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ABSTRACT
DNA methylation (5-methylcytosine, 5mC) is involved in many cellular processes and is an epigenetic
mechanism primarily associated with transcriptional repression. The recent discovery that 5mC can be
oxidized to 5-hydromethylcytosine (5hmC) by TET proteins has revealed the “sixth base” of DNA and
provides additional complexity to what was originally thought to be a stable repressive mark. However,
our knowledge of the genome-wide distribution of 5hmC in different tissues is currently limited. Here, we
sought to define loci enriched for 5hmC in the placenta genome by combining oxidative bisulphite (oxBS)
treatment with high-density Illumina Infinium HumanMethylation450 methylation arrays and to compare
our results with those obtained in brain. Despite identifying over 17,000 high-confidence CpG sites with
consistent 5hmC enrichment, the distribution of this modification in placenta is relatively sparse when
compared to cerebellum and frontal cortex. Supported by validation using allelic T4 b-glucosyltransferase
assays we identify 5hmC at numerous imprinted loci, often overlapping regions associated with parent-of-
origin allelic 5mC in both placenta and brain samples. Furthermore, we observe tissue-specific monoallelic
enrichment of 5hmC overlapping large clusters of imprinted snoRNAs-miRNAs processed from long
noncoding RNAs (lncRNAs) within the DLK1-DIO3 cluster on chromosome 14 and SNRPN-UBE3A domain on
chromosome 15. Enrichment is observed solely on the transcribed alleles suggesting 5hmC is positively
associated with transcription at these loci. Our study provides an extensive description of the 5hmC/5mC
landscape in placenta with our data available at www.humanimprints.net, which represents the most com-
prehensive resource for exploring the epigenetic profiles associated with human imprinted genes.
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Introduction

DNA methylation occurs primarily at cytosines (5-methylcyto-
sine, 5mC) within CpG dinucleotides and is a major modifica-
tion in the mammalian genome. This covalent modification
plays a vital role in many cellular processes, including gene
expression, repeat silencing, X chromosome inactivation in
females, and genomic imprinting [1]. Studies in recent years
have revealed that 5-hydroxymethylcytosine (5hmC), an oxi-
dized derivative of 5mC, is present in many tissues [2,3]. The
ten-eleven translocation (TET) proteins are responsible for
converting 5mC to 5hmC through fe(II)/a-ketoglutarate-
dependent hydroxylation [4]. The 5-hydroxy modification can
eventually lead to demethylation by two different pathways.
Additional oxidative steps to generate 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) are followed by a base excision
repair mechanism, with direct removal of the methylated base
and its replacement with an unmethylated cytosine in a DNA

replication-independent manner [5]. Alternatively, Tet-driven
cytosine demethylation may involve a passive mechanism in
which 5hmC is diluted through rounds of DNA replication due
to the low enzymatic activity of DNMT1 for hemi-hydroxyme-
thylated DNA templates [6]. However, it is unclear whether
5hmC is simply an intermediate of the DNA demethylation
process, or if it possesses its own singular epigenetic function,
with increasing evidence supporting this possibility. The 5hmC
modification displays varying abundance between tissues and
genomic locations, it is associated with gene transcription with
strand bias accumulation on the antisense strand of intragenic
regions [7], and it has been recently shown that it can be specif-
ically recognized by several DNA-binding proteins [8,9].

Methylation levels of cytosines are commonly quantified
using methods that involve exposing single-stranded DNA to
sodium bisulphite, which deaminates cytosine bases to uracils.
Converted cytosines are subsequently read as thymines in PCR
and sequence protocols. Methylated cytosines are resistant to
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bisulphite conversion and maintained as cytosines in subse-
quent sequencing steps, enabling the quantitative discrimina-
tion of unmethylated cytosines from 5mC [10]. Importantly,
bisulphite treatment cannot distinguish between 5mC and
5hmC because 5hmC is also resistant to deamination [11], so
that analyses on classic bisulphite converted DNA will provide
combined data for 5mC plus 5hmC. Oxidative bisulphite
(oxBS) treatment of DNA allows for discrimination between
5mC and 5hmC via selective chemical oxidation of 5hmC to
5fC. The latter derivative deaminates to uracil during bisulphite
treatment, so that the only cytosine base not deaminated fol-
lowing oxBS is 5mC [12]. Recently, several publications have
demonstrated the oxBS conversion can be incorporated into
the Illumina Infinium HumanMethylation450 BeadChip array
protocol to facilitate the quantification of both 5mC and 5hmC
[13–15]. Subtraction of oxBS-generated methylation from stan-
dard bisulphite profiles allows for the detection of 5hmC at
cytosine positions throughout the genome. This approach has
been used to characterize the 5hmC patterns in different tis-
sues, revealing that 5hmC is substantially enriched in brain
compared to leukocytes [13], an observation that confirms ini-
tial reports using both mass spectrometry and antibody-based
technologies [2,3].

