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Although Tet2 has a preference for the SmC-
containing DNA substrate, its initial reaction rate
for ShmC- and 5fC-containing substrate is only
4.9-to 7.6-fold lower. The fact that there is an
accumulation of 5fC and 5caC when 5mC is
used as a substrate (Fig. 3B, left) strongly suggests
that Tet-catalyzed iterative oxidation is likely a
kinetically relevant pathway.

To determine whether Tet-catalyzed iterative
oxidation of SmC can take place in vivo, we trans-
fected a mammalian expression construct con-
taining the Tet2 catalytic domain fused to green
fluorescent protein (GFP) into human embry-
onic kidney (HEK) 293 cells. After fluorescence-
activated cell sorting, genomic DNA of GFP-
positive cells was analyzed for the presence of
ShmC, 5fC, and 5caC by 2D-TLC (fig. S3). Com-
pared with the untransfected control, cells express-
ing Tet2 not only have increased ShmC levels
but also contain two additional spots (Fig. 4A),
which correspond to 5fC and 5caC, respectively.
In addition, we quantified the genomic content of
ShmC, 5fC, and ScaC following the procedure
depicted in fig. S9A (14). After establishing the
retention times for each of the cytosine deriva-
tives on high-performance liquid chromatography
(HPLC) (fig. S9B, top), nucleosides derived from
genomic DNA were subjected to the same HPLC
conditions for fractionation. Fractions A and B
(fig. S9B) that had the same retention times as
that of 5caC and ShmC or 5fC were collected.
Mass spectrometry analysis demonstrates that both
5fC and 5caC are detected in the genomic DNA
of cells overexpressing Tet2 (fig. SI0A). By com-
parison to the standard curves (fig. S11A), over-
expression of wild-type Tet2, but not a catalytic
mutant, increased the genomic content of ShmC,
5fC, and 5caC (Fig. 4B).

Next, we asked whether 5fC and 5caC are
present in genomic DNA under physiological
conditions. By using a similar approach as that
used for the genomic DNA of Tet2-overexpressing
HEK?293, we show that not only ShmC, but also
5fC and ScaC are present in the genomic DNA of
mouse embryonic stem (ES) cells (fig. S10B). To
quantify the genomic content of ShmC, 5fC, and
ScaC in mouse ES cells, we generated standard
curves for each of the SmC derivatives at low con-
centrations and determined the limit of detection
for 5fC and 5caC to be 5 fmol and 10 fmol, re-
spectively (fig. S11). We then quantified the ge-
nomic content of these cytosine derivatives in
mouse ES cells to be about 1.3 x 10> ShmC, 20
5fC, and 3 5caC in every 10° C (Fig. 4C and table
S1). Knockdown of Tetl reduced the genomic
content of ShmC as well as 5fC and ScaC (Fig.
4C), indicating that Tetl is at least partially respon-
sible for the generation of these cytosine deriv-
atives. The presence of S5fC is not limited to ES
cells, because similar analysis also revealed their
presence in genomic DNA of major mouse organs
(Fig. 4C). However, 5caC can be detected with
confidence only in ES cells (Fig. 4C and fig. S10B).

Here, we demonstrate that the Tet family of
proteins have the capacity to convert SmC not

only to 5ShmC, but also to 5fC and 5caC in vitro.
In addition, we provide evidence for the presence
of 5fC in the genomic DNA of mouse ES cells
and organs and the presence of 5caC in mouse
ES cells. We note that a similar study failed to
detect their existence in genomic DNA of mouse
organs (15) likely because of the differences in
the detection limits between the two studies
(pmol versus fmol). The Tet-catalyzed oxidation
reaction is reminiscent of the thymine hydroxy-
lase—catalyzed conversion of thymine to iso-
orotate (8, 9) (fig. S1), raising the possibility that
SmC demethylation could be potentially achieved
through a process similar to the conversion of
thymine to uracil, which is achieved by conver-
sion of thymine to iso-orotate followed by
decarboxylation by the iso-orotate decarboxylase
(8, 9). Although this hypothetical pathway for
DNA demethylation is simple and appealing, the
enzyme that is capable of decarboxylating ScaC-
containing DNA has yet to be identified. Until such
an enzyme is identified, we cannot rule out the
possibility that the Tet family enzymes act together
with other putative DNA demethylation pathways,
such as the base-excision DNA repair pathway.
Indeed, recent studies have provided some sup-
porting evidence for such a possibility (16, 17).
Note added in proof: A related paper appeared
during revision of this paper: T. Pfaffeneder et al.,
The discovery of 5-formylcytosine in embryonic
stem cell DNA. Angew. Chem. Int. Ed. Engl. 50,
7008 (2011); published online 30 June 2011.
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Tet-Mediated Formation of
5-Carboxylcytosine and Its Excision
by TDG in Mammalian DNA

