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Introduction
Genetic mutation and epigenetic alteration are the two impor-
tant perigenetic changes that cause cancer. Epigenetic altera-
tion due to DNA methylation, histone modifications and 
related altered chromatin accessibility that regulate patterns of 
gene expression are the commonly studied epigenetic events 
involved in the pathogenesis of cancer.1,2 Such epigenetic alter-
ation or epimutation affects the expression of a gene by modi-
fying the DNA or changing the structure of chromatin without 
altering the native nucleotide sequence. The epimutation study 
on mouse becomes more clear evidence that alteration in the 
epigenetic pathway alone can cause cancer.3 Contrary to the 
global hypomethylation in cancer, local hypermethylation of 
CpG islands in the promoter region that silence tumor sup-
pressor genes emerged as a major epigenetic pathway driving 
the hallmark of the neoplastic epigenome for the development 
and progression of cancer.4

Disease-linked DNA hypermethylation mainly at promot-
ers, enhancers, gene bodies and other site that regulate chroma-
tin conformation not only drive oncogenesis of cancer but also 
disease like atherosclerosis, autoimmune, neurological diseases 
and other age-associated diseases.5 Remarkably, silencing of 
tumor suppressor genes by promoter hypermethylation is a key 
mechanism to facilitate cancer progression in many malignan-
cies. While promoter hypermethylation can occur at later 
stages of the carcinogenesis process, constitutional methylation 
of key tumor suppressors may be an initiating event whereby 
cancer is started.6

Epigenetic dysregulation is often notably linked to cancer. 
Mutation of genes associated in the cell cycle control, DNA 

repair, regulatory genes and tumor suppressor genes also often 
leads to alteration in epigenetic regulation. As the early diag-
nosis and preclinical pathology of cancer often unnoticeable 
under normal circumstances, tracing the immediate cause of 
carcinogenesis is difficult, the commonly used cytotoxic and 
alternative chemotherapy have variable prognostic outcomes. 
Once cancer reached a clinically detectable stage, the chance of 
accumulating more mutation and epimutation will increase. 
This allows them to evade the commonly used therapy and 
recur aggressively. Current work in translational research seeks 
to identify epigenetic regulators whose aberrant activity con-
tributes to oncogenesis thereby developing drugs that inhibit 
the aberrant activity of these regulators.7 Such studies on can-
cer treatment drive further studies of dissecting the potentially 
targetable of epigenetic factors in cancer cells and opens the 
high demands for the development of better therapeutic 
approaches.

The high-throughput analysis of cancer epigenomes and 
genomes indicated an epimutation can be revealed in cancer 
genes where no mutation yet to be seen.8-11 DNA methylation 
is one of the most plentiful epigenetic alterations that reliably 
affect the eukaryotic DNA molecules. An enzyme of the 
DNMT family catalyzes the methyl group addition to 5-cyto-
sine and producing 5-methylcytosine (5mC). Such methyla-
tions often occur at the CpG islands located at the gene 
promoters and regulatory regions.12 CpG sites that are outside 
of CpG islands tend to be highly methylated in normal cells, 
whereas CpGs in promoter CpG islands are typically unmeth-
ylated. However, in cancer cells the promoter CpG islands of 
important tumor suppressor genes and DNA repair genes are 
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found to be methylated (Table 1). The presence of regulatory 
cis-elements found up-stream of the tumor suppressor genes 
were also reported to dictate the methylation status of the pro-
moter CGI.3 Since epigenetic changes are potentially reversi-
ble, they make attractive targets for therapeutic intervention.13 
Hence this review is to give insightful information on the 
potential application of site-specific demethylation for the 
development of Epigenetic based cancer therapy.

