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Cytosine residues in the vertebrate genome are enzymatically
modified to 5-methylcytosine, which participates in transcrip-
tional repression of genes during development and disease
progression. 5-Methylcytosine can be further enzymatically
modified to 5-hydroxymethylcytosine by the TET family of
methylcytosine dioxygenases. Analysis of 5-methylcytosine and
5-hydroxymethylcytosine is confounded, as thesemodifications
are indistinguishable by traditional sequencing methods even
when supplemented by bisulfite conversion. Here we demon-
strate a simple enzymatic approach that involves cloning, iden-
tification, and quantification of 5-hydroxymethylcytosine in
various CCGG loci within murine and human genomes. 5-Hy-
droxymethylcytosine was prevalent in human andmurine brain
and heart genomic DNAs at several regions. The cultured cell
linesNIH3T3 andHeLa both displayed very lowor undetectable
amounts of 5-hydroxymethylcytosine at the examined loci.
Interestingly, 5-hydroxymethylcytosine levels in mouse embry-
onic stem cell DNA first increased then slowly decreased upon
differentiation to embryoid bodies, whereas 5-methylcytosine
levels increased gradually over time. Finally, using aquantitative
PCR approach, we established that a portion of VANGL1 and
EGFR gene body methylation in human tissue DNA samples is
indeed hydroxymethylation.

In the vertebrate genome, DNA methylation is the predom-
inant epigeneticmodification. Cytosine residues undergo enzy-
matic modification at the carbon-5 position (5-mC)4 by DNA
(cytosine-5) methyltransferases (1). In mammals, methylation
is primarily found inCpGdinucleotides (2). In certainmamma-
lian cell types, including embryonic stem cells, and in plants,

non-CpG and asymmetric cytosine methylation has been
observed (3–5). CpGmethylation may directly disrupt interac-
tion between certain transcription factors and their corre-
sponding DNA binding sites (6, 7) or may recruit methyl DNA-
binding proteins, such as MeCP2 or MBDs to create a
repressive chromatin state (8, 9). Changes in DNAmethylation
patterns in the genome are correlated with altered gene expres-
sion, including selective inactivation of one X chromosome in
female mammals (10). DNAmethylation is dynamic, heritable,
and reversible, providing important determinants for an array
of epigenetic states regulating phenotype and gene expression.
In addition to the presence of 5mC, there are other DNA

modifications, including DNA damage, that arise via exposure
of cells to physical or chemical agents (11). Such damage is
generally repaired before the next cell cycle starts in vivo,
therebymaintaining genome integrity (12). Recently, two inde-
pendent reports demonstrated the presence of another modifi-
cation, 5-hydroxymethylcytosine (5-hmC), in murine neuronal
and embryonic stem cell genomes (13, 14). In one report, Tahi-
liani et al. (14) performed a homology search using the
sequences of trypanosoma enzymes JBP1 and JBP2 that sequen-
tiallymodify themethyl group of thymine by two-step hydroxy-
lation and glucosylation to create �-D-glucosylhydroxymethyl-
uracil (base J) and found mammalian homologues Tet1, Tet2,
and Tet3. Using biochemical and cell biology techniques, they
established that Tet1 catalyzes the conversion of 5-mC to
5-hmC and that the ratio of 5-mC to 5-hmC in murine embry-
onic stem cells is �10:1. Coinciding with this observation, Kri-
aucionis and Heintz (13) also reported the presence of 5-hmC
in murine Purkinje and granule neurons. Analysis of the Pur-
kinje and granule cell genomes displayed a significant portion,
0.6 and 0.2%, respectively, of the total nucleotide pool as
5-hmC. As a potentially stable base, 5-hmC may influence
chromatin structure and local transcriptional activity by repel-
ling 5-mC-binding proteins or recruiting 5-hmC-specific pro-
teins. Indeed, in a previous study it was demonstrated that
methyl-binding protein MeCP2 does not recognize or bind to
5-hmC (15). More recent reports using several other methyl-
binding proteins, includingMBD1,MBD2, andMBD4, support
this hypothesis (16). Because 5-hmC is present in the mamma-
lian genome and may mediate biological functions differently
from 5-mC, there is a need for distinguishing between the var-
ious forms of modified cytosine residues dispersed throughout
the genome. Here we report a simple enzymatic method of
determining 5-hmC in CpG context, embedded in CCGG sites
in the mammalian genome. Coupling the enzymatic method

* This work was supported in part by an innovation award from the Eli &
Edythe Broad Center of Regenerative Medicine and Stem Cell Research at
UCLA (to S. E. J.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables 1–3 and Figs. 1–5.
Author’s Choice—Final version full access.

1 Both authors contributed equally to this work.
2 Investigator of the Howard Hughes Medical Institute.
3 To whom correspondence should be addressed: New England Biolabs, Inc;

240 County Rd., Ipswich, Massachusetts 01938. Tel.: 978-380-7227; Fax:
978-921-1350; E-mail: pradhan@neb.com.

4 The abbreviations used are: 5-mC, 5-methylcytosine; 5-hmC, 5-hydroxy-
methylcytosine; NEB, New England Biolabs; �-GT, �-glucosyltransferase;
ES, embryonic stem; qPCR, quantitative-PCR; 5-ghmC, glucosylated
5-hmC; MBD, methyl binding domain; nt, nucleotide(s); FAM, 6-carboxy-
fluorescein; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine;
-hm-, hydroxymethyl; LIF, leukemia inhibitory factor.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 28, pp. 24685–24693, July 15, 2011
Author’s Choice © 2011 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

JULY 15, 2011 • VOLUME 286 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 24685

 by guest, on July 22, 2011
w

w
w

.jbc.org
D

ow
nloaded from

 
http://www.jbc.org/content/suppl/2011/05/24/M110.217083.DC1.html 
Supplemental Material can be found at:

http://www.jbc.org/cgi/content/full/M110.217083/DC1
http://www.jbc.org/


with quantitative PCR, we are able to determine the percentage
of unmodified cytosine (C) and its modified form (5-mC and
5-hmC) at the internal cytosine residue ofCCGGsites. Further-
more, using this method, we demonstrate gene- and tissue-
specific distribution of 5-hmC as well as dynamic changes in
5-hmC distribution during embryoid body formation.

