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Abstract

DNA cytosine methylation is crucial for retrotransposon silencing and mammalian development. In
a computational search for enzymes that could modify 5-methylcytosine (5mC), we identified TET
proteins as mammalian homologs of the trypanosome proteins JBP1 and JBP2, which have been
proposed to oxidize the 5-methyl group of thymine. We show here that TET1, a fusion partner of the
MLL gene in acute myeloid leukemia, is a 2-oxoglutarate (20G)- and Fe(I1)-dependent enzyme that
catalyzes conversion of 5mC to 5-hydroxymethylcytosine (hmC) in cultured cells and in vitro. hmC
is present in the genome of mouse embryonic stem cells, and hmC levels decrease upon RNA
interference—mediated depletion of TET1. Thus, TET proteins have potential roles in epigenetic
regulation through modification of 5mC to hmC.

5-methylcytosine (5mC) is a minor base in mammalian DNA: It constitutes ~1% of all DNA
bases and is found almost exclusively as symmetrical methylation of the dinucleotide CpG
(1). The majority of methylated CpG is found in repetitive DNA elements, suggesting that
cytosine methylation evolved as a defense against transposons and other parasitic elements
(2). Methylation patterns change dynamically in early embryogenesis, when CpG methylation
is essential for X-inactivation and asymmetric expression of imprinted genes (3). In somatic
cells, promoter methylation often shows a correlation with gene expression: CpG methylation
may directly interfere with the binding of certain transcriptional regulators to their cognate
DNA sequences or may enable recruitment of methyl-CpG binding proteins that create a
repressed chromatin environment (4). DNA methylation patterns are highly dysregulated in
cancer: Changes in methylation status have been postulated to inactivate tumor suppressors
and activate oncogenes, thus contributing to tumorigenesis (5).

Trypanosomes contain base J (B-o-glucosyl hydroxymethyluracil), a modified thymine
produced by sequential hydroxylation and glucosylation of the methyl group of thymine (fig.
S1A) (6). J biosynthesis requires JBP1 and JBP2, enzymes of the 20G- and Fe(l1)-dependent
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oxygenase superfamily predicted to catalyze the first step of J biosynthesis (7,8). Like 5-
methylcytosine, base J has an association with gene silencing: It is present in silenced copies
of the genes encoding the variable surface glycoprotein (VSG) responsible for antigenic
variation in the host but is absent from the single expressed copy (6). We performed a
computational search for homologs of JBP1 and JBP2 in the hope of identifying mammalian
enzymes that modified 5mC.

Iterative sequence profile searches using the predicted oxygenase domains of JBP1 and JBP2
recovered homologous regions in three paralogous human proteins TET1, TET2, and TET3
and their orthologs found throughout metazoa (e < 107°), as well as homologous domains in
fungi and algae (fig. S2 and SOM Text). Secondary structure predictions suggested the
existence of an N-terminal o helix followed by a continuous series of  strands, typical of the
double-stranded B helix (DSBH) fold of the 20G-Fe(Il) oxygenases (fig. S3) (9). A multiple
sequence alignment showed that the new TET/JBP family displayed all of the typical features
of 20G-Fe(ll) oxygenases, including conservation of residues predicted to be important for
coordination of the cofactors Fe(ll) and 20G (fig. S3 and SOM Text). The metazoan TET
proteins contain a unique conserved cysteine-rich region, contiguous with the N terminus of
the DSBH region (Fig. 1A and SOM Text). Vertebrate TET1 and TET3, and their orthologs
from all other animals, also possess a CXXC domain, a binuclear Zn-chelating domain, found
in several chromatin-associated proteins, that in certain cases has been shown to discriminate
between methylated and unmethylated DNA (10).