DNA Methylation as a Hallmark of Cancer
Recent epigenomic studies revealed that nearly all tumor types 
harbor abnormally hypermethylated promoter CGIs. Such 
alterations in epigenetic modifications in cancer regulate vari-
ous cellular responses, including cell proliferation, apoptosis, 
invasion, and senescence.2 Through DNA methylation, epige-
netics plays an important role in tumorigenesis. In mammalian 
non-cancer cells as the genome-wide CpGs are hypomethyl-
ated, gene silencing is usually modulated by repressive chroma-
tin marks. In cancer cells it is often modulated by methylation 
of promoter CpG islands. In this regard it has been proved that 
epimutation that leads to hypermethylation of tumor suppres-
sor gene promotor subsequently induced tumor development 
and reduced mice survival.3 This aspect of epigenetics presents 
reversible effects on gene silencing via epigenetic enzymes and 
related proteins. DNA methyltransferases (DNMTs) along 
with methyl-CpG binding domain proteins (MBDs) is respon-
sible for the transfer of methyl groups to specific DNA residue 
(Figure 1).

Aberrant DNA methylation is thought to serve as a hall-
mark in cancer development by inactivating or repressing gene 
transcription.25 In normal tissues, gene promoters, especially 
key tumor suppressor genes, are unmethylated but hypermeth-
ylated in cancer.13 p16Ink4a (p16) is a tumor suppressor gene that 
regulates the retinoblastoma (Rb) protein ability to control the 

cell cycle at the G1 stage.26 The inhibitory cyline dependent 
kinase 4a (INK4a) locus is normally involved both in the pRb 
and p53 pathways which are an important regulator of cell 
cycle.26,27 p16, p15, and PAX6 are also often aberrantly methyl-
ated in bladder cancer and show enhanced methylation in cell 
culture22 and p16 found to gain de novo methylation in –20% of 
different primary neoplasms.28 Beyond its cell cycle regulatory 
and tumor-suppressive effect, p16 also plays an important role 
in other cellular events like cellular differentiation, cell quies-
cence, cell senescence and the aging process.29 This makes p16 
a key biomolecule involved in different cellular pathways. 
Inactivation of these pathways occurs in most human tumors 
and methylation of p16 promoter CGI is often underlies epige-
netic incidences in human cancer.15

Promotor of tumor suppressor genes like p53, RB and 
BRAC1 which are well known key players for the hallmark of 
cancer has been also reported to be methylated in different 
cancers.18,30-32 Methylation of promoters of VHL genes which 
is responsible for tissue invasion and metastasis17 and promoter 

Table 1. Lists of genes with aberrantly hypermethylated promoter in cancer.

GENE FUNcTiON iMPAcT ON cARciNOGENESiS

p53 Tumor suppressor Uncontrolled cell cycle progression14

p16 cyclin dependent kinase inhibitor Sensitivity to antigrowth signal15

p15 Tumor suppressor Uncontrolled cell cycle16

VHL Suppression of metastasis Tissue invasion and metastasis17

RB Regulation of cell cycle Uncontrolled replication18

VEGF-2 Angiogenesis Uncontrolled angiogenesis19

CDH1 cellular adhesion invasiveness and metastasis20

BRCA1 Tumor suppressor Altered DNA damage repair21

PAX6 Transcription factor Oncogene that facilitates cell growth22

MLH1 Tumor suppressor Altered DNA mismatch repair23

MGMT DNA repair enzyme Rescues tumor cells from apoptosis24

Figure 1. Repression of tumor suppressor gene by hypermethylation of 

its promoter. DNMT1, DNMT3A and DNMT3B are DNA methyltransferase 

enzymes that methylate cytosine residues of promotor cpGs. The figure 

indicates the change in the putative tumor suppressor gene methylation 

pattern comparing the normal cell with hypomethylation (expression ON) 

and cancer cells with hypermethylation (expression OFF).
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of VEGF-2 gene which is responsible for sustained angiogen-
esis of cancer has been reported.19 Hypermethylation at gene 
body leads to activation of oncogenes (DLX1, POU3F3), by 
increasing its transcriptional activity.33 Signals from the micro-
environment, especially those from transforming growth 
factor-β, has been reported to induce targeted de novo epige-
netic alterations of cancer-related genes.1 On top of cancer 
driving role, aberrant methylations were also found to trigger 
drug resistance of cancer cells. This has been observed with 
hypermethylation of thymidine kinase34 and O-6-
methylguanine DNA methyltransferase (MGMT).35-37 Some 
of the several genes associated with the development and pro-
gressions cancer due to aberrant promoter DNA methylation 
are detailed in Table 1.

