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ABSTRACT 

Asthma in the mother is one of the most reproducible risk factors for asthma in her child, however 

the underlying mechanisms are unknown. In this thesis, I identified and characterized genetic and 

epigenetic mechanisms underlying maternal transmission of asthma risk. First, I examined ADAR-

mediated microRNA (miRNA) editing in bronchial epithelial cells (BECs) from 142 asthma cases 

and controls. I identified A-to-I editing of a miRNA, miR-200b-3p, that was significantly 

associated with moderate and severe, but not mild, asthma. I also found that the expression of the 

primary A-to-I editing gene, ADAR, was significantly decreased in asthma cases with an asthmatic 

mother. These results suggested that maternal asthma may alter the gene regulatory landscape in 

BECs at the ADAR locus in utero, with long-lasting effects on ADAR-mediated editing of miR-

200b-3p and leading to more severe asthma in adulthood. Second, I identified genome-wide DNA 

methylation patterns in BECs from asthmatic children with an asthmatic mother that differed 

compared to asthmatic children without an asthmatic mother and to controls. Maternal asthma-

associated DNA methylation signatures reflected different endotypes of asthma severity. Overall, 

I suggested that the maternal asthma in utero environment alters epigenetically-mediated 

developmental pathways in the lower airways that lead to subtypes of severe asthma in adulthood. 

Lastly, I tested for maternal asthma-associated mitochondrial DNA (mtDNA) variants and 

haplogroups in nine ethnically diverse cohorts. Associations between mtDNA variants and 

haplogroups with asthma were primarily in maternal asthma dyads and not in paternal asthma 

dyads. These results indicated that some of the risk for asthma in children of asthmatic mothers 

may be due to variation inherited from the maternally-inherited mtDNA genome.
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CHAPTER 1 

INTRODUCTION 

1.1   Asthma – a complex, heterogeneous disease of the airways 

Asthma is the most common chronic disease in childhood, affecting 5.5 million children and 19.2 

million adults in the United States, with annual health care costs exceeding $80 billion (1). Its 

clinical diagnosis is based on symptoms of wheeze, cough, and chest tightness, which reflect the 

cardinal features of bronchial hyperresponsiveness and lower airway inflammation and remodeling 

(2). Although most individuals with asthma share these features, there is extensive clinical 

heterogeneity and inter-individual variation in age of onset, co-morbidities, and response to 

therapies. For example, nearly 15% of individuals with asthma have severe asthma, defined by 

uncontrollable symptoms, persistent exacerbations and poor response to standard asthma 

treatments (3).  

 Moreover, risks for asthma vary by age and sex. Among children under the age of 17 years, 

asthma is more prevalent among boys compared to girls (9.9% vs. 6.9%, respectively) (4). Because 

asthma symptoms often resolve in boys (5) and more girls develop asthma during and after puberty 

(6), asthma is more common in women than in men (7). Differences in immune responses in males 

and females have been observed in the first few years of life, suggesting a developmental 

component to the sex-biased disease risk in asthma (8).  

 Asthma prevalence also varies across ethnic groups. For example, in 2007, the prevalence 

of childhood asthma in non-Hispanic Blacks and Puerto Ricans was 12.7% and 19.2%, 

respectively, compared to 8.0% and 6.4% in non-Hispanic Whites and Mexican Americans, 

respectively (9). In fact, African ancestry per se was associated with asthma risk in African 

Americans (10) and with asthma and total serum IgE (a marker of allergic sensitization) in 
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Caribbean, North American, and South American populations with variable levels of African 

ancestry (11-13). By leveraging the differences in risk for asthma, I can potentially gain greater 

insight into disparities in asthma risk, identify disease endotypes and understand shared and 

distinct biological pathways. In this thesis, I will explore differences in asthma risk by disease 

severity, atopy (allergic sensitization), and ethnicity. 

1.2   Early life origins of asthma 

Accumulating evidence suggests that the trajectory to asthma begins early in life. The fetus is 

exposed to a number of intrauterine challenges that must be overcome for sustained growth and 

development (14), and the first few years of life represents a critical window for susceptibility to 

environmental exposures associated with asthma risk or protection. While the fetal immune system 

must elicit an immune response to protect against harmful environmental stimuli, immunological 

tolerance, or the state of unresponsiveness of the immune system, must be established in the early 

life environment to prevent potentially damaging inflammatory responses to “self” (15). Below, I 

highlight different environmental exposures that support the idea of an early life origin of asthma. 

Maternal behaviors, such as diet and smoking, have been shown to alter outcomes of 

allergic disease in childhood. In a longitudinal study of 460 Spanish children, a high Mediterranean 

diet during pregnancy was protective against wheeze and atopy at age 6.5 (16). A large component 

of the Mediterranean diet includes fish intake, containing a high content of n-3 polyunsaturated 

fatty acids (PUFAs). In a randomized, controlled trial of 98 pregnant women with allergic 

sensitization, those who received n-3 PUFA supplementation had infants who had reduced 

cytokine responses to allergen challenges (17). A more recent study demonstrated that pregnant 

women who received supplementation of n-3 PUFAs during the third trimester of pregnancy had 

offspring with reduced persistent wheeze and asthma (18). Together, these studies show that 
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maternal or infant dietary supplementation may protect against wheezing in infancy and asthma in 

childhood. It is also well established that maternal smoking in pregnancy and infant exposure to 

environmental tobacco smoke modifies lung development and immune responses (19) and are 

associated with the increased risk of wheezing illnesses and asthma (20, 21). Maternal smoking 

has additionally been associated with low birth weight and prematurity (22), which can both alter 

lung development (23) and contribute to childhood asthma risk (24, 25).   

Among the many environmental factors that influence risk for asthma, early-life microbial 

exposures are some of the most significant. Human rhinovirus (RV) is the most common 

respiratory pathogen and the primary cause of the common cold (26). RV infections are responsible 

for over half of asthma exacerbations throughout life (27), contributing to the morbidity of chronic 

respiratory illnesses including asthma, as well as chronic obstructive pulmonary disease and cystic 

fibrosis (28). Multiple studies have demonstrated that infants who wheeze with RV infections are 

at greater risk for asthma (29). In a genetic study from the Childhood Origins of Asthma (COAST) 

birth cohort from Madison, Wisconsin, a SNP at the 17q12-21 asthma locus, the most consistently 

associated locus for childhood-onset asthma (30), was significantly associated with the number of 

RV-associated wheezing illnesses during the first three years of life. Moreover, RV-associated 

wheezing illnesses in the first 3 years of life modified genotype effects of this SNP on childhood 

onset asthma risk (29). This interaction between RV-associated wheeze and 17q12-21 genotype 

on the development of asthma was replicated in a birth cohort from Denmark (29). These studies 

highlight the importance of responses to respiratory viruses, host genotype, and their interactions 

on early life wheezing illness and the subsequent development of asthma in childhood. 

A link between the early-life host microbiome and childhood asthma has been reproduced 

in various North American and European birth cohorts (31-35). In general, depletion of diversity 
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in the gut microbiota of infants and neonates is associated with increased risk of asthma. In a 

Canadian cohort of 319 infants, the relative abundances of Lachnospira, Veillonella, 

Faecalibacterium, and Rothia were significantly decreased in children who developed wheezing 

illness in the first year of life (31). High-risk infants had reduced levels of fecal acetate and 

enterohepatic metabolites, and reduced levels of anti-inflammatory PUFAs and enrichment of 

monohydroxy fatty acids, such as 12,13-diHOME (33), which has been associated with 

immunological intolerance and risk of allergic disease in childhood (36). In a Danish birth cohort 

of 700 infants, microbial diversity and the relative abundances of Veillonella and Prevotella in the 

airway microbiota at age one month was associated with asthma at age 6 years (34). Higher relative 

abundances of both genera modified an airway immune profile that was itself an independent 

predictor of asthma.   

 The connection between early life exposures and subsequent development of asthma fits 

with the “developmental origins of health and disease” hypothesis, also known as the Barker 

hypothesis (37). This hypothesis posits that prenatal and postnatal exposures induce permanent 

changes that promote disease development later in life (38). Epigenetic changes provide a substrate 

through which early life exposures can influence the trajectory to asthma. Indeed, early life 

exposures have been associated with epigenetic changes that may regulate the expression of nearby 

genes with effects on immunomodulatory pathways (39-41).  

1.3   Maternal asthma as a risk factor 

Heritability estimates of asthma are on average ~50% (42) and many asthma-associated SNPs have 

been identified in genome-wide association studies (GWAS) (43-47). However, asthma-associated 

GWAS variants have modest effects and only account for a small portion of the heritability (43-

47). In fact, a recent GWAS of childhood onset and adult onset asthma in over 300,000 participants 
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in the UK Biobank resource (48) estimated the SNP-based heritability to be 33% and 9.8%, 

respectively (43). The genome-wide significant SNPs only account for one-third of the total 

heritability. This “missing heritability” suggests that there are remaining genetic contributions to 

asthma risk to be discovered. 

One of the most consistent risk factors for childhood-onset asthma is a maternal history of 

asthma – a finding that has been replicated across many epidemiological studies and is 

significantly stronger than risk associated with paternal history of asthma (49). This finding was 

also suggested for other allergic and atopic phenotypes (50). Maternal asthma has also been 

associated with low birth weight (51) and prematurity in her newborns (52). Despite the recognized 

importance of maternal asthma as a risk factor for asthma in her children, relatively few genetic 

studies of asthma have considered maternal asthma in their analyses.  

The few genetic studies to investigate maternal asthma have largely focused on one 

candidate asthma-susceptibility gene, HLA-G. This initial discovery came from a linkage analysis 

of asthma by Nicolae et al. (53), which ultimately revealed an interaction between genotype at a 

SNP in the promoter region of this gene and asthma, but with opposite alleles associated with 

asthma in children from families with an asthmatic mother compared to children from families 

with a non-asthmatic mother. This interaction was replicated by Tan et al. (54) in the COAST birth 

cohort, where they further implicated another SNP, in LD with the promoter SNP, located in the 

3’UTR. They showed that the 3’UTR SNP disrupted a target site for three related miRNAs. Finally, 

Nicodemus-Johnson et al (55). showed that HLA-G genotype was associated with the 

concentration of HLA-G protein in bronchoalveolar lavage (BAL) fluid only in asthma cases with 

an asthmatic mother but not in asthma cases without an asthmatic mother. They further 

demonstrated that one of the three miRNAs, miR-148b, was increased in bronchial epithelial cells 
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from asthmatics with an asthmatic mother compared to asthmatics without an asthmatic mother. 

Notably, these associations were observed in adults, suggesting that maternal asthma effects on 

gene regulation persist into adulthood and that at least some of these effects are mediated through 

miRNAs. 

