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ABSTRACT

Recent studies showed that Ten-eleven translocation
(Tet) family dioxygenases can oxidize 5-methyl-
2’-deoxycytidine (5-mdC) in DNA to yield the
5-hydroxymethyl, 5-formyl and 5-carboxyl derivatives
of 2’-deoxycytidine (5-HmdC, 5-FodC and 5-CadC).
5-HmdC in DNA may be enzymatically deaminated
to yield 5-hydroxymethyl-2’-deoxyuridine (5-HmdU).
After their formation at CpG dinucleotide sites, these
oxidized pyrimidine nucleosides, particularly 5-FodC,
5-CadC, and 5-HmdU, may be cleaved from DNA by
thymine DNA glycosylase, and subsequent action
of base-excision repair machinery restores
unmethylated cytosine. These processes are
proposed to be important in active DNA cytosine
demethylation in mammals. Here we used a
reversed-phase HPLC coupled with tandem mass
spectrometry (LC-MS/MS/MS) method, along with
the use of stable isotope-labeled standards, for
accurate measurements of 5-HmdC, 5-FodC,
5-CadC and 5-HmdU in genomic DNA of cultured
human cells and multiple mammalian tissues. We
found that overexpression of the catalytic domain of
human Tet1 led to marked increases in the levels of 5-
HmdC, 5-FodC and 5-CadC, but only a modest
increase in 5-HmdU, in genomic DNA of HEK293T
cells. Moreover, 5-HmdC is present at a level that is
approximately 2–3 and 3–4 orders of magnitude

greater than 5-FodC and 5-CadC, respectively, and
35–400 times greater than 5-HmdU in the mouse
brain and skin, and human brain. The robust analytical
method built a solid foundation for dissecting the mo-
lecular mechanisms of active cytosine demethylation,
for measuring these 5-mdC derivatives and assessing
their involvement in epigenetic regulation in other or-
ganisms and for examining whether these 5-mdC de-
rivatives can be used as biomarkers for human
diseases.

INTRODUCTION

Eukaryotic chromatin possesses a wealth of information
that is required for the development and growth of a
multicellular organism. Such information is embedded
both genetically in the DNA sequence itself and
epigenetically via DNA methylation and posttranslational
modifications of core histone proteins (1,2). In mammals,
DNA methylation occurs at the C5 position of cytosine
residues mainly at CpG dinucleotide sites (1). This methy-
lation pattern is established during embryonic develop-
ment by de novo DNA methyltransferases DNMT3a
and DNMT3b, and maintained during cell division by
maintenance DNA methyltransferase DNMT1 (1). The
importance of cytosine methylation in mammalian devel-
opment is manifested by the observations that mice defi-
cient in DNMT3a die at 4 weeks of age (3), and mice
lacking DNMT1 or DNMT3b are embryonically lethal
(3,4).
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Studies in the past decade showed that DNA methyla-
tion pattern in mammals can be lost through passive or
active mechanisms (5,6). Elimination or inhibition of
DNMT1 activity can lead to loss of cytosine methylation
during cell division, a process known as passive cytosine
DNA demethylation. Active cytosine DNA demethylation
is the conversion of 5-methylcytosine (5-mC) to
unmethylated cytosine in a process that is independent
of DNA replication (5). Multiple lines of evidence
support the existence of active cytosine demethylation in
the entire genome or in specific genomic loci, and multiple
mechanisms have been proposed for this process (6).
Recent discovery of Ten-eleven translocation (Tet)

family dioxygenases, including Tet1, Tet2 and Tet3, in
the oxidation of 5-mC sheds significant new light on
active cytosine demethylation in mammals. Tet1 was
first observed to catalyze the oxidation of 5-mC to 5-
hydroxymethylcytosine (5-HmC) in DNA in vitro and in
human cells (7), and all three members of mouse Tet
family were later found to carry the same enzymatic
activity (8). Aside from the generation of 5-HmC, Tet
family proteins are also capable of oxidizing 5-mC to
5-formylcytosine (5-FoC) and 5-carboxylcytosine
(5-CaC) (9,10). 5-FoC and 5-CaC in DNA can be
readily excised by thymine DNA glycosylase (TDG)
in vitro (9,11), and genetic depletion of TDG in mouse
embryonic stem (ES) cells leads to substantial accumula-
tion of 5-CaC (9). These results suggest that Tet-mediated
oxidation of 5-mC to 5-FoC and 5-CaC, followed by the
excision of the latter two by TDG and restoration of an
unmethylated cytosine by base-excision repair (BER) ma-
chinery, constitutes a new pathway for active cytosine
demethylation in mammals (Figure 1).
Apart from the direct removal of Tet-produced