The epigenetic events that contribute to oncogenesis often 
have cross-talks with other perigenetic causes of cancer. For 
instance, a mutation that happens as an early cytogenetic event 
leads to the aberrant activity of epigenetic regulators.7 In fact 
next to p53, p16 was the most frequently mutated gene in the 
majority of tumors. Such mutations often involve comparable 
epigenetic alterations. In this regard, DNA methyltransferase 
inhibitors have been approved as first-generation epigenetic 
inhibitors for cancer therapy.38,39 On the other hand knowing 
the status of DNA methylation as with DNA epigenetic mark, 
5-methylcytosine (m5C) can be used as an efficient and relia-
ble way to diagnose tumor and monitor its pathological pro-
cesses.40 Hence, it is amicable to note that the reversible nature 
of DNA methylation also makes demethylase enzymes as 
appealing drug targets for epigenetic cancer therapy (Figure 2).

General Mechanisms of DNA Demethylation
Epigenetic alteration can be best addressed focusing on the 
methylation status of biomolecules (DNA, RNA and Protein). 
DNA methylation, histone methylation and miRNA mediated 
DNMT expression control can be addressed by harnessing the 

demethylation mechanisms. DNA methylation is a reversible 
process in which DNMTs enzymes methylate the cytosine 
residue in the CpG of target gene promoter thereby cause tran-
scriptional repression. In this regard the 5-methyl cytosine 
(5-mC) shown in Figure 2 can be demethylated through 
numerous overlapping pathways of passive and active demeth-
ylation mechanisms.41

The passive DNA demethylation takes place in the absence 
of methylation of newly synthesized DNA strands by DNMT1 
during several replication rounds.42 It has been identified that 
active 5-mC demethylation pathway commenced by the pro-
teins of ten-eleven translocation family enzymes (TET1, 
TET2 and TET3) that oxidizes 5-mC in to 5-hydroxy-methyl 
cytosine (5-hmC).43 This became a crucial step that allows 
numerous alternative and/or overlapping ways to remake nor-
mal cytosine residue either autonomously or in a DNA replica-
tion-dependent manner thereby causing final removal of the 
methyl mark.25,44-49

Active DNA demethylation can occur via direct removal of 
a methyl group independently of DNA replication. The under-
lying various mechanisms include enzymatic exclusion of the 
methyl group, base excision repair, deamination followed by 
mismatch repair, nucleotide excision repair and oxidative dem-
ethylation.50 5-mC is oxidized to 5-hmC which is then oxi-
dized to 5-formylcytosine (5-fC) then 5-carboxylcytosine 
(5-caC) which is the final oxidized derivative of 5-methylcyto-
sine (5mC).46 Each of these oxidation steps are catalyzed by 
TET family of enzymes. Both 5-fC and 5-caC can be con-
verted to unmodified cytosine by thymine DNA glycosylase 
(TDG) or by base excision repair (BER).51 The overall cascade 
of TET1-TDG-BER-dependent active DNA demethylation 
is described in Figure 2 below.

Recitation of the demethylation phenomenon, studies indi-
cated that demethylation of tumor suppressor gene promoter 
can be a key target for future epigenetic therapy of cancer.1,52-54 