Epigenetic studies of maternal asthma effects have highlighted DNA methylation (DNAm) 

differences between children of asthmatic mothers and children of non-asthmatic mothers. 

Gunawardhana et al. (56) reported altered DNA methylation profiles in peripheral blood cells from 

12-month-old infants with and without a mother with asthma. The authors highlighted 

hypermethylation of the gene encoding CHFR, a ubiquitin ligase that is associated with persistent 

wheezing in children (57, 58). DeVries et al. (59) reported 589 differentially methylated regions 

(DMRs) between cord blood immune cells from 18 children with an asthmatic mother who 

developed asthma by age 9 compared to 18 children with an asthmatic mother who did not develop 

asthma by age 9. The most significant DMRs were near genes that clustered in immunoregulatory 

and proinflammatory pathways. The most connected gene in the network was SMAD3, which lies 

in a highly replicated asthma GWAS locus (60). The promoter of SMAD3 was also 

hypermethylated in asthmatic children with an asthmatic mother compared to asthmatic children 

without an asthmatic mother. This finding with a SMAD3 methylation site was replicated in two 

additional birth cohorts (59).  

Collectively, these studies support the “developmental origins” of asthma theory, with 

maternal asthma-associated epigenetic regulation of gene expression by miRNAs and DNAm 

altering immune pathways in early development that lead to the development of asthma later in 

life. 
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1.4   Dissertation overview 

The primary goal of this dissertation was to identify and characterize genetic and epigenetic 

contributors to risk of asthma in children of asthmatic mothers. To do this, I use various next-

generation sequencing datasets in ethnically-diverse cohorts to investigate this theory, and to 

provide biological insights into the origins of asthma. In Chapter 2, I perform the first study of a 

novel epigenetic mechanism, ADAR-mediated microRNA editing, in bronchial epithelial cells and 

identify associations between editing and asthma severity and between ADAR expression and 

maternal asthma. In Chapter 3, I investigate DNA methylation profiles in the same bronchial 

epithelial cells from asthmatic cases with an asthmatic mother and identify epigenetic signatures 

in these subjects that reflect multiple potential endotypes of severe disease. In Chapter 4, I describe 

a study aimed at testing associations between mitochondrial variants and haplogroups with asthma 

in ethnically diverse mother-child dyads. 

Overall, this research will provide information on asthma risk that is personalized with 

respect to the presence of disease in the mother. For example, risk from other asthma loci or due 

to environmental exposures may depend on mitochondrial variants inherited from the individual’s 

mother or involve ADAR-mediated microRNA editing or DNA methylation that are perturbed in 

asthmatic children of asthmatic mothers. In addition, I provide unique insights into the genetic and 

epigenetic architecture of asthma as well as uncover mechanisms contributing to maternal 

transmission of asthma risk, potentially contributing to the development of precision medicine 

diagnostics and treatments. 
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CHAPTER 2 

ADAR-mediated editing of miR-200b-3p in airway cells is associated with 

moderate-to-severe asthma in children of asthmatic mothers 

2.1   Abstract 

One of the most consistent risk factors for childhood-onset asthma is having a mother with asthma. 

A possible explanation may be altered gene regulation in utero that is long-lasting. Here, I 

performed the first genome-wide analysis of ADAR-mediated microRNA editing using 

microRNA-seq in primary bronchial epithelial cells from 142 adult asthma cases and non-asthma 

controls. Of 19 A-to-I edited sites detected in these microRNAs, 16 were in seed regions. Four of 

the 16 edited sites were observed in >10 individuals and were tested for differential editing (% A-

to-I) between groups. One site at position 5 of miR-200b-3p was edited less frequently in asthma 

cases compared to controls (P = 0.013). A-to-I editing of this site was then compared between 

asthma severity groups (mild, moderate and severe) based on lung function and medication use. 

The moderate (P = 0.029) and severe (P = 3.9x10-4), but not mild (P = 0.38), asthma cases had 

significantly less A-to-I editing of the 5th position of miR-200b-3p compared to controls. 

Bioinformatic prediction revealed 232 in silico target genes of the edited miR-200b-3p, which 

included the SOCS1 gene that was itself more highly expressed in moderate (P = 0.017) and severe 

(P = 5.4x10-3) asthma. Moreover, the primary editing enzyme, ADAR, was significantly 

downregulated in adults with a mother with asthma (P = 0.024), but not in asthma cases overall. 

Together, these results suggest that maternal asthma may alter the gene regulatory landscape in 

BECs in utero, with long-lasting effects on ADAR-mediated editing of the 5th position of miR-

200b-3p. I further suggest that this “exposure” results in reduced suppression of SOCS1 in BECs 

of asthmatics, leading to more symptoms and more severe asthma. 
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2.2   Introduction 

Asthma is a common chronic inflammatory disease of the airways, affecting as many as 300 

million people worldwide (1). The clinical diagnosis of asthma is based on symptoms of wheezing, 

coughing, and chest tightness, which reflect the cardinal features of bronchial hyperresponsiveness 

and airway remodeling. As many as 15% of individuals with asthma have severe asthma, which is 

defined by uncontrollable symptoms, persistent exacerbations and poor response to standard 

therapies (3). Among the many epidemiologic risk factors for asthma, asthma in the mother is one 

of the most reproducible (49), although the mechanism(s) underlying this association are unknown. 

MicroRNA (miRNA)-mediated gene silencing has been implicated in the pathogenesis of 

asthma. MiRNAs are approximately 22-nucleotide RNAs that bind to 3’ untranslated regions of 

target genes and ultimately downregulate their expression. Using array-based studies of 876 

miRNAs, Solberg and colleagues showed that the percentage of differentially expressed (DE) 

miRNAs far exceeded the percentage of DE mRNAs in bronchial epithelial cells (BECs) from 47 

subjects (61). In a study of 190 selected miRNAs measured by quantitative PCR, Simpson et al. 

reported altered expression of miR-19a and its gene targets that promoted Type 2 (T2) cytokine 

production in airway T cells from 43 asthmatic subjects (62). Nicodemus-Johnson et al. also found 

that the abundance of miR-148b, a miRNA that binds to and downregulates the expression of an 

asthma-associated gene, HLA-G (53), differed in BECs between adult asthma cases with and 

without a mother with asthma (55). These studies highlighted miRNA abundances as potentially 

important gene regulatory mechanisms in the lower airways of individuals with asthma.  

MiRNA-mediated gene silencing is often altered by adenosine deaminase acting on RNA 

(ADAR)-mediated editing, a novel epigenetic mechanism that involves the deamination of 

adenosine to inosine (A-to-I). The ADAR family of enzymes contributes to one of the most 
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prevalent forms of post-transcriptional modifications of the primary, precursor and mature forms 

of miRNAs (63). Because most ADAR-mediated editing events in miRNAs occur in the seed 

regions (64), the critical determinants of target complementarity, A-to-I edited sites are expected 

to downregulate the expression of gene targets that differ from the gene targets of the non-edited 

form. ADAR expression can be induced by interferons (65), suggesting a particularly important 

role for ADAR-mediated editing in innate inflammatory responses. In fact, elevated ADAR 

expression and subsequent A-to-I editing activity have significant effects on the transcriptomes of 

cancer cells and may even correlate with patient survival (66, 67). Furthermore, widespread A-to-

I editing by ADAR is present in immune tissues and cells, such as spleen, thymus and peripheral 

lymphocytes, in response to inflammation in endotoxin-treated mice (68). Despite these advances, 

the role of ADAR-mediated editing of miRNAs in asthma has not previously been explored. 

Here, I present the first genome-wide analysis of ADAR-mediated editing of miRNAs 

using small RNA sequencing in primary BECs from 96 asthma cases and 46 non-asthma controls. 

I identified A-to-I editing of the 5th position of miR-200b-3p, which was less frequent in BECs 

from asthma cases, particularly those with moderate-to-severe asthma. Using RNA-seq in cells 

from the same subjects, I examined the expression of predicted targets of the unedited and edited 

versions of miR-200b-3p and characterized effects of maternal asthma on the expression of the 

ADAR genes. Overall, my study identified ADAR-mediated editing of miR-200b-3p in the lower 

airway as a novel contributor to asthma.  

2.3   Results 

2.3.1   Identifying A-to-I edited sites in bronchial epithelial cells 

Our lab obtained small RNA sequences in freshly isolated BECs from 142 adults. Of these, 138 

subjects (94 asthma cases; 44 non-asthma controls) had >2 million small RNA reads and were 
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included in downstream analyses. I identified 19 A-to-I edited sites in 17 miRNAs (Table S2.1); 

the number of edited sites is consistent with a study of glioblastoma that included healthy lung 

tissue (64). The mean A-to-I editing at the 19 sites ranged from 0.14% to 34.09% across individuals 

in my study with detectable levels of editing (see Methods in 2.5.5); 16 of the 19 A-to-I edited 

sites were in miRNA seed regions (positions 2 to 8). Nearly all of the A-to-I edited sites (18 of 19) 

were detected in fewer than 20% of individuals (range = 1 to 27). The 5th position of miR-200b-

3p was the most frequently edited site in the sample: 97.10% of individuals had edited sites at this 

position.  

2.3.2   Differential A-to-I editing of miR-200b-3p between cases and controls 

Table 2.1. Top four A-to-I edited sites. A-to-I edited sites detected in bronchial epithelial cells 

from at least 10 of 138 subjects. The edited adenosine within the mature miRNA sequence is in 

bold font. All 19 A-to-I edited sites are shown in Table S2.1. 
 

miRNA Position 
Sequence 

(seed sequence) 

Average 

Mapped 

Counts 

Average 

% A-to-I 

Reads 

# Subjects 

with 

Edited 

miRNA 

miR-200b-3p 5 TAATACTGCCTGGTAATGATGA 75358 0.52 135 

miR-191-5p 3 CAACGGAATCCCAAAAGCAGCTG 58512 0.17 27 

miR-200b-3p 3 TAATACTGCCTGGTAATGATGA 91380 0.15 22 

miR-186-5p 3 CAAAGAATTCTCCTTTTGGGCT 24646 0.18 13 

 

Four edited sites were observed in >10 subjects (Table 2.1). For 135 subjects that passed 

QC and had available genotypes for estimating ancestry principal components, differential editing 

(% A-to-I) was tested between 91 asthma cases and 44 non-asthma controls. The most edited site, 

the 5th position of miR-200b-3p, was significantly less frequently edited in cases compared to 

controls (P = 0.013 after correcting for four tests; age, sex, current smoking status, and the first 

three ancestry PCs were included as covariates) (Figure 2.1A). This significant decrease in A-to-

I editing remained after excluding one outlier among the controls (P = 0.023 after correcting for 

four tests) (Figure S2.1). The other three sites were not differentially edited between asthma cases 

and controls (Figure S2.2).  
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Figure 2.1. A-to-I editing of position 5 of miR-200b-3p in asthma cases and controls. Associations 

of percentage (%) of A-to-I editing of position 5 of miR-200b-3p in bronchial epithelial cells with 

(A) asthma and (B) asthma severity groups based on STEP classification scores. One outlier with 

the highest % of edited reads in the control group (>3 SD) was included here (see Figure S2.1 

with the outlier excluded). The number of subjects is shown below each risk group. Adjusted p-

values are shown above the horizontal bars. The p-values for (A) and (B) were corrected for four 

and three tests, respectively, using a Bonferroni correction. 
 

