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1. INTRODUCTION

DNA modification is one of the most widely studied epigenetic modifications in high
eukaryotic systems. Modified DNA bases impact gene regulation beyond the primary DNA
sequence and affect a broad range of different biological pathways. While these epigenetic
DNA maodifications typically do not alter the coding of the primary sequence, the modified
functional groups can encode another layer of inheritable information without affecting the
base-pairing interface. The reversible installation and removal of these DNA modifications
afford further dynamic regulation of gene expression.

5-Methylcytosine (5mC), the predominant DNA modification in eukaryotes, has long been
accepted as the “fifth base” in mammalian genomic DNA.! The installation of this modified
base has been well-studied.23 Using S-adenosylmethionine (SAM) as a common
electrophilic methylation source, the methyl group can be installed onto the C-5 position of
the cytosine base by DNA methyltransferases (DNMTs)# (Figure 1). The 5mC base is
mainly located at the CpG dinucleotides and could be maintained by DNMT1 during DNA
replication (DNMT1 converts hemimethylated CpG generated after replication to fully
methylated CpG).5€ Therefore, 5mC is a stable and inheritable epigenetic mark. In the past
decades, 5mC has been shown to play crucial roles in gene regulation, genomic imprinting,
X-chromosome inactivation, and many other processes.” In general, the methyl
modification is considered a repressive mark for chromatin status.”8 The pattern of 5mC at
specific loci affects cellular programming during development.? From a chemical point of
view, the C—C bond is chemically stable and difficult to be cleaved under mild conditions.

However, DNA demethylation or the change of DNA methylation pattern has been observed
during fertilization and early embryonic development.®-12 Two demethylation models have
been established. In a passive demethylation model, the methylated cytosine is diluted
during DNA replication through the downregulation of the activity of DNMTL. In a recently
discovered active demethylation pathway, the methyl group is enzymatically processed and
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removed. While the passive pathway is a relatively straightforward mechanism, the
understanding and study of the active demethylation pathway has been more
complicated,1911 particularly considering that the chemically inert C—C bond of 5mC
methyl group needs to be cleaved under physiological conditions. Numerous efforts have
been dedicated to the understanding of the molecular mechanism of this specific C—C bond-
cleavage process.

In 2009, two breakthrough reports revealed the discovery of 5-hydroxymethylcytosine
(5hmC), the oxidative product of 5mC, at surprisingly high abundance in mammals.13.14 A
family of ten-eleven translocation (TET) proteins was also characterized to catalyze the
oxidation reaction of the methyl group of 5mC in DNA.14 Subsequently, it was shown that
TET enzymes can execute stepwise oxidation of 5hmC to 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC) (Figure 1). The further oxidized 5fC and 5caC can be recognized
and cleaved by thymine DNA glycosylase (TDG) and restored to normal cytosine through
the base-excision repair (BER) process,1®-17 which accomplishes the active demethylation
of 5mC.

TET proteins were initially described as a fusion partner of the myeloid/lymphoid or mixed
lineage leukemia (MLL) gene in acute myeloid leukemia (AML).18:19 |n vivo studies of Tet
genes have revealed their distinct expression patterns.29-23 Functional analyses of Tet-
deficient mice have indicated that these proteins play regulatory roles in diverse biological
processes, such as zygotic epigenetic reprogramming, germ cell development, pluripotent
stem cell differentiation, and myelopoiesis.20.21.24-33

Since the discovery of 5hmC as a potential epigenetic mark in mammalian genome,
quantification and sequencing methods have been developed to study the global level and
genome-wide distribution of 5hmC, 5fC, and 5caC.34-51 Mapping of 5hmC, 5fC, and 5caC
has revealed the association between these 5mC oxidation derivatives and gene regulatory
elements, suggesting that 5hmC, 5fC, and 5caC are not only the 5mC oxidation
intermediates but may also act as epigenetic marks.37:40.4145-48 On the other hand, the
development of enrichment, labeling, and sequencing methods has also facilitated functional
investigations of TET proteins,13:34.52

In this review, we first summarize the oxidation activity and the mechanism of the TET
proteins and TET-dependent demethylation pathways. Next, we review the interaction
partners of TET proteins that may regulate TET activity and function. Finally, we discuss
the potential impact of TET proteins in human cancer. Our goal is to outline the
development of the TET activity study, the functional significance of TET proteins in
epigenetics, and its implications for the pathogenesis of human diseases.