oxidation products (i.e. 5-FoC and 5-CaC) by TDG, it
was also proposed that 5-HmC in DNA can be
deaminated, by AID (activation-induced deaminase)/
APOBEC (apolipoprotein B mRNA-editing enzyme
complex) families of cytidine deaminases, to yield
5-hydroxymethyluracil (5-HmU) (12,13). While 5-HmC
in DNA is a poor substrate for TDG, 5-HmU, when
paired with a guanine, can be readily excised by DNA
glycosylases (e.g. TDG) (11,12,14). Thus, the oxidation
of 5-mC to 5-HmC by Tet proteins, deamination of the
latter nucleobase by AID/APOBECs and TDG-induced
BER of the resulting 5-HmU may also give rise to active
cytosine demethylation in mammals (Figure 1) (12,13).
The involvement of this sequential oxidation-deamination
mechanism in active cytosine demethylation was recently
challenged by the apparent lack of significant biochemical
activity of recombinant AID or APOBEC toward 5-HmC
deamination in vitro or in cultured cells because of failure
in detecting 5-HmU (15). Nevertheless, it remains possible
that such deamination may occur in specific cellular
context(s).
Liquid chromatography coupled with tandem mass

spectrometry (LC-MS/MS) method has played an import-
ant role in the identification of the Tet-induced oxidation
products of 5-mC (7,9,10). The method, along with the use
of external standards, has also been used for assessing the
levels of 5-HmC, 5-FoC and 5-CaC in cells or tissues

(10,15). However, we reason that the use of stable
isotope-labeled internal standards will offer unambiguous
identification and more accurate measurements of levels of
intermediates that are proposed to be involved in active
cytosine demethylation, which, along with genetic ma-
nipulation, may provide important insights into the mech-
anisms of active cytosine demethylation.

Aberrant epigenetic regulation of gene expression has
long been known to be associated with cancer develop-
ment (16). Along this line, Tet1 is a fusion partner of
the mixed lineage leukemia (MLL) gene in acute myeloid
leukemia (17,18). Lower levels of 5-HmC have been
observed in myeloid leukemia and a number of solid
tumors (including carcinomas of the breast, liver, lung,
pancreas and prostate), as shown by immunohisto-
chemistry or dot blot analysis (19,20), and in lung and
brain tumors, as revealed by both immunohistochemistry
and LC-MS/MS analysis (21). Thus, a robust analytical
method for the accurate quantification of the aforemen-
tioned 5-mC oxidation intermediates may also result in the
discovery of biomarkers for the diagnosis of cancer and
perhaps other human diseases.

Herein, we developed an LC-MS/MS/MS coupled with
the stable isotope-dilution method for the sensitive and
accurate quantification of 5-hydroxymethyl-2’-
deoxycytidine (5-HmdC), 5-formyl-2’-deoxycytidine (5-
FodC), 5-carboxyl-2’-deoxycytidine (5-CadC) and 5-
hydroxymethyl-2’-deoxyuridine (5-HmdU) in genomic
DNA of cultured human cells and multiple mammalian
tissues.

MATERIALS AND METHODS

Materials

All chemicals and enzymes, unless otherwise specified,
were from Sigma-Aldrich (St. Louis, MO). [1,3-15N2-2’-
D]-5-hydroxymethyl-2’-deoxycytidine ([1,3-15N2-2’-D]-5-
HmdC), [1,3-15N2-2’-D]-5-hydroxymethyl-2’-deoxyuridine
([1,3-15N2-2’-D]-5-HmdU) and [1,3-15N2-2’-D]-5-formyl-
2’-deoxycytidine ([1,3-15N2-2’-D]-5-FodC) were
synthesized previously (22,23). [4-amino-1,3-15N3]-2’-
deoxycytidine ([4-amino-1,3-15N3]-dC) was purchased
from Cambridge Isotope Laboratories (Andover, MA).
Proteinase K was obtained from New England Biolabs
(Ipswich, WA). The HEK293T human embryonic kidney
cells, HeLa human cervical cancer cells, WM-266-4 human
melanoma cells and cell culture reagents were purchased
from ATCC (Manassas, VA, USA). Expression vectors
for the catalytic domain of human Tet1 (amino acids
1418–2136) and its corresponding mutant Tet1m
(H1672Y/D1674A) were previously described (12) and
were deposited to Addgene (#39454 and #39455). The
DNA of mouse ES cells, which were derived from
mouse blastocysts, was provided by Prof. Gerd P.
Pfeifer (City of Hope).