 

I next assessed whether A-to-I editing of the 5th position of miR-200b-3p was associated 

with asthma severity. A-to-I editing was less frequent in the moderate (N = 22) and severe (N = 

46) asthma groups compared to controls (N = 44) (P = 0.029 and P = 3.9x10-4, respectively, after 

correcting for three tests) (Figure 2.1B, see also Figure S2.1). The frequency of editing did not 

differ between mild asthma cases (N = 23) and controls (P = 0.38 after correcting for three tests).  

2.3.3   Downstream targets of unedited and edited miR-200b-3p 

The A-to-I edited site at the 5th position is in the seed region of miR-200b-3p and is predicted to 

downregulate the expression of novel target genes. I used TargetScanHuman (69) to 

bioinformatically predict the target genes of the unedited and edited miR-200b-3p. Of the 798 in 

silico target genes of the unedited miR-200b-3p, 604 (75.7%) were detected as expressed in BECs; 

of the 320 in silico target genes for the edited miR-200b-3p, 232 (72.5%) were detected as 
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expressed in BECs (Figure 2.2A). Only 48 expressed genes overlapped between the two sets of 

target genes. Pathway analysis (TopFunn (70)) of the 604 expressed target genes of the unedited 

miR-200b-3p, which was more frequent in the cases, resulted in more than 39 significant pathways, 

most of which were involved in kinase signaling, proliferation and differentiation (Table S2.2). In 

contrast, the 232 expressed target genes of the edited miR-200b-3p, which was more frequent in 

the controls, were significantly enriched for four pathways (Figure 2.2B). Two of the pathways of 

the edited miR-200b-3p were the same as two pathways of the unedited miR-200b-3p: “C-MYB 

transcription factor network” from two databases and “FoxO family signaling” (Figure 2.2C). The 

two other pathways were specific to the edited miR-200b-3p: “IL-4 mediated signaling events” 

from two databases and “IFN-gamma pathway” (Figure 2.2D). 

RNA-sequences were available for 124 subjects from the same cells in which I measured 

miRNAs. I first examined the average normalized expression of the expressed target genes in each 

of the four enriched pathways of the edited miR-200b-3p. The average expression of the eight 

target genes (CEBPB, SPI1, ETS1, PIK3CA, CBL, SOCS5, SOCS1, and MYB) of the edited miR-

200b-3p in the pathway enriched for “IL-4 mediated signaling events” and the six target genes 

(CEBPB, PIK3CA, RAP1A, RAP1B, CBL, and SOCS1) of the edited miR-200b-3p in the “IFN-

gamma pathway” were both significantly increased in asthma cases (N = 83) compared to controls 

(N = 41; P = 2.9x10-3 and 1.8x10-3, respectively, after correcting for four tests) (Figure 2.3A). In 

contrast, the average expression was not different between asthma cases and controls for the nine 

target genes (CEBPB, SPI1, ETS1, KRAS, SKI, CSF1R, ATP2B1, MYB, CDK6) in the pathways 

enriched for “C-MYB transcription factor network” or for the six target genes (ZFAND5, FOXO1, 

YWHAE, YWHAZ, SIRT1, CSNK1G2) in the pathways enriched for “FoxO family signaling” (P = 

1.00 after correcting for four tests) (Figure 2.3B). The overall increased average expression of the 
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target genes of both the IL-4 signaling and interferon gamma pathways in the asthma cases is 

consistent with the edited miRNA binding to and downregulating the expression of these genes, 

and with the observed higher frequency of editing of this miRNA in the controls.  

Figure 2.2. Significant pathways for the target genes of the unedited and edited miR-200b-3p. (A) 

The 604 gene targets of the unedited miR-200b-3p and the 232 gene targets of the edited miR-

200b-3p that were expressed in BECs (CPM > 1) were included as input for pathway analysis, as 

implemented in TopFunn. (B) The 604 gene targets of the unedited miR-200b-3p were enriched 

for at least 39 pathways (Table S2.2) and the 232 gene targets of the edited miR-200b-3p were 

enriched for four pathways.  (C) Of the four significant pathways enriched for gene targets of the 

edited miR-200b-3p, two pathways that included “C-MYB transcription factor network” from two 

databases and “FoxO family signaling” were also enriched for the target genes of both the unedited 

and edited miR-200b-3p. (D) The two pathways that were only enriched for the target genes of the 

edited miR-200b-3p were “IL-4-mediated signaling events” from two databases and “IFN-gamma 

pathway”. 
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Figure 2.2. Significant pathways for the target genes of the unedited and edited miR-200b-3p 

(continued). 

C    Pathways shared by the target genes of the edited and unedited miR-200b-3p 

ID Name Database 
Adjusted 

P-value 

Number of 

genes from 

input 

Number of 

genes in 

annotation 

Genes from 

input 

M195 

C-MYB 

transcription 

factor network 

MSigDB C2 

BIOCARTA 

(v7.1) 

1.85E-03 9 84 

CEBPB, SPI1, 

ETS1, KRAS, 

SKI, CSF1R, 

ATP2B1, MYB, 

CDK6 

138073 

C-MYB 

transcription 

factor network 

BioSystems: 

Pathway 

Interaction 

Database 

1.02E-02 8 78 

CEBPB, SPI1, 

ETS1, SKI, 

CSF1R, ATP2B1, 

MYB, CDK6 

138036 
FoxO family 

signaling 

BioSystems: 

Pathway 

Interaction 

Database 

4.81E-02 6 48 

ZFAND5, 

FOXO1, 

YWHAE, 

YWHAZ, SIRT1, 

CSNK1G2 

 

D    Pathways specific to the target genes of the edited miR-200b-3p 

ID Name Database 
Adjusted 

P-value 

Number of 

genes from 

input 

Number of 

genes in 

annotation 

Genes from 

input 

137933 
IL-4-mediated 

signaling events 

BioSystems: 

Pathway 

Interaction 
Database 

1.99E-03 8 63 

CEBPB, SPI1, 

ETS1, PIK3CA, 

CBL, SOCS5, 
SOCS1, MYB 

M28 
IL-4-mediated 

signaling events 

MSigDB C2 

BIOCARTA 

(v7.1) 

2.25E-03 8 64 

CEBPB, SPI1, 

ETS1, PIK3CA, 

CBL, SOCS5, 

SOCS1, MYB 

M161 
IFN-gamma 

pathway 

MSigDB C2 

BIOCARTA 

(v7.1) 

1.64E-02 6 40 

CEBPB, PIK3CA, 

RAP1A, RAP1B, 

CBL, SOCS1 
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Figure 2.3. Average normalized expression of the genes in each of the four pathways of the edited 

miR-200b-3p in asthma cases and controls. Only gene targets that were expressed (CPM > 1) in 

BECs in at least 25% of the 124 subjects (83 cases and 41 controls) with RNA-seq data were 

included. (A) The average normalized expression of the two pathways that were enriched only for 

target genes of the edited miR-200b-3p: “IL-4 mediated signaling events” pathway (left) and “IFN-

gamma” pathway (right). (B) The average normalized expression of the two pathways that were 

enriched for target genes of both the unedited and edited forms of miR-200b-3p: “C-MYB 

transcription factor network” pathway (left) and “FoxO family signaling” pathway (right). 

Adjusted p-values (for four tests) are shown above the horizontal bars. 
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Figure 2.4. Expression of SOCS1, a target of the edited miR-200b-3p, in asthma cases and 

controls. Normalized gene expression of SOCS1 in bronchial epithelial cells (A) between asthma 

cases and controls, and (B) asthma severity groups based on STEP classification. The numbers of 

subjects are shown below the risk groups. Adjusted p-values (for three tests) are shown above the 

horizontal bars. 
 

 

Of the ten target genes in the IL-4 and interferon gamma pathways of the edited miR-200b-

3p, SOCS1, a negative regulator of both Type 2 (T2) cytokine signaling (71, 72) and interferon 

signaling induction (73, 74), was the only individual gene that was significantly overexpressed in 

the asthma cases (N = 83) (P = 5.2x10-3 after correcting for ten tests) (Figure 2.4A), and in 

moderate (N = 18) and severe (N = 41), but not in mild (N = 24) asthma cases compared to controls 

(N = 41) (P = 0.017, 5.4x10-3, and 0.11, respectively, after correcting for three tests) (Figure 2.4B). 

None of the other nine target genes in these pathways were differentially expressed between 

asthma cases and controls (Figure S2.3). Thus, the decreased editing of the 5th position of miR-

200b-3p in BECs from moderate and severe asthma cases is associated with overexpression of a 

centrally important negative regulator of cytokine signaling, SOCS1.  
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2.3.4   MiR-200b-3p editing, SOCS1 expression, and measures of asthma 

Because both A-to-I editing of the 5th position of miR-200b-3p and SOCS1 expression were 

associated with asthma severity (Figures 2.1 and 2.4), I next examined more closely the potential 

effects of editing and SOCS1 expression on clinical measures of asthma. I first assessed their 

relationships with asthma and asthma severity (Table 2.2). Unsurprisingly, compared to the 

controls, the asthma cases had significantly lower lung function, as measured by FEV1% predicted 

and the FEV1/FVC ratio, and higher FeNO, BAL eosinophils, blood eosinophils, and T2 gene 

signatures (CLCA1, POSTN, and SERPINB2) (75) (Table 2.2A). IgE was also higher in the cases 

but the differences were not significant after correction for seven tests. I next examined 

associations between these measures and STEP classification of asthma severity, based on 

corticosteroid use and lung function (76) (Table 2.2B). Two measures, in addition to the lung 

function measures, were associated with STEP classification. BAL eosinophils were highest in the 

moderate and severe asthma cases, whereas the T2 gene signature was highest in the moderate 

asthma cases but similar in cases with mild and severe disease.  These profiles suggest that the 

asthma cases classified as having moderate disease have a T2-high endotype, whereas the cases 

classified as severe asthma have a T2-independent endotype.  



