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Abstract 

Asthma is a global public health concern with limited preventive strategies. Recently, DNA 

methylation (DNAm) has been studied to understand the underlying pathogenesis of asthma. The 

role of DNAm in asthma acquisition from pre- to post- adolescence is unclear, and how its role 

changes from adolescence to adulthood is also unknown. The studies in this dissertation were 

carried out using data in two birth cohorts with one as a discovery cohort and the other as 

replication cohort. Longitudinal assessments in both cohorts revealed that the associations of 

DNAm at 62 Cytosine-Guanine sites (CpG sites) with asthma acquired during adolescence were 

different from those with asthma acquired in young adulthood since post-adolescence. Asthma 

can be atopic and non-atopic, and their underlying mechanisms are likely to be different in terms 

of DNAm markers. To this end, I further examined the mediating role of atopy in childhood on 

the association of DNAm in newborns with childhood asthma acquisition. I identified 30 CpGs 

that showed only indirect effects, i.e., DNAm in newborns at these CpGs might play a role in the 

development of atopic asthma with atopy being a mediator. Also, I found 103 CpGs showing 

only direct effects, which may contribute to the occurrence of non-atopic asthma. Asthma and 

rhinitis commonly coexist and share common biomarkers. I examined CpGs in newborns for 

their association in DNAm with these two allergic conditions during pre-adolescence. I detected 

133 CpGs at birth that were associated with preadolescent asthma and/or rhinitis in both cohorts. 

Further, for all the studies, pathway enrichment analyses were conducted to understand the 

biological functionality of the identified CpGs. Additionally, biological relevance of the CpGs 

showing consistent findings between the two cohorts was evaluated using gene expressions. 

Findings from this dissertation will help identify epigenetic biomarkers for asthma acquisition 

and coexisting asthma and/or rhinitis as well as understand the underlying pathogenesis of these 
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conditions. More importantly, it will benefit our future efforts in allergic disease prediction and 

consequently prevention of these common allergic conditions.    
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Chapter 1. Introduction 

Epigenetics represents mitotically heritable and reversible changes in gene expression without 

changes to the DNA sequence [1, 2]. It was first coined as the ‘study of the interactions between 

genes and their products that bring the phenotype into being’ by Conrad Hal Waddington in 1942 

[3]. It plays an important role in transcription, nuclear organization, genome stability and 

imprinting [1]. Environmental exposures and genetics only partly explain the pathogenesis of a 

disease, and recent epidemiologic research have demonstrated epigenetics as an important 

missing link in the etiological puzzle between genes and phenotypes/exposures [1, 2, 4]. 

Epigenetic epidemiology has the potential to help explain underlying biological mechanisms for 

diseases. It may play a mechanistic etiologic role by serving as a biomarker of exposure or 

disease [1]. Altered epigenetics has been shown to be associated with several exposures and 

diseases [5]. The clinical utility of epigenetic data may include its use as a biomarker for 

diagnosis, prognosis, treatment or as a performance metric in clinical trials [1]. DNA 

methylation, histone modifications, microRNA and prions are different types of epigenetic 

mechanisms (Figure 1). Most epigenetic studies focus on DNA methylation (DNAm) because of 

its long-term stable nature and availability of several analytical platforms [2, 6]. 
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Figure 1. Overview of epigenetic mechanisms. Epigenetic processes contribute to sustaining 
patterns of gene expression that define a cell's function. DNA methylation (labeled C in the 
figure) affects transcription without altering the coding sequence of genes. When placed within 
the promoter of a gene (CpG islands), it favors reduced transcription (gene switch-off) [7]. 
 
DNAm at Cytosine-phosphate-Guanine (CpG) site is an addition of a methyl group (CH3) to the 

DNA strand. DNAm is mitotically heritable, highly stable and plays an important role in gene 

expression regulation [6]. As DNAm can be influenced by both genetic and environmental 

factors, it can be an exposure (risk factor), mediator or consequence of a disease. Therefore, 

DNAm can serve as biomarker of exposure or risk factor, and disease. Several epigenome-wide 

association studies (EWAS) have demonstrated the association between DNAm and exposures 

such as smoking [8-12], body mass index [13-16], air pollution [17-19], breastfeeding [20-23], 

alcohol [24-26], drugs [27, 28]. Similarly, studies have shown association of DNAm with several 

diseases such as cancers [29, 30], autoimmune [31-34], allergic [35-37], metabolic [38-41], 
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neurological [42, 43], cardiovascular [44-46] diseases. My dissertation focuses on allergic 

diseases including asthma and rhinitis.  

The prevalence of allergic diseases is increasing globally with children and young adults bearing 

a large burden. According to World Allergy Organization and World Health Organization, more 

than 300 million people worldwide suffer from asthma and 400 million from rhinitis [47]. 

Asthma is responsible for 250,000 deaths annually worldwide [47]. The prevalence of allergic 

diseases is steadily increasing in the United States and 23 million people have asthma, of which 

7 million are children [47]. Allergic diseases are a global public health concern and preventive 

efforts are needed to reduce its prevalence, death, and economic costs [47].  Several 

epidemiologic studies have identified prenatal and early-life environmental exposures such as 

tobacco smoke [47-49], air pollution [47, 48, 50, 51], allergen exposure [48, 52] that contribute 

towards the increasing burden of asthma and allergic diseases. Control measures for these 

exposures will prevent the incidence of asthma and allergic diseases. Apart from these 

exposures, genetics also play an important role in the susceptibility and development of asthma 

and allergic diseases. Studies have identified several loci related to asthma [53-56] and allergic 

rhinitis [57]; however, these explain only a fraction of variation in the disease risk and its 

replication in other populations have largely failed [58]. Because of these limitations, recently 

there has been an increased focus towards epigenetic studies to understand the pathogenesis of 

asthma and allergic rhinitis.  

Several EWAS studies have demonstrated association of DNAm with the status of asthma [59-

62] and rhinitis [35, 63, 64], and identified biomarkers for the same. However, the role of DNAm 

in asthma acquisition, especially during the critical transition period from pre- to post-

adolescence, and how its role changes over time, e.g., from adolescence to adulthood, is 
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unknown. Atopy is a risk factor for asthma acquisition [65], but asthma can also be non-atopic. 

The underlying mechanisms of different types of asthma may be explainable by DNAm at earlier 

ages. Additionally, co-existence of asthma and rhinitis is common and have been known to share 

common genetic variants [57]. However, it is unclear whether these two conditions share 

common epigenetic factors, and if so, whether they are consistent with findings in genetic 

studies. These “unknowns” motivated the projects of this dissertation, as findings in these areas 

will improve our understanding of allergic disease development from the angle of epigenetics 

and benefit allergic disease prediction at a much earlier age. In the next chapter, I will outline the 

projects and related study questions.  
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Chapter 2. Aims and Research Questions 

The proposed dissertation is comprised of three aims with an emphasis on identification of 

epigenetic markers that has the potential to explain the underlying pathogenesis of allergic 

diseases in childhood and early adulthood. In aim 1, using an epigenome-wide approach, I will 

identify novel epigenetic loci during pre- and post- adolescence that are associated with asthma 

acquisition during adolescence and in later adulthood in males and females separately. In aim 2, 

using a longitudinal epigenome-wide approach, the direct and indirect effects of DNA 

methylation (DNAm) in newborns on asthma acquisition across adolescence via pre-adolescence 

atopy will be evaluated in both sexes separately. In aim 3, I will examine sex-specific 

associations of DNAm in newborns and pre-adolescence asthma and rhinitis in an epigenome-

wide study. Pathway enrichment analysis and association of gene expression with DNAm will be 

assessed for all the aims to gain better understanding elucidating the biological significance of 

the identified CpGs.  

 

Aim 1 

To examine the association of pre- and post-adolescence DNAm with asthma acquisition 

during adolescence and in later adulthood.  

Research question 1.1: Are pre- and post-adolescence (age 10 and 18 years) DNAm associated 

with asthma acquisition during adolescence (age 10 to 18 years) and in later adulthood (age 18 to 

26 years) for each gender in discovery cohort, Isle of Wight Birth Cohort (IOWBC)? 

Research question 1.2: Does replication analysis in an independent cohort, ALSPAC support 

the findings from the IOWBC? 
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Research question 1.3: Are there any differentially methylated regions (DMRs) at preadolescent 

DNAm associated with asthma acquisition from pre- to post-adolescence. 

Research question 1.4: What are the biological pathways of genes corresponding to the 

identified CpGs in IOWBC? 

Research question 1.5: Is there an association between DNAm at ages 10 and 18 years and gene 

expression of nearby genes i.e., within 250kb upstream and downstream region of the identified 

CpGs at 26 years? 

 

Aim 2 

To examine whether atopy in childhood mediates the association of DNAm in newborns 

with asthma acquisition across adolescence. 

Research question 2.1: Does pre-adolescence atopy mediate the association of DNAm in 

newborns with asthma acquisition across adolescence in IOWBC? 

Research question 2.2: Can the findings of research question 2.1 be replicated in ALSPAC? 

Research question 2.3: What are the biological pathways of genes corresponding to the 

identified CpGs in IOWBC? 

Research question 2.4: Is there an association between DNAm at age 26 years and gene 

expression of nearby genes i.e., within 250kb upstream and downstream region of the identified 

CpGs at 26 years? 

 

Aim 3 

To examine sex-specific associations of DNAm in newborns with pre-adolescence asthma 

and/or rhinitis 
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Research question 3.1: Is the association of DNAm in newborns with pre-adolescence asthma 

and/or rhinitis sex-specific? 

Research question 3.2: What are the biological pathways of genes corresponding to the 

identified CpGs in IOWBC? 

Research question 3.3: Is there a genetic influence on the identified CpGs, i.e., are they 

methQTLs? 

Research question 3.4: Is there an association between DNAm at age 26 years and gene 

expression of nearby genes i.e., within 250kb upstream and downstream region of the identified 

CpGs at 26 years? 

Research question 3.5: Is there a genetic influence on DNAm at the replicated CpGs, i.e., are 

there any methQTLs? 
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Chapter 3 

Aim 1: To examine the association of pre- and post-adolescence DNAm with asthma 

acquisition during adolescence and in later adulthood.  

Background 

Asthma is the most prevalent chronic respiratory condition[66] affecting 1-18% of population in 

several countries[67]. Over recent decades, childhood asthma has become a major public health 

issue[68] with an increasing prevalence worldwide[69]. Environmental factors such as air 

pollution, infectious agents, and tobacco smoke have been shown to be associated with the 

development of asthma[70]. 

DNA methylation (DNAm), a robust and stable epigenetic mark, represents a potential 

mechanism mediating environmental impacts on human diseases[71]. Recent studies suggest that 

DNAm signatures of cytosine-phosphate-guanines (CpG) sites are associated with asthma[58, 

61, 72]. Since peripheral blood is readily obtainable and easy to handle in laboratory processing, 

and information of immune cells in blood is relevant to asthma pathogenesis[73], DNAm in 

peripheral blood cells has been commonly examined in epigenome-wide studies of asthma[62, 

74, 75]. 

While the development of asthma clearly reflects the combination of inherited susceptibility and 

environmental exposures, the pathogenesis and underlying biological mechanisms involved in 

the onset of asthma later in life are not well understood. Asthma most commonly develops 

during early childhood[76], and the prevalence of asthma depends on gender and age. Asthma is 

more prevalent among pre-adolescent boys, while it becomes more prevalent among females 

after puberty with prevalence in males and females being approximately equal in adulthood[77-
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79]. However, the pathogenesis of these sex differences in asthma across adolescence and 

adulthood remains unclear.  

Although previous studies have demonstrated association between DNAm and asthma, the role 

that DNAm plays in asthma acquisition, especially during the critical transition period from pre- 

to post- adolescence, and how its role changes over time, e.g., from adolescence to adulthood, 

are unknown. Findings from this type of studies will not only identify important markers for 

asthma acquisition, and more importantly, benefit our future efforts in asthma prediction and 

consequently asthma prevention. To this end, in this study, for each gender, we examined the 

association between DNAm at pre-adolescence and asthma acquisition from pre- to post-

adolescence (10 to 18 years), and between DNAm at post-adolescence and asthma acquisition 

from post-adolescence to adulthood (18 – 26 years), utilizing genome-wide DNA methylation 

data. We hypothesized that DNAm at specific CpG sites measured before disease onset, either in 

pre- or post-adolescence would be associated with asthma acquisition both during adolescence 

and in later adulthood and that there would be differences in such DNA methylation patterns by 

time window (adolescence or post-adolescence) and by gender. Additionally, differentially 

methylated regions (DMRs) were identified to incorporate CpGs located close to one another 

which may be associated with asthma acquisition as a group or cluster of CpGs. These CpGs 

might have been missed when looking at the associations using individual CpG sites.    

Methods 

IOWBC study population 

The study population comprised of children born between January 1, 1989 and February 28, 

1990 on the Isle of Wight (IoW), UK (IOWBC)[80]. Out of the 1,536 children born and 

recruited, 1,456 in IOWBC were available for further follow-up at ages 1, 2, 4, 10, 18 and 26 



 

 

10 

years. Ethics approval was obtained by the local research ethics committee (NRES Committee 

South Central – Hampshire B) (06/Q1701/34)[81]. The details on study design, enrollment, and 

follow-up procedures for the IoW birth cohort (IOWBC) are described elsewhere [80, 82]. 

Asthma acquisition 

Questionnaires that included the questions of the International Study of Asthma and Allergy in 

Childhood (ISAAC) was filled by parents/participants at ages 4, 10, 18 and 26 years[61, 83-85]. 

Asthma was defined as “physician diagnosed asthma” and “wheezing or whistling in the chest in 

the last 12 months” or “current treatment for asthma.” Subjects with asthma at age four years 

were excluded. The outcome used in this study, asthma acquisition, was defined as individuals 

who were asthma free at age 10 years and recorded as having asthma at age 18 years (no→yes). 

The same definition was applied for asthma acquisition from 18 to 26 years (no→yes). Subjects 

who did not have asthma at both the transition periods were taken as reference (no→no).  

Covariates 

Atopic status was evaluated at ages 10 and 18 years based on results from skin prick test (SPT) 

on 11 common allergens (house dust mite, cat dander, dog dander, grass pollen mix, tree pollen 

mix, Alternaria alternate, Cladosporium herbarium, cow’s milk, hen’s egg, peanut, and cod). 

Being SPT positive to one or more of the 11 allergens was treated as being atopic. Active 

smoking status at 18 and 26 years was recorded as ‘yes’ if the participant was a current smoker at 

that respective age. Second-hand smoke exposure was coded at age 18- and 26-years using 

information obtained from smoking status of parents and other smokers in the household. To 

evaluate the contribution of transition periods, 10-18 and 18-26 years, to the association of 

DNAm with asthma transition, transition periods will be included in the analyses as adjusting 

factors. 
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DNA methylation 

Using a standardized salting procedure, DNA was extracted from peripheral whole blood 

samples collected at ages 10 and 18 years[86]. Fluorometric quantitation was used to estimate 

DNA concentration. Methylation levels at each CpG site was measured using Illumina Infinium 

HumanMethylation450 or MethylationEPIC BeadChips (Illumina, Inc., San Diego, ca, USA). 

Probes that did not reach a p-value of 10-16 in at least 95% of samples were exclude. The same 

criterion was applied to exclude samples, i.e., samples with p-value >10-16 in at least 95% of the 

CpGs. CpGs on sex chromosome were excluded. Probes that contained single nucleotide 

polymorphisms (SNPs) within 10 base pairs of a targeted CpG site with a minor allele in at least 

0.7% subjects (corresponding to at least 10 subjects in IoW with n = 1,456) were excluded due to 

their influence on the measures of DNAm. 

Using CPACOR pipeline, DNA methylation (DNAm) was pre-processed for the data from both 

HumanMethylation450 and MethylationEPIC. DNAm intensities were quantile normalized using 

the minfi R computing package [87]. The quantile normalized intensities at autosomal probes 

were then converted to beta values. β values is a ratio of methylated (M) over the sum of 

methylated and unmethylated (U) probes (β=M/[c+M+U]), where c is a constant to prevent from 

zero in the denominator. Often β values suffer from severe heteroscedasticity, so in statistical 

analyses, logit transformed DNAm levels, i.e., M values, were used. Principal components (PCs) 

inferred based on control probes were used to represent latent chip to chip and technical 

variation. We determined PCs based on DNAm at shared control probes of the two DNAm 

platforms HumanMethylation450 and MethylationEPIC. In total, 195 shared control probes were 

used to calculate the control probe PCs with top 15 PCs included in our study to represent latent 

batch factors [88]. In this study, CpG sites common between Illumina 450k platform and EPIC 
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platform will be examined. In additions, CpG sites were excluded if the minor allele frequency 

of a probe SNP at that site is > 0.7% (i.e., ~ ≥ 10 out of 1456 subjects expected to have the minor 

allele in the cohort) and the probe SNP was within 10 base pairs of the targeted CpG site. After 

quality control and pre-processing, 442,475 CpG sites will be included in subsequent analysis.  

Since whole blood is a mixture of distinct cell types[89], there is a need to adjust for cell type 

composition to account for their potentially confounding effects[90]. Cell type proportions were 

estimated using the Bioconductor minfi package[91] [92]. The estimated cell type proportions of 

CD4+ T cells, natural killer cells, neutrophil, B cells, monocytes, and eosinophil cells will be 

included in the analyses as confounders. 

Genome-wide RNA-seq gene expression data generation 

Gene expression levels from peripheral blood samples collected at 26 years from the IOWBC 

was determined using paired-end (2×75 bp) RNA sequencing with the Illumina Tru-Seq 

Stranded mRNA Library Preparation Kit with IDT for Illumina Unique Dual Index (UDI) 

barcode primers following the manufacturer’s recommendations. All samples were sequenced 

twice using the identical protocol and for each sample the output from both runs were combined. 

FASTQC were run to assess the quality of the FASTQ files 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were mapped against 

Human Genome (GRch37 version 75) using HISAT2 (v2.1.0) aligner [93]. The alignment files, 

produced in the Sequence Alignment Map (SAM) format, were converted into the Binary 

Alignment Map (BAM) format using SAMtools (v1.3.1) [94]. HTseq (v0.11.1) was used to 

count the number of reads mapped to each gene in the same reference genome used for 

alignment [95]. Normalized read count FPKM (Fragments Per Kilobase of transcript per Million 
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mapped reads) were calculated using the countToFPKM package 

(https://github.com/AAlhendi1707/countToFPKM) and their log-transformed values were used 

for data analysis. 

Statistical analyses 

Research question 1.1: Are pre- and post-adolescence DNAm associated with asthma 

acquisition during adolescence and in later adulthood for each gender in discovery cohort, Isle of 

Wight Birth Cohort (IOWBC)? 

By regressing the M-values (base-2 logit transformed beta values of DNAm) at each CpG site on 

the aforementioned 15 PCs and 6 cell type proportions, we obtained cell-type and batch-adjusted 

DNAm (residuals) at each of the 442,475 CpG sites for each gender in IOWBC. Screening of 

CpG sites was done to obtain DNAm potentially associated with asthma acquisition from pre- to 

post-adolescence using simple linear regressions. Here, asthma acquisition from 10 to 18 years 

of age was the independent variable and DNAm at age 10 years was the dependent variable. The 

analysis was stratified by gender. For the screening purpose, multiple testing was adjusted by 

controlling false discovery rate (FDR) at a higher rate of 0.2. CpG sites that pass screening were 

included in subsequent analyses.   

Logistic regressions with repeated measurements were applied to the CpGs that pass screening to 

evaluate the association of asthma acquisitions (no→yes) at two transition periods (10-18 years 

and 18-26 years) with DNAm at earlier ages (10 and 18 years, respectively). Adolescence is a 

period accompanied by significant physical and mental development and such changes gradually 

stabilize as children enter post-adolescence [96, 97]. The unique phenomenon in each transition 

period motivated a study question, i.e., are the associations between asthma acquisition and 

DNAm different at different transition periods, in addition to the main effects of DNAm? To 
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answer this question, I included an interaction term in the final model to test interaction effects 

between DNAm and transition period. For both situations (the models with main effects only, 

and the models that included interaction effects) multiple testing was adjusted by controlling 

FDR of 0.05. 

Research question 1.2: Does replication analysis in an independent cohort, ALSPAC support 

the findings from the IOWBC? 

CpGs showing significant interaction effects with transition periods in IOWBC were further 

tested in the Avon Longitudinal study of Parents and Children (ALSPAC) cohort [98-100]. 

Pregnant women residing in the Southwest of England and expecting to deliver between April 1, 

1991 and December 31, 1992 were eligible to be recruited. Of the 14,541 pregnant women 

eligible for recruitment, 13,761 were included in the study with 10,321 participants having their 

DNA sampled. DNAm in the ALSPAC cohort was assessed using the Infinium 

HumanMethylation450 BeadChip. DNAm data on 604 children in the ALSPAC cohort are 

available at ages 7 and 17 years [101]. DNAm pre-processing was performed by correcting for 

batch effects using the minfi package [87] and removing CpGs with detection p-value ≥0.01. 

Samples were flagged that contained sex-mismatch based on X-chromosome methylation. 

Estimated cell type proportions of CD4+ T cells, natural killer cells, neutrophil, B cells, 

monocytes, and granulocytes cells were used in the analyses to adjust for cell heterogeneity.  

Asthma acquisition status from 7 to 17 years, and 17 to 22 years was included in the analysis. It 

was defined as having no asthma at age 7 years and having asthma at age 17 years. The same 

definition was applied for asthma acquisition from 17 to 22 years. Logistic regression with 

repeated measurements were used with similar covariates (as those in IOWBC) available in 

ALSPAC, i.e., atopy status at age 7 years and second-hand smoke exposure status at age 17 and 
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24 years. Please note that the study website contains details of all the data that is available 

through a fully searchable data dictionary and variable search tool 

(http://www.bristol.ac.uk/alspac/researchers/our-data/). 

Research question 1.3: Are there any differentially methylated regions (DMRs) at preadolescent 

DNAm associated with asthma acquisition from pre- to post-adolescence? 

Differentially methylated regions (DMRs) were identified using the DMRcate package in 

R[102]. To secure enough CpGs for DMR enrichment analysis and to avoid missing important 

DMRs, CpGs with DNAm (in M values) associated with asthma acquisition via logistic 

regression at FDR of 0.4 were included in the analysis. 

Research question 1.4: What are the biological pathways of genes corresponding to the 

identified CpGs in IOWBC? 

For CpGs showing associations of DNAm with asthma acquisition status, the genes annotated to 

the CpGs will be summarized along with information such as gene location, chromosome 

number based on Illumina's manifest file and USCS genome browser (https://genome.ucsc.edu). 

Pathway enrichment analysis of the identified CpGs were conducted using the gometh function 

[103] in the R package to better understand their biological functionality.   

