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Abstract

DNA methylation (DNAm) in blood (umbilical cord blood and capillary blood collected after
birth on Guthrie cards) during the perinatal period is being increasingly studied with the aim of
identifying epigenetic markers of in utero environmental exposures or later disease development.
However, the comparability in DNAm between these two sources is unknown. To this end,
DNAm from the cord blood and capillary blood of 34 subjects in the Isle of Wight 3" Generation
Birth Cohort (68 samples) were included to assess the comparability. Differences in average
DNAm (overall agreement), correlations in DNAm, and intra-class correlation coefficients (ICC)
in DNAm between the two sources, at each of the 430,742 CpG sites, were evaluated. The results
showed that a high proportion (70.1%) of the CpGs DNAm agreed between cord blood and
neonatal blood on Guthrie cards. A small portion of CpGs showed high correlation (correlation
>(.5) or high ICC (ICC >0.5) in DNAm of the whole genome. This proportion increased
dramatically in differentially methylated regions (DMRs) that are associated with exposure to

maternal smoking, between the two sources.
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Introduction

The early development of a child encompasses a period of profound changes in DNA
methylation (DNAm) and may, as such, be a critical period for environmentally-induced DNAm
changes. Hence, this period is of great interest for DNAm studies in relation to specific
exposures and long-term health outcomes. DNAm in blood, including umbilical cord blood and
capillary blood collected after birth on Guthrie cards, is being increasingly studied for the
purpose of detecting biomarkers of in utero environmental exposure and later disease
development. However, the comparability in DNAm between these two sources is unknown,
imposing difficulty in assessing the agreement between epigenetic findings based on cord blood

and those based on capillary blood from Guthrie cards.

Blood samples are obtained from the umbilical cord after birth. DNAm in cord blood
carries critical epigenetic information which is affected by both genetic variants and epigenetic
information (1). In addition, cord blood DNAm can include information of gestational exposures,
such as maternal smoking (2-4) and in-utero exposures to toxins such as phthalates and heavy
metals (5, 6). It has been shown that cord blood DNAm is associated with the child’s short- and

long-term health outcomes (7).

Guthrie card samples are obtained from the newborn infant by puncturing the heel of the
baby and collecting several drops of capillary blood on a pre-printed card (8). In comparison to
cord blood, collection of a blood sample on a Guthrie card is much easier and is usually
performed routinely. In addition, Guthrie cards are easier to store than cord blood. Dried
archived Guthrie blood spots have been identified as a novel source for analyzing genome
DNAm profiles of infants in the perinatal period, in addition to cord blood (9-12). Like cord
blood, the DNAm of newborn capillary blood is believed to be a biomarker of gestational
exposure (13), and associated with health outcomes in later life (14). However, without knowing
the comparability in DNAm between these two sources, i.e., cord blood and Guthrie cards
collected at birth, it is difficult to assess whether the detected biomarkers, based on DNAm

measured using Guthrie cards, could be replicated using DNAm in cord blood.

To our knowledge, no study has yet compared DNAm profiles between these two

sources, although studies have been conducted to evaluate the similarity and difference of white
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blood cell type proportions (15) and gene expression (16) between cord blood and dried blood
samples from newborns. In the current investigation, we compare DNAm between the two types
of blood samples using paired data collected in the Isle of Wight 3™ Generation Birth Cohort.
For each CpG, we evaluate the average DNA methylation level (beta or M values) between the
two sources using paired t-tests (overall agreement), Pearson correlation (consistency), and intra
class correlation (stability). Findings from these assessments will improve our understanding of
epigenetic changes shortly after birth, and our comprehension of epigenetic findings from
different sources. Furthermore, given the convenience in sample collection and storage of
Guthrie cards, at CpG sites with DNAm comparable between the two sources, we may
significantly increase statistical testing power by utilizing both Guthrie cards and cord blood

samples.
Methods
Isle of Wight birth cohorts

The IoW Birth Cohort study was initiated at the David Hide Asthma and Allergy Research
Centre on the Isle of Wight, UK, in 1989/1990 (17). In a follow-up investigation of the children
of both male and female cohort members, 431 offspring were recruited between 2010 and 2015.

