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Abstract

Maintenance of the balance of DNA methylation and demethylation is fundamental for normal
cellular development and function. Members of the Ten-Eleven-Translocation (TET) family
proteins are Fe(l1)- and 2-oxoglutarate-dependent dioxygenases that catalyze sequential oxidation
of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5ShmC) and subsequent oxidized
derivatives in DNA. In addition to their roles as intermediates in DNA demethylation, these
oxidized methylcytosines are novel epigenetic modifications of DNA. DNA methylation and
hydroxymethylation profiles are markedly disrupted in a wide range of cancers but how these
changes are related to the pathogenesis of cancers is still ambiguous. In this review, we discuss the
current understanding of TET protein functions in normal and malignant hematopoietic
development and the ongoing questions to be resolved.

Introduction

In mammalian cells, cytosines in DNA undergo a series of covalent modifications by DNA
methyltransferases (DNMTSs) and TET family enzymes [1,2]. During the early stages of
embryogenesis, the de novo DNA methyltransferases DNMT3A and DNMT3B add a methyl
group to the 5-position of cytosine to create 5-methylcytosine (5mC), which mostly occurs
as a symmetrical modification in the context of CpG dinucleotides. During DNA replication,
the DNA methylation pattern is faithfully inherited by the daughter cells through the action
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of the maintenance DNA methyltransferase DNMTZ, which is recruited to newly replicated
hemi-methylated DNAs by its partner protein UHRF1 and restores symmetrical methylation
by adding methyl groups to the newly synthesized DNA strands (Figure 1A).

TET family dioxygenases (TET1, TET2 and TET3) sequentially oxidize the methyl group of
5mC (Figure 1B). They first add a hydroxyl group to form 5-hydroxymethylcytosine
(5hmC) [3], after which they can catalyze further stepwise oxidation of 5hmC to generate 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) [4,5]. The three oxidized
methylcytosines (oxi-mCs) are implicated in both passive and active DNA demethylation
(reviewed in [2,6]) and can also behave as stable epigenetic marks (Figure 1C) [7-10]. TET
proteins may also affect chromatin architecture and gene expression independently of their
catalytic activity, through physical interactions with various cellular proteins [11,12].

It is well documented that loss of TET function is closely associated with diverse types of
cancers including hematological and non-hematological cancers (reviewed in [13,14]).
However, whether impaired TET function is directly implicated in driving cancer
development remains to be determined. Furthermore, inactivation of DNMTs is also known
to contribute to oncogenesis in certain contexts [15-17]. Because DNMTSs generate 5mC
that TET proteins consume as substrate, it is unclear whether DNMT loss-of-function results
in malignancy via loss of 5mCs, oxi-mCs or both. Elucidation of the molecular links
between TET/DNMT dysregulation and oncogenic transformation may enable us to develop
ways to restore a normal methylation and hydroxymethylation landscape in cancers, and
reveal novel pathways that can be clinically targeted for the prevention or treatment of
cancers.

The potential mechanisms by which TET protein expression or function is regulated, and
possible ways to manipulate TET activity in cancers for the development of novel epigenetic
therapies, have already been discussed in detail elsewhere [13,14]. Therefore, in this review,
we discuss our current understanding of the function of TET loss-of-function in normal and
oncogenic cellular development, with an emphasis on several open questions related to
hematopoietic transformation that need to be resolved in future studies.

Aberrant DNA methylation in normal and oncogenic hematopoietic

development

HSC repopulating capacity

Studies using murine models show that DNA methylation is critical for homeostasis and
differentiation of hematopoietic stem cells (HSCs). Interestingly, maintenance and de novo
DNA methyltransferases seem to play distinct roles in regulating the repopulating capacity
of HSCs. In serial transplantation assays under both competitive and noncompetitive
conditions, disruption or partial reduction of Dnmt1 activity in hematopoietic system results
in severe impairment of trilineage engraftment [18,19]. In contrast, loss of Dnmt3a strongly
augments hematopoietic reconstitution over serial transplantation [20] whereas that of
Dnmt3b exhibited a milder phenotype consistent with the fact that Dnmt3b highly expressed
in HSCs corresponds to a catalytically inactive isoform [21]. Interestingly, combined
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deficiency of Dnmt3a and Dnmt3b synergistically increased the repopulating capacity of
HSCs [21].