EXPERIMENTAL PROCEDURES

In Vitro Analysis of MspI and HpaII Sensitivity to Glucosyla-
tion of 5-Hydroxymethylcytosine—Fluorescein-labeled double-
stranded oligonucleotides containing a single 5-hmC residue
either on one or both strands (within theMspI recognition site,
i.e. ChmCGG) were synthesized as follows. 5 �mol each of two
fluorescein-labeled 45-nt-long oligonucleotides, 5�-FAM-CC-
AACTCTACATTCAACTCTTATCCGGTGTAAATGTGA-
TGGGTGT-3�, and a 19-nt primer oligonucleotide, 5�-FAM-
ACACCCATCACATTTACAC-3�, were combined in 25 �l of
NEBuffer 4 (New England Biolabs, NEB) and annealed by incu-
bating at 95 °C for 5 min followed by slowly cooling to room
temperature. The annealing reaction was then supplemented
with 5�l (1mM) each of hydroxymethyl-dCTP (hmdCTP) (Bio-
line), dATP, dTTP, and dGTP (NEB) and 1 �l (5 units) of Kle-
now (NEB), and the reaction volume was adjusted to 50 �l with
Milli-Q water. The annealed oligonucleotide was made fully
double-stranded by incubating the reaction at room tempera-
ture for 30 min, resulting in hemi-5-hmC substrate (100 pmol/
�l): top strand (5�-FAM-CCAACTCTACATTCAACTCTTA-
TCCGGTGTAAATGTGATGGGTGT-3�) and bottom strand
(3�-GGTTGAGATGTAAGTTGAGAATAGGhmCCACATT-
TACACTACCCACA-FAM-5�).
Tomake a double-stranded oligonucleotide containing hmC

residue on both strands, the 45-nt template oligonucleotidewas
synthesized with 8 uracil residues distributed uniformly
through the sequence: 5�-FAM-CCAACUCTACAUTCAAC-
UCTTAUCCGGUGTAAAUGTGAUGGGUGT-3�. This oli-
gonucleotide was annealed with a 19-nt primer oligonucleotide
and made fully double-stranded as was described earlier: top
strand (5�-FAM-CCAACUCTACAUTCAACUCTTAUCCG-
GUGTAAAUGTGAUGGGUGT-3�) and bottom strand
(3�-GGTTGAGATGTAAGTTGAGAATAGGhmCCACAT-
TTACACTACCCACA-FAM-5�). In the next step a single-
stranded template with a 5-hmC residue within the MspI site
was created by destroying the uracil-containing oligonucleo-
tide strand. For this purpose, 5 �l (500 pmol) of the above dou-
ble-stranded oligonucleotide were combined with 5 �l of 10�
T4 DNA ligase buffer and 5 �l (5 units) of USER Enzyme, NEB,
and the reaction volume was adjusted to 50 �l with Milli-Q
water. The reaction was incubated at 37 °C for 60 min to excise
uracil residues and additionally incubated for 20min at 65 °C to
fully dissociate the leftover double-stranded regions. An
equimolar amount (500 pmol) of complementary 24-nt primer
oligonucleotide, 5�-FAM-CCAACTCTACATTCAACTCTT-
ATC, was annealed to the newly obtained single-stranded tem-
plate by incubating for 5 min at 95 °C and slowly cooling down
to room temperature. The reaction was then supplemented
with 5 �l of NEBuffer 4, 5 �l (1 mM) each of hmdCTP, dATP,
dTTP, and dGTP, and 1 �l (5 units) of Klenow fragment, and
the reaction volume was adjusted to 100 �l with Milli-Q water.

The reaction was incubated at room temperature for 30 min to
yield fully double-stranded substrate containing a single 5-hmC
residue on either strand: top strand (5�-FAM-CCAACTCTA-
CATTCAACTCTTATChmC GGTGTAAATGTGATGGGT-
GT-3�) and bottom strand (3�-GGTTGAGATGTAAGTTGA-
GAATAG GhmCCACATTTACACTACCCACA-FAM-5�).
The control duplex DNA with C, 5-mC and 5-hmC were
obtained from NEB.
Glucosylation of 5-hmC-containing Oligonucleotide Sub-

strates with T4 �-Glucosyltransferase—The hmC residues
within the MspI site were glucosylated by incubating 200 pmol
of DNA substrates with 1 �l (10 units) of T4 �-glucosyltrans-
ferase (�-GT) (NEB) for 1 h at 37 °C in a total 50-�l reaction
containing 1� NEBuffer 4 supplemented with 0.1 mM UDP-
Glc. After glucosylation, the �-GT enzyme was heat-inacti-
vated by incubating for 20 min at 75 °C.
Cleavage with MspI and HpaII Restriction Endonucleases—

