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ABSTRACT
Gene expression is the prerequisite of proteins. Diverse stimuli result in alteration 

of gene expression profile by base substitution for quite a long time. However, during 
the past decades, accumulating studies proved that bases modification is involved 
in this process. CpG islands (CGIs) are DNA fragments enriched in CpG repeats 
which mostly locate in promoters. They are frequently modified, methylated in most 
conditions, thereby suggesting a role of methylation in profiling gene expression. 
DNA methylation occurs in many conditions, such as cancer, embryogenesis, nervous 
system diseases etc. Recently, 5-hydroxymethylcytosine (5hmC), the product of 
5-methylcytosine (5mC) demethylation, is emerging as a novel demethylation marker 
in many disorders. Consistently, conversion of 5mC to 5hmC has been proved in 
many studies. Here, we reviewed recent studies concerning demethylation via 5hmC 
conversion in several conditions and progress of therapeutics-associated with it in 
clinic. We aimed to unveil its physiological and pathological significance in diseases 
and to provide insight into its clinical application potential.

INTRODUCTION

Epigenetics defines a group of nucleotides 
modification, such DNA methylation, microRNA 
interference etc, as well as histone change, such as histone 
acetylation, methylation, phosphorylation etc, which could 
switch gene expression on or off. Chemical modification 
rather than base substitution occurs within DNA bases 
during epigenetic modification. DNA methylation is one 
of the most widely studied epigenetic modifications, and 
the critical role of DNA methylation in various conditions 
has been largely illustrated [1-3]. This process is precisely 
regulated by several DNA methyltransferases (DNMTs) 
including DNMT1, DNMT3A and DNMT3B. These 
enzymes are committed to transferring a methyl group 
from S-adenosyl methionine (SAM) to the 5th carbon 
of the cytosine which results in methylation. DNMT1 
is maintenance methyltransferase which functions to 
retaining methylation status after early embryonic phase 
[4]. DNMT3A/B is de novo methyltransferase which 
regulates methylation status during embryogenesis 
[5]. 5mC is one of the cytosine derivatives, and other 

derivatives include 5hmC, 5-formylcytosine (5fC) and 
5-carboxycytosine (5caC). 5mC, the dominant methylated 
product, constitutes ~1% of all mammalian DNA bases [6]. 
5hmC, the product of 5mC hydroxylation, is involved in 
methyl group elimination and supposed to be an essential 
demethylation intermediate [7, 8]. 5mC hydroxylation is 
catalyzed by Fe (II)-and 2-oxoglutarate (2-OG)-dependent 
dioxygenase ten-eleven-translocation (TETs) [8-10] 
(Figure 1). It has been proved that DNA methylation 
frequently happens in repetitive DNA fragments enriched 
in CGIs of inter-and intra-genes, such as tumor suppressor 
genes (TSG). It suggests the potential correlation between 
methylation and diseases, and provides some new targets 
for diseases treatment [11-14]. Thus, demethylation via 
5hmC conversion probably abrogates methylation, thus 
ameliorating diseases. Remarkably, some studies have 
identified that re-patterning of 5hmC profile did exist 
under diverse pathologic and/or physiologic conditions 
while 5hmC recovery could reverse them [15-19]. In 
this review, we mainly focus on demethylation via 5hmC 
conversion in cancer, embryogenesis, nervous system 
disorder as well as cardiovascular system, and attempt to 
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uncover its role in poorly understood areas. Meanwhile, 
perspective of its clinical application is also discussed to 
present its fantastic future.

DEMETHYLATION VIA 5HMC 
CONVERSION IN CANCER

Cancer which is capable of invading other tissues 
refers to disease concerning abnormal cell growth and 
proliferation. Although a large body of studies have 
highlighted that lots of stimuli, genetic and environmental 
mainly, may contribute to carcinogenesis limited studies 
mention epigenetics [20-23]. Recently, considerable 
studies have suggested involvement of epigenetics in 
cancer [24-27]. Meanwhile, it was reported that diverse 
epigenetic modifications were implicated in carcinogenesis 
in which methylation plays a leading role. In most 
cancer studies, methylation dysregulation followed by 

gene silencing or activation often occurred in pivotal 
genes, such as TSGs and oncogenes [28-32]. Hence, 
demethylation of these sites perhaps eradicates cancer. 
5hmC, the primary product of DNA demethylation, was 
firstly discovered in mammals by Penn NW et al in 1972 
[33]. Then it was found implicated in carcinogenesis [34-
37]. Global loss of 5hmC was observed in large numbers 
of cancer in which TETs dysregulation was detected 
conincidentally [33, 38]. 

