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ABSTRACT

Since the discovery of oxidative demethylation of
methylcytosine (mC) by Tet enzymes, an analytical
method has been urgently needed that would en-
able the identification of mC and hydroxymethyicy-
tosine (hmC) at the single base resolution level, be-
cause their roles in gene regulation are quite different
from each other. However, the bisulfite sequencing
method, the gold standard for DNA methylation anal-
ysis at present, does not distinguish them. Recently
reported alternative methods, such as oxBS-seq and
TAB-seq, are not even capable of determining mC
and hmC simultaneously. Here, we report a novel
method for the direct identification of mC, hmC and
unmodified cytosine (C) at a single base resolution.
We named this method the Enzyme-assisted lden-
tification of Genome Modification Assay (EnlIGMA),
and it was demonstrated to indeed have a highly ef-
ficient and reliable analytic capacity for distinguish-
ing them. We also successfully applied this novel
method to the analysis of the maintenance of the
DNA methylation status of imprinted H19-DMR. Im-
portantly, hydroxymethylation plays an ambivalent
role in the maintenance of the genome imprinting
memory in parental genomes essential for normal
development, shedding new light on the epigenetic
regulation in ES cells.

INTRODUCTION

Cytosine methylation of genomic DNA plays an essen-
tial role in many important biological processes, such as
genomic imprinting (1), tumorigenesis (2), gene regula-
tion and retrotransposon silencing (3). Aberration of DNA
methylation has detrimental effects on development, in-

cluding embryonic lethality, cancer and genome instability.
It is of critical importance that DNA methylation patterns
be stably inherited over many cell divisions. Conservative
transmission of cytosine methylation information relies on
the specificity of DNMT1, which preferentially methylates
the unmethylated C of hemi-methyl CpG (3). However, in
contrast to genetic information, epigenetic information is
reversible and at times unstable. Mono-allelic expression of
an imprinted gene is one of the typical biological events es-
tablished in the germ cell line in the life cycle and is sta-
bly maintained by allelic differences in DNA methylation
in somatic cells. On the other hand, epigenetic memories
in some of the differentially methylated regions (DMRs) of
imprinted gene clusters, such as H19-DMR, are relatively
unstable, both at the time of establishment and during the
culture of embryonic stem (ES) cells (4). This is a problem,
since the integrity of epigenetic memory is an essential fac-
tor for stem cell quality control in regenerative medicine.

The mechanism of the demethylation of mC remained
unclear for a long time. Then the discovery of the oxida-
tion process by which mC is changed to hmC by the Tet
enzymes (5,6) opened the door to the understanding of the
DNA demethylation pathway. In this process, mC is oxi-
dized to hmC by the Tet enzymes and subsequently further
oxidized to formylcytosine (fC) and carboxylcytosine (caC)
by the same enzymes. fC and caC are good substrates for
thymine-DNA glycosylase and are excised (7). Then, the re-
sulting AP site is repaired by the base excision repair (BER)
process. Therefore, hmC is considered the key intermediate
in the DNA demethylation process.

Although hmC discovered as an intermediate of mC
demethylation, hmC receive attention as a new modified nu-
cleotide with distinct role in transcriptional regulation. It
has been reported that the genome-wide level of hmC is fre-
quently reduced in acute myeloblastic leukemia and glioma
because of Tet enzyme inhibition due to a mutation in the
IDH] or IDH?2 gene (8). It has also been reported that there
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are certain hmC-specific binding proteins in the cell that
may play a role in transcriptional regulation (9,10).

Therefore, single base resolution level analysis for hmC is
one of the indispensable tools needed in epigenomic stud-
ies. There are many identification methods for mC in the
genome, among which bisulfite sequencing is the gold stan-
dard because of its analytic power at a single base resolu-
tion. In bisulfite conversion, unmodified C is converted to
U, while mC remains unchanged. In the case of hmC, it is
changed into cytosine 5-methylenesulfonate and this modi-
fied cytosine behaves the same as C in a PCR template (11).
Thus, the bisulfite-sequencing method is unable to distin-
guish mC from hmC.

