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Tet (ten–eleven translocation) methylcytosine dioxygenases, which belong to the iron and 2-oxoglutarate
(2OG)-dependent dioxygenase superfamily, convert 5-methylcytosine (5mC) to 5-hydroxymethylcyto-
sine (5hmC) in DNA. We recently reported that ascorbate (vitamin C) induces Tet-mediated generation
of 5hmC. To initially delineate the role of ascorbate on 5hmC generation, we analyzed whether the effect
of ascorbate is dependent upon the conditions of other components involved in the hydroxylation of 5mC
catalyzed by Tet. We found that removing iron from the culture medium did not affect the induction of
5hmC by ascorbate (10 lM) in mouse embryonic fibroblasts (MEFs). The effect of ascorbate did not
involve an increased expression of Tet1–3 or isocitrate dehydrogenases (IDH1–2), the enzymes responsi-
ble for producing 2OG. Interestingly, MEFs cultured with different concentrations of glucose, a major pre-
cursor of 2OG, exhibited nearly identical responses to ascorbate treatment. Further, blocking the uptake
of the reduced form of vitamin C, ascorbic acid, through the sodium-dependent vitamin C transporters
(SVCTs) inhibited the effect of ascorbate on 5hmC. However, inhibition of the facilitative glucose trans-
porters (GLUTs), which mediate the incorporation of the oxidized form of vitamin C, dehydroascorbic acid
(DHA), did not modify the ability of ascorbate to induce 5hmC generation. These results indicate that the
effect of ascorbate on 5hmC is not dependent upon iron uptake, the expression of Tet and IDH, or the pro-
duction of 2OG, suggesting that ascorbate may directly participate in the generation of 5hmC, most likely
as a cofactor of Tet.

� 2013 Elsevier Inc. All rights reserved.
1.Introduction

Vitamin C (L-ascorbic acid) exists predominantly as the
ascorbate anion under physiological pH conditions. In addition to
functioning as a general antioxidant, ascorbate is responsible for
maintaining the catalytic activity of a group of iron and
2-oxoglutarate (2OG)-dependent dioxygenases [1]. To catalyze
the hydroxylation of a diverse variety of substrates, the iron and
2OG-dependent dioxygenases utilize Fe2+ as a cofactor, 2OG as a
co-substrate, and some of them also require ascorbate as an addi-
tional cofactor in order to reach full catalytic activity. One classic
member of this family is collagen prolyl 4-hydroxylase (P4H),
which is well known for its involvement in scurvy. In the absence
of ascorbate, the initial hydroxylation catalyzed by collagen P4H
can proceed at a maximal rate. However, the catalytically inactive
oxidized iron species accumulates and quickly causes the inactiva-
tion of collagen P4H, leading to an incomplete hydroxylation of
residues in collagen. Ultimately, this leads to the characteristic
symptoms of scurvy [2]. However, when available, ascorbate has
the capacity to reduce oxidized iron species to catalytically active
Fe2+, thus reconstituting the catalytic activity of these
dioxygenases.

We recently reported that ascorbate induces the generation of
5-hydroxymethylcytosine (5hmC) in cultured cells [3]. 5hmC is
generated from the hydroxylation of 5-methylcytosine (5mC),
which is catalyzed by a group of enzymes termed Tet methylcyto-
sine dioxygenases (also known as Tet proteins), members of the
iron and 2OG-dependent dioxygenase superfamily [4–6]. Tet can
further oxidize 5hmC to 5-formylcytosine and 5-carboxylcytosine,
which could eventually be replaced by unmodified cytosine, con-
stituting the most consistent mechanism underlying the active
demethylation of DNA [7–9]. In our previous study, we discovered
that the content of 5hmC was extremely low in cells cultured in
ascorbate-free medium. When ascorbate was added to the cell cul-
ture medium, the generation of 5hmC was induced in a dose- and
time-dependent manner while other reducing agents such as glu-
tathione (GSH) had no effect on 5hmC. Furthermore, blocking
ascorbate entry into cells and knocking down Tet expression inhib-
ited the effect of ascorbate on the levels of 5hmC [3]. These results
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suggest that ascorbate enhances 5hmC generation, possibly by act-
ing as a cofactor to maintain the activity of Tet as it does for a
variety of other iron and 2OG-dependent dioxygenases. To further
solidify these results, the effect of ascorbate on the conversion of
5mC to 5hmC was confirmed by another group using embryonic
stem cells [10]. However, a detailed mechanism that explains
ascorbate effectively modulates the catalytic activity of Tet has
yet to be elucidated. To delineate how ascorbate induces 5hmC
generation, we analyzed the effect of varying iron, 2OG, and the
activity of the vitamin C transporters on this reaction.
2. Methods

