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Cellular development requires the silencing and activation of
specific gene sequences in a well-orchestrated fashion. Tran-
scriptional gene silencing is associated with the clustered
methylation of cytosine bases (C) in CpG units of promoters.
The methylation occurs at position C5 of cytosine to give 5-
methylcytosine (mC) with the help of special DNA methyl-
transferases (DNMT).[1] The DNA methylome is significantly
reprogrammed at various stages during early development,[2]

during the development of primordial germ cells,[2c,3] or later
in a locus-specific way at postdevelopmental stages.[4]

Decreasing levels of mC can be established passively by
successive rounds of DNA replication in the absence of
methyltransferases. Active demethylation, in contrast, is
proposed to be a process in which the mC bases are directly
converted back into unmodified cytosines in the genome.[5]

The recent discovery that mC can be further oxidized to
hydroxymethylcytosine (hmC) with the help of TET
enzymes[6] has led to the idea that hmC is connected to
epigenetic reprogramming,[7] maybe as an intermediate in an,
as yet controversial, active demethylation process.[4, 5,8] Indeed
recent data suggest that active demethylation in postdeve-
lopmental phases may proceed through deamination of hmC
to give 5-hydroxymethyluridine (hmU), which is then
removed from the genome with the help of the base excision
repair (BER) system.[9] Chemically, an attractive alternative
mechanism for a more global active demethylation could be
envisioned through further oxidation of hmC to give either 5-
formylcytosine (fC) or 5-carboxylcytosine (caC) followed by
elimination of a formyl or carboxyl group, respectively

(Scheme 1).[5a,10] Although such an oxidative active demethy-
lation pathway with hmC as the starting point has been
frequently postulated,[5a, 10] none of the further oxidized bases
(fC, caC) have so far been detected.[10a]

To examine the question of whether hmC is the only
oxidized base present in genomic DNA or if other higher
oxidized species may be present as well, we performed an
HPLC-MS study using synthetic fC and caC material as

Scheme 1. A) Putative cycle of methylation and oxidative demethylation
of cytidine derivatives. B) Details of the demethylation reaction via
vinyl carbanions.[11] I : Deformylation of fC to C. II : decarboxylation of
caC to C.
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standards.[10a,12] Specifically, we used DNA isolated from
mouse embrionic stem cells and embyoid bodies (mEBs) after
two and three days of differentiation for the study. In mES
cells, CpG-rich gene promoters are actively maintained in a
hypomethylated state and differentiation of mES cells
induces a wave of gene-specific de novo methylation that
involves repression of TET1 and TET2 expression as well as
reduction of global hmC and an increase in the global mC
levels.[7d] In addition, we analyzed DNA isolated from nerve
cell tissue, which features the highest levels of hmC in mice.
Indeed, hippocampus and cortex tissue have hmC levels of up
to approximately 0.7%/G,[12a] which is about twofold higher
than the hmC values measured in mES cells (0.39%/G). The
chromatogram obtained of a fully digested DNA sample from
mES cells shows the signals for the four canonical bases A, C,
G, and T plus the signal for mC (Figure 3A).[10a, 12a] If detection
is performed by mass spectrometry, the correct high-resolu-
tion mass (m/z values) for these five compounds and addi-
tionally the mass signal for hmC can be clearly detected. To
our surprise, we detected in addition to these six signals one
more signal of a compound that eluted with a retention time
very close to T (Figure 1A). This signal was initially only
detectable in the DNA material isolated from mES cells. The

new signal could not be directly detected in DNA isolated
from mEBs, but unknown fragment ions were seen in further
MSn studies. The unknown compound detected in the mES
cell DNA had a high-resolution mass signal (m/zfound =