Several alternative methods for hmC identification have
been reported. An hmC specific antibody or a specifi-
cally modified hmC and the antibody against the modified
residue are used for DNA immuno-precipitation (DIP) to
detect hmC (12-14), as in the case with MeDIP (15), and
this method is frequently applied for a genome-wide analy-
sis of hmC. However, the resolution level of this method is
several hundred bases and it is extremely difficult to com-
pare the magnitude of hmC modification with mC in the
genome. oxBS-seq (16) and TAB-seq (17), on the other
hand, are methods for detecting hmC at a single base res-
olution. KRuO4 oxidizes hmC to fC or caC but mC is un-
changed by this chemical. This reaction is used in the oxBS-
seq method. However, the result of bisulfite sequencing is
also needed to identify the hmC when using this method,
because the amount of hmC is estimated by the substitution
of Cs in the 0xBS sequence (mC) compared with the Cs of
bisulfite sequence (mC + hmC). Hence, the amount of hmC
is indirectly assessed, and the simultaneous detection of mC
and hmC on the same molecule is impossible. TAB-seq is
based on the activity of the T4 Phage B-glucosyltransferase
(T4-BGT) enzyme, which protects hmC from oxidization to
caC by Tetl. This method enables a direct detection of hmC
at a single base resolution, but once again it is impossible
to detect mC on the same DNA molecule simultaneously
(as summarized in Table 1). It is also impossible to distin-
guish between modified patterns, such as ‘salt-and-pepper’
and ‘a mixture of a complete mC, hmC and C molecule’. It
is reported that the single molecule sequencer produced by
Pacific Biosciences is able to distinguish between mC and C
(18). Recently, it was also reported that this sequencer dis-
criminates between hmC and C (19). However, to the best
of our knowledge, to date there is no actual report of a si-
multaneous determination of mC, hmC and C.

DNMTI is an enzyme responsible for ‘maintenance
methylation” and methylates the cytosine of hemi-
methylated CpG. It is also reported that the DNMTI
enzyme doesn’t methylate the cytosine of ‘hemi-
hydroxymethylated® CpG (20,21). Recently, Suetake
and Tajima’s group have shown that DNMTI1 enzyme
specificity for hemi-mC can be applied to the identification
of hmC (22). However, this method also detected only mC
in the same manner as oxBS-seq and determination of
hmC in this method was indirect.

Therefore, we designed a novel identification method
for the simultaneous identification of mC and hmC us-
ing DNMTI1 enzyme specificity and further improved the
experimental procedure, eventually establishing a simple,
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quantitative and robust method of identifying hmC, mC
and unmodified C on the same DNA molecule at a single
base resolution level.

MATERIALS AND METHODS
Preparation of model DNA

The sequence of the hairpin shaped model DNA was de-
signed corresponding to the H19-DMR region of the mouse
genome sequence (chr7:142580029-142580514/GRCm38).
A schematic of the model DNA production is presented
in Supplementary Figure S1. 8.3 mM each of four syn-
thetic DNA fragments (fragment A, B, C, D) were heat
denatured at 98°C for 15 s, then annecaled by cooling to
25°C (lamping 0.1°C/s). Then the DNA fragments were
ligated by T4 DNA ligase (Takara) at 16°C 12 h. The
ligated DNA was purified with 1x AMPure XP beads
(Beckman Coulter). Then, the opposite strand of the
ligated DNA was synthesized by ExTaq HS (Takara) under
the following conditions: 98°C/10 s, 95°C/30 s, 72°C/1
min and 68°C/1 min. The resulting DNA was purified
with 1x AMPure XP and the concentration of the DNA
was determined using a Bioanalyzer (Agilent). The se-
quence of the four fragments were as follows. Fragment A:
CGACTCTGTCTCAGGGGATCTGCATATGTTTGCA
GCATACTTTAGGTGGGCCTTGGCTTC.  Fragment
B: p-AGAATX|GGTTATAGGX,GGGAGACATAGA
AACTGCX;GX4GTGXsGTGXcGTCCACX7GAAAC.
Fragment C: p- CCCATAGCCATAAAAGCAGAGATG
CGATGCGTTCGAGCATCGCA. Fragment D: CTCT
GCTTTTATGGCTATGGGGTTTCGGTGGACGCA
CGCACGCGGCAGTTTCTATGTCTCCCGCCTATAA
CCGATTCTGAAGCCAAGGCCCACCTAAAGT. The
Xn in fragment B designates mC, hmC or un-modified
C. For the ‘low-methyl’-model DNA, X; and X4 were
mC. X,, X3, X5, X¢ and X7 were unmodified C, while
for the ‘high-methyl’-model DNA, X; Xj, X4, X5, Xg
and X; were mC. Only X, was un-modified C. For the
‘mosaic’-model DNA, X; and X4 were mC, while X, and
X7 were un-modified C, and X3, X5 and X¢ were hmC.