Overall 5hmC content, as quantified by mass spectrometry
and stable isotope labeling, varies among tissues with highest
levels observed in the brain, where it constitutes up to 0.9% of
all cytosines [16,17]. This is in contrast to 5mC, which is rela-
tively consistent between tissues, with»4-5% of cytosines being
methylated [16,17]. The placenta is an exception, relatively
hypomethylated compared to all other tissues, with 5mC being
present at »2.8% of cytosines [18,19]. Intriguingly, placenta
has an intermediate level of 5hmC [3], which is lower than
brain but higher than most somatic tissues, suggesting that this
modification may be relatively more abundant in this extra-
embryonic tissue.

In this study, we combine the TrueMethyl-CEGX oxBS kit
with the Illumina Infinium HumanMethylation450 array
(HM450K) platform to characterize the distribution of 5hmC
in the human placenta and compare the profiles with brain. We
subsequently confirm the most significantly enriched loci using
both hydroxymethylated DNA immunoprecipitation sequence
(hMeDIP-seq) datasets and T4 b-glucosyltransferase (T4-BGT)
assays which distinguish 5mC from 5hmC by the enzymatic
addition of a glucose moiety to the hydroxyl group of 5hmC.
This revealed that the distribution of 5hmC in placenta is rela-
tively sparse compared to brain and, surprisingly, that several
imprinted domains are enriched for allelic 5hmC in frontal cor-
tex, cerebellum, and placenta.

Results

Identification of 5hmC in placenta

The levels of 5hmC were calculated for four placenta samples as
the differentially methylated CpG sites between standard bisul-
phite and oxBS-treated replicates for each sample as follows.
Beta (b) values from the Illumina Infinium HumanMethyla-
tion450 arrays (HM450K) represent the methylation level at a
particular probe site on a scale or 0 (unmethylated) to 1 (fully

methylated). The b values from the standard bisulphite (BS)
treatment represent the aggregate methylation score for both
5mC and 5hmC. In contrast the b values after oxBS treatment
represent only 5mC. Therefore, normalized delta b (Db) values
for each probe were calculated by subtracting the oxBS b value
from the standard bisulphite treated b value (DbBS-oxBS).
Resulting b value density plots show a reduction in the oxBS b

values compared to standard bisulphite b values, corresponding
to lower global 5mC and the presence of 5hmC in the placenta.
As previously reported, both positive and negative the Db val-
ues were calculated [13,14]. Positive Db values represent
enrichment of 5hmC, whereas a negative Db value reflects tech-
nical variance of the technique. Of the negative skewed values,
50% are below Db = ¡0.006 (�0.6%), with 98.8% of negative
Db values greater than ¡0.1 (Figure S1).

To ensure we were detecting 5hmC abundance above the
sensitivity of the array platform, we set a stringent threshold
for calling 5hmC above Db> 0.1. Using these criteria we
observe 17,252 probes with an average Db> 0.1 in all four sam-
ples (mean 5hmC: 0.145) and 1,928 probes with an average
Db> 0.2 (mean 5hmC: 0.239), which were classified as having
abundant 5hmC in the four placenta samples analyzed. When
levels of 5mC were taken into account, 5hmC enriched regions
localized at hypermethylated positions with 5mC in the 60–
80% range (BS b = »0.6–0.8).