DNAm was measured in both cord blood samples and Guthrie cards from 34 neonates.
DNA methylation

DNA was isolated from dried blood spots on the Guthrie cards of 34 neonates using a method
based on the procedure described by Beyan et al (12). For cord blood, the standard salting out
procedure was used to isolate DNA and its concentration was determined by Qubit quantitation.
One microgram of isolated DNA was bisulfite-treated for cytosine to thymine conversion using
the EZ 96-DNA methylation kit (Zymo Research, CA, USA) according to the manufacturer's
standard protocol. The DNAm levels were obtained for 192 cord samples and 34 Guthrie
samples. For the cord sample, 129 samples were measured by the Infinium
HumanMethylation450 BeadChip and 63 by the HumanEPIC from Illumina (Illumina, San
Diego, CA, USA). Among the 34 cord samples that matched with the Guthrie samples, 29 were
by the HumanMethylation450 BeadChip and 5 by the HumanEPIC BeadChip. All the 34 Guthrie
samples were analyzed using the HumanEPIC BeadChip.



DNA methylation profile pre-processing

Quality control was undertaken with DNA methylation intensity level quantile normalized from
a total of 9 batches — seven from the cord blood samples and two from the Guthrie cards. The
samples from different array platforms and batches were combined. The R package ComBat was
used to remove batch effects in combined dataset (18). After pre-processing, DNAm at 430,742
CpGs of 34 subjects in both cord blood and Guthrie cards was included in subsequent analyses.

Statistical analyses

The demographic characteristics of the 34 subjects and the original IoW birth corhort were
summarized and presented as percentages for categorical variables and mean + standard
deviation (SD) for continuous variables. The demographics of the sample were compared with
the original cohort using one sample t test for continuous variables and proportion tests (Z tests)
for categorical variables. The base 2 logit-transformation was used to convert DNAm beta-values
to M-values. We assessed overall agreement, consistency, and stability between the two sources.
Overall agreement was evaluated as the difference in M values between the two sources via
paired t-tests at each CpG site. Multiple testing was adjusted by controlling a false discovery rate
(FDR) of 0.05. Both Pearson correlations and Intraclass correlation coefficients (ICCs) were
calculated between the 34 pairs for each CpG site. We used Pearson correlations to assess
consistency between the two groups. CpGs with a correlation of 0.5 or higher were treated as
consistent CpGs. ICCs were used to evaluate the stability. A CpG site with an ICC of 0.5 or
higher was regarded as being stable. DNAm at some CpG sites might be due to mQTLs. We
used the ARIES mQTL at birth database (cord. ALL.M.tab) downloaded from
http://www.mgqtldb.org (19). In total, 89,302 of the 430,742 CpGs in our study were mQTL

sites.

The identified CpGs were characterized by their allocation on the genes and their
relationship to CpG Island on the chromosome. The location of the CpGs was provided by the
[llumina Infinium MethylationEPIC v1.0 B4 Manifest File (https: //support.illumina.com

/downloads/ infinium-methylationepic-v1-0-product-files.html). The categories are: 1) 1% Exon

region; 2) 3'UTR, between the stop codon and the transcription termination site, poly A signal; 3)
5'UTR, within the 5' untranslated region, between the TSS and the start codon, ATG ; 4) Body,

between the start and stop codon; irrespective of the presence of introns, exons, TSS, or
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promoters; 5) TSS200, 0-200 bases upstream of the transcriptional start site (TSS); 6) TSS1500,
200-1500 bases upstream of the TSS. CpGs not belonging to any of the six regions were
considered as being in intergenic regions. In terms of relative location of a CpG site to a CpG
island, we considered the following four categories: 1) Shore, upstream (5’) and 0-2 kb from
CpG island; 2) Shelf, upstream (5°) and 2—4 kb from CpG island; 3) Island: on the CpG island;

and 4) CpGs that are not in any of the three categories were considered as “other”.