2. TET OXIDATION AND DNA DEMETHYLATION

2.1. TET Enzyme and Its Oxidation Activity on Cytosine Derivatives

A bioinformatics comparison of the sequences of TET genes to those of the thymine
oxidases, J-binding protein 1 (JBP1) and 2 (JBP2), facilitated the discoveries of the TET
enzymes as well as the 5mC oxidation activity. JBP1 and JBP2 belong to the family of
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iron(I1)/alpha-ketoglutaric acid (a-KG)-dependent dioxygenases that sequentially catalyze
the oxidation and glycosylation of thymine in DNA in the base J biosynthesis pathway.>3
Both Borst and Sabatini groups predicted that JBP1 and JBP2 can oxidize thymine to 5-
hydroxymethyluracil in the first step of base J synthesis.>*2° Interestingly, thymidine
hydroxylase, another member of this protein family, has demonstrated the ability to oxidize
the methyl group of thymidine stepwise to the hydroxymethyl group, formyl group, and
carboxyl group.®857 The reaction kinetics has been well-studied in different thymidine
hydroxylases from different species.>8-63 Several mammalian homologues of JBP1 and
JBP2 were identified by Rao and co-workers through computational analysis.14.64 These
homologues are the TET family proteins, of which the TET1 gene was previously known as
a fusion partner of the MLL gene in acute myeloid leukemia (AML). Quantifications of
5hmC reveal that the new cytosine modification accumulates in most mammalian cells and
tissues, as well as in even up to 40% of the total modified cytosines in postmitotic neuronal
Purkinje cells.13:35:65 |n vivo and in vitro experiments confirmed the oxidation activity of
5mC to 5hmC by the TET proteins;14 TET proteins significantly affect the cellular level of
5hmC.14.66 By tracking global 5hmC levels at each stage of the cell cycle in mouse
embryonic stem cells (MESCs), Balasubramanian and co-workers found that 5hmC appears
to be a stable DNA mark.57 These results implicate potential epigenetic roles of 5hmC as
well as the epigenetic regulatory functions of TET enzymes. However, the restriction
enzyme-based TET oxidation activity test assay cannot detect the oxidized modification
base directly, which hampered the discovery of the further oxidation activity of TET.

In 2011, the stepwise oxidation of 5hmC by TET proteins was revealed by using synthetic
nucleosides as standards (Figure 1).17:35 Using thin-layer chromatography (TLC), chemical
transformation, and highly sensitive high-performance liquid chromatography—mass
spectrometry (HPLC-MS) techniques, 5fC and 5caC were detected in TET-mediated 5mC
oxidation reactions as well as in the genomic DNA of mESC and various mouse tissues.3%:36
TLC is a classic and sensitive technique for the detection of modified bases.®8 However, the
resolution of TLC retention factor is relatively low. Although the resolution can be
improved with 2-dimentional TLC, the technique requires an optimized buffer system and a
high dose of radioactive material. The HPLC-MS technique provides multiple detection
channels capable of separating and quantifying multiple base modifications simultaneously.
The employment of these highly sensitive technologies largely facilitates the discovery of
the new oxidation products and the stepwise oxidation activity of TET proteins. While
mammalian TET proteins preferentially oxidize 5hmC all the way to 5caC in vitro,17:35.69
mushroom TET proteins can lead to the accumulation of 5fC in the same oxidation
reaction,’® which may suggest functional roles of 5fC in mushrooms. The distinct chemical
properties of methyl, hydroxymethyl, formyl, and carboxyl groups provide the possibility of
dynamic epigenetic regulation; binding of existing and potentially new reader proteins that
recognize modified cytosines in DNA could be affected by these different functional groups.

TET proteins are also known to oxidize 5mC on single-stranded DNA, 7172 although with
lower activity compared to 5mC on double-stranded DNA. TET3 is known to also exist in
the cytoplasm of mammalian cells. Recently, Wang and co-workers reported an interesting
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oxidation activity of 5mC to 5hmC on RNA,3 suggesting a potential functional role of TET
on RNA.

2.2. TET Oxidation Activity on Thymine

Besides oxidation of 5mC, Carell and co-workers reported a new oxidation activity of TET
enzymes in which thymine in DNA is converted to 5-hydroxymethyluracil (Figure 2).74
Using isotope-labeled nucleosides or isotope-labeled SAM, the in vivo oxidation dynamics
of cytosine modifications can be monitored by highly sensitive HPLC-MS. The in vivo
TET-mediated oxidation can be differentiated from the reactive oxygen species (ROS)-
induced oxidation. Moreover, the isotope-labeled nucleosides can also act as internal
standards that further improve quantification of these base derivatives by HPLC-MS.

The change in the 5ShmU level during the early differentiation phase of mESCs was shown to
be similar to that of the 5mC oxidation products, further suggesting that the majority of
5hmU could be products of TET-based oxidation of thymine in DNA. Carell group reported
that the level of 5ShmU in the mouse cortex is relatively low compared to that in mESCs,
suggesting potential different functional roles of 5ShmU in mESCs and in mouse brain.
Interestingly, TET proteins do not seem to further oxidize 5hmuU to 5-formyluracil (5fU),
which is considered as a type of ROS-induced DNA damage.

Protein pull-down analysis revealed that 5ShmU can influence binding of chromatin
remodeling proteins and transcription factors. Previous studies have suggested the formation
of 5hmU from deamination of 5hmC in the active demethylation pathway:”>78 this thymine
oxidation activity indicates that 5hmU mainly locates in the context of T:A base pairs
instead of C:G base pairs. Although we have recently developed the enrichment method for
5hmU in C:G base pairs,’’ the lack of a sequencing method for genome-wide ShmU
detection in T:A base pairing still hampers our understanding of the distribution and
potential function of 5ShmU.