A comparison between 5hmC in brain and placenta

We utilized a previously published dataset that characterized
5hmC in eight cerebellum biopsies, five of them with paired
prefrontal cortex samples [14]. After performing probe filtering
and bioinformatics analysis for 5hmC enrichment as previously
described for the placenta samples, we identified 148,516
probes with an average Db> 0.1 (mean 5hmC: 0.227) and
79,733 probes with an average Db> 0.2 (mean 5hmC: 0.298) in
cerebellum and 131,781 probes with an average Db> 0.1
(mean 5hmC: 0.168) and 32,595 probes with an average Db
> 0.2 (mean 5hmC: 0.246) in cortex. Therefore, the human pla-
centa contains »10-fold less 5hmC than brain, consistently
with levels reported using immuno-blotting [3]. To explore if
these differences may be due to the difference in the relative
abundance of the three TET enzymes, we performed qRT-PCR.
This revealed that there were marked differences in expression
of all TETs between placenta and brain, with TET2 and 3 being
highly abundant in placenta (Figure S2). When we compared
the probe lists that presented with an average >0.1 in placenta,
81% were also enriched in at least one of the two brain regions,
with 57% being observed in both cerebellum and cortex sam-
ples (Figure 1(A)). When individual samples from each tissue
were compared, the eight cerebellum samples had the highest
correlation (R2 = 0.51–0.82, P<0.001) whilst placenta biopsies
were more varied (R2 = 0.17–0.30, P<0.001) suggesting inter-
individual variation.

Distribution of 5hmC in placenta

We investigated the location of 5hmC with their annotated
probe positions. Although this does not allow for a com-
plete unbiased 5hmC profiling, the HM450K array does
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include »17 probes per RefSeq transcript distributed across
the entire genome [20]. We observe that 5hmC in placenta
is primarily located in “open sea” probes that map outside
defined gene and promoter intervals and is enriched in
CpG island shelves, but depleted in CpG islands themselves

(Figure 1(B)). This is consistent with previous studies in
brain samples that demonstrated a depletion of 5hmC in
CpG islands and enrichment in CpG-poor regions [14,21].
Furthermore, similar to cerebellum and cortex, 5hmC in all
four placental samples is enriched in gene bodies and 5’-
and 3’-UTRs and decreased in proximal promoters (»200–
1500 bp from transcriptional start site), which is in agree-
ment with the inverse correlation between 5hmC and CpG
density at promoters (Figure S3) [21]. Gene ontology analy-
sis was performed for the three most enriched genetic ele-
ments, the 5’-, 3’-UTRs, and gene bodies for both Db> 0.1
and >0.2 datasets (Table S1). After corrected for multiple
testing, several biological processes and molecular function
categories were enriched including regulation of metabolic
processes in placenta and Rho protein signal transduction
in cerebellum and cortex.

Validation of 5hmC tissue profiles

To determine if any regions are enriched for clusters of probes
we used Bumphunter function adapted for the HM450K arrays
[22] with further characterization of different criteria filtering
for a minimal number of probes within a region (Figure 1(C)).
The candidate regions obtained from Bumphunter with a mini-
mum of two probes can be explored at our laboratory’s website
(www.humanimprints.net) (Table S2). A comparison of the top
500 “bumps” for cerebellum, cortex and placenta revealed only
48 regions in common (Figure S4).

To confirm the enrichment of 5hmC in normal placenta
biopsies we compared our oxBS-450K data with hMeDIP-seq
datasets [23]. Ninety-seven of the top 100 placenta loci identi-
fied by oxBS-450K were also enriched for precipitated hMeDIP
sequences (Figure 2(A)).

We subsequently selected candidate regions for targeted
confirmation using T4-BGT assay and PCR. This method dis-
tinguishes 5mC from 5hmC by the addition of glucose to the
hydroxyl group of 5hmC via the catalytic action of T4-BGT.
When 5hmC occurs in the context of CCGG, this modification
converts a cleavable MspI site to a non-cleavable one that acts
as a template for quantitative (q)PCR (Figure 2(B)). We con-
firmed the presence of 5hmC at SEMA3 and miR193B loci in
placenta, with an abundance of 5hmC/5mC at similar levels to
the ones detected by oxBS-450K (Figure 2(C); Figure S5). In
addition, we performed similar validation for several intervals
with Db> 0.1 in cerebellum samples, including at EHMT2,
G1IBB, PPP1R10, and TNXB for which we also observed high
concordance between both techniques (Figure 2(D,E); Figure
S5).