Yu-Fei He,** Bin-Zhong Li,** Zheng Li,* Peng Liu,* Yang Wang," Qingyu Tang,? Jianping Ding,?
Yingying Jia,? Zhangcheng Chen,? Lin Li,? Yan Sun,? Xiuxue Li,® Qing Dai,* Chun-Xiao Song,*

Kangling Zhang,®> Chuan He,* Guo-Liang Xu't

The prevalent DNA modification in higher organisms is the methylation of cytosine to
5-methylcytosine (5mC), which is partially converted to 5-hydroxymethylcytosine (5hmC)

by the Tet (ten eleven translocation) family of dioxygenases. Despite their importance in
epigenetic regulation, it is unclear how these cytosine modifications are reversed. Here, we
demonstrate that 5mC and 5hmC in DNA are oxidized to 5-carboxylcytosine (5caC) by Tet
dioxygenases in vitro and in cultured cells. 5caC is specifically recognized and excised by
thymine-DNA glycosylase (TDG). Depletion of TDG in mouse embyronic stem cells leads to
accumulation of 5caC to a readily detectable level. These data suggest that oxidation of 5mC by
Tet proteins followed by TDG-mediated base excision of 5caC constitutes a pathway for active

DNA demethylation.

ytosine methylation is directly involved
in the modulation of transcriptional ac-
tivity and other genome functions (/),

and DNA demethylation therefore plays im-
portant roles in transcriptional activation of si-

lenced genes (2, 3). Multiple mechanisms have
been proposed to achieve DNA demethylation
in mammals, which include direct removal of
the exocyclic methyl group from the cytosine
via C-C bond cleavage, enzymatic removal of the
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5-hydroxylated methyl group as formaldehyde
(4), and replacement of the methylated cyto-
sine base and nucleotide through DNA base-
excision repair (BER) and nucleotide excision
repair pathways, respectively (3). In theory, all
these processes can be triggered by hydroxyl-
ation of 5-methylcytosine (SmC) by the recently
identified Tet (ten eleven translocation) dioxy-
genases (6, 7).

The discovery of Tet proteins capable of hydro-
xylating SmC to afford 5-hydroxymethylcytosine
(5hmC) (8) prompted us to search for previously
unknown enzymatic activities that modify SmC
and/or ShmC in mammalian nuclear extracts.
Base modification may prevent digestion by
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Substrate DNA (“C) 5mC

restriction enzymes used in thin-layer chroma-
tography (TLC) detection methods. To circum-
vent this problem, we used the EcoNI restriction
enzyme, which recognizes two trinucleotides
separated with a spacer of any five nucleotides
(5" CCTNN/NNNAGG 3'; N is any nucleotide).
Thus further modification of SmC placed at the
third N position should not block EcoNI diges-
tion. We tagged the SmC-containing DNA sub-
strate with biotin and, by following the procedure
summarized in fig. S1A, were able to detect an
additional spot (designated “X”) on TLC plates
in the DNA sample treated with nuclear extract
from human embryonic kidney (HEK) 293T
cells transfected with Tet2 (fig. S1B). This spot
migrated much more slowly than all other nu-
cleotides, and its amount was proportional to the
decrease in SmC. A similar spot also appeared
from the ShmC-containing DNA but not the
“C” control DNA samples upon incubation with
the nuclear extract (fig. S1B).

Because Tet dioxygenases catalyze oxidation
of 5mC to ShmC (8), we surmised that protein(s)
associated with Tet2 or Tet2 itself might be re-
sponsible for the generation of the unknown
nucleotide in spot X. To address this, we pu-
rified Flag-tagged full-length Tet2 protein from
transfected 293T cells (fig. S2) and tested its

Nucleotide C
markers

5mC ShmC

. .

