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Abstract

DNA methylation has been widely studied for associations with exposures and health outcomes.
Both 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC) are epigenetic marks that may
function differently to impact gene expression; however, the most commonly used technology to
assess methylation for population studies in blood use are the lllumina 450K and EPIC BeadChips,
for which the traditional bisulfite conversion does not differentiate 5mC and 5hmC marks. We
used a modified protocol originally developed by Stewart et al. to analyse oxidative bisulfite-
converted and conventional bisulfite-converted DNA for the same subject in parallel by the EPIC
chip, allowing us to isolate the two measures. We measured 5mC and 5hmC in cord blood of 41
newborn participants of the Center for Health Assessment of Mothers and Children of Salinas
(CHAMACOQOS) birth cohort and investigated differential methylation of 5mC + 5hmC, isolated 5mC
and isolated 5hmC with sex at birth as an example of a biological variable previously associated
with DNA methylation. Results showed low levels of 5hmC throughout the epigenome in the cord
blood samples in comparison to 5mC. The concordance of autosomal hits between 5mC + 5hmC
and exclusive 5mC analyses were low (25%); however, overlap was larger with increased effect size
difference. There were 43 autosomal cytosine nucleotide followed by a guanine nucleotide (CpG)
sites where 5hmC was associated with sex, 21 of which were unique to 5hmC after adjustment
for cell composition. 5hmC only accounts for a small portion of overall methylation in cord blood;
however, it has the potential to impact interpretation of combined 5hmC + 5mC studies in cord
blood, especially given that effect sizes of differential methylation analyses are often small. Several
significant CpG sites were unique to 5hmC, suggesting some functions distinct from 5mC. More
studies of genome-wide 5hmC in children are warranted.

Introduction

Epigenetic changes such as DNA methylation associated with
prenatal exposures may be one mechanism impacting health out-
comes later in life (1). The most common genome-wide measure of
DNA methylation used in health studies comes from arrays such
as the Illumina 450K and EPIC BeadChips. The traditional bisulfite

conversion protocol for methylation assessment by these chips pro-
vides combined methylation levels for 5-hydroxymethylcytosine
(5hmC) and 5-methylcytosine (SmC). ShmC is the first oxidative
product in the active demethylation of SmC (2). Since these two
types of methylation marks may function differently, it is important
to tease apart associations of exposures and health outcomes with
each of the two epigenetic measures.
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The production of ShmC seems to serve an important function,
promoting gene expression during active demethylation during
early stages of embryogenesis (3). ShmC can also be associated
with decreased gene expression depending on interactions with dif-
ferent regulatory elements such as TET family proteins and histone
deacetylase complexes (6). In the brain and embryonic stem cells,
ShmC is enriched in promoters and gene bodies (5-7). ShmC is also
correlated with gene expression, with studies reporting increased
5hmC in gene bodies being associated with increased gene expres-
sion, while increased ShmC in promoter regions has been associ-
ated with decreased gene expression (8,9). In mammals, ShmC has
been shown to regulate pluripotency of embryonic stem cells as well
as other developmental processes (9). In humans, ShmC levels are
higher in the brain, liver, kidney and colorectal tissues, while low in
the heart, breast and placenta (10). There is suggestive evidence that
ShmC may also play a role in brain development and may be associ-
ated with cancers (11,12) and age (13), as well as exposures to lead
(14), arsenic (15) and mercury (16) in blood. A prior study in cord
blood showed much lower levels of global ShmC methylation com-
pared to SmC methylation with a ratio of 24:1 (SmC:5hmC) (16).
Levels of site-specific ShmC in cord blood have not been accessed
using array technology.