5hmC at imprinted loci

Initial screens for 5hmC at imprinted differentially methyl-
ated regions (DMRs) failed to identify robust enrichment in
blood-derived DNA [24]. However, a systematic analysis
within the H19-IGF2 locus on chromosome 11 revealed
widespread enrichment throughout the »150 kb interval in
brain, but not overlapping the H19 DMR itself [3]. Further
interrogation of the placenta and brain profiles revealed
that several imprinted domains were in fact enriched for

Figure 1. Quantifying 5hmC in human placenta and brain regions. (A) Venn dia-
grams illustrating the number of probes detected using the threshold Db> 0.1
and >0.2 after combined QC filtering for the three datasets. The figures represent
the number of probes with an average greater than the threshold value in each tis-
sue. (B) All probes classified according to their genomic location. The bar chart
illustrates probe enrichment classified by Illumina Infinium annotation in placenta,
frontal cortex and cerebellum. (C) Inclusion criteria for Bumphunter function with
the number of probes contained within each 800 bp window.
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5hmC, which in most cases was located within the regions
of parent-of-origin methylation defined by methyl-seq [19].
Enrichment of 5hmC was observed at several classic ubiqui-
tous DMRs, including at NAP1L5, PEG10, MEST, PEG13,
INPP5F, IGF1R, NNAT, L3MBTL1, GNAS A/B, and the

SNU13 (previously known as the NH2PL1) in the cerebel-
lum ox-450k datasets (Figure 3(A); Figure S6; Table S3).
Furthermore the 5hmC enrichment was also observed in
placenta at the GNAS A/B DMR, the H19 gene body (which
is paternally methylated solely in placenta) [19] and at

Figure 2. Characterization of 5hmC positive loci in placenta and brain. (A) Genomic interval overlapping the SEMA3B region on chromosome 3 showing the average distri-
bution of 5hmC (green) and 5mC (black) in placenta samples. The upper panel represents the enrichment defined by oxBS-450K analysis with dots signifying data points
for each probe (5hmC Db; 5 mC oxBS) and the 95th confidence interval. The lower panel shows the corresponding hMeDIP enrichment in 4 control placenta samples. The
Bumphunter-defined interval is highlighted as a yellow shaded region. (B) Overview of the T4 b-glucosyltransferase assay. (C) Quantitative PCR combined with T4-BGT
assay targeting the SEMA3B promoter confirms enrichment of both 5hmC and 5mC in placenta. (D) The distribution of 5hmC and 5 mC at the EHMT2 gene in cerebellum
identified by oxBS-450K and Bumphunter analysis. (E) T4-BGT confirmation of 5hmC and 5mC in frontal cerebellum -DNA. Error bars represent standard error of the
mean (SEM) of three PCR replicates.
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Figure 3. Enrichment of 5hmC overlapping imprinted DMRs. (A) The Bumphunter defined interval overlapping the GNAS A/B DMR showing the average distribution of
h5mC (green) and 5mC (black) in brain. The upper panels represents the enrichment defined by oxBS-450K analysis with dots signifying individual data points for each
probe (5hmC Db; 5 mC oxBS) and the 95th confidence interval. Blue lines represent paternally expressed transcripts and red maternally expressed genes. (B) Analysis of
allelic 5hmC and 5mC using T4-BGT genotyping in cerebellum-derived DNA heterozygous for the variant rs6026578. The sequence trace of PCR amplicons generated
using HpaII digested DNA (representing 5mC+5hmC) and MspI T4-BGT (5hmC) PCRs are shown. (C) The Bumphunter defined interval overlapping the MCCC1 DMR in pla-
centa. (D) Allelic enrichment of 5hmC and 5mC confirmed using T4-BGT genotyping in a placenta sample heterozygous for the SNP rs937652. (E) Additional imprinted
DMRs showing monoallelic enrichment of 5mC and 5hmC in cerebellum (NNAT and NAP1L5) and placenta (SCIN, ACTL10, and H19) samples, respectively.
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several placenta-specific DMRs, including MCCC1,
RHOBTB3, SCIN, DNMT1, and ACTL10 (Figure 3(C-E);
Figure S6; Table S3 and S4).