 

 

 

Table 2.2. Clinical characteristics of subjects at the time of bronchoscopy. Af Am, African American; Eur Am, European American. 
*Continuous variables were evaluated with a Wilcoxon rank-sum test; categorical variables were evaluated with a Fisher’s Exact Test. 
&All variables were assessed using an ordinal logistic regression. Five severe asthma cases had missing FeNO measurements. One 

control each was missing BAL and blood eosinophil measurements. Normalized and covariate-adjusted gene expression was available 

for 41 controls and 83 cases (24 mild, 18 moderate, and 41 severe) to assess the Type 2 gene signature (sum of POSTN, CLCA1, and 

SERPINB2). Significant correlations after correcting for seven tests (clinical measures) are shown in bold font.

 A. Asthma B. Asthma Severity 

 Control 

(N = 44) 

All Cases 

(N = 94) 

P-value* Control 

(N = 44) 

Mild 

(N = 23) 

Moderate  

(N = 23) 

Severe 

(N = 48) 

P-value& 

Covariates   

Age (mean yr ± SD) 37.25 ± 11.54 40.16 ± 12.77 0.21 37.25 ± 11.54 34.83 ± 12.61 37.96 ± 13.83 43.77 ± 11.37 9.48x10-3 

Gender (% female) 64 73 0.32 64 61 70 81 0.06 

Ethnicity  

(Af Am/Eur Am/Other) 

28/12/4 54/39/1 0.03 28/12/4 16/7/0 16/7/0 22/25/1 0.02 

% smoker at 

bronchoscopy 

16 4 0.04 16 9 0 4 0.03 

Clinical Measures   

ICS use (%) - 74 - - 9 91 98 - 

OCS use (%) - 37 - - 0 0 73 - 

Mean FEV1% 

Predicted (± SD) 

95.18 ± 11.31 73.67 ± 19.20 2.03x10-10 95.18 ± 11.31 83.61 ± 16.60 79.96 ± 18.84 65.90 ± 17.47 5.34x10-10 

Mean FEV1/FVC  

(± SD)  

0.81 ± 0.05 0.76 ± 0.30 1.88x10-7 0.81 ± 0.05 0.80 ± 0.25 0.74 ± 0.08 0.75 ± 0.37 2.05x10-6 

Median total serum IgE 

(IU/mL) 

(lower, upper quartile) 

56.50 

(27.25, 169.00) 

121.50 

(37.00, 360.25) 

0.02 56.50 

(27.25, 169.00) 

95.00  

(28.50, 171.50) 

116.00  

(70.50, 465.50) 

194.50  

(24.75, 387.00) 

0.02 

Median FeNO (ppb) 

(lower, upper quartile) 

14.00 

(10.75, 17.75) 

25.00 

(14.00, 45.00) 

9.75x10-5 14.00 

(10.75, 17.75) 

25.00  

(17.00, 54.00) 

31.00  

(19.00, 47.50) 

20.00  

(13.00, 34.00) 

0.04 

Median BAL 

eosinophilia (%) 

(lower, upper quartile) 

0.002 

(0, 0.005) 

0.029  

(0.013, 0.058) 

3.92x10-14 0.002 

(0, 0.005) 

0.019 

(0.010, 0.048) 

0.033 

(0.017, 0.072) 

0.031 

(0.015, 0.060) 

1.21x10-5 

Median blood 

eosinophilia (cells/µl) 

(lower, upper quartile) 

0.100 

(0.070, 0.170) 

0.190 

(0.080, 0.318) 

1.43x10-3 0.100 

(0.070, 0.170) 

0.140 

(0.080, 0.250) 

0.220 

(0.135, 0.335) 

0.200 

(0.078, 0.303) 

0.01 

Median T2 gene (lower, 

upper quartile) 

1.64 

(0.15, 5.53) 

7.38 

(2.12, 11.68) 

7.55x10-6 1.64 

(0.15, 5.53) 

5.49 

(0.80, 12.07) 

10.03 

(7.13, 11.39) 

5.45 

(1.89, 11.48) 

4.35x10-4 

1
9
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Table 2.3. MiR-200b-3p editing, SOCS1 expression and measures of asthma. Significant 

correlations after correcting for five tests are shown in bold font. Number of subjects with 

measurements for each test of association is reported. 
 

Variables 

% A-to-I of miR-200b-3p SOCS1 expression 

N Rho P-value 
Adjusted 

P-value 
N Rho P-value 

Adjusted 

P-value 

Total Serum IgE 

(IU/mL) 
135 -0.07 0.41 1.00 124 0.21 0.017 0.09 

FeNO (ppb) 130 -0.15 0.089 0.09 119 0.24 8.5x10-3 0.04 

BAL Eosinophilia (%) 134 -0.24 5.9x10-3 0.03 123 0.30 6.2x10-3 0.03 

Blood Eosinophilia 

(cells/µl) 
134 -0.05 0.60 1.00 123 0.08 0.37 1.00 

T2 gene signature 109 -0.25 8.4x10-3 0.04 124 0.37 2.8x10-5 1.4x10-4 

 

I next tested for correlations between five clinical measures and A-to-I editing of the 5th 

position of miR-200b-3p and SOCS1 expression (Table 2.3). Because I previously showed that 

both A-to-I editing of the 5th position of miR-200b-3p and SOCS1 expression were correlated with 

asthma severity based on STEP classification, I excluded lung function measures from these 

analyses because lung function was used to define STEP classification. A-to-I editing of the 5th 

position of miR-200b-3p was negatively correlated with both BAL eosinophils and the T2 gene 

signature (75). Consistent with the results described above, SOCS1 expression was positively 

correlated with BAL eosinophils and the T2 gene signature, as well as with FeNO, a marker of 

airway inflammation. Neither total serum IgE nor blood eosinophil count was associated with 

either editing or SOCS1 expression. These data support a link between decreased ADAR-mediated 

editing of the 5th position of miR-200b-3p and increased expression of SOCS1 in BECs from 

asthmatics with different endotypes of moderate-to-severe asthma. 

2.3.5   Maternal asthma and ADAR abundance 

The decreased editing of the 5th position of miR-200b-3p in BECs from asthma cases 

suggested a novel epigenetic mechanism of ADAR-mediated miRNA editing regulating asthma-

promoting pathways. Because earlier studies suggested that maternal asthma may epigenetically 

modify asthma-promoting programs in her child, I next asked whether the expression of the ADAR  
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Figure 2.5. ADAR gene expression in bronchial epithelial cells (BECs). (A) Normalized 

expression of three ADAR genes; (B) ADAR, (C) ADARB1 and (D) ADARB2 were compared 

between non-asthma controls (n = 37), asthma cases without a mother with asthma (n = 51) and 

asthma cases with a mother with asthma (Case MA; n = 27). One outlier of ADAR and ADARB1 

expression (>3 SD) was removed from each of the Control and Case MA groups, respectively, to 

better visualize the distributions (see Figure S2.4 for figures with the outliers excluded).  

 

 
 

genes differed between asthma cases with and without an asthmatic mother. To test this hypothesis, 

I compared the expression of the three ADAR genes, ADAR, ADARB1 and ADARB2, between 

three asthma risk groups (37 non-asthma controls without an asthmatic mother, 51 asthma cases 

without an asthmatic mother, and 27 asthma cases with an asthmatic mother). Four controls with 

a mother with asthma were excluded from these analyses. ADAR and ADARB1 have editing ability; 

ADARB2 does not have editing function and was included as a negative control. Of 13,770 genes 

detected as expressed in BECs, ADAR was in the top 2% of expressed genes overall and the most 
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highly expressed of the three ADAR genes (Figure 2.5A); only ADAR was significantly less 

abundant in asthma cases with an asthmatic mother compared to controls (P = 0.026 after 

correcting for three tests) (Figure 2.5B). The significantly lower ADAR expression remained after 

including one outlier among the controls (P = 0.024 after correcting for three tests) (Figure S2.4). 

ADAR did not significantly differ in asthma cases with an asthmatic mother compared to asthma 

cases without an asthmatic mother (P = 0.22 after correcting for three tests) or in asthma cases 

without an asthmatic mother compared to controls (P = 0.85 after correcting for three tests). 

ADARB1 and ADARB2 abundance did not differ between any of the groups (Figure 2.5C-D). 

These results indicate that the abundance of ADAR, an epigenetic mediator of miRNA editing, is 

less abundant in BECs from adult asthma cases with an asthmatic mother compared to controls. 

2.4   Discussion 

Although asthma symptoms in most individuals can be controlled with standard therapies, 

approximately 15% of asthmatics do not respond to these treatments and account for a 

disproportionate burden on health care costs and quality of life (3). Genetic studies of response to 

the most common therapies, corticosteroids and beta agonists, have revealed few clues to genetic 

mechanisms underlying inter-individual variation in response (77, 78), and a recent genome-wide 

association study of moderate-to-severe asthma generally mirrored the associations with asthma 

(60, 79). These results suggest that determinants of moderate-to-severe asthma may not be due to 

classical genetic mechanisms. 

Using an unbiased, genome-wide approach, I identified for the first time endogenous post-

transcriptional A-to-I editing of a miRNA in BECs as an epigenetic mechanism potentially leading 

to more severe clinical manifestations and poorer response to standard therapies in individuals 

with asthma. A-to-I editing of one site, the 5th position of miR-200b-3p, was significantly more 
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frequent in BECs from non-asthma control subjects compared to cases with moderate and severe 

asthma. This same A-to-I edited site has been reported in various cancer tumors, including 

glioblastoma (80) and lung adenocarcinoma (81), and is consistently increased in tumor samples 

compared to normal tissue and inversely correlated with patient survival (67). Functional 

characterization of miR-200b-3p in this context identified its role as a tumor suppressor that 

becomes an oncogenic miRNA after A-to-I editing of the 5th position. In my study, reduced A-to-

I editing of the 5th position of miR-200b-3p was associated with increased risk of asthma. These 

combined results suggest that edited miR-200b-3p is critical to different disease processes, in 

which editing of the same site can be promoting (cancer) or protective (asthma) of disease. Editing 

at this position may therefore be highly regulated to optimize expression levels of key genes 

targeted by the edited form of miR-200b-3p. 

Indeed, the predicted target genes of the edited miR-200b-3p were enriched for IL-4 

signaling and interferon gamma pathways, both of which included the gene, SOCS1. Consistent 

with decreased A-to-I editing of the 5th position of miR-200b-3p, SOCS1 was expressed at 

significantly higher levels in BECs from adult cases with moderate or severe asthma compared to 

controls. SOCS1 is a centrally important transcription factor that has dual roles in both suppressing 

T2 cytokine (71, 72) and interferon (73, 74) signaling pathways. Although the evidence is 

conflicting, most studies have reported increased expression of SOCS1 in BECs of subjects with 

severe asthma (82-84), similar to my study, whereas only one study reported decreased expression 

of SOCS1 in cells from subjects with severe asthma (85).  