Research question 1.5: Is there an association between DNAm at ages 10 and 18 years and gene 

expression of nearby genes i.e., within 250kb upstream and downstream region of the identified 

CpGs at 26 years? 

Genes annotated to the replicated CpGs associated with asthma acquisition were extracted along 

with information such as gene location, chromosome number from the Illumina's manifest file or 

UCSC genome browser (https://genome.ucsc.edu/). To assess the biological relevance of these 

CpGs, linear regressions were applied to test the association of DNAm (in M-values; 
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independent variable) at ages 10 and 18 years separately at each CpG site with expression of its 

neighboring genes (250k base pairs [bps] upstream and 250k bps downstream of the CpG site) in 

blood at 26 years of age. Paired DNAm and expression data of n=140 subjects were included in 

the analyses. As we previously have found the association between gene expression and DNAm 

to be different in both males and females, the analysis was stratified by sex [61, 104].  

Results 

Since our study focused on asthma acquisition starting from age 10 years in IOWBC, subjects 

with asthma at four years were excluded. Participants in IOWBC with both asthma transition and 

DNAm data available at ages 10 and 18 years were included in the study. The subsamples 

represented the complete IOWBC (such that no asthma at age 4 years) with respect to asthma 

acquisition, active and second-hand smoking, and atopy status, (Table 1 A & B). The flow chart 

of samples included in the study is in Supplement Figure S3 

Table 1(A): Asthma acquisition and never asthma subjects included in the current study 
compared to subjects in the complete cohort for 10-18 period (IOWBC). 
Variables N (%) Females Males 

Subsample 
N=102; 
n (%) 

Complete 
cohort 
N=431; 
n (%) 

p-value Subsample 
N=133; 
n (%) 
 

Complete 
cohort 
N=402; 
n (%) 

p-value 

Asthma 
transition 

Acquisition 7 (6.86) 41 (9.51) 0.40 11 (8.27) 26 (6.47) 0.98 

Never 
Asthma 

95 (93.14) 390 
(90.49) 

122 (91.73) 376 
(93.53) 

Active 
smoking 

Yes 25 (23.36) 120 
(25.86) 

0.59 33 (21.85) 105 
(22.98) 

0.48 

No 82 (76.64) 344 
(74.14) 

118 (78.15) 352 
(77.02) 

Second-
hand 
smoking 

Yes 54 (50) 212 
(44.92) 

0.34 66 (43.42) 204 
(43.59) 

0.78 

No 54 (50) 260 
(55.08) 

86 (56.58) 264 
(56.41) 
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Table 1(A): Continue 

Variables N (%) 
 

Females Males 
 

Atopy Yes 14 (12.96) 76 (19.1) 0.14 42 (27.81) 108 
(27.91) 

0.97 

No 94 (87.04) 322 
(80.9) 

109 (72.19) 279 
(72.09) 

 
 
Table 1(B): Asthma acquisition and never asthma subjects included in the current study 
compared to subjects in the complete cohort for 18-26 period (IOWBC). 
Variables N (%) Females Males 

Subsample 
N=156; 
n (%) 

Complete 
cohort 
N=330; 
n (%) 

p-value Subsample 
N=121; 
n (%) 
 

Complete 
cohort 
n=286; 
n (%) 

p-value 

Asthma 
transition 

Acquisition 5 (3.21) 12 (3.64) 0.81 3 (2.48) 10 (3.5) 0.59 

Never 
Asthma 

151 
(96.79) 

318 
(96.36) 

118 
(97.52) 

276 
(96.5) 

Active 
smoking 

Yes 46 (27.54) 107 
(26.95) 

0.89 46 (31.94) 99 
(28.95) 

0.51 

No 121 
(72.46) 

290 
(73.05) 

98 (68.06) 243 
(71.05) 

Second-
hand 
smoking 

Yes 35 (20.96) 98 
(24.75) 

0.33 27 (18.75) 80 
(23.39) 

0.26 

No 132 
(79.04) 

298 
(75.25) 

117 
(81.25) 

262 
(76.61) 

Atopy Yes 55 (29.73) 115 
(32.63) 

0.36 73 (42.2) 146 
(46.65) 

0.35 

No 130(70.27) 227 
(66.37) 

100 (57.8) 167 
(53.35) 

 

In total, 55 CpGs for males and 183 CpGs for females in IOWBC passed screening based on 

their potential associations with asthma acquisition from 10 to 18 years of age. These CpGs were 

included in subsequent analyses for their longitudinal associations of DNAm with asthma 

acquisition from pre- to post-adolescence and from post-adolescence to young adulthood and for 
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interaction effects between DNAm and transition periods, using logistic regressions with 

repeated measurements. 

After adjusting for multiple testing by controlling FDR of 0.05, statistically significant 

interaction effects of DNAm and transition period were observed at 17 CpGs in males and 98 

CpGs in females (no common CpGs identified between males and females), controlling for atopy 

status, active and second-hand smoking (Figures 2 and 3, Supplemental Table S1). Of the 17 

identified CpGs in males, 4 CpGs (23.5%) were located in the promoter region, while for the 98 

CpGs identified in females, a much larger portion of CpGs (54 CpGs, 55.1%) were in the 

promoter region. For 7 of the 17 CpGs in males, an increase in DNAm is associated with an 

increased odds of asthma acquisition in the 10-18 transition period but decreased odds in the 18-

26 period (Figures 2A and 2B, Supplemental Table S1a). For 47 of the 98 CpGs in females, an 

increase in DNAm is associated with a decreased odds of asthma acquisition in the 10-18 

transition period, but increased odds in the 18-26 period (Figures 3A and 3B, Supplemental 

Table S1b). In addition, the overall effect sizes at the first transition period were larger than the 

effect sizes in the second transition period.  
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Figure 2 (A): Bar graph showing the direction of DNAm effect at each of the 17 identified CpGs 
in IOWBC from pre- to post-adolescence asthma acquisition in males. Gene names 
corresponding to each CpG site are also labeled on the X-axis.  
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Figure 2(B): Bar graph showing the direction of effect at each of the 17 identified CpGs in 
IOWBC from post-adolescence to adulthood asthma acquisition in males. Gene names 
corresponding to each CpG site are also labeled on the X-axis. 
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Figure 3(A): Bar graph showing the direction of effect at each of the 98 identified CpGs in 
IOWBC from pre- to post-adolescence asthma acquisition in females. Gene names corresponding 
to each CpG site are also labeled on the X-axis. 
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Figure 3(B): Bar graph showing the direction of effect at each of the 17 identified CpGs in 
IOWBC from post-adolescence to adulthood asthma acquisition in females. Gene names 
corresponding to each CpG site are also labeled on the X-axis. 
 
For CpGs not showing significant interaction effects between DNAm and transition period, we 

assessed the main effects of DNAm on asthma acquisition via logistic regression models with 

repeated measures. After adjusting for multiple testing at FDR=0.05, we identified 38 CpGs in 

males and 52 CpGs in females (Figure 4, Supplemental Table 3S.2) showing association of 

DNAm with asthma acquisition status (no common CpGs between males and females). Of the 38 

CpGs in males, 13 CpGs (34.2%) were in the promoter region, while for the 52 CpGs identified 

in females, a much larger portion of CpGs (25 CpGs, 48.1%) were in the promoter region. At 25 

of the 38 CpGs in males, an increase in DNAm is associated with a decreased odds of asthma 

acquisition (Supplemental Table S2a). At 45 of the 52 CpGs in females, an increase in DNAm is 

associated with a decreased odds of asthma acquisition (Supplemental Table S2b). Overall, the 
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effect sizes of DNAm on asthma acquisition were larger in males than in females. 

 

Figure 4(A): Bar graph showing the main effects of DNAm on asthma acquisition at each of the 
38 identified CpGs in IOWBC in males. Gene names corresponding to each CpG site are also 
labeled on the X-axis. 
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Figure 4(B): Bar graph showing the main effects of DNAm on asthma acquisition at each of the 
52 identified CpGs in IOWBC in females. Gene names corresponding to each CpG site are also 
labeled on the X-axis. 
 

Altogether, we identified 115 CpGs (17 in males) showing interactions with transition period and 

90 CpGs (38 in males) showing main effects (excluded CpGs with interaction effects), leading to 

a total of 205 identified CpGs. We further tested these CpGs in the ALSPAC cohort. For the 115 

CpGs (17 in males) showing interaction effects in IOWBC, consistent directions of interaction 

effects were observed at 9 CpGs in males, with 1 CpG being statistically significant, and 53 

CpGs in females, with 3 CpGs being statistically significant, compared to the directions of 

associations identified in the IOWBC (Supplemental Tables S1a and S1b). Of the 9 CpGs 

showing consistent interactions in males, 2 CpGs (22.2%) were in the body region of gene, while 

of the 53 such CpGs in females, 34 (64.2%) were in the promoter region. For the 90 CpGs (38 in 

males) showing main effects on asthma acquisition, 13 CpGs in males (3 CpGs [23.1%] in the 
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promoter region) and 37 CpGs in females (19 CpGs [51.4%] in the promoter region) showed 

consistent directions of main effects (Supplemental Table S2a and S2b) between the two cohorts. 

The flowchart of the study along with brief summaries of results is in Figure 5.
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Figure 5. Flowchart of the study design and brief summaries of findings in each step. 

# - Out of 38 CpGs after excluding significant interaction 
$ = Out of 85 CpGs after excluding significant interaction 

.  
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Pathway enrichment analyses was conducted based on CpGs identified for each sex (55 in males 

and 150 in females with 205 CpGs in total) to better understand their biological functionality. 

These CpGs were mapped to 54 and 149 genes in males and females respectively. Using these 

CpGs in the gometh function in R, we identified 212 biological processes in males and 228 in 

females that were enriched at p-value of 0.05. Although none of the biological processes 

survived multiple testing at FDR of 0.05, genes involved in the top processes for each sex based 

on statistical significance (top 10 processes in Table 2) were potentially important and may 

deserve a further assessment. For males, multiple biological processes among the top 10 for 

males focus on catabolic processes (breakdown glucose for energy), while for females they are 

biosynthetic processes (synthesizing glucose from food). Among these top processes identified 

for males, 13 genes corresponding to the identified CpGs were involved in those processes, and 

for females, 60 genes were involved (Supplemental Table S3).  

Table 2(A): Top 10 most statistically significant GO terms and its biological processes from 
pathway enrichment analysis along with the number of genes in each pathway for males, for the 
identified CpGs. 

GO term Biological processes P-value 
No. of Genes 

GO:1901575 organic substance catabolic process 0.0005 
12 

GO:0046657 folic acid catabolic process 0.001 
1 

GO:0042219 cellular modified amino acid catabolic process 0.002 
1 

GO:0038111 interleukin-7-mediated signaling pathway 0.002 
2 

GO:1990261 pre-mRNA catabolic process 0.002 
1 

GO:0071544 diphosphoinositol polyphosphate catabolic process 0.002 
1 

GO:0042365 water-soluble vitamin catabolic process 0.003 
1 

GO:0009056 catabolic process 0.003 
13 

GO:0098760 response to interleukin-7 0.003 
2 
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Table 2 (A): continue 

GO term Biological processes P-value 
No. of Genes 

GO:0098761 cellular response to interleukin-7 0.003 
2 

Table 2(B): Top 10 most statistically significant GO terms and its biological processes from 
pathway enrichment analysis along with the number of genes in each pathway for females, for 
the identified CpGs. 

GO term Biological processes P-value 
No. of 
Genes 

GO:0019438 aromatic compound biosynthetic process 0.0004 
57 

GO:0032774 RNA biosynthetic process 0.0007 
49 

GO:0008589 regulation of smoothened signaling pathway 0.0007 
5 

GO:0018130 heterocycle biosynthetic process 0.0008 
56 

GO:1903506 regulation of nucleic acid-templated transcription 0.0008 
49 

GO:2001141 regulation of RNA biosynthetic process 0.0008 
49 

GO:1901362 organic cyclic compound biosynthetic process 0.001 
57 

GO:0034654 nucleobase-containing compound biosynthetic process 0.001 
55 

GO:0006355 regulation of transcription, DNA-templated 0.001 
48 

GO:0009757 hexose mediated signaling 0.001 
2 

 

For DMR enrichment analysis, we used CpGs in the screening process that were statistically 

significant at FDR of 0.4 to cover epigenetic information comprehensively on asthma 

acquisition. In total, 427 CpGs in males and 372 CpGs in females were included in the DMR 

analysis. We identified three DMRs in males and three DMRs in females after adjusting for 

multiple testing at FDR=0.05 level based on the Stouffer test statistics. (Table 3). 
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Table 3: Differentially methylated regions (DMRs) for asthma acquisition identified by 
DMRcate package for males and females. 

Sex Chr.$ Start# End& Gene£ CpGs¥ P-value 

 

M 
3 196065106 196065569 

TM4SF19 cg05556202, 
cg05445326 

4.89*10-206 

12 57472396 57472611 
TMEM194A cg10919222, 

cg09934365 
3.03*10-150 

17 27899874 27899966 
TP53I13 cg05877788, 

cg04498198 
2.69*10-53 

 

F 
2 224903369 224903487 

SERPINE2 cg15353444, 
cg11719885 

5.84*10-177 

1 156721844 156722068 
HDGF cg04402095, 

cg18593717 
5.35*10-162 

17 79633496 79633565 
CCDC137, 
C17orf90 

cg199963747, 
cg11820993 

1.70*10-160 

$Chr.: Chromosome 
#Start: Start position of the region 
&End: End position of the region 
£Gene: Genes corresponding to the CpGs in the region 
¥CpGs: CpGs in the region 
 

To assess the biological relevance of CpGs showing consistent association with asthma 

acquisition in both cohorts, we evaluated the association of DNAm at the identified 113 CpGs 

(22 in males) with the expression of genes that the CpGs were mapped to. Nearby genes were 

also examined defined as genes in a window of 500k base pairs (bps) of each identified CpG site 

(250k bps up and down stream). In this analysis, DNAm was measured at 10 and 18 years and 

gene expression levels were assessed at age 26 years. Significant effects of DNAm at 10 years 

were observed at 14 CpGs on their association with expression of 29 genes in males, and at 73 

CpGs with expression of 321 genes in females. Similarly, for DNAm at 18 years, significant 

associations were found at 10 and 51 CpGs with expression of 29 and 117 genes in males and 
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females, respectively (Table 4 and Supplemental Table S4). Of the 350 genes’ expression (29 in 

males) associated with DNAm at 10 years, increased DNAm was associated with increased 

expression of 310 genes (18 in males). Similarly, of the 146 gene expressions associated with 

DNAm at 18 years, increased DNAm was associated with increased expression of 91 genes (24 

in males). Of the CpGs showing associations with expression of their neighbouring genes, 8 

genes in males and 39 in females were commonly identified at both ages (10 and 18 years). 

Among the top 5 most significant associations for each age and sex, 4 genes associated with 3 

CpGs in males were found to be common at both ages, i.e., they may represent stable biological 

relevance of the CpGs during adolescence.    

Table 4: Top 5 most significant associations of DNAm with expression of neighboring mapped 

genes. 

CpG site DNAm age 

in years 

Gene name Estimate P-value Sex 

cg06684259 
 
 
 

10 ACAA2 
 

0.57 0.0006 Males 

18 
0.84 3.40 x10-5 

Males 

10 ACP2 
 

0.67 0.001 Males 

18 
0.60 2.08 x10-5 

Males 

cg09852187 
 

10 ABCD3 
 

0.53 0.0006 Males 

18 
0.48 3.40 x10-5 

Males 

cg08354614 10 CPM 0.42 0.003 Males 

cg12009697 
 

10 ABAT 
 

0.27 0.004 Males 

18 
0.40 0.0003 

Males 

Table 4: Continue 
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CpG site DNAm age 

in years 

Gene name Estimate P-value Sex 

 

cg25518386 10 AKAP10 0.89 1.24x10-10 Females 

cg26791126 10 AIM1 0.30 5.14 x10-10 Females 

cg24173551 10 ALKBH5 0.75 5.64 x10-10 Females 

cg06060137 10 ACE 0.84 1.31 x10-9 Females 

cg25156443 10 ACVRL1 0.87 2.27 x10-9 Females 

cg14056357 
18 

ACSF3 
0.45 0.0002 Males 

cg13063405 
 

18 

 
C5 

-0.11 0.0002 Females 

MRC2 
-0.11 0.0008 Females 

cg02516257 
18 

ZHX3 
0.73 0.0003 Females 

cg00907843 
18 

SOS1 
0.67 0.0007 Females 

cg04535371 
18 

AKR7A3 
-0.75 0.002 Females 

Note: Top 5 most statistically significant associations for each sex and age are shown here.  
 

Discussion 

Strengths and limitations 

The strength of this study exists in its focus on longitudinal assessment of asthma acquisition at 

two important transition periods, pre- to post-adolescence and to later adulthood, along with 

DNAm at two critical time points, pre- and post-adolescence. Although for the CpGs discovered 

in IOWBC, more than 50% showed consistent findings in ALSPAC, statistical significance was 

observed at a small number of CpG sites. One reason for this lack of significance might be the 

age differences between the two cohorts. In addition, there is a potential concern of data double 

dipping. However, we do not see this as a significant concern in that the statistical model applied 
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in the screening process (linear regression without covariates such as atopic and smoking status) 

was different from the model in the final analyses (logistic regression with potential covariates). 

Another potential limitation is in the design of data analyses, which focused on each individual 

CpG site. However, CpG sites might be correlated and work jointly to impact the risk of asthma 

acquisition, which certainly deserves future investigations accompanied by carefully designed 

analytical plans. Finally, both cohorts, although independent, are mainly Caucasians. Thus, our 

findings are likely limited to only this population.  

Innovation 

To our knowledge, this is the first study to examine the epigenetics of asthma acquisition from 

pre- to post- adolescence, and post-adolescence to young adulthood with respect to gender and 

transition period specificity.  

Conclusion  

We assessed the longitudinal association of DNAm measured at earlier ages with asthma 

acquisition at later ages for each sex based on data in two independent cohorts with IOWBC as 

the discovery cohort and ALSPAC as the replication cohort. In the IOWBC, at 205 CpGs, pre-

adolescence DNAm was shown to be associated with the odds of asthma acquisition from pre- to 

post-adolescence, and post-adolescence DNAm was associated with asthma acquisition from 

post-adolescence to adulthood. At 112 of these 205 CpGs, (54.6%), consistent associations were 

observed in the ALSPAC cohort, including statistically significant findings at 7 CpGs. These 112 

CpGs included 62 CpGs (9 in males) showing transition-specific associations with asthma 

acquisition in that the association of DNAm with asthma acquisition at these 62 CpGs was 

different between the pre- to post-adolescence transition period and the post- to adulthood 

transition period. The identified CpGs based on two independent cohorts have a potential to 
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guide future studies in asthma acquisition prediction at different transition periods. Assessment 

of biological relevance of the identified CpGs indicated a potential epigenetic regulatory 

functionality of these CpGs on expression of their mapped and neighboring genes using a 

window size of 500 kbps. 

Our findings also indicated significant differences between males and females. For the 62 CpGs 

showing consistent transition-specific effects between the two cohorts, at most of the CpGs in 

males, we found that an increase in DNAm was associated with an increased odds of asthma 

acquisition during the period from pre- to post-adolescence transition, while for the next 

transition period, at most of the CpGs, increased DNAm was associated with decreased odds. 

However, in females, at most of the CpGs, the associations were opposite compared to those in 

males; in females, an increase in DNAm was shown to be associated with a decreased odds of 

asthma acquisition from pre- to post-adolescence at most CpGs, but with increased odds at most 

of the CpGs in the transition period from post-adolescence to adulthood. Among the 50 CpGs 

(13 in males) showing main effects on asthma acquisition, although at most of the CpGs, an 

increase in DNAm was associated with a decreased odds of asthma acquisition for both males 

and females, the proportion of such CpGs was larger in females than in males. Furthermore, the 

effect sizes were overall weaker in females than in males. Before adolescence, asthma is more 

prevalent in males but during adolescence, more females acquire asthma and the prevalence of 

asthma in females surpasses that of males. The unique CpGs identified for each sex without any 

overlap and the inconsistent associations of DNAm with asthma acquisition between males and 

females seemed to be related to the gender-reversal phenomenon of asthma prevalence from pre- 

to post-adolescence.  
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In order to make sure that the identified CpGs are unique to each sex, the CpGs that were 

replicated in both cohorts were re-analyzed in opposite sex. For this, CpGs identified in males 

were evaluated for their association with asthma acquisition in females, and vice-versa. But I did 

not identify significant associations in either sex through this re-analysis. This ensures that the 

identified CpGs are unique to each sex.      

Although we did not identify statistically significant biological processes after adjusting for 

multiple testing, biological processes involved in host immune function related to IL7 (i.e., 

interleukin-7-mediated signaling pathway, response to interleukin-7, cellular response to 

interleukin-7) were among the top processes determined based on statistical significance. IL7 

signaling has been suggested to promote immunopathogenesis of asthma [105, 106], indicating 

the potentially informativity of the identified CpGs on asthma acquisition. In addition, the 

TMEM194A gene identified based on DMR analyses in males has been previously shown to be 

associated with asthma in GWAS catalog [107]. For females, gene SERPINE2 in one of the 

identified DMRs has been connected with asthma based on genetic studies [108]. 

The gene AKAP1, mapped to the CpG showing consistent and statistically significant interaction 

effects in both cohorts in females, has been showed to be associated with asthma in the 

Agricultural Lung Health Study[109]. Although there was no overlap in identified CpGs between 

males and females, the gene ENO1 was among the mapped genes of the associated CpGs in both 

sexes. The detection of IgG autoantibodies to alpha-enolase has been shown to be the most 

significant indicator for distinguishing severe asthma from mild-to-moderate asthma (OR= 5.2, 

95% CI= 2.1-12.9, p-value < .001). It has been shown that alpha-enolase, an autoantigen, was 

associated with severe asthma[110]. The connection of gene ENO1 with asthma acquisition 
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shown in our study is consistent with its differentiation between severe and mild-to-moderate 

asthma.  
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Chapter 4 

Aim 2: To examine whether atopy in childhood mediates the association of DNAm in 

newborns with asthma acquisition across adolescence. 

Background 

Asthma is a common chronic respiratory condition and a major public health concern. Globally, 

it is ranked 16th among the leading causes of years lived with disability and 28th among the 

leading causes of burden of disease, as measured by disability-adjusted life years [111]. Atopy is 

defined as tendency to produce immunoglobulin E (IgE) antibodies in response to small amounts 

of common environmental exposures. It is a risk factor of asthma incidence [112] and affects 10-

30% of general population in developed countries [113]. A number of studies have shown atopic 

diseases in early childhood are associated with asthma development later in life [114-116]. 