Figure 2. DNA methylation and demethylation mechanisms. The methylation of cytosine (c) nuclotide (the ring highlighted red at the top) leads to 

transcriptional repression. While the reverse reaction of passive and active demethylation (the dark green highlighted rings) step-wisely removes a methyl 

group from carbon number 5 of the cytosine residue.
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In this regard, the study on the hypermethylation status of the 
p16 CpG island in colon cancer cells showed, it was effectively 
reversed using DNMT inhibitor 5-aza-2’-deoxycytidine 
(DAC) in which demethylation suppressed the growth of colon 
cancer cells and also induced apoptosis.52 The two food and 
drug authority (FDA) approved conventional drugs (DAC and 
AZA) are passive hypomethylators and these chemotherapeu-
tic approach causes genome-wide demethylation of promoters 
but lacks sequence-specificity to the promoter of interest. Due 
to their pleitropic effects, it has been difficult to confirm the 
mechanism of action of such DNA methyltransferase inhibi-
tors. Nevertheless, the pre-clinical data showed that reactiva-
tion of silenced promoter through selective DNA demethylation 
may have significant therapeutic alternatives.55

Epigenetic effects can also control miRNA expression. 
Restoration of important miRNA which down-regulates 
DNMT induces a global hypomethylated state in cancer cells. 
It also induces concomitant re-expression of tumor suppressor 
genes whose expression is silenced in cancer by promoter 
hypermethylation.56 Over-all, the involvement of DNA meth-
ylation event in the well-characterized epigenetic regulatory 
pathways makes demethylation as a fabulous point to design 
therapeutic strategy.

Site-Specific DNA Demethylation as Epigenetic 
Therapy
Cancer therapy is as complex as it’s intertwined etiological 
diversity. Prevention and treatment of cancer thus remain a 
challenging and researchable area of study. Abnormal promoter 
hypermethylation is a stamp of many cancers. But the inherent 
reversibility of such epigenetic alterations makes them viable 
therapeutic targets.13 For instance, the hypermethylation status 
of the p16 promoter associated 5’CpG Island in cancer cells 
was efficiently reversed using the DNMT inhibitor.52 However 
such treatments cause global demethylation with some unfore-
seen side effects. The involvement of aberrant hyper-methyla-
tion of many tumor suppressor gene promoters and associated 
CpG sites in most cancer,57-60 makes them providential candi-
dates and it is likely to hypothesize that site-specific demeth-
ylation of cancer-associated gene promoter might have a 
tremendous impact in future therapy of cancer. Hence develop-
ing a strategy to target cancer-associated site-specific CpG 
promoter demethylation has paramount importance.

Site-specif ic demethylation modalities

Applying the currently advanced biotechnological tools it is pos-
sible to produce the candidate demethylating enzyme fused with 
the engineered construct of DNA binding proteins that able to 
sequence-specifically localize the methylated promoter CpG of 
interest. Such proteins include the rel-homology domain (RHD) 
and zinc finger domains (ZFD) that bound sequences flanking a 
specific CpG site.41 Other transcriptional activator components 
can also be used for the activation of the target promoter as well 

as site-specific delivery. The demethylase enzyme cloned in 
fusion with such DNA site-specific tracker can be transduced 
and the co-expression will enable nuclear localization as the 
transcription factor has special structures to recognize DNA.55 
Studies also indicate that, DNA-binding factors like hormone 
receptors can cause DNA demethylation at specific promoter or 
enhancer area thereby allowing the binding and localization of 
fused pioneer factors.61-64

The molecular tool through which DNA demethylase tar-
geted to the tumor suppressor gene promoter CpG sites can be 
made by fusing human TET1 demethylase enzyme to the 
recombinant transcription activator-like effector (TALE) repeat 
that has targeted DNA-binding specificities.54 The modified 
TALE repeat makes an attractive platform to guide TET1 
activity because monomeric proteins that bind to nearly any tar-
get DNA sequence of interest can be enormously produced by 
assembling individual repeat domains with known nucleotide 
specificities.65 Cloning of demethylase enzyme with DNA site-
specific tracker can also be constructed and transduced.55

Concomitant to the TALE-TET fusion module, the well-
known DNA-binding proteins utilized in targeted editing 
were the eukaryotic ZNFs and represented the beginning of a 
new era in genomic and epigenomic manipulation.66 ZNFs are 
transcription factors comprising protein motifs or fingers that 
recognize and bind three DNA nucleotides. Different ZNF 
modules are used in combination, based on their respective 
affinities for a particular three-base sequence, to target specific 
genomic regions. ZNF DNA binding domains are therefore 
commonly fused with a nuclease or other effector protein, to 
mediate a site-specific genetic or epigenetic response.66-69 Both 
ZNFs and TALEs were used as binding podiums for TET 
enzymes and both systems were able to induce transcription at 
targeted loci.54,70 Here the Site-specific DNA Demethylation 
using programmable TALE-TETs fusion is shown as repre-
sentative modalities (Figure 3).