Until recently, wide-scale research on ShmC has been hindered
by limitations of available methodologies, which have not been able
to distinguish between SmC and ShmC, and, as a result, there are
little data available in children regarding site-specific genome-wide
changes in ShmC in relation to either exposure or health outcomes.
The majority of ShmC studies have focussed on adults, have been
mostly limited to cancers and have assessed global rather than site-
specific DNA methylation. For example, one study reported lower
levels of ShmC in leukocyte DNA of patients with inflammatory
bowel disease and colorectal cancer compared to healthy subjects
(12), while another human study reported that ShmC levels in cir-
culating cell-free DNA could be used as a biomarker for different
cancers (12). It also has been shown that blood levels of global ShmC
decreased with age, especially in those over age 70 (13). Blood levels
of mercury in cord and early childhood blood were associated with
lower ShmC levels but were not significantly associated with SmC
levels (16). Lead exposure appeared to affect levels of regional ShmC
in the cord blood of newborns assessed with the 450K chip (14),
while another study in adults reported an association between arsenic
and global SmC and ShmC in adult blood (15). Both of these studies
found no association between ShmC and sex of the subjects.

In the present study, we use oxidative bisulfite conversion in com-
bination with the EPIC array to measure ShmC in DNA from the
cord blood of newborns. This method was first described for adult
whole blood and male brain tissue with the 450K array (17). By run-
ning bisulfite-converted and oxidative bisulfite-converted samples in
parallel, it is possible to isolate the SmC proportion of methylation
from the ShmC. We describe the distribution of ShmC in cord blood
DNA of the participants of the Center for Health Assessment of
Mothers and Children of Salinas (CHAMACOS) birth cohort study
using EPIC arrays. Our previous studies have established an associ-
ation between child sex and DNA methylation at individual cytosine
nucleotide followed by a guanine nucleotide (CpG) sites and regions
(18) and with Alu and LINE-1 (19) repetitive elements in newborns
and older children in CHAMACOS cohort. We now investigate the
association between DNA methylation and sex after separating SmC
and ShmC and compare these results to the associations with the
combined measure of DNA methylation obtained by conventional
use of the EPIC BeadChip.

Materials and methods

Study participants

Subjects were a convenience sample of the CHAMACOS longitu-
dinal birth cohort study. A detailed description of the CHAMACOS
cohort has previously been published (20). Briefly, women were eli-
gible for study if they were Spanish or English speaking, at least
18 years of age, less than 20 weeks gestation and were receiving
prenatal care at community clinics. From 1999 to 2000, 601 preg-
nant women were enrolled and 526 women were followed to their
delivery of a live-born singleton. Study protocols were approved by
the University of California, Berkeley Committee for Protection of
Human Subjects and written informed consent was obtained from
all mothers. For this study, 41 newborn subjects with sufficient
quantity and high quality DNA (260/280 ratios between 1.8 and
2.2) were selected. Their characteristics did not differ from the rest
of the cohort.

Blood collection and processing

Cord blood specimens were collected by hospital staff at time of de-
livery in vacutainers without heparin (red-top), separated into clots
and serum and stored at -80°C until analysis. The protocol for cord
blood collection for the CHAMACOS study was piloted to assure
that it does not result in maternal blood admixture. Specifically, two
assays were conducted: Fluorescent iz situ hybridisation (FISH) ana-
lysis for sex chromosomes and PCR analysis using human leukocyte
antigen markers. Cord blood samples of 30 randomly selected boys
were analysed, and none of the assays indicated any contamination
with maternal blood.

DNA preparation

DNA was isolated from the banked non-heparinised umbilical cord
blood clot samples using QIAamp DNA Blood Maxi Kits (Qiagen,
Valencia, CA, USA) according to the manufacturer’s protocol with
minor modifications as previously described (21).