2.3. TET-Dependent Active DNA Demethylation

During DNA replication, the level of 5mC is maintained through methylation of the newly
synthesized DNA by DNMT1.%6 Loss of this maintenance activity dilutes the methylation
level after each cell cycle, which leads to passive demethylation. However, in certain
biological contexts, the replication-independent removal of 5mC exists; this is known as
active demethylation. During fertilization, for example, as revealed by antibody-based cell
imaging, the paternal genome goes through a rapid and prevalent demethylation process
while maternal and paternal genomic materials do not merge in the one-cell embryo.?
Genome-wide demethylation is thought to occur actively during this process.
Immunostaining of 5mC, 5hmC, 5fC, and 5caC revealed the loss of 5mC in paternal
chromosome along with the appearance of 5ShmC/5fC/ 5caC.21-23.78-80 | jy and co-workers
reported that deletion of the Tet3 gene abolishes the reprogramming of 5mC in mouse
pronucleus, suggesting that TET-mediated oxidation is required for this active
demethylation. Single-base, allele-specific DNA methylomes from mouse gametes, early
embryos, and primordial germ cell (PGC) obtained recently revealed that a significant
portion of 5mC and its oxidation derivatives are converted to unmodified cytosines
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independent of replication in both maternal and paternal genomes.8 Genes with
hypomethylated promoters are enriched in embryogenesis and organ development, further
confirming the association between DNA demethylation and embryonic development.
Genome-wide, single-base resolution detections of 5hmC and 5fC in two-cell embryos
further implicate that active demethylation can be mediated through TET proteins.81

With the emerging discoveries of TET proteins and TET-mediated 5mC oxidation, the 5mC
oxidation derivatives were speculated to be involved in active demethylation. To date, the
biochemically confirmed pathway involves TET-mediated 5mC oxidation followed by base-
excision repair (BER), although a recent study suggested that a direct in vitro removal of the
5-position carboxyl group from 5caC in DNA oligonucleotides is chemically feasible under
mild conditions.82

2.3.1. TDG-Mediated DNA Demethylation—Mammalian thymine DNA glycosylase
(TDG) has been reported to interact with transcription factors, chromatin-modifying
enzymes, and DNMTs.83 TDG and methyl-binding domain protein 4 (MBD4) were
suggested to be involved in direct 5SmC excision from double-stranded DNA in mammals.84
However, the marginal activity hardly supports this possibility.82 The knockout of TDG is
embryonically lethal in mice, and this protein appears to play essential roles in epigenetic
stability during embryo development.’>8°

TDG has been known for a long time to act as a DNA repair protein that excises T from G:T
mismatch.86 The repair activity of TDG on 5hmU in the G:5hmU context was also
suggested. The 5-position substituents of cytosine can change the stability of the N-
glycosidic bond by electronic effects.8” The presence of electron-withdrawing groups can
increase the cleavage activity of TDG on modified cytosines. One major breakthrough was
made by Xu and co-workers, who reported that TDG cleaves 5caC, a product of TET-
mediated 5mC oxidation, to generate an abasic site in duplex DNA, which is further
processed through BER and restored to cytosine.1’ Maiti and Drohat further measured the in
vitro activity of TDG on 5fC and 5caC,1® showing that TDG can more efficiently cleave 5fC
than 5caC. In a computational study, Williams and Wang investigated the inherent
nucleophilic cleavage chemistry of the N-glycosidic bond in both kinetics and
thermodynamics, predicting the TDG selectivity toward 5fC and 5caC.88 Although TDG has
a higher cleavage activity on 5fC-containing DNA oligonucleotide, it exhibits a slightly
higher binding affinity to the 5caC-containing DNA oligonucleotide in the electrophoretic
mobility shift assay (EMSA).16 The crystal structure of the human TDG catalytic domain in
complex with 5caC-containing DNA oligonucleotide revealed a pocket in the active site of
TDG that is used by the protein to selectively recognize 5caC. These biochemical and
structural results confirmed the cleavage activity of TDG on 5fC/5caC-containing DNA
oligonucleotides. Therefore, 5mC/5hmC sites can be converted back to unmodified cytosine
once they are oxidized to 5fC/5caC by TET enzymes independent of replication83:84 (Figure
1). This is the first biochemically confirmed active demethylation pathway. Elevated 5fC/
5caC levels were detected in Tdg knockdown or Tdg knockout mESC genomic DNA,
supporting the involvement of TDG in 5fC/ 5caC removal.3® Sequencing methods have been
developed to profile the genome-wide 5fC and 5caC sites in both wild-type mESC and Tdg-
deficient mESC.4548 The results revealed increased 5fC and 5caC peaks upon Tdg
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knockdown or Tdg knockout, confirming the in vivo demethylation activity mediated by
TDG. Increased 5fC and 5caC sites are also associated with gene regulatory elements,
suggesting the potential involvement of these base modifications in gene regulation.
Whether 5fC and 5caC have direct roles on transcription regulation still requires further
investigation.

2.3.2. AID/APOBEC-Mediated 5hmC Deamination—Activation-induced deaminase
(AID), which is essential for demethylation of the OCT4 and NANOG promoter regions
during in vitro nuclear reprogramming,8? is also required for genome-wide DNA
demethylation in primordial germ cells.?0 An alternative demethylation pathway was
proposed, which involves TET-mediated 5mC oxidation, AID/APOBEC-based deamination
of the 5hmC product, and BER.75:76.89-92

However, AID cannot work on double-stranded DNA (dsDNA) and exhibits a lower activity
on 5mC compared to unmodified cytosine.?3-9 Thus, in this mechanism, 5hmC generated
by TET-mediated 5mC oxidation is proposed to be deaminated to 5hmU through AID/
APOBEC1. The 5hmU product, a known substrate for BER, can be processed and converted
to normal cytosine (Figure 2). Gadd45 was believed to be associated with AID and involved
in the proposed demethylation to affect gene regulation in the nervous system. However, in
vitro evidence for the deamination of 5hmC is still lacking although decreased levels of
5hmC were observed upon the overexpression of AID/APOBEC1 in the human cell
lines.%7:98 Kohli and co-workers further showed that AID and APOBEC1 type proteins have
even lower in vitro activity on 5hmC versus 5mC due to the steric hindrance of the 5-
position substitution. The levels of 5mC oxidation products barely changed upon AID/
APOBEC1 overexpression. The generation of 5hmU from 5hmC through deamination
and/or other pathways and its functional roles need to be further explored, perhaps with
reliable sequencing methods to track 5hmU in genomic DNA.