HSC self-renewal

Early reports suggested that both de novo (Dnmt3a and Dnmt3b) and maintenance (Dnmt1)
methyltransferases are necessary for HSC self-renewal [18,19,22]. However, in these
studies, instead of directly assessing the ability of HSCs to self-renew, the extent of
peripheral blood chimerism after serial transplantation was used as a marker for HSC self-
renewal. This assay does not faithfully reflect HSC self-renewal because the outcome could
be affected by multiple factors such as proliferation or apoptosis of mature cells and/or their
differentiating precursors. More recently, by directly quantifying HSCs that are amplified
after transplantation, Challen et al. showed that Dnmt3a-deficient HSCs indeed display
augmented self-renewal [20]. Ablation of Dnmt3b only weakly affected HSC self-renewal
while simultaneous deletion of both enzymes led to a dramatic increase in HSC self-renewal
capability [21]. Mechanistically, loss of Dnmt3a was suggested to increase self-renewal by
upregulating multipotency genes crucial for HSC functions (Gata3, Runxl, Pbx1 and
Cdknla) and downregulating differentiation-related genes (FIk2, Spil, and Mef2c), but this
pattern of altered gene expression poorly correlated with methylation changes induced by
Dnmt3a loss [20], suggesting that there might be unidentified mechanisms by which loss of
Dnmt3a controls gene expression, including mechanisms independent of catalytic activity or
coordinated regulation of multiple genes through effects on master regulators. Furthermore,
in most studies, the effect of Dnmt loss on DNA methylation status was assessed by bisulfite
sequencing of genomic DNAs, which does not distinguish 5mC from 5hmC or C from 5fC
and 5caC [2,23]. Thus, it has yet to be clearly defined how loss of Dnmt activity affects
DNA methylation status in target gene loci and how changes in DNA methylation in turn
affect gene transcription.

Fate decisions and differentiation

DNA methylation also seems to be implicated in fate decisions during hematopoiesis at the
very early stage of HSCs as well as subsequent differentiating progenitors [24,25]. Lineage-
associated genes are weakly expressed in HSCs prior to lineage commitment, a process
termed lineage priming [26], and their expression is differentially up- or down-regulated
depending on the differentiation pathway involved. In HSCs from Dnmt1 hypomorphic
mice, lymphoid, but not myeloerythroid, genes were strikingly suppressed, resulting in
developmental skewing toward myeloerythroid lineages with impaired B lymphopoiesis
[19]. Consistently, the expression of CD48, an early marker whose expression is rapidly
induced upon differentiation of HSCs, is also upregulated in Dnmt1-deficient HSCs [19],
suggesting that HSCs utilize DNA methylation to prevent premature induction of
differentiation programs. In contrast, Dnmt3a-disrupted HSCs strongly favor self-renewal
over differentiation toward mature cells, a phenomenon exacerbated by combined deletion
of Dnmt3b [20,21].

Analyses of dynamic DNA methylation patterns during hematopoietic differentiation
suggest that DNA methylation can also affect lineage choice at later stages [24,25]. The
general idea is that in early progenitors undergoing differentiation towards a specific
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lineage, the regulatory regions of lineage-related genes are demethylated and expressed,
whereas the regulatory regions of genes that specify alternative lineages are silenced by
robust methylation [25]. Compared with myeloid progenitors, lymphoid progenitors seem to
rely more on DNA methylation for efficient suppression of alternate-lineage (i.e.
myeloerythroid) genes [24,25]. However, the precise mechanisms by which DNA
methylation differentially controls lineage gene expression in HSCs and subsequent
differentiating progenitors remains to be established.