1. Demethylation via 5hmC conversion in 
hematopoietic malignancies

i. Leukemia

DNA or chromosomal abnormalities is able to 
induce leukemia. Oncogenes, TSGs and other genes 
frequently mutate in leukemia [39-41]. Meanwhile, 

Figure 1: Introduction and elimination of 5hmC. TCA: tricarboxylic acid; BER: base excision repair; SAM: S-Adenosylmethionine. 
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aberrant rearrangement of chromosomes is also suggested 
a role in leukemia [42, 43]. TET2 involvement in 
leukemia has been largely demonstrated. F Viguié et al 
manifested that gene encoding TET2 was rearranged 
and deleted in acute myeloid leukemia (AML). It may 
indicate impairment of 5mC hydroxylation and subsequent 
5hmC reduction in several studies [18, 44, 45]. Because 
of the key role of TETs in demethylation, regulators of 
TETs are capable of regulating demethylation. Isocitrate 
dehydrogenase (IDH) is able to catalyze 2-OG production 
in citric cycle. IDH mutation disturbs catalytic activity 
of TETs by producing 2-HG instead of 2-OG, thus 
inducing hypermethylation in leukemic patients [45]. A 
clinical study revealed that leukemic patients with both 
TET and IDH mutation showed lower 5hmC compared 
with those without TET or IDH mutation. Meanwhile, 
they manifested patients with high 5hmC showed lower 
overall survival which indicated some other pathways 
might involve leukemia [46]. Recently, a study suggested 
that IDH2/R140Q mutation decreased demethylation via 
5hmC conversion and increased expression of several 
differentiation-related genes accompanied with activation 
of Meis1-related hypoxia pathway in transgenic leukemic 
mice [47]. It indicates critical role of IDH2 in development 

and maintenance of AML stem cells and implication of 
environmental factors in leukemia. However, Sadudee 
Chotirat et al. concluded a subtle role of IDH mutation 
in preleukemic disorder which implies rare involvement 
of IDH in leukemia at the initial stage [48]. In addition, 
mutation of WT1, which binds to TET2 and cooperatively 
recruits to target site, was detected in interruption of DNA 
demethylation associated with TET2 in AML. It suggested 
the direct interaction between WT1 and demethylation 
mediated by TET2 and provided a novel therapeutic 
target [49-51]. Interestingly, another study showed that 
hypoxia was involved in decrease of DNMT and TET2/
TET3 along with increase of demethylation and WT1 
expression. Again, it incorporated environmental factors 
into conditions associated with demethylation [47, 52]. 
Additionally, TETs were suggested to bind to and be 
regulated by CRL4VprBP which monoubiquitylated its 
partners and offered them access to chromatin [53]. 

In conclusion, accumulating regulators of TETs 
are being discovered and proved as potential targets in 
leukemia treatment. Besides, environmental implication in 
leukemia is also suggested. It proposes the notion that both 
epigenetic modification and environment are involved in 
leukemogenesis. 

Figure 2: Effect of 5hmC disturbance upon cancer. 5hmC regulates cell cycle progress, apoptosis, differentiation, proliferation 
and development via their critical regulator like TSGs and oncogenes, Ebf1, Spib, Hoxa9, etc. Furthermore, 5hmC is implicated activation 
of Meis1-associated hypoxia pathway, RHOA-associated biological process as well as other pathways. 
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ii. Lymphoma

Lymphoma is lymphocyte-derived lymphatic tumor. 
It constitutes around 55% of all hematologic malignancies. 
Although diverse lymphocytes are involved in lymphoma, 
two main subtypes, T-cell and B-cell lymphomas are 
exclusively focused. In contrast to TETs disruption in 
other tumors, TETs disruption is closely associated with 
lymphoma [54, 55]. 

Cyril Quivoron et al showed that TET2 mutation 
was involved in human B-cell and T-cell lymphoma [56]. 
Another study of genomic profiling in diffuse large B-cell 
lymphoma found TET2 mutation primarily correlated 
with hypermethylation of hematopoietic differentiation-
and development-associated genes. Among these genes, 
only 11% were decreased and several tumor suppressors 
were included [57]. A large body of studies evidenced the 
key role of TET2 in most tumors and TET1 mutation was 
also suggested as tumor suppressor in B-cell lymphoma 
[54]. Lately, a study demonstrated that TET1 deletion 
was able to induce B-cell lymphoma. Gene sequencing 
showed that the mutation dominant in TET1-deleted 
mice was observed in non-Hodgkin B cell lymphoma 
(B-NHL). It indicated the crucial role of TET1 as tumor 
suppressor in B-NHL as well as a novel potential target 
for its treatment [58]. To date, these conclusions drawn 
from B-cell lymphoma studies provide more targets and 
improve prognosis of diseases.