Carroll et.al. have shown a dose-response relationship in the association of atopic sensitization 

and asthma among children, i.e., the severity of asthma increases with increase in atopic 

sensitization to allergens [117].   

For childhood asthma, a gender reversal in asthma prevalence from pre- to post-adolescence has 

been observed; more boys remit asthma than girls during adolescence whereas more girls acquire 

asthma than boys [118-121]. The underlying mechanisms involved in these sex differences of 

asthma across adolescence are unclear. The pathogenesis of asthma reflects a combination of 

genetic and epigenetic components; however, genetics explain only a fraction of variation in 

asthma risk. In addition to the effect of genetic factors, their interaction with changing 

environmental factors may also be responsible for atopy susceptibility and consequently 

contribute to the increase in prevalence of atopy-related disorders [122]. Several studies have 

explained the role of epigenetics in response to environmental factors in the development of 
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asthma [123-125]. One of the widely studied epigenetic mechanism is DNA methylation 

(DNAm) [71, 126]. DNAm or longitudinal changes in DNAm at specific cytosine-phosphate-

guanine (CpG) sites have been shown to be associated with both atopy [127-130] and asthma or 

asthma acquisition [58, 59, 61, 75, 129, 130] in children and young adults. Among these studies, 

most utilized cross-sectional design to assess the associations of DNAm with atopy or asthma, 

except for the studies of Danielewicz, et al. and Reese, et al. Danielewicz, et al., via an 

epigenome-wide association study of 96 mother-child pairs, identified 83 CpG sites in cord 

blood of newborns that were associated with maternal atopy [127]. Reese et.al. demonstrated 

using 8 cohort studies that 9 CpGs in newborns were differentially methylated in relation to 

asthma [59]. However, no studies have focused on identification of methylation sites in 

newborns that are associated with these chronic conditions at later age.  

DNAm in embryonic and pluripotent stem cell is close to zero [131] and it changes extensively 

from fertilization to implantation [132]. DNAm in newborns has been shown to be influenced by 

several maternal factors, such as smoking during pregnancy, pre-pregnancy BMI and gestational 

weight gain [133-136], potentially increase their offspring’s risk of atopy and asthma. DNAm in 

newborns, as a memory of accumulated prenatal exposure, may serve as effective markers and be 

applied to predict the risk of later age atopy and asthma at a much earlier age.  

However, as a risk factor of asthma, the role of atopy on the association of DNAm in newborns 

with asthma at a later age is unknown. Asthma can be atopic and non-atopic, and the underlying 

mechanisms is likely to be different in terms of DNAm markers. That is, at certain CpGs, it is 

possible that effects of DNAm at these CpGs in newborns on asthma at a later age are not 

mediated by atopy, and these CpGs might play a role in the development of non-atopic rather 

than atopic asthma.  All these motivated the current study. In particular via path analyses, we 
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examine whether atopy in childhood mediates the association of DNAm in newborns with 

asthma acquisition at a later age. In addition to using SPT to determine atopic status, specific IgE 

have been used to assess the status of allergic sensitization against a specific allergen. The 

agreement between these two methods has been demonstrated in the literature [137]. 

Furthermore, one of our earlier studies showed that specific IgE-based and SPT-based 

assessment of atopic status were consistent in terms of their association with DNAm [138]. Such 

an agreement further supported the use of atopic status determined based on SPT in this study. 

We specifically focus on asthma acquisition from pre- to post-adolescence to identify epigenetic 

markers in newborns to facilitate our understanding of the phenomenon on gender reversal of 

asthma prevalence during this period. Direct and indirect effects (via pre-adolescence atopy 

status) of DNAm in newborns on asthma acquisition are evaluated using path analyses, based on 

which we identify potential epigenetic markers for asthma acquisition and at least some of the 

markers are associated with asthma acquisition via atopy.  

Methods 

IOWBC Study Population, asthma acquisition and gene expression at 26 years were explained 

previously in Chapter 3. 

Covariates 

Information regarding sex, breastfeeding duration in weeks and age at specific pubertal events, 

i.e., age at onset of voice deepening in males and age at onset of menarche in females, was 

extracted from questionnaire data. Socio-economic status (SES) was defined based on household 

income, number of rooms and maternal education. Active smoking status at 18 years was 

recorded as ‘yes’ if the participant was a current smoker. Second-hand smoke exposure at 18 

years was determined using information obtained for tobacco smoke exposure from mother, 
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father, others, or outside home. Smoke exposure at 18 years was defined by combing active and 

second-hand smoke exposure at 18 years.   

DNA methylation 

DNA was extracted from Guthrie cards (blood collected within 5 days of birth) using standard 

procedures. One microgram of DNA was bisulfite-treated for cytosine to thymine conversion 

using the EZ 96-DNA methylation kit (Zymo Research, Irvine, CA, USA) for each sample, 

following the manufacturer’s standard protocol. Genome-wide DNAm for each CpG was 

assessed using the Infinium MethylationEPIC BeadChip (Illumina, Inc, San Diego, CA, USA), 

which interrogate>850,000 CpG sites. Arrays were processed using a standard protocol as 

described elsewhere [139], with multiple identical control samples assigned to each bisulfite 

conversion batch to assess assay variability.  

Preprocessing and quantile-normalization of DNAm intensity data was done similarly as 

explained previously for ages 10 and 18 years. The R package ComBat [140] was then applied to 

the M-values to adjust for batch effects. Cell type compositions were adjusted similarly as 

explained for ages 10 and 18 years. 

Statistical analysis 

Chi-square tests for categorical variables and one-sample t-tests for continuous variables were 

applied, stratified by sex to examine whether the analytic sample (n= 796) reasonably represents 

the complete cohort (n=1456). Considering the observed phenomenon of gender reversal in 

asthma prevalence from pre-adolescence to post-adolescence, we performed the analyses 

separately for each sex. 
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Research question 2.1: Does pre-adolescence atopy mediate the association of DNAm in 

newborns with asthma acquisition across adolescence in IOWBC? 

Screening for CpGs related to atopy status at 10 years and asthma acquisition at 18 years 

Regression of M-values of DNAm at each CpG site on the 6 cell type proportions [92] was done 

to obtain cell-type-adjusted DNAm (residuals) for each sex, and residuals were used in the 

subsequent analyses. Genome-wide screening of CpGs in newborns for their potential 

association with atopic status at 10 years and asthma acquisition from 10 to 18 years was done 

separately using an R package, ttScreening [141]. The screenings were performed on 551,710 

CpGs separately for each sex.  

In addition, via epigenome-wide DNAm data, we identified candidate CpGs based on detection 

of differentially methylated regions (DMRs) for their association with asthma acquisition from 

10 to 18 years using DMRff package in R [142]. DMRff overcomes the shortcomings of DMRcate 

by consistently controlling for false positive rates, and more importantly, considers the uneven 

distribution of CpGs on the arrays. CpGs in DMRs that were statistically significant, after 

adjusting for multiple testing by controlling false discovery rate (FDR) of 0.2, along with CpGs 

that passed ttScreening, were included in subsequent analysis as candidate CpGs. 

Structural equation analyses  

We evaluated the mediating effects of atopy at 10 years in the association of DNAm in newborns 

and asthma acquisition from 10 to 18 years using structural equation analyses (Figure 6), with 

potential confounders included in each path. The path coefficients (direct and indirect estimates) 

represent a partial correlation between the independent and dependent variables after adjusting 

for confounders and covariates in the model [143]. An R package, MplusAutomation, was 
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implemented to iteratively call MPlus from R to perform structural equation analyses with each 

CpGs as an independent variable (Figure 6) [144]. Goodness of fit was determined using Chi-

square test p-value >0.05, RMSEA ≤0.06, TLI ≥0.95, and CFI ≥0.95 [145]. 

                                                                                         

                                                                                    

 

 

Figure 6: Structural equation analyses model with atopy at 10 years as the mediator in the 
association of DNAm in newborns with asthma acquisition at young adulthood 
a=effects of DNAm in newborns on atopic status at 10 years, controlled for socio-economic 
status (SES) and breastfeeding duration 
b= effects of atopy at 10 years on asthma acquisition from 10 to 18 years, controlled for 
breastfeeding duration, socio-economic status (SES), smoke exposure at 18 years, pubertal 
events (age at onset of voice deepening in males and age at onset of menarche in females) 
c= direct effects of DNAm in newborns on asthma acquisition from 10 to 18 years 
 

Research question 2.2: Can the findings of research question 2.1 be replicated in ALSPAC? 

CpGs in newborns showing association with asthma acquisition from 10 to 18 years via atopy at 

10 years were further tested in an independent cohort, the Avon Longitudinal Study of Children 

and Parents (ALSPAC) [98-100]. DNAm from cord blood in the ALSPAC cohort was assessed 

using the Infinium HumanMethylation450 BeadChip. The pre-processing of DNAm was 

performed using the minfi package [87] and CpGs with detection p-value ≥0.01 were excluded. 

Samples that contained sex-mismatch based on X-chromosome methylation were also excluded. 

In total, 420,399 probes are available for analysis after excluding probes that failed quality 

control. Estimated cell type proportions of CD4+ T cells, natural killer cells, B cells, monocytes, 

and granulocytes cells were adjusted to control for cell heterogeneity in the analysis. DNAm in 
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newborns was included in our study and its residuals were calculated by regression of M-values 

on cell type proportions (cell-type adjusted DNAm).  

Asthma acquisition was assessed from 7 to 17 years, i.e., not having asthma at 7 years and 

having asthma at 17 years (noàyes). Identical structural equation analyses models with 

comparable covariates available in ALSPAC, including SES, breastfeeding duration, smoke 

exposure at 15 and 17 years and pubertal events were used.  

Research question 2.3: What are the biological pathways of genes corresponding to the 

identified CpGs in IOWBC? 

Using the screened CpGs in newborns showing potential association with atopy and/or asthma 

acquisition, the genes annotated to the CpGs were summarized based on Illumina's manifest file. 

Pathway enrichment analysis of the genes were conducted using gometh package [146] in R 

software [147] using statistical significance level of 0.05.  

Research question 2.4: Is there an association between DNAm at age 26 years and gene 

expression of nearby genes i.e., within 250kb upstream and downstream region of the identified 

CpGs at 26 years? 

Genes annotated to the replicated CpGs showing indirect and direct effects on asthma acquisition 

were extracted along with information such as gene location, chromosome number from the 

Illumina's manifest file or UCSC genome browser (https://genome.ucsc.edu/). To assess the 

biological relevance of these CpGs, linear regressions were applied to test the association of 

DNAm (in M- values; independent variable) at age 26 years at each CpG site with expression of 

its neighboring genes (250k base pairs [bps] upstream and 250k bps downstream of the CpG site) 

in blood at 26 years of age. Paired DNAm and expression data of n=140 subjects were included 
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in the analyses. As we previously have found the association between gene expression and 

DNAm to be different in both males and females, the analysis was stratified by sex [61, 104].  

Results 

We included 401 male and 395 female participants in our study. Our subsample represented the 

complete cohort in terms of variables included in our study, shown by p-value > 0.05 in Table 5. 

The flow chart of sample selection for the present study is in Supplement Figure S4. 

Table 5: Comparison of analytical subsample with complete cohort  

Variables  Males Females 

Categorical 
variables 

 Subsample 
(n=285);  
n (%) 

Complete 
cohort 
(n=401);  
n (%) 

P-
value 

Subsample 
(n=323);  
n (%) 

Complete 
cohort 
(n=395);  
n (%) 

P-
value 

Asthma 
transition 

Acquisition 27 (9.47) 36 (5.87) 0.23 43 (13.31) 59 (9.50) 0.28 

 Never 
asthma 

258 
(90.53) 

473 
(77.16) 

 280 
(86.69) 

485 
(78.10) 

 

Atopy at 10 
years 

Yes 111 
(31.18) 

160 
(31.01) 

0.96 87 (24.37) 119 
(22.88) 

0.61 

 No 245 
(68.82) 

356 
(68.99) 

 270 
(75.63) 

401 
(77.12) 

 

Socio-
economic 
status 

Low 61 (15.52) 106 
(15.5) 

0.68 48 (12.37) 103 
(15.30) 

0.38 

 Mid 303 (77.1) 517 
(75.58) 

 307 
(79.12) 

520 
(77.27) 

 

 High 29 (7.38) 61 (8.92)  33 (8.51) 50 (7.43)  

Smoke 
exposure (18 
years) 

Yes 241 
(65.85) 

428 
(65.64) 

0.95 250 
(66.31) 

451 
(68.33) 

0.51 

 No 125 
(34.15) 

224 
(34.36) 

 127 
(33.69) 

209 
(31.67) 

 

Continuous 
variables 

 Mean ± 
SD 

Mean ± 
SD 

 Mean ± 
SD 

Mean ± 
SD 

 

Age at puberty  14.21 ± 
1.23 

14.24 ± 
1.24 

0.67 12.74 ± 
1.39 

12.72 ± 
1.42 

0.69 

Duration of 
breastfeeding 

 14.95 ± 
14.18 

14.55 ± 
14.62 

0.65 14.37 ± 
15.05 

13.99 ± 
14.99 

0.62 
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The ttScreening package in R was applied to 551,710 CpGs to identify candidate CpGs 

potentially associated with atopy at 10 years or asthma acquisition from 10 to 18 years, stratified 

by sex. In males, 126 CpGs were potentially associated with atopy at 10 years of age and 93 CpG 

with asthma acquisition from 10 to 18 years. In females, 196 CpGs were potentially associated 

with atopy and 182 CpG with asthma acquisition. No common CpGs were found between atopy 

and asthma in both sexes, and there were no overlapping CpGs between males and females. 

Thus, in total 597 CpGs passed screening by use of the ttScreening package in R. To incorporate 

CpG sites located in differentially methylated regions into the analyses, we further analyzed 

DNAm at the genome-scale to identify DMRs with respect to asthma acquisition as an additional 

screening process. At FDR=0.2, in males, we identified one DMR located on chromosome 6. 

The region starts at nucleotide position 33255784 and covers 432 base pairs. Four CpGs, 

cg17131579, cg19048360 and cg27355501 on gene PFDN6 and cg02272258 on WDR46, are in 

this region. For females, no DMRs were identified. Altogether, 223 CpGs in males and 378 

CpGs in females (in total, 601 CpGs) were analyzed for their enrichment in pathways or 

biological processes and tested via path analysis to assess their effects on asthma acquisition in 

adolescence via childhood atopy. 

To better understand the biological function of the screened CpGs showing potential association 

with atopy and asthma acquisition (223 CpGs in males and 378 CpGs in females), pathway 

enrichment analyses was conducted for. The 223 CpGs in males were mapped to 192 genes and 

378 CpGs in females to 324 genes. Using these CpGs in gometh package in R, we identified 152 

biological processes in males and 215 in females that were enriched at p-value <0.05. Among the 

total 192 and 324 genes in males and females respectively, 45 genes in males and 82 in females 
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were involved in the identified pathways (Table 6 and Supplemental Table S5). No common 

biological processes were identified between males and females. 

Table 6(A): Top 10 most statistically significant GO terms and its biological processes from 
pathway enrichment analysis in each pathway for males, for the identified CpGs. 

GO term Biological processes P-value 
GO:0046380 N-acetylneuraminate biosynthetic process 0.005 

GO:0035459 vesicle cargo loading 0.006 

GO:0042700 luteinizing hormone signaling pathway 0.007 

GO:0033140 negative regulation of peptidyl-serine phosphorylation of 
STAT protein 

0.007 

GO:0032462 regulation of protein homooligomerization 0.008 

GO:0006045 N-acetylglucosamine biosynthetic process 0.008 

GO:1901073 glucosamine-containing compound biosynthetic process 0.008 

GO:0072665 protein localization to vacuole 0.009 

GO:0044727 DNA demethylation of male pronucleus 0.009 

GO:1903895 negative regulation of IRE1-mediated unfolded protein 
response 

0.009 

Table 6(B): Top 10 most statistically significant GO terms and its biological processes from 
pathway enrichment analysis in each pathway for females, for the identified CpGs. 

GO term Biological processes P-value 

GO:1901985 positive regulation of protein acetylation 0.0009 

GO:0033144 negative regulation of intracellular steroid hormone 0.001 

GO:0051582 positive regulation of neurotransmitter uptake 0.002 

GO:0045214 sarcomere organization 0.003 

GO:0021853 cerebral cortex GABAergic interneuron migration 0.003 

GO:1904936 interneuron migration 0.003 

GO:0001188 RNA polymerase I preinitiation complex assembly 0.004 

GO:0043438 acetoacetic acid metabolic process 0.004 
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Table 6(B): continue 

GO term Biological processes P-value 

GO:0035066 positive regulation of histone acetylation 0.004 

GO:0021894 cerebral cortex GABAergic interneuron development 0.004 
 

After controlling for confounders, DNAm in newborns at 68 CpGs in males and 41 CpGs in 

females were found to be indirectly associated with asthma acquisition via atopy. It is worth 

noting that at 60 of the 68 and 37 of the 41 CpGs, only indirect effects were statistically 

significant. Of these, at 21 CpGs in males and 18 CpGs in females, a higher DNAm was 

indirectly associated with an increased risk of asthma acquisition via an increased risk of atopy. 

Whereas, at the remaining CpGs (39 CpGs in males and 19 CpGs in females), an increase in 

DNAm was indirectly associated with decreased risk of asthma acquisition via decreased risk of 

atopy (Supplemental Table S6). DNAm at certain number of CpGs only showed direct effects on 

asthma acquisition; in particular, DNAm in newborns at 99 CpGs in males and 192 CpGs in 

females were directly associated with asthma acquisition from 10 to 18 years age. Of these, for 

50 (51%) CpGs in males and 72 (38%) CpGs in females, an increase in DNAm was directly 

associated with an increase in the risk of asthma acquisition (Supplemental Table S7).  

CpGs showing indirect associations in IOWBC were further tested in the ALSPAC cohort to 

assess their potential of reproducibility. In ALSPAC cohort, DNAm data in newborns was 

available for 41 CpGs (of the 68 in IOWBC) in males and 18 CpGs (of the 41 in IOWBC) in 

females. Of these, the direction of indirect effects was consistent with those in IOWBC at 20 

(49%) CpGs in males and 10 (56%) CpGs in females, although none of these CpGs were 

statistically significant. It is worth mentioning that of the 20 and 10 CpGs in males and females, 

all CpGs showed only indirect effects (Supplement Table S6). For CpGs showing only direct 
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effects in IOWBC (99 in males and 192 in females), DNAm in ALSPAC was available for 54 

and 113 CpGs in males and females respectively. Of these, at 25 CpGs in males and 78 CpGs in 

females were in the same direction with one CpG (cg12938020) in males and 11 in females as 

being statistically significant (Supplemental Table S7).  

The biological relevance of CpGs showing consistent direct and indirect effects on asthma 

acquisition between the two cohorts were further assessed. We evaluated the association of 

DNAm at the identified 133 CpGs (45 in males) with the expression of nearby genes (measure at 

age 26 years) that the CpGs were mapped to. To identify nearby genes, we used a range of 500k 

base pairs (bps) (i.e., 250k bps up and down stream) of the CpG site were also included in the 

assessment. In this analysis, DNAm and gene expression levels were assessed at age 26 years. 

Significant effects of DNAm were observed at 35 CpGs on their association with expression of 

213 genes in males, and at 61 CpGs with expression of 357 genes in females (Table 7 and 

Supplement Table S8). Of the 570 genes’ expression (213 in males) associated with DNAm, 

increased DNAm was associated with increased expression of 289 genes (130 in males). 

Table 7: Top 5 most significant associations of DNAm with expression of neighboring mapped 

genes in each sex. 

CpG site Gene name Estimate P-value Sex 

cg25121621 COPRS 1 5.14x10-11 Males 

 PAGR1 1.34 1.48 x10-9  

 GDPD3 0.79 7.66 x10-9  

 TBX6 0.52 1.16 x10-8  

 LTN1 0.65 1.85 x10-8  

cg04720635 CCDC7 -1.84 3.01 x10-26 Females 
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Table 7: Continue 

CpG site Gene name Estimate P-value Sex 

 TP53INP2 -0.93 5.38 x10-10 Females 

 MAK16 -0.69 2.16 x10-9  

 AQP3 -1.36 3.74 x10-9  

 N4BP2L2 -0.40 3.79 x10-8  

Note: Top 5 most statistically significant associations for each sex are shown here. 
 
Connections with findings in Chapter 3. There was no overlap in the CpGs identified in this 

study (indirect or direct) and those identified in aim 1 for both sexes. DNAm in aim 1 was 

measured at 10 and 18 years while in aim 2 was at birth. The different sets of identified CpGs at 

this two time points may reflect potential dynamicity of epigenetic markers of asthma 

acquisition. Denser DNAm assessment between birth and age 10 years may help reveal the 

drifting effects of DNAm at birth as markers for asthma acquisition during adolescence. 

Atopic status at 10 years of age was included as a mediator in the assessment on the association 

of DNAm in newborns with asthma acquisition in aim 2. While in aim 1, atopic status at 10 years 

was used as a confounder. It is possible that atopic status in aim 1 may have played a role as a 

mediator as well. However, since atopic status determination and DNAm assessment both 

happened at the same age (10 years), the role of atopic status as a mediator conceptually may not 

hold under this specific design, but rather a potential confounder as done in aim 1. Nevertheless, 

it will be of interest to examine the role of atopy as a mediator at different time points.  
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Discussion 

Strengths and limitations 

The availability of asthma status at two key time points, pre- and post-adolescence, offered the 

possibility to examine asthma acquisition during adolescence. Identification of DNAm markers 

in newborns provides epigenetic insights in fetal life that potentially offered us an opportunity to 

predict the risk of later-life allergic and respiratory morbidity much earlier before disease 

manifestation. This study design with a clear time order (birth, pre-adolescence, and post-

adolescence) allowed dissection of the total effects of DNAm in newborns on the risk of 

childhood asthma and whether and how atopy played a role in between.  

Although the direction of mediating effects was consistent between the two cohorts at 16 and 7 

CpG sites in males and females, respectively, none of them were statistically significant in the 

ALSPAC cohort. A possible reason for the statistical insignificance in the ALSPAC cohort might 

be due to the differences in the ages of assessment. In the ALSPAC cohort, atopy at age 7 years 

and asthma acquisition from 7 to 17 years was included, while in IOWBC, atopy was at age 10 

years and asthma acquisition from 10 to 18 years. It is possible that the effect of DNAm in 

newborns on atopy was not strong enough to be detected at age 7 years. In addition, DNAm in 

IOWBC was measured in Guthrie cards while DNAm in ALSPAC was measured in cord blood. 