Hematopoietic transformation

The connection between aberrant DNA methylation and cancer was first experimentally
demonstrated by the development of aggressive T cell lymphoma in Dnmt1 hypomorphic
mice [27]. The molecular basis of cancer development in these mice is not clear but
increased genome instability was considered an important contributing factor [27]. Exome-
sequencing showed that genetic aberrations at DNMT1 locus are very rare in hematopoietic
cancers, so DNMT1 function might be controlled in ways other than through simple coding
region mutations.

It was recently discovered that somatic DNMT3A mutations are recurrent in myeloid and
lymphoid malignancies including acute myeloid leukemias (AMLs; 20~30%),
myelodysplastic syndromes (MDS; 10~15%) and myeloproliferative neoplasms (MPN;
~8%), and they are generally associated with poor prognosis [28]. Interestingly, DNMT3A
mutations are typically heterozygous and most frequently occur at the Arginine 882 residue
within the methyltransferase domain. More than 60% of DNMT3A mutations in AML target
this residue [28,29], and the resulting DNMT3AR82H mytant proteins exert a dominant
negative effect on the remaining wild-type DNMT3A [30]. Consistently, mice reconstituted
with hematopoietic stem/progenitor cells (HSPCs) overexpressing DNMT3AR882H mytant
succumb to chronic myelomonocytic leukemia (CMML)-like disease [15], and transfer of
Dnmt3a-deficient HSCs or bone marrow cells also predisposes wild-type mice to diverse
types of myeloid and lymphoid malignancies resembling MDS, AML and acute lymphoid
leukemia (ALL) albeit with long latency [20,21]. Some Dnmt3a-deficient leukemia samples
acquired second mutations such as c-Kit, Notchl, Krasand Npm1 mutations [20,21],
implying that Dnmt3a loss-of-function cooperates with other mutations to drive oncogenic
transformation, shortening latency and affecting the spectrum of diseases that develop.
Again, most of these studies are descriptive and the underlying molecular mechanisms
remained to be clarified.

Recently, extended (> 3.5 kb) regions with low CpG methylation, termed ‘canyons’, were
identified as distinct from CpG islands in the genome [31] and this novel genomic feature
was associated with genes that are highly conserved and developmentally regulated. Despite
low level of DNA methylation, all canyon-associated genes are not highly expressed. In
murine HSCs, about half of canyons were marked only with H3K4me3 marks whereas
45.9% contained both H3K4me3 and H3K27me3 marks, with the remaining 6% exhibiting
only H3K27me3. The genes associated with H3K4me3-marked canyons were highly
expressed whereas those associated with H3K27me3-marked canyons displayed no or low
expression, irrespective of the presence of H3K4me3 marks, implying that H3K27me3
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marks may be the determining factor for gene expression. Interestingly, the methylation/
hydroxymethylation status of canyon borders seems to be dynamically regulated by
cooperation between Dnmt3a and Tet proteins, which is important for normal and malignant
hematopoietic development. Some canyon-associated genes that are active in HSCs are
significantly enriched for genes whose expression is dysregulated in leukemias. However,
how histone modifications are differentially regulated in canyons and whether canyon size
alterations are related to gene expression, differentiation and transformation have not been
directly assessed.