Synthesis and characterization of [4-amino-1,3-15N3]-5-
Carboxyl-2’-deoxycytidine ([4-amino-1,3-15N3]-5-CadC)

The title compound was prepared at a microscale accord-
ing to previously published methods for the synthesis of
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the corresponding unlabeled compounds with some modi-
fications (24). [4-amino-1,3-15N3]-dC (3.0mg, 13.0mmol)
was dissolved in dimethylformamide (100ml) and allowed
to stir at room temperature (rt) for 10min. Slight excess of
iodine (2.13mg), followed by m-chloroperbenzoic acid
(2.97mg), was added and allowed to stir at rt for 1.5 h.
The reaction mixture was then dried by Speed-vac. The
sample was reconstituted with water and filtered.
The resulting [4-amino-1,3-15N3]-5-iodo-2’-deoxycytidine
([4-amino-1,3-15N3]-5-IdC) was purified by HPLC.

The purified [4-amino-1,3-15N3]-5-IdC was dissolved in
methanol (500ml), and CO was bubbled through the
solution for 30min, to which solution were subsequently
added triphenylphosphine (1.37mg), triethylamine (2 ml)
and tris(dibenzylideneacetone)dipalladium(0) (0.81mg).
The reaction was stirred at 50�C under CO atmosphere
overnight. The mixture was then cooled to rt and the solid
removed by filtration. The resulting [4-amino-1,3-15N3]-5-
methoxycarbonyl-20-deoxycytidine was readily converted
to the desired [4-amino-1,3-15N3]-5-CadC by treating
with 0.1M K2CO3 in MeOH/H2O at 40�C overnight.
The latter compound was isolated from the reaction
mixture by HPLC. The identity of [4-amino-1,3-15N3]-5-
CadC was confirmed by LC-MS/MS analysis and by
high-resolution MS analysis on an ESI-TOF instrument.
The latter measurement gave m/z 273.0636 for the
[M – H]� ion, whose calculated m/z was 273.0641.

Cell culture, transfection and DNA extraction

HEK293T cells were cultured in Dulbecco’s Modified
Eagle Medium (ATCC). HeLa human cervical cancer
cells and WM-266-4 human melanoma cells were
cultured in Eagle’s Minimum Essential Medium
(ATCC). All cells were incubated at 37�C in 5% CO2 at-
mosphere. The culture medium was supplemented with
10% fetal bovine serum and 100 IU/ml penicillin. The
HEK293T cells were seeded in six-well plates at 50–60%
confluence and, 24 h later, the cells were transfected with

1.5mg Tet1 or Tet1m expression plasmids using
Lipofectamine 2000 (Invitrogen). The cells were harvested
for DNA extraction 48 h after plasmid transfection.
Genomic DNA was extracted from the cells and mouse

brain tissues using a high-salt method, following published
procedures (25). With this method, we could typically
obtain �30 mg of DNA from 5 million cells or 100mg of
DNA from 100mg of tissues. The whole brain tissues were
dissected from 8-week-old male mice of C57/B6 strain,
snap-frozen in liquid nitrogen and stored in �80�C
freezer before DNA extraction. Genomic DNA samples
from human brain (cerebellum, Supplementary Table S1
gives the patient information) and mouse skin tissues were
previously isolated (26,27). The DNA pellet was
redissolved in doubly distilled water and its concentration
measured by UV absorbance at 260 nm.

Enzymatic digestion

For the enzymatic digestion of DNA, nuclease P1 (0.1U/
mg DNA), phosphodiesterase 2 (0.00025U/mg DNA) and
erythro-9-(2-hydroxy-3-nonyl)adenine (1mM in final con-
centration) were added to 30–80mg of cellular or tissue
DNA in a solution containing 30mM sodium acetate
(pH 5.6) and 1.0mM zinc acetate. The digestion mixture
was incubated at 37�C for 48 h and continued for another
2 h after alkaline phosphatase (0.05U/mg DNA), phospho-
diesterase 1 (0.0005U/mg DNA) and Tris–HCl (pH 8.9,
final concentration 50mM) were added. To the mixture
were then added 30 fmol of [1,3-15N2-2’-D]-5-FodC,
25 fmol of [4-amino-1,3-15N3]-5-CadC, and 2 pmol of
[1,3-15N2-2’-D]-5-HmdU. The enzymes were removed by
chloroform extraction. The aqueous layer was dried,
reconstituted in doubly distilled water and subjected to
off-line HPLC for the enrichment of target nucleosides.
For LC-MS/MS/MS quantification of 5-HmdC, 50 fmol