As a first step in determining whether TET proteins operate on 5mC, we transfected human
embryonic kidney (HEK) 293 cells with full-length hemagglutinin (HA)-tagged TET1, then
stained the transfected cells for 5mC and the HA epitope. Mock-transfected cells showed
substantial variation in 5mC staining intensity (fig. S4; Fig. 1B, top panel; quantified in Fig.
1C), either because 5mC levels vary from cell to cell or because the accessibility of 5mC to
the antibody differs among cells because of technical considerations (e.g., incomplete
denaturation of DNA). Cells transfected with wild-type TET1 showed a strong correlation of
HA positivity with decreased staining for 5mC, both visually (Fig. 1B, middle panel) and by
quantification (Fig. 1C, left panel, and Fig. 1D). Untransfected HA-low cells showed a spread
of 5mC staining intensity similar to that of mock-transfected cells (Fig. 1C, left panel; note
overlapping red and blue dots at low HA intensities), whereas productively transfected HA-
high cells showed uniformly low 5mC staining intensity (Fig. 1C, left panel, red HA-high dots).
Cells transfected with mutant TET1 bearing H1671Y, D1673A substitutions predicted to
impair Fe(1l) binding did not show decreased staining for 5mC (Fig. 1B, bottom panel; Fig.
1C, right panel; and Fig. 1D).

To determine quantitatively whether TET1 overexpression affects intracellular 5mC levels, we
measured the ratio of 5mC to C at a subset of genomic CpG sites in cells expressing either full-
length TET1 (TET1-FL) or the predicted catalytic domain of TET1 [TET1-CD, comprising
the Cys-rich (C) and DSBH (D) regions; Fig. 1A]. HEK293 cells were transiently transfected
with plasmids in which TET1 expression was coupled to expression of human CD25 from an
internal ribosome entry site (IRES). Genomic DNA from CD25-expressing cells was digested
with Mspl, which cleaves DNA at the sequence C*CGG regardless of whether the second C
is methylated. The resulting fragments, whose 5’ ends derive from the dinucleotide CpG and
contain either C or 5mC, were end-labeled and digested to yield 5’ phosphorylated dNMPs that
were resolved using thin-layer chromatography (TLC) (Fig. 2A) (11).

Mspl-digested DNA from cells transfected with the control vector yielded predominantly

dCMP and 5m-dCMP as expected (Fig. 2B, lane 1), whereas DNA from cells expressing wild-
type TET1-FL or TET1-CD vyielded an additional unidentified labeled species migrating more
slowly than dCMP (“?,” Fig. 2B, lanes 2 and 4). This new species was not detected when the
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DNA was digested with Hpall, the methylation-sensitive isoschizomer of Mspl (Fig. 2D) but
was clearly observed when the DNA was digested with Tag®l, a methylation-insensitive
enzyme that cuts at a different sequence, T*"CGA (Fig. 2E). The new species was not observed
in Mspl- or Tag®l-digested DNA from cells transfected with mutant TET1-FL or TET1-CD
(Fig. 2, B and E, lanes 3 and 5), and its appearance was associated with decreased abundance
of 5m-dCMP (Fig. 2, B and E, lanes 2 and 4; quantified in Fig. 2, C and F). In all experiments,
expression of wild-type TET1-CD correlated with a small but significant increase in the
abundance of dCMP (Fig. 2, C and F). Together these results suggest that the unidentified
species is derived through modification of 5m-dCMP and may be an intermediate in the passive
or active conversion of 5mC to C.