T-cell lymphoma is associated with TETs as 
well [59-61]. In a study of human T-cell lymphoma, 
simultaneous mutation of TET2 and DNMT3A was 
detected and DNMT3A mutation precedes TET2 mutation. 
It indicated the role of DNMT3A in T-cell lymphoma at 
early stage [61]. Consistently, a case study showed that 
TET2 was mutated in most samples (~76% in cohort) 
along with mutation of other genes, such as IDH2 and 
DNMT3A [62]. Besides, mutation of RHOA was also 
found following TET2 mutation. It suggested that TET2 
might regulate physiology-associated processes through 
demethylation [63]. 
iii. Myeloma

Myeloma constitutes ~14% of total hematologic 
malignancies. It is involved in multiple organs and 
tissues, such as head, bone, kidney, blood etc, and 
thus being designated as multiple myelomas (MMs). 
Methylation influences myeloma by suppressing TSGs, 
activating oncogenes or regulating other proliferation-
and differentiation-associated genes [64-66]. Although 
methylation is widely involved in MMs, relationship 
between MMs and demethylation via 5hmC conversion 
is poorly studied. Tumor suppressors, miR-9-1 and 
miR-9-3, were showed to be re-activated by 5-aza-2’-
deoxycytidine in MMs. This suggests a new participator 
of MMs pathogenesis [67]. DNMT3A was downregulated 
resulting from hypermethylation. It suggested methylation 

abnormality happened in MMs [68]. Thus, DNMT3A is 
nominated as a prognostic marker of MMs. Moreover, 
Xabier Agirre et al observed that different hypermethylated 
sites were showed in enhancers other than promoters. 
It implied genes downregulation was correlated with 
enhancers hypermethylation in MMs. Therefore, it enables 
us to focus on other elements of genes besides promoters 
[69]. Though there are few studies associated with MMs, 
studies of DNMTs-mediated methylation dysregulation 
forward the research on TETs in MMs.

Demethylation via 5hmC conversion in alimentary 
system malignancies

Alimentary system consists of mouth, esophagus, 
stomach, intestine and their accessory organs including 
pancreas, liver and cholecyst. Rich blood vessels, body 
fluid transportation as well as environmental factors 
predispose alimentary system to malignancy. Hence, it is 
very important to unravel detailed mechanisms. Increasing 
importance of methylation manifested in cancers makes 
demethylation a novel way of anti-cancer.
i. Esophageal cancer

Though esophagus is positioned as the initial 
portion of alimentary system, few studies mentioned 
interrelationship between demethylation via 5hmC 
conversion and esophageal cancer. Recently, Asuka 
Murata et al. showed that 5hmC was decreased in 
esophageal squamous cell carcinoma (ESCC), and this 
reduction was due to TET2 suppression. Meanwhile, a 
direct correlation between 5hmC and overall survival (OS) 
was also manifested in this study [70]. 
ii. Gastric cancer

Lots of studies highlighted that 5hmC loss in gastric 
cancer (GC) was associated with TET1 downregulation 
[71, 72]. Accordingly, other studies identified that 5hmC 
was downregulated through decreasing TET1, not TET2 or 
TET3, and indicated low 5hmC as a poor diagnostic marker 
in GC [36, 73]. As tumor suppressor, TET1 suppression in 
GC was attributed to promoter hypermethylation of TET1. 
It further verified the disturbance of DNA methylation in 
cancer [74]. Consistently, Fu et al. showed that TET1 
functioned as tumor suppressor via TSGs activation and 
oncogenes inhibition [75]. Herein, 5hmC dysregulation 
due to disturbance of various TETs indicates that any TET 
is probably involved in demethylation of GC. 
iii. Colorectal cancer

Demethylation via 5hmC conversion in colorectal 
cancer (CRC) is largely proposed and studied. 
Considerable decrease of 5hmC in CRC was detected, and 
thus suggesting demethylation disturbance is involved in 
CRC [76]. Keun Hur et al revealed that hypomethylation 
was capable of activating several oncogenes which were 
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silenced by methylation in CRC [77]. Although TETs 
mutation in CRC is rarely studied, alteration of their 
methylation is frequently addressed. Norihisa Ichimura 
et al. demonstrated TET1 methylation could contribute to 
CRC, thus aiding in CRC diagnosis [78]. Another study 
confirmed TET1 was involved in cancer cells proliferation 
via WNT signal pathway. Meanwhile, it suggested TET1 
as tumor suppressor in colon cancer [79]. Besides, 
Santiago Uribe-Lewis et al. demonstrated that promoters 
enriched in 5hmC in normal colon as well as targets of 
TET2 in CRC were resistant to hypermethylation while 
this process was not mediated by TET2. Thus, it indicated 
5hmC could be a biomarker for proliferation of cancer 
cells in CRC [80]. Moreover, TET1 was increased by 
ROS resulting from 5-FU followed by induction of cancer 
drug resistance in CRC. It indicates involvement of ROS 
pathway in demethylation and drug resistance [81, 82]. 