2.1. Cell culture and treatments

Mouse embryonic fibroblasts (MEFs), derived from a wild type
C57BL/6 mouse, were maintained in DMEM (Invitrogen), which
did not contain any ascorbate in its formula. MEFs were cultured
in 6-well plates with or without cover slips. After seeding for
24 h, cells were treated with L-ascorbic acid (Sigma) at 10 lM for
varying durations. Each treatment group consisted of three wells
for every experiment. Each experiment was repeated at least three
times. To test whether the effect of ascorbate is independent upon
the presence of iron in the medium, MEFs were cultured in DMEM
(Invitrogen) that did not contain any iron in its formula, but was
supplemented with dialyzed FBS. Fe(NO3)3�9H2O (Sigma) was dis-
solved in PBS, sterilized by filtration and added to the medium
when indicated. The final concentrations of iron in the media were
0, 0.25 and 2.5 lM. In commercially available cell culture media,
0.25 lM of iron is the most typical concentration. To test whether
the effect of ascorbate is independent on glucose in the medium,
DMEM of high glucose (25 mM), DMEM of low glucose
(5.56 mM), and DMEM containing no glucose (0 mM) were pre-
pared. The only difference among the three media was the concen-
tration of glucose in their formulas. MEFs were usually maintained
in DMEM of low glucose. After the cells had been seeded for 24 h,
the medium was changed to DMEM containing the different con-
centrations of glucose.

2.2. Dot-blot assay

Genomic DNA was extracted from MEFs using QIAamp DNA
mini kits according to the manufacturer’s instructions (Qiagen). A
Qubit Fluorometer (Life Technology) was used to quantify the con-
centration of DNA. The dot-blot procedure followed the published
methods as conducted in our previous studies [3,11]. Briefly, DNA
samples were diluted with 2 N NaOH and 10 mM Tris–Cl, pH 8.5,
then loaded on a Hybond N+ nylon membrane (GE Health) using
a 96-well dot-blot apparatus (Bio-Rad). After baking at 80 �C for
30 min and being blocked by 5% non-fat milk for 1 h at room
temperature, the membrane was incubated in a polyclonal
anti-5hmC antibody (Active Motif #39769, 1:10,000) at 4 �C
overnight. 5hmC was visualized by chemiluminescence. The densi-
ties of the dots were captured by AlphaImager. To ensure equal
loading, the membrane was stained with methylene blue post-
immunoblotting. Statistical significance of differences in 5hmC
content between different treatments were assessed by t test, at
a = 0.05.

2.3. Immunostaining

Immunostaining of 5hmC was performed using the published
method [11]. Briefly after treatment, MEFs were fixed with 4%
paraformaldehyde and then incubated with 1 N HCl at 37 �C for
30 min. After washing with PBS and blocking with 3% serum in
PBS for 1 h, the cells were incubated with anti-5hmC antibody (Ac-
tive Motif #39769, 1:10,000) at 4 �C overnight. Cy3-conjugated
donkey anti-rabbit IgG (1:400; Jackson ImmunoResearch) was
used as an immunofluorescent secondary antibody. Cells were
then counterstained with DAPI. Double fluorescence images were
acquired with a Zeiss LSM710 confocal microscope.
2.4. RT-PCR

RNA was extracted from MEFs using the RNeasy kit (Qiagen). A
nanodrop 8000 photospectrometer was used to measure the yield
of RNA extraction. The SuperScript III First-Strand Synthesis Sys-
tem (Invitrogen) was used for reverse transcription (RT) according
to the manufacturer’s instructions. The PCR was applied by the fol-
lowing 3 pairs of primers, SVCT1 forward: 50-CAG-
CAGGGACTTCCACCA-3; SVCT1 reverse: 50-CCACACAGGTGAAGATG
GTA-30. SVCT2 forward: 50-CTCCTGGTGAAC AAAGTCAGAATGG-30;
SVCT2 reverse: 50- GAGGCCAATGACCACTTCTATC-30. GAPDH-for-
ward: 50-TTAGCACCCCTGGCCAAGG-30; GAPDH-reverse: 50-
CTTACTCCTTGGAGG CCATG-30. The PCR products were separated
in 2% agarose gel. The gel image was captured using the AlphaIm-
ager gel documentation system.
2.5. Quantitative PCR