of [1,3-15N2-2’-D]-5-HmdC was added to the enzymatic
digestion mixture of 10–50 ng genomic DNA. The
samples were subsequently extracted with chloroform to
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Figure 1. Proposed mechanisms for Tet-mediated oxidative demethylation of 5-methylcytosine in DNA. In the presence of Fe2+, 2-oxoglutarate
(2-OG) and O2, Tet family proteins can catalyze the sequential oxidation of 5-mC in DNA to give 5-HmC, 5-FoC and 5-CaC. 5-CaC can then be
recognized and cleaved by TDG, and subsequent action of BER machinery leads to the restoration of unmethylated cytosine. Alternatively, the Tet-
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remove the enzymes and the aqueous layer subjected to
LC-MS/MS/MS analysis.

HPLC

HPLC purification of [4-amino-1,3-15N3]-5-IdC was per-
formed on an Agilent 1100 series HPLC system
equipped with a binary pump and a UV detector. A
4.6� 250mm Apollo C18 column (5 mm in particle size
and 300 Å in pore size, Grace Inc., Deerfield, IL) was
used and the wavelength was set at 260 nm. A solution
of 10mM ammonium formate (pH 6.3, solution A) and
a mixture of 10mM ammonium formate and acetonitrile
(70:30, v/v, solution B) were used as mobile phases. The
flow rate was 0.50ml/min, and a gradient of 5min 0–20%
B, 40min 20–55% B and 5min 55–98% B was used. The
purification of [4-amino-1,3-15N3]-5-CadC was conducted
under the same conditions except that a 4.6� 250mm
Alltima C18 column (5 mm in particle size and 300 Å in
pore size, Grace Inc., Deerfield, IL) with a gradient of
10min 0–2% B, 15min 2–15% B and 5min 15–98% B
was used.
The enrichment of 5-FodC, 5-CadC and 5-HmdU from

the enzymatic digestion products of DNA was carried out
on a Beckman HPLC system with pump module 125 and a
UV detector (module 126). A 4.6� 250mm Aeris
Widepore C18 column (3.6 mm in particle size,
Phenomenex, Torrance, CA) was used. An isocratic
elution at a flow rate of 0.8ml/min and with a solution
of 10mM ammonium formate (pH 8.5) as mobile phase
was used. A typical HPLC trace is depicted in
Supplementary Figure S1 in the Supporting Information.
From the enrichment HPLC trace, we often observed a
low level (<5%) of RNA contamination for the DNA
samples, and the DNA amount was corrected based on
the ratio of peak areas found for guanosine (rG) to
2’-deoxyguanosine (dG) in the HPLC trace (Supple-
mentary Figure S1). The HPLC fractions eluting at
3.0–4.0, 9.5–10.5 and 26.0–27.5min were collected for
5-CadC, 5-HmdU and 5-FodC, respectively. The collected
fractions were dried, redissolved in water and injected for
LC-MS/MS/MS analysis.
During the above enrichment, 5-methyl-2’-

deoxycytidine (5-mdC) could also be resolved from other
nucleosides. The levels of 5-mdC, expressed as percentage
of dG, were quantified based on the peak areas of 5-mdC
and dG found in the chromatogram with the consider-
ation of the extinction coefficients of the two nucleosides
at 260 nm (5020 and 11 700Lmol�1 cm�1 for 5-mdC and
dG, respectively) (28,29).

Quantification with LC-MS/MS/MS

The LC-MS/MS/MS experiments were conducted using a
0.5� 250mm Zorbax SB-C18 column (5 mm in particle
size, Agilent Technologies, Santa Clara, CA) and an
Agilent 1200 capillary HPLC pump. The flow rate was
8.0ml/min. The effluent from the LC column was
directed to an LTQ linear ion-trap mass spectrometer
(Thermo Fisher Scientific), which was set up for monitor-
ing the labeled and unlabeled 5-HmdC, 5-FodC and
5-CadC in the positive-ion mode, and the labeled and

