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Epigenome-scale comparison of DNA methylation between blood leukocytes and bronchial

epithelial cells

Abstract

Aim: Agreement in DNA methylation (DNAm) at the genome scale between blood leukocytes
(BL) and bronchial epithelial cells (BEC) is unknown. We examine as to what extent DNAm in
BL is comparable with that in BEC and serves as a surrogate for BEC.

Methods: Overall agreement (paired t-tests with false discovery rate adjusted p-value >0.05) and
consistency (Pearson’s correlation coefficients >0.5) between two tissues, at each of the 767,412
CpGs, were evaluated.

Results & Conclusion: We identified 247,721 CpGs showing overall agreement and 47,371
CpGs showing consistency in DNAm. Identified CpGs are involved in certain immune pathways,
indicating the potential of using blood as a biomarker for BEC at those CpGs in lower airway-
related diseases. CpGs showing overall agreement and those without overall agreement are

distributed differently on the genome.
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Introduction

Epigenetic modifications to DNA potentially mediate the effect of environment
exposures on the risk of various health conditions. One of the most commonly studied epigenetic
mechanisms is DNA methylation (DNAm), which refers to an addition of a methyl (CH3) group
to DNA. This occurs primarily at the cytosine of cytosine-guanine dinucleotide (CpG) sites in
mammalian cells [1].

DNAm in the lower airway tissues, such as bronchial epithelial cells (BEC), is regarded
as an informative source to study the underlying epigenetic mechanisms of asthma and other
respiratory diseases [2,3], such as chronic obstructive pulmonary disease (COPD). However,
sampling of bronchial epithelium is relatively invasive compared to sampling of blood and
generally not feasible in population-based studies [3]. As a result, a much larger number of
studies have focused on associations for DNAm in blood leukocytes (BL) rather than in lower
airway tissues when investigating respiratory diseases such as COPD and asthma [4-11]. A
recent systematic review of epigenome wide association studies (EWAS) demonstrated
significant associations between asthma and DNAm at CpGs from cells in different tissues
(blood cells, nasal epithelial cells, and airway epithelial cells) [8]. Another EWAS meta-analysis
of DNAm and childhood asthma from eight cohorts conducted by the Pregnancy And Childhood
Epigenetics consortium showed that DNAm in blood and nasal respiratory epithelium was
associated with childhood asthma and the associations are in the same direction between the two
tissues [12].

It has been suggested that epigenetic modifications, including DNAm, are largely tissue
and cell type specific and several studies have compared such specificity between BEC and BL

[3,9,13-17]. One study investigated a pre-selected set of CpGs (1027 CpGs) in peripheral blood
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mononuclear cells (PBMCs) and in airway epithelial cells (AECs) from 25 individuals, and 57 of
the 1027 CpGs were differently methylated irrespective of asthma status [16]. Brugha et al.
compared DNAm in BEC, BL, and nasal epithelial cells and suggested lower agreement between
BEC and BL [3]. However, the findings were based on six children aged 5-13 years. Some other
studies, on the other hand, showed certain concordance between DNAm in blood and DNAm in
cells from respiratory epithelium [18]. Nevertheless, no studies have assessed the level of tissue
specificity in young adulthood at the genome scale, i.e., as to what extent DNAm in blood is
comparable with that in bronchial epithelium cells irrespective to other health conditions or
exposures, and no studies discussed the distributions of these comparable CpG sites as well as
incomparable sites regarding their location on genes and their position with respect to CpG
islands. This type of assessment has the potential to offer an overall picture of DNAm profile in
BL compared to that in BEC. In the present study, we tackled this problem using epigenome-
scale DNAm data of young adults aged 20-21 year from a birth cohort located on the Isle of

Wight, United Kingdom.

Methods
Study population

This study was based on data of a birth cohort from the Isle of Wight (IOW) in the United
Kingdom. The IOW Birth Cohort IOWBC) was designed to study the natural history of asthma
and allergies, and to identify potential environment and genetic risk factors. This cohort contains
1,536 children born on IOW between January 1, 1989 and February 28, 1990, and the majority of
the cohort participants are Caucasians (>98%). The study was approved by the IOW Local
Research Ethics Committee at recruitment initial assessments and further assessments were

approved by the National Research Ethics Service (06/Q1701/34). Informed consents were
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obtained from the newborn’s parents at birth and later from the participants. Details of the
IOWBC have been described elsewhere [19,20]. Due to still birth, adoption, and refusals for
further follow-up, informed consent was obtained from 1,456 out of 1,536 (~95%) newborns.
These 1,456 (n=721 males; 49.5%) were followed-up at different ages.
BL and BEC collection and DNA methylation (DNAm) assessment

Forty-five subjects (equal numbers of persistent, remission, and no asthma) had a
fiberoptic bronchoscopy at ages 21 to 22 performed under sedation and local anesthesia,
according to a standard protocol [21] and approved by the local research ethics committee.
Bronchial brush biopsies were taken with a sterile single-sheathed nylon cytology brush from an
approximately 3-4 cm? intra-bronchial area from the proximal part of the right or left main
bronchus. Blood samples of these 45 subjects were also collected when BEC was sampled. Cells
were stored in RNA later at -80°C. DNA and RNA were isolated from BEC using an AllPrep
DNA/RNA Mini kit (Qiagen, Valencia, CA) and quality was assessed using an Agilent
bioanalyser. Of the 45 subjects, six males and eight females (total n=14) had enough DNA
samples collected from both BL and BEC for subsequent DNA methylation (DNAm) analyses.

Details of DNAm assessment and pre-processing were in Supplementary Material S1. To
assist with the comparison in DNAm at CpGs between the two tissues, CpGs were categorized
into three levels based on DNAm (in B values) at each CpG. Following the literature, a CpG was
classified as a hypomethylated site (including unmethylated sites as well as CpGs with rather low
methylation) if a B value was between 0 and <0.2, a heterogeneously methylated site if 3 >0.2
and <0.8 (exclusive), or a hypermethylated site if 3>0.8 [22-25].