Quantitative PCR was performed using an ABI HP7900. Within
the plate, samples were plated in duplicate in adjacent wells with-
in the column; one for amplification of each Tet (Tet1, Tet2 and
Tet3) or IDH (IDH1, IDH2), the other one for the housekeeper gene
GAPDH as the internal control. Each sample was used three times
at different locations in the 384-well plate. After the PCR run was
complete, quantitative gene expression data were acquired and
analyzed using the ABI Prism 7900HT Sequence Detection System
(RQ manager). Statistical significance of differences in expression
levels between different treatments were assessed by t test, at
a = 0.05.
3. Results

3.1. The generation of 5hmC induced by ascorbate is independent on
the cellular uptake of iron

Iron is a known cofactor for Tet proteins to hydroxylate 5mC to
5hmC. In the absence of iron, recombinant Tet proteins are not
functional [5,6,12]. The presence of ascorbate at physiological con-
centration has been shown to enhance the uptake of iron by cells,
raising the possibility that the effect of ascorbate on 5hmC is indi-
rect and mediated by an ascorbate-induced increase in the cellular
uptake of iron [13–15]. To test this possibility, we examined
whether ascorbate could induce the generation of 5hmC in an
iron-deprived medium, and whether addition of iron could change
the effect of ascorbate.

First, we cultured MEFs in DMEM that contained different
concentrations of Fe3+, which could be reduced to Fe2+ within
the cell. We observed that treatments of ascorbate (10 lM)
did indeed cause an elevated generation of 5hmC in MEFs, even
when cultured in iron-free medium (no iron in the formula of
the medium and supplemented with dialyzed FBS). The level
of induction was similar in conditions of iron deprivation and
normal (0.25 lM) or elevated (2.5 lM) iron supplementation.
This was determined by immunostaining (Fig. 1A) and semi-
quantitative dot-blot (Fig. 1B and C). These results suggest that
the effect of ascorbate on 5hmC is independent of cellular
uptake of iron.
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Fig. 1. The generation of 5hmC induced by ascorbate is independent on the iron uptake by MEFs. (A) Immunostaining shows that the 5hmC signal induced by ascorbate
(10 lM) treatments for 24 h is at a similar level in MEFs cultured with different concentrations (0, 0.25, 2.5 lM) of iron. (B) A representative dot-blot shows that ascorbate
(10 lM) increases the content of 5hmC in MEFs cultured with different concentrations (0, 0.25, 2.5 lM) of iron. (C) Semiquantitative analysis of the dot-blot indicates that
ascorbate (10 lM) increases 5hmC at a similar level (�4-fold of the basal level) in MEFs cultured with different concentrations (0, 0.25, 2.5 lM) of iron. (P > 0.05 assessed by t
test. Data are represented as mean ± SEM.)
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Fig. 2. Glucose in the medium does not change the generation of 5hmC induced by ascorbate treatment. (A) Immunostaining shows that glucose (0, 5.56, 25 mM) does not
change 5hmC signal induced by ascorbate (10 lM) treatment for 24 h. (B) A representative dot-blot shows that ascorbate (10 lM) increases the content of 5hmC in MEFs
cultured with different concentrations (0, 5.56, 25 mM) of glucose. (C) Semiquantitative analysis of the dot-blot indicates that ascorbate (10 lM) increases 5hmC at a similar
level (�4-fold of the basal level) in MEFs cultured with different concentrations (0, 5.56, 25 mM) of glucose. (P > 0.05 assessed by t test. Data are represented as mean ± SEM.)
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Fig. 3. Ascorbate treatment does not change the expression of Tet and IDH genes. (A) Quantitative PCR shows that ascorbate (0–1,000 lM) does not significantly change the
expression of Tet genes in MEFs. (P > 0.05 assessed by t test. Data are represented as mean ± SEM.) (B) Quantitative PCR shows that ascorbate (0–1,000 lM) does not
significantly change the expression of IDH genes in MEFs. (P > 0.05 assessed by t test. Data are represented as mean ± SEM.)