A recent study noted that when outcome or exposure are binary, agreement in findings between 

these two sources is expected to be at 70% of all CpGs under investigation [148]. This 

discrepancy between these two different sources of DNA might also have affected the statistical 

power in the replication analyses in the ALSPAC cohort.  

In addition, our study evaluated the contributions of each individual CpG site. These CpGs may 

be correlated and jointly impact asthma acquisition, which could not be addressed by the present 
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study. Nevertheless, the consistency in the results between the two cohorts indicate that the 

identified CpGs in newborns are likely to play a role in the underlying mechanisms of asthma 

acquisition across adolescence. The recognized CpGs have a potential to improve our 

understanding of different underlying pathways (through atopy or not) from DNAm in newborns 

to asthma acquisition during adolescence. 

Innovation 

To our knowledge, this is the first study to examine the direct and indirect effects of DNAm in 

newborns on asthma acquisition from pre- to post-adolescence via pre-adolescence atopy status. 

Conclusion 

We examined the direct and indirect effects of DNAm in newborns on asthma acquisition from 

pre- to post-adolescence via pre-adolescence atopy status in two independent cohorts. In the 

IOWBC discovery cohort, DNAm in newborns at 68 CpGs in males and 41 CpGs in females 

were found to be indirectly associated with asthma acquisition from 10 to 18 years via atopy. Of 

these discovered CpGs that were available in the ALSPAC replication cohort (41 CpGs in males 

and 18 in females), 20 (49%) CpGs in males and 10 (56%) in females showed consistent 

direction of mediation effects in the ALSPAC, although not statistically significant. All these 30 

CpGs showed only indirect effects. Of these 30 CpGs, at six CpGs in males and two CpGs in 

females, an increase in DNAm was indirectly associated with an increase in asthma acquisition 

risk via an increase in risk of atopy. For the remaining 22 of the 30 CpGs, an increase in DNAm 

was indirectly associated with decreased risk of asthma acquisition via decreased risk of atopy at 

14 CpGs in males and eight CpGs in females.  

In addition to these CpGs showing an effect on asthma acquisition via atopy, we discovered in 

total 291 CpGs (99 in males) that only had direct effects on asthma acquisition. Among these 
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291 CpGs, 103 showed consistent direction of effects in the ALSPAC cohort (25 in males) with 

one CpG site (cg12938020) in males and 11 in females showing statistical significance at 0.05, 

and at about half of these CpGs, a higher DNAm was associated with a higher odds of asthma 

acquisition.  

Re-analysis of the DNAm sites (direct and indirect) replicated in both cohorts were evaluated in 

opposite sex. For this, CpGs identified in males were analyzed in females for their association 

with asthma acquisition, and vice versa. At 4 CpGs in males and 4 in females, statistically 

significant direct effects of DNAm on asthma acquisition were detected. Of these 8 CpGs (4 in 

males), 4 CpGs (3 in males) had same direction of effects. These 4 CpGs (cg18694780, 

cg16622920, cg06365057 in males and cg13331559 in females) may represent common 

underlying mechanisms for non-atopic asthma development during adolescence in both sexes. 

No such CpGs were identified for atopic asthma.   

Assessment of biological relevance of the replicated CpGs indicated a potential epigenetic 

regulatory functionality of these CpGs on expression of their neighboring genes using a window 

size of 500 kbps. DNAm at 35 CpGs were associated with expression of 213 genes in males, and 

at 61 CpGs with expression of 357 genes in females. At 130 of the 213 genes in males and at 159 

of the 357 genes in females, an increase in DNAm was associated with increased gene 

expression levels. 

Allergic asthma can be atopic or non-atopic asthma. Atopic asthma is IgE mediated while non-

atopic asthma is non-IgE mediated, i.e., eosinophilic or Th2 (T-helper 2) asthma. 

We postulate that the 30 CpGs showing only indirect effects might play a role in the 

development of atopic asthma due to the involvement of atopy as a mediator. On the other hand, 

the 103 CpGs showing direct effects only may contribute to the occurrence of non-atopic asthma 
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since whether an individual was atopic or non-atopic did not influence the association of DNAm 

in newborns with asthma acquisition. CpG site cg12938020 showing significant direct effects in 

both cohorts is mapped to HOXD3 gene, and Wang et.al. have shown rs10954213, located in 

HOXD3 gene, influences IRF5 gene expression, which is further linked to asthma [149].  

In the top biological pathways detected through enrichment analysis based on CpGs that passed 

screening, several pathways and biological processes drew our attention and have been suggested 

to play an important role in the pathogenesis of asthma and allergy. In relation to the luteinizing 

hormone signaling pathway identified based on CpGs that passed screening for males, studies 

have shown lower levels of luteinizing hormone in patients with bronchial asthma [150, 151]. 

Annotated genes of the CpGs that passed screening were possibly also enriched in two biological 

processes related to biosynthesis of glucosamine, N-acetylglucosamine biosynthetic process and 

glucosamine-containing compound biosynthetic process, and  glucosamine has been linked to 

atopy and respiratory tract secretions of asthmatic patients [152]. For the identified pathways of 

positive regulation of protein acetylation and histone acetylation, they are likely to be involved in 

the development of allergic diseases and asthma [153, 154]. The airway epithelium from 

asthmatic subjects displayed increased histone acetylation levels compared to non-asthmatic 

subjects [155]. These previous studies support the findings from our enrichment analyses and 

strengthen the possible connection between those CpGs with atopy and/or asthma. PEX14 gene 

was involved in the top biological processes in males and also showed only indirect effects in 

both the cohorts. It has been found to be associated with asthma [156-158] as well as atopy 

[159]. TMED10, BFAR in males and OBSL1 in females were among the top 10 biological 

processes and showed only direct effects in both cohorts. Previous studies have shown TMED10 

to be differentially- expressed in severe asthma [160], and OBSL1 is overexpressed in asthma 
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cases compared to controls (foldchange= 1.305937, FDR p-value= 0.00217526) [161]. These 

findings may support the role of PEX14 gene in atopic asthma while TMED10 and OBSL1 gene 

in non-atopic asthma. The identified CpGs from both cohorts may serve as biomarkers of atopic 

and non-atopic asthma. Future studies are encouraged to investigate the role of DNAm at these 

CpGs as mediator in the association of exposures during fetal development with asthma. 
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Chapter 5 

Aim 3: To examine sex-specific associations of DNAm in Guthrie cards of newborns with 

pre-adolescence asthma and/or rhinitis 

Background 

Asthma affects more than 300 million people worldwide [162], and is ranked 16th among the 

leading causes of years lived with disability. Asthma most often originates in childhood and so 

higher incidence and prevalence is found among children. Asthma incidence and prevalence is 

different between males and females. A higher incidence, prevalence and hospitalization is seen 

in pre-pubertal boys than girls of same age, while a reverse trend is observed during adolescence 

[61, 163]. Another closely related airway disease, rhinitis, has been treated as a risk factor of 

asthma [164]. Among different types of rhinitis, allergic rhinitis affects 10-40% of world 

population with a prevalence of 8.4% in children and 14.9% in adolescents. It is the most 

common allergic disease among children [165] leading to long-term consequences in adulthood.  

Asthma and rhinitis are common chronic conditions that occur as comorbidities. About 40% of 

patients with allergic rhinitis have asthma, and 94% of patients with allergic asthma have allergic 

rhinitis [166-169]. Another study found allergic rhinitis patients have three times increased risk 

of developing asthma. Also, relief of rhinitis symptoms over time had a correlation with 

improvement in asthma symptoms, and subjects with severe and persistent rhinitis are at 

increased risk of developing asthma [170]. It has been found that the prevalence of coexisting 

asthma and allergic rhinitis in pre-adolescence is predominant in males[171].  

Both these conditions have complex etiologies involving both genetic and epigenetic 

mechanisms. The heritability estimates representing genetic contribution vary substantially, 35-

95% for asthma and 33-91% for allergic rhinitis [172]. Studies have found genetic similarities 
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between asthma and rhinitis as shared phenotypes [57, 173] explained by concept of united 

airway disease, IgE and non-IgE sensitizations [174]. Recent studies further incorporated 

epigenetics to explain the pathogenesis of asthma [58] and allergic conditions due to its ability to 

mediate environmental effects. DNA methylation (DNAm) at 5'-C-phosphate-G-3' (CpG) sites is 

one of the most studied epigenetic mechanisms. Several studies have shown an association of 

DNAm in blood with the status of asthma [13, 58, 61] and allergic diseases [175-177]. A recent 

meta-analysis demonstrated that DNAm in newborns was associated with asthma in school-aged 

children in 8 cohorts [59]. However, literature on the connection between DNAm and rhinitis is 

limited. A study of allergic rhinitis (AR) participants identified 42 CpG sites showing 

correlations of AR symptoms with DNAm [64].  

In this study, we focused on subjects with asthma and/or rhinitis (Ast_Rh) and aim to identify 

CpG sites with DNAm in newborns associated with these two allergic diseases, asthma, and 

rhinitis, among pre-adolescent children. Genome-scale DNAm data and clinical data collected in 

the Isle of Wight birth cohort (IOWBC) were included in the study. Previously, a cross-sectional 

study with focus on Ast_Rh was conducted among children aged 16 years based on DNAm in 

nasal epithelium [63]. Our study, on the other hand, is longitudinal with DNAm in blood on 

Guthrie cards of newborns. Findings from this study has a potential to identify individuals with 

higher risk of Ast_Rh at a much earlier age.  

Methods 

IOWBC Study Population and gene expression data at 26 years was explained in Chapter 3. 

DNAm at birth is explained in Chapter 4. 
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Asthma and/or Rhinitis (Ast_Rh) 

Asthma at 10 years was defined using ISAAC questionnaire as “ever had asthma” and “wheezing 

or whistling in the chest in the last 12 months” and/or “current treatment for asthma”. Based on 

responses to these questions, a participant was determined to have asthma if she/he had 

experienced recurrent wheezing in the last 12 months and been given a clinical diagnosis of 

asthma by the physician with or without being treated with asthma medications. Rhinitis at 10 

years was defined as ‘In the past 12 months have you had a problem with sneezing or a runny or 

a blocked nose when you did not have a cold or the flu?’ [180]. The outcome of the study was 

asthma and/or rhinitis (Ast_Rh) at 10 years, i.e., subjects with asthma only, rhinitis only, or both 

asthma and rhinitis were included in the study. Participants who did not have asthma nor rhinitis 

at 10 years were included in our study as a reference group. 

Covariates 

Atopic status at 10 years and SES are explained in Chapter 4. Second-hand smoke exposure at 10 

years was determined using information obtained from tobacco smoke exposure from mother, 

father, others, or outside home at 1, 2, 4 and 10 years.   

Statistical analysis 

Chi-square tests for categorical variables and one-sample t-tests for continuous variables were 

applied, stratified by sex to examine whether the analytic sample (n=796) reasonably represents 

the complete cohort (n=1456).  

Research question 3.1: Is the association of DNAm in newborns with pre-adolescence asthma 

and/or rhinitis sex-specific? 

Screening for CpGs in newborns related to asthma and/or rhinitis at 10 years 
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Regression of M-values of DNAm at each CpG site on the 6 cell type proportions [92] was done 

to obtain cell-type-adjusted DNAm (residuals) for each sex, and residuals were used in the 

subsequent analyses.  

Screening of genome-scale CpGs potentially associated with Ast_Rh was performed from two 

directions, separately for each sex, with the first direction focusing on individual CpGs and the 

second on CpGs in regions. To screen individual CpGs with DNAm in newborns possibly 

associated with Ast_Rh at 10 years, an R package, ttScreening [141], was implemented. The 

method implemented in ttScreening can control both type I and type II errors.  

In the second approach of screening, we identified candidate CpGs based on detection of 

differentially methylated regions (DMRs) for their association with Ast_Rh at 10 years using the 

DMRff package in R [142]. CpGs in DMRs that were statistically significant at the level of false 

discovery rate (FDR) of 0.2 along with CpGs that passed ttScreening were included in 

subsequent analysis as candidate CpGs.  

Association of DNAm in newborns with Ast_Rh at 10 years 

Multivariable logistic regression analysis was conducted to evaluate the association of DNAm in 

newborns (independent variable) at CpGs that passed screening with Ast_Rh at 10 years 

(dependent variable). Sex, SES, duration of breastfeeding, atopy, and second-hand smoke at 10 

years were included in the model as potential confounders. An interaction term of DNAm and 

sex was included in the model as an attempt to address sex difference in childhood asthma or 

rhinitis prevalence. For CpGs not showing significant interaction effects, their main effects were 

evaluated. In both situations (the models with main effects only, and the models that included 

interaction effects) multiple testing was adjusted by controlling FDR of 0.05. 
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Research question 3.2: What are the biological pathways of genes corresponding to the 

identified CpGs in IOWBC? 

For candidate CpGs showing associations of DNAm with Ast_Rh, genes annotated to the CpGs 

were summarized along with information including gene location and chromosome number 

extracted from the Illumina's manifest file and USCS genome browser (https://genome.ucsc.edu). 

Pathway enrichment analysis of the identified candidate CpGs was conducted using the R 

function gometh [103] to gain insight of  their biological functionality.   

Research question 3.3: Can the findings of research question 3.1 be replicated in ALSPAC? 

CpGs in newborns showing association with Ast_Rh at 10 were further tested in an independent 

cohort, the Avon Longitudinal Study of Children and Parents (ALSPAC) [98-100]. DNAm 

measurement from cord blood has been explained previously in Chapter 4 (Research question 

2.2).  

Ast_Rh was assessed at 7 years, i.e., subjects with asthma only, rhinitis only, or both asthma and 

rhinitis. Logistic regressions with comparable covariates available in ALSPAC, including SES, 

sex, atopy at 7 years and second-hand smoke at 7 years were used.   

Research question 3.4: Is there an association between DNAm at age 26 years and gene 

expression of nearby genes i.e., within 250kb upstream and downstream region of the identified 

CpGs at 26 years? 

Genes annotated to the replicated CpGs showing association with Ast_Rh were extracted along 

with information such as gene location, chromosome number from the Illumina's manifest file or 

UCSC genome browser (https://genome.ucsc.edu/). To assess the biological relevance of these 

CpGs, linear regressions were applied to test the association of DNAm (in M- values; 

independent variable) at age 26 years at each CpG site with expression of its neighboring genes 



 

 

59 

(250k base pairs [bps] upstream and 250k bps downstream of the CpG site) in blood at 26 years 

of age. Paired DNAm and expression data of n=140 subjects were included in the analyses. As 

we previously have found the association between gene expression and DNAm to be different in 

both males and females, the analysis was stratified by sex [61, 104].  

Research question 3.5: Is there a genetic influence on DNAm at the replicated CpGs, i.e., are 

there any methQTLs? 

Single nucleotide polymorphisms (SNPs) associated with methylation levels of CpGs are known 

as methQTLs [179]. SNPs to be included in the analyses for methQTL assessment were the ones 

located on the CpGs’ mapping genes using the Illumina manifestation file. Linear regression was 

used to evaluate this association where DNAm at birth was the dependent variables and SNPs 

was independent variables. CpGs with p-value <0.05 indicated its statistical significance on its 

association with SNPs (as methQTLs). 

Results 

Descriptive statistics on the status of Ast_Rh and variables potentially associated with the 

childhood asthma and rhinitis indicated that the subsamples represented the complete IOWBC 

(Table 8). The consort diagram for the study on samples included in the analyses is in 

Supplement Figure S5. Additionally, I looked at atopic status to make sure not all participants in 

Ast_Rh are atopic (Supplement Figure S6).  
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Table 8: Comparison of analytical subsample with complete cohort 

Variables  Males Females 

Categorical 
variables 

 Subsample 
(n=392);  
n (%) 

Complete 
cohort 
(n=401);  
n (%) 

P-
value 

Subsample 
(n=387);  
n (%) 

Complete 
cohort 
(n=395);  
n (%) 

P-
value 

Ast_Rh Yes 144 (36.7) 222 (31.9) 0.1 119 (30.8) 192 (28.4) 0.42 
 No 248 (63.3) 475 (68.1)  268 (69.2) 484 (71.6)  

Atopy at 10 years Yes 111 (31.2) 160 
(31.01) 

0.9 87 (24.4) 119 
(22.88) 

0.61 

 No 245 (68.8) 356 
(68.99) 

 270 (75.6) 401 
(77.12) 

 

Socio-economic 
status 

Low 61 (15.5) 106 (15.5) 0.68 48 (12.4) 103 
(15.30) 

0.38 

 Mid 303 (77.1) 517 
(75.58) 

 307 (79.1) 520 
(77.27) 

 

 High 29 (7.4) 61 (8.92)  33 (8.5) 50 (7.43)  

Second-hand 
smoke at age 10 
years 

Yes 266 (66.8) 489 (64.3) 0.38 246 (62.3) 445 (68.4) 0.77 

 No 132 (33.2) 272 (35.7)  149 (37.7) 280 (31.6)  

Continuous 
variables 

 Mean ± 
SD 

Mean ± 
SD 

 Mean ± 
SD 

Mean ± 
SD 

 

Duration of 
breastfeeding 

 14.95 ± 
14.81 

14.55 ± 
14.62 

0.6 14.37 ± 
15.05 

13.99 ± 
14.99 

0.63 

 
To identify candidate CpGs potentially associated with Ast_Rh at 10 years of age, ttScreening 

stratified by sex was applied to 551,710 CpGs using residuals (cell-type adjusted DNAm) in 

newborns. In total, 154 CpGs in males and 339 in females in IOWBC passed screening. There 

were no overlapping CpGs between males and females, and union of these CpGs, i.e., 493 CpGs, 

were included in subsequent analyses. Additionally, using the R package DMRff, at FDR 0.2 

level, we identified one DMR with 2 CpGs (cg00701456, cg08196106) in females on 

chromosome 12. As these 2 CpGs were in one DMR, they may work together. We treated these 

two CpGs as one CpG unit and used the mean of their cell-type-adjusted DNAm levels to 

represent DNAm of the CpG unit. No DMRs were identified in males. One CpG (cg08196106) 
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was common between the CpGs identified via ttScreening and those by DMRff. Thus, in total, 

492 CpGs plus one CpG unit were included in further analyses. 

Pathway enrichment analysis was conducted to better understand the biological functionality of 

the 154 screened CpGs in males and 340 CpGs (=339 CpGs from ttScreening + 1 CpG from 

DMRff) in females. The 154 CpGs in males were mapped to 123 genes, and 340 CpGs were 

mapped to 266 genes. Using these CpGs in gometh package in R, we identified 110 biological 

processes in males and 278 in females that were enriched at p-value <0.05. Among the mapped 

123 and 266 genes in males and females respectively, 10 genes in males and 29 in females were 

involved in the identified pathways (Table 9 and Supplemental Table S9). No common 

biological processes were identified between males and females. 

Table 9(A): Top 10 most statistically significant GO terms and its biological processes from 
pathway enrichment analysis in each pathway for males, for the CpGs that passed screening. 

GO term Biological processes P-value 

GO:0045116 protein neddylation 0.001 

GO:0033622 integrin activation 0.004 

GO:0045956 positive regulation of calcium ion-dependent exocytosis 0.004 

GO:1905078 positive regulation of interleukin-17 secretion 0.004 

GO:0008049 male courtship behavior 0.004 

GO:0042407 cristae formation 0.005 

GO:0006393 termination of mitochondrial transcription 0.006 

GO:1904235 
regulation of substrate-dependent cell migration, cell 
attachment to substrate 0.006 

GO:1904237 
positive regulation of substrate-dependent cell migration, 
cell attachment to substrate 0.006 

GO:0002636 positive regulation of germinal center formation 0.007 
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Table 9(B): Top 10 most statistically significant GO terms and its biological processes from 
pathway enrichment analysis in each pathway for females, for the CpGs that passed screening. 

GO term Biological processes P-value 

GO:0014834 
skeletal muscle satellite cell maintenance involved in 
skeletal muscle regeneration 0.0007 

GO:0035264 multicellular organism growth 0.001 

GO:0001678 cellular glucose homeostasis 0.002 

GO:0089718 amino acid import across plasma membrane 0.002 

GO:0071499 cellular response to laminar fluid shear stress 0.003 

GO:0035902 response to immobilization stress 0.003 

GO:0043090 amino acid import 0.003 

GO:1904491 protein localization to ciliary transition zone 0.003 

GO:0060563 neuroepithelial cell differentiation 0.003 

GO:0046324 regulation of glucose import 0.003 
 

Via logistic regressions, we examined the interaction effects of DNAm and sex on the odds of 

Ast_Rh at the 492 CpGs and one CpG unit, controlling for second-hand smoke exposure at 10 

years, SES, duration of breastfeeding and atopy. After adjusting for multiple testing by 

controlling FDR at 0.05 level, 404 CpGs and one CpG unit showed significant interaction with 

sex. Of these, opposite effects of DNAm were observed at 330 CpGs in males and females, i.e., 

at 130 CpGs, an increase in DNAm was associated with a decreased odds of Ast_Rh in males but 

increased odds in females. And at 199 CpGs and one CpG unit, an increase in DNAm was 

associated with an increased odds of Ast_Rh in males but decreased odds in females. 

(Supplemental Table S10a). For CpGs not showing interaction effects between DNAm and sex, 

main effects of DNAm were assessed at 88 CpGs. After adjusting for FDR at 0.05 level, we 

identified 70 CpGs showing association of DNAm with Ast_Rh controlling for sex and 
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previously mentioned covariates. At 32 of the 70 CpGs, an increase in DNAm was associated 

with an increased odds of Ast_Rh while at the remaining 38 CpGs, the association was in the 

opposite direction (Supplemental Table S10b).  

Altogether, we identified 475 (=405+70) CpGs in newborns with DNAm associated with Ast_Rh 

at 10 years. We further tested these CpGs in the ALSPAC cohort. For the 405 CpGs showing 

interaction effects in IOWBC, consistent directions of interaction effects were observed at 116 

CpGs of the available 242 CpGs, with 3 CpGs being statistically significant in ALSPAC. For the 

70 CpGs showing main effects in IOWBC, 17 CpGs of the available 37 CpGs in ALSPAC 

showed same directions of associations identified in the IOWBC. 

To assess the biological relevance of replicated CpGs showing association with Ast_Rh, we 

evaluated the association of DNAm at the identified 129 CpGs with the expression of genes that 

the CpGs were mapped to as well as their nearby genes by considering a window of 500k base 

pairs (bps) of the CpG site (250k bps up and down stream). In this analysis, DNAm and gene 

expression levels were assessed at age 26 years. Significant effects of DNAm were observed at 

86 CpGs on their association with expression of 396 genes in males, and at 96 CpGs with 

expression of 589 genes in females (Table 10 and Supplemental Table S11). Of the genes’ 

expression associated with DNAm, increased DNAm was associated with increased expression 

of 208 genes in males and 345 genes in females. 
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Table 10: Top 5 most significant associations of DNAm with expression of neighboring mapped 

genes in each sex. 

