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Quantitative Sequencing of
5-Methylcytosine and
5-Hydroxymethylcytosine at
Single-Base Resolution

Michael ]. Booth,™* Miguel R. Branco,** Gabriella Ficz,” David Oxley,* Felix Krueger,®
Wolf Reik,>>t Shankar Balasubramanian™®7

5-Methylcytosine can be converted to 5-hydroxymethylcytosine (5hmC) in mammalian DNA by the
ten-eleven translocation (TET) enzymes. We introduce oxidative bisulfite sequencing (0xBS-Seq),
the first method for quantitative mapping of 5hmC in genomic DNA at single-nucleotide resolution.
Selective chemical oxidation of 5ShmC to 5-formylcytosine (5fC) enables bisulfite conversion of
5fC to uracil. We demonstrate the utility of 0xBS-Seq to map and quantify 5hmC at CpG islands
(CGIs) in mouse embryonic stem (ES) cells and identify 800 5hmC-containing CGls that have

on average 3.3% hydroxymethylation. High levels of 5hmC were found in CGls associated with

transcriptional regulators and in long interspersed nuclear elements, suggesting that these
regions might undergo epigenetic reprogramming in ES cells. Our results open new questions
on 5hmC dynamics and sequence-specific targeting by TETs.

mark that plays important roles in gene

silencing and genome stability and is found
enriched at CpG dinucleotides (/). In metazoa,
SmC can be oxidized to 5-hydroxymethylcytosine
(5hmC) by the ten-eleven translocation (TET) en-
zyme family (2, 3). ShmC may be an intermediate
in active DNA demethylation but could also con-
stitute an epigenetic mark per se (4). Levels of
ShmC in genomic DNA can be quantified with
analytical methods (2, 5, 6) and mapped through
the enrichment of ShmC-containing DNA frag-

5 -Methylcytosine (SmC) is an epigenetic DNA
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ments that are then sequenced (7—13). Such ap-
proaches have relatively poor resolution and give
only relative quantitative information. Single-
nucleotide sequencing of SmC has been per-
formed by using bisulfite sequencing (BS-Seq),
but this method cannot discriminate SmC from
ShmC (14, 15). Single-molecule real-time se-
quencing (SMRT) can detect derivatized ShmC
in genomic DNA (/6). However, enrichment of
ShmC-containing DNA fragments is required,
which causes loss of quantitative information
(16). Furthermore, SMRT has a relatively high
rate of sequencing errors (/7), and the peak call-
ing of modifications is imprecise (/6). Protein
and solid-state nanopores can resolve SmC from
ShmC and have the potential to sequence unam-
plified DNA (18, 19).

We observed the decarbonylation and deami-
nation of 5-formylcytosine (5fC) to uracil (U)
under bisulfite conditions that would leave SmC
unchanged (Fig. 1A and supplementary text).
Thus, ShmC sequencing would be possible if
ShmC could be selectively oxidized to 5fC and
then converted to U in a two-step procedure (Fig.

1B). Whereas BS-Seq leads to both 5SmC and
ShmC being detected as Cs, this “oxidative
bisulfite” sequencing (0xBS-Seq) approach would
yield Cs only at SmC sites and therefore allow
us to determine the amount of ShmC at a partic-
ular nucleotide position by subtraction of this
readout from a BS-Seq one (Fig. 1C).

Specific oxidation of ShmC to 5fC (table S1)
was achieved with potassium perruthenate (KRuOy).
In our reactivity studies on a synthetic 15-nucleotide
oligomer single-stranded DNA (ssDNA) contain-
ing ShmC, we established conditions under which
KRuOy reacted specifically with the primary al-
cohol of ShmC (Fig. 2A). Fifteen-nucleotide oligo-
mer ssDNA that contained C or SmC did not
show any base-specific reactions with KRuOy (fig.
S1, A and B). For 5ShmC in DNA, we only ob-
served the aldehyde (5fC) and not the carboxylic
acid (20), even with a moderate excess of oxidant.
The KRuO, oxidation can oxidize 5ShmC in sam-
ples presented as double-stranded DNA (dsDNA),
with an initial denaturing step before addition of
the oxidant; this results in a quantitative conver-
sion of ShmC to 5fC (Fig. 2B).

To test the efficiency and selectivity of the oxi-
dative bisulfite method, three synthetic dSSDNAs
containing either C, SmC, or ShmC were each
oxidized with KRuO, and then subjected to a
conventional bisulfite conversion protocol. Sanger
sequencing revealed that SmC residues did not
convert to U, whereas both C and 5ShmC resi-
dues did convert to U (fig. S2). Because Sanger
sequencing is not quantitative, to gain a more
accurate measure of the efficiency of transforming
ShmC to U, lllumina (San Diego, California) se-
quencing was carried out on the synthetic DNA
containing ShmC (122-nucleotide oligomer) after
oxidative bisulfite treatment. An overall ShmC-
to-U conversion level of 94.5% was observed (Fig.
2C and fig. S14). The oxidative bisulfite proto-
col was also applied to a synthetic dsDNA that
contained multiple ShmC residues (135-nucleotide
oligomer) in a range of different contexts that
showed a similarly high conversion efficiency
(94.7%) of ShmC to U (Fig. 2C and fig. S14).
Last, the KRuO, oxidation was carried out on
genomic DNA and showed through mass spec-
trometry a quantitative conversion of ShmC to
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5fC (Fig. 2D), with no detectable degradation of
C (fig. S1C). Thus, the oxidative bisulfite protocol
specifically converts ShmC to U in DNA, leaving
C and 5mC unchanged, enabling quantitative,
single-nucleotide-resolution sequencing on wide-
ly available platforms.