Another molecular tool currently used for epigenome edit-
ing is a CRISPR module. CRISPR can be used for site-specific 
Demethylation harnessing its specific DNA-binding ability by 
deactivating its Caspase 9 (dCas9) function. Here, for demeth-
ylation of 5-mC marks, the TET hydroxylase catalytic domain 
fused to dCas9 (Figure 4). So far numerous demethylation 
studies have been published using CRISPR-dCas9 sys-
tems.53,72-75 Generally, each system utilizes the CRISPR-
dCas9-TET1 fusion protein paired with a programmable 20 
nucleotide sgRNA guide homologous to the target locus. The 
first study using a transient and lentiviral-based dCas9-TET1 
system showed selective targeting of the BRCA1 promoter to 
induce robust gene expression.53 This was followed by modifi-
cation made on sgRNA by inserting bacteriophage MS2 RNA 
elements into the conventional sgRNA, thereby making MS2-
fused TET-CD proteins.72 Further modification on the length 
of SunTag linker improved the efficiency of antibody-fused 
TET1 recruitment and in vitro and in vivo demethylation.76 
With this dCas9-TET1 fusion system, it has been possible to 
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make site-specific demethylation that led to an increase in the 
expression of target genes.72,73,77 The dCas9-based systems can 
also achieve targeting of multiple genomic loci simultaneously 
by the delivery of several guide RNAs (gRNAs), offering far 
greater multiplexing simplicity compared to the delivery of 
multiple different ZFN or TALE DNA binding proteins.78 

Simplified modality of CRISPR-dCas9-TET1-CD-based 
site-specific demethylation is indicated in Figure 4 below.

It is important to note that there is also newly emerging 
dCas9 system in which the DNMT1 is recruited by an R2 
loop, preventing DNA methylation maintenance during repli-
cation. It avoids the potential side effects of exogenous TET 
protein expression while conserving better targeting accuracy.75 
Concomitant to the above mentioned CRISPR-dCas9-based 
promoter targeted demethylation strategies have been mainly 
validated in vitro for specific gene reactivation, this reprogram-
mable tool is also useful to demethylate other part of the gene 
to induce reprogramming in fibroblasts,77 as well as pluripotent 
stem cells for sustainable reactivation in a human-mouse chi-
meric model.79 Numerous modification of dCas9 system 
including the use of thymidine DNA glycosylase (TDG)80 and 
ROS1 5mC DNA glycosylase (ROS1CD)74 instead of TET 
were made and found to methylate targeted promoters and 
increase the expression of target gene. Such site-specific dem-
ethylation system however requires further in vitro optimiza-
tion and adoption in to in vivo research model to be used in the 
near future.

Potential application of Site-specify molecular 
trackers

To develop therapeutic modalities using epigenomic engineer-
ing techniques, in vitro test can be conducted on a well-charac-
terized cancer cell line with hypermethylation of tumor 
suppressor gene to be used as a target. TALE-TET1 fusions, 
ZNF-TDG, or CRISPR-dCas9-TET-CD-based modality or 
another demethylase based modalities can be used for in vivo 
study of cancer epigenetic therapeutic trials although these sys-
tems are still relatively new and still requires further optimiza-
tion. On top of its use for demethylation study for cancer, such 
specific DNA targeted modalities can be used to study other 
diseases including Alzheimer’s, Parkinson’s, and Huntington’s 
diseases that are caused by epigenetic alteration.81 It is not only 
to remove the aberrant promoter methylation (to reactivate the 
silenced genes) but also it is possible to track the methylation 
phenomenon using DNMTs to methylate and silence the over-
activation of oncogenic genes or genes involved in oncogenic 
signaling pathway in cancer.82