5-
hm

C
 (f

ol
d)

CB

Ascorbate (µM)0

0.8 µg
0.4 µg

5hmC

Methylene blue

10 0 10 0 10

DMSO Cytochalasin B Sulfinpyrazone

A

Ascorbate (µM) 0                     10

5-hmC

DAPI

Merge

Ascorbate (µM)0 10 0 10 0 10

DMSO Cytochalasin B Sulfinpyrazone

0
1
2
3
4
5
6
7

DMSO
Cytochalasin B
Sulfinpyrazone

P < 0.05

Fig. 4. The effect of ascorbate on 5hmC is partially reduced by sulfinpyrazone. (A) Immunostaining shows that both sulfinpyrazone (2 mM) and cytochalasin B (20 lM) do not
change 5hmC signal in ascorbate-free MEFs. Only sulfinpyrazone blocks the induction of 5hmC by ascorbate (10 lM) treatment for 24 h. (B) A representative dot-blot shows
that sulfinpyrazone (2 mM), but not cytochalasin B (20 lM), inhibits the effects of ascorbate (10 lM) on 5hmC content. (C) Semiquantitative analysis of the dot-blot indicates
that sulfinpyrazone (2 mM), but not cytochalasin B (20 lM), inhibits the induction of 5hmC by ascorbate (⁄P < 0.05 assessed by t test. Data are represented as mean ± SEM.)

K.M. Dickson et al. / Biochemical and Biophysical Research Communications 439 (2013) 522–527 525
3.2. The presence of glucose does not change the effect of ascorbate on
the generation of 5hmC

It has been shown that Tet proteins cannot convert 5mC to
5hmC in the absence of 2OG, which is an important co-substrate
for Tet proteins [5,6,16]. It should be noted that it is quite typical
for 2OG, one of the intermediate metabolites in the Krebs cycle,
to be highly abundant within eukaryotic cells. Although it seems
unlikely that the effect of ascorbate on the generation of 5hmC is
mediated by an influence of ascorbate on the level of 2OG, we
tested whether glucose, which is one major precursor of 2OG, mod-
ifies the effect of ascorbate on 5hmC generation. The results
showed that the basal level of 5hmC was extremely low in MEFs
cultured in media containing any level of glucose – i.e. no
(0 mM), low (5.56 mM) or high (25 mM) glucose (Fig. 3). Further-
more, the generation of 5hmC, induced by ascorbate (10 lM), is
similar in MEFs cultured with different concentrations of glucose,
as shown by immunostaining (Fig. 2A) and semiquantitative dot-
blot (Fig. 2B and C). These results suggest that the generation of
5hmC, induced by ascorbate, is independent of presence of glucose
in the cell culture the glucose in the medium.

3.3. Ascorbate treatment does not change the expression of Tet and
IDH genes

The production of 2OG relies on a family of enzymes that are
termed isocitrate dehydrogenases (IDH). Changes in the expression
of IDH have been shown to affect 5hmC generation presumably by
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controlling the production of 2OG [17]. To test whether the effect
of ascorbate on 5hmC generation is mediated by an increase in
the expression of IDH proteins, we analyzed the level of IDH1–2
mRNA in cells treated with ascorbate. Through quantitative PCR
we determined that ascorbate (0–1000 lM) treatments for 24 h
did not alter the mRNA level of IDH1–2 (P > 0.05; Fig. 3A). We fur-
ther proved that ascorbate treatment did not affect the expression
of Tet1–3, as primarily observed (Fig. 3B) [3]. These findings sug-
gest that the effect of ascorbate on the generation of 5hmc is not
due to alterations of the expression of Tet or IDH.
3.4. Blocking SVCTs, but not GLUTs, inhibits the effect of ascorbate on
5hmC

Although being critical in the maintenance of a group of iron
and 2OG-dependent dioxygenases, ascorbate is rarely included in
standard cell culture media [18]. However, when present in the
growth medium, ascorbate can effectively enter and accumulate
within cells – mainly via the assistance of sodium-dependent vita-
min C transporters (SVCTs). In contrast, the oxidized form of vita-
min C (dehydroascorbic acid, DHA) enters via facilitative glucose
transporters (GLUTs) [19].

Due to the fact that the large majority of physiologic vitamin C
exists in the form of ascorbate, and DHA is not detectable in the
plasma of healthy subjects [20], this study focused on ascorbate
rather than DHA. Upon entering the cell, ascorbate can easily pen-
etrate the pores of the nuclear membrane to reach the 5mC
hydroxylation complex that includes Tet proteins bound with iron
and 2OG. By RT-PCR, we verified that MEFs express SVCT2, not
SVCT1 (data not shown). It is known that GLUTs are ubiquitously
expressed. We previously reported that the generation of 5hmC,
induced by ascorbate treatment, was reduced by phloretin, which
inhibits the uptake of ascorbate – possibly via acting upon SVCTs
as well as GLUTs [3,21]. To further verify that the entry of ascorbate
into cells is essential towards inducing the generation of 5hmC, we
pre-treated some MEFs with sulfinpyrazone (2 mM, a preferential
inhibitor of SVCTs) and others with cytochalasin B (20 lM, a typi-
cal inhibitor of GLUTs). The concentration of these inhibitors was
designated based on previous reports [22,23]. The addition of the
inhibitors to the medium did not alter the 5hmC content in ascor-
bate-free MEFs. However, only additions of sulfinpyrazone, but not
cytochalasin B, reduced the effect of ascorbate on 5hmC from
approximately 4.5-fold to less than 3-fold compared to basal levels,
as shown by immunostaining (Fig. 4A) and semiquantitative dot
blot (P < 0.05; Fig. 4B and C). These results suggest that the gener-
ation of 5hmC in MEFs indeed requires the entry of ascorbate, more
likely through SVCTs, rather than GLUTs, into the cells.
4. Discussion