The identification of differentially methylated regions was based on DNA methylation of
192 cord blood samples using maternal smoking during pregnancy as exposure. The R package
DMRcate (20) was used to detect DMRs linked to smoking during pregnancy. The smoking
status has two levels, Yes or No. In the analysis of DMR detection, we considered two criteria in
the adjustment of multiple testing, FDR of 0.1 (more stringent) and FDR of 0.2 (covering a wider
range of CpGs). For parameter setting in DMRcate, we used lamda=1000 and C=2, which is the
default setting suggested by the author. We further summerized the agreement, consistency and
stability between the two blood sources for the CpGs that are on the identified differentially
methylated regions (DMRs).

Results
Demographics of study subjects

Table 1 shows the demographics for the original [oW second generation cohort (n=531) and the
34 newborns in the current study. In particular, the comparisons focused on gestational age,
gender of the newborns, age of parents, and maternal smoking status during pregnancy. We did
not observe any statistically significant differences between the sub-samples and the whole
cohort except for the age of mothers. The average age of mothers in the subsamples when the
baby was born was 23.55 (£1.35) years, while in the whole cohort, it was 24.32 (£3.70) years (p-
value 0.0025). The average age of fathers in the sample was 26.17 (£4.40) years. For the 34
newborns, the capillary blood collection on Guthrie cards was during day 5 to day 7 after birth,

with an average of 5.29 (+0.63) days.
Overall agreement, consistency and stability between cord and Guthrie DNAm

Comparing DNAm between cord and Guthrie cards for their overall agreement using paired t-

tests and adjusting for multiple testing by controlling for an FDR of 0.05, the mean level of
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DNAm at 128,807 CpGs (29.9% of total CpGs) was different between cord blood and Guthrie
cards. Equivalently, DNAm at 70.1% (301,935 CpGs) of the 430,472 CpGs had no statistically
significant differences, and these 301,935 CpGs were regarded as having overall agreement on

the mean of the DNAm (table 2) .

Regarding assessment of consistency based on Pearson correlations, with Pearson
correlation >0.5, DNAm at 33,128 CpGs (7.7% of total CpGs) showed a correlation at least 0.5
between cord blood and Guthrie card samples (table 2). Among these consistent CpGs, 75.2%
(24,914 CpGs) were also in the group of CpGs showing overall agreement on the mean (based
on paired t-tests) (Figure 1). As noted in the literature, using correlation of 0.5 as indicator for a
relatively large association was likely to be overly stringent (21), and it was suggested to take 0.3
as a cut off for high correlations. Following this suggestion, the total number of CpGs that have a
correlation equal to or larger than 0.3 between Cord and Guthrie Card increased to 94, 293,

which is 21.9% of total CpGs.

For stability, as shown in table 2, we identified 25,800 CpGs (6.0 % of total CpGs) with
ICC larger than or equal to 0.5 between cord blood and Guthrie card. In comparsion to Pearson
correlations, ICC is stricter and takes into account the differences in the means of DNAm
between the two sources. Among these 25,800 stable CpGs, most of them (22,030 CpGs, 85.4%
of 25,800) were in the group of CpGs showing overall agreement and consistency (Figure 1). If
we increase the ICC cutoff to 0.6 following a suggestion in the literature (22), there are only 15,
810 CpGs (3.7%) showing such a high stability. To be consistent between different assessments
(consistency and stability), in the following sections, we take the cut off value of 0.5 for both
correlation and ICC. Among the 430,742 CpGs examined in our study, 89,302 are mQTL CpG
sites as shown by Gaunt et al. (19). Of the 89,302 sites, 61,789 CpGs (69.2%) have an overall
agreement on the mean DNAm level, 14,989 CpGs (16.8%) have a Pearson correlation larger or

equal to 0.5, and 11,834 CpGs (13.3%) have an ICC larger or equal to 0.5.

