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Abstract

DNA methylation on cytosines of CpG dinucleotides is well established as a basis of epigenetic
regulation in mammalian cells. Since aberrant regulation of DNA methylation in promoters of
tumor suppressor genes or proto-oncogenes may contribute to the initiation and progression of
various types of human cancer, sequence-specific methylation and demethylation technologies
could have great clinical benefit. The CRISPR-Cas9 protein with a guide RNA can target DNA
sequences regardless of the methylation status of the target site, making this system superb

for precise methylation editing and gene regulation. Targeted methylation-editing technologies
employing the dCas9 fusion proteins have been shown to be highly effective in gene regulation
without altering the DNA sequence. In this review, we discuss epigenetic alterations in
tumorigenesis as well as various dCas9 fusion technologies and their usages in site-specific
methylation editing and gene regulation.

Methylation of DNA on cytosines in CpG dinucleotides is well established as a basis of
epigenetic regulation in development and human cancers (Jones and Baylin 2007; Greenberg
and Bourc’his 2019; Park and Han 2019). Dysregulation of DNA methylation has been
shown to contribute to the initiation and progression of various cancers, and thus sequence-
specific methylation editing technologies could have broad and great clinical impact. The
clustered regulatory interspaced short palindromic repeat (CRISPR)-Cas9 system has been
used in many applications, including genome editing, gene regulation and genetic screens
(Jinek et al. 2012; Cho et al. 2013; Cong et al. 2013; Mali et al. 2013; Kweon and Kim
2018; Lee et al. 2018; Sato et al. 2018). In this system, a guide RNA (gRNA) binds to

the target site and recruits the Cas9 nuclease protein for gene editing or deletion. The
nuclease-inactivated Cas9 protein (dCas9) is a useful methylation editing tool to selectively
target DNA sites with high specificity and binding efficiency (Amabile et al. 2016; Liu

et al. 2016; McDonald et al. 2016; Vojta et al. 2016; Huang et al. 2017; Stepper et al.

2017; Xiong et al. 2017; Pflueger et al. 2018). The dCas9 protein with a gRNA can
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target DNA sequences regardless of the methylation status of the target site, making this
system superb for precise methylation editing and gene regulation (Hsu et al. 2013). In

this review, we discuss epigenetic alterations in carcinogenesis as well as CRISPR-based
methylation editing technologies and their regulatory mechanisms. The /n vivo applications
and off-target effects of the epigenetic tools are also discussed.

Dysregulation of methylation in carcinogenesis

Aberrant regulation of DNA methylation has been observed in various human carcinomas,
including breast cancer (Fackler et al. 2004), colorectal cancer (Cui et al. 2002; Cui

et al. 2003), lung cancer (Belinsky et al. 2002a; Jarmalaite et al. 2003), liver cancer

(Shen et al. 1998; Tao et al. 2000), ovarian cancer (Sung et al. 2013), and glioblastoma
(Weller et al. 2010). Abnormal hypermethylation of CpG-rich regions (CpG islands) in

the promoters of tumor suppressor genes and hypomethylation at highly or moderately
repeated heterochromatin DNA sequences in oncogenes (Ehrlich 2002; Ehrlich et al. 2002)
are associated with increased malignancy in ovarian cancer (Sung et al. 2013), breast

cancer (Widschwendter and Jones 2002; Fackler et al. 2004), lung cancer (Belinsky et

al. 2002a; Jarmalaite et al. 2003), and glioblastoma (Weller et al. 2010). Basically, DNA
methylation is an epigenetic regulatory mechanism for gene silencing through transcriptional
repression, which occurs at the DNA base cytosine mainly within CpG-rich regions,
producing 5’-methylcytosine (5-mC) catalyzed by DNA methyltransferases (DNMTSs). DNA
demethylation is catalyzed by ten-eleven translocation methylcytosine dioxygenase (TET)
for the conversion from 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC).
These represent essential epigenetic physiological processes that ensure both cellular and
tissue homeostasis (Jones and Baylin 2007; Greenberg and Bourc’his 2019; Park and Han
2019). DNA methylation status can be characterized by the balance between methylation
and demethylation status at the locus for the biological effects, but it has been widely
established that promoter methylation status is correlated with the levels of gene expression.