unlabeled 5-HmdU in the negative-ion mode. A solution
of 0.1% (v/v) formic acid in water (solution A) and a
solution of 0.1% (v/v) formic acid in methanol (solution
B) were used as mobile phases for 5-HmdC, 5-FodC and
5-CadC analyses. A solution of 2mM ammonium formate
in water (solution A) and a solution of 2mM ammonium
formate in methanol (solution B) were used as mobile
phases for 5-HmdU analysis. A gradient of 5min 0–20%
B and 25min 20–70% B was used for the separation of all
the modified nucleosides. The temperature for the ion
transport tube was maintained at 275 and 300�C in the
positive- and negative-ion modes, respectively. The sheath
gas flow rate was 15 arbitrary units, and no auxiliary gas
was used. The electrospray, capillary and tube lens
voltages for the positive-ion mode analyses were 5 kV,
14V and 20V, respectively, and these values for the
negative-ion mode analyses were 4.5 kV, �10V and
�100V, respectively. The sensitivities for detecting all
these modified nucleosides were optimized by varying
two working parameters of the LTQ mass spectrometer,
i.e. normalized collision energy and activation Q
(Supplementary Table S2).

The numbers of moles of 5-HmdC, 5-FodC, 5-CadC
and 5-HmdU in the nucleoside mixtures were calculated
from the area ratios of peaks found in the selected-ion
chromatograms for the analytes over their corresponding
isotope-labeled standards, the amounts of the labeled
standards added and the equations derived from the cali-
bration curves. The final data, expressed in terms of
numbers of modifications per 106 nucleosides (or per 103

5-mdC), were calculated by dividing the number of moles
of the modified nucleosides with the number of moles of
total nucleosides (or 5-mdC) in the digested DNA
(Supplementary Table S3).

RESULTS

Quantification of 5-HmdC, 5-FodC, 5-CadC and 5-HmdU
in DNA of HEK293T cells with Tet1 overexpression and
in DNA of cultured human cancer cells

We set out to develop an LC-MS/MS/MS combined with
stable isotope-dilution method for the accurate assessment
of levels of 5-HmdC, 5-FodC, 5-CadC and 5-HmdU in
genomic DNA of cultured cells and tissues. We first
examined how overexpression of Tet1 affects the levels
of the four modified pyrimidine nucleosides in genomic
DNA of cultured human cells. We expressed the catalytic
domain of Tet1 or its corresponding inactive mutant in
HEK293T cells, isolated the genomic DNA from the
cells and digested the DNA to nucleosides with a
cocktail of four enzymes (See ‘Materials and Methods’
section). Three of the aforementioned pyrimidine nucleo-
sides, 5-HmdU, 5-FodC and 5-CadC, were subsequently
enriched from the digestion mixture with reversed-phase
HPLC, and the enriched fractions were subjected to LC-
MS3 analyses using an LTQ linear ion trap mass spec-
trometer. As displayed in Supplementary Figure S1, the
three modified pyrimidine nucleosides can be readily
resolved from each other and from the four canonical nu-
cleosides by reversed-phase HPLC with isocratic elution.
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Owing to the high level of 5-HmdC in cellular and tissue
DNA, the digestion mixture of much lower amount of
genomic DNA (i.e. 10 ng of tissue DNA or 10–50 ng of
cellular DNA) was directly subjected for LC-MS3 analysis
of 5-HmdC.

The fragmentation of the protonated ions of unlabeled
and labeled 5-HmdC and 5-FodC was previously
described (23). Briefly, upon collisional activation, the
[M+H]+ ions of unlabeled 5-HmdC and 5-FodC can
readily eliminate a 2-deoxyribose moiety to yield the
protonated ions of the nucleobase portion (m/z 142 and
140 for 5-HmdC and 5-FodC, respectively) as the
dominant fragment ions in MS/MS. Further collisional
activation of the ions of m/z 142 and 140 leads to facile
loss of H2O and HNCO moieties to yield fragment ions of
m/z 124 and 97 in MS3 for 5-HmdC and 5-FodC, respect-
ively (Figure 2a and b, inset). Collisional activation of the
protonated ion of 5-CadC again resulted in facile forma-
tion of the protonated ion of 5-CaC (m/z 156) in MS/MS