Double-stranded oligonucleotide substrates (20 pmol) were
cleaved with 20 units of either MspI or HpaII. The reactions
were carried out at 37 °C for 4 h in 20 �l of either NEBuffer 4
(MspI) or NEBuffer 1 (HpaII). Reactions containing hemi-hy-
droxymethylated (hemi-glucosylated) substrates were termi-
nated by the addition of 10 �l formamide gel buffer (50% form-
amide, 7 M urea, 12% Ficoll 400, 0.01% bromphenol blue, and
0.02%Xylene) and heated at 95 °C for 5min. Reaction products
were separated by electrophoresis under denaturing conditions
on 20% acrylamide, 7 M urea gel. Reactions containing fully
hydroxymethylated (fully glucosylated) substrates were termi-
nated by the addition of 5 �l of Gel Loading Dye (2.5% Ficoll
400, 11 mM EDTA, 3.3 mM Tris-HCl (pH 8.0), 0.017% SDS, and
0.015% bromphenol blue), and reaction products were sepa-
rated by electrophoresis on the native 10% Tris borate-EDTA
acrylamide gel and visualized under UV light.
Cell Culture and E14 Embryonic Stem (ES) Cell Differentia-

tion to Embryoid Bodies—ES cells were cultured as described
withGMEM(Invitrogen)media containing 10%FBS (Gemcell),
1% non-essential amino acids (NEAA) (Hyclone), 1% sodium
pyruvate (Invitrogen), 50 �M �-mercaptoethanol (Sigma), and
1� LIF (Millipore). To maintain the undifferentiated ES cells,
they were grown on 0.1% gelatin (Stem Cell Technologies)-
coated culture dishes. For differentiation of ES cells to
embryoid bodies, LIF was removed, and cells were seeded on
low adherence plates (Corning) with no gelatin for 1–10 days.
Screen for Genomic DNA for Hydroxymethylated Loci—

Genomic DNA was extracted from E14 ES cells and embryoid
bodies using theQiagenDNeasy Blood andTissue kit. NIH 3T3
and HeLa cells were obtained from ATCC. DNA from human
tissues was purchased from Biochain. Five �g of genomic DNA
(E14 and human normal brain) was digested with MspI (NEB).
Digested DNA was purified with phenol chloroform and then
ligated with T4 DNA ligase (NEB) into pCpG-MspI plasmid
with zeocin selectionmarker containing oneMspI site. Plasmid
DNAwas glucosylatedwith�-GT (NEB) and cofactorUDP-Glc
(NEB) and digested with MspI. The remaining circular DNA
was used to transform GT115 or 2924E competent Escherichia
coli cells. All colonies were picked, grown to 5-ml cultures,
purified with Qiagen miniprep kit, and sequenced at the NEB
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sequencing facility. Sequences were then aligned to the appro-
priate genome with the NCBI Blast software.
Glucosylation and Digestion of Genomic DNA with MspI or

HpaII—2–5-�g aliquots of genomicDNAwere either glucosyl-
ated with �-GT and UDP-Glc or mock-treated with �-GT and
no UDP-Glc for at least 3 h. These reactions were then split in
half and digested separately with MspI (100 units/1.5 �g) and
HpaII (50 units/1.5 �g). Both digested and undigested DNAs
were diluted to a final concentration of 16 ng/�l to be used for
PCR analysis.
End Point and Quantitative-PCR (qPCR) Analysis of �-GT-

treated MspI- or HpaII-digested DNA—End point PCR was
completed with Phusion-GC (NEB) polymerase master mix.
Two �l of diluted DNAs described above were used for each
50-�l reaction. Half of each PCR reaction was separated on a
1.2% agarose gel (VWR) and stained with ethidium bromide
(Sigma) to visualize. Typically, end point PCR amplifications
were carried out for 30 cycles. qPCR was completed with
Dynamo HS SYBR Green qPCR kit (NEB) using a Bio-Rad
CFX384 Real-Time PCR Detection System. Background signal
was subtracted from the copy number of each sample and then
normalized to undigested control. Primers were designed with
NCBI primer-blast software and purchased from IDT.
Western Blot Analysis of E14 ES Cells—Proteins were

extracted from E14 cells with radioimmune precipitation assay
buffer and quantified with the Coomassie Plus (Bradford) Pro-
tein Assay (Thermo Scientific). Equal amounts of protein were
separated on 10% Tricine gels (Invitrogen) using SDS loading
buffer (NEB). Proteins were then transferred toWhatman Pro-
tran nitrocellulose membrane, blocked with either 5% milk or
BSA in PBST, probed with the appropriate antibodies, treated
with Lumiglo chemiluminescent reagent (Cell Signaling Tech-
nology, CST), and exposed to Kodak Biomax MS film. Mem-
branes were stripped with Restore Western blot stripping
buffer (Thermo Scientific) and probed with Gapdh as a loading
control. The following antibodies were used for Western blot
analysis: Oct4 (1:1000; Stem Cell Technologies), Nanog (1:500;
Abcam), Gapdh (CST), Dnmt1 (1:1000; Abcam), Dnmt3a
(1:5000; Abcam), Dnmt3b (1:2000; Novus), Tet1 (1:2500, rabbit
bleed, CST).
Liquid Chromatography Mass Spectrometry Analysis of E14

DNA for Genomic Deoxycytosine, 5-Methyldeoxycytosine, and
5-Hydroxymethyldeoxycytosine—Two�g of genomicDNAwas
treated with 10 units of Antarctic phosphatase (NEB) and 2
milliunits of snake venom phosphodiesterase (Sigma) at 37 °C
overnight. Eight microliters of hydrolyzed DNA was injected
for analysis. Peak area was used to calculate percent of 5-mC (of
total C) and percent 5-hmC (of total 5-mC).