The abnormal DNA methylation appears to be an early event in carcinogenesis, and normal
methylation is disrupted during carcinogenesis. Generally, promoter hypermethylation

of tumor suppressor genes results in silencing of tumor suppressor genes, while
hypomethylation of oncogenes leads to activating oncogenes, which are common events in
carcinogenesis (Jones 2002; Choi et al. 2017). Consequently, tumor cells acquire advantages
for selective growth through the genetic instability of the tumor (Jones 2002). Many cancer
studies have demonstrated that the tumor suppressor genes that are methylated are frequently
involved in cell cycle arrest (e.g. 7P53 (Chuikov et al. 2004), SALLZ2 (Sung et al. 2013),
p16 NK4A 14 ARE (Belinsky et al. 2002b; Jarmalaite et al. 2003)), DNA repair (MGMT
(Weller et al. 2010), AMLHI (Capel et al. 2007)), and so on. Hypomethylation of promoter
regions of proto-oncogenic genes such as c-Myc, N-Ras, and ¢c-Jun increased expression of
the corresponding genes at both RNA and protein levels in carcinoma (Shen et al. 1998; Tao
et al. 2000). Cancer-associated promoter hypomethylation is often related with decreases

of overall genomic or satellite DNA methylation. In many studies, both cancer-associated
DNA hypomethylation and hypermethylation are altered in the genome of tumors. However,
hypomethylation and hypermethylation are generally independent events in cancer. High
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frequencies of these alterations in cancer increase malignancy and may eventually lead to
tumor cell heterogeneity.

Epigenetic alterations in advanced cancer and chemotherapy

Differences in epigenetic expression in primary and metastatic tumors have been suggested.
Hypermethylation of tumor suppressor genes is more often observed in metastatic cancer
than primary cancer. The frequency of hypermethylation of cyclin D2, RAR-beta, Twist,
RASSF1A, and HIN-1 promoters was examined in primary breast cancer and metastatic
sites (Mehrotra et al. 2004). All five genes had higher frequencies of hypermethylation in
metastatic bone, brain, and lung compared with the primary breast carcinoma. Absence of
gene expressions correlated to hypermethylation of their promoters in metastatic carcinoma
cells microdissected from lymph nodes (Mehrotra et al. 2004). In addition, epigenomic
reprogramming during pancreatic cancer metastasis demonstrated that specified malignant
epigenetic alterations were targeted to thousands of chromatin domains across the genome
(McDonald et al. 2017).

Chemoresistant cancer is also regulated by an epigenetic network. The global DNA
methylation patterns in adriamycin-resistant human breast cancer and paclitaxel-resistant
breast cancer cells are similar. However, these patterns are significantly different from

the parental breast cancer, indicating that DNA methylation is changed in chemoresistant
cancer cells (Gu et al. 2016; He et al. 2016). Genome-wide profiling of methylation

and gene expression in chemoresistant breast cancer revealed that methylation plays a

role in gene silencing during the acquisition of chemoresistance, because gene expression
in chemoresistant cancer cells is negatively correlated with the promoter and 5’UTR
methylation compared with parent cells (He et al. 2016). Methylation of Notch3, a

tumor suppressor and inhibitor of MDR1, is inactivated by DNA hypermethylation in
adriamycin-resistant human breast cancer cells, and is related with the expression of the
multidrug-resistant gene, MDR1 (Gu et al. 2016). In ovarian cancer, dysregulation of DNA
hypermethylation is observed in platinum drug-resistant cells. In an analysis of large-scale
transcriptome changes in cisplatin-resistant ovarian cancer, resistance was related with loss
of hypermethylation at several CpG sites primarily localized in the intergenic regions of
the genome (Lund et al. 2017). Changes in KLF4 and IL6 from aberrant methylation

in platinum-resistant ovarian cancer cells were observed as potential key drivers of drug
resistance.