We also made a hairpin-shaped model DNA with an
Arhgap27 sequence. Fragment B2: TGX;GX,GCTGGC
TCAACTGTGTGAGX;GX,GAGAGGAGCCCTGT
GCCAXsGCTTXsGTGCAGCAATGCATCX;GCAC
XgGT. X] Xz, X4, X5, Xé, X7 and Xg were mC. Only X2
was unmodified C. Fragment D2: TTATGGCTATGGGA
CGGTGCGGATGCATTGCTGCACGAAGCGTGGC
ACAGGGCTCCTCTCGCGCTCACACAGTTGAGC
CAGCGCGCAGAAGCCAAGGCCC.

The DNMT1 reaction

Recombinant human DNMT1 was prepared as previously
described (23). The DNMT1 enzymatic reaction was con-
ducted as follows. A total of 200 ng of genomic DNA were
treated with 1 pg of DNMTT1 in 50 pl of reaction buffer
consisting of 20 mM Tris-HCI pH 7.4, 50 mM KCI, 0.5
mM EDTA, 0.2 mM DTT, 0.2 mM S-adenosylmethionine,
0.01% BSA (Takara), 5% glycerol and maintained at 37°C
for 15 min. In the case of DNMT]1 reaction condition op-
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Table 1 Comparison of sequence output of previously reported method and EnlGMA

Base Bisulfite-seq TAB-seq oxBS-seq EnlIGMA
mC C T C C+C
hmC C C T C+T
C T T T T+T

timization, mixture of 8 fmole model DNA and 200 ng
salmon sperm DNA (Invitrogen) were used as the substrate.

Bisulfite sequencing

DNMTI-treated DNA was applied to the bisulfite re-
action using the EZ DNA Methylation-Gold Kit (Zy-
moresearch) according to the manufacturer’s instructions.
Bisulfite-treated DNA was amplified by PCR using EpiTaq
HS (Takara) or KOD -Multi & Epi- (Toyobo) using spe-
cific primers with an Illumina sequence adaptor for 35 cy-
cles. Then the PCR products were cleaned up with AM-
Pure XP and the adaptor for sequencing was applied us-
ing the Nextera XT index kit to the resulting PCR prod-
ucts using five cycles of PCR. PCR products were purified
by 1x AMPure XP and sequenced with an Illumina MiSeq
system using MiSeq Reagent Micro Kit v2 (Illumina). For
the analysis of H19 DMR in mouse tissues and ES cells, re-
sulting PCR products were cloned into pGEM-T easy vec-
tor (Promega) and transformed into E. coli. The resulting
colonies were randomly picked up and sequences were de-
termined by Sanger sequence.

Preparation of genomic DNA for EnIGMA method

Genomic DNA was purified using AllPrep DNA/RNA
Mini Kit (QIAGEN) from mouse tissue or cultured cells.
A total of 200 ng of genomic DNA was digested with ap-
propriate restriction endonuclease (i.e. Bfa I (New England
Biolabs) for top strand of Arhgap27, Bst NI (New England
Biolabs) for bottom strand of Arhgap27, Taq 1 (Takara) for
top strand of Nhlrcl, Cvi QI (New England Biolabs) for bot-
tom strand of Nhlrcland Bst EII (New England Biolabs) for
H19 DMR. For Arhgap27 and Nhircl, the digested genomic
DNA was end-repaired and a dA overhang was added at the
3" end using the NEBNext Ultra End Repair/dA-Tailing
Module (New England Biolabs). Then, the DNA was lig-
ated with hairpin-shaped adaptor DNA using the NEB-
Next Ultra Ligation Module (New England Biolabs). This
DNA was treated with the USER enzyme (Uracil DNA gly-
cosylase and Endonuclease VIII) (New England Biolabs),
ethanol precipitated and synthesized the opposite strand
just as for hairpin shaped model DNA, i.e. treated by Ex-
Taq HS (Takara) at 98°C 10's, 95°C 30 s, 72°C 1 min, 68°C
I min. Then the DNA was purified by 1.8x AMPure XP.
For the H19 DMR, genomic DNA was digested with Bst
EII (New England Biolabs) and treated with Shrimp acid
phosphatase (Takara) at 37°C for 1 h followed by the heat
inactivation of the enzyme at 65°C for 15 min and recov-
ered by ethanol precipitation. Then the DNA was ligated
with a hairpin-shaped adaptor DNA for the H19 DMR de-
natured then opposite strand was synthesized with ExTaq
HS (Takara) at 98°C for 10 s, 95°C for 30 s, 72°C for 1 min
68°C for 1 min.