Asthma severity, miR-200b-3p editing and SOCS1 expression were also correlated with 

BAL eosinophils and the T2 gene signature. Whereas eosinophils were most abundant in BAL 

from moderate and severe asthmatics, the T2 gene signature was increased among asthma cases 
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with moderate disease but was expressed at similar levels in asthma cases with severe and mild 

disease. This suggests that the moderate asthma cases, who are by definition more responsive to 

corticosteroids than the severe asthmatics, have a profile consistent with a T2-high asthma 

endotype. In contrast, the severe asthma cases have features consistent with T2-independent 

disease. These results therefore indicate that editing of the 5th position of miR-200b-3p, and the 

resulting over expression of SOCS1, contributes to both T2-high and T2-independent endotypes 

of moderate-to-severe asthma (86). These findings highlight the dual roles of SOCS1 in 

suppressing both T2 cytokine and interferon signaling. Taken together, I suggest that decreased 

A-to-I editing of the 5th position of miR-200b-3p in the asthma cases leads to increased SOCS1 

expression, which contributes to moderate and severe asthma, with both T2-dependent and T2-

independent features resulting from either impaired T2 cytokine signaling or impaired interferon 

responses, respectively. 

Finally, I show that ADAR itself was significantly less abundant in lower airway cells from 

asthma cases with an asthmatic mother compared to controls, suggesting less editing activity in 

BECs from these subjects. Although unexpected, this finding is consistent with an earlier study in 

a subset of these same individuals that reported maternal asthma-associated differences in the 

abundance of specific miRNAs (measured by qPCR) that target an asthma-associated gene, HLA-

G, which also showed patterns of genetic associations that differed between children with or 

without mothers with asthma (53-55). My observation suggested that either ADAR expression itself 

is sensitive to the unique in utero environment of pregnancies in women with asthma, or that ADAR 

expression is a downstream target of other epigenetic programs that are sensitive to maternal 

asthma in pregnancy. 
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Despite the novelties of my study, there are limitations. First, direct measures of T2 

cytokines or interferons were not available in these subjects so I could not test for associations 

between cytokine profiles and editing or SOCS1 expression. Such measurements could provide 

information that would allow us to better link the moderate and severe asthma phenotypes to 

increased inflammation via IL-4 signaling or to asthma exacerbations mediated by impaired 

interferon signaling, respectively. Second, my sample sizes were relatively small, which may have 

prevented us from detecting significant differences in the mean expression of all target genes of 

the unedited or edited miR-200b-3p. It is possible that subtle changes in the expression of target 

genes of the edited miR-200b-3p other than SOCS1 contribute to moderate or severe asthma 

phenotypes that could potentially be detected in larger sample sizes or in cases with different 

endotypes of asthma. Third, there were only four controls in my study who had a mother with 

asthma. Thus, I could not assess whether the maternal asthma effects that I observed in the cases 

would be similar or not in the controls, or disentangle the effects of maternal asthma and asthma 

in the child on my observations. 

In summary, I provide the first evidence of associations between ADAR-mediated miRNA 

editing in bronchial epithelial cells with moderate-to-severe asthma, and implicate an epigenetic 

mechanism that may mediate the in utero effects of maternal asthma on immune modulatory 

pathways and childhood onset asthma in pregnancies of mothers with asthma. Presumably, 

prenatal effects persist into adulthood, reflecting long-lasting consequences of in utero exposures 

that are specific to maternal asthma. In this study, I demonstrate an important role for ADAR-

mediated miRNA editing on asthma pathogenesis and identify new therapeutic targets for 

treatment of asthma that is difficult to control with standard therapies. 
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2.5   Methods 

2.5.1   Data collection 

Adults were recruited and clinically evaluated at the University of Chicago Medical Center. Whole 

blood was collected for genotyping and primary BECs were obtained via endobronchial brushings 

for small and total RNA studies, as previously described (55). A total of 161 subjects had either 

available genotypes for estimating ancestry principal components (n = 158), small RNA sequences 

(n = 142) or RNA sequences (n = 128). These studies were approved by the University of 

Chicago’s Institutional Review Board. 

2.5.2   Genotyping and quality control 

SNPs were genotyped using the Illumina Omni2.5-8v1A, Omni1MDuo, or Human Core arrays. 

SNPs on each array were excluded with HWE < 0.0001 within each ethnic group (European 

American, African American), MAF < 0.05, SNP call rate < 0.95, and subject call rates < 0.95. 

Ancestry principal component analysis (PCA) was performed using 676 ancestral informative 

markers included on the arrays that overlap with the HapMap release 3. 

2.5.3   Small RNA and total RNA extraction and sequencing 

RNAs were extracted from bronchial epithelial cells and purified using the QIAGEN AllPrep 

DNA/RNA/miRNA Universal Kit (Hilden, Germany), following manufacturer’s instructions. 

Quality and quantity assessment of small RNA and total RNA were measured at the University of 

Chicago Functional Genomics Core using an Agilent RNA 6000 Pico assay and the Agilent 2100 

Bioanalyzer. Small RNA-seq libraries were prepared using Illumina small RNA-SEQ library kits. 

cDNA libraries were constructed using the Illumina TruSeq RNA Library Prep Kit v2. Small RNA 

and RNA sequencing were performed at the University of Chicago Genomics Core on either the 

Illumina HiSeq 2500 or 4000 platforms.  
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2.5.4   Quality control of small and total RNA-seq 

For the small and total RNA-seq data, potential sample contamination and sample swaps were 

assessed using VerifyBamID (87). No cross-contamination was detected. For the RNA-seq data, 

two sample swaps between individuals were identified and corrected. Quality control checks were 

performed on the small RNA and total RNA-seq data using FastQC. Small RNA and total RNA 

sequences were then aligned and annotated to known miRNA and RNA sequences using miRge2.0 

(88) and Spliced Transcripts Alignment to a Reference using STAR (89). miRNAs and genes with 

low count data (<1 CPM in at least 25% of the sample) and those on the X, Y, and mitochondrial 

chromosomes were removed. Samples containing > 2M mapped miRNA reads or > 8M mapped 

total RNA reads were kept, retaining 138 and 124 subjects for downstream analyses. 

Raw miRNA and mRNA counts were normalized using quantile normalization and the 

trimmed mean of M-values (TMM) methods, respectively. Mean-variance trend of both datasets 

was adjusted using variance modeling in voom (90)). Technical sources of variation were 

identified using principal components analysis (PCA) for the global miRNA and total RNA 

expression profiles. For differential expression, surrogate variable analysis (91) was performed to 

predict latent covariates to include in the model. All covariates are described below. 

2.5.5   Detection of A-to-I edited sites 

The percentages of A-to-I editing were calculated for mapped miRNAs, using the A-to-I analysis 

module in miRge2.0 (88). Briefly, putative A-to-I edited signals were removed if: 1) they were 

located at miRNA SNPs with A/G differences; 2) they were in the 455 miRNAs located in repeat 

elements; 3) they were in a lowly expressed miRNA (RPM < 1); or 4) their edited sequences 

aligned to ≥1+ locations in the genome. For the retained reads that belonged to the canonical and 

edited miRNAs, all nucleotide positions in the canonical miRNA, except the terminal 5 bp were 
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screened for A to G changes based on a binomial test considering the expected sequencing error 

rate (0.1%), as described (92). The A-to-I editing frequency (% A-to-I) was defined as the 

proportion of the mapped reads containing the edited nucleotide (G) relative to the total mapped 

reads at the given location. 

2.5.6   Analysis of A-to-I edited sites 

A-to-I edited sites within miRNAs were identified using the A-to-I analysis module in miRge2.0  

(88). Differential A-to-I editing was examined using a linear model, as implemented in limma (93). 

The four A-to-I edited sites that were present in at least 10 subjects were tested for differential 

editing between asthma cases and controls adjusted for age, sex, current smoking status and the 

first three ancestry PCs. Pairwise comparisons between control and asthma severity groups using 

STEP classification (76) were performed using the makeContrasts function in limma. 

2.5.7   Target gene prediction and pathway analysis 

Bioinformatic prediction of target genes was performed for the unedited and edited miR-200b-3p 

using TargetScanHuman5.2 and TargetScanHuman5.2 Custom, respectively (69). For the unedited 

miR-200b-3p, in silico target genes were identified using a search for the unedited “miR-200b-

3p”. For the edited miR-200b-3p, in silico target genes were identified using a search for the seed 

sequence at positions 2-8 including the edited base, “AATGCTG”. Pathway analysis was 

performed using the TopFunn function within the ToppGene Suite for gene list enrichment 

analysis (70). Pathway enrichment analyses used a hypergeometric distribution with Bonferroni 

correction (p-value < 0.05). Venn diagrams of the genes and pathways of the unedited and edited 

forms of miR-200b-3p were generated using the VennDiagram package in R. Because TopFunn 

only reports the top 50 pathway enrichments, the unique pathways among the top 50 pathway 

enrichments of the unedited miR-200b-3p were used for comparison. 
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2.5.8   Analyses of gene expression 

Target genes for the unedited and edited miR-200b-3p were bioinformatically predicted using 

TargetScanHuman5.2 and TargetScanHuman5.2 Custom, respectively (69). Pathway analysis was 

performed for the expressed target genes (CPM > 1 in at least 25% of 124 subjects with processed 

total RNA expression data) of the unedited and edited miR-200b-3p using the TopFunn function 

within the ToppGene Suite for gene list enrichment analysis (70).  

The average normalized expression of expressed gene targets of the four enriched pathways 

of the edited miR-200b-3p was tested for differential expression between 83 asthma cases and 41 

controls. For pathways reported from multiple databases, the pathway enrichment with the greatest 

enrichment of target genes was selected for downstream analyses. Average expression was 

measured as the mean over the standard deviation of normalized gene expression. Differential 

expression analysis was performed using a linear model in limma, adjusted for age, sex, current 

smoking status, sequencing pool, the first three ancestry PCs and 15 surrogate variables. Average 

expression and individual gene expression of the ten in silico gene targets of the edited miR-200b-

3p that were enriched for either IL-4 signaling or IFN-gamma pathways were also tested for 

differential expression between asthma cases and controls and for differences between STEP 

classification groups using the makeContrasts function in limma. 

The three ADAR enzymes, ADAR, ADARB1 and ADARB2, were separately tested for 

associations with maternal asthma by interrogating three asthma risk groups: controls, asthma 

cases without a mother with asthma, and asthma cases with a mother with asthma. Four controls 

with a mother with asthma and five subjects without maternal asthma information were removed. 

Pairwise comparisons of expression between asthma risk groups were performed using the 

makeContrasts function in limma. 
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2.5.9   Correlations with measures of asthma 

Asthma-related measures were tested for associations in my sample with both asthma and asthma 

severity (STEP classification (76)). To test differences between asthma cases and controls, 

continuous variables were evaluated with a Wilcoxon rank-sum test and categorical variables were 

evaluated with a Fisher’s Exact Test. To test associations between all variables and asthma 

severity, ordinal logistic regressions were used, as implemented in the MASS package in R.  