(spectrum not shown), the latter fragment can lose a H2O
molecule to give the ion of m/z 138 in MS3 (Figure 2c,
inset). As we found previously, 5-HmdU exhibits better
sensitivity when analyzed in the negative-ion mode (22).
The deprotonated 5-HmdU loses readily an HNCO
moiety to yield an ion of m/z 214 in MS/MS, and
further collisional activation of the latter leads to
the loss of part of the 2-deoxyribose component to
produce the ion of m/z 124 in MS3 (Figure 2d, inset).
The proposed structures for the major fragment ions
observed in MS/MS and MS3 are displayed in
Supplementary Figure S2.
The nearly identical elution time and similar MS3

spectra for the analytes and their stable isotope-labeled
counterparts allowed for the unambiguous identification
and reliable quantification of the four pyrimidine nucleo-
sides in the digestion mixture of DNA isolated from the
HEK293T cells [Figure 2; the calibration curves for
5-HmdC, 5-FodC and 5-CadC are depicted in
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Supplementary Figure S3, and the calibration curve for 5-
HmdU was shown previously (30)]. In this vein, because
the levels of 5-HmdC, 5-FodC and 5-CadC cover a wide
range in different samples, calibration curves in two con-
centration ranges were used for determining accurately the
levels of these mdC modifications. Our quantification
results revealed that the levels of 5-HmdC, 5-FodC, 5-
CadC and 5-HmdU in HEK293T cells overexpressing
the catalytically active form of Tet1 were 960, 76, 102
and 7.9 modifications per 106 nucleosides, respectively
(Figure 3a–d and Supplementary Table S3). The levels
of the four nucleosides were 32.5, 0.23, 0.18 and 6.3 modi-
fications per 106 nucleosides, respectively, in DNA of
HEK293T cells overexpressing the catalytically inactive
form of Tet1 (Figure 3a–d and Supplementary Table
S3). The catalytic activity of Tet1 led to markedly higher
levels (by �29.5-, 330- and 570-fold for 5-HmdC, 5-FodC

and 5-CadC, respectively) of the three 5-mdC oxidation
products. Thus, we confirmed the previous findings that 5-
HmdC, 5-FodC and 5-CadC can be induced from Tet1-
mediated oxidation of 5-mdC in genomic DNA (7–10).
Our results also provided, for the first time, unambiguous
evidence to support that, in contrast to the substantial
elevation of the levels of the three 5-mdC oxidation
products described above, Tet1 catalytic activity alone
only gave rise to a modest (by �25%) increase in the
level of 5-HmdU in genomic DNA of cultured cells
(Figure 3d).

We next assessed whether these oxidation products of
5-mdC are present in genomic DNA of cultured human
cancer cells. Our results showed that, in genomic DNA of
HeLa cells, the levels of 5-HmdC, 5-FodC, 5-CadC and
5-HmdU were 31.2, 0.67, 0.27 and 3.0 per 106 nucleosides,
respectively (Figure 3a–d). In addition, these four
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Figure 3. Quantification results for the levels of 5-HmdC (a), 5-FodC (b), 5-CadC (c) and 5-HmdU (d) in HEK293T cells expressing the active or
inactive forms of Tet1 (n=3) and in HeLa and WM-266-4 cells (n=3). Quantification results for the levels of 5-HmdC (e), 5-FodC (f), 5-CadC (g)
and 5-HmdU (h) in human brain tissues (black bar, n=4), mouse brain tissues (dark gray bar, n=3), and skin tissues of redhead (light gray bar,
n=3) and albino (open bar, n=3) mice. The data represent the mean and standard deviation of the measurement results. The P values were
calculated using unpaired two-tailed t-test.
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nucleosides were present in genomic DNA of WM-266-4
human melanoma cells at the levels of 12.2, 0.69, 0.29 and
3.4 modifications per 106 nucleosides, respectively
(Figure 3a–d). Thus, the levels of these modifications are
similar as what were found for HEK293T cells expressing
catalytically inactive form of Tet1, except that the level of
5-HmdC in WM-266-4 cells is �2.5-fold lower than that in
HEK293T or HeLa cells.

We further measured the levels of 5-HmdC, 5-FodC
and 5-CadC in DNA of mouse ES cells (Supplementary
Table S3). For comparison with previous LC-MS/MS
measurement results obtained from the use of the
external standards (10), we converted the data to the
number of modified nucleosides per 106 dC. Our results
showed that the levels of 5-HmdC, 5-FodC and 5-CadC
are 680±50, 14.5±2.9 and 3.4±0.3 modifications per
106 dC, respectively. Our data for 5-FodC and 5-CadC are
largely consistent with those reported previously (10),
where the levels of the two nucleosides from duplicate
measurements were 17.9/19.8 and 3.6/3.1 modifications
per 106 dC, respectively. However, the level of 5-HmdC
from the previous measurement, i.e. 1120/1380 modifica-
tions per 106 dC (10), was �2-fold higher than what we
measured here.