Tet2 + - +

5m-dCMP

5-32p

5-14C
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activity on SmC-containing DNA substrates. TLC
analysis revealed that spot X could be generated
by incubating the 5SmC or ShmC substrate with
the purified Tet2 protein (Fig. 1A).

To ascertain that spot X on TLC plates does
arise from 5SmC, we performed an isotope-
tracing experiment by labeling DNA substrate
in the methyl group of SmC using the CpG-
specific bacterial methyltransferase M.SssI and
[methyl-'*C] S-adenosylmethionine. A 'C spot
was detected with the same migration rate as the
32p spot X (Fig. 1B), demonstrating that the un-
known nucleotide in spot X originated from SmC.

A derivative of SmC upon incubation with
Tet2 could also be detected by high-performance
liquid chromatography (HPLC) analysis of nu-
cleosides. Wild-type Tet2 converted over 90% of
SmC or ShmC into a new nucleoside (peak X')
(Fig. 1C). No X' peak was generated by the
mutant enzyme harboring substitutions of the
key catalytic residues (HxD) of the conserved
Fe?*-binding motif. Similarly, both Tet] and Tet3
showed activity (fig. S3). The C-terminal regions
containing the catalytic domain showed a weaker
but clearly detectable activity (figs. S4 and S5).

The HPLC peak X' appeared only when
SmC and ShmC DNA substrates had been in-
cubated with Tet enzymes in the presence of Fe**
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and 2-oxoglutarate (fig. S6), the two cofactors
required by this superfamily of dioxygenases.
This cofactor requirement, together with the re-
tention of the '*C-labeled methyl group attached
to cytosine (Fig. 1B), suggested that the new
modification arose from oxidation of the 5-
methyl group of 5SmC (6). Stepwise oxidation
of 5SmC would result in the formation of ShmC,
S-formylcytosine (5fC), and 5-carboxylcytosine
(5caC). The unknown 5mC derivative generated
by Tet2 eluted in HPLC at the same time point
as the chemically synthesized 5caC standard

(Fig. 2A). Moreover, TLC analysis showed that
the X spot detected from the Tet-mediated ox-
idation of SmC in DNA comigrated with an
authentic 5caC nucleotide labeled with **P (Fig.
2B). Furthermore, we collected the HPLC peak
X" and subjected it to high-resolution mass spec-
trometric analysis. Mass spectra in a negative-ion
mode identified an ion with a mass/charge ratio
(m/z) of 270.0731, which matched the mono-
isotopic mass of the ion derived from 5caC (m/z
of 270.0726) with a deviation of only 1.8 parts
per million (ppm) (Fig. 2C, top). The overall

A E 5hmC 5caC 5mGC Substrate DNA 5mC OO\Q‘
* * * Tet2 + - &*
Standard ’
nucleosides 5m-dCMP =
5mC DNA
g L]
no enzyme
A
mAU
06 ¥ smcONA
0.4 +
02 _/;/\, Tet2
P I . X= ‘ # -5ca-dCMP

15 20 25 30
Retention time (min)

1 2 3
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NH W
z N/ |- &\ l
o 1.5 N I )\
e 0)\ 154.0253 PN Hot o
& 3 NHz0 HOCH; 0
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8 [ 2700731 OH
c H
c
=~ 48 N 227.0674
5 Authentic 5¢caC
154.0260
00 . T A Z ll T T 1
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m/z
3.0
2.5
© 204
>
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£ 1.59
2
8 1o0-
5 " 227.0673
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0.0 1 ~ s 1 . | : . | l
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m/z