EPIC 5mC AND 5hmC analysis

Since bisulfite conversion cannot differentiate between SmC and
5hmC, we used the method termed oxidative bisulfite (0xBS)-
450K outlined in Stewart et al. with small modifications (17).
Each sample was run on EPIC arrays at the same time using both
traditional bisulfite-converted DNA as well as oxidative bisulfite-
converted DNA to differentiate the ShmC and SmC levels. Briefly,
1 pg of DNA was used per subject, with equal quantities used for
traditional bisulfite (BS) conversion and the oxBS protocol. DNA
was processed using the TrueMethyl Array Kit (CEGX, Cambridge,
UK) and applied to Illumina EPIC chips. Samples were denatured
and 1 pl of oxidant solution was added to the 0xBS samples con-
verting hydroxymethylated cytosines to formylcytosines, while 1 pl
of ultra-pure water was added to the BS sample for a mock reac-
tion not affecting hydoxymethylation. Bisulfite reagent and additive
were then added to the samples and reactions were incubated using
bisulfite thermal cycling conditions as per manufacturer’s instruc-
tions. For the oxBS sample, the oxidated-induced 5fCs were de-
aminated to uracils so that only the original SmC bases remained
cytosines. In the conventional BS samples, both ShmCs and 5SmCs re-
mained cytosines since the conversion does not discriminate between
the two modifications of this base. DNA was whole genome ampli-
fied, enzymatically fragmented, purified and applied to the Illumina
Infinium MethylationEPIC BeadChips (Illumina, San Diego, CA,



5hmC in cord blood, 2019, Vol. 34, No. 4

317

USA) according to the Illumina methylation protocol. To maximise
the amount of template used, 7 pl of recovered TrueMethyl template
was used with 1 pl of 0.4-N NaOH, instead of using 4 pl of template
and 4 ul of 0.1-N NaOH.

For quality control, available DNA from a single human pre-
frontal cortex sample was put through the ShmC protocol four
times. We also included three BS replicates and four oxBS replicates
of cord samples. DNA was run in two batches, randomised across
plates and chips. 0xBS and BS conversion samples for the same sub-
ject were always on the same chip.

Methylation data was processed using the R package minfi (22).
First, IDAT files were loaded and processed for background sub-
traction and dye correction using preprocessNoob and then quan-
tile normalised using preprocessQuantile to adjust for the different
Infinium chemistry used for Type I and Type II probes. Samples where
>95% of probes had a detection P > 0.01 were removed. Probes
were filtered for >95% of samples with detection P > 0.01, Mexican
ancestry from Los Angeles single nucleotide polymorphisms, cross-
reactive and probes identified as poor performing by Illumina were
removed, leaving a total of 790 721 probes for analysis.

For each CpG site on the EPIC array, a 3 value between 0 (com-
pletely unmethylated) and 1 (completely methylated), representing
percent of methylation of that site, is produced from a ratio of
methylated probe intensity to overall probe intensity. One method to
distinguish SmC and ShmC values is to simply subtract oxBS methy-
lation {3 values from the BS methylation values; however, when using
this method, noise in the {3 values can lead to negative estimates of
ShmC B values. Instead, we used the R package OxyBS, which per-
forms maximum likelihood estimation to determine levels of SmC
and ShmC from the signal intensities (23). This method produced
positive 3 values for all SmC and ShmC estimates.

Statistical analyses

Differential methylation by sex was assessed using a limma linear
model with empirical Bayes variance shrinkage (24), adjusting for
seven cord blood cell types, including nucleated red blood cells, esti-
mated in minfi (25). Sensitivity analyses adjusting for six blood cell
types using an adult reference data set were also conducted to assess
the impact of using a cord blood reference data set. Pathway ana-
lyses were performed using the R package missMethyl (26). Fisher’s
exact tests were conducted to assess enrichment for ShmC at CpG
sites in 3’UTR, Body, TSS1500, 5S°UTR, intergenic, first Exon and
TSS200 regions according to Illumina annotation. All statistical ana-
lyses were conducted using R version 3.4.1 (27).

Results

Study participants

A total of 41 unique subjects were included for the analysis with
N =24 (59%) girls and N = 17 (41%) boys. Characteristics of this
subsample did not differ from other participants of the CHAMACOS

Table 1. Characteristics of CHAMACOS newborns

cohort (Table 1). The distribution of combined ShmC and 5mC in
this subset of 41 samples was similar (mean > 0.99) to the methy-
lation profile of 109 CHAMACOS cord samples previously analysed
on the EPIC BeadChip (28).

