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ABSTRACT: Oxidation of 5-methylcytosine in DNA by
ten-eleven translocation (Tet) family of enzymes has been
demonstrated to play a significant role in epigenetic
regulation in mammals. We found that Tet enzymes also
possess the activity of catalyzing the formation of 5-
hydroxymethylcytidine (5-hmrC) in RNA in vitro. In
addition, the catalytic domains of all three Tet enzymes as
well as full-length Tet3 could induce the formation of 5-
hmrC in human cells. Moreover, 5-hmrC was present at
appreciable levels (∼1 per 5000 5-methylcytidine) in RNA
of mammalian cells and tissues. Our results suggest the
involvement of this oxidation in RNA biology.

I t is known that RNA carries more than 100 distinct types of
modifications, and these modifications modulate the structure

and functions of RNA. 1 In this vein, it was found that
methylation at the N6 of adenine and oxidative demethylation of
the resulting N6-methyladenine by two members of the ALKBH
family dioxygenases, i.e., FTO and ALKBH5, may be relevant in
the epigenetic control of gene regulation.2−5 Aside from N6-
methyladenosine, 5-methylcytidine (5-mrC) has long been
known to be present in RNA.6 Recent sequencing studies
revealed the widespread presence of 5-mrC in both coding and
noncoding RNA,7,8 with more than 8000 candidate 5-mrC sites
being identified in mRNA, implicating this RNA methylation in
gene regulation.7−9

Recent studies showed that the ten-eleven translocation (Tet)
family of Fe(II)- and 2-oxoglutarate-dependent dioxygenases in
mammals could induce the sequential oxidation of 5-methyl-2′-
deoxycytidine (5-mdC) to yield 5-hydroxymethyl-2′-deoxycyti-
dine (5-hmdC), 5-formyl-2′-deoxycytidine (5-fodC), and 5-
carboxyl-2′-deoxycytidine (5-cadC).10−15 In this context, it is
worth noting that 5-hmdC, instead of dC, is incorporated into
genomic DNA of T-eleven bacteriophage from the 5-hmdC
triphosphate, and the 5-hmdC in DNA is further glucosylated,
which serves as an important mechanism for the bacteriophages
to protect their DNA from degradations by host and phage
factors.16 In addition, a recent study revealed that cytosine 5-
methyltransferases were capable of adding formaldehyde to the

C5 position of cytosine to yield 5-hydroxymethylcytosine in
DNA.17 In mammalian cells, the oxidized derivatives of 5-mdC
may constitute alternative epigenetic marks as they could be
recognized by unique cellular proteins.13,18−20 In addition, 5-
formylcytosine and 5-carboxylcytosine are readily recognized by
thymine DNA glycosylase, and the subsequent action by the base
excision repair machinery converts an initially methylated
cytosine to its unmethylated counterpart,13,21 which may
contribute to active cytosine demethylation in mammals.
Aberrant Tet-mediated oxidation of 5-mdC in DNA is known
to be associated with human diseases including cancer.22−24 In
addition, the genome of Drosophila melanogaster lacks a
homologue of the mammalian DNA methyltransferases
Dnmt1, Dnmt3a, or Dnmt3b, but it encodes the RNA
methyltransferase Dnmt2 and a conserved Tet homologue.25

Interestingly, ALKBH family enzymes, which are another family
of Fe(II)- and 2-oxoglutarate-dependent enzymes, can oxidize
the N-alkylated nucleobases in both DNA and RNA.26−31 These
findings, along with the structural similarity between human Tet2
and ALKBH-family enzymes,32 prompted us to hypothesize that
the Tet family enzymes may also be capable of oxidizing the
methyl group of 5-mrC in RNA (Figure 1a).
To explore this possibility, we first assessed the capability of

recombinant catalytic domain of mouse Tet1 protein in inducing
the oxidation of 5-mrC in RNA by conducting an in vitro reaction
with the use of a single-stranded RNA carrying a single 5-mrC.
HPLC analysis of the nucleoside mixture from the enzymatic
digestion of the RNA isolated from the reaction mixture revealed
the formation of 5-hydroxymethylcytidine (5-hmrC), which is
accompanied by a decrease in the level of 5-mrC (Figure 1b).
The identities of the two nucleosides (i.e., 5-hmrC and 5-mrC)
were confirmed by mass spectrometric analyses (Figures 1c,d
and S1 and Scheme S1). Thus, this biochemical assay
demonstrated that Tet1 is able to oxidize 5-mC in single-
stranded RNA in vitro.
We next investigated the relative efficiencies of the catalytic