Spearman’s rank correlation coefficients were used to assess correlations of A-to-I editing 

at the 5th position of miR-200b-3p and SOCS1 expression with five clinical measures of asthma. 

These variables included total serum IgE, fractional exhaled nitric oxide (FeNO), bronchoalveolar 

lavage (BAL) eosinophilia, blood eosinophilia, and an epithelial cell signature of T2 inflammation 

that is a marker for T2-high asthma (86). The latter was measured as the sum of the normalized 

and covariate-adjusted gene expression levels of POSTN, CLCA1, and SERPINB2 transcripts (T2 

gene signature) (75). Asthma severity (STEP classification) was based on steroid use and lung 

function measures, so I did not include ICS (inhaled corticosteroid), OCS (oral corticosteroid), 

forced expiratory volume at 1 minute (FEV1) % predicted, or FEV1/Forced Vital Capacity (FVC) 

in these analyses. Age, sex, current smoking status and the first three ancestry PCs were regressed 

out from the % of A-to-I editing at the 5th position of miR-200b-3p, and the residuals were used to 

test for correlations with each clinical measure. I also tested the normalized and covariate-adjusted 

expression of SOCS1 with the clinical measures. Significant correlations were determined after 

Bonferroni-corrections of the p-values, considering the five tests. 
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2.6   Supplementary information 

2.6.1   Supplementary tables 

Table S2.1. Nineteen A-to-I edited sites in bronchial epithelial cells from 138 subjects. The edited 

adenosine within the mature miRNA sequence is in bold. 
 

miRNA Position 
Sequence 

(seed sequence) 

Average 

Mapped 

Counts 

Average 

% A-to-I 

Reads 

# Subjects 

with Edited 

miRNA 

miR-200b-3p 5 TAATACTGCCTGGTAATGATGA 75358 0.52 135 

miR-191-5p 3 CAACGGAATCCCAAAAGCAGCTG 58512 0.17 27 

miR-200b-3p 3 TAATACTGCCTGGTAATGATGA 91380 0.15 22 

miR-186-5p 3 CAAAGAATTCTCCTTTTGGGCT 24646 0.18 13 

miR-148a-3p 3 TCAGTGCACTACAGAACTTTGT 154711 0.14 6 

miR-411-5p 5 TAGTAGACCGTATAGCGTACG 372 5.40 5 

miR-497-5p 2 CAGCAGCACACTGTGGTTTGT 355 5.21 5 

miR-421 14 ATCAACAGACATTAATTGGGCGC 663 0.89 5 

miR-21-3p 3 CAACACCAGTCGATGGGCTGT 22650 0.21 4 

miR-376c-3p 6 AACATAGAGGAAATTCCACGT 27 34.09 3 

miR-381-3p 4 TATACAAGGGCAAGCTCTCTGT 254 3.09 3 

miR-200a-3p 3 TAACACTGTCTGGTAACGATGT 24079 0.19 2 

miR-339-3p 15 TGAGCGCCTCGACGACAGAGCCG 822 9.62 2 

miR-451a 3 AAACCGTTACCATTACTGAGTT 36137 0.16 2 

miR-191-5p 8 CAACGGAATCCCAAAAGCAGCTG 56489 0.15 1 

miR-20a-5p 4 TAAAGTGCTTATAGTGCAGGTAG 81 3.7 1 

miR-561-5p 13 ATCAAGGATCTTAAACTTTGCC 225 2.22 1 

miR-589-3p 6 TCAGAACAAATGCCGGTTCCCAGA 14 21.43 1 

miR-664a-5p 8 ACTGGCTAGGGAAAATGATTGGAT 153 3.92 1 
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Table S2.2. Top 50 pathway enrichments for the gene targets of unedited miR-200b-3p. Only the 

604 gene targets of unedited miR-200b-3p that were expressed in BECs (CPM > 1) were included 

as input for pathway analysis, as implemented in TopFunn. Thirty-nine unique pathways are listed.  
 

ID Name Database 

Bonferroni 

Adjusted P-

value 

Number 

of genes 

from 

input 

Number of 

genes in 

annotation 

M16763 
Neurotrophin signaling 

pathway 

MSigDB C2 

BIOCARTA (v7.1) 
1.53E-11 27 126 

M186 
PDGFR-beta signaling 

pathway 

MSigDB C2 

BIOCARTA (v7.1) 
2.30E-10 26 129 

101143 
Neurotrophin signaling 

pathway 
BioSystems: KEGG 2.06E-09 24 119 

M48 

Signaling events 

mediated by Hepatocyte 

Growth Factor Receptor 

(c-Met) 

MSigDB C2 

BIOCARTA (v7.1) 
1.89E-08 19 79 

137930 

Signaling events 

mediated by Hepatocyte 

Growth Factor Receptor 

(c-Met) 

BioSystems: 

Pathway Interaction 

Database 

3.30E-07 17 72 

M295 

Genes related to PIP3 

signaling in cardiac 

myocytes 

MSigDB C2 

BIOCARTA (v7.1) 
8.95E-06 15 67 

1269443 Signalling by NGF 
BioSystems: 

REACTOME 
9.03E-06 43 483 

M281 

Signaling events 

mediated by focal 

adhesion kinase 

MSigDB C2 

BIOCARTA (v7.1) 
1.32E-05 14 59 

1457794 Signaling by MET 
BioSystems: 

REACTOME 
1.38E-05 15 69 

M121 
mTOR signaling 

pathway 

MSigDB C2 

BIOCARTA (v7.1) 
1.38E-05 15 69 

1269380 Signaling by EGFR 
BioSystems: 

REACTOME 
1.46E-05 36 367 

M2404 

Mechanism of Gene 

Regulation by 

Peroxisome Proliferators 

via PPARa(alpha) 

MSigDB C2 

BIOCARTA (v7.1) 
2.35E-05 13 52 

169348 

Signaling events 

mediated by focal 

adhesion kinase 

BioSystems: 

Pathway Interaction 

Database 

3.86E-05 13 54 

83107 Renal cell carcinoma BioSystems: KEGG 5.05E-05 14 65 

http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_NEUROTROPHIN_SIGNALING_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_NEUROTROPHIN_SIGNALING_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=0
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M16763&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.broadinstitute.org/gsea/msigdb/cards/PID_PDGFRB_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_PDGFRB_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=1
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M186&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/101143
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=2
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=101143&namespace=BioSystems:%20KEGG
http://www.broadinstitute.org/gsea/msigdb/cards/PID_MET_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_MET_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=3
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M48&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/137930
http://www.ncbi.nlm.nih.gov/biosystems/137930
http://www.ncbi.nlm.nih.gov/biosystems/137930
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=4
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=137930&namespace=BioSystems:%20Pathway%20Interaction%20Database
http://www.broadinstitute.org/gsea/msigdb/cards/SIG_PIP3_SIGNALING_IN_CARDIAC_MYOCTES.html
http://www.broadinstitute.org/gsea/msigdb/cards/SIG_PIP3_SIGNALING_IN_CARDIAC_MYOCTES.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=5
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M295&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/1269443
http://www.ncbi.nlm.nih.gov/biosystems/1269443
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=6
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269443&namespace=BioSystems:%20REACTOME
http://www.broadinstitute.org/gsea/msigdb/cards/PID_FAK_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_FAK_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=7
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M281&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/1457794
http://www.ncbi.nlm.nih.gov/biosystems/1457794
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=8
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1457794&namespace=BioSystems:%20REACTOME
http://www.broadinstitute.org/gsea/msigdb/cards/PID_MTOR_4PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_MTOR_4PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=9
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M121&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/1269380
http://www.ncbi.nlm.nih.gov/biosystems/1269380
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=10
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269380&namespace=BioSystems:%20REACTOME
http://www.broadinstitute.org/gsea/msigdb/cards/BIOCARTA_PPARA_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/BIOCARTA_PPARA_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=11
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M2404&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/169348
http://www.ncbi.nlm.nih.gov/biosystems/169348
http://www.ncbi.nlm.nih.gov/biosystems/169348
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=12
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=169348&namespace=BioSystems:%20Pathway%20Interaction%20Database
http://www.ncbi.nlm.nih.gov/biosystems/83107
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=13
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=83107&namespace=BioSystems:%20KEGG
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Table S2.2. Top 50 pathway enrichments for the gene targets of unedited miR-200b-3p 

(continued).  

 

1269654 
Transcriptional 

Regulation by TP53 

BioSystems: 

REACTOME 
7.93E-05 35 374 

1269507 
Signaling by Rho 

GTPases 

BioSystems: 

REACTOME 
9.33E-05 38 430 

M13266 Renal cell carcinoma 
MSigDB C2 

BIOCARTA (v7.1) 
1.38E-04 14 70 

M164 
ErbB1 downstream 

signaling 

MSigDB C2 

BIOCARTA (v7.1) 
1.45E-04 17 105 

M187 

Neurotrophic factor-

mediated Trk receptor 

signaling 

MSigDB C2 

BIOCARTA (v7.1) 
1.85E-04 13 61 

138001 
mTOR signaling 

pathway 

BioSystems: 

Pathway Interaction 

Database 

1.85E-04 13 61 

1270302 Developmental Biology 
BioSystems: 

REACTOME 
2.22E-04 69 1081 

1269460 

NGF signalling via 

TRKA from the plasma 

membrane 

BioSystems: 

REACTOME 
2.25E-04 35 390 

1404799 Endocrine resistance BioSystems: KEGG 2.34E-04 16 96 

1270303 Axon guidance 
BioSystems: 

REACTOME 
4.81E-04 43 554 

138057 
ErbB1 downstream 

signaling 

BioSystems: 

Pathway Interaction 

Database 

5.57E-04 16 102 

694606 Hepatitis B BioSystems: KEGG 7.02E-04 19 144 

1269479 
Downstream signal 

transduction 

BioSystems: 

REACTOME 
7.36E-04 32 355 

1269478 Signaling by PDGF 
BioSystems: 

REACTOME 
1.06E-03 33 379 

PW:0000578 
scatter factor/hepatocyte 

growth factor signaling 
Pathway Ontology 1.22E-03 6 11 

M195 
C-MYB transcription 

factor network 

MSigDB C2 

BIOCARTA (v7.1) 
1.47E-03 14 84 

83067 Focal adhesion BioSystems: KEGG 1.88E-03 22 199 

1269650 
Generic Transcription 

Pathway 

BioSystems: 