After pre-processing, a total of 774,463 CpGs were included in the analyses. CpGs from

both tissues with greater than 4 missing values were excluded from analyses to ensure at least 10
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pairs of DNAm data were available at each CpG. As a result, 7,051 (0.9%) of the 774,463 CpGs
were excluded, i.e., a total of 767,412 CpGs were included in subsequent analyses.
Statistical methods

To examine the comparability between BL and BEC in DNAm at the genome scale, at
each CpG site, we used two methods. In the first method, paired t-tests were applied to each CpG
site to compare DNAm in BL with that in BEC. Such comparisons were on the mean differences
in DNAm between BL and BEC, which potentially provided an overall agreement between the
two tissues in DNAm. Since B values have severe heteroscedasticity in low (0 to 0.2) and high
(0.8 to 1) methylation ranges, which potentially violates normality assumption required in t-tests,
as suggested in the literature [26], M values, calculated as logit transformed B values, were used
to assess the overall agreement. In the second approach, we utilized Pearson’s correlation
coefficients calculated based on B3 values at each CpG to examine linear correlations between the
two tissues. This type of assessment of comparability is at the individual level and we denote it
as an assessment of consistency. As in Jiang et al. [27], a CpG with correlation higher than 0.5
was regarded as a consistent CpG between the two tissues.

CpGs occur with high frequency in CpG islands (a dense region of CpG site) [28]. In
human genes, about 40% to 70% of promoter regions contain a CpG island [28-30]. CpGs with
DNAm in promoter regions reflect potential biological implications on the gene activity. For the
identified CpGs showing overall agreement or consistency, we thus examined their locations
with respect to important genomic regions such as CpG islands and adjacent regions and
locations on genes. The chromosomal locations of CpGs were extracted from the [llumina
Infinium MethylationEPIC v1.0 B4 Manifest File (https: //support.illumina.com/downloads/

infinium-methylationepic-v1-0-product-files.html). In terms of genomic position relative to the
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coverage of CpG island and adjacent regions, the location of a CpG is either on: (i) a CpG island,
(i1) a shore 2k base pairs [bps] up- and down-stream of the island, or (iii) a shelf located 2k bps
outside of the shores [30,31]. We further refer to CpGs that are not in any of the categories listed
above as “open sea” [32]. The proportion of agreed or consistent CpGs located to a specific
genomic region (island, shore, shelf, or open sea) was calculated as the number of identified
CpGs showing overall agreement or consistency in a region (island, shore, shelf, or open sea)
divided by the number of total CpGs in that specific region included on the array.

For the location of a CpG on a gene, seven locations were defined [27]: (i) TSS1500
(between 200 and 1500 bps upstream of transcription start site; TSS), (i1) TSS200 (200 bps
upstream of TSS), (ii1) S'UTR (5’ untranslated region), (iv) 15t exon, (v) body, (vi) exon
boundaries, and (vii) 3'UTR (3’ untranslated region). CpGs not in any of these defined gene
regions were considered as “intergenic”. The proportion of agreed or consistent CpGs located to
a specific location on a gene was calculated as the number of identified CpGs showing overall
agreement or consistency at each of the seven locations divided by the number of total CpGs in
that location.

In all statistical analyses, a false discovery rate (FDR) of 0.05 was applied to adjust for
the inflation of significance levels due to multiple testing. Analyses were performed in R
package version 3.6.2 or SAS package version 9.4.

Pathway analysis

The identified CpGs showing overall agreement or consistency were mapped to genes,
and these mapped genes were further assessed for their enrichment in pathways. The gometh
function in the R package missmethyl was used for the enrichment analyses [33]. Multiple testing

was adjusted by controlling an FDR of 0.05.
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Results

Majority of the 14 subjects were non-smokers, not exposed to maternal smoking during
pregnancy, and without family history of asthma, and no statistically significant differences were
shown between male and females on these variables (Table 1).
Overall agreement and consistency in DNAm between the two tissues

For the assessment on overall agreement in DNAm, after adjusting for multiple testing by
controlling for FDR at 0.05, at 247,721 CpGs (32.3% of the 767,412 CpGs), DNAm did not
show a statistically significant difference between BL and BEC, and these CpGs were treated as
CpGs showing overall agreement in DNAm between the two tissues. With regards to Pearson’s
correlation analysis for the consistency in DNAm, we identified 47,371 CpGs (6.2% of the
767,412 CpGs) with correlation coefficients greater than 0.5. Following our definition, these
were regarded as CpGs showing consistency in DNAm between the two tissues, and 42.9% of
these 47,371 CpGs were also among the identified CpGs showing overall agreement (Figure 1).
Genomic Locations of the identified CpGs

For the identified CpGs showing overall agreement or consistency in DNAm, we
examined their genomic position relative to CpG island and adjacent regions (island, shore, shelf,
and open sea) as well as their location on genes (TSS1500, TSS200, 5S'UTR, 15t exon, gene body,
exon boundaries, 3'UTR, and intergenic). Among all CpGs located in different regions relative to
CpG island and adjacent regions, the highest percentage of identified CpGs shown to have
overall agreement or to be consistent was found in CpG islands (Figures 2a and 2b). Specifically,
of the 143,982 total CpGs in CpG island, 59.3% (85,324 CpGs) showed overall agreement
between BL and BEC (Figure 2a), and 8.7% (12,521 CpGs) showed consistency (Figure 2b).

Consequently, the patterns revealed by Figures 2a and 2b indicated that for CpGs not showing
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overall agreement or consistency, the highest percentages of such CpGs were found in “open
sea”; in this location, DNAm at 76.6% of the CpGs did not indicate overall agreement and 94.8%
showed no consistency between BL and BEC.

Turning to the location of identified CpGs on different regions of genes, the highest
percentage of identified CpGs shown to have overall agreement or be consistent between BL and
BEC was in the TSS200 region (Figures 3a and 3b), and second highest percentage was the 1%
exon region. Of the 70,873 total CpGs located in the TSS200 regions of a gene, 58.4% (41,372
CpGs) showed overall agreement in DNAm, and 7.7% (5,441 CpGs) showed consistency in
DNAm between the two tissues. On the other hand, at CpGs not showing overall agreement
CpGs, the highest percentage (75.5%) of such CpGs was in the “intergenic regions,” and for
inconsistent CpGs, the highest percentage (94.9%) was in the “Exon Boundaries.”

Locations relative to genes of the identified CpGs classified by their CpG island and adjacent
regions

We were interested in finding out whether the identified CpGs shown overall agreement
or consistency localized to CpG islands were also co-located to the promoter regions (TSS200
and TSS1500). To answer this, we further examined those identified CpGs by combining the
findings with respect to CpG islands and the findings related to location in genes. For the
identified CpGs located in CpG islands and showing overall agreement in DNAm, the highest
percentage (25.1%) of the identified CpGs were located in the region TSS200 (Figure 4a).
Farther from the CpG island, the percentages of identified CpGs in TSS200 decreased; less than
4% of such identified CpGs in CpG shelf and in open sea were in the TSS200 region (2.3% and
3.5%, respectively). The pattern in DNAm consistency between the two tissues was slightly

different from that in overall agreement (Figure 4b). For the identified CpGs located in CpG
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island and showing consistency, the highest percentage of those CpGs were in the body of genes
(21.04%), slightly higher than the percentage of CpGs in the TSS200 region (20.99%). Farther
from the CpG island, the percentages of identified CpGs in TSS200 decreased as well (Figure
4b), as seen in the results for overall agreement.