Fig. 2. The modification product of 5mC is 5caC. The 5mC derivative generated by Flag-Tet2 was
analyzed by HPLC analysis (A), TLC (B), and mass spectrometry (C) using a 5caC standard as a
reference. (A) HPLC analysis of the nucleoside derived from 5mC in the DNA substrate treated with
Flag-Tet2. (B) TLC identification of the modification product of Tet2. The 5mC substrate used was the
same as in Fig. 1A. 5caC DNA (lane 3), a synthetic oligonucleotide duplex with the same sequence but
containing a 5-caC 3’ of the cleavage site of EcoNI, provides a reference spot for 5-carboxycytidine
monophosphate (5ca-dCMP). (C) Mass spectrometry analysis of a HPLC fraction corresponding to the
peak X' in (A). Structural formulas deduced are shown for the major peaks.
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fragmentation ion pattern obtained matched well
that of the authentic 5-carboxylcytidine (Fig.
2C, bottom). Together, these observations con-
firmed that Tet2 catalyzes oxidation of SmC and
ShmC to 5-carboxylcytosine in DNA. 5fC, the
other potential oxidation intermediate of SmC or
ShmC that is detectable in mouse embryonic
stem (ES) cell genomic DNA (9), was not found
in the DNA product under the same reaction
and detection conditions.

To characterize the enzymatic properties of
Tet2, we carried out bisulfite sequencing anal-
ysis on methylated DNA upon oxidation in vitro.
5caC behaved as an unmethylated cytosine in
bisulfite conversion (fig. S7). The distribution
pattern of ScaCs formed upon the reaction (fig.
S8) suggested that Tet2 is quite processive with
regard to the oxidation of SmC sites.

We then examined whether Tet enzymes can
catalyze the oxidation of endogenous 5mC in
genomic DNA in cultured cells. HEK 293T cells
were transfected with the full-length Tet2 or the
C-terminal catalytic domain (fig. S9). HPLC
analysis of genomic DNA isolated from the
transfected cells showed a new peak with the same
retention time as the ScaC standard, in addition to
the ShmC peak (Fig. 3A). This new peak was
not detected when the cells were transfected with
a catalytically inactive mutant of Tet2.

The identity of the endogenous ScaC product
was further confirmed by analyzing HPLC
chromatograms with a triple quadrupole mass
spectrometer that was set in a MRM (multiple-
reaction-monitoring) mode and optimized for
the detection of three expected ion transitions
(270—110, 270—154, and 270—227). Co-elution
of the MRM signals on a reversed-phase column
(Fig. 3C) provided an unambiguous identification
of the Tet2 product generated in cells as ScaC.
Similarly, Tetl was also able to generate ScaC
in the genomic DNA of the transfected cells.

5-Carboxylcytosine is not detectable in
mouse ES cells and neurons that express high
levels of Tet enzymes (/0), yet it is chemically
stable and does not spontaneously decarboxylate
to cytosine under physiological conditions. This
raises the possibility that ScaC might be actively
removed from genomic DNA immediately after
its generation in cells. Because BER has been
implicated in DNA demethylation (6), we tested
whether nuclear extracts of mammalian cells
contain base-excision activity toward ScaC (fig.
S10A). A ScaC-specific glycosylase activity was
detected in mouse ES cell nuclear extract (Fig.
4A). Incubation of a 20-nucleotide oligomer
(20-mer) 5caC substrate with the extract resulted
in a 9-mer cleavage product, because removal
of the ScaC base generated an abasic site that
was broken by a hot alkaline treatment. Incubation
with the nuclear extracts did not lead to excision of
ShmC from the substrate DNA in the same assay.

Among the known glycosylases that recog-
nize and excise modified bases (//), thymine-
DNA glycosylase (TDG) is the most likely
candidate to process 5ScaC because the enzyme
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is essential for embryo development (/2) and
capable of removing cytosine analogs as well as
thymines, the deamination product of SmC (73).
We therefore prepared recombinant TDG and
performed a glycosylase assay with U-, ShmC-,
or 5caC-containing DNA as substrates (fig. S10).
TDG was able to cleave 5caC but not ShmC
(Fig. 4B). MBD4, another DNA glycosylase that
removes U or T opposite to G in the CpG se-
quence context (/4), exhibited no activity toward
ScaC. Similarly, no ScaC excision activity could

be detected for the uracil-DNA glycosylase

A Cc 5mC
_ Flag- |
A x Tet2FL | |
) o Flag- |
1 L T \ » Tet2CD | |
| Flag-Tet2 | |
N\ _ mutant |
5hmC '
I 5mC
[ Standard
c | nucleosides | |
204  BaC
5 1.5 [
T 1.0- | scaC
< 054 || standard
0 _.‘I N —
20 30 40 50 60 70