We used high-resolution mass spectrometry (MS) to identify the novel nucleotide. Genomic
DNA was prepared from HEK293 cells overexpressing wild-type or mutant TET1-CD. A
singly charged species with an observed mass/charge ratio (m/z) of 336.0582, consistent with
a molecular formula of C1gH15NOgP~, was the only species migrating at the expected position
on TLC that exhibited a large (by a factor of about 19) difference in abundance between the
wild-type and mutant samples (Fig. 3, A and B). Based on this result, our computational
analyses, and the data of Fig. 2, we hypothesized that the unidentified species was 5-
hydroxymethylcytosine (hmC), produced by TET1 through hydroxylation of the methyl group
of 5mC (fig. S1). As a standard, we prepared authentic hm-dCMP from unglucosylated DNA
of T4 phage grown in Escherichia coli ER1656, a strain deficient in the glucose donor molecule
UDP-glucose (abbreviated T4* DNA) (12). TLC assays showed that the novel nucleotide
generated in unsorted cells expressing TET1-CD migrated similarly to hm-dCMP from T4*
DNA (Fig. 3A). Tandem mass spectrometry (MS-MS) fragmentation experiments at several
collision energies (15 and 25 V) in both positive and negative ion modes confirmed that the
fragmentation pattern of the 336.0582 dalton ion was identical to that of hm-dCMP (Fig. 3C
and fig. S5).

To establish that TET1 was directly responsible for hmC production, we expressed Flag-HA-
tagged wild-type and mutant TET1-CD in Sf9 insect cells, purified the recombinant proteins
to near homogeneity (fig. S6A), and assayed their catalytic activity on fully methylated double-
stranded DNA oligonucleotides. Wild-type, but not mutant, TET1-CD catalyzed robust
conversion of 5mC to hmC and displayed an absolute requirement for both Fe(ll) and 20G
(Fig. 4A,; quantified in Fig. 4B). Omission of ascorbate did not result in a significant decrease
in catalytic activity, most likely because we included dithiothreitol in the reaction to counteract
the strong tendency of TET1-CD to oxidize (fig. S6, A to D) (13-15). Recombinant TET1-CD
was specific for 5mC: We did not detect conversion of thymine to hydromethyluracil (hmU)
(fig. S7).

We used high-resolution MS to demonstrate, as before, that a singly charged species at m/z of
336.0582 was the only species migrating at the expected position that differed significantly
(by a factor of 35) in abundance when comparing substrates incubated with wild-type and
mutant proteins (Fig. 4C). MS-MS experiments confirmed that the fragmentation pattern of
the species produced by recombinant TET1-CD was identical to that of authentic hm-dCMP
in unglucosylated T4 DNA (Fig. 4D). TET1-CD was also able to oxidize 5mC to hmC in
hemimethylated double-stranded DNA (Fig. 4E).

We asked whether hmC was a physiological constituent of mammalian DNA. Using the TLC
assay, we observed a clear spot corresponding to labeled hmC in mouse embryonic stem (ES)
cells but not in previously activated human T cells or mouse dendritic cells (Fig. 5A).
Quantification of multiple experiments indicated that hmC and 5mC constituted 4 to 6% and
55 to 60%, respectively, of all cytosine species in Mspl cleavage sites (C*CGG) in ES cells
(Fig. 5A). Tetl mRNA levels declined by 80% in response to leukemia inhibitory factor (LIF)
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withdrawal for 5 days, compared with the levels observed in undifferentiated ES cells (Fig.
5B); in parallel, hmC levels diminished from 4.4 to 2.6% of total C species, a decline of ~40%
from control levels (Fig. 5C). The difference might be due to the compensatory activity of other
Tet-family proteins. Similarly, RNA interference (RNAi)-mediated depletion of endogenous
Tetl resulted in an 87% decrease in Tetl mRNA levels and a parallel ~40% decrease in hmC
levels (Fig. 5, D and E). Again, the difference is likely due to the presence of Tet2 and Tet3,
which are both expressed in ES cells.

Together these data strongly support the hypothesis that Tet1, and potentially other Tet family
members, are responsible for hmC generation in ES cells under physiological conditions (fig.
S8A). CpG dinucleotides are ~0.8% of all dinucleotides in the mouse genome (16); thus, hmC
(which constitutes ~4% of all cytosine species in CpG dinucleotides located in Mspl cleavage
sites) is ~0.032% of all bases (~1 in every 3000 nucleotides, or ~2 x 10° bases per haploid
genome). For comparison, 5mC is 55 to 60% of all cytosines in CpG dinucleotides in Mspl
cleavage sites (Fig. 5A), about 14 times as high as hmC (hmC may not be confined to CpG)
(SOM Text). An important question is whether hmC and TET proteins are localized to specific
regions of ES cell DNA—for instance, genes that are involved in maintaining pluripotency or
that are poised to be expressed upon differentiation. A full appreciation of the biological
importance of hmC will require the development of tools that allow hmC, 5mC, and C to be
distinguished unequivocally (SOM Text).