Contrasting roles of TET1 in myeloid and lymphoid cancers

TET1, the founding member of the TET family, was originally identified as a fusion partner
of the mixed-lineage leukemia gene (MLL; also known as KMT2A) in a handful of acute
myeloid and lymphocytic leukemias bearing the chromosomal translocation t(10;11)
(922;923) [32,33]. TET1 and TET3 mutations have garnered relatively less attention
compared to TET2 mutations, because their coding region mutations are rarely identified in
hematological malignancies. However, recent studies indicate that TET1 also retains a
crucial regulatory role in the oncogenic transformation of hematopoietic cells. Intriguingly,
TET1 has contrasting roles in myeloid and lymphoid transformation. In MLL-rearranged
leukemia, it functions as an oncogene [34]. TET1 expression was significantly upregulated
by various MLL fusion proteins, leading to an increase in the expression of oncogenic target
genes such as Hoxa9, Meisl and Pbx3 and thus promoting leukemogenesis [34]. In contrast,
TET1 also has tumor suppressor function: a recent study reported that loss of Tetl
predisposes mice to B cell lymphoma that resembles follicular lymphoma and diffuse large
B cell lymphoma [35]. TET1 transcription was frequently downregulated in non-Hodgkin B
cell lymphoma (B-NHL) through promoter CpG methylation. In mice, Tet1 loss resulted in
aberrant hematopoiesis characterized by augmented repopulating capacity of HSCs, skewed
differentiation toward B cell lineage and increased frequency of lymphoid-primed
multipotent progenitors (LMPPs). Tet1-deficient pro-B cells also displayed enhanced serial
replating capacity and accumulation of DNA damage, potentially through downregulation of
genes encoding components of the DNA repair machinery. Whole-exome sequencing of
Tetl-deficient cancers identified multiple mutations that are also frequently observed in
human B-NHL, suggesting that TET1 deficiency impairs genomic integrity and renders cells
more susceptible to secondary mutations to drive full malignancy. However, it still remains
unclear how TET1 exerts distinct functions in different cancers, how deficiency of Tetl
results in altered gene expression, differentiation bias and genomic instability, and how
these alterations are connected to oncogenic transformation.

TET2 mutations in hematological cancers

The potential connection between TET2 mutation and myeloid transformation was suggested
by early observations that the chromosomal region 4g24 that harbors the TET2 gene shows
recurrent microdeletions and copy number-neutral loss-of-heterozygosity (also termed
uniparental disomy) in myeloid cancers [36,37]. Subsequently, extensive exome-sequencing
studies revealed various types of somatic TET2 mutations in large cohorts of patients with
myeloid malignancies such as MDS (~20%), CMML (~50%), AML (~20%) and secondary
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AML (reviewed in [13,14]). Although TET2 mutations are prevalent throughout the TET2
coding regions, missense mutations tend to be relatively clustered in regions encoding the
core catalytic domain of TET2 protein [13], and most of these impair the normal catalytic
activity of TET2 to cause impaired 5mC oxidation and aberrant DNA methylation in
genome [38-40].

In addition to myeloid cancers, TET2 mutations are also frequently found in various
lymphoid malignancies. Compared to B cell lymphoma, peripheral T cell lymphoma (PTCL)
including angioimmunoblastic T cell lymphoma (AITL; about 33~76%) and PTCL, not
otherwise specified (PTCL-NOS; about 20~38%) display highest frequency of TET2
mutations [41-43]. In AITL, TET2 mutations co-exist with RHOAGL?Y and DNMT3A
mutations at very high frequency [43-46]. Unlike patients with myeloid malignancies where
TET2 and IDH mutations are mutually exclusive [47], TET2 and IDH2 mutations co-occur
very frequently (~88.2%) in patients with PTCL [42-44], suggesting that the mode and
outcome of the functional interplay between TET2 and IDH mutations could be divergent in
different cancers. Whether and how TET2 mutations cooperate with these mutations to
facilitate the development of lymphomas remains to be determined.

Unlike TETZ, TET2 loss-of-function commonly induces a developmental bias toward the
myeloid lineage. HSPCs isolated from MPN patients harboring TET2 mutations [36] or
murine progenitor cells with diminished expression of Tet2 preferentially differentiate
toward the myeloid lineage at the expense of other lineages in vitro [47,48]. In most of the
murine models reported so far, ablation of Tet2 results in an accumulation of the HSPC
population in the bone marrow. Tet2-deficient HSPCs seem to more efficiently replate
serially in methylcellulose, compared to wild-type controls [41,49,50]. Transplantation
assays showed that Tet2-deficient bone marrow or fetal liver cells acquired a significant
advantage over wild-type cells for reconstitution into all hematopoietic lineages [41,48-53].
The effect of Tet2 on self-renewal of HSCs was not directly assessed but serial
transplantation assays using wild-type or Tet2-disrupted CD150* LSK cells suggested that
Tet2 deficiency augments HSC self-renewal in a cell-autonomous manner [54]. Thus, Tet2
normally restricts the expansion and function of HSCs in the fetus as well as in adults.
Notably, some strains of Tet2-disrupted mice are predisposed to develop CMML-like
myeloid malignancies with advanced age, displaying a characteristic increase in
myelopoiesis, splenomegaly, hepatomegaly, extramedullary hematopoiesis and elevated
white blood cell counts associated with monocytosis and neutrophilia [41,49,50]. As
commonly observed in various mouse models of myeloid malignancies, normal splenic
architecture in these mice was disrupted by massive infiltration of myeloid or erythroid
cells. In some mice, MDS with expansion of erythroid progenitors and highly transplantable
MPN-like myeloid leukemias were also induced upon Tet2 deficiency [41,49]. Consistent
with the frequent occurrence of heterozygous TET2 mutations in patient samples, Tet2
haploinsufficiency sufficed to alter HSC properties and induce MPN- or CMML-like
myeloid leukemias [41,49,50].