2.4. TET Structure and Its Oxidation Mechanism

Mammalian TET proteins are evolutionarily conserved dioxygenases that contain a catalytic
C-terminal domain. The catalytic domain is composed of Cys-rich and double-stranded /-
helix (DSBH) regions involved in catalysis (Figure 3A). Interestingly, this domain also
contains a long spacer believed to be largely unstructured with unknown functions.4 A
distinct CXXC domain is shared by TET1 and TET3, which was shown to recognize the
clustered unmethylated CpG.99 A crystallo-graphic study further showed that an unmodified
cytosine is critical for the interaction between DNA and Xenopus TET3 CXXC domain.100

The Cys-rich and DSBH regions are required for the oxidation activity of TET. In the
recently reported crystal structure of TET2-DNA-NOG-Fe2*, the Cys-rich domain was
shown to wrap around the DSBH domain and is an integrated part of the catalytic domain
(Figure 3B).191 The double-stranded DNA oligonucleotide is located above the DSBH core
and interacts with two loops from the Cys-C subdomain. Besides the substrate 5mCpG
dinucleotide, only DNA backbones interact directly with TET2, which explains the in vitro
oxidation activity test results that TET2 shows no selectivity for DNA sequence. As
expected, no specific interaction of TET2 with a methyl group was observed, which is
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consistent with the sequential oxidation activity of the protein that also oxidizes 5hmC and
5fC. This was not the case, however, for a Naegleria TET-like protein characterized
structurally and biochemically,192 which lacks the Cys-rich domain.

The DSBH domain of human TET2 contains the characteristic HXDX,H motif that
coordinates iron(1l) and binds a-KG. The highly conserved histidine residues, N-oxalyl
glycine (NOG) as an inactive analogue of a-KG, and a water molecule bind iron(ll) to
afford the octahedral coordination. The space between the target C—H bond and the iron
center can accommodate the hydroxyl and formyl groups, allowing for the oxidation of these
cytosine derivatives (Figure 3C). Interestingly, the overall structure of TET2 contains three
zinc cations in the Cys-rich domain (Figure 3D). Two of the zinc cations are coordinated by
residues from both Cys-rich and DSBH domains, suggesting that the Cys-rich domain and
zinc cations play an important role in stabilizing these TET enzymes.

Although the detailed molecular mechanism of the TET-mediated oxidation is yet to be fully
elucidated, the oxidation mechanism of AlkB, which has a similar active site, has been well-
studied and reviewed recently.193 In brief, the mono-nuclear iron(l1) center donates two
electrons for the reduction of dioxygen, while a-KG serves as a cosubstrate to provide the
other two electrons, completing the four-electron reduction.104-109 Wwith the four electrons
available, the active site iron(l1) binds and activates a dioxygen molecule to form a proposed
iron(1V)—oxo species with a-KG converting to succinate and releasing one molecule of CO,
during the process.107.110-114 The formed iron(IV)-oxo is oriented to target the methyl C-H
group1®116 and activate the C—H bond in either a radical rebound mechanism (Figure 4) or
potentially a more concerted mechanism as previously studied computationally for the AlkB
family proteins.117118 As TET proteins mediate oxidation of three distinct substrates, the
actual mechanism may be more complex, which needs to be investigated in detail both
experimentally and computationally.

2.5. Genome-wide Distribution and Regulatory Function of TET Oxidation Products

The development of next-generation sequencing technologies for cytosine modifications has
notably facilitated functional characterizations of TET proteins. Since the discovery of TET
oxidation activity, various sequencing methods have been invented to unveil the genome-
wide distribution of the oxidation products of TET. These methods have been reviewed by
us and others, including an article in this issue.®® In general, 5hmC has been shown to be
enriched at transcription start sites, promoters, gene bodies (exons), CCCTC-binding factor
(CTCF)-binding sites, and enhancers in ESCs using profiling approaches,37:40:42:46
Recently, we and others reported the genome-wide distribution of 5fC and 5caC in
mESC.41:4548 Using a chemical selective labeling strategy (5fC-Seal), we showed that 5fC
is preferentially enriched at poised enhancers and correlates with p300 binding.#° By
applying 5fC- and 5caC-specific antibodies, Zhang and co-workers revealed that 5fC and
5caC are enriched at major satellite repeats but not at nonrepetitive loci in wild-type mESCs,
while 5fC and 5caC are enriched at a large number of proximal and distal gene regulatory
elements upon Tdg depletion.*8