DNA methylation can also change depending on the chemotherapy. Among anticancer
drugs, 5-fluorouracil (5-FU) changes DNA methylation in gastric cancer patients (Mitsuno
et al. 2007). In a study of 56 gastric cancer patients, methylation of p16/VK42 displayed a
significant correlation with longer survival in the 38 patients in the 5-FU chemotherapy
group, but not in the 18 patients of the non-treated group, suggesting that p16/NK4a
methylation is induced by 5-FU-based chemotherapy (Mitsuno et al. 2007). In ovarian
cancer, platinum-based chemotherapy leads to different methylation status, which is
associated with patient overall survival (Flanagan et al. 2017). Cell based-experiments
revealed that functional DNA mismatch repair increases the frequency of platinum-induced
DNA methylation alterations. Therefore, these results suggest that detection of DNA
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methylation in blood following chemotherapy could be useful as a noninvasive method
of monitoring patients’ epigenetic responses after chemotherapy. Together these studies
indicate that epigenetic regulation plays an important role in cancer progression and
chemoresistance, indicating its potential application in cancer diagnosis, prognosis, and
chemotherapy.

CRISPR-mediated promoter methylation and demethylation technologies

Since abnormal DNA methylation is linked to the initiation and progression of various
human cancers, site-specific methylation editing tools could have great clinical benefit.
Many groups have used DNA-binding proteins, including zinc finger protein (ZNF) and
transcription activator-like effectors (TALES), fused to a methyltransferase or demethylase
enzyme for targeted DNA methylation editing (Li et al. 2007; Rivenbark et al. 2012;
Maeder et al. 2013; Siddique et al. 2013; Nunna et al. 2014; Bernstein et al. 2015). While
these approaches with engineered nucleotide-binding proteins efficiently edited methylation
states at the target sites, these methods also displayed limitations, showing non-specific
binding to the genome with high off-target effects and requiring labor-intensive design

of each DNA-binding motif. Liu et al. directly compared TALE-based approaches with
CRISPR-based methods and evaluated their methylation specificity and gene regulation
efficiency in human cells (Liu et al. 2016). The authors constructed TALE- and CRISPR-
demethylase fusion vectors that target the same promoter region (RHOXF2) and determined
the methylation rates of the RHOXFZ2 promoter by conducting a bisulfite sequencing assay.
The results revealed that the demethylation activity of the CRISPR fusion at the target
sequence was two-fold higher than that of the TALE vector, suggesting that the CRISPR
vector system may have better methylation editing efficiency. In addition, the authors
performed a chromatin immunoprecipitation sequencing assay with an anti-Cas9 antibody
and found that the CRISPR system achieved high target specificity. Furthermore, among
various gene editing technologies, the CRISPR-Cas9 system with a gRNA was a superior
tool for DNA methylation editing since it can target DNA sequences regardless of the
methylation status of the target site (Hsu et al. 2013). Many research groups have used

a nuclease-inactivated Cas9 protein (dCas9) fused to methyltransferase or demethylase for
selective DNA methylation or demethylation and regulation of target gene expression.