Although descriptive, these studies suggest that there is a causal relation between loss of
TET2 function and myeloid transformation. However, the sporadic incidence of full-blown
leukemias at a very late time point hinders our understanding of the exact pathogenic
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function of TET2. For unknown reasons, no malignancies were observed in certain strains of
Tet2-deficient mice [41]. Furthermore, despite frequent TET2 mutations in lymphoid
malignancies, lymphoma formation is rare in murine models. In addition, some elderly
people have loss-of-function mutations in TET2 that are similar to those observed in myeloid
leukemias but they do not always have overt hematopoietic cancers [55]. Taken together, it
seems clear that TET2 mutations alone do not strongly induce malignancy: rather, TET2
loss-of-function may contribute to the initiation of oncogenic transformation by inducing a
precancerous condition, after which cells acquire additional genetic aberrations (‘second
hits’) to develop full-blown malignancy. Depending on the timing and combination of
cooperating mutations, the rate and fate of transformation might be determined. Indeed,
numerous mutations were shown to co-exist with TET2 mutations in MDS patients [56,57]
and studies using various murine models demonstrated that these mutations synergize with
Tet2 deficiency to accelerate development of a more advanced disease phenotype with
markedly reduced latency [51,58-62].

Potential redundancy between TET2 and TET3

TET proteins and their immediate catalytic product, 5hmC, are ubiquitously expressed
throughout tissues. Tet2 and Tet3 are particularly highly expressed in the hematopoietic
system, and their expression levels are dynamically regulated during hematopoietic
differentiation [38,49,50]. What are the roles of Tet3 in normal and malignant
hematopoiesis? Ablation of either Tet2 or Tet3 led to a modest decrease in 5hmC levels
[14,48] but their combined deficiency was associated with a dramatic loss of genomic
5hmC, implying that Tet2 and Tet3 are the major 5mC oxidases in the hematopoietic
system. As with Tet2 deficiency, Tet3 deficiency neither strongly disturbs normal
hematopoiesis nor induces hematopoietic malignancy. Thus, Tet2 and Tet3 play redundant
roles in controlling homeostasis, function and differentiation of HSCs, as well as in
suppressing transformation. To understand more precisely the role of TET proteins in gene
expression, lineage specification and malignant transformation, it will be necessary to assess
whether combined deficiency of Tet2 and Tet3 facilitates or accelerates the development of
myeloid malignancies.