Single-base resolution methods were developed to provide high-resolution maps of 5hmC
with absolute abundance at modification sites. Different strategies have been used in
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realizing single-base resolution detection of 5hmC.38:39.4347 \We and Balasubramanian
group each independently reported Tet-assisted bisulfite sequencing (TAB-seq) and
oxidative bisulfite sequencing (oxBS-seq) to realize quantitative single-nucleotide-resolution
mapping of 5hmC and 5mC in mammalian DNA using different properties of modified
cytosines in bisulfite sequencing.3847 Single-base resolution methods of 5fC and 5caC have
also been reported recently using the similar bisulfite sequencing principles. We reported the
chemical-assisted bisulfite (CAB-seq) for both 5fC and 5caC. EtONH, protection was
applied for the selective protection of 5fC, while the reduction of 5fC to 5hmC by NaBH,4
was also reported as an alternative strategy.4® 1-Ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDC)-based amide bond formation was applied for 5caC.%% Xu and co-
workers reported another 5fC detection strategy by protecting all normal cytosines as 5mC
with methyltransferase, therefore reading out 5fC and 5caC in bisulfite sequencing.20:119

Recently, the Balasubramanian group optimized the NaBH, reduction conditions and
significantly improved the efficiency of 5fC reduction to 5hmC, which allowed genome-
wide mapping of 5fC in a reduced representative manner with reduced bisulfite sequencing
(redBS-seq).*? Zhang and co-workers independently developed M.Sssl methylase-assisted
bisulfite sequencing (MAB-seq), a method that detects both 5fC and 5caC at single-base
resolution when coupled with selective reduction of 5fC to 5hmC.120 All these results
revealed genome-wide active demethylation in mouse ESCs and the association of 5hmC,
5fC, and 5caC with functional elements in the genome.

Despite the rapid method development, most single-base resolution methods still demand
high sequencing costs due to the low abundance of these modified bases. In particular, in
genome-wide single-base detection of 5fC/5caC, the limitation of the sequencing depth
hampers the detection of low-abundance 5fC/5caC sites. Current sequencing methods also
require microgram scales of input DNA, which limits the application scope in processes
where only small amounts of genomic DNA can be isolated.8!

3. TET REGULATION

3.1. TET Regulation by Its Interacting Molecules

3.1.1. Tet Regulation via Small-Molecule Metabolites

3.1.1.1 Vitamin C Facilitates Tet-M ediated Oxidation Both In Vitro And In Vivo:
Ascorbic acid, or vitamin C, is a known reducing agent used to maintain the active iron(ll)
status in certain nonheme iron dioxygenases.12! It is also used as the iron reducing agent in
in vitro TET oxidation assays.141747 However, vitamin C is not required for in vitro TET
activity.14 Two groups observed elevated DNA demethylation in the presence of
supplemented vitamin C.122.123 Measurements of in vitro activity revealed that vitamin C
can stimulate the oxidation activity of TET enzymes!22 (Figure 5A). Cell-based experiments
further showed that vitamin C can significantly promote 5mC oxidation and induce the
demethylation of certain promoters. Other reducing agents, such as DTT or glutathione, did
not produce such effects. Biochemical investigations suggested that vitamin C selectively
interacts with the C-terminal catalytic domain of mouse TET2, which may allosterically tune
the activity of TET1. Although cocrystallization of vitamin C and TET proteins has not been
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reported, this biochemical observation provides a possible mechanism for the functional role
of vitamin C in ESC self-renewal, normal myelopoiesis, and myeloid leukemia.124-127

3.1.1.2. TET Regulation by a-KG under Metabolism Pressure: Ye and co-workers
reported that an injection of glucose source could promote levels of a-KG in mice,
accompanied by increased levels of 5hmC and 5fC without a noticeable change in the global
level of 5mC128 (Figure 5B). a-KG can be produced and consumed in several metabolic
pathways. As described above, a-KG is also the cofactor for TET oxidation, in which one
equivalent of a-KG is required per oxidation reaction. Interestingly, cellular 5hmC and 5fC
could recover to original levels with the reduction of both the blood glucose concentration
and the a-KG level. The Gck gene, which encodes glucokinase that catalyzes the
phosphorylation of glucose to glucose-6-phosphate, was activated rapidly under glucose
shock, accompanied by reduced 5mC and increased 5hmC at the CpG-rich region of Gck.
Thus, the Gek gene can efficiently counteract changes in environmental metabolism pressure
via TET-mediated demethylation. Future studies of connections between metabolism and
TET proteins will provide insights into the understanding of epigenetic regulation under
environmental stress or nutrient fluctuations.

3.1.2. TET Regulation via Protein Partners

3.1.2.1. Calpain-Mediated TET Degradation: Calpains are a family of calcium-dependent
cysteine proteases, which is one of the major regulators in protein degradation.129 A half-life
study of TET in cycloheximide-treated cells reported by Zhang group revealed that calpains
can regulate the turnover of TET proteins130 (Figure 6A). The coexpression of calpaini or
calpain2 can significantly decrease TET levels. In vitro assays confirmed the degradation of
TET proteins by calpainl and calpain2. Interestingly, the in vivo knockout experiment in
mESC suggested that calpainl may regulate TET1 and TET2, and calpain2 may regulate
TETS3.

Although calpainl knockout has no effect on mESC pluripotency maintenance, calpainl
knockout does alter the level of 5ShmC and lineage-specific gene expression in a way
opposite to TET1 gene knockdown, which is consistent with the proposed calpainl-
dependent TET1 and TET2 degradation. Calpain2-mediated degradation of TET3 is
suggested to modulate the neuronal gene expression program and the in vitro efficiency of
neural differentiation.