RESULTS

Restriction Enzyme MspI Is Blocked by Glucosylated
5-Hydroxymethylcytosine—The restriction enzyme MspI rec-
ognizes the sequence CCGG and is able to cleave when the
internal cytosine is unmethylated or methylated at the C5
position (17). To determine the effect of internal cytosine
hydroxymethylation on MspI cleavage, we made a synthetic
5�-FAM-labeled duplex DNA containing one MspI site with
either the internal cytosine being hemi-hydroxymethylated or

fully hydroxymethylated (Fig. 1, left panel). These oligonucleo-
tide duplexes are either mock-glucosylated or glucosylated
using �-GT. �-GT is a DNA-modifying enzyme encoded by
bacteriophage T4 that catalyzes the transfer of glucose (Glc)
from uridine diphosphoglucose (UDP-Glc) to 5-hmC in dou-
ble-stranded DNA using a base flipping mechanism (18). After
the reaction, duplex DNAs were subjected to MspI digestion,
and products were separated on a polyacrylamide gel. MspI
cleaved the internal 5-hmC containingDNA (Fig. 1, right upper
panel, lanes 1 versus 2) but failed to digest the glucosylated
5-hmC (5-ghmC) containing DNA (Fig. 1, right upper, panel
lanes 2 versus 5). HpaII, an isoschizomer ofMspI, did not cleave
either 5-hmC or 5-ghmC containing DNA (Fig. 1, upper panel
lanes 3 versus 6). We also performed the same experiment to
determine the specificity of MspI on a hemi-5-hmC oligonu-
cleotide duplex. In this experiment, the digestedDNAproducts
were separated on a denaturing polyacrylamide gel. As ex-
pected, HpaII digestionwas blocked by hemi-5-hmCand hemi-
5-ghmC (Fig. 1, lower panel, lanes, 3 and 6). MspI fully cleaved
the hemi-hmC DNA (Fig. 1, lower panel, lane 2). Once the
5-hmC was glucosylated, the strand containing 5-ghmC was
protected from MspI, and the unmodified strand was poorly
cleaved (Fig. 1, lower panel, lane 5). Overnight incubation
yielded small amounts of 24-nt-long product, suggesting hemi-
hydroxymethylated sequences onMspI sites cannot be reliably
distinguished from fully hydroxymethylated DNA using this
assay alone. However, coupling this technique with strand-spe-
cific bisulfite sequencing could result in the identification of
hemi-hydroxymethylated sites. From these results we con-
cluded that glucosylation along with MspI and HpaII might be
used for distinguishing between C, 5-mC, and 5-hmC.
Differential �-Glucosylation and Quantification of Methy-

lated and Hydroxymethylated Cytosine—BecauseMspI cleaves
internal 5-hydroxymethylcytosine and is selectively blocked by
glucosylation of this site, we used this property of the enzyme to
establish a robust protocol for identification and quantification
of C, 5-mC, and 5-hmC on a defined sequence of synthetic
DNA. However, restriction enzymes display reduced or im-
paired cleavage by target site methylation. Therefore, we first
determined the amount ofMspI enzyme required for complete

FIGURE 1. MspI and HpaII isoschizomer can distinguish between 5-hmC
and 5-ghmC at the internal cytosine residue. Cleavage specificity is shown
for MspI and HpaII on FAM-end-labeled oligonucleotide duplex with internal
CG being symmetrically hydroxymethylated or hemihydroxymethylated in
the presence or absence of �-GT. Complete cleavage products are labeled as
24 and 19 nt, respectively, on a non-denaturing acrylamide gel for double-
hydroxymethylated (upper panel) and denaturing acrylamide gel for hemi-
hydroxymethylated DNA (lower panel). The arrow at the right indicates small
amounts of 24-nt-long product.

Tissue-specific Distribution of 5-Hydroxymethylcytosine

JULY 15, 2011 • VOLUME 286 • NUMBER 28 JOURNAL OF BIOLOGICAL CHEMISTRY 24687

 by guest, on July 22, 2011
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


digestion of 5-hydroxymethylcytosine DNA. Enzymatic titra-
tion with varying amounts of MspI was performed by digesting
a test DNA containing a symmetrical 5-hmC at the internal
CpG site and cross-checking the digestion efficiency by qPCR
with primers flanking the CCGG (MspI or HpaII recognition)
sequence. The test DNA was 100 nucleotides long with a cen-
tral MspI or HpaII recognition sequence (Fig. 2A). Indeed, 100
units of MspI was sufficient to fully digest 200 ng of 5-hy-
droxymethylcytosine containing DNA as no undigested DNA
was observed at that specific enzyme to hydroxymethylated
DNA ratio (supplemental Fig. 1, A and B). Despite using con-
siderable amounts of enzyme, we often observed a small
amount of background (1–5%) by qPCR analysis. In a similar
experiment 50 units of HpaII were determined to be sufficient
for complete digestion of unmethylated CCGG sequences but
not 5-mC, 5-hmC, or 5-ghmC modifications at the internal
cytosine (data not shown). Thus, all subsequent enzymatic
digestions were carried out with 100 or 50 units of MspI or
HpaII, respectively.
To determine the robustness ofMspI andHpaII digestion for

measuring 5-hmC and 5-mC at the internal CG of cognate
CCGG sites, we mixed the test duplex DNAs at different ratios
to represent various amounts of 5-hmC, 5-mC, and C (Fig. 2A).
Allmixes were divided into two aliquots, one being subjected to
�-glucosylation reaction and the other being the corresponding
control reactions. The control and experimental samples were
then aliquoted and digested with either MspI or HpaII along
with a control set of reactions without any restriction enzymes.
After 4 h of restriction digestion, the digested DNAs were ana-
lyzed by qPCR using a pair of flanking primers to determine the
percentages of various modified species. Indeed, the observed
amounts of 5-hmC (normalized copy number from MspI �
�-GT sample) and total 5-mC (normalized copy number from