As mentioned earlier, TET1 and TET3 coding region mutations are very rare in
hematopoietic cancers. However, this does not necessarily imply that TET1 and TET3 do
not retain function in these cancers; low 5hmC levels in these cancers suggest that these
TET proteins could be inactivated in many other ways (Figure 2) [13,14]. For instance,
mutations in regulatory sequences (such as promoters, enhancers or splice sites), promoter
methylation and/or upregulation of TET-targeting E3 ligases or microRNAs could result in
reduced expression of TET mRNAs and proteins [35,63-67]. As reported in glioblastomas
and myeloid leukemias, increased levels of 2-hydroxyglutarate by gain-of-function
mutations in IDH genes could inactivate TET enzymes [68,69]. Moreover, dysregulation of
interaction with critical binding partners of TET proteins such as WT1, IDAX and
HDACL/2 could also result in loss of TET expression/activities or aberrant chromatin
targeting of TET proteins [11,12,70,71]. Like other dioxygenases, TET enzymes require
molecular oxygen, 2-oxoglutarate and ferrous iron as substrates or essential cofactors [72],
and therefore would be sensitive to hypoxia, altered metabolism and altered redox function
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in cancer. Finally, at least two studies have shown that TET3 can translocate between the
cytoplasm and the nucleus [73,74], and therefore is likely subject to regulation by signals
from the tumor microenvironment. Further studies are necessary to determine how the
expression and activity of TET3 are controlled in cancers.

Proposed mechanisms by which TET loss-of-function could contribute to

cancer

5mCs produced by DNMTSs are essential substrates for TET enzymes, and it is clear that
TET loss-of-function mutations impair the consumption of 5mC at certain genomic loci,
leading to accumulation of 5mC [47]. However, recent whole-genome 5mC mapping studies
in embryonic stem cells show that TET deficiency leads to alterations of genomic 5mC
levels in both directions: hypermethylation and hypomethylation [75-77]. Importantly, these
changes in DNA methylation do not directly correlate with alterations in gene expression.
These data suggest that the epigenetic impact of TET dysregulation on gene expression and
lineage specification may not critically depend on changes in DNA methylation. In this
respect, there is substantial evidence that changes in DNA methylation are a long-term
“consequence” of altered gene transcription rather than an immediate cause (reviewed in
[78,79]).

What might be the mechanisms that underlie the gene expression changes induced by TET
dysregulation, if alterations of DNA methylation are not the primary cause? The most
relevant factor might be the profound loss of oxi-mCs produced by TET proteins in TET-
deficient cells (Figure 3). In support of this point, loss of Dnmt3a results in similar
hematopoietic phenotypes as Tet2 loss-of-function such as expansion, augmented
repopulation and self-renewal of HSCs, myeloid skewing, and ultimately myeloid leukemia,
as discussed in detail above. In terms of 5mC accumulation, loss of Dnmt3a and Tet2
proteins have antagonistic effects as the former would result in decreased 5mC but the latter
contributes to increase of 5mCs; however, in terms of oxi-mC loss, they exhibit the same
effects, since levels of oxi-mCs would decrease in both conditions (Figure 3).

Considering that 5hmC is enriched at high levels at active enhancers and the gene bodies of
actively transcribing genes, both TET and DNMT inactivation would be expected to
decrease oxi-mC at a wide range of functional regions in the genome that are involved in
gene transcription. However, 5hmC is a stable modification that is lost mainly through cell
proliferation [9], and the modified base generated on a newly synthesized strand
immediately after DNA replication is 5mC generated by DNMT, which is only subsequently
acted upon by TET proteins to produce 5hmC and other oxi-mC. Therefore, the effect of
5hmC loss in TET- or DNMT-deficient cells on gene transcription would be observed only
after several replication cycles and moreover would be most apparent in dividing cells.
Future studies to assess whether combined deficiency of Dnmt3a and Tet2 accelerates
hematopoietic transformation would be of great help to clarify the molecular mechanisms by
which TET loss-of-function drive the development of hematopoietic cancers.

5fC and 5caC were shown to directly affect, albeit quite mildly, the processivity of RNA
polymerase during transcriptional elongation [80]. This finding suggests that oxi-mC levels
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in gene bodies does not simply correlate with, but rather could be used to predict, the level
of gene transcription. If this hypothesis is correct, oxi-mC would be most heavily lost, and
gene transcription would be most prominently decreased, at genes that encode key signaling
proteins and transcriptional regulators that govern cell lineage commitment and cell-type-
specific function, as observed in early embryos that are deficient of Tetl and Tet3 [81].