As a potentially stable base (SOM Text), hmC may influence chromatin structure and local
transcriptional activity by recruiting selective hmC-binding proteins or excluding methyl-
CpG-binding proteins (MBPs) that normally recognize 5mC, thus displacing chromatin-
modifying complexes recruited by MBPs (fig. S8B, center). Indeed, it has already been
demonstrated that the methyl-binding protein MeCP2 does not recognize hmC (17).
Alternatively, conversion of 5mC to hmC may facilitate passive DNA demethylation by
excluding the maintenance DNA methyltransferase DNMT1, which recognizes hmC poorly
(fig. S8B, left) (18). Even a minor reduction in the fidelity of maintenance methylation would
be expected to result in an exponential decrease in CpG methylation over the course of many
cell cycles. Finally, hmC may be an intermediate in a pathway of active DNA demethylation
(fig. S8B, right). hmC has been shown to yield cytosine through loss of formaldehyde in
photooxidation experiments (19) and at high pH (20,21), leaving open the possibility that hmC
could convert to cytosine under certain conditions in cells. A related possibility is that specific
DNA repair mechanisms replace hmC or its derivatives with C (22,23). In support of this
hypothesis, a glycosylase activity specific for hmC was reported in bovine thymus extracts
(24). Moreover, several DNA glycosylases, including TDG and MBD4, have been implicated
in DNA demethylation, although none of them has shown convincing activity on 5mC in in
vitro enzymatic assays (25-27). Cytosine deamination has also been implicated in
demethylation of DNA (26-28); in this context, deamination of hmC yields hmU, and high
levels of hmU:G glycosylase activity have been reported in fibroblast extracts (29).

These studies alter our perception of how cytosine methylation may be regulated in mammalian
cells. Notably, disruptions of the TET1 and TET2 genetic loci have been reported in association
with hematologic malignancies (SOM Text). A fusion of TET1 with the histone
methyltransferase MLL has been identified in several cases of acute myeloid leukemia (AML)
associated with t(10;11)(g22;q23) translocation (30,31). Homozygous null mutations and
chromosomal deletions involving the TET2 locus have been found in myeloproliferative
disorders, suggesting a tumor suppressor function for TET2 (32,33). It will be important to test
the involvement of TET proteins and hmC in oncogenic transformation and malignant
progression.
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Fig. 1.