Our additional assessment indicated that, among identified CpGs (overall agreement or
consistency) located in the promoter regions (TSS1500 and TSS200), about 44% to 56% were in
CpG islands (Supplementary Figure 1a and 2a), but for CpGs not comparable (overall disagreed
or inconsistent), the percentages are 23% to 38% (Supplementary Figure 1b and 2b).

To have a complete picture of the comparison, for CpGs not comparable (overall
disagreed or inconsistent) between BL and BEC, we included their distribution patterns with
respect to CpG islands and gene regions in Supplementary Figure 3 and 4. The distribution of the
overall disagreed CpGs was different from that of CpGs showing an overall agreement. In
particular, on CpG islands, the highest percentage of those overall disagreed CpGs was located in
the body of genes rather than promoter regions. Farther from the CpG island, the percentages of
disagreed CpGs located in body region increased. The pattern of inconsistent CpGs was in
general comparable to the pattern of CpGs not showing overall agreement (Supplementary
Figure 3).

Allocation of hypo-, hetero-, and hyper-methylated identified CpGs in locations relative to
genes

Figure 5a shows the percentages of identified CpGs with overall agreement in DNAm,
based on paired t-tests, with respect to their methylation levels on different locations relative to
genes. In TSS1500, TSS200, 5’UTR, and 1% exon regions, most identified CpGs were

hypomethylated (~69% to ~92%). For instance, in TSS200, of the 41,372 overall agreed CpGs,
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91.6% (37,916) of them were classified as being hypomethylated, 2,113 (5.1%) CpGs were
heterogeneously methylated or hetero-methylated, and only 3.2% (1,343 CpGs) were
hypermethylated. For other locations, they were dominated by hypermethylated CpGs (Figure
Sa).

For identified CpGs showing consistency in DNAm between the two tissues, although the
assessment of consistency focused on correlation in DNAm rather than average in DNAm at
each CpG site, distribution patterns of DNAm levels at the identified CpGs were similar (Figure
5b for BL and Supplementary Figure 5 for BEC). However, dominance patterns of
hypomethylated CpGs were different as seen for the identified CpGs showing overall agreement.
A majority of the identified CpGs showing consistency located in two regions, TSS200 and 1%
exon, were classified as hypomethylated (~76% to ~78%; Figure 5b). For example, in TSS200,
of the 5,441 consistent CpGs, 77.5% (4,215) of them were classified as being hypomethylated,
950 (17.5%) CpGs were heterogeneously methylated or hetero-methylated, and only 5.1% (276
CpGs) were hypermethylated. In TSS1500 and 5’UTR, about half of CpGs were hypomethylated
(~49% to ~55%). For other regions, they were dominated by the hetero-methylated CpGs (Figure
5b).

As done for the allocations of overall agreed and individually consist CpGs, the
distribution patterns of DNAm levels for CpGs not comparable between BL and BEC were
shown in Supplementary Figures 6 to 9. For CpGs not showing overall agreement between BL
and BEC, the percentages of hetero-methylated CpGs sites in all the seven regions were very
different compared to those for CpGs showing overall agreement. In particular, for disagreed
CpGs in the locations of body, exon boundaries, 3’UTR, and intergenic, greater than 50% of

such CpGs were hetero-methylated, while for overall agreed CpGs, all percentages are <38%. In
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the regions of TSS1500 and 5’UTR, >50% CpGs were hetero-methylated, while for overall
agreed CpGs, such percentages in these two regions were <15%. Interestingly, for the CpGs
inconsistent in DNAm between BL and BEC, the allocation percentages were comparable to the
percentages for the consistent CpGs across all the seven regions.
Pathway analysis for identified CpGs showing overall agreement and consistency between BL
and BEC

The 247,721 identified CpGs showing overall agreement and the 47,371 identified CpGs
showing consistency were mapped to 23,284 and 15,637 genes, respectively, and pathway
analyses were conducted on these two sets of genes separately. Using the gometh function in R,
the identified CpGs with overall agreement in DNAm were involved in 128 statistically
significant pathways, and the consistent CpGs were involved in seven pathways (Supplementary
Table 1). Of the 128 (minimum FDR-adjusted p=1.72x10-15) and the seven (minimum FDR-
adjusted p=0.003) pathways, the most statistically significant pathway was metabolic pathways
(Table 2). Furthermore, five pathways, endocytosis, fatty acid metabolism, apelin signaling
pathway, axon guidance, and synaptic vesicle cycle, were common between the two pathway
analyses (namely those of overall agreed and those of consistent CpGs). Four of the 10 most
statistically significant pathways identified based on overall agreement CpGs were related to
immunity (platelet activation, C-type lectin receptor signaling pathway, Fc gamma R-mediated

phagocytosis, and B cell receptor signaling pathway, Table 2).

Discussion
Several studies have focused on epigenome-scale comparison of DNA methylation
between blood leukocytes and bronchial epithelial cells [2,3,16,17]. However, to the best of our

knowledge, this is the first study that comprehensively assessed the level of comparability
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https://mc04.manuscriptcentral.com/fm-epi



Page 67 of 75

231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251

252

Epigenomics

(overall agreement and consistency) in DNAm in young adults between BL and BEC at a
genome scale, as well as the distributions of comparable and incomparable CpG sites regarding
their location on genes and their position with respect to CpG islands. With genome-scale
DNAm data in the IOWBC, of the 767,412 CpGs, 247,721 (32.3%) CpGs showed an overall
agreement in DNAm and 47,371 (6.2%) CpGs demonstrated consistency in DNAm between BL
and BEC. It is worth noting that recent studies suggested that nasal epithelium could be a better
surrogate tissue for bronchial epithelial cells compared to blood in the studies of asthma [2,3,34].
Epidemiological studies of epigenetics and asthma to date, however, have predominantly
measured DNAm using blood leucocytes (BL) [4-11] because these sources of samples are
readily accessible [3]. Findings from our assessment on comparable and incomparable CpGs
have the potential to benefit studies utilizing DNAm in BL.