3.1.2.2. Regulation of TET2 Expression and Stability by the CXXC Domain: IDAX,
also known as CXXC4, has previously been reported as an inhibitor of Wnt
signaling.131-133 Rao and co-workers revealed that IDAX can affect TET2 protein
expression via caspase activation and degradation of TET2.134 IDAX is believed to have
been separated from the TET catalytic domain in a chromosomal gene inversion of an
ancestral TET2 gene during evolution. Similar to the TET1 CXXC domain, the IDAX
CXXC domain can also bind unmethylated CpG dinucleotides in DNA. This domain was
shown to be localized to promoters and CpG islands in genomic DNA and helped recruit
TET2 to DNA through protein—protein interaction (Figure 6B), without directly affecting the
enzymatic activity of TET2. Interestingly, the study of TET3 and its CXXC domain showed
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that both intrinsic and extrinsic CXXC domains can regulate the expression of TET3. The
cellular and subcellular distribution of IDAX may contribute to the levels of TET2 and
5hmC in different cells or tissues. Altered IDAX and TET2 expression in tumor cells has
been observed. This study records the potential effects of IDAX and TET2 regulation in
tumor cells for future work.

3.1.2.3. TET ProteinsBind OGT To Facilitate Chromatin O-GIcNAcylation: The
mammalian O-linked N-acetylglucosamine (O-GIcNAc) transferase (OGT) is responsible
for transferring O-GIcNAc from UDP-GIcNACc to the hydroxyl group of serine or threonine
residues of various cellular proteins.135-138 The reverse reaction is realized by O-
GlcNAcase that catalyzes the removal of O-GIcNAc.139 This OGT-mediated protein post-
translational modification has been shown to occur with gene expression in multiple
ways.140

Recent studies have confirmed the interaction of OGT with all three TET proteins,141-143
OGT interacts with the catalytic DSBH domain of TET2. Knockdown of TET2 in embryonic
stem cells prevented the recruitment of OGT to chromatin, while knockdown of OGT had
little effect on the TET activity at these loci. Overexpression of TET2 in human cells
increased the OGT level on chromatin. An OGT mutant that has no binding affinity to TET
failed to bind chromatin. Chromatin immunoprecipitation sequencing (ChlP-seq) analysis of
OGT and TET2/3 indicated genome-wide colocalization of both proteins, mainly at CpG
islands and transcription start sites.

The recruitment of OGT by TET2/3 proteins also increased the O-GIcNAcylation activity of
OGT. Knockdown of TET proteins led to decreased O-GIcNAcylation without affecting the
global level of OGT. Through monitoring of the 5hmC level in genomic DNA, it was shown
that OGT has negligible influence on the oxidation activity of TET2/3.

TET2 can promote O-GIcNAcylation of histone 2B at Ser112 and increase the
corresponding gene transcription (Figure 6C). TET2/3 also promotes the OGT O-
GlcNAcylation activity of host cell factor 1 (HCF1), which stabilizes the integrity of Set1/
COMPASS, the main complex of the H3K4 methyltransferase.142 ChIP-S analysis
demonstrated that the majority loci targeted by TET2/3 and OGT overlap with the
H3K4me3 mark. The study of Tet2 knockout mice also showed the decreased global level of
O-GIcNAcylation and H3K4me3, especially at certain key regulators of hematopoiesis.

3.2. TET and 5hmC in Human Cancers

3.2.1. Decreased Levels of 5hmC and TET Expression in Human Cancers—
5hmC quantification by dot blot and cell imaging revealed that global 5hmC levels are lower
in a variety of human cancers including breast, liver, lung, pancreatic, and prostate cancers
than in normal tissue samples. Corresponding TET gene expression in these tumors is also
decreased, suggesting potential TET-dependent epigenetic patterns in cancers. Decreased
levels of 5hmC and downregulation of TET proteins have also been observed during tumor
progression, including hepatocellular carcinoma and melanoma.144145 |n these cases, levels
of 5hmC are associated with different stages of tumor progression and may be associated
with the overall survival rate of patients. Genome-wide profiling of 5hmC in nevi and
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melanomas revealed the loss of 5hmC during melanoma progression in genome-wide events
while the global distribution of 5mC is rarely changed.14® Reintroducing TET2 in human
melanoma may reestablish the 5hmC landscape and potentially suppress tumor invasion and
growth.

3.2.2. TET Mutants in Hematopoietic Malignancies—After identification of the
oxidation function of TET proteins, the involvement of TET family proteins during
hematopoietic transformation has come into the spotlight with the discovery of somatic
mutants of TET genes in myeloproliferative neoplasm (MPN) and myelodysplastic
syndrome (MDS) patients.146 Somatic TET2 mutants in MPN and MDS patients include
deletions and missense, nonsense, and frameshift mutations.147:148 These TET2 gene
mutants were soon discovered to be TET2 inactive mutants, which lead to significant
reductions in global 5ShmC level.14° MPN patients with TET2 mutations exhibited advanced
engraftment, which is consistent with the improved self-renewal ability of the Tet2 deletion
mouse hematopoietic stem and progenitor cells (HSPCs).30-33

All three TET genes in multiple patients with different myeloid malignancies have been
sequenced.1®0 While SNPs were identified in TET1 and TET3, the frequent somatic mutants
are mainly located in the TET2 gene. Notably, TET mutants in both alleles are identified in a
significant percentage of the patient samples, suggesting a similar dose-dependent effect of
TET activity loss as in Tet2 deletion mice.