CpG site Gene name Estimate P-value Sex 

cg01662869 DPYSL4 0.92 4.30x10-7 Males 

 QRFP 0.83 6.55 x10-7  

cg19248893 RGS6 -1.8 8.53 x10-7 Males 

cg01662869 JADE2 1.05 1.56 x10-6 Males 

 JAM3 1.92 2.18 x10-6  

 JADE2 0.93 1.72 x10-11 Females 

 DPYSL4 0.83 2.99 x10-10  

 MOSPD1 0.56 8.41 x10-8  

 GLB1L2 0.62 1.66 x10-7  

 LAMC3 0.68 1.67 x10-7  

Note: Top 5 most statistically significant associations for each sex are shown here. 
 

For replicated 133 CpGs, their genetic influence was further assessed by evaluating if those 

CpGs had methQTLs. SNPs were extracted using the Illumina manifestation file and SNPs on 

the mapping genes of these CpGs were included in the analyses. In total, 791 SNPs for 47 CpGs 

were included in the analyses to assess methQTL. The analysis was sex stratified. We identified 

29 CpGs in males and 31 CpGs in females (25 CpGs in common) showing association with 

SNPs i.e., methQTLs existed at those CpGs (Supplement Table S12).  

 

 

 



 

 

65 

Discussion 

Strengths and limitations 

The strength of this study exists in its focus on a longitudinal assessment of DNAm at a critical 

time point, less than a week after birth, with pre-adolescent asthma and/or rhinitis. In addition to 

assess contribution of individual CpG sites, we examined joint effects of CpGs identified via 

DMR analyses and some of those CpGs were otherwise excluded from analyses based on 

individual CpGs. Several limitations of the study exist. First, the study population was mainly 

Caucasians. This may be a limiting factor in the external validity of findings, and hence 

generalization of these findings should be implemented with caution. Second, the focus of the 

study was on associations rather than causality, and this analytical approach does not allow 

predictions or inferring causality. Third, DNA was extracted from blood cells while asthma and 

rhinitis primarily affect cells of the respiratory tract. Although DNAm of the blood cells has 

concordance with that of the respiratory system cells [181], some differences exist between the 

two. Hence, DNAm in blood may not fully reflect the DNAm in respiratory tract cells. 

Innovation 

To our knowledge, this is the first longitudinal study to examine the association of epigenetics in 

newborns with pre-adolescent asthma and/or rhinitis in blood with respect to gender specificity. 

Conclusion  

We assessed the longitudinal association of DNAm in newborns with pre-adolescent asthma 

and/or rhinitis. At 404 CpGs and a CpG unit of cg00701456 and cg08196106, we identified 

significant interaction effects of DNAm and sex in the association with Ast_Rh at FDR 0.05 

level. Of these, an increase in DNAm at 199 CpGs and one CpG unit was associated with an 

increased odds of Ast_Rh in males but a decreased odds in females. Of the CpGs not showing 
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interaction effects, 70 CpGs were found to be associated with Ast_Rh adjusting for sex, of which 

an increase in DNAm at 32 CpGs was associated with an increased odds of Ast_Rh. Of the 404 

CpGs and a CpG unit showing significant interaction effects in IOWBC, at 116 of the available 

242 CpGs, (48%), consistent associations were observed in the ALSPAC cohort, including 

statistically significant findings at 3 CpGs. Of the 70 CpGs showing main effects in IOWBC, 17 

of the available 37 CpGs (46%) showed same direction of association in ALSPAC. 

Assessment of biological relevance of the replicated CpGs indicated a potential epigenetic 

regulatory functionality of these CpGs on expression of their neighboring genes using a window 

size of 500 kbps. DNAm at 86 CpGs were associated with expression of 396 genes in males, and 

at 96 CpGs with expression of 589 genes in females. At 208 of the 396 genes in males and at 345 

of the 589 genes in females, an increase in DNAm was associated with increased gene 

expression levels. Of the replicated 133 CpGs, 29 CpGs in males and 31 CpGs in females were 

linked to genetic variants (methQTLs) indicating potential contribution of genetic factors on the 

identified CpGs. It is worth noting that between these 29 and 31 CpGs, 25 were in common, 

strengthening the existence of methQTLs. That is, the observed epigenetic effects at these CpG 

sites were likely due to the contribution of genetic factors, supporting the findings on the genetic 

connection between asthma and rhinitis [57, 173]. On the other hand, CpGs with DNAm not 

associated with SNPs may represent epigenetic effects only without significant genetic 

contribution.   

Although we did not identify statistically significant biological processes after adjusting for 

multiple testing, biological processes such as integrin activation and interleukin-17 secretion 

were among the top processes determined based on statistical significance. Activation 

of integrins have been shown to be correlated with eosinophil recruitment and pulmonary 
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function in asthma [182]. Eosinophil arrest and recruitment to the airway in asthma are mediated, 

at least in part, by integrins [182-184]. Therefore, antagonists targeting integrins may potentially 

be involved in asthma treatment [184]. Expression of IL-17A in nasal mucosa is associated with 

pathophysiology of allergic rhinitis including its severity and nasal eosinophilia [185]. 

Neutralization of IL-17 has been found to improve symptoms of allergic rhinitis [186].   
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Chapter 6. Summary 

Epigenetic investigations of asthma will help us better understand its etiology and help direct 

preventive measures. The summary of main findings of this dissertation from two independent 

cohorts are: 

• I identified DNAm at 62 CpGs (9 in males) showing transition-specific associations with 

asthma acquisition (AA) such that the associations were different between the pre- to 

post-adolescence transition period and the post- to adulthood transition period. I also 

found significant differences between males and females at these CpGs i.e., at most of the 

CpGs in males, an increase in DNAm was associated with an increased odds of AA from 

pre- to post-adolescence transition, while from post-adolescence to adulthood, increased 

DNAm at most of the CpGs was associated with decreased odds. The associations in 

females for both transition periods were opposite compared to those in males. Among the 

50 CpGs (13 in males) showing main effects on AA, at most of the CpGs, an increase in 

DNAm was associated with a decreased odds of AA for both males and females, 

although the proportion of such CpGs was larger in females than in males. Furthermore, 

the effect sizes were weaker in females than in males.  

• I identified 30 CpGs (20 in males) in newborns that are associated with AA via atopy. Of 

these, an increase in DNAm at 22 CpGs (14 in males) was indirectly associated with 

decreased risk of AA via decreased risk of atopy. These CpGs might play a role in atopic 

asthma. At 103 CpGs, only direct effects of DNAm in newborns on AA during 

adolescence were observed which might contribute towards non-atopic asthma.  

• Sex-specific effects of DNAm in newborns on preadolescent Ast_Rh were observed at 

116 CpGs, and at most CpGs opposite effects in males and females were detected.  
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For each aim, it will be informative to examine DNAm trajectories at the identified CpGs and the 

longitudinal associations between DNAm and the endpoint (asthma acquisition or asthma/rhinitis 

status). Such an investigation will allow us to assess the potential of dynamicity of DNAm along 

with its potentially changing effect, if any. 

Within each aim, it was noticed that a small number of CpGs in IOWBC were replicated in 

ALSPAC showing the same direction of effects with statistical significance. There is a 

possibility of false-positive findings. Other factors such as age and sources of DNAm might have 

also caused the discrepancy in the findings between the two cohorts. Further assessment of the 

identified CpGs is desired in large scale cohort studies. 

In addition, none of the identified CpGs showed overlap in these 3 studies, which was expected. 

The DNAm was assessed at 10 and 18 years for aim 1, while in newborns for aim 2 and 3. 

Reflected in my analyses was that CpGs identified in newborns are likely not to continue their 

association at ages 10 or 18 years with AA at later ages. This may be the result of changes in 

environmental exposures over time, from birth to adolescence. Also, the outcomes for the three 

studies are different. Aim 1 and 2 focused on AA, i.e., transition during adolescence (while the 

DNAm ages were different) and aim 3 focused on the status of preadolescent Ast_Rh rather than 

changes in asthma status. The CpGs identified in aim 1 and 2 may represent involvement in the 

development of asthma during a critical period of adolescent, while those in aim 3 are related to 

the status of asthma and/or rhinitis before adolescence (i.e., conditions are already developed, 

and some may have persistent asthma).  

The unique CpGs identified for each sex without any overlap in these findings and the 

inconsistent associations of DNAm with AA between males and females might be related to the 

gender-reversal phenomenon of asthma prevalence from pre- to post-adolescence. It is worth 
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noting that for most of the associations of DNAm with AA, a greater number of CpGs were 

identified in females compared to males. The reason for this observation is unknown and remains 

to be biologically determined through future investigations. I speculate that X chromosome 

inactivation due to genetic mechanism may be related to such a difference in number of 

identified CpGs in each sex [187]. These identified CpGs can guide future studies in AA 

prediction at different transition periods in both sexes, whether atopic or non-atopic asthma. The 

biological functionality of the identified CpGs will strengthen their potential as causal factors in 

addition to epigenetic markers. The CpGs identified in this dissertation have a potential to serve 

as epigenetic biomarkers due to the strength of associations assessed based on statistical 

significance.    
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N
ote: (a) For the analysis in IoW

, logistic regression w
ith repeated m

easurem
ents w

ere adjusted for atopic status at ages 10 and 18 years, active 
sm

oking and second hand sm
oke exposure at age 18 and 26 years, transition period 10-18 and 18-26 years. 

(b) A
nalysis of A

L
SPA

C
 used sim

ilar available covariates: atopic status at age 7 years, second hand sm
oke exposure at age 17 and 24 years. 

Interaction effects consistent betw
een the tw

o cohorts are w
ith bold fonts of C

pG
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cg16926844 
P

R
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0.161717 
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cg15278646 
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0.012347 
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A

N
K
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0.117817 

0.012401 
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C
1orf87 

0.196124 
0.012522 
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O
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0.013324 
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A
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O
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M
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X

7 
-0.15523 

0.014576 
cg25156443 

F
P

R
3 



 
 

114 

0.403932 
0.014581 

cg03223733 
V

A
V
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0.103377 

0.014662 
cg22153463 

SLA
IN
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-0.07573 

0.014712 
cg26693529 

M
M

P
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-0.63704 
0.015586 

cg05898113 
K
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0.015609 
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C
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0.063729 
0.016289 

cg13337238 
A

R
P

P
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0.093769 
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cg06302857 
C

YP
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0.382421 
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B

H
D
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D
SG
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A
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E
M
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SLC
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E

X
O
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K

R
T36 

0.141686 
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R
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P

C
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P

SM
A
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C
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F
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-0.11063 
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A

M
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0.023473 
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ZD
H

H
C
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-0.25622 

0.023678 
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A
H

C
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0.144148 
0.024605 

cg06226335 
TR
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0.079739 
0.024788 
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P
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-0.07526 
0.024861 

cg13063405 
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E
M
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0.025096 
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A
M
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0.092431 
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M
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N
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C
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-0.0957 
0.027751 
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TB

D
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M
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0.028434 
cg22626041 

C
IP

C
 

0.065801 
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cg02225897 
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F
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0.031075 

cg04784251 
M

A
G

E
F
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0.124215 

0.031756 
cg09822824 
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-0.10846 

0.031977 
cg18593717 
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-0.09946 

0.032465 
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0.033237 
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O
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N
P
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H
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0.056722 

0.043709 
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K
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P
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0.323744 

0.044327 
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N
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N
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TB
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N
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N
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0.045349 
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H
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D
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O
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0.046596 
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R
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R
C
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F
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STYK

1 
  Supplem

ent T
able S5(A

): Statistically significant G
O

 term
s and its biological processes from

 pathw
ay enrichm

ent analysis in each pathw
ay for 

m
ales, for the identified C

pG
s. 