Primers and adapters

The hairpin adaptor for Arhgap27 and Nhircl; p-
ATGCGATGCGTTCGAGCATCGCAUT PCR primers
with the Illumina sequence adaptor for hairpin shaped
model DNA after bisulfite treatment: forward;TCGT
CGGCAGCGTCAGATGTGTATAAGAGACAGG
TAGTATATTTTAGGTGGGTTTTGGTTTT. reverse;
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC
AGACAACATACTTTAAATAAACCTTAACTTC.
PCR primers with the Illumina sequence adaptor for
the top strand of Arhgap27 after bisulfite treatment:
forward; TCGTCGGCAGCGTCAGATGTGTATAAGA
GACAGTTTTAGATTAGGTGTTTGGATG. reverse;
GTCTCGTGGGCTCGGAGATGTGTATAAGAGAC
AGCCCCAAACCAAATATTTAAATAC. PCR primers
with the Illumina sequence adaptor for the bottom strand
of Arhgap27 after bisulfite treatment: forward; TCGT
CGGCAGCGTCAGATGTGTATAAGAGACAGGGG
GGGGGGGGTTTTTATTTTTAGTTTTTTAAAAG.
reverse; GTCTCGTGGGCTCGGAGATGTGTATAAG
AGACAGAAAAAAAAATCTCCACCCTTAACTCC
CTAAAAACC PCR primers with the Illumina sequence
adaptor for the top strand of Nhlrcl after bisulfite treat-
ment: forward; TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACAGTTTTTTTTTAAATTGGTGTGT.
reverse; GTCTCGTGGGCTCGGAGATGTGTATAAG
AGACAGTCCCCCTTTTCTCCAAACTAATATAC.
PCR primers with the Illumina sequence adaptor for the
bottom strand of Nhlrcl after bisulfite treatment: forward;
TCGTCGGCAGCGTCAGATGTGTATAAGAGACA
GTAGTGAATTTTATAGGGTTTGTATTGTGTTT
TAAG. reverse; GTCTCGTGGGCTCGGAGATGTG
TATAAGAGACAGTAAACCCCACAAAACTTACA
CTATACCCCAAAACC. The hairpin adaptor for H19:
p-GTAACATGCGATGCGTTCGAGCATCGCA. PCR
primers for HI19 after bisulfite treatment: forward; GT
TAGTTAGATTTGTTTAATTTAAATTTAATATAGA.
reverse; TAACCAAATCTATTCAATCCAAACTCAA
TACAAAAT.

RESULTS
Establishment of the hmC identification method

To identify the hmC along with mC, we designed the exper-
imental procedure shown in Figure 1. This method is based
on the DNMT1 enzyme specificity, i.e. the enzyme methy-
lates the cytosine of the hemi-methylated CpGs (mainte-
nance methylase activity) but does not methylate hemi-
hydroxymethylated CpGs and non-methylated CpGs. First,
genomic DNA is digested with the appropriate restriction
enzyme. Then the digested DNA is end-repaired, dA tail-
ing and ligated with hairpin-shaped adaptor DNA with dU
followed by ‘USER’ enzyme digestion. Alternatively, the di-
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Figure 1. (A) A schematic of the EnIGMA method is shown. The black circles designate methylated cytosine, the red circles hydroxylmethylated cytosine
and the white circles unmodified cytosine. The EnIGMA method analyzes the CpGs on one strand (orange line for top strand and green line for bottom
strand in this figure). The DNA is digested by appropriate restriction endonuclease, and the hairpin DNA is ligated. Next the opposite strand DNA is
synthesized in vitro (blue line). Resulted DNA is methylated by DNMT1 enzyme followed by bisulfite conversion and PCR by specific primers. (B) The
decoding table for cytosine modification status of the CpGs shown in (A).
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gested DNA is dephosphorylated and directly ligated with
hairpin-shaped adaptor DNA using cohesive end of the re-
striction enzyme cutting site. Next, the resulting DNA is
treated with DNA polymerase to synthesize the opposite
strand. Subsequently, DNA is treated with the DNMTT en-
zyme followed by bisulfite treatment and PCR. Finally, the
resulting PCR product is sequenced and the corresponding
CpGs compared to determine whether the cytosines in the
original DNA were mC, hmC or unmodified C (Figure 1
and Table 1).

First, to test whether the experimental schema presented
in Figure 1 worked correctly, we synthesized three hairpin-
shaped model substrate DNA in which all the cytosines in
the CpGs were mC, hmC or C (Supplementary Figure S1).
This 200 bp sequence containing seven CpGs was designed
to be the same as the HI9-DMR region of mouse genome.
The stem and loop sequence of the hairpin substrate was
designed based on the hairpin-bisulfite experiment, as pre-
viously reported (24).