domain of Tet1 in oxidizing 5-mrC in RNA and 5-mdC in DNA.
To this end, we conducted another in vitro reaction by using a 11-
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mer RNA sequence, AGCUC(5-mrC)GGUCA, or a duplex
DNAwith a single 5-mdC situated in the same sequence context.
We then subjected the reaction mixtures directly to LC-MS and
MS/MS analyses (Figures 2 and S2 and S3). Quantification
results based on LC-MS data revealed 5-hmrC as the major
product formed when single-stranded RNA was employed as the
substrate, though we were able to detect very low level of 5-forC
at 40min (Figures 2 and 3a). It is of note that omitting Fe2+ in the
reaction buffer led to a decrease in the formation of 5-hmrC by
∼4-fold, whereas exclusion of 2-oxoglutarate in the reaction
buffer nearly abolished the Tet1-catalyzed formation of 5-hmrC
(Figure S4), supporting that 5-hmrC arises from the Fe2+- and 2-
oxoglutarate-dependent dioxygenase activity of Tet1. For the
duplex DNA substrate, we, however, observed a rapid formation
of 5-hmdC and then 5-fodC, which is accompanied by the nearly
complete loss of 5-mdC. Furthermore, 5-hmdC and 5-fodC were
almost completely converted to 5-cadC at later time points
(Figures 2 and 3b). This finding is consistent with Tet enzyme’s
capability in the sequential oxidation of 5-mdC to 5-hmdC, 5-
fodC, and 5-cadC.33,34 These results, therefore, supported that
the Tet-mediated oxidation of 5-mrC in RNA is much less
efficient than the corresponding oxidation of 5-mdC in duplex
DNA. We also found that Tet1 displayed a higher activity toward
single-stranded DNA than single-stranded RNA in the same
sequence context (Figure S5). Comparison of the extents of
oxidation of 5-mdC in single- vs double-stranded DNA showed
that the oxidation of 5-mdC is more facile in the latter substrate,
which could be attributed to the preferential binding of Tet1 to
duplex DNA. Thus, the less efficient oxidation of 5-mrC to 5-
hmrC in RNA than the corresponding oxidation of 5-mdC in
duplex DNA could be partly due to the less favorable binding of
Tet1 to single-stranded RNA. Future structural determination of
the Tet protein-RNA complex, along with the known structure of
Tet2-DNA complex,32 may provide additional mechanistic

Figure 1. Catalytic domain of Tet1 can catalyze the formation of 5-
hmrC from 5-mrC in RNA in vitro. (a) Tet-catalyzed formation of 5-
hmrC. (b) HPLC traces for the separation of the nucleoside mixtures of
single-stranded RNA, UUUCAGCUC(5-mrC)GGUCACGCUC, with-
out Tet1 treatment and the same RNA after the Tet1-mediated
oxidation. The peaks corresponding to 5-hmrC, 5-mrC, and canonical
nucleosides are labeled. (c,d) MS/MS and MS/MS/MS character-
izations of 5-hmrC, which monitor the fragmentation of the [M + H]+

ion of the 5-hmrC (c) and the further fragmentation of the protonated
nucleobase (d), respectively. Displayed in the inset of (c) is the positive
ion electrospray ionization mass spectrum for 5-hmrC. Figure 2. LC-MS for monitoring the Tet1-mediated oxidation of 5-mrC

in a single-stranded RNA, AGCUC(5-mrC)GGUCA (left) and a duplex
DNA, d(AGCTC(5-mdC)GGTCA) /d(TGACCGGAGCT) (right).
Shown are the higher resolution “ultra-zoom-scan” MS results for
monitoring the [M − 3H]3− ions of the initial 5-mC-bearing 11mer
RNA (left) or DNA (right), together with their oxidation products,
where the 5-mC is oxidized to 5-hmC, 5-foC, and 5-caC. The peaks at
around m/z 1166 and 1117 for the control samples in the left and right
panels are attributed to the Na+ ion adduct, i.e., the [M + Na+ − 4H]3−

ions, of the 5-mrC-containing RNA and 5-mdC-bearing DNA strand,
respectively.