Expression of TET1 in HEK293 cells results in decreased 5mC staining. (A) Predicted domain
architecture of human TET1 showing the CXXC-type zinc-binding domain (amino acid 584
to 624); the cysteine-rich region (Cys-rich) (amino acid 1418 to 1610); the DSBH domain
(amino acid 1611 to 2074); and three bipartite nuclear localization sequences (NLS). (B)
HEK?293 cells overexpressing wild-type or mutant HA-TET1 were costained with antibodies
specific for the HA epitope (green) and 5mC (red). To orient the reader, some HA-expressing
cells are circled. Scale bar, 10 um. (C) Staining intensities of HA and 5mC were measured in
individual nuclei. Data from HA-TET1-expressing cell populations are presented as dot plots
(red), superimposed on dot plots from mock-transfected cells (blue), with each dot representing
an individual cell. (D) Quantification of 5mC staining intensity of HA-positive cells compared
with that of mock-transfected cells (set to 1). Data shown are mean + SEM and are
representative of three experiments.
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dinucleotide CG. (A) Description of experimental design. (B to F) Genomic DNA was purified
from HEK?293 cells overexpressing TET1 and cleaved with [(B) and (C)] Mspl, (D) Hpall, or
[(E) and (F)] Tag®l. The fragments were end-labeled, digested to 5’ dNMPs, and resolved by
TLC. A modified nucleotide (subsequently identified as hm-dCMP) is indicated by ?. Neither
5m-dCMP nor the modified nucleotide are observed when the DNA is digested with Hpall.
[(C) and (F)] Quantification of the relative abundance of dCMP, 5m-dCMP, and the modified
nucleotide. Data shown are mean £ SD of three independent transfections and are representative
of at least three experiments.
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The modified nucleotide is identified as 5-hydroxymethylcytosine. (A) Genomic DNA from
T4 phage grown in UDP-glucose—deficient E. coli ER1656 (T4*) and HEK293 cells transfected
with wild-type or mutant TET1-CD were digested with Taq®l. The fragments were end-labeled,
digested to mononucleotides, and separated by TLC. The modified nucleotide presentin TET1-
CD-expressing cells migrates similarly to authentic hm-dCMP. (B) Comparison of liquid
chromatography—electrospray ionization MS ions present at an Rf = 0.29 in genomic DNA
from cells expressing wild-type (wt) or mutant (mut) TET1-CD. A species with an observed
m/z = 336.06 was more abundant by a factor of 18.5 in the wild-type sample compared with
the mutant sample. (C) Mass spectrometry fragmentation (MS/MS) analysis of authentic hm-
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dCMP (top), and the m/z = 336.06 species isolated from cells expressing TET1-CD (bottom).

Expected m/z values are shown in red; observed m/z values are shown in black (anticipated
mass accuracy is within 0.002 Da).
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Fig. 4.

Recombinant Flag-HA-TET1-CD purified from Sf9 cells converts 5mC to hmC in methylated
DNA oligonucleotides in vitro. (A) Double-stranded DNA oligonucleotides containing a fully
methylated Taq®l site were incubated with wt or mut Flag-HA-TET1-CD (1:10 enzyme to
substrate ratio). Recovered oligonucleotides were digested with Tag®l and analyzed by TLC.
The faint dCMP spot in each lane is derived from end-labeling of the C at the 5’ end of each
strand of the substrate. (B) The extent of conversion of 5mC to hmC is shown as the mean ratio
[hmC/(hmC+5mC)] + SD. (C) Comparison of species at an Rf of 0.29 in products resulting
from incubation with wt or mut Flag-HA-TET1-CD. (D) MS fragmentation analysis of
authentic hm-dCMP (top) and the nucleotide generated by Flag-HA-TET1-CD (bottom).
Observed masses are shown in black (mass accuracy was within 0.002 Da). (E) Recombinant
Flag-HA-TET1-CD is able to hydroxylate 5mC in fully methylated (full, lanes 5 and 6) and
hemimethylated (hemi, lanes 3 and 4) substrates. Unme, unmethylated DNA oligonucleotide
(lanes 1 and 2).
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hmC is present in ES cell DNA, and its abundance decreases upon differentiation or Tetl
depletion. (A) (Left) TLC showing that hmC is detected in the genome of undifferentiated ES
cells but not dendritic cells or T cells. (Right) Quantification of the relative abundance by
Phosphorlimager of 5mC, C, and hmC in the genomic DNA of undifferentiated ES cells. (B)
Tetl mRNA levels decline by ~80% in ES cells induced to differentiate by withdrawal of LIF
for 5 days. (C) The same differentiated ES cells show ~40% decrease in hmC levels. (D)
Transfection of ES cells using two different RNAI duplexes directed against Tetl decreases
Tetl mRNA levels by ~75%. (E) The same Tet1-depleted ES cells show ~40% decline in hmC
levels. Data shown are mean + SD and are representative of 2 to 3 experiments.

Science. Author manuscript; available in PMC 2009 July 24.