HpaII� �-GT sample) for 6DNAmixes (5-hmC:5-mC:C ratios
5:15:80, 10:50:40, 20:50:30, 33:33:33, 40:40:20, 60:10:30) very
closely matched the expected values with significant Pearson
correlation coefficients (5-hmC p value � 0.004, 5-mC p
value � 0.006), supporting the validity and robustness of the
assay system (Fig. 2, B and C).
Identification and Tissue-specific Distribution of 5-Hy-

droxymethylcytosine in the Mammalian Genome—Based on
the above observations, we utilized the differential sensitivity of
MspI to 5-hmC and 5-ghmC to isolate and identify 5-hmC con-
taining loci from both mouse and human genomic DNA. We
designed a scheme to clone 5-hmC containing sequences (Fig.
3A) using mouse E14 embryonic stem cell (19) and normal
human brain DNAs. In brief, the DNAwas digested withMspI,
purified away from the enzyme, and ligated into aMspl digested
vector with a single CCGG cloning site (pCpGMsp-9). After
ligation of the DNA and vector, the ligation mix was subjected
to a saturating amount of �-GT and supplemented with cofac-
tor UDP-Glc to ensure that all the 5-hmC was converted to
5-ghmC. After glucosylation, the ligated DNA was again sub-
jected to MspI digestion. This is to make certain that ligated
plasmids contain 5-ghmC at both of the ligation sites, as any
ligated products with unmethylated or methylated cytosines
would be digested and linearized. This library was transformed
into E. coli, promoting the selective degradation and elimina-
tion of the linear products. Transformed cells were zeocin-re-
sistant and were expected to have inserts containing genomic
DNA flanked by two MspI sites.
Sequencing of these clones demonstrated they did indeed

have CCGG flanking sites and were perfect matches to the rel-
evant genomes, eithermouse (supplemental Table 1) or human
(supplemental Table 2). Although most inserts were small
enough to be fully sequenced from one end (�800 base pairs)

FIGURE 2. Validation of MspI and HpaII isoschizomer- and �-glucosyltransferase-mediated 5-hmC detection and quantitation. A, shown is unmethy-
lated, methylated, and hydroxymethylated duplex DNAs with centrally located CCGG (boxed), where the internal C is either unmethylated C or 5-mC or 5-hmC
(shown in gray). B, shown is validation for locus-specific 5-hmC detection in a fixed amount of pre-mixed DNAs, as shown in A, using MspI in the presence of
�-GT and cofactor UDP-Glc. The reaction products were subjected to qPCR, and the ratio between observed and expected 5-hmC is plotted. C, shown is similar
validation for locus-specific methylcytosine (5-mC � 5-hmC) detection in fixed amount of pre-mixed DNAs, as shown in A, using HpaII in the presence of �-GT
and cofactor UDP-Glc. The reaction products were subjected to qPCR, and the ratio between observed and expected total methyl cytosine (5-mC � 5-hmC) is
plotted.
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and displayed two clear CCGG sites, there were several inserts
that were too long to be fully sequenced and thus only one
CCGGsitewas located. In addition, therewere several plasmids
containing multiple CCGG sites in which inserts aligning to
various sequences in the genome were identified, suggesting
that multiple fragments were ligated and cloned into single
plasmids. The identified DNA sequences with putative 5-hmC
matched to various genomic locations, including repetitive
DNA elements, intergenic regions of the DNA, and within
genes (supplemental Tables 1 and 2), suggesting a broad 5-hmC
distribution in the genome.
To validate that the selected sequences truly represent

5-hmC containing DNA, we designed end point PCR assays for
a subset of the identified regions.We first determined the opti-
mal MspI concentration to genomic DNA for complete diges-
tion of hydroxymethylated loci. A digestion of 1.5 �g of mouse
brain genomic DNA with 100 units of MspI fully digested the
DNA based on qPCR analysis of a selected locus that was iden-
tified in the screen (supplemental Table 1). Gradual loss of
qPCR signal was observed as theMspI concentration increased
but remained the same between 50–100 units of theMspI (sup-

plemental Fig. 1C). Similar to our previous experiment (supple-
mental Fig. 1B), we observed a very low background signal with
qPCR analysis of genomic DNA digested with 100 units of
MspI. This is likely due to a combination of incomplete diges-
tion and high sensitivity of qPCR. Therefore, in subsequent
experiments, 100 units ofMspIwere used per 1.5�g of genomic
DNA, and background signal observed in the non-glucosylated
DNA digested with MspI was subtracted from the matched
samples.
For the analysis, genomic DNAs were glucosylated by �-GT

followed by digestion with either MspI or HpaII. Control
DNAs, not treated with �-GT, were similarly digested. Specific
CCGG sites were then probed using flanking primer sets and
end point PCR. Although the unmethylatedDNAwas expected
to yield no PCR products for all digested DNA samples,
depending on the type of methylation (5-mC or 5-hmC), one
would expect to see either three or four PCR products, includ-
ing the control PCR product fromundigested samples (Fig. 3B).
Internal CpGmethylation (5-mC) would not yield products for
MspI-digested DNA irrespective of glucosylation reaction (Fig.
3B, the first versus the third lane). However, in the presence of