Targeted promoter methylation

Development and maintenance of many human cancers are due, in part, to overexpression
of proto-oncogenes. Therefore, targeting the promoters of proto-oncogenes for DNA
methylation is an attractive therapeutic strategy to block their transcription and target cancer
cell populations. DNA methylation is facilitated by the DNA methyltransferase enzymes
DNMT3A and DNMT3B, and methylation is maintained by the enzyme DNMT1 (Smith
and Meissner 2013; Greenberg and Bourc’his 2019). Fusion proteins of dCas9 with a
methyltransferase enzyme, such as dCas9-DNMT3A and -DNMT3B fusion clones, have
been used for site-specific promoter methylation to suppress downstream genes (Table 1)
(Amabile et al. 2016; Liu et al. 2016; McDonald et al. 2016; Vojta et al. 2016; Huang et al.
2017; Stepper et al. 2017; Xiong et al. 2017; Pflueger et al. 2018). In this gene regulation

Arch Pharm Res. Author manuscript; available in PMC 2021 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sung and Yim

Page 5

approach, the fusion proteins are recruited to the target site by a gRNA for sequence-specific
DNA methylation (Fig.. 1A).

Some modifications in the system appeared to be helpful to boost the methylation efficiency
and accuracy. Huang et al. constructed the dCas9-SunTag-DNMT3A vector by fusing
repetitive peptide epitopes (SunTag) with the dCas9 protein for recruiting multiple copies
of the antibody-fused DNMT3A protein to the target site (Fig. 1B). Together with a

gRNA targeting HOXAS5, this SunTag epigenetic tool displayed superior DNA methylation
and gene suppression without significant off-target effects (Huang et al. 2017). Lei et

al. adapted a bacterial (Mollicutes spiroplasma) DNA methyltransferase, MQ1, for site-
directed promoter methylation in human cells and mouse embryos (Lei et al. 2017). The
authors generated dCas9-MQ1 fusions and targeted HOXA4, HOXAS, and RUNXI for
promoter methylation. This epigenetic tool with a bacterial enzyme allowed significant DNA
methylation within 24 h post-introduction (Fig. 1A).

Stepper et al. constructed a vector expressing dCas9 fused to a single-chain DNA
methyltransferase DNMT3A-3L (Fig. 1C). The authors targeted the promoter regions of
human EpCAM, CXCR4 and TFRC genes for DNA methylation and found that dCas9-
DNMT3A3L led to promoter methylation with high and broad efficiencies (Stepper et al.
2017). O’Geen et al. also used the single-chain DNA methyltransferase DNMT3A-3L but
combined it with a histone methyltransferase Ezh2 or KRAB to increase the methylation
activities at the target sites (O’Geen et al. 2019). Both dCas9-Ezh2 and -KRAB fusion
clones together with dCas9-DNMT3A-3L led to short-term repression of HERZin human
cells. Long-term suppression of HERZ, however, was only shown with dCas9-Ezh2, but
not dCas9-KRAB, indicating that selecting optimum combinations of histone and DNA
methyltransferases is necessary to achieve maximal methylation and gene suppression rates
(Fig. 1D).

Targeted promoter demethylation

Silencing of tumor suppressor genes due to promoter hypermethylation has been observed
in various human cancers. These observations have indicated the potential for developing
targeted demethylation technologies to reactivate tumor suppressor genes and inhibit cancer
cells. The TET enzymes play a key role in DNA demethylation, facilitating the initial
process of DNA demethylation. Choudhury et al., Okada et al. and Halmai et al. used

the TET1 catalytic domain (TET1CD) fused to the dCas9 protein for targeted promoter
demethylation and gene activation in mammalian cells (Fig. 2A and Table 2) (Choudhury et
al. 2016; Okada et al. 2017; Halmai et al. 2020).