TET2 genetic mutants are the major abnormality identified in MDS.151-154 Although the
relationship between TET2 mutants and a clinical phenotype or correlations with an overall
survival rate is still unclear, TET2 mutants can be used to predict responses to azacytidine in
higher-risk MDS and AML.154 Azacytidine is a chemical analogue of cytidine that inhibits
DNA methyltransferase and causes DNA hypomethy-lation. The methylation pattern shaped
by TET2 mutants may correspond to the sensitivity of response to the azacytidine treatment
and has the potential to be a biomarker for clinical purposes. As indicated by the CMML-
like disease in Tet2 deletion mice, CMML is also host to the high rate of TET2 genetic
mutants. However, the impact of TET2 mutants in CMML is still unclear despite the
analysis of a large number of cases.

TET2-acquired somatic mutants are also identified in classical MPNs.151:155 Although
mutants occur at the early stage of the MPN and have no clear prognostic impact on the
leukemic transformation risk, the appearance of some TET2 mutations is associated with the
disease progression to the acute phase.196:157

TET2 mutants have also been reported in AML patients, especially in secondary
AMLs.198-162 Detailed analysis has revealed that TET2 mutations have a poor prognostic
impact on the overall survival rate of AML patients, thus promoting the utilization of risk-
adapted therapeutic strategies for these AML patients.163 Interestingly, the global 5ShmC
level in TET2 mutated AML patients is significantly decreased compared to patients without
TET2 mutants. Due to the complexity of the TET2 mutants, the level or distribution pattern
of 5hmC may serve as a prognostic marker for AML.
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3.2.3 IDH Mutants Inhibit TET Function—Isocitrate dehydrogenase 1 (IDH1) and
IDH2 catalyze the conversion of isocitrate to a-KG, the key cofactor for TET enzymes, via a
sequential NADP-based oxidation and decarboxylation. Mutations of IDH1 and IDH2 are
commonly discovered in a diverse range of cancers or solid tumors, including gliomas,
AML, MDS, MPN, and CMM.164-177 |n myeloid malignancies, IDH mutants are exclusive
to TET2 mutants and exhibit similar phenotypes as TET mutants, such as decreased levels of
global 5hmC.14% Thus, IDH mutations and TET2 inactive mutants are believed to share the
mechanism of hematopoietic transformation through the regulation of global DNA
methylation and hydroxymethylation, suggesting the inhibition of TET activity in IDH
mutants.

The tumor-associated IDH mutations have a gain of function to generate (R)-2-
hydroxyglutarate ((R)-2-HG).178:179 The active site residues, such as Arg100 and Arg132 in
IDH1 and Arg140 and Arg172 in IDH2, form hydrogen bonds to the isocitrate substrate.180
Mutations at these sites not only decrease the binding affinity of isocitrate, which abolishes
the decarboxylation activity, but also increase the binding affinity for NADPH, which
facilitates a reverse reduction reaction,1’® thereby leading to the conversion of a-KG to
(R)-2HG, which is an analogue inhibitor for a-KG-dependent proteins (Figure 7). The
inhibition of TET proteins explains the globally reduced 5hmC in IDH mutants. However,
IDH mutants are more pervasive in solid tumors than TET2 mutants. Thus, the inhibition
effect of IDH mutants may have a broader impact on a range of a-KG-dependent
dioxygenases, such as histone demethylases and RNA demethylases, or other proteins.
These mutant IDH proteins serve as novel anticancer targets for chemists to explore.

3.2.4. TET Regulation in Human Cancer—MicroRNA miR-22 is reported to trigger
epithelial-mesenchymal transition (EMT), and it enhances invasiveness and promotes
metastasis in mouse xenografts.181 This function is realized by silencing antimetastatic
miR-200 through direct targeting of the TET family protein (Figure 7). Overexpression of
miR-22 led to reduced TET1 expression in cultured cell lines and significantly reduced
5hmC levels both globally and specifically on mir-200 promoter CpG islands, thus silencing
the expression of miR-200. Knockdown of TET1 introduced a similar phenotype known to
be induced by miR-22, and the ectopic expression of TET1 rescues this phenotype, restoring
both global 5hmC level and miR-200 expression.

The analysis of the TET1 expression level in breast cancer patient samples compared to
normal samples also suggests that miR-22 is associated with TET1 in an anticorrelated way.
In this model, miR-22 suppresses the expression of another miRNA via direct targeting of
TET family proteins. In other words, TET proteins can regulate the downstream miRNA
expression through the demethylation of the promoter region upon upstream stimulation.
Although no global demethylation has been observed, the loci-specific epigenetic dynamics
regulated by TET enzymes may have a profound impact on gene expression regulation and
cell fate.

A recent study of breast cancer also suggests that TET1 can simulate the expression of
homeobox A (HOXA) genes by demethylating its promoter and suppress breast tumor
growth and metastasis in mouse xenografts.182 The architectural transcription factor high
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mobility group AT-hook (HMGAZ2) was shown to induce TET1, implicating the HMGA2-
TET1-HOX signaling pathway.

In contrast to the downregulation of TET proteins, TET1 was also shown to be significantly
upregulated in MLL-rearranged leukemia, leading to a global increase in cellular 5hmC
levels.183 The in vitro and in vivo functional studies revealed that TET1 coordinates with
MLL-fusion protein, regulating cotargets like homeobox A9 (Hoxa9)/myeloid ecotropic
viral integration 1 (Meisl)/pre-B-cell leukemia homeobox 3 (Pbx3) genes.