To confirm allelic enrichment at these regions we performed
methylation-sensitive genotyping adapted for the T4-BGT
assay [25]. DNA samples heterozygous for polymorphic var-
iants were used for PCR following digestion with MspI so that
the allelic origin of 5hmC could be ascertained. We observe
that the 5hmC is robustly enriched on the maternal alleles of
GNAS and NAP1L5 in cerebellum and at MCCC1, SCIN,
DNMT1, and ACTL10 in placenta (Figure 3(B–E)). This indi-
cates that the methylation at these imprinted promoters is a
mix of both 5mC and 5hmC. To determine if 5hmC enrich-
ment is specifically associated with imprinted DMRs or is
enriched due to one heavily methylated allele, we screened for
CpG islands that are fully methylated in the three tissues types
(average >75% methylated) and examined the 5hmC content.
In each of the tissues more than 2,000 loci were identified.
When utilizing our minimal threshold, 71% of cerebellum
regions, 34% in cortex, and 0.2% in placenta reached Db> 0.1,
while 49%, 0.8%, and 0% were in excess of the Db> 0.2 cut-off,
respectively (Figure S7). This suggests that 5hmC enrichment
at some imprinted DMRs is associated with possessing a fully
methylated allele rather than an underlying sequence or chro-
matin signature.

The 5hmC modification is enriched on the transcribed
alleles of imprinted C/D-box small nucleolar RNAs in brain

We observed multiple Bumphunter hits mapping to the large
clusters of small noncoding RNAs within the DLK1-DIO3 clus-
ter on chromosome 14 and SNRPN-UBE3A cluster on chromo-
some 15 (Table S5). We initially focused on the large 5hmC
block encompassing the SNORD114 and miRNA cluster located
on chromosome 14 between miR370 and miR410/MEG9. The
presence of 5hmC was confirmed using qPCR overlapping
miR409 and miR1185 on T4-BGT treated DNA in cerebellum-
derived DNA (Figure 4(A-C)). We identified two heterozygous
samples for the single nucleotide polymorphism (SNP)
rs10144831 within the miR409 amplicon that would allow for
allelic discrimination. We observed biallelic enrichment of
5mC+5hmC as revealed by PCR on HpaII digested DNA, con-
sistent with the region being highly methylated (15 probes with
methylation between 43–89%, mean 65%). The 5hmC modifi-
cation was enriched only on one allele in the MspI TG-BGT
samples (Figure 4(D)). Unfortunately, we did not have parental
DNA samples for our brain cohort, so parental origin of the
5hmC could not be directly determined. However, RT-PCR
encompassing the same polymorphism revealed monoallelic
expression from the same assigned allele as the 5hmC, presum-
ably the maternal chromosome, since the snoRNAs-miRNAs
are expressed solely from the maternal allele in brain (Figure 4
(D)) [26].

In addition, we observed prominent 5hmC at multiple
regions in the chromosome 15 imprinting cluster in brain,
including intervals overlapping the SNORD115 (previous
known as HBII-52) and SNORD116 (previously known as
HBII-85) (Figure 4(E-G); Table S5). We identified control cere-
bellum samples heterozygous for the SNP rs4344720 in

SNORD116/IPW and confirmed the monoallelic enrichment of
5hmC. Consistent with our observations for miR409, the inter-
val was highly methylated (30 probes with methylation between
40–90%, mean 70%) with 5hmC present only on the tran-
scribed allele (Figure 4(H)). Since our PCR primers detected
the lncRNA UBE3A-AS (also known as LNCAT), the monoal-
lelic expression in this instance is presumably from the paternal
chromosome [27].

Discussion

Epigenome-wide studies have highlighted that various layers of
epigenetic modifications regulate expression in the placenta.
Previous reports have shown that comparison between stan-
dard BS and oxBS converted DNA hybridized on HM450K
arrays can faithfully differentiate 5hmC, 5mC, and unmodified
cytosine bases [13–15]. However, the majority of methylation
studies to date using BS conversion to detect methylation are
complicated by the presence of confounding 5hmC that may
influence their results. In this study, we have identified loci
within the placenta that demonstrate reproducible levels of
5hmC and compared these to profiles obtained from brain. In
both tissues, we observe that most regions with 5hmC map to
intervals with elevated 5mC, typically with values of 60–80%.
The exception was for probes mapping to imprinted DMRs,
where the 5mC levels are typically »50%, representing one
fully methylated and one unmethylated allele, with 5hmC
observed solely on the methylated allele. The 5hmC modifica-
tion has been reported to be higher in the promoter of silenced
genes, which may reflect the elevated levels of 5mC and tran-
sient intermediate levels of 5mC demethylation. The distinct
distribution patterns we observe for 5hmC in both the placenta
and brain samples suggests, however, that this modification is
stable and not random, as would be expected for loci undergo-
ing active demethylation.