Hanzawa et al. used the dCas9-SunTag-scFv-sfGFP-TET1CD fusion vector for
demethylation of the Fgf21 promoter (Table 2) (Hanzawa et al. 2020). In this system, dCas9
was fused to SunTag epitopes for recruiting multiple copies of antibody-fused TET1 for
enhanced demethylation activities at the target site (Fig. 2B). Xu et al. used dCas9-TET3CD
and targeted the hypermethylated promoter regions of RASAL 1, EYAL and LRFNZ, leading
to promoter demethylation and gene expression (Fig. 2A) (Xu et al. 2018).
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Xu et al. also used dCas9-TET1, but they employed an additional fusion vector (MS2-TET1)
for a higher DNA demethylation efficiency (Xu et al. 2016). Two copies of bacteriophage
MS2 RNA elements were fused with the gRNA sequence. Since the MS2 coat protein has

a high binding affinity to the MS2 RNA elements, once gRNA binds to the target site, it
recruits the MS2-TET1 fusion for stronger DNA demethylation efficiency (Fig. 2C). With
this dual vector system, the authors targeted the promoter regions of RANKL, MAGEB?,
and MMPZ2 and reported significant promoter demethylation and gene activation (Xu et

al. 2016). Another system using a unique RNA sequence and RNA-binding protein was
developed for targeted promoter demethylation and gene induction (Taghbalout et al. 2019).
This system used dCas9, the Pumilio/FBF (PUF) domain fused with TET1-GADD45A, and
a gRNA containing PUF-binding sites (PBS). The authors successfully targeted the MLHI
promoter for demethylation with the PUF-TET1-GADDA45A fusion protein and a gRNA
containing the PBS sequence (Fig. 2D). Since GADD45A enhances the activity of TET1,
this system with dual effectors led to significantly higher gene reactivation rates.

Lu et al. developed an approach different than TET enzyme-mediated demethylation
strategies. DNMT1 is the most abundant methyltransferase that is required for the
maintenance of DNA methylation. The authors developed a dCas9-R2 system that harbors
the R2 stem-loop structure for inhibiting the enzymatic activity of DNMT1, thus lowering
the methylation rates at the target site with high accuracy (Fig. 2E) (Lu et al. 2019).

Off-target effects of CRISPR technologies

The dCas9-methyltrasferease vectors have been shown to be effective in targeted promoter
methylation and gene silencing (Liu et al. 2016; McDonald et al. 2016; \ojta et al. 2016;
Lei et al. 2017). However, concerns have been raised that the dCas9-methyltransferase
system could cause off-target methylation (Galonska et al. 2018; Lin et al. 2018; Pflueger
et al. 2018). Galonska et al. used dCas9-methyltransferases in pluripotent cells to measure
global off-target effects of the dCas9 fusion protein. Their whole genome studies showed
that widespread off-target activities of the dCas9-methyltransferases in tested cells. This
potential off-target problem could be addressed by mutant forms of DNMT3A and MQ1,
which have significantly low off-target effects while maintaining the same levels of
methylation activities (Table 1) (Lei et al. 2017; Hofacker et al. 2020). Lei et al. generated
a single amino acid mutant of MQ1 fused to dCas9, and this dCas9-MQ1 Q147L clone led
to significant CpG methylation in 24 h without off-target effects in human cells and mouse
embryos (Lei et al. 2017). Hofacker et al. constructed mutant forms of the DNMT3A protein
and evaluated if they showed lower off-target effects while retaining the same level of DNA
methylation activity (Hofacker et al. 2020). A single amino acid mutant dCas9-DNMT3A
R887E showed significantly low off-target effects while its methylation activity remained
unaltered (Table 1). Xiong et al. divided the M. Sss/ CpG methyltransferase enzyme into
two domains (between residues 272 and 273) and fused the C-terminal domain with dCas9
for lower off-target effects (Fig. 1E) (Xiong et al. 2017). The authors targeted the SALL?2
promoter region, which is hypomethylated in HEK293T cells, and the engineered vectors led
to methylation of the SAL /L2 promoter within 48 h.
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In vivo DNA methylation and demethylation studies

The dCas9 system has been shown to be effective for methylation editing in animal studies
as well. The dCas9-MQ1 Q147L plasmid and gRNAs targeting the /gf2/H19locus were
introduced into mouse zygotes followed by embryo transfer to female mice, birth of the
engineered mice, and epigenome typing analyses (Lei et al. 2017). The dCas9-MQ1 Q147L
fusion led to significant increases of methylation at the target sites in newborn mice. This /in
vivo study demonstrated that the CRISPR-based approach is applicable to DNA methylation
of endogenous gene loci in mice (Lei et al. 2017).