Gene locations of identified CpGs that show overall agreement, consistency or stability

between cord and Guthrie DNAm

For the CpGs showing overall agreement, consistency, or stability between the two blood
sources, we further examined the distribution of CpGs on a gene’s functional regions (Figure 2).

Seven regions were considered, 1% exson, 3 UTR, 5° UTR, body, TSS200, TSS1500, and
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intergenic regions. We use the location 3’UTR as an example to demonstrate the calculation of
relative frequencies. Out of the 430,742 CpGs included in our study, 17,429 were on the 3°’'UTR
region. Among the 301,935 CpGs showing overall agreement, 12,705 were on the 3°UTR region,
which was 72.9% of the 17,429 3 UTR CpGs (first figure in Figure 2). This was the highest
relative frequencies among all the different locations. Being in the region of 15 Exon showed the
smallest percentages of CpGs with overall agreement (63.1%). For both consistency and
stability, intergenic regions showed the highest for both (11.3%, consistency and 8.83%
satiability). On the other hand, CpGs in the TSS200 region had the smallest percentage of
consistency (4.60%) and stability (3.54%).

Relation to CpG Island of identified CpGs showing overall agreement, consistency or stability
between cord and Guthrie DNAm

Based on the relative frequencies of the identified CpGs according to their spatial relationship to
a CpG Island (Figure 3), the distribution of overall agreed CpGs was comparable between shores
and shelfs. The relative frequencies on the shores and shelfs were higher than the frequencies on
the islands (62.9% on the islands but >70% on the shores and shelfs). The distribution of
identified CpGs based on consistency (correlation) with respect to their relation to CpG islands
was comparable to that based on stability (ICC) (last two figures in Figures 3). For instance, for

both measurements (correlation and ICC), most identified CpGs were located on the shores.
Grouping of consistent GpGs on DMRs.

We further investigated the agreement, consistency and stability between the two blood sources
on differentially methylated regsions (DMRs). It has been shown that maternal smoking during
pregnancy affects the DNAm of the newborn (23), We therefore detected DMRs based on
maternal smoking status during pregnancy in the 192 cord samples using DMRcate (20). With
the more stringent multiple testing adjustment (FDR of 0.1), we identified two DMRs with a
total of 17 CpGs. Within these 17 CpGs, 13 of them (76.47%) agreed between cord and Guthrie
cards (p values larger than 0.05), 9 of them (52.94%) were consistent (Pearson correlation large
or equal to 0.5), and 6 of the 17 CpGs (35.29%) were stable (ICC large or equal to 0.5). For
broader DMRs identified based on an FDR of 0.2, we identified 6 DMRs with a total of 47
CpGs. Within these 47 CpGs, 35 of them (74.47%) agreed between cord and Guthrie cards, 17



(36.17%) of them were consistent, and 13 (27.66%) were stable. Although with a larger number
of CpGs in these DMRs, the patterns of the statistics were similar to the situation under stringent

DMRs.
Discussion

DNA methylation from cord blood and capillary blood on Guthrie cards shows a relatively
high overall agreement, with 70% of CpGs (301,935 of the 430,472 CpGs) having similar
mean DNAm levels. This offers an opportunity to conduct mean-based analyses with a
higher testing power at those CpGs by combining the two sources (cord and Guthrie blood).
The consistency measured by correlations (7.7%) and stability measured by ICC (6.0%) were
both low. Thus, when the focus of a study is on association between DNAm and a continuous
variable instead of comparison in means of DNAm between different groups or health
conditions, simply combining DNAm from the two sources in the analysis is questionable

and not recommended in general.

For CpGs that were found to be mQTL (19), the overall agreement on mean DNAm level
is similar comparing to CpGs that are not mQTL, but higher percentages in consistency and
stability were observed. This finding suggests that DNAm at mQTLs is affected more by genetic

variants than other factors, e.g., cell compositions or time of blood sampling after birth.