Recently, a similar oxBS-450K approach has been used to
map 5hmC in term placenta, demonstrating the genome-wide
distribution of this modification [15]. In tune with our results,
Green et al. also observed significant enrichment at open sea
regions and CpG island shelves, also reporting that 5hmC is
present at poised enhancer elements decorated by H3K4me1
[15]. A comparison between single CpG positions enriched for
5hmC described by Green et al. and our analysis reveals consid-
erable overlap, with 66% identified in at least one of our pla-
centa samples when using the Db> 0.1 criteria (Figure S8).
Furthermore, both studies suggest that there is large inter-indi-
vidual variability at sites associated with 5hmC in placenta,
which we do not observe in brain. This inter-individual vari-
ability may have functional significance and may be linked with
environmental influences or exposures, which could in turn
have the potential to affect the course of pregnancy.

Epigenetic variance or aberrant gestational dynamics may
alter transcriptional output, affecting birth weight and preg-
nancy outcomes. Among these, targeted analysis of both 5mC
and 5hmC within the imprinted H19/IGF2 domain highlights a
potential link to infant birth weight [28,29]. However, at the
genome-wide level, very little is known about the distribution
and function of placental 5hmC. We observe reproducible
enrichment of 5hmC on the methylated allele at specific
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Figure 4. Enrichment of 5hmC overlapping imprinted SNORD-miRNA clusters. (A) A map of the DLK1-DIO3 imprinted domain on chromosome 14 revealing the location of
the associated Bumphunter hits in frontal cortex. The location of the known genes and DMRs are shown. Blue lines represent paternally expressed transcripts and red lines
maternally expressed genes. (B) The enrichment of methylation defined by oxBS-450K analysis with dots signifying individual data points for each probe (5hmC Db; 5 mC
oxBS) and the 95th confidence interval. (C) Quantitative PCR combined with T4-BGT assays targeting the SNORD114 region reveals enrichment of 5hmC. Error bars repre-
sent SEM of three PCR replicates. (D) Analysis of allelic 5hmC and 5mC using T4-BGT genotyping in cerebellum-derived DNA heterozygous for the variant rs10144831
reveals enrichment of 5mC on both alleles consistent with the high 5mC levels, whilst 5hmC is only observed on the expressed G allele. (E) A map of the SNRPN-UBE3A
imprinted domain on chromosome 15. (F) The enrichment of methylation defined by oxBS-450K analysis with dots signifying individual data points for each probe (5hmC
Db; 5 mC oxBS) and the 95th confidence interval. (G) Quantitative PCR combined with T4-BGT assays targeting the SNORD116 cluster reveals enrichment of 5hmC. Error
bars represent SEM of three PCR replicates. (H) Analysis of allelic 5hmC and 5mC using T4-BGT genotyping in cerebellum-derived DNA heterozygous for the variant
rs4344720 reveals biallelic enrichment of 5mC but monoallelic 5hmC on the expressed A allele.
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imprinted DMRs in both placenta and brain. This has impor-
tant implications for rare imprinting disorders caused by epi-
mutations. For example, loss-of-methylation at the GNAS A/B
DMR, a region enriched for 5hmC in both placenta and brain,
is associated with Pseudohypoparathyroidism type 1B
(PHP1B) (OMIM 603233) [30]. Future studies should address
if aberrant 5hmC and/or 5mC occurs at this specific DMR in
target tissues in PHP1B patients. Furthermore, it is plausible
that epigenetic defects associated with placenta-specific DMRs
could influence fetal growth or that the absence of 5hmC could
explain the curious observation of polymorphic placenta
imprinting, which has been described for the SCIN and
MCCC1 genes [31]. Recently, in mouse embryonic stem cells,
the H3K9 methyltransferases G9a/GLP have been shown to
maintain methylation at imprinted DMRs by recruiting the de
novo methyltransferase complexes that antagonize TET-depen-
dent erosion of methylation [32]. Based on these observations,
it would be interesting to compare the H3K9me2 status at
DMRs to see if the absence of this histone modification is
enriched at loci with detectable 5hmC.