FIGURE 3. Cloning, sequence identification, and tissue-specific distribution of 5-hydroxymethylcytosine. A, a scheme for cloning and identification of
5-hmC containing DNA fragments using MspI restriction enzyme and �-GT (Beta-GT) is shown. B, a scheme for identification of 5-hmC containing CCGG locus
using MspI (M) and HpaII (H) isoschizomers using glucosylation reaction is shown along with control (C). C, locus-specific end point PCR to interrogate and
detect 5-hmC at CCGG sites in mouse genomic DNA is shown. The loci are discovered based on cloning scheme as shown in A and in supplemental Table 1.
Mouse brain, liver, heart, and spleen along with NIH3T3 cultured cell DNAs were interrogated for the 4 loci (supplemental Table 3: loci 2 and 3 are 5� and 3� MspI
sites of chromosome 10, respectively, bp 34,574,152; locus 4 is the 5� MspI site of chromosome 12, bp 17,432,255; locus 12 is the 5� MspI site of Lpr1 intron, bp
2,372,508) as shown. D, shown is the locus-specific end point PCR to interrogate and detect 5-hmC at CCGG sites in human genomic DNA The loci are
discovered based on the cloning scheme as shown in A and in supplemental Table 2. Human brain (pons, occipital lobe (OL)), liver, heart, and spleen along with
HeLa-cultured cell DNAs were interrogated for both of the VANGL1 loci as shown. The control DNA interrogated fragment without CCGG sequence is miR17A.
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5-hmC the glucosylation reaction will result in glucosylated
DNA that would yield an additional band in lane 3 (middle
panel, Fig. 3B).
As proof of the above principle, we glucosylated and digested

mouse brain, liver, heart, and spleen DNA along with cell cul-
tureDNA from themouseNIH3T3 cell line and subjected them
to the protocol described in Fig. 3B. The control and glucosyl-
ated DNA samples were digested and subjected to end point
PCR using four sets of PCR primers interrogating randomly
chosen mouse-specific loci identified in our screen (supple-
mental Tables 1 and 3 and Fig. 3C). Mouse brain DNA was
consistently hydroxymethylated at all of the CCGG loci exam-
ined, whereas the liver, spleen, and heart DNAs displayed vari-
able amounts of 5-hmC in the different CCGG sites. The cul-
tured NIH3T3 cells did not display detectable amounts of
5-hmC in any of the CCGG loci examined (Fig. 3B). Similarly,
we used human DNA from whole brain as well as different
regions of the brain (pons and occipital lobe (OL)), including an
occipital lobe sample from anAlzheimer patient’s brain (Brain-
A-OL), and compared them with human heart, liver, spleen,
and cultured HeLa DNA for 5-hmC content at the VANGL1
CCGG loci that we identified previously (supplemental Table
2). All of the human brain tissue DNAs displayed high levels of
5-hmC at CCGG loci of the VANGL1 gene. Similar to what we
observed inmouseDNAs, human spleen and liver DNAdid not
appear to be hydroxymethylated, whereas heart did display
some hydroxymethylation (Fig. 3C). Interestingly, abundant
PCR products were detected with HpaII digestion at all of the
loci examined, suggesting that they are highly methylated and

that 5-hmC is only present in a portion of the methylated
alleles. As a loading control, we also examined themiR17Agene
that does not have CCGG sites and found equal amounts of
PCRproductswith all samples. These results confirm thatMspI
and HpaII digestion of glucosylated DNA can be used to deter-
mine the tissue-specific presence of 5-hmC and 5-mC within
CCGG loci in mammalian genomic DNA.
Dynamic Changes in 5-Hydroxymethylcytosine during Em-

bryoid Body Formation—It was estimated that about one tenth
of the methylated cytosine of the mouse ES genome is 5-hmC
and that upon differentiation, global 5-hmCdecreases by�40%
(14). To investigate the dynamics of 5-hmC at specific loci, we
differentiated E14 ES cells to embryoid bodies via withdrawing
LIF. After LIF withdrawal, totipotent ES markers Oct4 and
Nanog were down-regulated as expected (Fig. 4A). Correlating
with gene repression, both Nanog and Oct4 acquired 5-mC to
similar levels as that observed in NIH3T3 cells, as determined
by end point PCR (Fig. 4B). Interestingly, neither Oct4 nor
Nanog displayed any hydroxymethylation at the CCGG loci
examined.We next measured 5-hmC at the four loci described
earlier in the undifferentiated ES cells and embryoid bodies at
various time points by end point PCR. Indeed, all four loci (2, 3,
4, and 12) appeared to be losing 5-hmC during embryoid body
formation, as treatment of the DNAwith �-GT did not protect
against MspI digestion (the third lane in each panel, Fig. 4C).

We further inquired if the locus-specific changes in 5-hmC
and 5-mC had any correlation with global level methyl cytosine
dynamics. For quantification of methylated bases, we next
hydrolyzed genomic DNA and performed LC-MS analysis to

FIGURE 4. Analysis of 5-mC and 5-hmC during embryonic stem cell differentiation to embryoid body. A, LIF withdrawal leading to embryonic stem cell
marker Oct4 and Nanog repression is shown. Shown is a Western blot of ES cell extract after LIF withdrawal along with NIH3T3 (3T3), as shown on the top, with
the indicated antibodies on the left. Gapdh is the loading control. B, Oct4 and Nanog gene are methylated upon embryoid body formation. Day post-LIF
withdrawal is on the left along with NIH3T3. UDP-Glc and �-GT are shown on the top along with restriction enzyme MspI (M) and HpaII (H) cleavage along with
control (C). C, 5-hmC detection during embryoid body formation is shown. Day post-LIF withdrawal is shown on the left. D, global methylation analysis using
LC-MS during embryoid body formation is shown. Each analysis point was performed in duplicate. Deoxycytosine (C), 5-methyldeoxycytosine (5-mC or mC)
and 5-hydroxymethyldeoxycytosine (5-hmC or hmC) are shown.
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determine the amounts of genomic C, 5-mC, and 5-hmC. We
observed a gradual increase in the total 5-mC in conjunction
with a rapid increase followed by a slow and gradual decrease in
5-hmC levels in the genome during embryoid body differentia-
tion (Fig. 4D).
The dynamic changes we observed in the global levels of