Figure 3. Time-dependent formation of oxidation products of 5-mrC in
single-stranded RNA, AGCUC(5-mrC)GGUCA (a) and of 5-mdC in
d u p l e x D N A , d ( A G C T C ( 5 - m d C ) G G T C A ) / d -
(GTGACCGGAGCTG) (b). The products were quantified from LC-
MS analyses (Figure 2).
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insights into the difference in Tet-mediated oxidation of 5-mC in
DNA and RNA.
To further assess the function of Tet1 in this oxidation, we

overexpressed the catalytic domain of Tet1 (Tet1-CD) or its
inactive mutant (Tet1-m) in HEK293T cells,35 isolated total
RNA from the cells, digested it to mononucleosides, and
quantified the levels of 5-hmrC in the resulting nucleoside
mixture by using LC-MS/MS/MS with the isotope dilution
method (Figures S6−S8). The coelution of the analyte with the
stable isotope-labeled standard at 10.1−10.2 min, together with
the similar fragment ions for the analyte and internal standard,
allowed for the unambiguous identification of 5-hmrC (Figure
S7). Similar as what we described previously for the
quantification of 5-hmdC in DNA,35 we monitored the
fragmentation of the protonated ion of modified nucleobase
(i.e., the ion ofm/z 142, which is the major fragment ion found in
the MS/MS of the protonated ion of 5-hmrC, Figure 1c) in MS/
MS/MS, which displayed the facile loss of a H2O molecule (i.e.,
the ion of m/z 124, Figure S7a, inset, and Scheme S1). The
corresponding fragment ion was found for the isotope-labeled
standard, with the exception of a 2 Da mass shift introduced by
15N-labeling to the nucleobase portion (Figure S7b, inset, and
Scheme S1). Our LC-MS/MS/MS quantification results
revealed that the catalytic activity of Tet1 conferred a marked
elevation in the level of 5-hmrC, as the RNA samples isolated
from HEK293T cells transfected with wild-type Tet1 carried
significantly higher levels of 5-hmrC (11.9 modifications per 106

ribonucleosides) than those isolated from cells transfected with
the mutant form of Tet1 or a control pGEM-T vector (at 2.0 and
1.9 modifications per 106 ribonucleosides, respectively, Figure S9
and Table S1). Likewise, overexpression of the catalytic domains
of Tet2 and Tet3 also led to significant elevations in the levels of
5-hmrC in HEK293T cells (Figure S9 and Table S1).
Considering that other domains of Tet proteins may also be

involved in regulating their substrate accessibility, we next
assessed the levels of 5-hmrC in cells overexpressing individually
the three full-length Tet proteins. Indeed our results
demonstrated that the overexpression of full-length Tet3, but
not Tet1 or Tet2, could result in substantially elevated level of 5-
hmrC in RNA, where the levels of 5-hmrC were 4.1 and 1.8
modifications per 106 nucleosides in HEK293T cells over-
expressing the full-length Tet3 and its catalytically inactive
mutant, respectively (Figure 4a and Table S1). In this regard, it is
important to note that all three full-length Tet proteins are
functional, as manifested by marked increases in the levels of 5-
hmdC in genomic DNA isolated from cells overexpressing any of
the three full-length Tet proteins (Figure 4b and Table S2).
Along this line, it is worth noting that Tet1 and Tet2 are localized
in the nucleus, whereas Tet3 is localized in both the cytosol and
the nucleus.36

