional strains.
Accordingly, we have to consider how long the epigenetic
modification is maintained with every effector, at every
target locus, and in every cell type, for the purpose of
therapeutic use.

Targeted histone modifications

Since there are a wide variety of histone modifications
mediated by numerous effectors, programmable enzymes
targeting histone tags are also variable compared to those
for the DNA modification; e.g., histone demethylase (LSD1
[34, 42]), histone methyltransferases (PRDM9 [40], G9a
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[30, 33, 50, 65] and SUV39H1 [30, 33]), and histone
acetyltransferase (p300) [66].

Especially, G9a, also known as EHMT2, is a lysine 9 of
histone H3 methyltransferase, which has been proven to be
utilized in cancer modeling [65] and suppression [33, 50] as
a programmable enzyme. Kim and colleagues demonstrated
the cancer modeling with the catalytic SET domain of G9a
[65], by showing that cancer malignancy was enhanced in
HeLa and HCT116 colon cancer cells. Since E-cadherin
decreases when cancer cells make the shift to epithelial-
mesenchymal transition (EMT), they suppressed the
expression of CDH1 gene encoding E-cadherin protein
using TALE-SET (TSET). The silencing of CDH1 upre-
gulated the migration and invasion activities of HeLa and
HCT116 cells. Additionally, they observed increased
H3K9me2 in CDH1 promoter, whereas the H3K4me2 level
was not changed in HeLa cells.

Cancer suppression with G9a was reported by Rots and
Hylkema groups [50]. They introduced de novo histone
methylation using dCas9-G9a (catalytic domain of G9a
fused with dCas9) in A549 lung cancer cells. dCas9-G9a
was designed to target the promoter region of SPDEF gene,
involved in mucus production in lung epithelial cells.
SPDEF suppression also induced decreased expression of
other mucus producer genes such as AGR2 and MUC5AC.
They also indicated that H3K9 methylation using dCas9-
G9a could enable long-term suppression of SPDEF
expression compared to direct transcriptional repression
(dCas9-KRAB) and DNA methylation (dCas9-DNMT3A-
DNMT3L).

The Suvdel76 histone methylation domain, the N-
terminally deleted protein of SUV39H1, was also used for
the potentially therapeutic purpose [33]. Rots and collea-
gues showed that HER2/neu genes, which encode EGF
receptor family and regulate cell proliferation pathway,
were silenced by ZF-Suvdel76 and ZF-G9a in breast cancer
cells (MCF7 and SKBR3) and ovarian cancer cells
(SKOV3), resulting in reduced cell proliferation and meta-
bolic activities.

The core domain of p300 (p300cd), one of the histone
acetyltransferases, has not yet been utilized in cancer
induction or suppression; however, it is also a critically
important effector in epigenome editing. The activation of
the target gene was achieved by directing proximal and
distal enhancer with dCas9-p300cd, which could not be
realized using dCas9-VP64 [66]. On the basis of this, Cas9-
based epigenomic regulatory element screening (CERES)
was also reported [67]. The CERES method enabled both
gain- and loss-of-function screenings with the following
procedures. First, the gene of interest (GOI) was tagged
with a fluorescent protein gene to monitor endogenous gene
expression. Subsequently, the cells were infected with len-
tivirus carrying dCas9-KRAB or dCas9-p300cd. After

establishing the stable cell clones, lentiviral sgRNA library
was infected into these cells. The library was designed to
target potential regulatory elements of the GOI, predicted by
DNase I hypersensitive sites. Finally, the cells with changes
in the expression of the GOI were selected using
fluorescence-activated cell sorting (FACS), and the popu-
lation of sgRNAs was analyzed by next-generation
sequencing to determine the functional regulatory elements.

The CERES analysis revealed the transcriptional reg-
ulatory elements of HER2 gene, which is an adverse
prognostic factor in breast cancer. The results indicated that
the active regulatory elements were located mostly around
the promoter, but previously unknown elements were also
identified. Furthermore, it was found that a part of reg-
ulatory elements identified with CERES analysis were dif-
ferent in accordance with the cell types and effector
domains.

Conclusions

Epigenome editing technology has enabled “reverse epige-
netics” analysis, which clarifies region-specific function of
cancer epigenetics. Although the current epigenome editing
studies generally target promoter regions, the target
sequence suitable for epigenetic modifications, followed by
the activation or repression of the gene of interest, is not
limited in typical promoters, as CERES study suggested.
Given that we set the cancer therapy one of the goals of
epigenome editing technology, exploring the regulatory
elements in each cancer type or each target gene will fun-
damentally be required, as well as the technical develop-
ment of editing systems.

For the clinical application of this technology, delivery
challenge is another important and critical issue to realize
in vivo cancer therapy. Adeno-associated virus (AAV)-
mediated delivery has been considered as a mainstream
technique. For the selective transduction in cancers, various
improved AAVs have been reported by targeting tumor-
specific antigens [68]. Additionally, non-viral delivery
mediated by lipid nanoparticles is also a promising techni-
que [69]. Nevertheless, epigenome editing tools should
ideally be introduced into all the cancer cells; thus, there is
still a hurdle to translate this technology into clinics.

Currently, epigenome editing is virtually a synonym for
targeted modification of chemical tags; however, program-
mable control of non-coding RNA and chromatin organi-
zation should also be developed and included in epigenome
editing techniques. The non-coding RNAs might be able to
regulate by utilizing the RNA-guided RNA endonucleases
such as Cas13a [70]. Chromatin higher-order structures
include biologically complex mechanisms, but recent study
showed that chromosomal looping can be triggered with the
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CRISPR tool [71]. These new tools and methods will also
open new doors for cancer epigenetics and potential
therapy.
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