Our studies revealed abundant 5hmC mapping within
imprinted domains but outside well-defined allelic DMRs. At
two well-characterized clusters, the SNRPN domain on chro-
mosome 15 (also referred to as PWS/AS region in human) and
the DLK1-DIO3 domain on chromosome 14, we observed large
blocks of 5hmC on the expressed alleles of processed huge
lncRNAs in brain [26,27,33]. This is consistent with previous
reports that genes undergoing active transcription have
increased 5hmC, similar to what has been observed for 5mC in
gene bodies [21,34]. However, the coexistence of 5hmC on the
expressed allele of imprinted lncRNAs may be restricted to
brain, since no 5hmC was observed overlapping the C19MC, a
cluster of 52 miRNAs processed from a single »100 kb tran-
script exclusively expressed from the paternal allele in placenta
(Table S5) [35,36].

In summary, our studies have presented a genome-wide
map of 5hmC in human placenta. Systematic comparison of
5hmC distribution between placenta and brain indicate that
5hmC is less abundant in placenta but is reproducibly enriched
not only at intervals associated with high 5mC, but also at
imprinted DMRs and transcribed lncRNA gene bodies. Our
analysis offers a high-confidence list of intervals enriched for
5hmC for future validation in patient cohorts to help under-
stand the function of 5hmC in development and disease.

Material and methods

Tissue samples

Following informed consent from the parents, 32 placental
samples with corresponding maternal blood samples were col-
lected at Hospital St Joan De Deu (Barcelona, Spain) with DNA
extracted using standard phenol/chloroform extraction. Four of
these placenta DNA samples were subjected to standard and
TrueMethyl-CEGX oxBS bisulphite conversion and hybridized
to Illumina Infinium HumanMethylation450 arrays. All pla-
centa samples were used for T4-BGT assays if heterozygous for
SNPs in candidate regions. A total of 20 normal adult brain
samples were obtained from BrainNet Europe/Barcelona Brain

Bank. The dissection of frontal cortex was performed by an
experienced pathologist on cadavers within 14 hours of death.
Approval for collecting placental biopsies, brain samples and
adult blood samples was granted by the ethical committee of
Hospital St Joan De Deu Ethics Committee (Study number 35/
07) and IDIBELL (PR006/08 and PR048/13).

Sample preparation and array hybridization

For each placenta sample 1 mg of DNA was processed using the
Cambridge Epigenetix TrueMethyl kit following manufac-
turer’s instructions. Briefly, DNA was cleaned using provided
magnetic beads and divided into two aliquots. Both aliquots
were denatured and 1 ml of oxidant solution was added to one
of the aliquots (oxBS) while the other (BS) underwent a mock
oxidation process by adding 1 ml of ultrapure water. After incu-
bating both aliquots at 40�C for 30 minutes, and centrifuged to
eliminate precipitates, a bisulphite conversion reaction was per-
formed on the supernatant using the supplied reagents. Desul-
fonation and clean-up process were applied using provided
reagents before eluting the DNA in 10-ml elution buffer. The
converted DNAs were then hybrized to the HM450K array fol-
lowing kit instructions from Illumina. The resulting datasets
have been uploaded to GEO data repository and are available
under the accession number GSE93429.

Epigenetic bioinformatics analysis

Standard and TrueMethyl-CEGX oxBS HM450K datasets for
cerebellum and frontal cortex were downloaded from the NCBI
GEO repository (GSE74368). Enrichment of 5hmC from in-
house processed or publically available datasets was identified
by subtracting the oxBS b value form the standard BS b value
at each probe position on the HM450K array following quality
control for probes with bad P>0.01 in any of the samples, stan-
dard GenomeStudio normalization and removal of probes con-
taining SNP (within the interrogation or extension base), cross-
reactivity or mapping to the sex chromosomes. In total 387978
probes in common for cerebellum, frontal cortex and placenta
datasets were analyzed. Enriched region for 5hmC were identi-
fied using Bumphunter with the maximum allowed gap
between two consecutive probes being 800 bp defined by 1000
permutations and a cut-off defined by the 95th centile from the
permutation distribution.