256.0929) which is in excellent agreement with the calculated
exact mass for fC (m/zcalcd = 256.0928; Figure 1B). To
unequivocally prove that the signal is generated by the
presence of fC we synthesized the fC compound indepen-
dently, as reported previously by us,[10a] and co-injected a
small amount of the synthetic material into the DNA digest
obtained from the mES cell DNA. Indeed, the synthetic
material eluted with the same retention time (see the
Supporting Information). Finally MSn-fragmentation experi-
ments were performed, which are highly compound specific.
In these studies, the fC compound is fragmented directly in
the mass spectrometer to give characteristic fragment ions.
(Figure 1C, D) The MS/MS data obtained from the putative
fC compound isolated from mES cell DNA were found to be
identical with literature data[13] and with the MS/MS data
obtained from the authentic synthetic fC material (data not
shown). In addition, the obtained MSn data were identical
with the unknown fragment ions detected in the mEB cell
DNA. These data prove that the newly discovered compound

Figure 1. A) HPLC trace of digested mES cell DNA together with the MS signals from T and fC. The UV detection has a general delay of 0.2 min
and was adjusted manually to the ion current. B) High-resolution mass data of fC. C) Fragment mass data from MS/MS and MS3 studies proving
the structure of fC. D) Fragmentation pattern of fC in the MS2 and MS3 experiments.
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in mES cell DNA has the structure of fC. This base is present
at significant levels in mES cells and in traces in mEB cell
DNA.

We next quantified the amount of fC base in the mES
sample (Figure 2A). To this end we co-injected a defined
amount of synthetic fC together with digested mES cell DNA
and integrated the ion currents of the combined fC signal. In

addition, we measured the fC ion current of the added
amount of synthetic fC alone and compared the values to the
fC ion current measured in the mES sample. The integrals
allowed us to estimate the fC level to be around 0.02 %/G
(Figure 2B). This is a surprisingly high value compared with
the mC levels (Figure 2C) as well as with the hmC levels,
which we determined by using isotope spiking to be around
0.39% hmC/G (Figure 2D).[10a,12a] Consequently, every 10th
to 20th hmC base in the mES DNA is oxidized to fC, which
shows that this oxidation is a significant process.

We next performed mass spectrometry experiments to
study the presence of the hydrate form of fC (fC-hydrate)

since further oxidation of fC to caC or elimination of a formyl
group would require the addition of water to the formyl group
(Scheme 1A). We indeed detected the hydrate form in DNA
containing synthetic fC at a level of about 0.5% (retention
time of the hydrate = 21.7 and 26.5 min; m/zfound = 274.1037,
m/zcalcd = 274.1034; see the Supporting Information) which is
high enough to enable either direct elimination of a formyl
group (Scheme 1) or further oxidation. To investigate the
presence of the further oxidized compound caC in the DNA
samples from mES and mEB cells, we performed additional
MS studies that were also extended to a search for the hmC-
and fC-derived deamination products hmU and fU. However,
signals corresponding to caC, hmU, and fU were not found. In
additional MSn experiments, fragmentation products charac-
teristic for all these compounds were also not detected, which
shows that if these compounds are present, their levels are
below our detection limit.

We performed two more experiments to correlate the fC
levels with the mC and hmC levels. Firstly we quantified the
hmC levels in various DNA samples and secondly we studied
the levels of mC, hmC, and fC in DNMT3a/3b double knock-
out mES cells. Since the DNMT enzymes are needed to
methylate C to mC, we hoped to learn if the newly discovered
base fC is generated de novo from C (by a formylation
reaction) or whether it is created from mC by stepwise
oxidation via hmC. In agreement with earlier studies, we
observed the highest hmC levels in nerve cell DNA (hmC/
G = 0.65 %). The levels of hmC in mES cell DNA are
significantly lower and they decrease with differentiation (in
accordance with the results of Szwagierczak et al.[14]), while
the mC levels increase. A level of hmC/G = 0.39% was
measured in mES cell DNA. Here also, the fC level is the
highest with fC/G = 0.02 %. In mEB cells, the hmC levels are
hmC/G = 0.2% after 2 days of differentiation and hmC/G =