G
O

 term
 

B
iological Processes 

N
# 

R
aw

 p 
value 

G
O

:0046380 
N

-acetylneuram
inate biosynthetic process 

1 
0.0050 

G
O

:0035459 
vesicle cargo loading 

22 
0.0059 

G
O

:0042700 
luteinizing horm

one signaling pathw
ay 

2 
0.0075 
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G
O

:0033140 
negative regulation of peptidyl-serine phosphorylati 

2 
0.0079 

G
O

:0032462 
regulation of protein hom

ooligom
erization 

20 
0.0084 

G
O

:0072665 
protein localization to vacuole 

63 
0.0086 

G
O

:0006045 
N

-acetylglucosam
ine biosynthetic process 

2 
0.0089 

G
O

:1901073 
glucosam

ine-containing com
pound biosynthetic process 

2 
0.0089 

G
O

:0044727 
D

N
A

 dem
ethylation of m

ale pronucleus 
2 

0.0094 

G
O

:1903895 
negative regulation of IR

E
1-m

ediated unfolded protei 
3 

0.0098 

G
O

:0060749 
m

am
m

ary gland alveolus developm
ent 

18 
0.0102 

G
O

:0061377 
m

am
m

ary gland lobule developm
ent 

18 
0.0102 

G
O

:0014822 
detection of w

ounding 
1 

0.0117 

G
O

:0048567 
ectoderm

al digestive tract m
orphogenesis 

1 
0.0117 

G
O

:0048613 
em

bryonic ectoderm
al digestive tract m

orphogenesis 
1 

0.0117 

G
O

:0060461 
right lung m

orphogenesis 
1 

0.0117 

G
O

:0071373 
cellular response to luteinizing horm

one stim
ulus 

3 
0.0126 

G
O

:0015798 
m

yo-inositol transport 
4 

0.0129 

G
O

:0044725 
chrom

atin reprogram
m

ing in the zygote 
3 

0.0134 

G
O

:0007034 
vacuolar transport 

139 
0.0137 

G
O

:0061736 
engulfm

ent of target by autophagosom
e 

1 
0.0139 

G
O

:0061753 
substrate localization to autophagosom

e 
1 

0.0139 

G
O

:0036250 
peroxisom

e transport along m
icrotubule 

1 
0.0142 

G
O

:0044721 
protein im

port into peroxisom
e m

atrix, substrate rel 
1 

0.0142 

G
O

:0046105 
thym

idine biosynthetic process 
2 

0.0143 

G
O

:0046120 
deoxyribonucleoside biosynthetic process 

2 
0.0143 

G
O

:0046126 
pyrim

idine deoxyribonucleoside biosynthetic process 
2 

0.0143 

G
O

:0043126 
regulation of 1-phosphatidylinositol 4-kinase activi 

1 
0.0145 

G
O

:0043128 
positive regulation of 1-phosphatidylinositol 4-kina 

1 
0.0145 

G
O

:1905676 
positive regulation of adaptive im

m
une m

em
ory respon 

1 
0.0145 

G
O

:0006227 
dU

D
P biosynthetic process 

2 
0.0152 

G
O

:0006233 
dT

D
P biosynthetic process 

2 
0.0152 
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G
O

:0009139 
pyrim

idine nucleoside diphosphate biosynthetic proce 
2 

0.0152 

G
O

:0009196 
pyrim

idine deoxyribonucleoside diphosphate m
etabolic 

2 
0.0152 

G
O

:0009197 
pyrim

idine deoxyribonucleoside diphosphate biosynthe 
2 

0.0152 

G
O

:0046072 
dT

D
P m

etabolic process 
2 

0.0152 

G
O

:0046077 
dU

D
P m

etabolic process 
2 

0.0152 

G
O

:0055094 
response to lipoprotein particle 

32 
0.0164 

G
O

:2000311 
regulation of A

M
PA

 receptor activity 
24 

0.0172 

G
O

:0097029 
m

ature conventional dendritic cell differentiation 
4 

0.0181 

G
O

:0035621 
E

R
 to G

olgi ceram
ide transport 

5 
0.0184 

G
O

:0006120 
m

itochondrial electron transport, N
A

D
H

 to ubiquinone 
47 

0.0185 

G
O

:0090716 
adaptive im

m
une m

em
ory response 

2 
0.0188 

G
O

:1905674 
regulation of adaptive im

m
une m

em
ory response 

2 
0.0188 

G
O

:0071402 
cellular response to lipoprotein particle stim

ulus 
34 

0.0192 

G
O

:0016561 
protein im

port into peroxisom
e m

atrix, translocation 
2 

0.0192 

G
O

:0090461 
glutam

ate hom
eostasis 

3 
0.0199 

G
O

:0051966 
regulation of synaptic transm

ission, glutam
atergic 

70 
0.0201 

G
O

:0043418 
hom

ocysteine catabolic process 
3 

0.0207 

G
O

:0006352 
D

N
A

-tem
plated transcription, initiation 

245 
0.0209 

G
O

:0035783 
C

D
4-positive, alpha-beta T

 cell costim
ulation 

3 
0.0210 

G
O

:0046836 
glycolipid transport 

5 
0.0212 

G
O

:0006211 
5-m

ethylcytosine catabolic process 
3 

0.0227 

G
O

:0019857 
5-m

ethylcytosine m
etabolic process 

3 
0.0227 

G
O

:1901090 
regulation of protein tetram

erization 
2 

0.0235 

G
O

:1901091 
negative regulation of protein tetram

erization 
2 

0.0235 

G
O

:1901093 
regulation of protein hom

otetram
erization 

2 
0.0235 

G
O

:1901094 
negative regulation of protein hom

otetram
erization 

2 
0.0235 

G
O

:0009138 
pyrim

idine nucleoside diphosphate m
etabolic process 

3 
0.0236 

G
O

:0060458 
right lung developm

ent 
2 

0.0242 

G
O

:0018023 
peptidyl-lysine trim

ethylation 
43 

0.0243 
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G
O

:0080144 
am

ino acid hom
eostasis 

4 
0.0247 

G
O

:0002587 
negative regulation of antigen processing and presen 

2 
0.0248 

G
O

:1905224 
clathrin-coated pit assem

bly 
3 

0.0253 

G
O

:0006235 
dT

T
P biosynthetic process 

4 
0.0256 

G
O

:0009212 
pyrim

idine deoxyribonucleoside triphosphate biosynth 
4 

0.0256 

G
O

:0046075 
dT

T
P m

etabolic process 
4 

0.0256 

G
O

:0034699 
response to luteinizing horm

one 
4 

0.0258 

G
O

:0061030 
epithelial cell differentiation involved in m

am
m

ary 
4 

0.0261 

G
O

:0010257 
N

A
D

H
 dehydrogenase com

plex assem
bly 

58 
0.0264 

G
O

:0032981 
m

itochondrial respiratory chain com
plex I assem

bly 
58 

0.0264 

G
O

:0046813 
receptor-m

ediated virion attachm
ent to host cell 

4 
0.0266 

G
O

:0007439 
ectoderm

al digestive tract developm
ent 

2 
0.0269 

G
O

:0048611 
em

bryonic ectoderm
al digestive tract developm

ent 
2 

0.0269 

G
O

:0009249 
protein lipoylation 

6 
0.0271 

G
O

:0035964 
C

O
PI-coated vesicle budding 

6 
0.0273 

G
O

:0048200 
G

olgi transport vesicle coating 
6 

0.0273 

G
O

:0048205 
C

O
PI coating of G

olgi vesicle 
6 

0.0273 

G
O

:0048009 
insulin-like grow

th factor receptor signaling pathw
a 

38 
0.0276 

G
O

:0045039 
protein insertion into m

itochondrial inner m
em

brane 
8 

0.0278 

G
O

:0032459 
regulation of protein oligom

erization 
42 

0.0279 

G
O

:0051389 
inactivation of M

A
PK

K
 activity 

2 
0.0289 

G
O

:0019418 
sulfide oxidation 

5 
0.0290 

G
O

:0070221 
sulfide oxidation, using sulfide:quinone oxidoreduct 

5 
0.0290 

G
O

:1902389 
ceram

ide 1-phosphate transport 
8 

0.0291 

G
O

:0032963 
collagen m

etabolic process 
113 

0.0293 

G
O

:0043305 
negative regulation of m

ast cell degranulation 
7 

0.0295 

G
O

:2001190 
positive regulation of T

 cell activation via T
 cell 

3 
0.0299 

G
O

:0120009 
interm

em
brane lipid transfer 

8 
0.0300 

G
O

:0061462 
protein localization to lysosom

e 
40 

0.0301 
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G
O

:0022602 
ovulation cycle process 

46 
0.0302 

G
O

:0034238 
m

acrophage fusion 
6 

0.0306 

G
O

:0032417 
positive regulation of sodium

:proton antiporter acti 
4 

0.0306 

G
O

:0051668 
localization w

ithin m
em

brane 
93 

0.0307 

G
O

:0032365 
intracellular lipid transport 

45 
0.0310 

G
O

:0046104 
thym

idine m
etabolic process 

5 
0.0317 

G
O

:0046125 
pyrim

idine deoxyribonucleoside m
etabolic process 

5 
0.0317 

G
O

:0002584 
negative regulation of antigen processing and presen 

4 
0.0318 

G
O

:0002586 
regulation of antigen processing and presentation of 

4 
0.0325 

G
O

:0071211 
protein targeting to vacuole involved in autophagy 

4 
0.0336 

G
O

:0014905 
m

yoblast fusion involved in skeletal m
uscle regenera 

4 
0.0339 

G
O

:0007041 
lysosom

al transport 
103 

0.0342 

G
O

:0060750 
epithelial cell proliferation involved in m

am
m

ary gl 
4 

0.0350 

G
O

:0048371 
lateral m

esoderm
al cell differentiation 

3 
0.0352 

G
O

:0015791 
polyol transport 

11 
0.0353 

G
O

:0071806 
protein transm

em
brane transport 

57 
0.0353 

G
O

:0044273 
sulfur com

pound catabolic process 
53 

0.0355 

G
O

:0009211 
pyrim

idine deoxyribonucleoside triphosphate m
etaboli 

6 
0.0356 

G
O

:0009189 
deoxyribonucleoside diphosphate biosynthetic process 

4 
0.0357 

G
O

:0016560 
protein im

port into peroxisom
e m

atrix, docking 
4 

0.0358 

G
O

:2000563 
positive regulation of C

D
4-positive, alpha-beta T

 ce 
5 

0.0359 

G
O

:0090131 
m

esenchym
e m

igration 
5 

0.0364 

G
O

:0006367 
transcription initiation from

 R
N

A
 polym

erase II prom
 

186 
0.0364 

G
O

:0002581 
negative regulation of antigen processing and presen 

3 
0.0366 

G
O

:0032962 
positive regulation of inositol trisphosphate biosyn 

6 
0.0366 

G
O

:0048566 
em

bryonic digestive tract developm
ent 

34 
0.0374 

G
O

:0006383 
transcription by R

N
A

 polym
erase III 

55 
0.0377 

G
O

:0035329 
hippo signaling 

38 
0.0379 

G
O

:0070813 
hydrogen sulfide m

etabolic process 
7 

0.0384 
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G
O

:0032415 
regulation of sodium

:proton antiporter activity 
6 

0.0393 

G
O

:0002583 
regulation of antigen processing and presentation of 

6 
0.0394 

G
O

:0046462 
m

onoacylglycerol m
etabolic process 

5 
0.0398 

G
O

:0052651 
m

onoacylglycerol catabolic process 
5 

0.0398 

G
O

:2001188 
regulation of T

 cell activation via T
 cell receptor 

6 
0.0398 

G
O

:0033139 
regulation of peptidyl-serine phosphorylation of ST

A
 

12 
0.0400 

G
O

:0034773 
histone H

4-K
20 trim

ethylation 
6 

0.0402 

G
O

:0033007 
negative regulation of m

ast cell activation involved 
9 

0.0407 

G
O

:0070973 
protein localization to endoplasm

ic reticulum
 exit s 

7 
0.0409 

G
O

:0060523 
prostate epithelial cord elongation 

3 
0.0410 

G
O

:0035249 
synaptic transm

ission, glutam
atergic 

93 
0.0411 

G
O

:0048369 
lateral m

esoderm
 m

orphogenesis 
4 

0.0412 

G
O

:0048370 
lateral m

esoderm
 form

ation 
4 

0.0412 

G
O

:0016191 
synaptic vesicle uncoating 

5 
0.0424 

G
O

:0030579 
ubiquitin-dependent SM

A
D

 protein catabolic process 
6 

0.0426 

G
O

:0060751 
branch elongation involved in m

am
m

ary gland duct bra 
5 

0.0432 

G
O

:0072666 
establishm

ent of protein localization to vacuole 
49 

0.0433 

G
O

:0060426 
lung vasculature developm

ent 
6 

0.0439 

G
O

:0002580 
regulation of antigen processing and presentation of 

5 
0.0441 

G
O

:0009120 
deoxyribonucleoside m

etabolic process 
8 

0.0442 

G
O

:0009202 
deoxyribonucleoside triphosphate biosynthetic proces 

6 
0.0446 

G
O

:0060075 
regulation of resting m

em
brane potential 

8 
0.0453 

G
O

:0009186 
deoxyribonucleoside diphosphate m

etabolic process 
6 

0.0457 

G
O

:0032526 
response to retinoic acid 

108 
0.0462 

G
O

:0061734 
parkin-m

ediated stim
ulation of m

itophagy in response 
6 

0.0464 

G
O

:0009221 
pyrim

idine deoxyribonucleotide biosynthetic process 
8 

0.0466 

G
O

:0098943 
neurotransm

itter receptor transport, postsynaptic en 
7 

0.0466 

G
O

:0048806 
genitalia developm

ent 
47 

0.0469 

G
O

:0072318 
clathrin coat disassem

bly 
6 

0.0473 
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G
O

:0060737 
prostate gland m

orphogenetic grow
th 

4 
0.0477 

G
O

:0043045 
D

N
A

 m
ethylation involved in em

bryo developm
ent 

8 
0.0479 

G
O

:1901538 
changes to D

N
A

 m
ethylation involved in em

bryo develo 
8 

0.0479 

G
O

:0097070 
ductus arteriosus closure 

5 
0.0483 

G
O

:0032960 
regulation of inositol trisphosphate biosynthetic pr 

7 
0.0496 

N
ote: #N

: N
um

ber of genes involved in the respective pathw
ays 

   Supplem
ent T

able S5 (B
): Statistically significant G

O
 term

s and its biological processes from
 pathw

ay enrichm
ent analysis in each pathw

ay for 
fem

ales, for the identified C
pG

s. 

G
O

 term
 

B
iological Processes 

N
# 

R
aw

 P-
value 

G
O

:1901985 
positive regulation of protein acetylation 

43 
0.0010 

G
O

:0033144 
negative regulation of intracellular steroid horm

one 
35 

0.0011 

G
O

:0051582 
positive regulation of neurotransm

itter uptake 
6 

0.0025 

G
O

:0045214 
sarcom

ere organization 
53 

0.0033 

G
O

:0021853 
cerebral cortex G

A
B

A
ergic interneuron m

igration 
6 

0.0038 

G
O

:1904936 
interneuron m

igration 
6 

0.0038 

G
O

:0001188 
R

N
A

 polym
erase I preinitiation com

plex assem
bly 

9 
0.0040 

G
O

:0043438 
acetoacetic acid m

etabolic process 
1 

0.0041 

G
O

:0035066 
positive regulation of histone acetylation 

30 
0.0043 

G
O

:0021894 
cerebral cortex G

A
B

A
ergic interneuron developm

ent 
7 

0.0043 

G
O

:0060415 
m

uscle tissue m
orphogenesis 

82 
0.0043 

G
O

:2000758 
positive regulation of peptidyl-lysine acetylation 

33 
0.0054 

G
O

:0048644 
m

uscle organ m
orphogenesis 

88 
0.0055 

G
O

:0006308 
D

N
A

 catabolic process 
40 

0.0056 

G
O

:0150070 
regulation of arginase activity 

1 
0.0065 

G
O

:0150072 
positive regulation of arginase activity 

1 
0.0065 

G
O

:0006507 
G

PI anchor release 
1 

0.0071 
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G
O

:0034014 
response to triglyceride 

1 
0.0071 

G
O

:0071401 
cellular response to triglyceride 

1 
0.0071 

G
O

:0097241 
hem

atopoietic stem
 cell m

igration to bone m
arrow

 
1 

0.0071 

G
O

:0043630 
ncR

N
A

 polyadenylation involved in polyadenylation-de 
1 

0.0076 

G
O

:1901983 
regulation of protein acetylation 

72 
0.0082 

G
O

:0032651 
regulation of interleukin-1 beta production 

89 
0.0085 

G
O

:0006029 
proteoglycan m

etabolic process 
94 

0.0090 

G
O

:0030241 
skeletal m

uscle m
yosin thick filam

ent assem
bly 

11 
0.0090 

G
O

:0071688 
striated m

uscle m
yosin thick filam

ent assem
bly 

11 
0.0090 

G
O

:0003139 
secondary heart field specification 

9 
0.0092 

G
O

:0021826 
substrate-independent telencephalic tangential m

igra 
9 

0.0095 

G
O

:0021830 
interneuron m

igration from
 the subpallium

 to the cor 
9 

0.0095 

G
O

:0021843 
substrate-independent telencephalic tangential inter 

9 
0.0095 

G
O

:0031034 
m

yosin filam
ent assem

bly 
12 

0.0100 

G
O

:0030239 
m

yofibril assem
bly 

73 
0.0102 

G
O

:0032675 
regulation of interleukin-6 production 

149 
0.0108 

G
O

:0046606 
negative regulation of centrosom

e cycle 
14 

0.0109 

G
O

:0050652 
derm

atan sulfate proteoglycan biosynthetic process, 
1 

0.0113 

G
O

:0150073 
regulation of protein-glutam

ine gam
m

a-glutam
yltransf 

2 
0.0113 

G
O

:0150074 
positive regulation of protein-glutam

ine gam
m

a-gluta 
2 

0.0113 

G
O

:0032611 
interleukin-1 beta production 

100 
0.0115 

G
O

:0033147 
negative regulation of intracellular estrogen recept 

13 
0.0117 

G
O

:0032652 
regulation of interleukin-1 production 

100 
0.0118 

G
O

:0055008 
cardiac m

uscle tissue m
orphogenesis 

69 
0.0119 

G
O

:0021515 
cell differentiation in spinal cord 

54 
0.0121 

G
O

:0021892 
cerebral cortex G

A
B

A
ergic interneuron differentiatio 

11 
0.0122 

G
O

:0030240 
skeletal m

uscle thin filam
ent assem

bly 
14 

0.0125 

G
O

:0031033 
m

yosin filam
ent organization 

13 
0.0125 

G
O

:0033143 
regulation of intracellular steroid horm

one receptor 
75 

0.0132 
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G
O

:0032635 
interleukin-6 production 

158 
0.0134 

G
O

:0002038 
positive regulation of L

-glutam
ate im

port across pla 
2 

0.0137 

G
O

:0030166 
proteoglycan biosynthetic process 

69 
0.0140 

G
O

:0030204 
chondroitin sulfate m

etabolic process 
39 

0.0142 

G
O

:0007517 
m

uscle organ developm
ent 

406 
0.0144 

G
O

:0035020 
regulation of R

ac protein signal transduction 
14 

0.0153 

G
O

:0019520 
aldonic acid m

etabolic process 
2 

0.0154 

G
O

:0019521 
D

-gluconate m
etabolic process 

2 
0.0154 

G
O

:0046176 
aldonic acid catabolic process 

2 
0.0154 

G
O

:0046177 
D

-gluconate catabolic process 
2 

0.0154 

G
O

:0030522 
intracellular receptor signaling pathw

ay 
278 

0.0158 

G
O

:0032612 
interleukin-1 production 

112 
0.0160 

G
O

:1900134 
negative regulation of renin secretion into blood st 

1 
0.0164 

G
O

:1904975 
response to bleom

ycin 
2 

0.0170 

G
O

:1904976 
cellular response to bleom

ycin 
2 

0.0170 

G
O

:0034147 
regulation of toll-like receptor 5 signaling pathw

ay 
1 

0.0175 

G
O

:0034148 
negative regulation of toll-like receptor 5 signalin 

1 
0.0175 

G
O

:0070429 
negative regulation of nucleotide-binding oligom

eriz 
1 

0.0175 

G
O

:0072573 
tolerance induction to lipopolysaccharide 

1 
0.0175 

G
O

:0060766 
negative regulation of androgen receptor signaling p 

15 
0.0186 

G
O

:0050654 
chondroitin sulfate proteoglycan m

etabolic process 
44 

0.0190 

G
O

:0014866 
skeletal m

yofibril assem
bly 

16 
0.0192 

G
O

:0043652 
engulfm

ent of apoptotic cell 
15 

0.0198 

G
O

:0030073 
insulin secretion 

206 
0.0199 

G
O

:2000772 
regulation of cellular senescence 

52 
0.0200 

G
O

:0097154 
G

A
B

A
ergic neuron differentiation 

14 
0.0201 

G
O

:1990918 
double-strand break repair involved in m

eiotic recom
 

3 
0.0204 

G
O

:0035853 
chrom

osom
e passenger com

plex localization to spindle 
1 

0.0205 

G
O

:0016333 
m

orphogenesis of follicular epithelium
 

1 
0.0212 
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G
O

:0016334 
establishm

ent or m
aintenance of polarity of follicul 

1 
0.0212 

G
O

:0042247 
establishm

ent of planar polarity of follicular epith 
1 

0.0212 

G
O

:0048739 
cardiac m

uscle fiber developm
ent 

18 
0.0213 

G
O

:0033233 
regulation of protein sum

oylation 
21 

0.0214 

G
O

:0044467 
glial cell-derived neurotrophic factor secretion 

2 
0.0218 

G
O

:1900166 
regulation of glial cell-derived neurotrophic factor 

2 
0.0218 

G
O

:1900168 
positive regulation of glial cell-derived neurotroph 

2 
0.0218 

G
O

:0070428 
regulation of nucleotide-binding oligom

erization dom
 

2 
0.0219 

G
O

:0062029 
positive regulation of stress granule assem

bly 
2 

0.0227 

G
O

:0061061 
m

uscle structure developm
ent 

668 
0.0227 

G
O

:0006535 
cysteine biosynthetic process from

 serine 
1 

0.0234 

G
O

:0046603 
negative regulation of m

itotic centrosom
e separation 

1 
0.0238 

G
O

:2000349 
negative regulation of C

D
40 signaling pathw

ay 
2 

0.0241 

G
O

:0021527 
spinal cord association neuron differentiation 

14 
0.0242 

G
O

:0051580 
regulation of neurotransm

itter uptake 
20 

0.0244 

G
O

:0021953 
central nervous system

 neuron differentiation 
183 

0.0244 

G
O

:0090291 
negative regulation of osteoclast proliferation 

2 
0.0244 

G
O

:1901741 
positive regulation of m

yoblast fusion 
19 

0.0245 

G
O

:0043401 
steroid horm

one m
ediated signaling pathw

ay 
182 

0.0247 

G
O

:1904464 
regulation of m

atrix m
etallopeptidase secretion 

5 
0.0250 

G
O

:1904465 
negative regulation of m

atrix m
etallopeptidase secre 

5 
0.0250 

G
O

:1990773 
m

atrix m
etallopeptidase secretion 

5 
0.0250 

G
O

:0035065 
regulation of histone acetylation 

53 
0.0252 

G
O

:0090251 
protein localization involved in establishm

ent of pl 
1 

0.0256 

G
O

:0009051 
pentose-phosphate shunt, oxidative branch 

3 
0.0259 

G
O

:0015798 
m

yo-inositol transport 
4 

0.0259 

G
O

:0003128 
heart field specification 

15 
0.0266 

G
O

:0007529 
establishm

ent of synaptic specificity at neurom
uscul 

2 
0.0270 

G
O

:0071929 
alpha-tubulin acetylation 

2 
0.0273 
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G
O

:0048936 
peripheral nervous system

 neuron axonogenesis 
2 

0.0280 

G
O

:0051151 
negative regulation of sm

ooth m
uscle cell differenti 

23 
0.0281 

G
O

:0090667 
cell chem

otaxis to vascular endothelial grow
th facto 

4 
0.0287 

G
O

:0090668 
endothelial cell chem

otaxis to vascular endothelial 
4 

0.0287 

G
O

:1901739 
regulation of m

yoblast fusion 
21 

0.0297 

G
O

:0019343 
cysteine biosynthetic process via cystathionine 

2 
0.0301 

G
O

:0007538 
prim

ary sex determ
ination 

3 
0.0305 

G
O

:0090342 
regulation of cell aging 

60 
0.0305 

G
O

:0090277 
positive regulation of peptide horm

one secretion 
96 

0.0306 

G
O

:2000111 
positive regulation of m

acrophage apoptotic process 
3 

0.0308 

G
O

:0043111 
replication fork arrest 

4 
0.0311 

G
O

:2000756 
regulation of peptidyl-lysine acetylation 

59 
0.0313 

G
O

:0050796 
regulation of insulin secretion 

175 
0.0313 

G
O

:0043629 
ncR

N
A

 polyadenylation 
2 

0.0316 

G
O

:0071050 
snoR

N
A

 polyadenylation 
2 

0.0316 

G
O

:0010983 
positive regulation of high-density lipoprotein part 

6 
0.0318 

G
O

:0000737 
D

N
A

 catabolic process, endonucleolytic 
33 

0.0322 

G
O

:0034140 
negative regulation of toll-like receptor 3 signalin 

3 
0.0328 

G
O

:0018335 
protein succinylation 

4 
0.0333 

G
O

:0106077 
histone succinylation 

4 
0.0333 

G
O

:0072719 
cellular response to cisplatin 

5 
0.0333 

G
O

:0000472 
endonucleolytic cleavage to generate m

ature 5'-end o 
3 

0.0343 

G
O

:0000967 
rR

N
A

 5'-end processing 
3 

0.0343 

G
O

:0035442 
dipeptide transm

em
brane transport 

5 
0.0344 

G
O

:0042938 
dipeptide transport 

5 
0.0344 

G
O

:0070425 
negative regulation of nucleotide-binding oligom

eriz 
3 

0.0347 

G
O

:0070433 
negative regulation of nucleotide-binding oligom

eriz 
3 

0.0347 

G
O

:0034146 
toll-like receptor 5 signaling pathw

ay 
2 

0.0354 

G
O

:0070427 
nucleotide-binding oligom

erization dom
ain containing 

4 
0.0355 
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G
O

:0019322 
pentose biosynthetic process 

4 
0.0355 

G
O

:1902659 
regulation of glucose m

ediated signaling pathw
ay 

3 
0.0356 

G
O

:1902661 
positive regulation of glucose m

ediated signaling pa 
3 

0.0356 

G
O

:0006739 
N

A
D

P m
etabolic process 

31 
0.0356 

G
O

:0071787 
endoplasm

ic reticulum
 tubular netw

ork form
ation 

4 
0.0357 

G
O

:0060212 
negative regulation of nuclear-transcribed m

R
N

A
 poly 

3 
0.0357 

G
O

:1900152 
negative regulation of nuclear-transcribed m

R
N

A
 cata 

3 
0.0357 

G
O

:0050653 
chondroitin sulfate proteoglycan biosynthetic proces 

2 
0.0358 

G
O

:0044550 
secondary m

etabolite biosynthetic process 
28 

0.0363 

G
O

:0050708 
regulation of protein secretion 

465 
0.0363 

G
O

:0043418 
hom

ocysteine catabolic process 
3 

0.0364 

G
O

:0060143 
positive regulation of syncytium

 form
ation by plasm

a 
27 

0.0366 

G
O

:0002677 
negative regulation of chronic inflam

m
atory response 

4 
0.0367 

G
O

:1990168 
protein K

33-linked deubiquitination 
4 

0.0370 

G
O

:0060913 
cardiac cell fate determ

ination 
3 

0.0371 

G
O

:1990809 
endoplasm

ic reticulum
 tubular netw

ork m
em

brane organ 
4 

0.0378 

G
O

:0010982 
regulation of high-density lipoprotein particle clea 

7 
0.0380 

G
O

:0000706 
m

eiotic D
N

A
 double-strand break processing 

4 
0.0382 

G
O

:0035986 
senescence-associated heterochrom

atin focus assem
bly 

3 
0.0385 

G
O

:0035054 
em

bryonic heart tube anterior/posterior pattern spec 
3 

0.0389 

G
O

:0071657 
positive regulation of granulocyte colony-stim

ulatin 
3 

0.0390 

G
O

:1901258 
positive regulation of m

acrophage colony-stim
ulating 

3 
0.0390 

G
O

:0045589 
regulation of regulatory T

 cell differentiation 
32 

0.0396 

G
O

:1905319 
m

esenchym
al stem

 cell m
igration 

3 
0.0399 

G
O

:1905320 
regulation of m

esenchym
al stem

 cell m
igration 

3 
0.0399 

G
O

:1905322 
positive regulation of m

esenchym
al stem

 cell m
igrati 

3 
0.0399 

G
O

:0051586 
positive regulation of dopam

ine uptake involved in s 
3 

0.0400 

G
O

:0051944 
positive regulation of catecholam

ine uptake involved 
3 

0.0400 

G
O

:1900133 
regulation of renin secretion into blood stream

 
4 

0.0401 
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G
O

:0150173 
positive regulation of phosphatidylcholine m

etabolic 
3 

0.0404 

G
O

:2001247 
positive regulation of phosphatidylcholine biosynthe 

3 
0.0404 

G
O

:0021526 
m

edial m
otor colum

n neuron differentiation 
2 

0.0405 

G
O

:0030262 
apoptotic nuclear changes 

34 
0.0407 

G
O

:2001025 
positive regulation of response to drug 

33 
0.0415 

G
O

:0009092 
hom

oserine m
etabolic process 

4 
0.0415 

G
O

:0019346 
transsulfuration 

4 
0.0415 

G
O

:0045066 
regulatory T

 cell differentiation 
34 

0.0418 

G
O

:0090289 
regulation of osteoclast proliferation 

5 
0.0418 

G
O

:0030072 
peptide horm

one secretion 
249 

0.0419 

G
O

:0060765 
regulation of androgen receptor signaling pathw

ay 
26 

0.0420 

G
O

:1901491 
negative regulation of lym

phangiogenesis 
3 

0.0421 

G
O

:0006741 
N

A
D

P biosynthetic process 
3 

0.0421 

G
O

:0055003 
cardiac m

yofibril assem
bly 

26 
0.0422 

G
O

:0060142 
regulation of syncytium

 form
ation by plasm

a m
em

brane 
29 

0.0426 

G
O

:0090074 
negative regulation of protein hom

odim
erization acti 

4 
0.0427 

G
O

:0097194 
execution phase of apoptosis 

74 
0.0432 

G
O

:0071076 
R

N
A

 3' uridylation 
4 

0.0433 

G
O

:0002036 
regulation of L

-glutam
ate im

port across plasm
a m

em
br 

5 
0.0434 

G
O

:0071655 
regulation of granulocyte colony-stim

ulating factor 
4 

0.0437 

G
O

:0016925 
protein sum

oylation 
79 

0.0438 

G
O

:0006361 
transcription initiation from

 R
N

A
 polym

erase I prom
o 

35 
0.0439 

G
O

:0009093 
cysteine catabolic process 

4 
0.0442 

G
O

:0019448 
L

-cysteine catabolic process 
4 

0.0442 

G
O

:0046439 
L

-cysteine m
etabolic process 

4 
0.0442 

G
O

:0003215 
cardiac right ventricle m

orphogenesis 
20 

0.0442 

G
O

:0050707 
regulation of cytokine secretion 

204 
0.0442 

G
O

:0042321 
negative regulation of circadian sleep/w

ake cycle, s 
5 

0.0443 

G
O

:0030043 
actin filam

ent fragm
entation 

4 
0.0450 
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G
O

:0048386 
positive regulation of retinoic acid receptor signal 

4 
0.0451 

G
O

:0060488 
orthogonal dichotom

ous subdivision of term
inal units 

2 
0.0451 

G
O

:0060489 
planar dichotom

ous subdivision of term
inal units inv 

2 
0.0451 

G
O

:0060490 
lateral sprouting involved in lung m

orphogenesis 
2 

0.0451 

G
O

:2000620 
positive regulation of histone H

4-K
16 acetylation 

2 
0.0455 

G
O

:0042138 
m

eiotic D
N

A
 double-strand break form

ation 
6 

0.0458 

G
O

:0062028 
regulation of stress granule assem

bly 
5 

0.0461 

G
O

:0071947 
protein deubiquitination involved in ubiquitin-depen 

5 
0.0464 

G
O

:1905868 
regulation of 3'-U

T
R

-m
ediated m

R
N

A
 stabilization 

3 
0.0466 

G
O

:1905870 
positive regulation of 3'-U

T
R

-m
ediated m

R
N

A
 stabiliz 

3 
0.0466 

G
O

:0090325 
regulation of locom

otion involved in locom
otory beha 

5 
0.0471 

G
O

:0010927 
cellular com

ponent assem
bly involved in m

orphogenesi 
115 

0.0472 

G
O

:0006921 
cellular com

ponent disassem
bly involved in execution 

36 
0.0474 

G
O

:0099552 
trans-synaptic signaling by lipid, m

odulating synapt 
3 

0.0475 

G
O

:0099553 
trans-synaptic signaling by endocannabinoid, m

odulat 
3 

0.0475 

G
O

:0043634 
polyadenylation-dependent ncR

N
A

 catabolic process 
7 

0.0479 

G
O

:0006552 
leucine catabolic process 

6 
0.0480 

G
O

:0071611 
granulocyte colony-stim

ulating factor production 
5 

0.0481 

G
O

:0030206 
chondroitin sulfate biosynthetic process 

26 
0.0483 

G
O

:0021895 
cerebral cortex neuron differentiation 

24 
0.0486 

G
O

:0060392 
negative regulation of SM

A
D

 protein signal transduct 
5 

0.0487 

G
O

:0070814 
hydrogen sulfide biosynthetic process 

5 
0.0487 

G
O

:0060160 
negative regulation of dopam

ine receptor signaling p 
4 

0.0495 

G
O

:0021516 
dorsal spinal cord developm

ent 
22 

0.0498 
N

ote: #N
: N

um
ber of genes involved in the respective pathw

ays 
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Supplem
ent T

able S6 (A
): Indirect association of D

N
A

m
 at birth at 68 C

pG
 sites in m

ales, w
ith asthm

a acquisition from
 pre- to post-adolescence 

m
ediated by pre-adolescent A

topy. 

