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In early 1940s, British Biologist Conrad Waddington coined 
the term “Epigenetics” blending the terms Epigenesis and Genetics, 
to interpret how genes interact with their surroundings to produce 
a phenotype. Since then, accumulative research has improved our 
understanding in this field and also expanded the meaning of the term 
epigenetics. Epigenitics broadly describes the study of stable heritable 
changes in gene function that occur without any alteration of the 
DNA sequences. Epigenetic processes are essential for development 
and cellular differentiation, and are also responsible for aging and 
development of several diseases, including cancer. Evidence indicates 
that both cellular (endogenous) and environmental factors influence 
epigenetic processes [1-3]. These processes include DNA methylation, 
histone modifications, and micro RNAs, and they can help to explain 
how cells with identical DNA can differentiate into different cell types.

Among the various epigenetic processes, DNA methylation is 
important, and plays a key role in gene expression, genomic imprinting, 
X-chromosome inactivation, genomic instability and embryonic
development. While proper methylation is important for development,
aberrant methylation is implicated in tumorigenesis and cancer. DNA
methylation is an enzymatic process that replaces hydrogen with a
methyl group at the 5th carbon position of cytosine. In mammals,
most cytosine methylation occurs at a particular DNA sequence, a 5’-
CpG-3’ dinucleotide. These CpG sites are often clustered together, and
these clusters are referred to as CpG islands. This DNA modification
is catalyzed by DNA methyl transferase (DNMTs). Previously, it was
thought that DNA methylation is a static process and that DNMTs
are exclusively responsible for maintenance of methylation status in
DNA. With time, numerous findings pointed out that modulation of
methylation status is important for proper development and suggested
that DNA methylation should be reversible like most other biological
processes such as phosphorylation, acetylation, etc.

Though mechanism of cytosine methylation via DNMTs is well 
established, the mechanism of demethylation has remained obscure. 
It was proposed that DNA demethylation can be passive, active, or a 
combination of both mechanisms. Passive DNA demethylation can 
occur by inhibition or lack of DNA methyltransferase activity during 
cycles of DNA replication. In contrast, active DNA demethylation is 
mediated by specific enzymes and can occur in the absence of DNA 
replication. Three different mechanisms have been proposed for active 
DNA demethylation. First, it was proposed that the methyl group 
can be directly removed from 5-MethylCytosine (mC) by specific 
enzyme. Second, the mC base (or a modified version of mC) can be 
excised by a DNA glycosylase, and then the resulting basic nucleotide 
is replaced with deoxycytidine via the base excision repair (BER) 
pathway. Whereas the third mechanism proposes a nucleotide excision 
repair pathway to remove a methylated cytosine and it is replaced by 
an unmethylated cytosine [4,5]. No enzyme has been detected yet in 
support of above. There are no direct evidences which support the 
first and third mechanism. However, increasing evidences support the 
second mechanism of active DNA demethylation via the excision of 
methyl cytosine (in plants) or modified methyl cytosine (in animals) 
by specific DNA glycosylase through the BER pathway [5]. In animals, 
two mismatch repair DNA glycosylases, Thymine DNA Glycosylase 

(TDG) and Methyl CpG-binding Domain Protein 4 (MBD4) were 
thought to be involved in active DNA demethylation, involving a two 
step processes. First, active deamination of mC by an AID or APOBEC 
enzyme generates a GT mispair, then TDG or MBD4 excises T from the 
mispair, and subsequent BER restores the GC base pair. However, clear 
evidence was lacking for such a mechanism. A number of recent studies 
have improved our knowledge on active DNA demethylation [6]. 

The discovery of 5-hydroxymethylcytosine (hmC), referred to as 
the 6th base in DNA, has made a significant contribution in the field of 
epigenetics. While hmC was detected in bacteriophage DNA in 1952 
and animal DNA in 1972, the findings drew little attention until 2009, 
when it was reported that (Tet1) Ten-Eleven-Translocation 1 mediates 
the conversion of mC to hmC [7,8]. It was subsequently reported that 
the other mammalian Tet enzymes (Tet2, Tet3) also convert mC to 
hmC [9], and that hmC has a probable role in transcriptional regulation 
[10]. More recently, it was reported that Tet enzymes can oxidize hmC 
to 5-formylcytosine (fC) and 5-carboxycytosine (caC), and that these 
bases are present in genomic DNA. It was suggested that caC could be 
converted to C by a decarboxylase [11], but such an enzyme has not yet 
been identified.

In 2011, it was reported that TDG is essential for embryonic 
development and for active DNA demethylation, involving TDG 
excision of either deaminated or hydroxylated mC followed by BER 
[12,13]. Subsequently, He et al. [14] reported that TDG can excise caC, 
the final Tet-mediated oxidation product of mC, and that depletion of 
TDG leads to accumulation of caC in DNA, while caC was not detected 
in TDG-proficient cells. At the same time, Maiti and Drohat showed 
that TDG can efficiently remove both fC and caC from DNA, and that 
the rate of fC excision is much (5-fold) faster than caC [15]. Maiti and 
Drohat noted that TDG excision of fC could potentially account for 
the observations by Raiber EA et al. that depletion of TDG causes an 
elevation of caC (and that caC is not detected in TDG proficient cells), 
because fC is a precursor for caC, and Tet-mediated conversion of fC 
to caC is relatively inefficient. A very recent finding of genome wide 
distribution of fC in ES cells, its association with transcription and 
dependence on TDG, support the TDG-mediated fC excision pathway 
[16]. However, more research is needed to establish the actual pathway. 
Another possibility was the removal of Tet-mediated oxidation products 
of mC by MBD4, another mismatch repair DNA glycosylase thought 
to be associated with active DNA demethylation. However, the lack of 
mC, hmC, fC or caC excision activity of MBD4 rules out this possibility 
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[14,17]. These results are perhaps consistent with previous findings that, 
unlike TDG, MBD4 is not essential for embryonic development [18]. 

An alternate mechanism of active DNA demethylation was also 
proposed, whereby AID/APOBEC enzymes deaminate mC or hmC 
to thymine or hmU, respectively, followed by removal of T by TDG 
or MBD4, and removal of hmU by TDG, SMUG1, or MBD4 [6,15]. 
Recently, it has been shown that AID/APOBEC enzymatic activity is 
inversely proportional to the size of the substituent at the C5 position 
of cytosine. Thus, AID/APOBEC enzymes have substantially reduced 
activity on mC relative to cytosine, and hmC is not a substrate of 
AID/APOBEC enzymes [19,20]. These observations raise questions 
about whether the AID/APOBEC-mediated deamination pathway 
can account for active DNA demethylation. Together, these recent 
and important findings have elevated TDG and the Tet enzymes to the 
forefront of epigenetics, and suggest that they may be attractive targets 
for future therapeutics.
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