Next, we treated these three substrate DNAs with recom-
binant human DNMT1 followed by the bisulfite treatment
and PCR and tested that this strategy works well to iden-
tify mC, hmC and C. We determined the methylation ef-
ficiency of DNMTI1 by the combined bisulfite restriction
analysis (COBRA) method (25) using 7Tag I restriction en-
zyme cutting site shown in the Supplementary Figure S1B.
The substrate specificity of the DNMT1 methylation re-
action is critically important for this method, namely the
high methylation activity to the opposite strand of mCpG
(high maintenance methylation activity) and no methyla-
tion activity to the opposite strand of hmCpG and non-
modified CpG (suppression of de novo methylation activ-
ity). However, it is known that DNMT]1 enzyme has signif-
icant de novo methylation activity (24) and the salt concen-
tration of reaction buffer was important for the specificity
(22). Therefore, we re-examined the KCI concentration of
the reaction (Figure 2A). Finally, we determined the opti-
mal reaction condition for the amount of DNA, enzyme,
reaction time described in the method section. According
to the optimal reaction condition, we treated these three
model substrate with DNMT1 and treated by bisulfite so-
lution and the resulting PCR products were sequenced us-
ing an [llumina MiSeq sequencer. Then the methylation ef-
ficiency of each model substrate DNA was determined (Fig-
ure 2B-D). As a result, 93% of the CpGs were methylated
in the mC substrate, while only 2.7% and 1.5% were methy-
lated in the hmC and C substrates, respectively. This result
meant that mC, hmC and unmodified C could be identified
with greater than 93% accuracy utilizing this method. In the
bisulfite reaction in this study, the unmodified C that was
not converted to U was 0.3%. Thus, the 2.4-1.2% mC ob-
served in the hmC or unmodified C model DNA should be
non-specifically de novo methylated by DNMT]. It is well
known that DNMTI1 enzyme activity is enhanced by the
presence of mC in the same DNA molecule (26). Therefore,
we made another model DNA with mC and unmodified C
in the same molecule in a ‘salt-and-pepper’ manner, i.e. one
was ‘low-methyl’-model DNA and the other ‘high-methy!’-
model DNA, to determine whether or not the method was
in fact thus able to accurately identify the CpG modifica-
tion status in such a situation. As shown in Figure 2E and
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F, mC and unmodified C were identified with a greater than
93% accuracy in both models of DNA. Therefore, the de
novo methylation activity of DNMTT is not affected by ad-
jacent mCpGs under this reaction condition. Furthermore,
we made model DNA with mC, hmC and unmodified C in
the same molecule as a mosaic to determine whether the
method was able to accurately identify the CpG modifica-
tion status. As shown in Figure 2G, mC and unmodified C
were identified with a greater than 97% accuracy, while hmC
was 9-22% underestimated and misidentified as mC.

EnlGMA application for hmC rich genomic regions

The experiment using model substrate DNA demonstrated
that the hemi-methyl CpG specific cytosine methylation ac-
tivity of hDNMTT efficiently identified the mC and hmC.
First, we analyzed the genomic DNA from several differ-
ent mouse tissues using glucMS-qPCR assay (27,28) (Sup-
plementary Method) to confirm the accumulation of hmC
modification in the genomic regions that were previously
reported to be rich in hmC (16). As a result, each CpG
in the Arhgap27 (Rho GTPase activating protein 27) and
Nhircl (NHL repeat containing E3 ubiquitin protein ligase
1) gene regions had a significant portion of the genome that
was suggested to be hydrodxymethylated (Supplementary
Figure S2). Therefore, we designed synthetic model DNA
for the Arhgap27 locus and confirmed that this locus was
also faithfully analyzed by the EnIGMA method. As a re-
sult, unmodified CpGs in the densely methylated context
in other sequences were also shown to be correctly identi-
fied for their modification (Figure 2H). Next, we designed
primers and applied the EnIGMA method to these regions
in C57BL/6x JF1 F1 (BJF1) mouse cerebrum. As shown in
Figure 3A, the Arhgap27 region was substantially methy-
lated (17-38%) and approximately 3.5 to 25% of the CpGs
were hydroxymethylated. These results were consistent to
the estimation by T4-BGT and GSRE (Supplementary Fig-
ure S2). Then cytosine modification of the opposite strand
was analyzed by EnlIGMA method. Only CpG3-8 were an-
alyzed because we were unable to design a PCR primer for
the CpGs 1 and 2. As a result, a similar cytosine modi-
fication was observed for the opposite strand (Figure 3B,
Supplementary Figure S3). Interestingly, hmC and mC were
present on the same molecule in a salt-and-pepper pattern.
In the Nhlircl region, approximately 0 to 12% hmC was ob-
served in both strands (Figure 4A and B). For Nhlrcl, we
were able to distinguish the allele by the single nucleotide
polymorphism (SNP) between C56BL/6 (B6) and JF1. mC
and hmC was preferentially observed in the B6 allele in both
BJF1 (Figure 4A and B) and JBF1 (Figure 4G and H).
Thus, this distortion was a strain-specific epigenetic pref-
erentiality.