To further exploit the roles of Tet enzymes in inducing 5-
hmrC in vivo, we measured the levels of 5-hmrC in total RNA
isolated from wild-type mouse embryonic stem (ES) cells and
Tet-null ES cells where Tet1, Tet2, and Tet3 were genetically
deleted (Tet−/−). Our results demonstrated that removal of all
three Tet activities led to a significant decline in the level of 5-
hmrC in total RNA (from 1.4 to 0.82 modifications per 106

ribonucleosides, Figure S10a and Table S3), whereas knockout
of the thymine DNA glycosylase gene (Tdg−/−) did not lead to
apparent change in 5-hmrC level (Figure S10a and Table S3).
The relatively small difference in the levels of 5-hmrC in the wild-
type and Tet−/− ES cells is in line with the relatively low level of
expression of Tet3 in ES cells.12 In addition, the presence of

appreciable levels of 5-hmrC in Tet−/− ES cells suggests that
other enzyme(s) might also be involved in oxidizing 5-mC to 5-
hmrC in mammalian cells, though we cannot formally exclude
the possibility that some 5-hmrC may also be induced by cellular
reactive oxygen species. Thus, the above results support that Tet
enzymes contribute to the oxidation of 5-mrC in RNA to 5-hmrC
in vivo.
Having demonstrated the enzymatic activity of Tet1 toward 5-

mC in RNA, we next assessed the occurrence of 5-hmrC in RNA
isolated from various mouse and human tissues by using LC-MS/
MS/MS (Figure S10 and Table S3). In this vein, it is of note that
5-hmrC was previously detected in rRNA isolated from wheat
seedlings.37 Our results showed that 5-hmrC could be readily
detected in RNA samples isolated from all the tissue types we
tested, including brain, heart, pancreas, and spleen, with the level
being the highest in the heart (3.9 modifications per 106

ribonucleosides, Figure S10c and Table S3). In addition, 5-
hmrC could be detected in human brain RNA at a frequency of
1.4 per 106 ribonucleosides (Figure S10c and Table S3). 5-hmrC
could also be found in cultured human cancer cells, including the
HeLa cervical cancer cells (at 0.68 modifications per 106

ribonucleosides) and WM-266−4 melanoma cells (1.6 mod-
ifications per 106 ribonucleosides, Figure S10b and Table S3).
For comparison, we also quantified 5-mrC in these RNA samples
using HPLC analysis (Figure S6). The 5-mrC levels also varied
among the different tissues (0.5−2.2% of rC) and cancer cells
(0.5−0.7%), and the relative levels of 5-mrC parallel the relative
levels of 5-hmrC in these tissue and cell samples (Figure S10b,c,
Figure S11, and Table S3). Considering the levels of 5-mrC and
5-hmrC, we conclude that ∼0.02% of 5-mrC is modified to 5-
hmrC in these tissue and cellular RNA samples.
Taken together, we demonstrate that Tet enzymes can

catalyze the formation of 5-hmrC from 5-mrC both in vitro

Figure 4. Levels of 5-hmrC and 5-hmdC in HEK293T cells
overexpressing individually the full-length (FL) Tet proteins, or their
catalytically inactive mutants (FL-m). “pGEM-T” refers to DNA
samples from HEK293T cells transfected with the control pGEM-T
Easy plasmid. The data represent the means and standard deviations of
three independent transfection and measurement results. The p values
were calculated using unpaired two-tailed Student’s t-test.
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and in vivo. We also determined, for the first time, the levels of 5-
hmrC in tissue and cellular RNA by using a sensitive and accurate
LC-MS/MS/MS with the isotope dilution method. Our results
revealed that the level of this modification occurs at a frequency
of approximately one 5-hmrC per 5000 5-mrC. Recent bisulfite
sequencing data showed the widespread presence of 5-mrC in
both coding and noncoding RNA.7,8 The presence of appreciable
level of 5-hmrC in cellular RNA and the involvement of Tet-
family enzymes in inducing this modification suggest that the
function of Tet enzymes is not restricted to the epigenetic
regulation at the DNA level, but perhaps can also be extended to
RNA. In addition, 5-hmrC may also participate in the epigenetic
regulation of gene expression. The present work sets the stage for
future studies in defining the distribution and site-specific
localization of 5-hmrC in different RNA species (i.e., rRNA,
mRNA and tRNA), and the function of this 5-mrC oxidation in
RNA biology. The relative levels of 5-hmrC in RNA are lower
than those of 5-hmdC in DNA. It will be of particular importance
to determine whether the 5-hmrC is a stable oxidation product or
occurs transiently, possibly as an intermediate step in a pathway
leading toward 5-mC decay in RNA, or is perhaps a signal that
mediates RNA degradation. Both scenarios could explain the
relatively low level of this modification at steady state in vivo.
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