Of the 143,982 total CpGs located in CpG islands, about 60% of them showed overall
agreement identified by paired t-tests, while only 8.7% of them were shown to be consistent (via
Pearson’s correlation coefficients). Although the percentage of consistency is lower than that of
overall agreement, the coverage patterns are comparable between findings based on paired t-tests
and those based on Pearson’s correlations. This observation is in line with the fact that the CpG
island is a region with a high frequency of CpG sites [28]. Our study also shows that about 40%
of the CpGs with overall agreement and 34% with consistency between BL and BEC were
localized to CpG islands in proximal promoter regions, with potential biological implications on
the gene activity. Our additional assessments showed that among the identified comparable
CpGs (overall agreement or consistency) in promoter regions, 44-56% were in CpG islands,

almost double the percentages for incomparable CpGs (overall disagreed or inconsistent). Such a

12
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discrepancy in percentage supports a suggestion that the comparability between the two tissue
was not by chance, although they are not perfectly comparable.

Regardless of the tissue types, most of the identified CpGs located in TSS200 and 1%t
exon of genes were hypomethylated, and a very small portion of the CpGs were heterogeneously
methylated. Although the patterns of distribution are similar between the two tissues, there is a
possibility that for certain CpGs, DNAm is correlated, but the magnitude in DNAm is different
on average.

This study used paired t-test and Pearson’s correlation coefficient to identify the agreed
or consistent level of DNAm at CpGs between BL and BEC. For each CpG site, the paired t-test
compared its DNAm in BL with that in BEC and assessed their differences on average. Thus, its
focus was on the mean differences in DNAm between BL and BEC. On the other hand, the
Pearson’s correlation analyses evaluated linear correlation between the two tissues to assess the
agreement at an individual level. Because paired t-test only compares the mean of the DNAm
level rather than the linear correlation of individuals, the overall agreed CpGs based on paired t-
tests reflect that the means are the same in two tissues regardless of the linearity when comparing
each DNAm value, and thus are less stringent compared to correlation-based assessments. This
explains why we identified more CpGs that agreed between the two tissues based on paired t-
tests than those based on Pearson’s correlation assessments. An intraclass correlation coefficient
(ICC) was not used in the assessment of agreement, because the ICC evaluates whether DNAm
between two tissues is identical, which is overly stringent and is not the focus of our study.

We did not adjust for cell types in the present study. The focus of our study was to assess

overall agreement and consistency in DNAm measured between BL and BEC, regardless of any
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tissue-specific factors. Thus, adjustment of cell types was not encouraged, since it would
potentially lead to biased assessment and comparisons between the two tissues.

Multiple immunity related pathways are well represented by the identified CpGs,
indicated by strong statistical significance shown in pathway analyses. Platelet activation factor
(Table 2) has been implicated in IgE-mediated antigen-dependent allergic inflammation and in
allergic asthma that initiates a cascade of events starting from the production of inflammatory
mediators to propagation of an airway inflammatory response [35]. c-type lectin receptors belong
to a major class of pattern recognition molecules during fungal infection. Besides their role in
innate and adaptive immunity, c-type lectin receptors participate in shaping allergic airway
diseases, specifically in response to allergens of fungal origin from house dust mite [36,37].
Single nucleotide polymorphisms in the Fc gamma receptor II have been found to be associated
with several airway-associated diseases such as recurrent bacterial tract infection, bacteremia
pneumococcal pneumonia, severe acute respiratory syndrome, and atopy [38]. A similar
relationship between IgE and Fc gamma receptor III was observed in murine models [39]. B cell
receptor signaling (Table 2) was shown to upregulate the otherwise tightly controlled IgE
production by promoting the rapid differentiation of B cells into IgE producing plasma cells, a
proposed mechanism for IgE-mediated atopy [40,41].

A limitation of this study is the small sample size. A further evaluation of the identified
CpGs is certainly needed in a large-scale study. On the other hand, with paired data, the
homogeneity in an individual is expected to be high, partially compensating for the power loss.
In addition, our results were limited to the design of arrays that do not measure genome wide
methylation, but a selected representation of the genome. In this case, the proportions calculated

are conditional on the number of CpGs in a region or location included on an array. Another
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limitation is that we assumed CpGs were independent and examined one CpG at a time.
However, DNAm at CpGs in CpG islands tends to be correlated. Taking this correlation into
account, further analytic approaches, such as spatial modelling, are needed to investigate the
agreement between the two tissues.

The findings suggested that DNAm between BL and in BEC was comparable at certain
CpGs and those CpGs were more likely to be in CpG islands of promoter regions of genes.
Given the regulatory function of DNAm on gene activity, at CpG sites showing comparability
between the two tissues, it is possible to use blood collected from less invasive sampling
approach as a biomarker for BEC in epigenetic mechanism studies of lower airway-related
diseases. However, due to potential tissue specificity and given the small sample size in this
study and large variation of DNAm across subjects, we do not have a sufficient power to draw a
conclusion regarding the potential of surrogacy and large scale studies as well as laboratory

experiments are greatly needed to further assess the CpGs identified in our study.

Future perspective

Improved understanding of epigenetic mechanisms in the development of allergic
diseases is critical to the basis for future allergic disease diagnosis and treatment, and in the long
run for epigenetic therapies. Compared to airway tissues, blood-based specimens are a promising
source of less invasive biomarkers in large scale studies and lend itself to a widespread use in clinical
practice. Due to the potential of using whole blood as a biomarker for bronchial epithelial cells at
a large number of CpG sites, our findings may benefit future epigenetic studies on lower airway

related diseases, especially when a large-scale assessment is the preference.

Summary points
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e DNA methylation (DNAm) in bronchial epithelial cells (BEC) contributes greatly to the
understanding of underlying epigenetic mechanisms of asthma and other respiratory diseases.
However, sampling from lower airway tissues is relatively more invasive compared to
sampling from blood.

e Comparability (agreement or consistency) in DNAm at the genome scale between whole blood
and BEC is unknown, and the distributions of comparable and incomparable CpGs are
unknown.

e This study examined to what extent DNAm measured in whole blood is comparable with that
in BEC and has a potential of serving as a surrogate for DNAm in BEC.

e Six males and eight females aged 20-21 years with DNA samples available in both blood
leukocytes (BL) and BEC from Isle of Wight Birth Cohort were included in this study.