3. Demethylation via 5hmC conversion in nervous 
system tumors

Tumors in nervous system include glioblastoma, 
glioma, astrocytoma etc. As demethylation implication in 
other cancers, it is also associated with nervous system 
tumors. A study in normal brain and brain tumor showed 
that 5hmC was decreased to 1.1-1.9% in brain tumor 
compared with 61.5% in normal brain. It indicated 5hmC 
could be a marker of brain cancer [83]. It was consistent 
with studies presented by Jin SG and Brent A Orr [84, 85]. 
Meanwhile, the inverse relationship between 5hmC level 
and proliferation of brain tumor cells was concluded. It 
indicated the potential of 5hmC as a diagnosis marker of 
brain tumor. Mutant IDH1, which is profoundly related 
to methylome reconstruction of glioma, could produce 
2-OG, and thus inhibiting TETs [86]. However, another 
study demonstrated that 5hmC loss was independent of 
IDH1 mutation but associated with nuclear exclusion 
of TETs [87, 88]. Thereby, it pushed us back to track. 

Figure 3: Demethylation and remethylation in mouse early embryogenesis and PGC reprogramming. In pre-implantation 
reprogramming, demethylation initiates at 6h-8h after fertilization and is completed on E6 when implantation happens. Thereafter, 
remethylation initiates and completes around E9. Demethylation of PGC initiates on E10 and attains in 2 days while remethylation occurs 
at birth. 
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Consistently, Hans A Kretzschmar et al observed 
5hmC increased in IDH1 mutation-independent way in 
glioblastoma [89]. It also showed the inverse proportion of 
5hmC and proliferation markers, Ki67 and H3S10p. This 
indicated involvement of demethylation in brain tumor 
cells proliferation and potential of 5hmC as tumor marker. 
Notwithstanding, Kraus TF et al demonstrated that 5hmC 
disturbance in brain tumor was not associated with TETs 
mutation while it might be related to disruption of gene 
expression or inhibition of related proteins [90].

In addition to these cancers, other cancers, like 
melanoma, hepatocellular carcinoma, breast cancer etc, 
were also highlighted to be associated with demethylation 
disturbance [91-94]. One or more TETs are likely 
involved in cancers followed by products change of target 
genes which are related to proliferation, differentiation, 
tumorigenesis, drug resistance etc. Interference with 
these pathways provides us more possibility to eradicate 
cancers. Meanwhile, more targets are in the pipeline. They 
inspire researchers to design more specific and potent 
therapies for cancers. 

DEMETHYLATION VIA 5HMC 
CONVERSION IN EMBRYOGENESIS

Embryogenesis is a quite sophisticated process 
composed of cell proliferation and differentiation at 
early embryonic stage. After fertilization, zygote cleaves 
on the 2nd day which will not stop until achieving a 
blastomere comprising 16 or 32 cells termed as morula. 
Subsequently, blastulation, which indicates several mitotic 
divisions making cells count to 128, occurs followed by 
blastula implantation, gastrulation and organogenesis 
in order. This is the so-called histological process of 
embryogenesis. However, how each cell is committed 
to the cell with specific functions, such as neuron, gland 
cell, and movement cell, is a totally different story. DNA 
imprinting is epigenetic modification of DNA existing in 
all somatic cells. It confers specific expression profile to 
individual cell followed by specific functions. It has been 
verified that DNA methylation is the major player in DNA 
imprinting [95, 96]. The genome-wide demethylation 
and the following methylation recovery occur at pre-
implantation stage in primordial germ cells (PGCs). 
Preparation of this process for cell totipotency retrieval 
has been proved, thus identifying the role of demethylation 
in normal embryogenesis and suggesting the role of 
eccentric demethylation in abnormal embryogenesis 
[97, 98]. A large number of studies have showed that 
DNA methylation in embryogenesis was due to DNA 
methyltransferase, and demethylation was due to TETs [5, 
99-104]. 

1. Demethylation via 5hmC conversion in pre-
implantation reprogramming

During pre-implantation stage, cleaving zygote is 
demethylated after 6-8 hours of fertilization in paternal 
genome while several cell divisions in maternal genome. 
Thenceforth, cells undergo de novo methylation for gene 
expression profiling [95, 97]. Thus, pre-implantation 
reprogramming via demethylation and methylation is 
especially essential for embryogenesis.