Comparison of EnIGMA and TAB-seq

Next we compared TAB-seq and EnIGMA. We planned
to apply hairpin bisulfite sequencing and hairpin TAB-seq
(see the schematics in Supplementary Figure S4) because
we already had primers and hairpin adaptor DNA for the
Arhgap27 and Nhircl loci. As mentioned previously, the
bisulfite sequence does not distinguish mC and hmC. Thus,
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Figure 2. DNMT1 reaction optimization and determination of the analytical power of EnIGMA method using model substrates. (A) KCI concentration
of DNMTT reaction buffer and the methylation activity for model substrate with all CpG with mC, hmC or C are shown in line graph. Reaction buffer
with 50 mM KClI concentration, hemi-methylated model DNA was methylated more than 95% while hemi-hydroxymethylated and non-modified model
DNA were not methylated. (B-D) The identified modification status under the optimized condition is summarized in a bar graph as the percentage of each
status in each of the seven CpGs. (B) Model substrate with all mC. (C) Model substrate with all hmC. (D) Model substrate with all unmodified C. (E)
Model substrate with ‘low-methyl’ cytosine modification. (F) Model substrate with ‘high-methyl’ cytosine modification. (G) Model substrate with ‘mosaic’
cytosine modification. (H) Model DNA with Arhgap27 sequece. The position of CpGs and cytosine modification status are presented on the x-axis.
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Figure 3. The Arhgap27 of the genome (chr11:103333922-103333851) from the cerebrum of the BJF1 mouse was analyzed using the EnIGMA method,
hairpin bisulfite sequence and hairpin TAB sequence. Cytosine modification status of seven CpGs within the region were summarized as % modification
in bar graph. (A) EmIGMA result for the Arhgap27 top strand. (B) EmIGMA result for the Arhgap27 bottom strand. (C) Hairpin bisulfite sequence result
for the Arhgap27 top strand. (D) Hairpin bisulfite sequence result for the Arhgap27 bottom strand. (E) Hairpin TAB sequence result for the Arhgap27 top

strand. (F) Hairpin TAB sequence result for the Arhgap27 bottom strand.

the results of the bisulfite sequence represent mC + hmC
versus C. For example, the Arhgap27 locus in the cere-
brum displayed good consistency with that obtained by the
EnlGMA method because mC + hmC was shown to be
17-55% by bisulfite sequencing (Figure 3C and D) and 20—
59% by the EnIGMA method (Figure 3B and C). Next,
we applied hairpin TAB sequencing (Figure 3E and F),
and the results of the two experiments were similar, except
that hmC was estimated to be slightly higher by TAB se-
quencing (10-26%) than the EnlIGMA method (3-25%).
In detail, there were some discrepancy between EnIGMA

method and TAB sequencing. For example, the CpG7 of the
Arhgap27 bottom strand showed 0.2% of hmC by EnIGMA
method while TAB sequencing showed 20% of hmC.

We also compared the estimation of the cytosine modifi-
cations in each CpG in these three methods and analyzed
them with scatter plots (Figure 5A and B). The correla-
tion coefficient between EnIGMA and bisulfite sequencing
was very high (R = 0.8976) and the slope of the regression
line through the origin was 1.061. The correlation coeffi-
cient between EnIGMA and TAB sequencing was lower (R
= 0.5496) than that of EnIGMA and bisulfite sequencing,
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Figure 4. The Nhlrcl regions of the genome (chr13:47014397-47014294) from the cerebrum of BJF1 and JBF1 mice were analyzed using the EnIGMA
method, hairpin bisulfite sequencing and hairpin TAB sequencing. The cytosine modification status of eight CpGs for each allele (i.e. B6 and JF1) within
the region were summarized as the % modification in the bar graph. (A) EmIGMA result of the cerebrum of BJF1 for the Nhlrcl top strand. (B) EmIGMA
result of the cerebrum of BJF1 for the Nhlrcl bottom strand. (C) Hairpin bisulfite sequence result of the cerebrum of BJF1 for the Nhlrcl top strand. (D)
Hairpin bisulfite sequence result of the cerebrum of BJF1 for the NAlrcl bottom strand. (E) Hairpin TAB sequence result of the cerebrum of BJF1 for the
Nhircl top strand. (F) Hairpin TAB sequence result of the cerebrum of BJF1 for the Nhlrcl bottom strand. (G) EmIGMA result of the cerebrum of JBF1
for the Nhlrcl top strand. (H) EmIGMA result of the cerebrum of JBF1 for the Nh/rcl bottom strand.
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Figure 5. Comparison of the EnIGMA method, bisulfite sequencing and TAB sequencing. The calculated % cytosine modification of each CpG in both
strands of the Arhgap27 and Nhircl regions were plotted. (A) % methyl cytosine + hydroxymethyl cytosine of the EnlGMA method versus hairpin bisulfite
sequencing. (B) The % hydroxymethyl cytosine of the EnIGMA method versus TAB sequence sequencing.

and the slope of the regression line through the origin was
1.225. Thus, hmC was estimated to be 23% higher by TAB
sequencing than the EnIGMA method.