4. CONCLUSIONS AND PERSPECTIVE

In this review, we have summarized the activity of TET proteins and the corresponding
demethylation pathway. The discovery of 5mC oxidation by TET proteins opens up new
avenues in our understanding of reversible methylation in modulating gene expression.
Sensitive and efficient quantification and sequencing methods have been established to
illustrate the cellular abundance and distribution of the DNA cytosine modifications, which
may encode a complex layer of transcription regulation. However, the functions of 5hmC/
5fC/ 5caC still require future research. The distribution and roles of 5hmU need to be
elucidated. The versatile interaction among TET with its regulatory factors, including small
molecules, proteins, and miRNA, provides a glimpse of the complexity of epigenetic
machinery acting on the modified bases. The functions and regulation mechanism of TET-
mediated epigenetic dynamics will continue to be unveiled. The emerging roles of TET2
mutants in human cancers and their oxidation activity will stimulate investigations of
epigenetic modifications as prognostic markers in cancer diagnostics.
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O-GlcNAc
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TET
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CCCTC-binding factor

Methyl transferase enzymes

Double-stranded f-helix
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Host cell factor 1
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High-performance liquid chromatography—mass spectrometry
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J-binding protein
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Myelodysplastic syndrome

Mouse embryonic stem cell

Myeloproliferative neoplasm

Mixed lineage leukemia

Nicotinamide adenine dinucleotide phosphate
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S-Sdenosylmethionine

a-KG a-Ketoglutarate
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Figure 1.

Dynamic DNA modifications in mammals mediated by TET and TDG. DNMTSs can
introduce a methyl group onto the C-5 position of the cytosine base. The 5mC modification
can be oxidized to 5hmC/5fC/5caC in a stepwise manner by TET proteins. 5fC and 5caC
can be readily excised by TDG to generate an abasic site, which can be repaired back to
unmodified cytosine through the BER pathway.
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Figure 2.
Proposed pathways to generate 5hmU in mammalian cells. TET proteins can oxidize

thymine to 5ShmU. TET proteins oxidize 5mC to 5hmC, which may be deaminated to 5hmU
by AID/APOBEC1; 5hmU can be removed and repaired via BER in a proposed alternative
demethylation pathway.
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Figure3.
Overall domain architecture of TET proteins and the published human TET2 structure. (A)

TET proteins contain a CXXC DNA-binding domain and a conserved catalytic domain
composed of a Cys-rich region and a DSBH fold. (B) Crystal structure of the TET2-DNA
complex. The Cys-rich regions bind zinc cations and are folded together with the catalytic
domain. (C) Close-up view of the active site of TET2. DNA is colored orange; 5mC, NOG,
and critical residues are shown in stick representations, iron is shown in a blue sphere, and
zinc is shown in a gray sphere. (D) Ribbon representations of three zinc cations in TET2.
Zinc cations are shown and labeled in red spheres; corresponding coordination residues are
shown in stick representations.
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Figure4.

Proposed mechanism of TET-mediated oxidation of 5mC and its derivatives. The oxidation
substrates can be 5mC, 5hmC, or 5fC. The coordination residues of iron(l1) and a-KG are
drawn based on the human TET2 structure.[san]?8 A radical rebound mechanism is shown,
but the C—H activation could also go through a more concerted process.
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Figure5.
Small molecule-induced 5mC oxidation. (A) Vitamin C can promote the oxidation activity

of TET proteins both in vitro and in vivo. (B) Elevated cellular glucose can increase the
cellular levels of a-KG and 5hmC and promote oxidation by the TET proteins. The Gck
gene is rapidly activated to consume the excess glucose through loci-specific demethylation
and hydroxymethylation.
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Figure®6.

TET interacting proteins. (A) Calpains can regulate the half-life of TET enzymes. Calpainl
may regulate the degradation of TET1 and TET2, and calpain2 may regulate TET3. (B)
IDAX can affect TET2 expression via caspase activation and the degradation of TET2.
IDAX is separated from the catalytic domain of TET in a chromosomal gene inversion of an

ancestral TET2 gene during evolution. IDAX CXXC domain binds unmethylated CpG

dinucleotides and recruits TET2 to DNA. (C) TET enzymes recruit OGT to the chromatin
and promote O-GIcNAcylation of histone 2B at Ser112, increasing the transcription of the
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corresponding genes. TET2/3 can also promote the O-GlcNAcylation activity of OCT on the
host cell factor 1 (HCF1), stabilizing the integrity of H3K4 methyltransferase Setl/
COMPASS.
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Figure7.
Catalytic activity of the wild-type and mutant IDH1 and IDH2. Wild-type IDH1 and IDH2

catalyze the oxidation of isocitrate to the intermediate oxalosuccinate, in which NADP™ is
reduced to NADPH, serving as the hydrogen acceptor. In the second decarboxylation
reaction, wild-type IDH1 and IDH2 catalyze the formation of a-KG, which is the key
cofactor of TET and many other proteins. Mutant IDH1 and IDH2 catalyze the reduction of
a-KG to 2-HG, in which NADPH is oxidized to NADP*. 2-HG can act as the inhibitor of
TET proteins due to its structural similarity to a-KG.
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