5-mC and 5-hmC represent potential developmental regula-
tionmechanisms where one ormore enzymatic components of
DNA methylation and hydroxymethylation may be involved.
To investigate whether the expression levels of DNA methyl-
transferases or TET1 changed during these processes, we next
subjected E14 whole cell extracts to Western blotting and
probed with murine anti-Dnmt antibodies (Dnmt1, Dnmt3a,
and Dnmt3b) and anti-Tet1 antibody (supplemental Fig. 2).
Dnmt1 expression did not change during differentiation (Fig.
4A).However, expression of three different isoformsofDnmt3a
varied, and Dnmt3b expression increased upon differentiation,
suggesting that the increase in global 5-mCwe observedmay be
mediated via the de novo methylation activity of the Dnmt3
enzymes (Fig. 4A). Tet1 decreased gradually upon embryoid
body differentiation, which closely matched the steady reduc-
tion in 5-hmC (Fig. 4A). These results support the hypothesis
that global methylation and hydroxymethylation are dynami-
cally regulated during embryoid differentiation.
Gene Body Methylation and Hydroxymethylation in VANGL1

and EGFR Genes—Gene body methylation is well documented
in the mammalian epigenome and commonly occurs within
genes that are highly expressed (20). Furthermore, several
recent publications have revealed the presence of hydroxy-
methylation in the transcribed regions of genes using hydroxy-
methyl-DNA immunoprecipitation (21–23).
From our screen of human brain DNA, we identified a num-

ber of 5-hmC loci that were in gene bodies, including VANGL1
and EGFR (supplemental Table 2). Therefore, we employed the
MspI and HpaII isoschizomers and �-GT to examine both
5-mC and 5-hmC levels across VANGL1 and EGFR genes in
human brain DNA. Quantitative PCR on glucosylated DNA
digested byHpaII yielded a total percentage ofmethylated cyto-
sine (5-mC � 5-hmC), and the same DNA digested with MspI
yielded 5-hmCpercentages as comparedwith undigestedDNA.
Both VANGL1 and EGFR were interrogated at nine different

CCGG sites covering the entire genes (Fig. 5, A and B, upper
panel). Indeed, 5-hmC levels correlated with 5-mC levels over
the entire genes in normal human brain DNA. For both of the
genes, the transcription start sites displayed neither 5-mC nor
5-hmC and approximately a third of the methylation at other
loci was 5-hmC (Fig. 5, A and B, lower panels, supplemental
Figs. 3 and 4,HNB1 sample). We also performed similar analy-
sis on VANGL1 and EGFR from spleen, liver, heart, and HeLa
DNA to quantitate 5-hmC and 5-mC. Several loci displayed a
low percentage of 5-hmC for the VANGL1 gene in heart and
spleenDNAs and EGFR (supplemental Fig. 3). Analysis ofHeLa
DNAdid not reveal the presence of 5-hmC, althoughmost sites
were methylated to some extent in both the VANGL1 and
EGFR genes. These results suggest that 5-hmCmay be involved
in the regulation of gene expression in a tissue-specificmanner.
To confirm that the signal we observed in the �-GT-treated

MspI-digested samples was not due to processing, we per-
formed a proof of principal experiment normalizing by two
different primer sets amplifying a region with no MspI/HpaII
sites (supplemental Fig. 5). We normalized qPCR results for
EGFR primer sets 1 and 2 from a normal human brain sample
by each of the “no CCGG” containing primer sets and found
very similar results (supplemental Fig. 5). Indeed, the trend of
5-mC and 5-hmC profiling was consistent between all three
normalizations (supplemental Fig. 5). For example, the 5-hmC
values with normalization by the undigested sample alone or
with No CCGG 1 and No CCGG 2 were 0.3, 0.38 and 0.36,
respectively.
Based on our results, the fraction of 5-hmC and 5-mC at a

certain CpG site can be estimated. For example, one could infer
that in human normal brain DNA, about 50% of the C is mod-
ified, and about 50% of the modified Cs are 5-hmCwith primer
set 4 of VANGL1. Similarly, human heart DNA, which showed
a consistently higher proportion of 5-hmC than liver or spleen,
displayed 18% 5-mC with VANGL1 primer set 6, and most of
this appeared to be 5-hmC.

DISCUSSION

Modified DNA bases are widespread in living organisms
including mammals. The most common DNA modification in
mammals is 5-mC, which is believed to be the precursor of

FIGURE 5. Methylation and hydroxymethylation analysis across gene body. A, VANGL1. B, EGFR. The genes are depicted with exons shown as black
rectangles. The interrogated CCGG site numbers are indicated on the top along with the primer sets on the bottom. Diagrams are not drawn to scale. Total
methylated cytosines (5-mC plus 5-hmC) obtained from �-GT-treated (BGT) HpaII-digested DNA and �-GT-treated MspI-digested DNA show the percentage of
5-hmC (bottom panels) at each specific site.
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5-hmC. During the early seventies, formic acid hydrolysis fol-
lowed by chromatographic analysis was used to detect 5-hmC
in murine brain and liver DNA. Using this method, 5-hmCwas
estimated to comprise about 15% of the total cytosine residues
(24). More recently, use of thin layer chromatography and high
pressure liquid chromatography coupled to mass spectrometry
has reliably identified and quantified 5-hmC to be 0.6% of the
total nucleotides, corresponding to about a quarter of modified
cytosine residues in Purkinje cells (13). From our studies and
previous reports, it appears that there are substantial amounts
of 5-hmC in mammalian genomes and that these modified
bases may have potential physiological significance. For exam-
ple, 5-hmC may play a role in the fetal development of heart,
lung, and brain (13, 14), and chromosomal translocation of
MLL-TET1 and MLL-TET2 as well as mutation of TET2 may
be involved in carcinogenesis, particularly leukemia (25, 26).
However, sequence-specific 5-hmC detection and quantifi-