EPIC 5mC and 5hmC analysis

Distribution of ShmC

Since levels of ShmC are known to be higher in brain samples,
the assay was initially run with four pre-frontal cortex replicates
for quality control purposes. There was strong replication between
the four runs of the pre-frontal cortex sample with correlations of
0.96-0.97 for oxBS and 0.99 for all BS conversion samples. There
was also high correlation between the four 0xBS and three BS cord
samples, all with correlations >0.99 and root mean square errors
<0.037 for all replicate pairs. Overall, ShmC levels were much lower
than SmC values (Figure 1). A total of 11 644 probes had ShmC
>0.1; 91 probes had >0.25 and only eight probes >0.35 (Table 2).
On average, ShmC made up only 3.7% of the total methylation at
each site. Figure 2 shows the mean methylation § values of probes
with average ShmC across all individuals >0, with ShmC evenly dis-
tributed throughout the genome. Average ShmC and SmC 5 values
were weakly correlated with r = 0.22. Figure 3 shows percent enrich-
ment of (i) ShmC and (ii) SmC in different areas of genes. Notably,
we observe significant enrichment (81.82%) of ShmC in the 3°UTR
regions and significantly decreased enrichment (-57.8%) in TSS200
regions. This also highlights the differences in levels of enrichment
between ShmC and SmC throughout the epigenome.

Differential methylation analysis by sex

Previously we reported significant differences in DNA methylation
by 450K in CHAMACOS boys and girls at birth (18,19). Now we
expanded to include ShmC as an additional epigenetic mark in chil-
dren. Figure 4 summarises the results of the analysis of differential
methylation associated with sex at birth for autosomal CpG sites
only. The differentially methylated position analysis showed 2465
significant autosomal CpG sites (14 641 in sex chromosomes) with
combined SmC and ShmC values. After subtracting away ShmC
values to isolate SmC, there were 1650 significant autosomal sites
(13 962 in sex chromosomes), with 644 autosomal sites (13 323 in
sex chromosomes) in common with those identified by the combined
methylation measure. ShmC assessed alone was associated with
fewer sites different between boys and girls with 43 significant in
autosomes (855 in sex chromosomes), of which 21 in autosomes (28
in sex chromosomes) were not identified by the combined or exclu-
sive SmC models. A list of all ShmC sites differentially methylated by
sex can be found in Supplementary Table 1.

There were large differences when examining the impact of ShmC
in CpG sites on all chromosomes (including sex chromosomes) com-
pared to only autosomes. For all chromosomes, 82% of false dis-
covery rate (FDR) significant hits overlapping between ShmC + SmC
compared to SmC; however, when looking only at autosomal sites,

Included subjects All CHAMACOS newborns P-value
N (%) or mean (SD) N (%) or mean (SD)
Child Sex 0.40
Boy 17(41) 266 (50)
Girl 24 (59) 270 (50)
Birthweight (g) 3414 (530) 3417 (550) 0.97
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there is much lower concordance with only 26 % overlap of FDR sig-
nificant hits. If we look specifically at CpG sites which had differen-
tial methylation >10%, there is much higher concordance amongst
autosomes, with 75% of significant hits overlapping between SmC
and ShmC + SmC measures.
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Figure 1. (a) p values of combined 5mC and 5hmC. (b) {3 values of 5mC (after
subtracting away 5hmC). (c) § values of 5hmC. Each line represents the density
of  values for each individual (N = 41).

Table 2. Distribution of methylation p-values*

In total, 788 of the 898 (88%) of significant ShmC sites were
common between use of an adult blood reference data set for cell-
type adjustment compared to the cord blood reference data set;
however, there were only 25 autosomal hits when using the adult
reference compared to the 43 hits using the cord blood reference,
with almost complete overlap of the adult adjusted hits within in the
cord adjusted hits (24/25, 96%).

Further analysis of the 49 unique significant ShmC CpG sites
showed 21 autosomal CpG sites that were not previously identified
in the CHAMACOS 450K analyses (18), and all 21 CpG sites were
specific to the EPIC chip that has approximately double the coverage
of the DNA methylome than the 450K chip. These CpG sites were
not in genes enriched for any particular biologic pathways.