EnIGMA application for the imprinted gene H19 DMR

Finally, an effort was made to analyze the CpG modifi-
cation of the mouse H19-DMR region of mouse genomic
DNA from mouse tissues and cultured cells (Figure 6). This
region is known to be a part of the ‘primary DMR’, and
fully methylated in the sperm genome but unmethylated in
the oocyte genome. This methylation difference is main-
tained after fertilization. As a result, the H19 gene is mater-
nally expressed and the CpGs in this region are known to
be methylated in the paternal but not maternal allele. First,
we analyzed the modification status of the HI9-DMR in
sperm (Figure 6A). As expected, almost complete methyla-
tion of the CpGs was observed. This region has seven CpGs
in C57BL/6, while the JF1 genome has only six CpGs, with
one changed to CpT. As shown in Figure 6B, the CpGs in
the paternal allele were generally methylated and those in
the maternal allele were not, as expected. CpG (2.4-2.5%)
was hydroxymethylated in the liver in both the paternal and
maternal alleles.

As mentioned earlier, it has been reported that the al-
lelic methylation of the H19-DMR is unstable in ES cell
culture. Therefore, we analyzed the cytosine modification
status of this region in ES cells derived from a BJF1 em-
bryo. As shown in Figure 6C, the maternal allele of ES cells
is generally unmethylated, while a small numbers of DNA
display methylation. Importantly, 11.3% of the CpGs of the
maternal allele were methylated and 29.5% of that of pater-
nal allele were unmodified Cs, at the same time, 4.4% of ma-
ternal allele CpGs and 12.9% of paternal allele CpGs were
hydroxylmethylated.

DISCUSSION

We have demonstrated the utility of a novel hmC analy-
sis method named EnIGMA. We applied this method to
the Arhgap27 and Nhircl genes in the brain of mice and
observed a significant number of hmCs, as previously re-
ported. In the case of the analysis of imprinted gene locus,
it is important to assess the allelic cytosine modification sta-
tus. Using EnIGMA method, it is enabled to identify the cy-
tosine modification linked with allelic polymorphism. The
results on the HI9-DMR in sperm and the liver were also
consistent with the previous reports. Unexpectedly, we ob-
served significant amount of hmC modification in both the
paternal and maternal alleles of the HI9-DMR in the brain
and ES cells. Once mCs are oxidized to hmCs, the CpGs on
the opposite strand cannot be methylated by DNMT1 en-
zyme in vivo, then, so these hmCs are believed to be readily
demethylated in a passive as well as active manner by the
base-excision repair pathway. Quiescent/post-mitotic cells
with high TET enzyme activity may accumulate hmC, as
observed in the brain. However, a higher maternal hmC
level suggests DNA methylation also occurs in the maternal
alleles, but is constantly being removed by DNA demethy-
lation via hmC so as to maintain the paternal-specific DNA
methylation status. The case of ES cells is rather more prob-
lematic because a linkage between higher hmC and the loss
of paternally imprinted memory (the DNA demethylation
of the paternal alleles) is suggested, while in the maternal al-
lele a gain of irregularly imprinted memory also takes place,
with an increase in both mCs and hmCs. This is a clear and
non-negligible difference between somatic cells and ES cells.
These changes may be associated with developmental ab-
normality of clone mice using long-cultured ES cells as the
donor cell that exhibit high neonatal lethality and a large
offspring syndrome (4). In rapidly growing cells, CpGs with
a high level of hmC modification would be expected to be
continuously under the pressure of passive demethylation.
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Therefore, paternal DNA methylation of the HI19-DMR
needs to be constantly subjected to de novo DNA methyla-
tion by DNMT enzymes to resist high oxidation by Tet en-
zymes in order to maintain its methylated status. However,
this would result in aberrant DNA methylation on the ma-
ternal alleles. The Tet enzyme guards the HI9-DMR in the
maternal allele from hypermethylation, while accelerating
the demethylation of undesirable DNA in the H19-DMR in
the paternal allele. Thus, it turns out that it is in fact quite
difficult to maintain the differential DNA methylation sta-
tus of the HI9-DMR, because both the paternal and ma-
ternal alleles are subjected to DNA methylation and oxida-
tive passive demethylation at the same time in each DNA
replication cycle. Maintenance of the integrity of epigenetic
memory is essential for stem cell application in regenera-
tive medicine. We used ES cells cultured in conventional
KSR+2i medium. It is known that this condition is con-
ducive for the maintenance of pluripotent status of ES cells,
but our result with the EnIGMA method indicates that sig-
nificant improvement is required for the maintenance of im-
printed memory of ES cells during this culture. An accurate
assessment of the cytosine modification status of the impor-
tant epigenetic elements in the genome is indispensable for
epigenetic quality control of the stem cell culture. In this
respect, the EnNIGMA method is clearly of great value.