Retention time (min)

100 y
80 '

\

60 |
40 ‘ |
20 i

Percentage of counts (%) 0

o 1 2 3 4 5 6 7
Acquisition time (min)

Fig. 3. Tet2 catalyzes formation of 5caC in ge-
nomic DNA in vivo. (A) HPLC detection of 5caC in
genomic DNA of HEK 293T cells expressing wild-
type Flag-Tet2. Synthetic 2'-deoxy-5-carboxylcytidine
(5caC) and the nucleoside hydrolysate of a syn-
thetic DNA containing cytosine (C), 5hmC, and
5mC were used as standards. Arrows point to the
5caC peaks detected in DNA isolated from cells
transfected with wild-type Tet2. (B) HPLC—tandem
mass spectrometry (MS/MS) detection of genomic
5caC. Shown are MRM elution profiles of negative-
ion mass transitions from a precursor to its three
product ions as shown in Fig. 2C for a synthetic
2'-deoxy-5-carboxycytidine standard (blue) and
a DNA hydrolysate [isolated peak indicated with
a red arrow in (A)] from cells transfected with full-
length Tet2 (black). Red line was from a control
DNA sample isolated from cells transfected with
the inactive Tet2 mutant.
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(UNG) and the single-strand-selective monofunc-
tional uracil DNA glycosylase 1 (SMUG1), both
of which remove uracils and 5-hydroxyuracils
(the deamination product of 5ShmC) from DNA
(15, 16) (Fig. 4B). The 5caC-excision activity
of TDG was further confirmed in vivo in trans-

fected HEK 293T cells. Ectopic expression of
wild-type TDG diminished the amount of 5caC
generated by cotransfected Tet2 but did not
significantly reduce ShmC (Fig. 4C). Expression
of a catalytically inactive TDG mutant had no
effect. Consistently, nuclear extract from the 7dg
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B 2 P E
Q’ x(bo\;b ,-5\ \& é\ \@ \:)% ‘-O@
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Fig. 4. TDG glycosylase recognizes and excises 5caC from DNA. (A) ES cell nuclear extract contains
5caC-specific base-excision activity. The activity in the nuclear extract of mouse ES cells to generate
alkaline-sensitive sites was assayed by using 5caC-containing oligonucleotide duplexes. Shown are the
results obtained with 20-mer DNA duplexes containing either G/U (U), G/5ShmC (5hmC), or G/5caC
(5caC) base pairs in the middle. (B) Excision of 5caC from DNA by Flag-TDG but not by Flag-MBD4,
Flag-UNG, or GST-SMUG1. Asn™*-Ala™* (N151A) is a catalytically inactive mutant of TDG. Proteins
used are shown in fig. S10B. 6xHis-TDG purified from bacteria was also active in 5caC excision. TDG
displayed a much stronger glycosylase activity for the “hemi-carboxylated” DNA substrate containing
5caC only on one strand (fig. $11). WT, wild type. (C) Reduced 5caC formation by cotransfection of TDG
in HEK 293T cells expressing ectopic Tet2. The mutant TDG was as in (B). (D) Lack of 5caC base-excision
activity in Tdg knockdown ES cells. Nuclear extracts prepared from the two independent cell lines (a and
b) containing shRNA knockdown construct 1, 2, or scramble control were tested as in (A). (E) HPLC-
MS/MS detection of 5caC in ES cells depleted of TDG. MRM profiles of hydrolysates of genomic DNA from
control (red ) and TDG-depleted ES cells (pink) were analyzed. Synthetic 5caC nucleoside was used as a
positive control (blue). Depletion of TDG was confirmed by Western analysis of independent stable

knockdown ES cell lines (fig. 512).
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knockdown ES cells had little 5caC excision
activity (Fig. 4D). Moreover, immunodepletion
of TDG from the ES cell nuclear extract greatly
reduced the 5caC excision activity (Fig. 4A,
lane 3). These results indicate that TDG is able
to recognize and excise ScaC, an oxidation
product of 5SmC, in duplex DNA.