As an alternative but not mutually exclusive hypothesis, the tumor suppressor function of
TET proteins may possibly be mediated by functions that are independent of their catalytic
activities. It has been recently shown that WT1 physically associates with TET proteins,
which is critical for chromatin targeting of TET enzymes and their target gene expression
[70,71]. Tet2 interacts with HDAC1/2 in innate immune cells to suppress genes that are
important for regulating inflammatory response such as IL-6 [12]. Therefore, the absence of
intact TET proteins themselves would likely alter expression of a subset of master regulators
of lineage specification, genomic integrity or tumor suppression; in consequence, the
downstream target genes might be subject to a coordinate dysregulation that hastens
oncogenesis. Further studies will be required to resolve this issue.

Conclusions

TET loss-of-function is strongly associated with hematologic malignancies of lymphoid and
myeloid origin as well as diverse solid cancers. Previous studies have uncovered a role for
TET proteins in regulating gene expression, lineage specification and genomic integrity to
facilitate oncogenic transformation. However, we still lack a detailed understanding of the
molecular mechanisms by which TET proteins control these processes. Further mechanistic
studies on the role of TET dysregulation during oncogenesis and identification of ways to
target TET activity in cancer cells will facilitate the development of novel epigenetic therapy
of a wide range of cancers.
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Figure 1. Interplay between DNMTs and TETs in DNA demethylation pathway
A, DNA methylation and passive DNA demethylation pathway. De novo DNA

methyltransferases DNMT3a and DNMT3b create 5-methylcytosines in the context of CpG
dinucleotides. After DNA replication, DNMT1 is recruited to the hemimethylated regions
via interaction with its critical partner UHRF1, then restores symmetrical methylation
pattern in the newly synthesized DNA strands. When DNMT1 is lost or inactivated, 5mC
undergoes passive dilution after replication, a process termed passive DNA demethylation.
B, Domain structure and function of TET proteins. All three TET family members (TET1,
TET2 and TET3) contain a core catalytic domain that is composed of a cysteine-rich domain
(Cys-rich) and double stranded p-helix domain (DSBH). TET1 and TET3, but not TET2,
additionally contain an Zn finger type DNA-binding domain named CXXC domain at the N-
terminal region, which preferentially binds chromatin regions containing unmethylated CpG
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sequences. C, Control of DNA methylation-demethylation dynamics by TET proteins. TET
proteins successively oxidize 5-methylcytosine to produce 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) in DNA. All these oxi-mCs
inhibit DNMT1, promoting passive DNA demethylaton. 5fC and 5caC are directly excised
by thymine DNA glycosylase (TDG) to generate abasic sites, which triggers base excision
repair to replace the abasic sites with unmodified cytosines.
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Figure 2. Modulation of TET protein expression and function
In addition to the coding region mutations in TET genes, TET protein expression and

activity can be modulated in a variety of ways. TET transcription or translation could be
inhibited by promoter methylation, microRNAs, mutations in regulatory sequences (i.e.
promoters, enhancers or splice sites) or altered transcription factor expression or function.
TET protein levels could be regulated by proteolysis mediated by caspase or calpain.
Ubiquitylation of TET2 protein by E3 ligases CRL4VP'BP and interactions with other
proteins such as WT1, IDAX and PGC7 that are important for recruiting TET proteins to
specific chromatin regions are known to regulate its DNA binding activity. TET function
can also be modulated by IDH mutations leading to the production of 2-hydroxyglutarate or
alterations in cellular metabolic status (i.e. hypoxia, Fe2* levels or redox state).
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Figure 3. Significance of loss of oxi-mCs in the pathogenesis of cancers
In terms of 5mC, loss of TET function results in increased 5mC and so is antagonistic to loss

of DNMT function, which results in decreased 5mC. However, in terms of oxi-mC, loss of
TET and DNMT function have the the same effect, a decrease of oxi-mC. Given that
ablation of Tet2 or Dnmt3a in HSCs displays similar effects such as expansion, increased
repopulating capacity and myeloid transformation of HSCs in murine models, loss of oxi-
mCs seems more likely to be relevant to malignant transformation in hematopoietic
malignancies than alterations in DNA methylation.
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