C
pG

s 
IO

W
B

C
 

estim
ate 

IO
W

B
C

 
pvalue 

A
L

SPA
C

 
estim

ate 
A

L
SPA

C
 

pvalue 
C

H
R

 
G

ene 
G

ene location 
C

pG
 Island 

cg06028605 
-0.07 

0.01 
0.01 

0.31 
16 

SLC
5A

11 
5'U

T
R

 
 

cg00067274 
-0.06 

0.01 
0.00 

0.70 
4 

D
C

H
S2 

T
SS1500 

cg09760697 
0.06 

0.02 
-0.01 

0.41 
10 

R
P

11-163F
15.1 

 
cg25165501 

0.06 
0.02 

0.02 
0.11 

11 
SLC

22A
11 

B
ody 

Island 

cg25693132 
-0.06 

0.02 
-0.01 

0.41 
3 

G
R

M
2 

T
SS1500 

Island 

cg22878693 
-0.06 

0.02 
0.01 

0.41 
17 

R
P

TO
R

 
B

ody 
 

cg16010911 
0.06 

0.02 
0.00 

0.81 
17 

C
17orf77 

T
SS200 

cg01804036 
-0.05 

0.03 
0.00 

0.75 
12 

TE
SC

 
B

ody 
N

_Shore 

cg00892999 
0.06 
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cg22824651 

G
A

LN
S 

-0.2054 
0.026081 

cg24736380 
D

C
X

R
 

0.278054 
0.026191 

cg00740870 
TC

E
A

N
C

 
0.459454 

0.02707 
cg01193064 

IG
F

2B
P

3 
0.763397 

0.027459 
cg17339484 

E
LP

4 
0.181952 

0.027482 
cg16622920 

K
C

N
H

8 
-0.23177 

0.027639 
cg06365057 

A
R

A
P

3 
0.275103 

0.027736 
cg14159342 

K
LH

L28 
0.318215 

0.028031 
cg00740870 

O
F

D
1 

0.2985 
0.028234 

cg14291650 
D

YM
 

0.515631 
0.028356 

cg06589109 
F

A
M

64A
 

-0.62757 
0.028442 

cg06513695 
K

LH
D

C
1 

0.131312 
0.028974 

cg06730718 
A

C
A

D
SB

 
-0.50837 

0.029047 
cg02838492 

TSP
A

N
5 

-0.41087 
0.029084 

cg09890200 
TA

O
K

3 
0.226585 

0.02913 
cg14291650 

H
A

R
B

I1 
1.134213 

0.029582 
cg02532113 

IF
ITM

4P
 

0.605944 
0.029618 

cg22979546 
V

A
P

B
 



 
 

160 

0.11545 
0.029721 

cg04080041 
E

R
H

 
-0.24855 

0.029733 
cg24739326 

SE
C

14L2 
-0.4458 

0.029763 
cg06513695 

C
A

C
N

A
2D

2 
0.3558 

0.029835 
cg14291650 

F
2 

-0.17705 
0.030132 

cg10777851 
ID

I1 
0.133393 

0.030451 
cg16287252 

TM
E

M
248 

0.66018 
0.030784 

cg17339484 
P

ISD
 

-0.33286 
0.031262 

cg22329021 
M

R
P

L54 
0.248693 

0.031427 
cg16825643 

R
N

F
219 

0.372488 
0.031516 

cg19807836 
H

E
A

TR
3 

0.622309 
0.031651 

cg04115418 
P

U
SL1 

-0.19055 
0.032105 

cg07629844 
F

U
B

P
1 

-0.29996 
0.032403 

cg11846905 
C

A
2 

0.483288 
0.032738 

cg15371806 
F

E
R

1L4 
0.343301 

0.032914 
cg12527440 

P
D

SS1 
0.222466 

0.032919 
cg01193064 

M
SR

B
2 

-0.1293 
0.032966 

cg04720635 
B

R
C

A
2 

-0.21429 
0.033323 

cg04720635 
C

C
R

4 
0.301528 

0.033563 
cg20730619 

K
R

R
1 

-0.18065 
0.033692 

cg10777851 
A

U
R

K
A

IP
1 

0.174985 
0.033845 

cg11990770 
TM

E
M

40 
0.132406 

0.033999 
cg14291650 

C
16orf87 

-0.54628 
0.034012 

cg06513695 
N

C
K

A
P

5L 
0.088573 

0.034018 
cg23844910 

TLN
2 

-0.18379 
0.034299 

cg07629844 
JM

Y 
-0.25089 

0.034503 
cg22979546 

C
P

N
E

2 
-0.33433 

0.034506 
cg22824651 

TM
TC

3 
0.309315 

0.034636 
cg16622920 

M
A

P
3K

15 
-0.61869 

0.034637 
cg18694780 

G
B

P
3 

0.367129 
0.03533 

cg19807836 
H

YA
L1 

0.428049 
0.035466 

cg20730619 
M

R
P

L19 



 
 

161 

0.64903 
0.035714 

cg20730619 
TTLL5 

-0.64208 
0.03603 

cg26647291 
P

IG
U

 
0.257782 

0.036266 
cg04115418 

P
SM

F
1 

-0.32239 
0.036387 

cg25989745 
C

D
C

42E
P

2 
0.248115 

0.036505 
cg00740870 

E
SF

1 
-0.63924 

0.036878 
cg24736380 

A
SP

SC
R

1 
0.310499 

0.036992 
cg01193064 

P
P

P
1R

3E
 

-0.41863 
0.037003 

cg06513695 
SIG

LE
C

16 
0.272192 

0.037044 
cg18844144 

F
A

M
19A

1 
0.182417 

0.037271 
cg14291650 

N
SU

N
4 

0.179698 
0.037551 

cg20983032 
A

D
A

M
TS1 

0.204681 
0.037617 

cg16287252 
R

IN
1 

-0.43731 
0.037659 

cg16622920 
SM

G
1 

-0.57993 
0.03775 

cg11990770 
ZN

F
563 

-0.15316 
0.037823 

cg10777851 
G

TP
B

P
4 

-0.3919 
0.03795 

cg22979546 
SE

R
P

IN
G

1 
-0.09677 

0.038003 
cg15001132 

A
LO

X
12P

2 
0.330104 

0.038189 
cg17125699 

C
4orf3 

-0.31301 
0.038307 

cg24739326 
P

D
R

G
1 

-0.22763 
0.038468 

cg16622920 
P

LIN
2 

-0.27749 
0.038721 

cg09890200 
D

D
X

6 
0.397485 

0.038899 
cg20730619 

C
17orf99 

-0.38125 
0.039205 

cg04017131 
ZN

F
703 

0.163569 
0.039313 

cg11990770 
A

P
O

LD
1 

-0.18756 
0.03943 

cg04017131 
E

LF
N

2 
-0.31338 

0.039651 
cg11990770 

M
K

R
N

2 
0.257323 

0.040243 
cg12527440 

C
D

K
8 

-0.04838 
0.040667 

cg04017131 
A

C
TR

5 
0.22413 

0.04124 
cg04720635 

LIG
3 

-0.22538 
0.041313 

cg22979546 
R

TN
4R

L2 
0.66399 

0.041416 
cg25404454 

K
H

D
R

B
S2 
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-0.28947 
0.041685 

cg11990770 
P

SM
G

2 
-0.26993 

0.042036 
cg02122376 

A
N

K
R

D
16 

0.169541 
0.04225 

cg23844910 
W

D
R

74 
0.258433 

0.042287 
cg14291650 

F
A

A
H

 
0.22371 

0.042408 
cg22979546 

B
A

Z2A
 

0.155575 
0.042809 

cg15761799 
A

C
SM

1 
0.215838 

0.043236 
cg14159342 

TM
E

M
42 

-0.3948 
0.043269 

cg15096549 
H

E
C

W
2 

-0.16838 
0.043416 

cg16622920 
SH

2D
4A

 
-0.2305 

0.043676 
cg10777851 

SB
N

O
2 

-0.12924 
0.043964 

cg19807836 
A

LG
12 

-0.37991 
0.044097 

cg10777851 
N

O
C

2L 
-0.17697 

0.044195 
cg10527525 

C
4orf32 

-0.43414 
0.044216 

cg11990770 
A

R
H

G
A

P
44 

0.319814 
0.044277 

cg16622920 
D

G
C

R
2 

-0.21387 
0.044428 

cg24739326 
SF

3A
1 

-0.24885 
0.044611 

cg18244483 
R

H
P

N
1 

-0.25582 
0.04472 

cg22824651 
C

B
F

A
2T3 

0.248456 
0.044733 

cg04080041 
E

X
O

SC
6 

0.130623 
0.044908 

cg04017131 
F

B
X

O
10 

-0.39309 
0.04535 

cg15761799 
U

B
X

N
10 

0.333617 
0.046207 

cg14291650 
TTC

38 
-0.29081 

0.046928 
cg25989745 

E
H

B
P

1L1 
-0.21767 

0.046981 
cg24739326 

IP
O

8 
-0.52642 

0.047215 
cg26580576 

D
C

TN
2 

0.116341 
0.047747 

cg07629844 
A

C
SB

G
1 

-0.39334 
0.047986 

cg02122376 
TR

IM
22 

0.222503 
0.048405 

cg14159342 
IG

SF
23 

1.356835 
0.048449 

cg02532113 
ZF

P
57 

-0.15664 
0.048789 

cg10777851 
G

R
IN

3B
 

-0.16528 
0.048829 

cg10527525 
D

TX
1 
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-0.9938 
0.049796 

cg11990770 
M

A
N

SC
1 

0.320261 
0.049835 

cg02054358 
P

YG
B

 
 Supplem

ent T
able S9 (A

): Statistically significant G
O

 term
s and its biological processes from

 pathw
ay enrichm

ent analysis in each pathw
ay for 

m
ales, for the identified C

pG
s. 

G
O

 term
 

B
iological Processes 

N
# 

R
aw

 p value 

G
O

:0045116 
protein neddylation 

16 
0.002 

G
O

:0033622 
integrin activation 

21 
0.004 

G
O

:0045956 
positive regulation of calcium

 ion-dependent exocytosis 
19 

0.004 

G
O

:1905078 
positive regulation of interleukin-17 secretion 

2 
0.004 

G
O

:0008049 
m

ale courtship behavior 
1 

0.004 

G
O

:0042407 
cristae form

ation 
31 

0.005 

G
O

:0006393 
term

ination of m
itochondrial transcription 

2 
0.006 

G
O

:1904235 
regulation of substrate-dependent cell m

igration, cell attachm
ent to substrate 

1 
0.006 

G
O

:1904237 
positive regulation of substrate-dependent cell m

igration, cell attachm
ent to substrate 

1 
0.006 

G
O

:0002636 
positive regulation of germ

inal center form
ation 

3 
0.007 

G
O

:1902631 
negative regulation of m

em
brane hyperpolarization 

1 
0.007 

G
O

:0015828 
tyrosine transport 

1 
0.008 

G
O

:0007007 
inner m

itochondrial m
em

brane organization 
41 

0.008 

G
O

:2001202 
negative regulation of transform

ing grow
th factor-beta secretion 

2 
0.008 

G
O

:0031296 
B

 cell costim
ulation 

3 
0.009 

G
O

:0006887 
exocytosis 

892 
0.009 

G
O

:0099093 
calcium

 export from
 the m

itochondrion 
2 

0.011 

G
O

:1902630 
regulation of m

em
brane hyperpolarization 

3 
0.011 

G
O

:2001201 
regulation of transform

ing grow
th factor-beta secretion 

3 
0.012 

G
O

:0006726 
eye pigm

ent biosynthetic process 
3 

0.012 

G
O

:0042441 
eye pigm

ent m
etabolic process 

3 
0.012 

G
O

:0043324 
pigm

ent m
etabolic process involved in developm

ental pigm
entation 

3 
0.012 

G
O

:0043474 
pigm

ent m
etabolic process involved in pigm

entation 
3 

0.012 
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G
O

:2000435 
negative regulation of protein neddylation 

3 
0.012 

G
O

:0055085 
transm

em
brane transport 

1565 
0.012 

G
O

:0021935 
cerebellar granule cell precursor tangential m

igration 
2 

0.012 

G
O

:0045055 
regulated exocytosis 

785 
0.012 

G
O

:0051562 
negative regulation of m

itochondrial calcium
 ion concentration 

4 
0.013 

G
O

:0060743 
epithelial cell m

aturation involved in prostate gland developm
ent 

3 
0.013 

G
O

:1905407 
regulation of creatine transm

em
brane transporter activity 

2 
0.013 

G
O

:1905408 
negative regulation of creatine transm

em
brane transporter activity 

2 
0.013 

G
O

:0046903 
secretion 

1639 
0.014 

G
O

:1905076 
regulation of interleukin-17 secretion 

5 
0.014 

G
O

:0051048 
negative regulation of secretion 

235 
0.014 

G
O

:0006931 
substrate-dependent cell m

igration, cell attachm
ent to substrate 

4 
0.015 

G
O

:2000434 
regulation of protein neddylation 

4 
0.015 

G
O

:1904381 
G

olgi apparatus m
annose trim

m
ing 

3 
0.015 

G
O

:0071470 
cellular response to osm

otic stress 
40 

0.015 

G
O

:0010701 
positive regulation of norepinephrine secretion 

4 
0.017 

G
O

:0023016 
signal transduction by trans-phosphorylation 

3 
0.017 

G
O

:0021934 
hindbrain tangential cell m

igration 
3 

0.018 

G
O

:0007619 
courtship behavior 

3 
0.018 

G
O

:0038165 
oncostatin-M

-m
ediated signaling pathw

ay 
4 

0.018 

G
O

:0038044 
transform

ing grow
th factor-beta secretion 

5 
0.018 

G
O

:1900069 
regulation of cellular hyperosm

otic salinity response 
4 

0.018 

G
O

:1901000 
regulation of response to salt stress 

4 
0.018 

G
O

:2001268 
negative regulation of cysteine-type endopeptidase activity involved in apoptotic signaling pathw

ay 
6 

0.018 

G
O

:0017158 
regulation of calcium

 ion-dependent exocytosis 
43 

0.020 

G
O

:0035987 
endoderm

al cell differentiation 
45 

0.020 

G
O

:0071526 
sem

aphorin-plexin signaling pathw
ay 

40 
0.022 

G
O

:0072615 
interleukin-17 secretion 

7 
0.022 

G
O

:0036438 
m

aintenance of lens transparency 
4 

0.022 
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G
O

:0007341 
penetration of zona pellucida 

8 
0.022 

G
O

:0038146 
chem

okine (C
-X

-C
 m

otif) ligand 12 signaling pathw
ay 

4 
0.023 

G
O

:2000649 
regulation of sodium

 ion transm
em

brane transporter activity 
51 

0.023 

G
O

:1903532 
positive regulation of secretion by cell 

398 
0.023 

G
O

:2000671 
regulation of m

otor neuron apoptotic process 
5 

0.024 

G
O

:0043615 
astrocyte cell m

igration 
7 

0.024 

G
O

:0001706 
endoderm

 form
ation 

50 
0.024 

G
O

:0007161 
calcium

-independent cell-m
atrix adhesion 

4 
0.025 

G
O

:1903307 
positive regulation of regulated secretory pathw

ay 
52 

0.025 

G
O

:0006689 
ganglioside catabolic process 

6 
0.025 

G
O

:0090188 
negative regulation of pancreatic juice secretion 

5 
0.026 

G
O

:2000697 
negative regulation of epithelial cell differentiation involved in kidney developm

ent 
5 

0.027 

G
O

:0050433 
regulation of catecholam

ine secretion 
62 

0.028 

G
O

:0090186 
regulation of pancreatic juice secretion 

6 
0.028 

G
O

:0036089 
cleavage furrow

 form
ation 

7 
0.029 

G
O

:0046888 
negative regulation of horm

one secretion 
63 

0.029 

G
O

:0071475 
cellular hyperosm

otic salinity response 
7 

0.030 

G
O

:1900454 
positive regulation of long-term

 synaptic depression 
6 

0.030 

G
O

:0051047 
positive regulation of secretion 

423 
0.030 

G
O

:0050432 
catecholam

ine secretion 
64 

0.030 

G
O

:0007605 
sensory perception of sound 

143 
0.031 

G
O

:1902305 
regulation of sodium

 ion transm
em

brane transport 
61 

0.033 

G
O

:0097049 
m

otor neuron apoptotic process 
7 

0.034 

G
O

:0050707 
regulation of cytokine secretion 

204 
0.035 

G
O

:0008360 
regulation of cell shape 

150 
0.035 

G
O

:0048069 
eye pigm

entation 
8 

0.035 

G
O

:0060155 
platelet dense granule organization 

8 
0.035 

G
O

:0060526 
prostate glandular acinus m

orphogenesis 
6 

0.036 

G
O

:0060527 
prostate epithelial cord arborization involved in prostate glandular acinus m

orphogenesis 
6 

0.036 



 
 

166 

G
O

:0060179 
m

ale m
ating behavior 

8 
0.036 

G
O

:1901166 
neural crest cell m

igration involved in autonom
ic nervous system

 developm
ent 

6 
0.037 

G
O

:1903305 
regulation of regulated secretory pathw

ay 
158 

0.037 

G
O

:0021957 
corticospinal tract m

orphogenesis 
7 

0.038 

G
O

:1990542 
m

itochondrial transm
em

brane transport 
88 

0.038 

G
O

:0032413 
negative regulation of ion transm

em
brane transporter activity 

76 
0.039 

G
O

:0002634 
regulation of germ

inal center form
ation 

9 
0.040 

G
O

:0032940 
secretion by cell 

1509 
0.041 

G
O

:0042340 
keratan sulfate catabolic process 

12 
0.041 

G
O

:0017156 
calcium

-ion regulated exocytosis 
65 

0.041 

G
O

:0071476 
cellular hypotonic response 

8 
0.042 

G
O

:0060159 
regulation of dopam

ine receptor signaling pathw
ay 

11 
0.043 

G
O

:1901660 
calcium

 ion export 
11 

0.043 

G
O

:0015849 
organic acid transport 

330 
0.043 

G
O

:0051937 
catecholam

ine transport 
77 

0.044 

G
O

:0001867 
com

plem
ent activation, lectin pathw

ay 
13 

0.044 

G
O

:0050954 
sensory perception of m

echanical stim
ulus 

162 
0.044 

G
O

:0106049 
regulation of cellular response to osm

otic stress 
10 

0.045 

G
O

:0060992 
response to fungicide 

11 
0.045 

G
O

:0007270 
neuron-neuron synaptic transm

ission 
8 

0.045 

G
O

:0015801 
arom

atic am
ino acid transport 

10 
0.046 

G
O

:0018026 
peptidyl-lysine m

onom
ethylation 

10 
0.046 

G
O

:0042538 
hyperosm

otic salinity response 
12 

0.046 

G
O

:0046479 
glycosphingolipid catabolic process 

14 
0.048 

G
O

:0030150 
protein im

port into m
itochondrial m

atrix 
17 

0.048 

G
O

:0140352 
export from

 cell 
1553 

0.049 

G
O

:0099527 
postsynapse to nucleus signaling pathw

ay 
9 

0.049 

G
O

:0030157 
pancreatic juice secretion 

12 
0.050 

G
O

:1903531 
negative regulation of secretion by cell 

209 
0.050 
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N
ote: #N

: N
um

ber of genes involved in the respective pathw
ays 

  Supplem
ent T

able S9 (B
): Statistically significant G

O
 term

s and its biological processes from
 pathw

ay enrichm
ent analysis in each pathw

ay for 
fem

ales, for the identified C
pG

s. 