Several pathways are implicated in demethylation 
of early embryogenesis and PGCs [105, 106]. 5mC 
conversion to 5hmC is considered as one genome-
wide demethylation pathway in pre-implantation 
reprogramming, and several candidate demethylases are 
verified [96, 107]. Recently, several studies showed that 
TETs further oxidize 5hmC, 5fmC and 5caC stepwise 
whose end-product can be converted to 5C by thymine 
DNA glycosylase (TDG) or replication-dependent 
dilution at early embryonic phase [8, 108, 109]. Shinsuke 
Ito et al revealed that TET1 played an important role 
in demethylation of mouse embryogenesis via 5hmC 
conversion. They observed that TET1 KO could induce 
differentiation preference. It indicated the role of TET1 
in embryonic cells specification and maintenance [17]. 
Another study confirmed the role of TET1 in active DNA 
demethylation via 5hmC conversion in early porcine 
embryo. It also demonstrated that 5mC, not 5hmC, was 
involved in initial cell specification in blastocysts [104]. 
However, an in vivo study showed that TET1 KO did not 
influence multipotency and embryogenesis [110]. Thus, 
different models may result in different results. Raul 
Mostoslavsky et al illustrated that histone deacetylase 
sirtuin 6 (SIRT6) KO was capable of increasing 5hmC 
in TET-dependent way. This drew out an upstream 
regulator of TETs-mediated demethylation. Furthermore, 
it implies that other epigenetic modifications, such as 
histone acetylation, are implicated in genome-wide 
demethylation through mediating TETs [111]. Besides, 
Jinsuk Kang et al revealed that much loss of 5hmC and 
much gain of 5mC due to TET1/3 KO in embryo of eight-
cell stage occurred along with altered gene expression 
which could produce holoprosencephaly phenotype [112]. 
Meelad M Dawlaty et al found that triple-knockout of 
TET1/2/3 was able to diminish 5hmC. This impaired 
ESC specification in both embryonic stem cells (ESCs) 
and embryoid bodies (EB) by promoter hypermethylation 
[113]. However, another study exhibited different 
methylation style of DNA imprinting region in TETs-
deleted models. It suggested that DNA imprinting regions 
of various genes were differentially modulated by TET. 
Furthermore, irregular methylation of DNA imprinting 
regions after TETs deletion observed in ESC and EB 
suggested limited application of EB in epigenetic study of 
embryogenesis [114]. Additionally, a study concluded that 
PRDM4 was capable of accelerating active demethylation 
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which is partially through TET1 and TET2 recruitment 
to target loci in ESCs. It implied existence of other 
participators in TETs-mediated demethylation [115]. 
Taken together, TETs-mediated demethylation is crucial 
for embryogenesis. The involvement of this demethylation 
pathway in developmental abnormalities just started. More 
targets and the detailed mechanisms are required to be 
fully demonstrated.

2. Demethylation via 5hmC conversion in PGC 
reprogramming

PGC is the second extragonadal source of gamete 
cells occurring at 8th day after gestation [116, 117]. PGC, 
which is capable of being induced to pluripotent stem 
cells (PSCs), derives from epiblast before inner cell 
mass (ICM) generation [118, 119]. Similar with pre-
implantation, genome-wide DNA demethylation as well 
as methylation recovery occurs in PGC to obtain germ cell 
phenotype [120-122]. Genome demethylation is completed 
between E10.5 and E12.5 after gestation, and then the 
roles of multiple demethylases in PGC development are 
demonstrated [123, 124]. 

Recently, a study demonstrated that elevated TET1/2 
decreased methylation in PGC, and sites escaping from 
demethylation, which were proved to be repeated loci, 
such as intracisternal A-particle (IAP), were also showed 

[102]. Thus, similar mechanism mediated by TETs may 
prevail in PGC reprogramming. Another study suggested 
that 5mC and 5hmC were low during E8.5 and E9.5 before 
5hmC increased. The fact 5hmC enriched at chromatin 
area in TET1-dependent way implied TETs might be 
implicated in other modifications [125]. John J Vincent 
et al illustrated that TET1/2-mediated demethylation 
was involved in late phase of demethylation rather than 
initial phase. It suggested TETs played different roles in 
different phases of PGC reprogramming [126]. Another 
study concluded that DNA demethylation was correlated 
with ssDNA break and base excision repair pathways. It 
exhibited the potential function of DNA demethylation 
in PGC development [127]. Meanwhile, a study in AID 
deficiency implied other partners might play some roles 
in PGC methylation [128]. Calvopina Joseph Hargan 
demonstrated that demethylation pathway in PGC 
which was replication-dependent was similar with ESCs 
[129]. Therefore, TETs-mediated demethylation in PGC 
reprogramming plays the crucial role as in ESCs. They 
are differentially implicated in various phases of PGC 
reprogramming and target diverse signal pathways in 
addition to demethylation. To date, our insight into the 
role of demethylation via 5hmC conversion in PGC 
reprogramming is limited, and further studies are required. 