¢ Overall agreement (paired t-tests of the average DNAm difference with p-value >0.05 after
controlling false discovery rate) and consistency (DNAm Pearson’s correlation coefficients
>(0.5) between the two tissues, at each of the 767,412 CpGs, were evaluated.

e We identified 247,721 (32.3%) CpGs showing overall agreement and 47,371 (6.2%) CpGs
showing consistency in DNAm between BL and BEC.

e A large portion of comparable CpGs are located in the CpG islands and in the promoter region
(TSS1500 and TSS200) of genes, and certain immune pathways are well represented by the
identified CpGs, indicating the potential of using blood as a marker for BEC at those CpGs for

assessment of epigenetics of lower airway-related diseases.
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Table 1. Demographic and disease status of subjects.
Male Female p-value
n (%) 6 (42.9%) 8 (57.1%) 0.62
Mean of BMI (SD) 28.0 (5.8) 24.7(4.5) 0.27
Smoking status 0.58
Current 1 (16.7%) 2 (25.0%)
Ever 0 (0.0%) 2 (25.0%)
Never 5 (83.3%) 4 (50.0%)
Exposed to maternal smoking; n (%) 0.47
Yes 0 (0.0%) 2 (25.0%)
No 6 (100%) 6 (75.0%)
Diagnosed with asthma; n (%) 1.00
Yes 2 (33.3%) 3 (37.5%)
No 4 (66.7%) 5 (62.5%)
Mother had asthma; n (%)
Yes 0 (0.0%) 0 (0.0%) N/A
No 6 (100%) 8 (100%)
Father had asthma; n (%) 1.00
Yes 0 (0.0%) 1 (12.5%)
No 6 (100%) 7 (87.5%)
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Table 2. The significant KEGG enrichment pathways analysis with gometh function in R.

Pathway Gene count p value® FDR p value® p value®s FDR p value®s
Metabolic pathways* 1470 5.12x10°18 1.72x10°15 9.61x10¢ 0.003
Endocytosis* 246 4.03x107 7.55%10* 8.67x107 0.015
Fatty acid metabolism* 56 0.011 0.034 3.37x10* 0.028
Apelin signaling pathway* 137 0.003 0.015 4.35x10* 0.029
Axon guidance* 180 1.94x10 0.002 8.65x10* 0.042
Synaptic vesicle cycle* 78 1.07x10 0.001 8.54x10* 0.042
Platelet activation** 124 0.001 0.009 - -
C-type lectin receptor signaling pathway** 104 0.005 0.020 - -
Fc gamma R-mediated phagocytosis** 92 0.005 0.021 - -

B cell receptor signaling pathway** 80 0.013 0.037 - -

*Pathways in both paired t-test and Pearson’s correlation
** Immunity related pathways based on paired t-test only

$p value for paired t-test based pathway

$$ p value for Pearson’s correlation based pathway
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N=247,721 (32.3%)

CpGs in analysis
N= 767,412 (100%)

Figure 1. Overlapped of identified CpGs showing overall agreement (paired t-test adjusted
by FDR p-value >0.05, dark gray) and identified CpGs showing consistency (Pearson’s
correlation > 0.5, white)
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Figure 2a. Allocation of CpGs showing overall agreement in DNAm (based on paired t-test)
to CpG island and adjacent regions. Each percentage was calculated as the number of
identified CpGs showing overall agreement between BL and BEC in a region divided by the
number of total CpGs found in that specific region in the human genome.
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Figure 2b. Allocation of CpGs showing consistency of Pearson’s correlation > 0.5 to CpG
island and adjacent regions. Each percentage was calculated as the number of identified CpGs
showing consistency between BL and BEC in a region divided by the number of total CpGs in
that specific region in the human genome.
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Figure 3a. Allocation of CpGs showing overall agreement in DNAm (based on paired t-
tests) to their locations relative to genes. Each percentage was calculated as the number of
identified CpGs showing overall agreement between BL and BEC in a location divided by the
number of total CpGs in that specific location in the human genome.
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Figure 3b. Allocation of CpGs showing consistency of Pearson’s correlation > 0.5 to their
locations relative to genes. Each percentage was calculated as the number of identified CpGs
showing consistency between BL and BEC in a location divided by the number of total CpGs in
that specific location in the human genome.
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Figure 4a. Distribution of CpGs showing overall agreement in DNAm (based on paired t-
tests) between BL. and BEC with regard to their locations relative to genes, categorized by
their CpG island and adjacent regions. The numbers on top of the bars are the number of
identified CpGs showing overall agreement in island, shore, shelf, or open sea. The sum of these
numbers is greater than the number of agreed CpGs (247,721) due to multiple gene features
associated with some CpGs. The percentage values for Exon Boundaries were marked outside
the bars. TSS: Transcriptional start site, UTR: untranslated region.
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Figure 4b. Distribution of CpGs showing consistency of Pearson’s correlation > 0.5
between BL and BEC with regard to their locations relative to genes, categorized by their
CpG island and adjacent regions. The numbers on top of the bars are the number of identified
CpGs showing consistency in island, shore, shelf, or open sea. The sum of these numbers is
greater than the number of consistent CpGs (47,371) due to multiple gene features associated
with some CpGs. The percentage values for Exon Boundaries were marked outside the bars.
TSS: Transcriptional start site, UTR: untranslated region.
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Figure 5a. DNA methylation profiles of CpGs showing overall agreement in DNAm (based
on paired t-tests) between BL. and BEC by their locations relative to genes. CpGs were
grouped into three levels of DNAm based on B value: hypomethylated (B value of 0 to <0.2),
heterogeneously methylated (B value of >0.2 to <0.8) and hypermethylated (8 value of >0.8 to 1).
The numbers on top of the bars are the number of identified CpGs showing agreement between
the two tissues and are located in the gene features listed on the X-axis. The sum of these
numbers is greater than the number of agreed CpGs (247,721) due to multiple gene features
associated with some CpGs.
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Figure 5b. DNA methylation profiles of CpG sites showing consistency of Pearson’s
correlation >0.5 between BL and BEC by their locations relative to genes. CpG sites were
grouped into three levels of DNAm based on B value from BL: hypomethylated (B value of 0 to
<0.2), heterogeneously methylated (3 value of >0.2 to <0.8) and hypermethylated (8 value of
>0.8 to 1). The numbers on top of the bars are the number of identified CpGs showing
consistency between the two tissues and are located in the gene features listed on the X-axis. The
sum of these numbers is greater than the number of consistent CpGs (47,371) due to multiple
gene features associated with some CpGs. The distribution patterns for BEC were similar to BL
(See Supplementary Figure 5).
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S1. DNA methylation and Preprocessing

DNA was extracted from both BL and BEC samples using a standard salting out procedure [1].
The protocols for DNAm assessment were the same for these two types of tissue (BL and BEC).
DNA concentration was determined by Qubit quantitation and 1 pg of DNA sample was
bisulfite-treated to convert cytosine to thymine using the EZ-96 DNA methylation kit (Zymo
Research, Irvine, CA, USA), following manufacturer’s protocol. Methylation at >850,000 CpGs
was assessed using MethylationEPIC Beadchips (Illumina, Inc., San Diego, CA, USA). Arrays
were processed with a standard protocol as described by Bibikova and Fan [2], in which multiple
identical control samples were assigned to each bisulfite conversion batch to evaluate assay
variability.