REACTOME 
2.06E-03 57 879 

http://www.ncbi.nlm.nih.gov/biosystems/1269654
http://www.ncbi.nlm.nih.gov/biosystems/1269654
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=14
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269654&namespace=BioSystems:%20REACTOME
http://www.ncbi.nlm.nih.gov/biosystems/1269507
http://www.ncbi.nlm.nih.gov/biosystems/1269507
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=15
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269507&namespace=BioSystems:%20REACTOME
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_RENAL_CELL_CARCINOMA.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_RENAL_CELL_CARCINOMA.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=16
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M13266&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.broadinstitute.org/gsea/msigdb/cards/PID_ERBB1_DOWNSTREAM_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_ERBB1_DOWNSTREAM_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=17
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M164&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.broadinstitute.org/gsea/msigdb/cards/PID_TRKR_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_TRKR_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=18
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M187&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/138001
http://www.ncbi.nlm.nih.gov/biosystems/138001
http://www.ncbi.nlm.nih.gov/biosystems/138001
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=19
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=138001&namespace=BioSystems:%20Pathway%20Interaction%20Database
http://www.ncbi.nlm.nih.gov/biosystems/1270302
http://www.ncbi.nlm.nih.gov/biosystems/1270302
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=20
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1270302&namespace=BioSystems:%20REACTOME
http://www.ncbi.nlm.nih.gov/biosystems/1269460
http://www.ncbi.nlm.nih.gov/biosystems/1269460
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=21
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269460&namespace=BioSystems:%20REACTOME
http://www.ncbi.nlm.nih.gov/biosystems/1404799
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=22
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1404799&namespace=BioSystems:%20KEGG
http://www.ncbi.nlm.nih.gov/biosystems/1270303
http://www.ncbi.nlm.nih.gov/biosystems/1270303
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=23
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1270303&namespace=BioSystems:%20REACTOME
http://www.ncbi.nlm.nih.gov/biosystems/138057
http://www.ncbi.nlm.nih.gov/biosystems/138057
http://www.ncbi.nlm.nih.gov/biosystems/138057
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=24
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=138057&namespace=BioSystems:%20Pathway%20Interaction%20Database
http://www.ncbi.nlm.nih.gov/biosystems/694606
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=25
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=694606&namespace=BioSystems:%20KEGG
http://www.ncbi.nlm.nih.gov/biosystems/1269479
http://www.ncbi.nlm.nih.gov/biosystems/1269479
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=26
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269479&namespace=BioSystems:%20REACTOME
http://www.ncbi.nlm.nih.gov/biosystems/1269478
http://www.ncbi.nlm.nih.gov/biosystems/1269478
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=27
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269478&namespace=BioSystems:%20REACTOME
http://rgd.mcw.edu/rgdweb/ontology/view.html?acc_id=PW:0000578
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=28
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=PW:0000578&namespace=Pathway%20Ontology
http://www.broadinstitute.org/gsea/msigdb/cards/PID_CMYB_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_CMYB_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=29
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M195&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/83067
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=30
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=83067&namespace=BioSystems:%20KEGG
http://www.ncbi.nlm.nih.gov/biosystems/1269650
http://www.ncbi.nlm.nih.gov/biosystems/1269650
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=31
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269650&namespace=BioSystems:%20REACTOME
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Table S2.2. Top 50 pathway enrichments for the gene targets of unedited miR-200b-3p 

(continued).  

 

1268855 
Diseases of signal 

transduction 

BioSystems: 

REACTOME 
2.21E-03 32 373 

P00047 PDGF signaling pathway PantherDB 2.40E-03 17 127 

83105 Pathways in cancer BioSystems: KEGG 2.70E-03 33 395 

1269284 DAP12 signaling 
BioSystems: 

REACTOME 
2.86E-03 31 359 

83065 Axon guidance BioSystems: KEGG 3.54E-03 20 175 

138073 
C-MYB transcription 

factor network 

BioSystems: 

Pathway Interaction 

Database 

3.71E-03 13 78 

1383076 
Regulation of TP53 

Activity 

BioSystems: 

REACTOME 
4.37E-03 19 162 

137977 

Neurotrophic factor-

mediated Trk receptor 

signaling 

BioSystems: 

Pathway Interaction 

Database 

4.40E-03 11 56 

M19118 
Keratinocyte 

Differentiation 

MSigDB C2 

BIOCARTA (v7.1) 
4.88E-03 10 46 

M100 SHP2 signaling 
MSigDB C2 

BIOCARTA (v7.1) 
5.29E-03 11 57 

M13863 
MAPKinase Signaling 

Pathway 

MSigDB C2 

BIOCARTA (v7.1) 
5.76E-03 13 81 

137989 FGF signaling pathway 

BioSystems: 

Pathway Interaction 

Database 

6.01E-03 10 47 

852705 MicroRNAs in cancer BioSystems: KEGG 6.06E-03 27 299 

1269283 DAP12 interactions 
BioSystems: 

REACTOME 
6.75E-03 31 374 

M7253 Focal adhesion 
MSigDB C2 

BIOCARTA (v7.1) 
7.11E-03 21 199 

138036 FoxO family signaling 

BioSystems: 

Pathway Interaction 

Database 

7.37E-03 10 48 

M136 FoxO family signaling 
MSigDB C2 

BIOCARTA (v7.1) 
8.99E-03 10 49 

P00018 
EGF receptor signaling 

pathway 
PantherDB 9.17E-03 15 111 

 

http://www.ncbi.nlm.nih.gov/biosystems/1268855
http://www.ncbi.nlm.nih.gov/biosystems/1268855
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=32
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1268855&namespace=BioSystems:%20REACTOME
https://toppgene.cchmc.org/output.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=33
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=P00047&namespace=PantherDB
http://www.ncbi.nlm.nih.gov/biosystems/83105
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=34
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=83105&namespace=BioSystems:%20KEGG
http://www.ncbi.nlm.nih.gov/biosystems/1269284
http://www.ncbi.nlm.nih.gov/biosystems/1269284
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=35
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269284&namespace=BioSystems:%20REACTOME
http://www.ncbi.nlm.nih.gov/biosystems/83065
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=36
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=83065&namespace=BioSystems:%20KEGG
http://www.ncbi.nlm.nih.gov/biosystems/138073
http://www.ncbi.nlm.nih.gov/biosystems/138073
http://www.ncbi.nlm.nih.gov/biosystems/138073
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=37
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=138073&namespace=BioSystems:%20Pathway%20Interaction%20Database
http://www.ncbi.nlm.nih.gov/biosystems/1383076
http://www.ncbi.nlm.nih.gov/biosystems/1383076
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=38
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1383076&namespace=BioSystems:%20REACTOME
http://www.ncbi.nlm.nih.gov/biosystems/137977
http://www.ncbi.nlm.nih.gov/biosystems/137977
http://www.ncbi.nlm.nih.gov/biosystems/137977
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=39
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=137977&namespace=BioSystems:%20Pathway%20Interaction%20Database
http://www.broadinstitute.org/gsea/msigdb/cards/BIOCARTA_KERATINOCYTE_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/BIOCARTA_KERATINOCYTE_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=40
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M19118&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.broadinstitute.org/gsea/msigdb/cards/PID_SHP2_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_SHP2_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=41
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M100&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.broadinstitute.org/gsea/msigdb/cards/BIOCARTA_MAPK_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/BIOCARTA_MAPK_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=42
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M13863&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/137989
http://www.ncbi.nlm.nih.gov/biosystems/137989
http://www.ncbi.nlm.nih.gov/biosystems/137989
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=43
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=137989&namespace=BioSystems:%20Pathway%20Interaction%20Database
http://www.ncbi.nlm.nih.gov/biosystems/852705
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=44
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=852705&namespace=BioSystems:%20KEGG
http://www.ncbi.nlm.nih.gov/biosystems/1269283
http://www.ncbi.nlm.nih.gov/biosystems/1269283
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=45
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=1269283&namespace=BioSystems:%20REACTOME
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_FOCAL_ADHESION.html
http://www.broadinstitute.org/gsea/msigdb/cards/KEGG_FOCAL_ADHESION.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=46
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M7253&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
http://www.ncbi.nlm.nih.gov/biosystems/138036
http://www.ncbi.nlm.nih.gov/biosystems/138036
http://www.ncbi.nlm.nih.gov/biosystems/138036
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=47
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=138036&namespace=BioSystems:%20Pathway%20Interaction%20Database
http://www.broadinstitute.org/gsea/msigdb/cards/PID_FOXO_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_FOXO_PATHWAY.html
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=48
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=M136&namespace=MSigDB%20C2%20BIOCARTA%20(v7.1)
https://toppgene.cchmc.org/output.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81
https://toppgene.cchmc.org/showQueryTerms.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&feature=pt&row=49
https://toppgene.cchmc.org/showTermDetail.jsp?userdata_id=e7dd9841-5f70-4f5f-8307-2e770de10a81&category=Pathway&id=P00018&namespace=PantherDB
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2.6.2   Supplementary figures 

Figure S2.1. A-to-I editing of position 5 of miR-200b-3p in asthma cases and controls excluding 

one outlier. Associations of percentage (%) of A-to-I editing of position 5 of miR-200b-3p in 

bronchial epithelial cells with (A) asthma and (B) asthma severity groups based on STEP 

classification scores. One outlier (>3 SD) was included from the control group in Figure 2.1. The 

number of subjects is shown below risk group. Adjusted p-values are shown above the horizontal 

bars. The p-values for (A) and (B) were corrected for four and three tests, respectively, using a 

Bonferroni correction. 
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Figure S2.2.  Differential editing analysis of the top four A-to-I edited sites. Comparisons of the 

percentage (%) of A-to-I editing at the 5th position of miR-200b-3p (top left), the 3rd position of 

miR-191-5p (top right), the 3rd position of miR-200b-3p (bottom left), and the 3rd position of miR-

186-5p (bottom right) were made between 91 asthma cases and 44 non-asthma controls. Adjusted 

p-values are shown above the horizontal bars. P-values were corrected for four tests using a 

Bonferroni correction. 
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Figure S2.3.  Normalized expression of ten gene targets for the two enriched pathways of the 

edited miR-200b-3p in 83 asthma cases and 41 controls. Gene targets that were expressed (CPM 

> 1) in BECs in at least 25% of the 124 subjects with RNA-seq were retained for analysis. Ten 

gene targets of the “IL-4 mediated signaling events” and “IFN-gamma” pathways are displayed. 