On DMRs associated with maternal smoking during pregnancy, the percentage of CpGs
having similar mean DNAm levels increased to 76% comparing to 70% on the whole genome.
The percentage of consistent CpGs (high correlations) on DMRs increased to over 50%, which is
7 times of that for whole genome. The percentage of stable CpGs also increased significantly
from 6.0% in the whole genome to >35% on DMRs. The results suggest that DNAm in cord
blood and in Guthrie cards was more comparable at CpG sites on DMRs. However, since the
DMRs in our study were identified based on maternal smoking status during pregnancy, it is
unclear if such a pattern persists with DMRs under different mechanisms, and thus further

assessment on the comparability between the two sources is warranted.

The study has some other limitations. As a starting point, in this study we assumed
that CpGs were independent and examined one CpG at a time. DNAm at CpGs on islands

tends to be correlated. To take this correlation into account, more advanced approaches, such



as spatial modeling, are needed to further investigate the agreement, consistency, and
stability between the two sources. In addition, the blood samples in the study were analyzed
using two different platforms for the measurement of DNA methylation;. Some samples were
analyzed using the Infinium HumanMethylation450 BeadChip and others using the
HumanEPIC BeadChip. In the stage of quality control, we have managed to minimize such
platform effects along with other technical effects. However, the bias due to the differences
between the platforms may still exit in the combined data. Finally, the small sample size in
the present study could have introduced additional uncertainty in the comparisons. Further

investigation in larger cohorts are certainly needed.

Conclusion

The findings suggested that DNAm in cord blood and in Guthrie cards was comparable at
certain CpG sites. When the focus of a study is on association between DNAm and a
continuous variable instead of comparison in mean DNAm between different groups or
health conditions, simply combining DNAm from the two sources in the analysis is

questionable and not recommended in general.
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Figure 1. Overlap of identified overall agreed CpGs (Pvalue after adjusted by FDR>0.05,
dark grey), consistent CpGs (Pearson correlation >0.5, white) and stable CpGs (ICC= 0.5,
light grey).
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Figure 2. Summary of identified (A) CpGs that are overall agreed on the mean, (B)
consistent CpGs, and (C) stable CpGs within each category of gene position. Each
percentage was calculated as the number of identified CpGs divided by the total number of
CpGs in that region.
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Figure 3. Summary of identified (A) CpGs that are overall agreed on the mean, (B)
consistent CpGs, and (C) stable CpGs within each category of relation to CpG islands.
Each percentage was calculated as the number of identified CpGs divided by the total
number of CpGs in that region.

Overall Agreed CpGs

80 r A
75
L3_70 -
@
© 65 |
x
o l
55
Island Shelf Shore Other
Consistent CpGs
12 B
10 +
G 8T
o
O g L
G
X 4
2 -
0
Island Shelf Shore Other
Stable CpGs
8 C
7 L
6 |
35t
o
O L
G
X3 r
2 -
1 -
0
Island Shelf Shore Other

16



Table 1. Summery of the demographics for the original birth cohort and analytical sample.

Original birth Analytical sample with p-value
cohort DNAm
n =531 n=34
Gestational Age (week) | 38.51 (9.97) 39.09 (2.02) 0.1085
Gender (Boy); n(%) | 281 (53.63%) 17 (51.52%) 0.8075
Mother’s age (years) | 24.32 (3.70) 23.55 (1.35) 0.0025
Father’s age (years) | 26.87 (4.48) 26.17 (4.39) 0.4012
Maternal Smoking; n (%)
Yes | 164 (33.33%) 15 (46.88%) 0.1041
No | 328 (66.67%) 17 (53.13%)
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Table 2. Summery of the number and percentage of overall agreed, consistent and stable
CpGs between DNAm of Cord blood and Guthrie Card among all the CpGs in the study
(n=430,647)

Number of CpG (%)

Overall Agreement

Based on paired t test to compare the means | 301,935 (70.1%)
Consistency
Correlation cutoff for consistency
>0.3 | 33,513 (7.8%)
>0.5 | 94,293 (21.9%)

Stability
ICC cutoff for stability
>0.5 | 25,800 (6.0%)
>0.6 | 15,810 (3.7%)
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