Significant hypermethylated and hypomethylated CpG sites
are shown in the Manhattan plot (Figure 5). The majority of com-
bined ShmC + 5mC (67%) and SmC (64%) autosomal hits were
hypomethylated in boys with a mean percent methylation difference
of 2.6% amongst ShmC + 5mC hits and 2.3% amongst SmC hits.
The same trend was seen for hits on sex chromosomes with 67%
hypomethylated in boys (in comparison to girls) for both ShmC +
5SmC and SmC models, with a mean percent methylation difference
of 6.7% for ShmC + 5SmC and 7.7% for SmC. In contrast, the op-
posite trend was seen in ShmC hits, where the majority of CpG sites
were hypermethylated in boys in both autosomes (88%) and sex
chromosomes (67%) with a mean methylation difference of 2.3% in
autosomes and 3.1% in sex chromosomes.

Discussion

It is important to differentiate ShmC and SmC in association studies
because these epigenetic marks can be functionally and ontogenetic-
ally distinct. In this paper, we used oxidative bisulphite conversion in
combination with the Illumina HumanMethylation EPIC BeadChip
to characterise both SmC and ShmC values in newborn cord blood.
Our results showed that the ShmC makes up a very small portion of
DNA methylation in cord blood with only 91 probes having ShmC
{3 values greater than 0.25. Locations with enrichment of CpG sites
showing ShmC methylation are consistent with a prior study by
Stewart et al. in adults, which similarly showed increased enrich-
ment within the gene body and decreased enrichment in the TSS200
region. Our results showed that the highest enrichment was seen in
the 3’UTR region, whereas the prior study showed more enrichment
in the gene body and intergenic regions; however, the sample ana-
lysed for enrichment by Stewart et al. was from brain tissue, so we
expect differences from our cord blood samples.

Differential analysis using either combined SmC + ShmC or
isolated SmC as the methylation measure outcome showed that
ShmC does have a significant impact on calls for differentially

Min 25% 50% 75% Max

B SmC + ShmC 0.012 0.185 0.795 0.896 0.976
B SmC 0.039 0.223 0.746 0.850 0.946
B SmC in probes with mean ShmC >0.1 0.092 0.534 0.622 0.689 0.808
(11 644 probes)

B SmC in probes with mean ShmC >0.25 (91 probes) 0.157 0.290 0.397 0.475 0.548
B SmC in probes with mean ShmC >0.35 (eight probes) 0.254 0.313 0.402 0.456 0.487
3 ShmC (all probes) 0.000 0.002 0.008 0.022 0.411

*Methylation (3-values represent the percent of methylation at CpG sites between 0 (completely unmethylated) and 1 (completely methylated).
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Figure 2. Average 5hmC B-value across all individuals. Probes with 5hmC are
distributed evenly throughout the epigenome.

methylated CpG sites in interrogating differential methylation by
sex. This means there is potential for ShmC methylation to have
similarly large impacts on the various relationships with exposures
and health outcomes that have mostly relied on combined ShmC +
SmC values (by 450K or EPIC arrays). This is an unexpected result
given the overall small percentage (3.7%) of total methylation that
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was attributed to ShmC in our data. When examining significant
sites that had >10% methylation differences by sex in both ShmC
+ 5mC and SmC analyses, the concordance of significant hits was
much higher at 75% compared to the overall 25%. With stronger
methylation differences, ShmC has a smaller impact on the results.
This suggests that even though ShmC levels are low, they are high
enough to impact results of differential methylation with lower ef-
fect sizes, and this may be especially problematic since many dif-
ferential methylation studies report statistically significant results
with low effect sizes.