We then used 0xBS-Seq to quantitatively map
ShmC at high resolution in the genomic DNA
of mouse embryonic stem (ES) cells. We chose
to combine oxidative bisulfite with reduced rep-
resentation bisulfite sequencing (RRBS) (21),
which allows deep, selective sequencing of a
fraction of the genome that is highly enriched
for CpG islands (CGIs). We generated RRBS
and oxidative RRBS (0xRRBS) data sets, achiev-
ing an average sequencing depth of ~120 reads
per CpG, which when pooled yielded an aver-
age of ~3300 methylation calls per CGI (fig.
S3). After applying depth and breadth cutoffs
(supplementary materials, materials and meth-
ods), 55% (12,660) of all CGls (22) were cov-
ered in our data sets.

To identify ShmC-containing CGls, we tested
for differences between the RRBS and oxRRBS
data sets using stringent criteria, yielding a false
discovery rate of 3.7% (supplementary materials,
materials and methods). We identified 800 ShmC-
containing CGIs, which had an average of 3.3%
(range of 0.2 to 18.5%) CpG hydroxymethylation
(Fig. 3, A and B). We also identified 4577 SmC-
containing CGIs averaging 8.1% CpG methyla-
tion (Fig. 3B). We carried out sequencing on an
independent biological duplicate sample of
the same ES cell line but at a different passage
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number, which according to mass spectrometry
had reduced levels of ShmC (0.10 versus 0.16% of
all Cs), and consistently we found fewer ShmC-
containing CGIs (supplementary text). ShmC-
containing CGIs present in both samples showed
good quantitative reproducibility (fig. S5). In
non-CpG contexts, we found very few CGls (71)
with levels of SmC above the bisulfite conversion
error (0.2%) (fig. S9) and no CGls with detect-
able levels of ShmC.

Genes associated with SmC-containing CGls
included Daz/, which is known to be methylated
in ES cells (fig. S7) (23). Similarly, we found
that Zfp64 and Ecatl had significant levels of
ShmC (7). Genes with >5% ShmC at transcrip-
tion start site (TSS) CGIs were associated with
gene ontology terms related to transcription fac-
tor activity—and in particular were enriched in
developmentally relevant genes encoding for
Homeobox-containing proteins (such as /rx4,
Gbxl, and Hoxc4). To validate our method, we
quantified ShmC and 5mC levels at 21 CGIs
containing Mspl restriction sites by means of
glucosylation-coupled methylation-sensitive quan-
titative polymerase chain reaction (glucMS-qPCR)
(Fig. 3D) (24). We found a good correlation
between the quantification with oxRRBS and
glucMS-qPCR [correlation coefficient () = 0.86,
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P=5x10"and r = 0.52, P = 0.01 for 5SmC
and ShmC, respectively], showing that oxRRBS
reliably measures ShmC at individual CpGs. We
also found a good correlation between 0xRRBS and
our previously published (hydroxy)methylated
DNA immunoprecipitation sequencing [(h)MeDIP-
Seq] data sets (fig. S8) (7).

Across CGls, both 5SmC and 5hmC levels are
inversely correlated with CpG density, and in-
tragenic and intergenic CGls contain higher lev-
els of either modification than those overlapping
TSSs (Fig. 4, A and B, and fig. S6) (13, 22). TET1
is enriched at TSSs, and thus, a high turnover of
5SmC and 5hmC that would keep the steady-
state levels low at these sites has been suggested
(9). Non-TSS CGIs, however, appear to accumu-
late substantial amounts of both marks, suggest-
ing reduced turnover in these regions. We find
that the highest levels of ShmC are found at
CGls with intermediate levels (25 to 75%) of
SmC (Fig. 4C and fig. S6). Although low-5mC
CGIs have reduced potential for ShmC genera-
tion and/or are subjected to a high turnover,
high-5mC CGIs are perhaps protected from ex-
tensive TET-mediated oxidation, thus stabiliz-
ing methylation. Intermediate-SmC CGIs are
therefore potentially more epigenetically plastic,
given the relatively high abundance of both
marks.

Most TSS CGls (98%) have less than 10%
5mC, as well as low ShmC, and these are asso-
ciated with higher transcription levels than av-
erage (fig. S10). Within this narrow window,
we find a mild negative correlation between
transcription and both SmC and 5hmC levels
(fig. S10). At higher S5SmC levels, there are in-
sufficient CGIs to obtain a statistically signifi-
cant result, and it remains possible that here the
epigenetic balance between SmC and ShmC plays

www.sciencemag.org SCIENCE VOL 336

an important transcriptional role, as we previ-
ously suggested (7).

Last, we quantified SmC and ShmC levels at
two classes of retrotransposons [long interspersed
nuclear element—1 (LINE1) and intracisternal
A-particle (IAP)] using two approaches: aligning
the oxRRBS reads to the respective consensus
sequences and combining oxidative bisulfite
with MassARRAY technology (Sequenom, San
Diego, California) (fig. S11). We find that LINE1
elements display a considerable amount of ShmC
(approximately 5%), as previously suggested
through (h)MeDIP-Seq (7). IAPs, on the other
hand, have low or no 5ShmC. Because LINE1
elements are reprogrammed during preimplan-
tation development whereas IAPs are resistant
to this process (25), this suggests a possible in-
volvement of ShmC in the demethylation of spe-
cific repeat classes.

The 0xBS-Seq method reliably maps and
quantifies both 5SmC and ShmC at the single-
nucleotide level. Owing to the fundamental mech-
anism of 0xBS-Seq, the approach is compatible
with any sequencing platform. In ES cells, we
found that in CGIs ShmC is exclusive to CpG
dinucleotides and that it accumulates at intra-
genic, low-CpG-density CGls, which tend to have
intermediate levels of SmC and may be particu-
larly epigenetically plastic.
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