cation methods are still lacking. Most commonly used tech-
niques for DNAmethylation detection andmapping, including
sodiumbisulfite sequencing and its other derivative approaches
(27), cannot distinguish between 5-mC and 5-hmC. In a recent
study, it was suggested that bisulfite treatment could convert
5-hmC in DNA to cytosine-5-methylsulfonate, which would
interfere with PCR amplification via polymerase stalling (28).
Another study by Jin et al. (16) demonstrated that bisulfite-
treated DNA containing 5-hmC can be amplified efficiently,
and similar to 5-mC, 5-hmC does not undergo conversion to a
deaminated cytosine ring that would be read as T base after
bisulfite conversion and PCR. Furthermore, the affinity matri-
ces using methyl binding domains may not be useful in identi-
fying 5-hmC either, due to their poor affinity toward this mod-
ification (15). Although 5-hmC antibody-based methods may
be a viable alternative to detect and map 5-hmC, they pose
specific challenges to single base resolution or a sequence
where 5-mC and 5-hmC are in close proximity.
Because most of the loci, depending on tissue specificity or

mixed populations of cells, may contain C, 5-mC, and 5-hmC,
our method of glucosylation of DNA followed by MspI/HpaII
digestionwill aid in detection and quantification of 5-hmC.The
major perceived drawback of this method is that it can only
interrogate 5-hmC in CCGG context. However, several other
recently developed methods also utilize MspI/HpaII enzymes
for genome wide methylation analysis. For example, reduced
representation bisulfite sequencing utilizes MspI digestion in
conjunction with bisulfite treatment to sequence the majority
of CpG islands in the human genome (29). The reduced repre-
sentation bisulfite sequencing method showed deep coverage
of gene promoters and selective sampling of all other type of
genomic regions while detecting epigenetic alterations (29).
Furthermore, use of the MspI isoschizomer HpaII in the

methyl-sensitive cut-counting (MSCC)method generated non-
targeted genome-scale data for�1.4 million unique HpaII sites
(CCGG) in the DNA of B-lymphocytes (�2.3 million total
number of HpaII sites) and confirmed that gene-body methyl-
ation in highly expressed genes is a consistent phenomenon
throughout the human genome. The authors observed that
HpaII sites have a distribution similar to the distribution of all
CpG dinucleotides (30), making them a good target for rela-

tively unbiased genome-scale profiling. For example, 7.5% of all
CG sites are within CpG islands as compared with 11.8% all
HpaII sites. The frequency of all CG sites and all HpaII sites
within 1 kb of the transcription start site, inside genes or within
a repetitive DNA, were observed to be similar, 2.3 versus 2.8%,
43.3 versus 45.5%, 51.5 versus 52.6%, respectively. Although our
technique interrogates�10% of the total CG sites, it can offer a
potential for genome wide 5-hmC profiling by using MspI
digestion of either glucosylated or control DNA followed by
high throughput sequencing.
Another potential issue of this assay is background due to

incomplete enzymatic digestion in combination with the ex-
treme sensitivity of qPCR analysis. Indeed, we observed a back-
ground between 1 and 5% for most of the qPCR products
despite a high concentration of enzyme being used for cleavage.
The backgroundproductswere dependent on various commer-
cial batches of DNA (in our experiments all human DNAs) as
well as primer sets used for amplification. Normalization by a
locus containing no HpaII/MspI sites does not alter the results
significantly. Therefore, we have subtracted the background
values from all the qPCR analysis data and then normalized the
copy numbers to undigestedmatchedDNA samples. Although
we clearly show that our assay can be used to identify and
quantify both 5-hmC and 5-mC at specific cytosine residues,
these caveats must be considered for any type of downstream
analysis.
Our current results support previous studies indicating that

ES and brain cell genomicDNAs contain considerable amounts
of 5-hmC (13, 14). In addition, this report identified novel loci
containing 5-hmC in mouse ES cells and in multiple regions of
human brain DNA, including genes, intergenic regions, and
repetitive elements. Further analysis of these loci revealed that
5-hmC patterns shift during embryoid body formation and
although brain tissue DNA contains significant amounts of
5-hmC as expected, other tissue DNAs are hydroxymethylated
at various loci. These results suggest that 5-hmC, like 5-mC,
may play a role in determining differentiation status and tissue-
specific gene expression.
In a previous study, Tahiliani et al. (14) reported that Tet1

mRNA expression and genomic 5-hmC are both decreased at 5
days after LIF removal. Here, we confirmed that Tet1 protein
expression indeed decreases after LIF withdrawal. Interest-
ingly, we also observed a decrease in genomic 5-hmC at day 5,
but this was preceded by a sharp increase in 5-hmC at day 1 of
embryoid body differentiation. Tet1 expression does not
appear to increase at early time points after LIF withdrawal.
Therefore, it is possible that other members of the Tet family
enzymes (Tet2 and Tet3) may have altered expression upon
commencement of differentiation, as they have recently been
shown to possess oxygenase activity in vivo (31).
Finally, every locus we examined through end point or qPCR

that was identified in our screen displayed high levels of total
methylation, even in samples that did not appear to be
hydroxymethylated. This suggests that these loci are normally
highly methylated and then in certain tissues this methylation
can be converted to 5-hmC and thus accounts for only a frac-
tion of the totalmethylation. In agreementwith several recently
published articles (21–23), we found that 5-hmC coincided
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with gene body methylation. VANGL1 and EGFR both have
highly regulated expression in brain tissues and are important
for normal brain development and function (32–34). It is cur-
rently unknown how gene bodymethylationmay affect expres-
sion, and the identification of hydroxymethylation in the tran-
scribed regions reveals yet another layer of possible epigenetic
regulation of these genes. Future studies will be required to
determine the exact function of 5-hmC in various tissues and
within different regions of the mammalian genome.
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