Intensity values from raw DNAm IDAT files were background corrected and CpGs with
detection p-values greater than 10-16 were excluded. Quantile normalization was performed on
intensity values using the R minfi package, and then 3 values [3] were calculated using the
quantile normalized intensities. A B value at a probe is defined as the ratio of fluorescent signals
from methylated and unmethylated probe intensities, representing the percentage of methylation
[4]. Finally, the R package ComBat was applied to correct for batch effects and other technical
variations [5].

Only autosomal probes were included in this study to avoid potential bias in DNAm, since
DNAm levels on sex chromosomes are different between male and female X chromosomes [6].
In the IOWBC, CpGs with probe-SNPs within 10 base pairs of the CpG site and with minor
allele frequency (MAF) greater than 0.007 were also excluded, (i.e., ~>10 out of 1,456 subjects
expected to have the minor allele in the cohort).
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Supplementary Figure 1a. Distribution of CpGs showing overall agreement in DNAm
(based on paired t-tests) between BL and BEC with regard to their CpG island and
adjacent regions, categorized by their locations relative to genes. The numbers on top of the
bars are the number of identified CpGs showing overall agreement in TSS1500, TSS200, 5’UTR,
IstExon, Body, Exon Boundaries, 3’UTR, or Intergenic. The sum of these numbers is greater
than the number of agreed CpGs (247,721) due to multiple gene features associated with some
CpGs. Some of the percentage values for Shelf were marked outside the bars. TSS:
Transcriptional start site, UTR: untranslated region.

Note: (45937*40.8% + 41372*72.9%) / (45937 + 41372) = 56% of promoter regions contain
CpG islands.
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Supplementary Figure 1b. Distribution of CpGs NOT showing overall agreement in DNAm
(based on paired t-tests) between BL and BEC with regard to their CpG island and
adjacent regions, categorized by their locations relative to genes. The numbers on top of the
bars are the number of identified CpGs showing overall agreement in TSS1500, TSS200, 5’UTR,
IstExon, Body, Exon Boundaries, 3’UTR, or Intergenic. The sum of these numbers is greater
than the number of agreed CpGs (519,691) due to multiple gene features associated with some
CpGs. Some of the percentage values for Shelf were marked outside the bars. TSS:
Transcriptional start site, UTR: untranslated region.

Note: (67297*15.8% +29501*38.1%) / (67297 + 29501) = 23% of promoter regions contain
CpG islands.
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Supplementary Figure 2a. Distribution of CpGs showing consistency of Pearson’s
correlation >0.5 between BL. and BEC with regard to their CpG island and adjacent
regions, categorized by their locations relative to genes. The numbers on top of the bars are
the number of identified CpGs showing consistency in TSS1500, TSS200, 5’UTR, 1stExon,
Body, Exon Boundaries, 3°’UTR, or Intergenic. The sum of these numbers is greater than the
number of consistent CpGs (47,371) due to multiple gene features associated with some CpGs.
Some of the percentage values for Shelf were marked outside the bars. TSS: Transcriptional start
site, UTR: untranslated region.

Note: (7537%29.5% + 5441*64.3%) / (7537 + 5441) = 44% of promoter regions contain CpG
islands.
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Supplementary Figure 2b. Distribution of CpGs NOT showing consistency of Pearson’s
correlation >0.5 between BL and BEC with regard to their CpG island and adjacent
regions, categorized by their locations relative to genes. The numbers on top of the bars are
the number of identified CpGs showing consistency in TSS1500, TSS200, 5’UTR, 1stExon,
Body, Exon Boundaries, 3’UTR, or Intergenic. The sum of these numbers is greater than the
number of consistent CpGs (720,041) due to multiple gene features associated with some CpGs.
Some of the percentage values for Shelf were marked outside the bars. TSS: Transcriptional start
site, UTR: untranslated region.

Note: (105733%25.7% + 65432*57.9%) / (105733 + 65432) = 38% of promoter regions contain
CpG islands.
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Supplementary Figure 3. Distribution of CpG sites NOT showing overall agreement in
DNAm (based on paired t-tests) between BL and BEC with regard to their locations
relative to genes, categorized by their CpG island and adjacent regions. The numbers on top
of the bars are the number of identified CpGs showing disagreement in island, shore, shelf, or
open sea. The sum of these numbers is greater than the number of disagreed CpGs (519,691) due
to multiple gene features associated with some CpGs. The percentage values for Exon
Boundaries were marked outside the bars. TSS: Transcriptional start site, UTR: untranslated

region.

The distributions of CpGs not showing overall agreement were different from the distributions of
CpGs showing overall agreement. For the CpGs located in CpG islands and not showing overall
agreement in DNAm, the highest percentage of those CpGs were in the body region.

Specifically, 28.4% of the CpGs were located in the body region. Farther from the CpG island,
the percentages of overall disagreed CpGs in the body region increased; more than 43% of such
CpGs in CpG shelf and in open sea were in the body region (43.2% and 43.1%, respectively).
Although, for CpGs located in Shore, 30.2% of the CpGs were in the TSS1500 region, the
percentage (31.3%) of CpGs in the body region slightly topped the distribution.
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Supplementary Figure 4. Distribution of CpG sites NOT showing consistency of Pearson’s
correlation >0.5 between BL. and BEC with regard to their locations relative to genes,
categorized by their CpG island and adjacent regions. The numbers on top of the bars are the
number of identified CpGs not showing consistency in island, shore, shelf, or open sea. The sum
of these numbers is greater than the number of inconsistent CpGs (720,041) due to multiple gene
features associated with some CpGs. The percentage values for Exon Boundaries were marked
outside the bars. TSS: Transcriptional start site, UTR: untranslated region.

The patterns of inconsistent CpGs were comparable to the patterns of CpGs not showing overall
agreement (Supplementary Figure 3). For the CpGs located in CpG islands and not showing
consistency in DNAm, the highest percentage (21.6%) of those CpGs were located in the body
region. Farther from the CpG island, the percentages of inconsistent CpGs in the body region
increased; more than 43% of such CpGs in CpG shelf and in open sea were found in the body
region (43.7% and 43.6%, respectively).
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Supplementary Figure 5. DNA methylation profiles of CpG sites showing consistency of
Pearson’s correlation >0.5 between BL and BEC by their locations relative to genes. CpG
sites were grouped into three levels of DNAm based on 3 value from BEC: hypomethylated (3
value of 0 to <0.2), heterogeneously methylated (B value of >0.2 to <0.8) and hypermethylated (B
value of >0.8 to 1). The numbers on top of the bars are the number of identified CpGs showing
consistency between the two tissues and are located in the gene features listed on the X-axis. The
sum of these numbers is greater than the number of consistent CpGs (47,371) due to multiple
gene features associated with some CpGs.
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Supplementary Figure 6. DNA methylation profiles of CpG sites NOT showing overall
agreement in DNAm (based on paired t-tests) between BL and BEC by their locations

relative to genes. CpG sites were grouped into three levels of DNAm based on 8 value from BL:

hypomethylated (B value of 0 to <0.2), heterogeneously methylated (8 value of >0.2 to <0.8) and
hypermethylated (3 value of >0.8 to 1). The numbers on top of the bars are the number of
identified CpGs showing disagreement between the two tissues and are located in the gene
features listed on the X-axis. The sum of these numbers is greater than the number of disagreed
CpGs (519,691) due to multiple gene features associated with some CpGs.