Genomic data for MeDIP-seq and hMeDIP-seq in control
placenta samples were retrieved from GSE63743. Genomic
mapping of all reads and data analysis was done with Minfi
[22] and in-house R statistical package scripts for loci identified
using oxBS-450K Bumphunter analysis.

Genotyping for allele-specific T4-BGT PCRs

Genotypes of potential SNPs identified in the UCSC hg19
browser were obtained by PCR and direct sequencing. Ampli-
cons were designed to include the SNP and at least two Msp1/
HpaII sites. Sequence traces were interrogated using
Sequencher v4.6 (Gene Codes Corporation, MI) to distinguish
heterozygous and homozygous samples. Heterozygous tissue
samples were analyzed for T4-BGT assays incorporating the
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polymorphism within the final PCR amplicon so that parental
alleles could be distinguished (for primer sequences see Table
S6).

T4-BGT Epimark 5hmC assay

A total of 5 mg of DNA was mixed with UDP-glucose to a final
volume of 310 ml prior to splitting the sample. One half was
incubated with 30 units of T4 b-glucosyltransferase and 3 ml of
nuclease-free water was added to the second control tube. Both
were subsequently incubated at 37�C for 18 hours. The DNA
was then split into 50 ml aliquots for Msp1, HpaII (100 units)
and non-digestion control. Restriction endonuclease digestions
were performed for 16 hours at 37�C, followed by a 1 hour
boost with 1 unit of enzyme to ensure complete digestion. The
DNA was then subject to either quantitative or allele-specific
PCR using 1 ml as template.

T4-BGT PCR

Enrichment of 5hmC was analyzed by qRT-PCR with a fluoro-
chrome (SYBR® Green) assay and normalized against PCR
amplicons not containing Msp1/HpaII sites (for primer
sequence see Table S6). The assays were run in triplicate in 384
well plates in 7900HT Fast Real Time PCR System (Applied
Biosystems). Only samples with two or more valid readings per
triplicate were included. Dissociation curves were obtained at
the end of each reaction to rule out the presence of primer
dimers or unexpected DNA species in the reaction. Both geno-
mic DNA and a non-template control were included in each
assay alongside the six samples from the T4-BGT assays.
Results were analyzed with the SDS 2.3 software (Applied Bio-
systems) and Excel.

Allelic expression analysis

Expression of the UBE3A-AS (rs434470) incorporating the
SNORD116/IPW RNAs and the SNORD114-miRNA
(rs10144831) primary transcript were assessed in heterozygous
frontal cortex samples by RT-PCR and direct sequencing (for
primer sequence see Table S6). RNA was extracted using Trizol
reagent (Invitrogen) following manufacturers recommenda-
tions. The resulting RNA was subject to DNAse treatment
(Turbo DNAse I, Invitrogen) and cDNA was synthesized as
previously described [37]. Duplicate samples were generated,
one with the omission of MMLV enzyme to enable contamina-
tion DNA to be detected. The resulting RT-PCR amplicons
were sequenced in both directions. The amplification cycle
numbers for each transcript were determined to be within the
exponential phase of the PCR, which varied for each gene, but
was between 32–38 cycles.

TaqMan qPCR

Five different placenta, frontal cortex and cerebellum samples
were used to determine TET family RNA abundance. A total of
1 ml of diluted cDNA (1:4) was used per PCR reaction using
TaqMan universal PCR Master Mix (Life technologies, Ref.
4324018) with probes for TET1 (hs04189344_g1), TET2

(hs00758658_m1), TET3 (hs00379125) and GAPDH
(NM_002046.3) purchased from Thermo Fisher Scientific.
Each sample was run in triplicate using the Quantstudio 5 real-
time PCR detector (Applied Biosystems). Serial dilutions of
cDNA were used to confirm the efficiency of amplification and
dissociation curves were obtained at the end of each reaction to
rule out the presence of primer dimers. Amplification plots,
automatic baseline and threshold values were individually
checked and only samples with two or more valid readings per
triplicate were included. The qRT-PCR results were averaged
for each tissue type and normalized to GAPDH expression.
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