Figure 4: Effects of 5hmC disturbance upon nervous system. 5hmC is involved in various nervous system disorders via 
transcription dysregulation of a large pool of factors, and these factors play essential role in neural cellular differentiation, proliferation and 
development.
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DEMETHYLATION VIA 5HMC 
CONVERSION IN NERVOUS SYSTEM

Methylation is involved in nervous system while 
demethylation is less addressed [130-138]. However, 
milestone built by Skirmantas Kriaucionis, Shinsuke 
Ito and Mamta Tahiliani changes this situation [8, 10, 
139]. From then on, accumulating studies showed that 
demethylation via 5hmC conversion was correlated with 
development and diseases in nervous system. Though 
5hmC is abundant in brain for obscure reason, it drives 
researchers to explore its roles in nervous system. 

1. Demethylation via 5hmC conversion in nervous 
system development

5hmC, which constitutes 0.6% of all nucleotides in 
Purkinje neurons and 0.2% in granule cells, is involved 
in nervous system development [140]. It was showed that 
8% CpG of all autosomal chromosomes contained 5hmC, 
and it mainly enriched in enhancers and exons [141]. 
Differential distribution of 5hmC in brain implied 5hmC 
was associated with neurodevelopment and disorders [142-
144]. Keith E Szulwach et al demonstrated that dynamic 
shift of 5hmC occurred at different stages of neural cells. 
However, some sites were 5hmC-conservative. Besides, 
5hmC was in inverse proportion with methyl-CpG-
binding protein 2 which was Rett syndrome-associated 
protein [15]. It suggested 5hmC played roles in nervous 
system. Meanwhile, 5hmC was implicated in nervous 
system development in a positive correlation way. 5hmC 
enriched in exons and UTR while diminished in introns 
and intergenic regions. It was associated with autism 
[145]. Therefore, 5hmC does participate in nervous system 
development as well as nervous system diseases. Recently, 
Run-Rui Zhang et al demonstrated that TET1 KO could 
downregulate proliferation of neural progenitor cells 
followed by impairment of hippocampal neurogenesis in 
brain of adult mice which showed poor ability of learning 
and memory. They also detected increase of methylation 
and decrease of gene expression. These genes were 
correlated with proliferation of neural progenitor cells 
[146]. Particularly, a study detecting 5hmC among stem 
cells, neuronal progenitor cells and mature olfactory 
sensory neurons (mOSNs) found that 5hmC increased 
with development and was obviously abundant in 
mOSNs. Additionally, TET3 overexpression resulted 
in hypomethylation, increased gene expression as well 
as physiologic abnormality [147]. However, TET3 was 
showed to play a role in regulation of Dnmt3a and Dkk1 
expression by demethylation, in neural stem cells [148]. 
Interestingly, Svetlana Dzitoyeva et al examined 5hmC 
in mitochondria of mouse frontal cortex and cerebellum 
at different ages. They found that aging was exclusively 
associated with 5hmC decrease while not with 5mC in 

frontal cortex. Moreover, mtDNMT1 was depleted while 
TET2/TET3 was unaffected in frontal cortex. Nonetheless, 
TET1/TET3 was elevated while mtDNMT1 was 
unaffected during aging in cerebellum [149]. Strikingly, 
an environmental study showed that vitamin C could 
induce neural stem cells to differentiate into another type 
of neurons related to Parkinson’s disease. It was associated 
with increased 5hmC. Gene KO study suggested that it 
was mediated by TET1 [150]. This study, however, not 
only exhibited importance of demethylation in nervous 
system disorders, but emphasized effect of environmental 
factors on epigenetic modifications.

2. Demethylation via 5hmC conversion in other 
nervous system disorders

Besides nervous system development, 
demethylation via 5hmC conversion is emerging as a 
key epigenetic modification in other nervous disorders. 
5hmC reduction was found in Huntington’s disease (HD) 
which was mediated by several signal pathways associated 
with neural development and differentiation [151]. In 
Alzheimer’s disease (AD), both 5mC and 5hmC were 
elevated along with differential distribution in various 
neural cells and increasing AD markers. It indicated 
targeting 5hmC could be applied in AD treatment [152]. 
Moreover, in Autism spectrum disorder (ASD), A Zhubi 
et al observed 5hmC enriched in promoter of methyl CpG 
binding protein-2 (MeCP2)-binding accompanied with 
TET1 enrichment and binding. They were able to facilitate 
MeCP2 binding and gene expression [153]. Furthermore, 
in prenatal stress, Erbo Dong et al. revealed that 5hmC 
enriched in promoter brain-derived neurotrophic factor 
(Bdnf) gene. This gene correlated with social behaviors. 
Thus, it implied a potential role of 5hmC in reducing Bdnf 
expression [154].

Overall, considerable studies showed the role of 
demethylation via 5hmC conversion in nervous system. 
Most of them clarified the involvement of TETs in this 
process while some did not. Therefore, more studies are 
required for its role in nervous system.