Quantification of 5-HmdC, 5-FodC, 5-CadC and 5-HmdU
in genomic DNA from human and mouse brain

We next quantified the levels of the modified nucleosides
in human and mouse brain tissues. In human brain (cere-
bellum) DNA, the average levels of 5-HmdC, 5-FodC and
5-CadC are 1550, 1.7 and 0.15 modifications per 106

nucleosides, respectively, with the three nucleosides
exhibiting a ratio of �10 000:11:1 (Figure 3e–g and
Supplementary Table S3). Given these brain tissues were
from four individuals at different ages (Supplementary
Table S1), the relatively small standard deviations
associated with measurement results suggested a lack of
substantial age-dependent effect on the levels of these
modifications in human brain. In mouse brain genomic
DNA, the contents of 5-HmdC, 5-FodC and 5-CadC
display a ratio of �4700:12:1, at levels of 560, 1.4 and
0.12 modifications per 106 nucleosides, respectively
(Figure 3e–g and Supplementary Table S3). The levels of
5-HmdU in DNA from human and mouse brain were 3.9
and 8.3 modifications per 106 nucleosides, respectively,
which are drastically (by �400- and 70-fold, respectively)
lower than those of 5-HmdC (Figure 3h), but higher than
5-FodC (by 2.3- and 5.9-fold, respectively) and markedly
higher than 5-CadC (by 26- and 69-fold, respectively).

Quantification of 5-HmdC, 5-FodC, 5-CadC and 5-HmdU
in DNA from mouse skin tissues

Mitra et al. (27) recently studied genomic consequences of
functional deficiency in the melanocortin 1 receptor gene
(Mc1re/e), the ‘redhead-fairskin’ gene in numerous species
including mouse and man. The redhair-fairskin Mc1r
allele results in elevated production of pheomelanin (red
pigment), and elevations in endogenous reactive oxygen
species (ROS) were suggested to contribute to UV-inde-
pendent generation of melanoma in ‘redhair-fairskin’

(redhead) mice (27). We reasoned that the increased gen-
eration of ROS may also result in a rise in levels of 5-mdC
modifications within skin tissues of redhead mice as
compared with albino mice, the latter of which carry a
dysfunctional tyrosinase gene (Tyrc/c) that abolishes all
melanin (including pheomelanin) biosynthesis. Thus, we
also analyzed the levels of the four pyrimidine nucleosides
in DNA isolated from the skin tissues of these two strains
of mice (Mc1re/e versus Mc1re/e;Tyrc/c). Our results
showed that indeed the skin of redhead mice contains sig-
nificantly higher levels of 5-HmdC (280 versus 217 per 106

nucleosides) and 5-FodC (1.2 versus 0.7 per 106 nucleo-
sides) as compared with skin from Mc1re/e albino mice
(Figure 3e and f, representative LC-MS/MS/MS results
are shown in Supplementary Figure S4). The levels of 5-
CadC (0.21 versus 0.19 per 106 nucleosides) and 5-HmdU
(6.4 versus 6.0 per 106 nucleosides, Figure 3g and h) in
these two strains of mice are, however, similar.

DISCUSSION

Our LC-MS/MS/MS coupled with stable isotope-dilution
method facilitates the accurate and reproducible detection
of 5-HmdC, 5-FodC, 5-CadC and 5-HmdU in DNA
isolated from cultured human cells and multiple mamma-
lian tissues. In this context, it is worth emphasizing the
advantages of the isotope-dilution method for the meas-
urements of these mdC oxidation products. In this
method, we added the stable isotope-labeled standards
to the nucleoside mixture; thus, the analytes and the cor-
responding internal standards are enriched by HPLC and
analyzed by LC-MS/MS/MS under identical conditions.
Any variation in experimental conditions during the
HPLC enrichment and LC-MS/MS/MS analysis will not
influence the measurement of the molar ratios of the
analytes over their corresponding internal standards.
Therefore, the determination of the levels of the analytes
will not be affected by alterations in these experimental
conditions. Additionally, the co-elution of the analyte and
its isotope-labeled standard, along with the similar frag-
mentation pattern of the analyte and internal standard,
offers unequivocal chemical specificity for analyte
identification.
Relative to the previously reported LC-MS/MS method