We recently reported that ascorbate induces the Tet-mediated
generation of 5hmC in cultured cells [3]. This effect also has been
verified by another team [10]. However, a detailed mechanism to
explain how ascorbate affects the catalytic activity of Tet has yet
to be elucidated. Experimental evidence is required to determine
whether ascorbate reconstitutes Tet by reducing the inactive Fe3+

state to the active Fe2+ state (as is the case with P4H mediated
hydroxylation) after Tet is inactivated by coupled or uncoupled
2OG turnover [2]. As the first step of the endeavor to delineate
the mechanism of ascorbate on 5hmC generation, we investigated
whether the effect of ascorbate is dependent upon other compo-
nents in the hydroxylation of 5mC.

Ascorbate has been shown to enhance the uptake of iron by
cells [13–15]. This may cause one to infer that the effect of
ascorbate on 5hmC is indirect and mediated by an increased up-
take of iron. Our experiments showed that the ascorbate treat-
ment induced the generation of 5hmC in MEFs without iron
present in the medium. Addition of different concentrations of
iron did not change the effect of ascorbate on 5hmC. This sug-
gests that the effect of ascorbate on the generation of 5hmC is
independent of the cellular uptake of iron. MEFs used in our
study have been maintained in medium containing iron for a
long time and it is known that cells tend to accumulate iron
intracellularly [24,25]. Thus, it is of a high likelihood that these
MEFs have accumulated enough iron to allow full catalytic activ-
ity of Tet proteins and are fully independent of the extracellular
concentration of iron.

The expression of Tet and IDH genes is critical for the hydroxyl-
ation of 5mC–5hmC. Mutations and dysregulated expression of
these genes have been associated with abnormal levels of 5hmC
and a number of potentially fatal diseases [17,26]. Previously, we
demonstrated that the effect of ascorbate on 5hmC is mediated
by Tet. In this study, we found that the expression of Tet1–3 and
IDH1–2 was maintained at a similar level after treatment with dif-
ferent concentrations of ascorbate. This suggests that the effect of
ascorbate on 5hmC is not driven by alterations in Tet or IDH
expression. These results are congruent with our previous observa-
tion of the rapid effect of ascorbate on 5hmC, which suggests that
no protein synthesis is required, but that intracellular accumula-
tion of ascorbate is sufficient to enhance the activity of available
Tet [3]. Furthermore, we showed that differing concentrations of
glucose, the major precursor of 2OG, had no effect on the level of
5hmC induced by ascorbate treatment.

Blocking the intracellular accumulation of ascorbate using
phloretin inhibited the effect of ascorbate on 5hmC, as shown in
our previous report [3]. It is necessary to mention that phloretin
has been suggested to block the activity of both SVCTs and GLUTs
[27,28]. Ascorbate enters cells mainly through SVCTs while the oxi-
dized DHA does so through GLUTs. To further verify that SVCTs
mediate the cellular uptake of ascorbate that ultimately induces
the generation of 5hmC, SVCTs and GLUTs specific inhibitors were
added to the culture medium. The results showed that the prefer-
ential SVCTs inhibitor (sulfinpyrazone) partially reduced the effect
of ascorbate on 5hmC generation. In contrast, the GLUTs inhibitor
(cytochalasin B) had no effect on the generation of 5hmC induced
by ascorbate. This suggests that the accumulation of ascorbate
via SVCTs is critical in the induction of the Tet-mediated genera-
tion of 5hmC in MEFs.

Thus, we have discovered that the effect of ascorbate on 5hmC
is fully independent of the cellular uptake of iron, enhanced
expression of Tet or IDH, or changes in the production of 2OG.
The accumulation of ascorbate through SVCTs is critical for induc-
ing the generation of 5hmC. It is possible that ascorbate reconsti-
tutes Tet by reducing the inactive Fe3+ state to the active Fe2+

state (as is the case with P4H mediated hydroxylation) after Tet
is inactivated by 2OG turnover.
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