G
O

 term
 

B
iological Processes 

N
# 

R
aw

 p value 

G
O

:0014834 
skeletal m

uscle satellite cell m
aintenance involved in skeletal m

uscle regeneration 
4 

0.001 

G
O

:0035264 
m

ulticellular organism
 grow

th 
146 

0.001 

G
O

:0001678 
cellular glucose hom

eostasis 
151 

0.002 

G
O

:0089718 
am

ino acid im
port across plasm

a m
em

brane 
23 

0.002 

G
O

:0071499 
cellular response to lam

inar fluid shear stress 
8 

0.002 

G
O

:0035902 
response to im

m
obilization stress 

27 
0.003 

G
O

:0043090 
am

ino acid im
port 

26 
0.003 

G
O

:1904491 
protein localization to ciliary transition zone 

8 
0.003 

G
O

:0060563 
neuroepithelial cell differentiation 

53 
0.003 

G
O

:0046324 
regulation of glucose im

port 
60 

0.003 

G
O

:0001542 
ovulation from

 ovarian follicle 
9 

0.003 

G
O

:1990668 
vesicle fusion w

ith endoplasm
ic reticulum

-G
olgi interm

ediate com
partm

ent (E
R

G
IC

) m
em

brane 
6 

0.003 

G
O

:0046466 
m

em
brane lipid catabolic process 

34 
0.004 

G
O

:0046323 
glucose im

port 
68 

0.005 

G
O

:2000785 
regulation of autophagosom

e assem
bly 

35 
0.005 

G
O

:0070914 
U

V
-dam

age excision repair 
13 

0.005 

G
O

:0042491 
inner ear auditory receptor cell differentiation 

32 
0.006 

G
O

:1904425 
negative regulation of G

T
P binding 

2 
0.006 

G
O

:0009650 
U

V
 protection 

13 
0.007 

G
O

:0010827 
regulation of glucose transm

em
brane transport 

78 
0.007 

G
O

:0046326 
positive regulation of glucose im

port 
38 

0.008 

G
O

:0033388 
putrescine biosynthetic process from

 arginine 
1 

0.008 

G
O

:0033389 
putrescine biosynthetic process from

 arginine, using agm
atinase 

1 
0.008 

G
O

:0007292 
fem

ale gam
ete generation 

133 
0.008 
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G
O

:0044088 
regulation of vacuole organization 

42 
0.008 

G
O

:0098712 
L

-glutam
ate im

port across plasm
a m

em
brane 

13 
0.008 

G
O

:0045779 
negative regulation of bone resorption 

13 
0.009 

G
O

:0019377 
glycolipid catabolic process 

16 
0.009 

G
O

:0006004 
fucose m

etabolic process 
16 

0.009 

G
O

:0120222 
regulation of blastocyst developm

ent 
1 

0.009 

G
O

:1904073 
regulation of trophectoderm

al cell proliferation 
1 

0.009 

G
O

:1904075 
positive regulation of trophectoderm

al cell proliferation 
1 

0.009 

G
O

:0042668 
auditory receptor cell fate determ

ination 
1 

0.010 

G
O

:0045609 
positive regulation of inner ear auditory receptor cell differentiation 

1 
0.010 

G
O

:0045633 
positive regulation of m

echanoreceptor differentiation 
1 

0.010 

G
O

:2000982 
positive regulation of inner ear receptor cell differentiation 

1 
0.010 

G
O

:0002065 
colum

nar/cuboidal epithelial cell differentiation 
112 

0.010 

G
O

:0051938 
L

-glutam
ate im

port 
14 

0.010 

G
O

:0010828 
positive regulation of glucose transm

em
brane transport 

44 
0.011 

G
O

:0035315 
hair cell differentiation 

40 
0.011 

G
O

:0032812 
positive regulation of epinephrine secretion 

2 
0.011 

G
O

:0050435 
am

yloid-beta m
etabolic process 

47 
0.011 

G
O

:0033342 
negative regulation of collagen binding 

1 
0.012 

G
O

:0016052 
carbohydrate catabolic process 

196 
0.012 

G
O

:1901255 
nucleotide-excision repair involved in interstrand cross-link repair 

2 
0.012 

G
O

:0051691 
cellular oligosaccharide m

etabolic process 
2 

0.012 

G
O

:0051692 
cellular oligosaccharide catabolic process 

2 
0.012 

G
O

:0046851 
negative regulation of bone rem

odeling 
15 

0.012 

G
O

:0034616 
response to lam

inar fluid shear stress 
15 

0.012 

G
O

:0010560 
positive regulation of glycoprotein biosynthetic process 

20 
0.013 

G
O

:0002537 
nitric oxide production involved in inflam

m
atory response 

2 
0.013 

G
O

:0006112 
energy reserve m

etabolic process 
86 

0.013 

G
O

:1903435 
positive regulation of constitutive secretory pathw

ay 
1 

0.014 
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G
O

:0002542 
Factor X

II activation 
2 

0.014 

G
O

:0008643 
carbohydrate transport 

148 
0.014 

G
O

:0030728 
ovulation 

20 
0.014 

G
O

:0033140 
negative regulation of peptidyl-serine phosphorylation of ST

A
T

 protein 
2 

0.015 

G
O

:0060766 
negative regulation of androgen receptor signaling pathw

ay 
15 

0.015 

G
O

:0001505 
regulation of neurotransm

itter levels 
353 

0.015 

G
O

:0042593 
glucose hom

eostasis 
237 

0.015 

G
O

:0034063 
stress granule assem

bly 
19 

0.015 

G
O

:0033500 
carbohydrate hom

eostasis 
238 

0.015 

G
O

:0030316 
osteoclast differentiation 

97 
0.016 

G
O

:0071333 
cellular response to glucose stim

ulus 
132 

0.016 

G
O

:0034755 
iron ion transm

em
brane transport 

20 
0.016 

G
O

:0045167 
asym

m
etric protein localization involved in cell fate determ

ination 
1 

0.016 

G
O

:0002038 
positive regulation of L

-glutam
ate im

port across plasm
a m

em
brane 

2 
0.016 

G
O

:1903428 
positive regulation of reactive oxygen species biosynthetic process 

54 
0.017 

G
O

:0071331 
cellular response to hexose stim

ulus 
134 

0.017 

G
O

:0006293 
nucleotide-excision repair, preincision com

plex stabilization 
20 

0.017 

G
O

:0006295 
nucleotide-excision repair, D

N
A

 incision, 3'-to lesion 
20 

0.017 

G
O

:0071326 
cellular response to m

onosaccharide stim
ulus 

135 
0.017 

G
O

:0006525 
arginine m

etabolic process 
20 

0.017 

G
O

:1902631 
negative regulation of m

em
brane hyperpolarization 

1 
0.017 

G
O

:1903020 
positive regulation of glycoprotein m

etabolic process 
24 

0.018 

G
O

:0001834 
trophectoderm

al cell proliferation 
2 

0.018 

G
O

:0039502 
suppression by virus of host type I interferon-m

ediated signaling pathw
ay 

1 
0.018 

G
O

:0039503 
suppression by virus of host innate im

m
une response 

1 
0.018 

G
O

:0039514 
suppression by virus of host JA

K
-ST

A
T

 cascade 
1 

0.018 

G
O

:0039562 
suppression by virus of host ST

A
T

 activity 
1 

0.018 

G
O

:0039563 
suppression by virus of host ST

A
T

1 activity 
1 

0.018 

G
O

:0039564 
suppression by virus of host ST

A
T

2 activity 
1 

0.018 
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G
O

:0044414 
suppression of host defenses by sym

biont 
1 

0.018 

G
O

:0052029 
suppression by sym

biont of host signal transduction pathw
ay 

1 
0.018 

G
O

:0052031 
m

odulation by sym
biont of host defense response 

1 
0.018 

G
O

:0052167 
m

odulation by sym
biont of host innate im

m
une response 

1 
0.018 

G
O

:0052170 
suppression by sym

biont of host innate im
m

une response 
1 

0.018 

G
O

:0052553 
m

odulation by sym
biont of host im

m
une response 

1 
0.018 

G
O

:0052562 
suppression by sym

biont of host im
m

une response 
1 

0.018 

G
O

:0052572 
response to host im

m
une response 

1 
0.018 

G
O

:0075109 
m

odulation by sym
biont of host receptor-m

ediated signal transduction 
1 

0.018 

G
O

:0075111 
suppression by sym

biont of host receptor-m
ediated signal transduction 

1 
0.018 

G
O

:0075112 
m

odulation by sym
biont of host transm

em
brane receptor-m

ediated signal transduction 
1 

0.018 

G
O

:0075114 
suppression by sym

biont of host transm
em

brane receptor-m
ediated signal transduction 

1 
0.018 

G
O

:0075528 
m

odulation by virus of host im
m

une response 
1 

0.018 

G
O

:0043316 
cytotoxic T

 cell degranulation 
3 

0.018 

G
O

:0010506 
regulation of autophagy 

325 
0.018 

G
O

:0044026 
D

N
A

 hyperm
ethylation 

2 
0.019 

G
O

:1902475 
L

-alpha-am
ino acid transm

em
brane transport 

53 
0.019 

G
O

:0060370 
susceptibility to T

 cell m
ediated cytotoxicity 

2 
0.019 

G
O

:0071498 
cellular response to fluid shear stress 

21 
0.019 

G
O

:0002018 
renin-angiotensin regulation of aldosterone production 

4 
0.019 

G
O

:0097055 
agm

atine biosynthetic process 
2 

0.019 

G
O

:0032625 
interleukin-21 production 

1 
0.020 

G
O

:0072619 
interleukin-21 secretion 

1 
0.020 

G
O

:1902913 
positive regulation of neuroepithelial cell differentiation 

2 
0.020 

G
O

:0040032 
post-em

bryonic body m
orphogenesis 

1 
0.020 

G
O

:0071409 
cellular response to cyclohexim

ide 
3 

0.020 

G
O

:0045670 
regulation of osteoclast differentiation 

64 
0.020 

G
O

:0006091 
generation of precursor m

etabolites and energy 
517 

0.020 

G
O

:0042667 
auditory receptor cell fate specification 

2 
0.020 
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G
O

:0033341 
regulation of collagen binding 

2 
0.020 

G
O

:0071467 
cellular response to pH

 
23 

0.020 

G
O

:0071322 
cellular response to carbohydrate stim

ulus 
143 

0.021 

G
O

:0097532 
stress response to acid chem

ical 
3 

0.021 

G
O

:0097533 
cellular stress response to acid chem

ical 
3 

0.021 

G
O

:1904659 
glucose transm

em
brane transport 

108 
0.021 

G
O

:0070911 
global genom

e nucleotide-excision repair 
25 

0.021 

G
O

:0051919 
positive regulation of fibrinolysis 

4 
0.021 

G
O

:1903433 
regulation of constitutive secretory pathw

ay 
2 

0.022 

G
O

:0034104 
negative regulation of tissue rem

odeling 
20 

0.022 

G
O

:0002254 
kinin cascade 

3 
0.022 

G
O

:0002353 
plasm

a kallikrein-kinin cascade 
3 

0.022 

G
O

:0060283 
negative regulation of oocyte developm

ent 
4 

0.023 

G
O

:1905880 
negative regulation of oogenesis 

4 
0.023 

G
O

:0045821 
positive regulation of glycolytic process 

23 
0.023 

G
O

:0008645 
hexose transm

em
brane transport 

112 
0.023 

G
O

:0045671 
negative regulation of osteoclast differentiation 

27 
0.023 

G
O

:0014036 
neural crest cell fate specification 

2 
0.024 

G
O

:0001582 
detection of chem

ical stim
ulus involved in sensory perception of sw

eet taste 
2 

0.024 

G
O

:0002541 
activation of plasm

a proteins involved in acute inflam
m

atory response 
3 

0.025 

G
O

:0015749 
m

onosaccharide transm
em

brane transport 
114 

0.025 

G
O

:0009441 
glycolate m

etabolic process 
3 

0.025 

G
O

:0048791 
calcium

 ion-regulated exocytosis of neurotransm
itter 

21 
0.025 

G
O

:0015813 
L

-glutam
ate transm

em
brane transport 

23 
0.025 

G
O

:0014737 
positive regulation of m

uscle atrophy 
2 

0.025 

G
O

:0098968 
neurotransm

itter receptor transport postsynaptic m
em

brane to endosom
e 

2 
0.026 

G
O

:0061789 
dense core granule prim

ing 
3 

0.026 

G
O

:0060113 
inner ear receptor cell differentiation 

56 
0.026 

G
O

:0006096 
glycolytic process 

112 
0.026 
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G
O

:0034219 
carbohydrate transm

em
brane transport 

116 
0.026 

G
O

:0001544 
initiation of prim

ordial ovarian follicle grow
th 

2 
0.027 

G
O

:0046903 
secretion 

1639 
0.027 

G
O

:0006757 
A

T
P generation from

 A
D

P 
113 

0.027 

G
O

:1990145 
m

aintenance of translational fidelity 
2 

0.027 

G
O

:0061819 
telom

eric D
N

A
-containing double m

inutes form
ation 

3 
0.027 

G
O

:1905764 
regulation of protection from

 non-hom
ologous end joining at telom

ere 
3 

0.027 

G
O

:1905765 
negative regulation of protection from

 non-hom
ologous end joining at telom

ere 
3 

0.027 

G
O

:0000710 
m

eiotic m
ism

atch repair 
3 

0.027 

G
O

:0043153 
entrainm

ent of circadian clock by photoperiod 
21 

0.027 

G
O

:0009605 
response to external stim

ulus 
2669 

0.028 

G
O

:0061470 
T

 follicular helper cell differentiation 
4 

0.028 

G
O

:0006914 
autophagy 

492 
0.028 

G
O

:0061919 
process utilizing autophagic m

echanism
 

492 
0.028 

G
O

:1904431 
positive regulation of t-circle form

ation 
4 

0.029 

G
O

:1902630 
regulation of m

em
brane hyperpolarization 

3 
0.029 

G
O

:0002761 
regulation of m

yeloid leukocyte differentiation 
117 

0.029 

G
O

:1903409 
reactive oxygen species biosynthetic process 

119 
0.029 

G
O

:0008594 
photoreceptor cell m

orphogenesis 
3 

0.030 

G
O

:0071386 
cellular response to corticosterone stim

ulus 
3 

0.030 

G
O

:0044501 
m

odulation of signal transduction in other organism
 

2 
0.030 

G
O

:0052027 
m

odulation by sym
biont of host signal transduction pathw

ay 
2 

0.030 

G
O

:1904891 
positive regulation of excitatory synapse assem

bly 
3 

0.031 

G
O

:0046898 
response to cyclohexim

ide 
4 

0.031 

G
O

:0042698 
ovulation cycle 

69 
0.031 

G
O

:1905384 
regulation of protein localization to presynapse 

2 
0.031 

G
O

:1905386 
positive regulation of protein localization to presynapse 

2 
0.031 

G
O

:0050729 
positive regulation of inflam

m
atory response 

152 
0.032 

G
O

:0046834 
lipid phosphorylation 

64 
0.032 
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G
O

:1903861 
positive regulation of dendrite extension 

22 
0.032 

G
O

:0039506 
m

odulation by virus of host m
olecular function 

2 
0.032 

G
O

:0039507 
suppression by virus of host m

olecular function 
2 

0.032 

G
O

:0052055 
m

odulation by sym
biont of host m

olecular function 
2 

0.032 

G
O

:0052056 
negative regulation by sym

biont of host m
olecular function 

2 
0.032 

G
O

:1990834 
response to odorant 

4 
0.032 

G
O

:0010157 
response to chlorate 

2 
0.033 

G
O

:0006826 
iron ion transport 

75 
0.033 

G
O

:0070253 
som

atostatin secretion 
4 

0.033 

G
O

:0050727 
regulation of inflam

m
atory response 

368 
0.033 

G
O

:0042490 
m

echanoreceptor differentiation 
61 

0.033 

G
O

:0015807 
L

-am
ino acid transport 

67 
0.033 

G
O

:0031347 
regulation of defense response 

685 
0.034 

G
O

:0046031 
A

D
P m

etabolic process 
121 

0.034 

G
O

:0032849 
positive regulation of cellular pH

 reduction 
4 

0.034 

G
O

:0005975 
carbohydrate m

etabolic process 
610 

0.034 

G
O

:0000720 
pyrim

idine dim
er repair by nucleotide-excision repair 

4 
0.035 

G
O

:0035166 
post-em

bryonic hem
opoiesis 

3 
0.035 

G
O

:0010508 
positive regulation of autophagy 

119 
0.035 

G
O

:0009648 
photoperiodism

 
25 

0.035 

G
O

:1905460 
negative regulation of vascular associated sm

ooth m
uscle cell apoptotic process 

7 
0.035 

G
O

:0032940 
secretion by cell 

1509 
0.036 

G
O

:2000828 
regulation of parathyroid horm

one secretion 
2 

0.036 

G
O

:0060765 
regulation of androgen receptor signaling pathw

ay 
26 

0.036 

G
O

:0009743 
response to carbohydrate 

229 
0.036 

G
O

:1903859 
regulation of dendrite extension 

24 
0.037 

G
O

:0006836 
neurotransm

itter transport 
268 

0.037 

G
O

:0098706 
iron ion im

port across cell outer m
em

brane 
3 

0.037 

G
O

:1990785 
response to w

ater-im
m

ersion restraint stress 
4 

0.037 
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G
O

:2001025 
positive regulation of response to drug 

33 
0.037 

G
O

:0033137 
negative regulation of peptidyl-serine phosphorylation 

27 
0.038 

G
O

:0006517 
protein deglycosylation 

29 
0.038 

G
O

:1903530 
regulation of secretion by cell 

749 
0.038 

G
O

:0015800 
acidic am

ino acid transport 
66 

0.039 

G
O

:0071787 
endoplasm

ic reticulum
 tubular netw

ork form
ation 

4 
0.039 

G
O

:1901300 
positive regulation of hydrogen peroxide-m

ediated program
m

ed cell death 
5 

0.039 

G
O

:0046942 
carboxylic acid transport 

328 
0.039 

G
O

:1990809 
endoplasm

ic reticulum
 tubular netw

ork m
em

brane organization 
4 

0.039 

G
O

:0006526 
arginine biosynthetic process 

5 
0.039 

G
O

:0097638 
L

-arginine im
port across plasm

a m
em

brane 
4 

0.039 

G
O

:0006110 
regulation of glycolytic process 

77 
0.039 

G
O

:0048147 
negative regulation of fibroblast proliferation 

30 
0.040 

G
O

:0006165 
nucleoside diphosphate phosphorylation 

131 
0.040 

G
O

:0030683 
m

itigation of host im
m

une response by virus 
3 

0.040 

G
O

:0010260 
anim

al organ senescence 
3 

0.041 

G
O

:0009649 
entrainm

ent of circadian clock 
27 

0.041 

G
O

:0015849 
organic acid transport 

330 
0.041 

G
O

:0034644 
cellular response to U

V
 

81 
0.041 

G
O

:0070093 
negative regulation of glucagon secretion 

5 
0.041 

G
O

:0060066 
oviduct developm

ent 
3 

0.042 

G
O

:0044821 
m

eiotic telom
ere tethering at nuclear periphery 

5 
0.042 

G
O

:0070197 
m

eiotic attachm
ent of telom

ere to nuclear envelope 
5 

0.042 

G
O

:0097240 
chrom

osom
e attachm

ent to the nuclear envelope 
5 

0.042 

G
O

:0046939 
nucleotide phosphorylation 

133 
0.042 

G
O

:1904505 
regulation of telom

ere m
aintenance in response to D

N
A

 dam
age 

4 
0.043 

G
O

:1904506 
negative regulation of telom

ere m
aintenance in response to D

N
A

 dam
age 

4 
0.043 

G
O

:0005977 
glycogen m

etabolic process 
73 

0.043 

G
O

:0006073 
cellular glucan m

etabolic process 
74 

0.043 
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G
O

:0044042 
glucan m

etabolic process 
74 

0.043 

G
O

:0002860 
positive regulation of natural killer cell m

ediated cytotoxicity directed against tum
or cell target 

6 
0.043 

G
O

:0014034 
neural crest cell fate com

m
itm

ent 
4 

0.043 

G
O

:0021747 
cochlear nucleus developm

ent 
3 

0.044 

G
O

:0006855 
drug transm

em
brane transport 

76 
0.044 

G
O

:0014707 
branchiom

eric skeletal m
uscle developm

ent 
3 

0.044 

G
O

:0021817 
nucleokinesis involved in cell m

otility in cerebral cortex radial glia guided m
igration 

3 
0.044 

G
O

:0048866 
stem

 cell fate specification 
4 

0.045 

G
O

:0014045 
establishm

ent of endothelial blood-brain barrier 
4 

0.045 

G
O

:0022009 
central nervous system

 vasculogenesis 
4 

0.045 

G
O

:0043578 
nuclear m

atrix organization 
3 

0.045 

G
O

:0090292 
nuclear m

atrix anchoring at nuclear m
em

brane 
3 

0.045 

G
O

:0008295 
sperm

idine biosynthetic process 
4 

0.046 

G
O

:0070777 
D

-aspartate transport 
4 

0.046 

G
O

:0070779 
D

-aspartate im
port across plasm

a m
em

brane 
4 

0.046 

G
O

:0048477 
oogenesis 

85 
0.046 

G
O

:0031646 
positive regulation of nervous system

 process 
63 

0.046 

G
O

:0045341 
M

H
C

 class I biosynthetic process 
5 

0.046 

G
O

:0045343 
regulation of M

H
C

 class I biosynthetic process 
5 

0.046 

G
O

:0045345 
positive regulation of M

H
C

 class I biosynthetic process 
5 

0.046 

G
O

:0002036 
regulation of L

-glutam
ate im

port across plasm
a m

em
brane 

5 
0.046 

G
O

:0051954 
positive regulation of am

ine transport 
35 

0.046 

G
O

:0140352 
export from

 cell 
1553 

0.047 

G
O

:0006296 
nucleotide-excision repair, D

N
A

 incision, 5'-to lesion 
36 

0.047 

G
O

:0042733 
em

bryonic digit m
orphogenesis 

61 
0.047 

G
O

:0009135 
purine nucleoside diphosphate m

etabolic process 
133 

0.047 

G
O

:0009179 
purine ribonucleoside diphosphate m

etabolic process 
133 

0.047 

G
O

:0031133 
regulation of axon diam

eter 
5 

0.047 

G
O

:0006880 
intracellular sequestering of iron ion 

5 
0.047 
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G
O

:0014735 
regulation of m

uscle atrophy 
4 

0.047 

G
O

:0045054 
constitutive secretory pathw

ay 
4 

0.047 

G
O

:1902116 
negative regulation of organelle assem

bly 
36 

0.048 

G
O

:0033572 
transferrin transport 

36 
0.048 

G
O

:0009744 
response to sucrose 

6 
0.049 

G
O

:0034285 
response to disaccharide 

6 
0.049 

G
O

:0002420 
natural killer cell m

ediated cytotoxicity directed against tum
or cell target 

8 
0.049 

G
O

:0002858 
regulation of natural killer cell m

ediated cytotoxicity directed against tum
or cell target 

8 
0.049 

G
O

:1901162 
prim

ary am
ino com

pound biosynthetic process 
5 

0.049 

G
O

:0015711 
organic anion transport 

491 
0.049 

G
O

:0009185 
ribonucleoside diphosphate m

etabolic process 
135 

0.049 

G
O

:0099011 
neuronal dense core vesicle exocytosis 

6 
0.049 

G
O

:0099525 
presynaptic dense core vesicle exocytosis 

6 
0.049 

G
O

:0006643 
m

em
brane lipid m

etabolic process 
203 

0.049 

G
O

:0001958 
endochondral ossification 

27 
0.050 

G
O

:0036075 
replacem

ent ossification 
27 

0.050 

G
O

:0035931 
m

ineralocorticoid secretion 
6 

0.050 

G
O

:0035932 
aldosterone secretion 

6 
0.050 

G
O

:2000855 
regulation of m

ineralocorticoid secretion 
6 

0.050 

G
O

:2000858 
regulation of aldosterone secretion 

6 
0.050 

G
O

:0097577 
sequestering of iron ion 

6 
0.050 

G
O

:0010559 
regulation of glycoprotein biosynthetic process 

40 
0.050 

N
ote: #N

: N
um

ber of genes involved in the respective pathw
ays 

  Supplem
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Figures 

 
Supplement Figure S3(A): Consort diagram of Asthma acquisition subjects included in Aim 3 
for 10-18 period (IOWBC). 

 
Supplement Figure S3(B): Consort diagram of Asthma acquisition subjects included in Aim 3 for 
18-26 period (IOWBC). 
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Supplement Figure S4: Consort diagram of Asthma acquisition subjects included in Aim 4 for 
10-18 period (IOWBC). 
 

 
Supplement Figure S5: Consort diagram of Asthma and Rhinitis subjects included in Aim 5 at 
age 10 years (IOWBC). 
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Supplement Figure S6: Venn diagram representing not all subjects who had asthma or rhinitis 
also have atopy at age 10 years (IOWBC). 
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