Liu et al. introduced dCas9-Tet1CD into engineered mice with a methylation-sensitive GFP
reporter and tested if the CRISPR vector could lead to demethylation of the target site, thus
activating the reporter gene (Fig. 2A). The results demonstrated that the dCas9-demethylase
fusions with gRNAs can be employed to edit methylation status /7 vivo (Liu et al. 2016).
The dCas9-SunTag-TET1 vector with a single-chain variable fragment (scFv) was used to
target the Fgf21 promoter for demethylation in the adult mouse liver (Fig. 2B) (Hanzawa

et al. 2020). This study also showed that regulation of gene expression is achieved by a
site-specific epigenetic tool without altering the DNA sequence /in vivo.

Conclusion and future direction

Various dCas9-methyltransferase and -demethylase fusion proteins have been used to
modify promoter methylation and subsequent gene expression. Since many human diseases
are caused by alteration of the methylation status of key genes, these site-specific epigenetic
tools employing dCas9 and gRNA could have great clinical impact. Future investigations
may focus on the development of effective delivery systems that allow the CRISPR vector

to reach the targeted cellular site for tissue-specific methylation editing. Furthermore, editing
tools for conditional regulation of gene expression will be highly useful, especially for genes
with contrasting functional roles depending on the cellular context. For example, KLF4 and
SALL2act as tumor suppressor genes in one context and oncogenes in another context
(Rowland and Peeper 2006; Sung and Yim 2015; Sung and Yim 2017). Since these genes
have a CpG island in their promoter regions that are involved in methylation-mediated

gene regulation (Sung et al. 2013; Yang and Zheng 2014), cell-specific promoter-driven
CRISPR-demethylase and -methyltransferase fusions will enable targeting of their promoter
regions to correctly edit the methylation states and eliminate the pathological cells.

Another aspect of the future investigations would be development of the effective dCas9-
gRNA delivery systems that can be safely used /n vivo for therapeutic applications.
Although various viral and non-viral delivery vehicles and technologies have been developed
and successfully used for CRISPR-mediated gene editing, limitations have been identified,
including strong immune responses, packaging limit of viral vectors, cell damage caused

by microinjection, degradation of vehicles and inability to reach cells’ nuclei (Follenzi et

al. 2007; Wu et al. 2010; Ahi et al. 2011; Horii et al. 2014; Wang et al. 2016; Liu et al.
2019). Therefore, theses technical challenges should be addressed for safe applications of
the dCas9-methylation editing tools in therapeutic approaches for human cancer patients.
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Figure 1. dCas9-mediated targeted DNA methylation technologies for gene silencing.
(A) The dCas9 fusion protein is recruited to the target site by a gRNA, allowing the

fused enzyme to methylate the promoter region and block gene expression. (B) The
dCas9 protein fused to Sun-tag epitopes has been used to recruit multiple copies of
antibody-fused DNMT3A to increase the DNA methylation rates at the target site. (C)
The dCas9-DNMT3A-DNMT3L proteins have been also successfully used for targeted
DNA methylation. (D) An additional histone methyltransferase vector (dCas9-Ezh2 or
-KRAB) has been used for effective gene suppression. (E) C-terminal domain of M. Sssl
(CpG methyltransferase) fused to dCas9 has been also used for promoter methylation.
Open-circles, unmethylated cytosines; Closed-circles, methylated cytosines.
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Figure 2. dCas9-mediated targeted DNA demethylation technologiesfor gene activation.
(A) The dCas9-demethylase fusion proteins with a gRNA have been used for site-specific