DEMETHYLATION VIA 5HMC 
CONVERSION IN OTHER CONDITIONS

The particular fate of cardiomyocytes similar with 
neurons requires studies concentrating on demethylation 
in heart. Though 5hmC is very low in human heart, high 
5hmC enrichment in repetitive elements and intergenic 
regions in cardiac hypertrophy compared with high 5hmC 
enrichment in gene bodies of normal heart suggests that 
5hmC-mediated demethylation shifts under pathologic 
condition. It links heart dysfunction to demethylation [76, 
155]. Another study revealed that a large scale of 5hmC 
enriched in Notch pathway-related genes in skeletal 
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muscle, heart, and cerebellum. This pathway was critical 
for stem cells [156]. Recently, a study in uterus showed 
that caffeine exposure could alter methylation patterning 
by interrupting both DNMTs and TETs. This alteration 
increased wall thickness and left ventricular mass [157]. 
Consistently, cardiac hypertrophy induced by cAMP 
was through similar mechanism [158]. Renjing Liu et al 
showed that TET2 was capable of regulating plasticity 
of smooth muscle cells (SMCs) and differentiation of 
fibroblasts towards SMCs while TET2-dependent 5hmC 
upregulation could mitigate intimal hyperplasia [159]. 
It showed a potential role of demethylation via 5hmC 
conversion mediated by TETs in differentiation of 
cardiovascular cells. Otherwise, arsenic, a drug closely 
correlated with heart dysfunction, was showed to be 
associated with demethylation in rat heart. It suggested 
a novel mechanism of arsenic in heart diseases [160-
164]. These studies extend our insight into the roles of 
demethylation in cardiovascular system and suggest a 
bright future of demethylation in heart diseases treatment. 

PHAMACOTHERAPEUTICS OF 
DEMETHYLATION IN DISEASES

The important role of demethylation in diseases 
indicates the promising perspective of demethylation 
therapy. In fact, several demethylation agents have been 
studied and applied as a strategy for diseases treatment, 
such as 5-azacitidine, decitabine, zebularine, clofarabine, 
fazarabine, MG98 etc [165]. As newly discovered 
demethylation enzymes, candidates intervening TETs 
are in the pipeline. However, stories happened to former 
demethylation agents may promise us its encouraging 
perspective.

1. Demethylation agents targeting DNMTs

Different from TETs, DNMTs are important 
maintenance methyltransferase in mammalian cells. A lot 
of studies have showed that DNMTs imbalance occurs 
widely in various conditions and is closely linked to their 
abnormal methylation [166, 167]. DNMTs inhibition 
induces DNA demethylation. Agents targeting DNMTs 
have presented remarkable role clinically [168, 169, 170]. 
Meanwhile, DNMTs themself can be a clinical predictor 
of disease stages [167].
i. Nucleoside analogues 

Generally, the majority of DNMTs inhibitors are 
nucleoside analogues. These inhibitors can be incorporated 
into DNA or RNA followed by covalent bond formation 
with DNMTs and consequent inhibition [165]. Then, 
methylation profile will be altered in organisms. 

 5-azacitidine (5-AZA), one of cytidine analogues, 
has been approved by FDA as a drug mainly for MDS 

treatment in 2004. The approval summary reported that 
5-AZA was able to improve prognosis of MDS patients by 
eliminating the transfusion dependence and normalization 
of blood cells as well as bone marrow morphology 
[171]. Notably, a recent clinic study demonstrated that 
5-AZA showed effect in AML treatment [172]. This 
study evidenced that 5-AZA improved OS in contrast 
to conventional regimens. Furthermore, 5-AZA was 
more effective for patients with cytogenetics and MDS 
alterations. Besides, substantial studies have suggested the 
role of 5-AZA in various cancers [173, 174, 175]. Although 
demethylation activity of 5-AZA has been reported for 
quite a long time, its mechanism was considered to be 
mediated mainly through inhibiting RNA/DNA synthesis 
initially while its implication in DNMTs regulation was 
demonstrated later [176]. Decitabine, also called 5-aza-2’-
deoxycytidine, is another analogue of cytidine which can 
be incorporated into DNA, and subsequently inhibiting 
DNMTs. Decitabine was approved as drug for MDS 
treatment by targeting DNMTs in 2006 [177]. A MDS 
patients study showed that patients receiving decitabine 
attained higher response rate, improved hematologic 
environment as well as longer interruption to deteriorative 
stages [178]. Similar with 5-AZA, decitabine shows 
effect in multiple diseases, such as AML, lymphoma, 
lung cancer etc [179, 180, 181]. Different from 5-AZA, 
decitabine is deoxynucleoside analogue which determines 
its exclusive role in DNA methylation. Thanks to 5-AZA 
and decitabine, zebularine, a new member of cytidine 
analogues, was synthesized aiming to provide a more 
effective and safer drug for cancer treatment. In addition 
to DNMT, zebularine also deactivates cytidine deaminase 
which is crucial for maintenance of pharmacologic activity 
of cytidine analogues, and thus improving its effect [182, 
183]. Interestingly, Cheng JC et al. found that not only 
did zebularine confer cells growth inhibition and silenced 
cancer-antigen genes re-expression to cancer cells, but 
also zebularine downregulated DNMT1 preferentially 
[184]. Also, zebularine functions in multiple conditions 
including immune diseases, cell differentiation etc [185, 
186]. 