The percentages of hetero-methylated CpGs from BL in all the seven locations were very
different compared to the allocation percentages of overall agreed CpGs, especially in the
locations of body, exon boundaries, 3’UTR, and intergenic (>60% were hetero-methylated in
each location for non-overall agreement CpGs). In TSS1500 and 5’UTR, most CpGs were
hetero-methylated (~52% to ~53%).
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Supplementary Figure 7. DNA methylation profiles of CpG sites NOT showing overall
agreement in DNAm (based on paired t-tests) between BL and BEC by their locations
relative to genes. CpG sites were grouped into three levels of DNAm based on 3 value from
BEC: hypomethylated (B value of 0 to <0.2), heterogeneously methylated (B value of >0.2 to
<0.8) and hypermethylated (3 value of >0.8 to 1). The numbers on top of the bars are the number
of identified CpGs showing disagreement between the two tissues and are located in the gene
features listed on the X-axis. The sum of these numbers is greater than the number of disagreed
CpGs (519,691) due to multiple gene features associated with some CpGs.

The pattern is comparable to that in BL (Supplementary Figure 6). The percentages of hetero-
methylated CpGs in the locations of body, exon boundaries, 3’UTR, and Intergenic were slightly
lower than the percentages for disagreed CpGs in BL. In the TSS1500 region and 5’UTR, most
CpGs were hetero-methylated (~47%).

https://mc04.manuscriptcentral.com/fm-epi



Epigenomics
105,733 65,432 92,670 39,011 304,358 6,352 20,522 203,848

100

80

s 60
Q
(o]
i)
c
]

&LJ 40 77.3 75.7
47.7 46.6
20
16.7 16.4
6.3 10.5
0
TSS1500 TSS200 5'UTR 1stExon Body Exon Boundaries 3'UTR Intergenic

Hypomethylated m Heterogeneously M Hypermethylated

Supplementary Figure 8. DNA methylation profiles of CpG sites NOT showing consistency
of Pearson’s correlation > (.5 between BL. and BEC by their locations relative to genes.
CpG sites were grouped into three levels of DNAm based on 3 value from BL: hypomethylated
(B value of 0 to <0.2), heterogeneously methylated (3 value of >0.2 to <0.8) and hypermethylated
(B value of >0.8 to 1). The numbers on top of the bars are the number of identified CpGs not
showing consistency between the two tissues and are located in the gene features listed on the X-
axis. The sum of these numbers is greater than the number of inconsistent CpGs (720,041) due to
multiple gene features associated with some CpGs.

For the CpGs in BL not showing consistency, the allocation percentages were comparable to the
consistent CpGs across the seven locations (Figure 5b in the main text). Specifically, over 75%
of the CpG sites located in the TSS200 region (77.3%) and in the 1st Exon (75.7%) were
classified as hypomethylated. Slightly less than 50% of CpGs were classified as hypomethylated
in the TSS1500 region and 5’UTR (47.7% to 46.6%). The hetero-methylated CpG sites
dominated the other locations.
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Supplementary Figure 9. DNA methylation profiles of CpG sites NOT showing consistency
of Pearson’s correlation >0.5 between BL and BEC by their locations relative to genes. CpG
sites were grouped into three levels of DNAm based on 3 value from BEC: hypomethylated (3
value of 0 to <0.2), heterogeneously methylated (B value of >0.2 to <0.8) and hypermethylated (B
value of >0.8 to 1). The numbers on top of the bars are the number of identified CpGs not
showing consistency between the two tissues and are located in the gene features listed on the X-
axis. The sum of these numbers is greater than the number of inconsistent CpGs (720,041) due to
multiple gene features associated with some CpGs.

For the CpGs in BEC not showing consistency, the allocation percentages were comparable to
the consistent CpGs across the seven locations (Figure 5b in the main text). Specifically, more
than 75% of such CpGs in the TSS200 region (77.5%) and in the 1st Exon (75.5%) were
classified as hypomethylated. Slightly less than 50% of CpG sites were classified as
hypomethylated in TSS1500 and 5’UTR (47.6% to 48.5%). The hetero-methylated CpG sites
dominated the other regions.
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Supplementary Table 1. The whole list of KEGG enrichment pathways analysis with

gometh function in R

Based on identified CpGs showing overall agreement

Pathway Gene count p value FDR p value
Metabolic pathways 1470 5.12*108 1.72*1015
Huntington disease 257 2.48*108 4.17*1008
Rap1 signaling pathway 210 3.55*1007 3.98*10%
Thermogenesis 218 1.15*1006 6.52*10%
Alzheimer disease 320 1.16*10-06 6.52*10%5
Parkinson disease 235 1.00*10-06 6.52%10%5
Cellular senescence 157 1.50%10-06 6.63*10:%
Pathways in cancer 529 1.57*10:% 6.63*10-%
Hippo signaling pathway 157 2.38*10% 7.30%10%
Cushing syndrome 155 2.35*10 7.30*10%
Human papillomavirus infection 329 1.98%10-08 7.30*10%
Melanogenesis 101 5.78*1008 0.00015
Breast cancer 147 5.38*1006 0.00015
mTOR signaling pathway 154 1.62*10% 0.000365
Shigellosis 236 1.60*10-0% 0.000365
Hepatocellular carcinoma 168 1.91*10% 0.000402
Gastric cancer 149 2.59%10:%5 0.000514
Endocytosis 246 4.03*10:% 0.000755
Human T-cell leukemia virus 1 infection 216 4.33*10% 0.000767
cAMP signaling pathway 216 0.000104 0.001349
Sphingolipid signaling pathway 118 0.000108 0.001349
Protein processing in endoplasmic reticulum 165 0.000101 0.001349
Apoptosis 135 8.69*1005 0.001349
Synaptic vesicle cycle 78 0.000107 0.001349
Oxytocin signaling pathway 154 9.29%100 0.001349
Non-alcoholic fatty liver disease (NAFLD) 145 8.65%1005 0.001349
Growth hormone synthesis, secretion and action 119 0.000101 0.001349
Herpes simplex virus 1 infection 488 0.000146 0.001752
Endocrine resistance 96 0.000194 0.001981
MAPK signaling pathway 294 0.00019 0.001981
PI3K-Akt signaling pathway 351 0.000177 0.001981
Axon guidance 180 0.000194 0.001981
Fluid shear stress and atherosclerosis 139 0.000186 0.001981
Viral carcinogenesis 193 0.000215 0.002132
Focal adhesion 200 0.000247 0.002374
Ras signaling pathway 231 0.000289 0.002705
Longevity regulating pathway 89 0.000346 0.003087
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Gap junction 88 0.000348 0.003087
cGMP-PKG signaling pathway 166 0.000374 0.00323