0.15% after 3 days of differentiation. The fC compound was
only detected in trace amounts in both sets of mEB cells by
MSn studies. A stronger difference can be seen in the
DNMT3a/3b double knock-out cells. Here, the mC levels
are greatly reduced to mC/G = 0.5%, compared to 5–6%
determined in the mES and mEB cells. The mC level in
cultured C2C12 myoblasts is slightly lower, in agreement with
other cell lines,[12a] but still at around 4%, thus showing that
C methylation is, as expected, strongly hindered in the
DNMT double knock-out mES cells. The same trend can be
observed when studying the hmC levels. The DNMT3a/3b –/–
mES cells contain practically no hmC (0.02 %) and also no fC.
These experiments show that fC is likely produced from mC
via hmC through further oxidation. We currently speculate
that the TET enzymes may convert mC into fC by iterative
oxidation, as it is found for related T7H enzymes that catalyze
the stepwise oxidation of thymine to 5-formyluracil.[15]

Since the formyl group of the fC compound was shown to
be reactive (hydrate formation with water), we next inves-
tigated the possibility of reacting the fC base in DNA with a
reagent that would allow isolation[16] of fC-containing DNA
fragments for sequencing[17] and more-sensitive detection of
fC. Since formyl groups react selectively with hydroxylamines
to give stable oxime derivatives,[18] we treated the mES DNA
with the biotin-hydroxylamine reagent (Figure 3A).[19] After

Figure 2. A) Correlation of the mass signal of fC and the UV signal of
G in mES cell DNA, in DNA from nerve tissue, in DNA from mEBs
after 2 and 3 days, in DNA from cultured myoblasts, and in DNA from
mES lacking DNMT3a and -3b. The detection limit of fC was
determined to be �1 pmol. B) Co-injection studies of fC with digested
embryonic stem cell DNA indicated an amount of approx. 2 pmol,
which corresponds to a level of 0.02%/G. C) Quantitative levels of mC
in mES cell DNA, in DNA from nerve tissue, in DNA from mEBs after
2 and 3 days, in DNA from cultured myoblasts, and in DNA from mES
lacking DNMT3a and -3b measured by quantitative mass spectrometry
using an isotopically labeled mC standard.[10a, 12a] D) Quantitative levels
of hmC in mES cell DNA, in DNA from nerve tissue, in DNA from
mEBs after 2 and 3 days, in DNA from cultured myoblasts, and in
DNA from mES lacking DNMT3a and -3b measured by quantitative
mass spectrometry using an isotopically labeled hmC standard.[10a, 12a]

Green: fC, yellow: mC, blue: hmC.
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24 h of incubation (pH 5.5, 25 8C, p-methoxyaniline/NaOAc
buffer),[20] the converted DNA was isolated and fully digested
(see the Supporting Information). In a parallel experiment,
we also added the biotin reagent to synthetic DNA in which
the fC compound was synthetically incorporated by using a
newly developed phosphoramidite building block (see the
Supporting Information and for alternative synthetic strat-
egies[21]). MS analysis of both digests showed the appearance
of only a single new MS signal derived from the biotin-labeled
fC nucleoside (fC-biotin). To our surprise, we no longer
observed a signal for fC, thus showing that the reaction allows
not only the highly selective but also complete (> 90%)
labeling of the fC nucleobase in genomic mES material
(Figure 3A). Most importantly, the fC-biotin derivative
produced a strongly increased MS signal, which allowed us
to study the presence of fC in the mEB cell DNA in more
detail. Indeed, after derivatization we could detect signals for
the biotinylated fC base in mEB DNA (Figure 3B) directly in
the mass spectrometer.

In summary, we provide here direct evidence for the
presence of 5-formylcytosine (fC) in DNA isolated from mES
und mEB cells. The fC levels were found to dramatically

decrease with ongoing differentiation. Interestingly, we do
not detect the fC compound in DNA isolated from neuronal
cells, which contain the highest amounts of hmC. We explain
this result on the basis of data from a recent study by Song and
co-workers,[9] who showed that active demethylation in adult
brain cells proceeds likely through deamination of hmC to
hmU followed by removal of the hmU base by the base
excision repair pathway. Thus, fC is in this respect a clear
marker nucleoside for the development of mES cells. It has
not escaped our notice that the oxidative demethylation of
methylcytosine via 5-formylcytosine we have postulated,
immediately suggests a possible globally acting epigenetic
control mechanism.
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