As expected when interrogating differential methylation by sex,
most of the significant sites were observed on sex chromosomes;
however, there is a significant number of ShmC sites differentially
methylated by sex on autosomes as was previously reported based
on DNA methylation array data for combined ShmC + SmC. The
majority of significant differentially methylated SmC and com-
bined SmC + ShmC CpG sites were hypomethylated in boys com-
pared to girls. This trend was seen previously in 450K analyses in
the CHAMACOS cohort (18). Interestingly, sites where ShmC was
significantly associated with sex showed the opposite direction of
effect, with boys typically showing higher ShmC than girls. A recent
study in mice also found ShmC and 5mC to be associated with age
in opposite direction (29).

-48.67 %

(=]

TSS1500 5UTR  1stExon  TSS200

(=]

TSS200

TSS1500  1stExon
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Figure 3. Bar plot of percent enrichment of (a) 5hmC and (b) 5mC according to genomic region of the site.
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Figure 4. Venn diagram showing overlap of hits differentially methylated by sex for 5mC + 5hmC versus 5mC versus 5hmC on autosomes.
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Figure 5. Manhattan plot of results of analyses for differential methylation by sex at birth. CpG sites that were hypermethylated in boys compared to girls are
plotted above the y-axis, while hypomethylated sites are below the y-axis. 5mC + 5mC sites are highlighted in green, 5mC sites are yellow, 5hmC sites are red
and sites associated with two or more methylation measures are blue.

Although there were relatively low levels of ShmC in the cord be a possible reflection of early embryonic stages of methylation pro-
blood samples in our study, we found that ShmC is significantly as- files enriched for ShmC and could in part be due to the larger pro-
sociated with sex at birth at 898 CpG sites. However, we also iden- portion of progenitor cells in cord blood compared to adult blood

tified 49 sites that were exclusively associated with ShmC. This may (30). Given the relatively small number of significantly differentially
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methylated ShmC CpG sites by sex compared to SmC + ShmC, this
highlights the importance of using appropriate cell-type reference
data sets when conducting differential ShmC analyses. Using the
cord blood reference data set, there were 72% increased number of
differentially methylated ShmC sites compared to the number of hits
using the less appropriate adult blood reference data set.

The number of human studies of ShmC is limited. A recent
report on investigating associations between ShmC and lead
exposure in cord blood observed sex-specific differences in re-
sponse to lead (14). However, this study focussed only on cer-
tain ShmC-immunoprecipitation-enriched regions but not on all
CpG sites assessed by the 450K chip. In contrast, our study used
the EPIC BeadChip, which nearly doubles the coverage of the
450K chips and, thus, was able to interrogate sites not previously
examined for ShmC sex differences. While the lead study had
a similar sample size (N = 48) to our study (N = 41); cell-type
heterogeneity adjustment was done using the adult Houseman
et al. reference data set, which may not be completely appro-
priate for studies of cord blood (18). Our study benefitted from a
recently developed reference data set (25), which uses sorted cells
from newborns and includes estimates for nucleated red blood
cells that are commonly found in cord blood samples but not
in adult blood (1,31,32). Furthermore, since ShmC levels may
be higher in different tissue types such as the brain, heart and
skeletal muscle, whole blood may not provide comprehensive
characterisation of ShmC in newborns or the association with
sex. Other studies in both skin cells (33) and adult blood (15)
did not uncover an association between ShmC and sex but they
only focussed on global levels of ShmC and did not characterise
site-specific associations nor adjusted for cell-type heterogen-
eity, which can confound relationships between methylation and
health variables or exposures.

Further studies are needed to validate ShmC EPIC results in new-
born blood with larger sample sizes and to investigate the impact
ShmC has on other health outcomes commonly interrogated for
differential methylation. Since blood is a common tissue for inter-
rogation of environmental exposures and DNA methylation in co-
hort studies of newborns and children, it is important to emphasise
that, while ShmC represents only a small fraction of overall DNA
methylome, it may significantly impact interpretation and findings of
previous studies with DNA methylation arrays that have not taken
into account ShmC compared to ShmC + SmC methylation, espe-
cially when dealing with small effect sizes.

Supplementary data

Supplementary data are available at Mutagenesis Online.
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