Our observations of frequent hmC modification in a spe-
cific genomic region suggest that the methylome, which con-
sists of mC and its oxidative derivatives, is not a static but a
dynamic system. Therefore, it is essential to determine mC,
hmC and C simultaneously to actually determine the entire
landscape of the methylome.

The proposed method for hmC identification named
EnIGMA is based on a simple principle, achieving a sat-
isfactory level of identification of cytosine modifications.

From the analysis using the model substrates with each
single modified cytosine it was shown that the EnIGMA
method was able to identify each modification with an ac-
curacy of more than 95%. A pilot experiment employed a
model substrate having mC, hmC and C, and this method
resulted in a 9-22% underestimation of hmC. This identifi-
cation efficiency for hmC was comparable to that of TAB-
seq (80-90% accuracy for hmC) (17,29).

We applied the EnIGMA method and hairpin TAB se-
quencing to the Arhgap27 and Nhlrl loci in the mouse brain
genome and compared the analytical performance of the
two methods. These two methods were shown to produce
consistent results. In addition, we have successfully applied
hairpin bisulfite and hairpin TAB sequencing. To the best
of our knowledge, this is the first attempt to apply hairpin
TAB sequencing. Interestingly, in the Arhgap27 locus, the
percentage of hmC in mC plus hmC (estimated from hair-
pin bisulfite sequencing) for each DNA strand was 29-61%
by TAB sequencing, while the fully hmC CpG (h/h) was
~19-32% (Supplementary Figure S5). This may mean that
the oxidation of mC to hmC by the TET enzyme is indepen-
dently catalyzed to the modification status of the opposite
strand cytosine.

We are convinced that the EnIGMA method able to ap-
ply the whole genome analysis using massive parallel se-
quencers because this method is based on simple princi-
ple and procedure. The EnIGMA method is based on the
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hairpin-bisulfite sequencing. Therefore, it is possible to de-
duce the pre-bisulfite conversion sequence from the resulted
sequence (30). This will be not only improves the mapping
efficiency for genome-wide bisulfite sequencing (31), but
also solves another problem of the cytosine modification
analysis carried out using the bisulfite method. The human
genome is highly polymorphic and contains a large num-
ber of SNPs. Even if the reference sequence is C and the
bisulfite-converted sequence is T, it is impossible to deter-
mine whether this base was originally an unmodified C or
T in individuals checked for C to T conversion at this po-
sition. Therefore, resequencing the sample genome is thus
necessary. In contrast to this, in the EnIGMA method, if the
original strand is an unmodified C, then the opposite strand
will be a G. If the original strand is T (C to T SNP) then the
opposite strand will be A. Thus, the EnIGMA method en-
ables not only a determination of mC, hmC and C, but also
the C to T conversion type SNP without any need of rese-
quencing.

This is of the primary advantages of the hairpin-bisulfite
method, because the complementary part of the hairpin se-
quence preserves the information of the pre-bisulfite con-
version. Thus, in the EnIGMA method, it is possible not
only to determine the cytosine modification but also to de-
code the bisulfite-converted sequence back to the original
sequence simultaneously. This advantage will enable this
method to perform efficient mapping of the sequence reads
when it is applied to whole genome analysis

The EnIGMA method does not have the capacity to ana-
lyze non-CpG modifications of cytosine because it depends
on the substrate specificity of the DNMT1 enzyme. It is
known that the early embryo and ES cells have a significant
amount of CpN methylation. Thus, this point is a basic lim-
itation of this method.

As discussed above, the EnIGMA method has significant
advantages over the previously reported hmC identification
methods with a single base resolution. This method does
not need any special equipment and is applicable to many
types of epigenetic analyses and important milestone to
comprehensive genome-wide analysis of hmC using massive
parallel sequencers, because the procedure of this method is
both simple and reliable.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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