Vascular smooth muscle contraction 132 0.000437 0.003684
Colorectal cancer 86 0.000472 0.003877
AMPK signaling pathway 119 0.00054 0.004334
Salmonella infection 213 0.00057 0.00447

Basal cell carcinoma 63 0.00061 0.00467

Regulation of actin cytoskeleton 212 0.000682 0.005109
Oxidative phosphorylation 120 0.000731 0.005244
Whnt signaling pathway 160 0.000719 0.005244
Glutamatergic synapse 114 0.000874 0.006134
Spliceosome 134 0.00098 0.006738
TGF-beta signaling pathway 94 0.001027 0.006855
Amyotrophic lateral sclerosis (ALS) 57 0.001037 0.006855
Cell cycle 124 0.001084 0.007023
Calcium signaling pathway 191 0.00139 0.008549
Platelet activation 124 0.001362 0.008549
Gastric acid secretion 76 0.001395 0.008549
Proteoglycans in cancer 204 0.001448 0.008712
Glioma 75 0.001628 0.009628
Parathyroid hormone synthesis, secretion and action 106 0.001899 0.011036
Arachidonic acid metabolism 63 0.001952 0.011147
Purine metabolism 129 0.002085 0.011153
FoxO signaling pathway 131 0.002066 0.011153
p53 signaling pathway 72 0.002049 0.011153
Notch signaling pathway 53 0.002008 0.011153
Bacterial invasion of epithelial cells 73 0.002169 0.011423
Dopaminergic synapse 131 0.002296 0.011724
Prolactin signaling pathway 70 0.002292 0.011724
Adherens junction 7 0.002587 0.01301

Phagosome 148 0.002642 0.013095
Signaling pathways regulating pluripotency of stem cells 142 0.002916 0.014242
Inflammatory mediator regulation of TRP channels 100 0.002986 0.014375
Cholinergic synapse 113 0.003112 0.014772
Hedgehog signaling pathway 50 0.003296 0.015217
Fat digestion and absorption 43 0.003261 0.015217
Apelin signaling pathway 137 0.003376 0.015375
Ribosome 134 0.003676 0.016299
Proteasome 46 0.003648 0.016299
Circadian entrainment 97 0.003865 0.016918
Spinocerebellar ataxia 98 0.004217 0.018219
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Prostate cancer 97 0.004296 0.018325
Non-small cell lung cancer 66 0.004615 0.01944
Adrenergic signaling in cardiomyocytes 148 0.00471 0.019595
Insulin resistance 108 0.004783 0.019657
C-type lectin receptor signaling pathway 104 0.004972 0.020188
GnRH signaling pathway 93 0.005121 0.020544
Fc gamma R-mediated phagocytosis 92 0.005187 0.020564
Longevity regulating pathway - multiple species 62 0.005951 0.023318
Aminoacyl-tRNA biosynthesis 43 0.006213 0.023791
Thyroid hormone synthesis 75 0.006177 0.023791
Phospholipase D signaling pathway 147 0.006336 0.023992
Bile secretion 72 0.006459 0.024185
Thyroid hormone signaling pathway 121 0.006539 0.024217
Neurotrophin signaling pathway 119 0.006956 0.025207
PD-L1 expression and PD-1 checkpoint pathway in cancer 89 0.006898 0.025207
EGFR tyrosine kinase inhibitor resistance 78 0.007311 0.025936
Lysosome 128 0.007282 0.025936
Legionellosis 57 0.007572 0.026581
VEGF signaling pathway 59 0.007909 0.027326
TNF signaling pathway 112 0.007946 0.027326
Chronic myeloid leukemia 76 0.008189 0.027874
Insulin signaling pathway 139 0.009421 0.031748
Insulin secretion 86 0.009704 0.032378
Transcriptional misregulation in cancer 181 0.009809 0.032409
Alcoholism 174 0.010207 0.033214
Epstein-Barr virus infection 198 0.01025 0.033214
Peroxisome 83 0.010427 0.033466
Fatty acid metabolism 56 0.010683 0.033879
Epithelial cell signaling in Helicobacter pylori infection 70 0.010757 0.033879
Regulation of lipolysis in adipocytes 55 0.01086 0.033886
Tight junction 169 0.011151 0.034475
Renin secretion 69 0.011387 0.034617
Aldosterone synthesis and secretion 98 0.011402 0.034617
Pathogenic Escherichia coli infection 201 0.01173 0.035295
HIF-1 signaling pathway 109 0.011875 0.035414
Pancreatic secretion 101 0.01199 0.035443
RNA degradation 79 0.012578 0.036228
Autophagy - animal 136 0.01257 0.036228
Kaposi sarcoma-associated herpesvirus infection 189 0.01238 0.036228
B cell receptor signaling pathway 80 0.012771 0.036472
Thyroid cancer 37 0.012958 0.036696
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Toxoplasmosis 110 0.013291 0.037326
Choline metabolism in cancer 98 0.013591 0.037853
RNA polymerase 31 0.014678 0.040374
ErbB signaling pathway 84 0.014736 0.040374
Propanoate metabolism 34 0.016859 0.045819
Oocyte meiosis 124 0.017408 0.046931
Vibrio cholerae infection 50 0.017767 0.047521
N-Glycan biosynthesis 50 0.017998 0.047757
Human cytomegalovirus infection 225 0.018221 0.047972
Based on identified CpGs showing consistency

Pathway Gene count p value FDR p value
Metabolic pathways 1470 9.61*108 0.00324
Endocytosis 246 8.67*1005 0.014604
Fatty acid elongation 27 0.000284 0.028401
Fatty acid metabolism 56 0.000337 0.028401
Apelin signaling pathway 137 0.000435 0.029343
Axon guidance 180 0.000865 0.041664
Synaptic vesicle cycle 78 0.000854 0.041664
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