Clofarabine, an adenosine analogue inspired 
from fludarabine and cladribine, is a FDA-approved 
drug for paediatric ALL in 2004 [187]. At first, 
mechanism of clofarabine effect is considered to be 
mediated mainly by three pathways: DNA polymerase 
inhibition, ribonucleotide reductase inhibition and 
apoptosis induction [188]. However, several recent 
studies manifested that clofarabine could demethylate 
cells at low concentration which subsequently induces 
re-expression of silenced genes in cancers [189, 190]. 
These findings indicate demethylation may be the 4th 
pathway of clofarabine treatment in cancers which may 
be independent of DNMTs. 
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ii. Non-nucleoside analogues agent

MG 98, a 20bp antisense oligodeoxynucleotide, 
specifically binds to 3’-UTR of DNMT1, and subsequently 
interfering DNMT1 expression. Many studies of MG98 
have been carried out in various scopes while different 
results are obtained in different conditions. Rebecca B. 
Klisovic et al. reported that MG98 showed no effect in 
AML treatment [191]. Nonetheless, Robert J. Amato et 
al suggested that combination of MG98 and interferon-
α-2β was capable of alleviating advanced renal cell 
carcinoma [192]. These differences may result from 
cancer-selectivity and combination with other agents of 
MG98. Thus, it is still fair fantastic to investigate antisense 
oligonucleotide focusing on its role in varied conditions 
and its combination with other agents.

RG108 is a newly synthesized inhibitor which 
functions by directly binding to active site of DNMT1. 
Bodo Brueckner et al. evidenced that RG108 could 
demethylate cancer cells significantly followed by TSGs 
re-expression. Notably, RG108 treatment did not manifest 
any toxicity [193]. Another study also showed that RG108 
was capable of inhibiting proliferation of cancer cells. In 
addition, it demonstrated that its combination with histone 
acetylation inhibitors could strengthen potency of RG108 
[194]. Interestingly, RG108 could meliorate stem cells 
therapy by improving anti-senescence of stem cells [195]. 
As a new DNMT inhibitor, RG108 deserves considerable 
exploration due to its low toxicity and other advantages.

 In sum, nucleoside analogues are predominant 
demethylation agents targeting DNMT. Many of them have 
showed remarkable perspective and been applied as clinic 
regimens. Nevertheless, side effects emerge as another 
challenge for us. For example, decitabine interrupts RNA, 
DNA and protein synthesis both in sick and healthy cells, 
and thus being toxic. Therefore, biochemical synthesis is 
required to develop more effective and safer agents. That 
is why agents, such as MG98 and RG108, are synthesized. 

2. Demethylation agents targeting TET

As TETs are newly discovered methylation-
associated enzymes, agents targeting them are on the way. 
However, several studies have given us insight into its 
bright future. 

A study showed that vitamin C was able to 
induce TET-dependent demethylation in ES cells by 
activating TETs followed by genes re-expression. It 
suggested that agents targeting TET could alter stem 
cells destiny, and thus probably being applied in clinic 
[196]. In human cancer skin cells, vitamin C treatment 
conferred anti-apoptotic function to cells by activating 
TET, demethylating DNA, and thus re-patterning gene 
expression profile [197]. Additionally, vitamin C-mediated 
TET regulation was involved in nervous system 
development [150]. 

 Although there is no specific agent targeting TETs 
due to their new membership in family of demethylation 
agents, what happens to DNMTs as well as great 
progress of TET studies inspires us to explore deeply and 
continuously.

SUMMARY

Here, we summarized studies mainly pertaining to 
demethylation of 5hmC conversion mediated by TETs in 
several conditions as well as progress of TETs-associated 
therapeutics. We conclude that demethylation does play 
pivotal roles in cancer, embryogenesis, nervous system, 
CVS and other conditions despite poorly available studies 
in some categories, and these roles in these conditions are 
associated with proliferation, differentiation, DNA break 
repair, drug resistance and other process at transcription 
level. With these discoveries, 5hmC, similar with 5mC, 
is increasingly applied as a prognostic biomarker in 
disease advance and treatment. 5hmC reversing is capable 
of rectifying the disturbance resulting from methylation 
dysregulation in some diseases. To date, its effects in most 
cancers, embryogenesis and nervous system have been 
well established, but more studies about its role in other 
conditions like CVS are required. Moreover, researches 
of TETs-dependent demethylation agents are just at the 
beginning, more investigations are intensely required. 
Though there may be a long way, this way is fair fantastic 
and interesting.
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