The current technical developments of molecular tools help 
us not only to understand the oncogenesis of cancer with epige-
netic cause but also to evaluate the responses of targeted epige-
netic therapy. For instance methylation status of the targeted a 
given tumor suppressor gene83 and the overall efficacy of the 
site-specific epigenetic therapy can be evaluated using labora-
tory technique like pyrosequencing, assay for transposase-acces-
sible chromatin using sequencing (ATAC-Seq) and quantitative 
polymerase chain reaction,84 Chromatin Immunoprecipitation 
sequencing,85 CRISPR86,87 and DNA methylation analysis are 
worth to mention.88 Sideway different routes of drug delivery 

Figure 3. Site-specific DNA demethylation using programmable 

TALE-TETs fusion. in this module, the fusion can be made using the 

specific-site DNA binding TALE at N-terminus and full-length or catalytic 

domain of TET1 at c-terminus. The amino acids for the specific TALE can 

be computationally predicted for its binding to the putative tumor 

suppressor gene promoter target sequences.71

Figure 4. cRiSPR-dcas9-TET-cD-based site-specific demethylation. 

The dcas9 fused to the catalytic domain (cD) of TET1 enzyme (indicated 

dark blue) and the single guide RNA (sgRNA) targeting the putative 

hypermethylated promoter of the tumor suppressor gene is used in this 

molecular tracker module.
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and its efficacy compared to prevailing therapeutic agents can 
be validated.

Epigenetic alterations can also be used as potential predic-
tive biomarkers for the detection of cancer and associated dis-
eases and to design corresponding targeted therapy. There are 
also many diseases caused epimutation (aberrant DNA hyper-
methylation or hypomethylation) that could be reverted using 
the above epigenomic engineering techniques. As these tools 
use the biological system and do not directly affect the DNA 
sequence mammalian genomes, it is likely to be safer and effi-
cient than conventionally used chemotherapy for such cancers. 
On top of this, it encourages the development of alternative 
therapeutic ventures like with that of nanotechnology and 
screening of small-molecule inhibitors that have translational 
value to develop targeted epigenetic therapy in the near future.

Limitations associated with these strategies

Multiple tumor-suppressor genes are silenced by DNA meth-
ylation in cancer cells, and it has been reported that simultane-
ous re-activation of these multiple genes than only one specific 
gene is important for therapeutic efficacy.89 By target gene-
specific demethylation strategy, simultaneous re-activation of 
multiple genes seems to be difficult. Therefore, the potential 
strategies to overcome this disadvantage should be studies.

Another key factor that often hinders the development of 
therapy for cancer and related disease is the technical complex-
ity in understanding the disease itself and to design targeted 
therapy. On top of tumor suppressor gene hypermethylation, 
some cancer may harbor other epigenetic alteration during its 
course of progression. Hence efficacies of these site-specific 
demethylation tools still possess a variety of limitations in effi-
cacy, implementation, and targeting specificity.78

Conclusion
Cancer is a complex disease mostly associated with mutation 
and alteration in the epigenetic pathway. The widespread pres-
ence of an epigenetic abnormality in the human cancer genome 
suggests the need for persistent efforts of developing strategies 
that encompass epigenetic aberrations. Aberrant methylation 
of tumor suppressor genes can be best addressed focusing on 
the methylation status of DNA and its subsequent effects. 
Site-specific demethylation for reactivation of epigenetically 
silenced genes might provide a useful strategy to further explore 
biological mechanisms and to develop targeted epimutation 
therapy for cancer. The above discussed site-specific demeth-
ylation modalities for tumor suppressor genes can be used as an 
exemplary molecular tool to chase and develop a novel and 
potential target for epigenetic therapy of cancer and related 
diseases in the near future.
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