with the use of external standards, our method also
displays superior sensitivity and reproducibility. The
limits of detection for 5-HmdC, 5-FodC, 5-CadC (10)
and 5-HmdU were reported to be 2.5 fmol, 5 fmol,
10 fmol and 2–3 modifications per 105 dC, resepectively
(15). With our method, the limits of quantitation for
5-HmdC, 5-FodC, 5-CadC and 5-HmdU were 0.056,
0.098, 0.14 and 80 fmol, respectively (Supplementary
Table S2). Along this line, with the use of external stand-
ards, 5-CadC was not detectable in DNA from HEK293T
cells or most mouse organs (10), and 5-HmdU could not
be detected in DNA isolated from HEK293T cells (15).
We, however, were able to quantify these two modified
nucleosides in all cell lines and mammalian tissues
tested. Moreover, while reasonably good reproducibility
was obtained for the levels of the abundant 5-HmdC in
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cellular or tissue DNA with the use of the previous
method, relatively large variations were observed for the
levels of 5-FodC between the two replicate measurements
of various mouse tissue DNA samples (10). In contrast,
excellent reproducibilities were achieved with our isotope-
dilution method (Figure 3 and Supplementary Table S3).
Both endogenous ROS and Tet-mediated oxidation

may contribute to the generation of the 5-mdC oxidation
products in vivo. Whereas no in vitro experiments have
been performed to assess the frequencies of ROS-
induced formation of 5-CadC, a previous study showed
that the Fenton-type reagent, Cu(II)/H2O2/ascorbate,
induced the generation of 5-HmdC at a rate that is �1.5
times higher than that of 5-FodC (31). Here we observed
that overexpression of the catalytic domain of Tet1 in
HEK293T cells led to drastic increases in the levels of
5-HmdC, 5-FodC and 5-CadC, which is accompanied
with a modest increase of 5-HmdU. In addition, we
found that 5-HmdC is present at a level that is �2–3
orders of magnitude greater than 5-FodC, and 3–4
orders of magnitude greater than 5-CadC, in brain
tissues of humans and mice, and skin tissues of mice
(Figure 3). We also observed that 5-HmdC exists at a
level that is �35–70 times greater than 5-HmdU in skin
and brain tissues of mice, and �400 times greater in
human brain tissues. To our knowledge, this is the first
direct quantitative comparison between the levels of
multiple oxidized 5-mdC derivatives in mammalian
tissues. The difference in the levels of 5-HmdU and 5-
HmdC in DNA is remarkable viewing that mouse and
human DNA carries at least 20 times more dT than
mdC. While relatively high level of 5-HmdC in human
brain tissues has been documented (32), this is the first
demonstration that this modified nucleoside is also
present in mouse skin at levels that are only a few times
lower than that in mouse brain. Previous biochemical
studies support that human TDG exhibits high cleavage
rates for 5-FodC, 5-HmdU, 5-CadC, but extremely low
cleavage rate for 5-HmdC at CpG dinucleotide site
(11,14,33). Therefore, the much higher endogenous levels
of 5-HmdC than the other three oxidized pyrimidine nu-
cleosides could be attributed, at least in part, to the poor
removal of 5-HmdC from the genome. Considering the
recent notion that 5-HmdC, apart from being an inter-
mediate for active cytosine demethylation, may itself
serve as an epigenetic mark (34), accumulation of 5-
HmdC in skin tissues may also alter the epigenetic regu-
lation of gene expression.
In summary, we developed a sensitive LC-MS/MS

coupled with stable isotope-dilution method for the quan-
tification of 5-HmdC, 5-FodC, 5-CadC and 5-HmdU in
cellular and tissue DNA. Our results provided the first
direct comparison of the levels of these four modified nu-
cleosides in same mammalian tissue samples. It can be
envisaged that the robust analytical method, when
combined with manipulations of genes involved in Tet-
mediated active cytosine demethylation pathway, will
provide important insights into the roles of various
protein factors in active DNA cytosine demethylation.
Additionally, the method developed here should be gener-
ally applicable for the detection of these 5-mdC

modification products in other organisms, which will
provide important knowledge for understanding the in-
volvement of Tet family enzymes and their orthologs in
epigenetic regulation of gene expression in these organ-
isms. Moreover, considering that aberrant levels of 5-
hmdC has been found in a number of different cancers,
the analytical method reported here should also be useful
for examining whether 5-HmdC and other 5-mdC modifi-
cations discussed in this article can be used as biomarkers
for cancer and perhaps other human diseases.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–3 and Supplementary Figures
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