promoter demethylation and gene activation. (B) The dCas9 protein with the Sun-tag
epitopes has been used to recruit multiple copies of antibody-fused TET1. (C) A gRNA
having MS2 RNA loops, which have a high binding affinity to the MS2 coat protein,

has been used to recruit an additional TET1 enzyme to enhance the demethylation rates

at the target site. (D) A gRNA containing PUF-binding sites (PBS) that recruit the PUFa-
GADDA45A-TET1 fusion proteins has been also used for promoter demethylation. (E) A
gRNA having R2 loops has been employed to sequester DNMT1 at the target site to

inhibit the DNA methylation process. Open-circles, unmethylated cytosines; Closed-circles,

methylated cytosines.

Arch Pharm Res. Author manuscript; available in PMC 2021 August 19.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Sung and Yim

Table 1.

The dCas9 vectors for site-specific methylation and gene silencing.

Page 15

dCas9-DNMT3B

dCas9-DNMT3A R887E-
DNMT3L

dCas9-DNMT3A-
DNMT3L

dCas9-DNMT3A-
DNMT3L, dCas9-Ezh2,
dCas9-KRAB

dCas9-SunTag-DNMT3A

dCas9-Split M.Sssl

dCas9-MQ1
dCas9-MQ1 Q147E

DNMT3B fused to dCas9
DNMT3A mutant for lower off-target effects

DNMT3A-3L fusion for higher methylation rates

Combination of histone and DNA
methyltransferases for gene suppression

dCas9 fused to SunTag epitopes for recruiting
multiple copies of antibody-fused DNMT3A

Methyltransferase is separated for lower off-target
effects

Bacterial DNA methylase MQ1 fused to dCas9

MQ1 mutant for higher methylation efficiencies
and lower off-target effects

ARF, UPA, TGFBR3

UPA, TGFBR3
VEGFA
EpCAM, CXCR4,
TFRC
HERZ, SNURF

HOXA5
SALLZ
HOXA5
HOXAS5, HOXA4,

EYA4, RUNXI,
1gf2/H19

dCas9 fusion vectors Description Targeted gene/ References
promoter
dCas9-DNMT3A DNMT3A fused to dCas9 CDKNZA, Cdknla, (Amabile et al. 2016; Liu et

al. 2016; McDonald et al. 2016;
Vojta et al. 2016)

(Lin et al. 2018)
(Hofacker et al. 2020)

(Stepper et al. 2017)

(O’Geen et al. 2019)

(Huang et al. 2017)

(Xiong et al. 2017)

(Lei et al. 2017)
(Lei et al. 2017)

dCas9, nuclease-inactivated Cas9; CD, catalytic domain
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Table 2.

The dCas9 vectors for site-specific demethylation and gene activation.
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dCas9 fusion vectors Description Targeted gene/ References
promoter

dCas9-TET1 TET1CD fused to dCas9 CDKL5, BRCA, (Choudhury et al. 2016; Okada

Foxp3 etal. 2017; Halmai et al. 2020)
dCas9-TET3 TET3CD fused to dCas9 KLOTHO (Xu et al. 2018)
dCas9-TET1 & MS2-TET1 dCas9-TET1 and MS2-TET1 recruited to the target RANKL, (Xu et al. 2016)

site for better methylation efficiencies MAGEB2, MMP2
dCas9, gRNA-PBS, PUFa- PUFa-GADD45A-TET1 recruited to the target site MLH1 (Taghbalout et al. 2019)
GADDA45A-TET1 with a gRNA-PBS for synergistic gene activation
effects
dCas9-R2 Lower DNA methylation via mactivation of DNMT1 RANKL (Luetal. 2019)
at the target site

dCas9-SunTag-scFv-sfGFP- dCas9 fused to SunTag epitopes for recruiting Fof21 (Hanzawa et al. 2020)
TET1CD multiple copies of antibody-fused TET1

dCas9, nuclease-inactivated Cas9; CD, catalytic domain
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