Stable ES cell lines expressing a Tdg-specific
small interfering RNA were established, and
TDG depletion was confirmed by Western an-
alysis (fig. S12). By using triple quadrupole mass
spectrometry, we could detect ScaC in genomic
DNA isolated from TDG-depleted ES cells, but
no reliable signal was detected in TDG-proficient
control cells expressing scramble short hairpin
RNA (shRNA) (Fig. 4E). Similarly, 5caC was
detectable in mouse induced pluripotent stem
(iPS) cells when the 7dg gene was knocked out
(fig. S13). Judging from our calculation based
on the measurement of a 5caC standard, the num-
ber of 5caC per genome is ~9000 in Tdg-depleted
ES or iPS cells but below 1000 in wild-type cells.

TDG has been implicated in DNA demeth-
ylation for its function in excising the deami-
nation product of SmC, ShmC, or 5mC itself
from DNA (17-19), yet mammalian TDG lacks
glycosylase activity toward 5mC (6, 12). Al-
though TDG is able to excise ShmU (/9), the
deamination product of ShmC, our work pro-
vides evidence that the Tet dioxygenases oxi-
dize 5mC and 5hmC to 5caC, which becomes
a substrate for TDG. Therefore, Tet-mediated
conversion of 5SmC and S5hmC to 5caC could
trigger TDG-initiated BER, as indicated here.
These sequential events would lead to DNA
demethylation, because unmethylated cytosines
are inserted into the repaired genomic region
(fig. S14).

Genome-wide mapping revealed that Tetl is
relatively enriched in CpG-rich active promoters
that are unmethylated (20-23), but ShmC is un-
derrepresented in the majority of Tetl binding
sites in ES cells (24-26). These apparent para-
doxes might be accounted for if active pro-
moters with Tetl binding sites were prevented
from erroneous hypermethylation because of Tet1
oxidizing SmC into 5caC, which could then be
removed by TDG-mediated BER repair. In this
case, SmC is most likely undetectable in the ac-
tive promoters because of their transient exis-
tence in a small proportion of cells. Likewise, in
many of the Tetl binding sites, ShmC could be
underrepresented because of conversion to 5caC,
which is rapidly removed in cells.

Note added in proof: During the revision
of this manuscript, Ito et al.’s report (Www.
sciencemag.org/content/early/2011/07/20/
science.1210597.abstract) appeared online de-
scribing the enzymatic activity of Tet proteins
in the conversion of SmC to 5fC and 5caC, as
well as the detection of these derivatives in mouse
genomic DNA.
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Multi-Input RNAi-Based Logic Circuit
for Identification of Specific

Cancer Cells

Zhen Xie,™?* Liliana Wroblewska,? Laura Prochazka,® Ron Weiss,>*t Yaakov Benenson’3t1

Engineered biological systems that integrate multi-input sensing, sophisticated information
processing, and precisely regulated actuation in living cells could be useful in a variety of
applications. For example, anticancer therapies could be engineered to detect and respond to
complex cellular conditions in individual cells with high specificity. Here, we show a scalable
transcriptional/posttranscriptional synthetic regulatory circuit—a cell-type “classifier"—that senses
expression levels of a customizable set of endogenous microRNAs and triggers a cellular response
only if the expression levels match a predetermined profile of interest. We demonstrate that a Hela
cancer cell classifier selectively identifies Hela cells and triggers apoptosis without affecting
non-Hela cell types. This approach also provides a general platform for programmed responses

to other complex cell states.

ynthetic biomolecular pathways with elab-
orate information processing capability
will enable in situ response to complex
physiological conditions (/). For example, mul-

tiple cancer-specific biomarkers (2) can be sensed
and integrated in such pathways, providing pre-
cise control of therapeutic agents (3). A combina-
tion of up to two tissue-specific signals, including

promoter and/or microRNA (miRNA) activity,
mRNA, and protein levels, have been used to
partially restrict therapeutic action to cancer cells
(4-9). In parallel, research in synthetic biology has
demonstrated multi-input information processing
in living cells (/0-18), but the interaction be-
tween these systems and the cellular context has
been limited. Yet, general-purpose mechanisms
for programmable integration of multiple mark-
ers are required to detect cell state and precisely
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