Adjusted p-values are shown above the horizontal bars. P-values were corrected for ten tests using 

a Bonferroni correction. 
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Figure S2.4. ADAR gene expression in bronchial epithelial cells (BECs) and in asthma cases and 

controls excluding two outliers. (A) Among 13,770 expressed genes in bronchial epithelial cells 

(CPM > 1%), median gene expression of ADAR, ADARB1 and ADARB2 (control) were at the 98th, 

22nd, and 9th percentiles, respectively. Normalized expression of (B) ADAR, (C) ADARB1, and (D) 

ADARB2 were compared between non-asthma controls (n = 38), asthma cases without a mother 

with asthma (n = 51) and asthma cases with a mother with asthma (Case MA; n = 28). One outlier 

of ADAR and ADARB1 expression (>3 SD) were included from the Control and Case MA groups, 

respectively, in Figure 2.5. 
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CHAPTER 3 

Maternal asthma-associated DNA methylation signatures in airway cells 

reflect subtypes of severe asthma 

3.1   Abstract 

Maternal asthma (MA) is one of the most consistent risk factors for childhood-onset asthma. A 

possible mechanism for this observation is through epigenetic modifications in utero that have 

lasting effects on gene regulation in children of asthmatic mothers. Here, I performed differential 

DNA methylation analyses of 398,186 CpGs in primary bronchial epithelial cells (BECs) between 

non-asthma controls (N=42) and all asthma cases (N=88), cases without MA (N=56), and cases 

with MA (N=32). Only 34 CpGs were differentiated methylated (DMCs) in cases without MA, 

whereas 1,428 were DMCs in the cases with MA, compared to controls. To examine the correlation 

structure of these 1,428 DMCs, referred to as MA-DMCs, I performed weighted gene co-

expression network analysis, which grouped 935 (65.48%) of the MA-DMCs into six co-

methylation modules. Correlations were assessed between the module eigenvectors and the 13,757 

genes expressed in the same BECs and eight clinical measures. All of the MA-associated co-

methylation modules were associated with severe asthma and lung function measures. Five 

modules were additionally associated with features of atopic asthma, including total serum IgE 

and eosinophilia. One module was also associated with exhaled nitric oxide and BMI, linking 

airway inflammation and obesity, respectively, to atopy and severity. One module was not 

associated with atopic asthma features, and its correlated genes were enriched for diverse immune-

related processes and diseases. Overall, these data suggest that the MA in utero or early life 

environment alters diverse epigenetically-mediated developmental pathways that lead to subtypes 

of severe asthma in adulthood, including hard-to-treat, non-atopic asthma. 
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3.2   Introduction 

Asthma is the most common chronic disease in childhood, affecting 5.5 million children and 19.2 

million adults in the United States, with annual health care costs exceeding $80 billion (94). 

Asthma is a heterogeneous disease with significant inter-individual in degree of airway 

inflammation and response to therapies. Nearly 15% of individuals with asthma suffer from severe 

manifestations of the disease, including hard-to-control symptoms, persistent exacerbations, and 

poor response to standard asthma treatments (3). Among the many epidemiologic risk factors for 

asthma, having a mother with asthma is one of the most reproducible (49), although the 

mechanism(s) underlying this risk are unknown.  

It has been suggested that the effects of maternal asthma (MA) on subsequent risk for 

asthma in her children result from exposure to a unique environment in pregnancies of asthmatic 

mothers that modifies the epigenetic landscape of the fetus and impacts downstream 

developmental programs and subsequent risk for asthma in the child (95). This idea has been 

supported by previous studies (55, 56, 59, 96). For example, in the Infant Immune Study, a 

longitudinal birth cohort study, DeVries et al. first showed 589 differentially methylated regions 

between cord blood immune cells from 18 children with MA who developed asthma by age 9 

compared to 18 children with MA who did not have a diagnosis of asthma by age 9 (59). The genes 

near the differentially methylated regions clustered in immunoregulatory and proinflammatory 

pathways that were most connected by the transcription factor SMAD3, whose gene, SMAD3, 

resides within a highly replicated asthma genome-wide association study (GWAS) locus (97). 

They next showed that the promoter of SMAD3 was hypermethylated in cord blood cells from 

asthmatic children with MA compared to asthmatic children without MA from IIS and two 

additional birth cohorts (59). These findings support the idea that MA modifies childhood asthma 
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risk through epigenetic mechanisms, which are detectable as early as birth. Yet, no previous studies 

have examined the effects of MA in airway cells or in adult children of asthmatic and non-

asthmatic mothers, or included paired gene expression data to empirically characterize the 

transcriptional pathways associated with epigenetic programs in the child. 

Here, I present the first epigenome-wide analysis of MA and DNA methylation (DNAm) 

in primary bronchial epithelial cells (BECs) from 96 adult asthma cases and 46 adult non-asthmatic 

controls. I identified 1,428 CpGs that were differentially methylated only in asthma cases with 

MA, but not in cases with no maternal asthma (NMA), compared to controls. These CpGs clustered 

into six co-methylation modules. The eigenvalues of all six modules were correlated with asthma 

severity in addition to module-specific sets of expressed genes and clinical measures of asthma. I 

highlight one module that was not correlated with features of atopic asthma but was correlated 

with genes enriched for diverse immune-related processes and diseases, including 25 genes that 

were differentially expressed between cases with and without MA. Overall, I describe MA-

associated DNAm signatures that reflect endotypes of severe asthma, which may be epigenetically 

programmed in utero or in early life, with long-lasting effects on gene regulatory programs in the 

lower airways. 

3.3   Results 

3.3.1   Identification of maternal asthma-associated differentially methylated CpGs (MA-

DMCs) 

Our lab obtained array-based DNAm measures from freshly isolated BECs from 150 adults who 

were evaluated at the University of Chicago Asthma Clinics. I retained 130 subjects (42 non-

asthma controls, 56 asthma cases without MA, and 32 asthma cases with MA) who passed DNAm 

QC and had MA information (Table 3.1). The cases with and without MA were similarly different 
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from the controls with respect to most clinical measures, except only the MA cases had significant 

higher serum IgE levels compared to controls. Overall, median IgE levels, a marker of allergic 

sensitization (atopy) and atopic asthma (98), were highest in the MA cases (156.50 IU/mL) 

compared to NMA cases (117.50 IU/mL) and non-asthma controls (56.50 IU/mL). This suggests 

that adult asthma cases with MA may be enriched for atopic asthma compared to those without 

MA.  

Table 3.1. Characteristics of 130 subjects at the time of bronchoscopy by asthma risk group. 

Severity was defined by STEP classification of mild, moderate and severe asthma. MA, Maternal 

Asthma; Af Am, African American; Eur Am, European American; ICS, Inhaled Corticosteroid; 

OCS, Oral Corticosteroid; FVC, Forced Vital Capacity. Asthma cases with no maternal asthma 

(Case NMA) and cases with maternal asthma (Case MA) were each compared to controls 

(*p<0.05, **p<0.01, ***p<0.001). Continuous variables were tested with a Wilcoxon rank-sum 

test and categorical variables were tested using a Fisher’s Exact Test. A52 asthma cases with no 

maternal asthma and 30 cases with maternal asthma had FeNO measurements. B41 controls and 

55 asthma cases with no maternal asthma had BAL eosinophil measurements. C41 controls had 

blood eosinophil measurements. 
 

 
Control 

(N = 42) 

Case NMA 

(N = 56) 

Case MA 

(N = 32) 

Age (mean yr ± SD) 37.45 ± 11.75 41.41 ± 12.24 37.56 ± 13.39 

Gender (% female) 62 79 66 

Ethnicity (%) (Af Am/Eur Am/ Other) 64/29/7 55/45/0** 66/34/0* 

% smoker at bronchoscopy 17 4* 6 

ICS use (%) - 75 75 

OCS use (%) - 45 25 

STEP Category  

(% mild/% moderate/% severe) 
- 22/23/55 28/25/47 

Mean FEV1% Predicted  

(± SD) 
95.36 ± 11.63 75.45*** ± 19.73 70.41*** ± 18.15 

Mean FEV1/FVC (± SD) 0.82 ± 0.05 0.73*** ± 0.10 0.83*** ± 0.48 

Median total serum IgE (IU/mL) (lower, 

upper quartile) 

56.50 

(22.00, 169.00) 

117.50 

(22.00, 305.25) 

156.50** 

(70.25, 626.75) 

Median FeNO (ppb)  

(lower, upper quartile)A 

14.00 

(10.50, 17.75) 

23.50** 

(13.00, 45.75) 

27.00** 

(13.25, 54.75) 

Median BAL eosinophilia (%) 

(lower, upper quartile)B 

0.000 

(0.000, 0.004) 

0.029*** 

(0.015, 0.056) 

0.036*** 

(0.015, 0.071) 

Median blood eosinophilia (cells/µl) 

(lower, upper quartile)C 

0.018 

(0.010, 0.029) 

0.023 

(0.010, 0.048) 

0.031* 

(0.016, 0.049) 

Mean Body Mass Index (± SD) 28.52 ± 5.71 34.64*** ± 8.83 33.68* ± 10.48 
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I first identified MA-associated differentially methylated CpGs (DMCs) by comparing 

DNAm levels between non-asthma controls (N=42; none with MA) to all asthma cases (N=88), to 

MA cases (N=56), and to NMA cases (N=32). All analyses included age, sex, current smoking 

status, and the first three genetic ancestry PCs to account for population stratification and ancestry 

imbalances between groups. These three comparisons revealed 31,232, 8,727 and 23,807 DMCs, 

respectively (FDR<10%) (Figure 3.1A). Among the 9,756 DMCs that were significant 

(FDR<10%) only in the analysis including all cases, 66.85% (N=6,522) had larger effects and 

smaller p-values in the MA cases compared to NMA cases, despite the smaller sample size of MA 

cases (Paired signed-rank test; P<2.2x10-16) (Figure S3.1). Even at a stringent Bonferroni 

threshold, there were significantly more DMCs in the analysis of MA cases (N=446) compared to 

the analysis of NMA cases (N=76) (Exact binomial test; P<2.2x10-16). Among the 128 CpGs that 

were differentially methylated between controls and NMA cases at an FDR<10%, only 34 CpGs 

(26.6%; orange points in Figure 3.1B) did not differ between cases and controls in the other two 

analyses at an FDR>20%. In contrast, among the 3,457 CpGs that were differentially methylated 

between controls and MA cases at an FDR<10%, 1,428 CpGs (41.3%; blue points in Figure 3.1C) 

did not differ between cases and controls in the other two analyses at an FDR>20%. I refer to these 

1,428 DMCs as “maternal asthma-associated differentially methylated CpGs” (MA-DMCs) and 

consider nearly all the remaining 33,389 DMCs to be shared across study groups. These data 

indicate that global DNAm levels in BECs differ between adult asthma cases with and without 

MA, consistent with the hypothesis that exposure to a MA environment in utero or in early life has 

long-lasting effects on the epigenetic landscapes in cells from exposed children.  



 

 

Figure 3.1. Comparisons of differentially methylated CpGs (DMCs) in maternal asthma risk groups. (A) Genome-wide differential 

methylation analyses were performed for controls (n = 42) vs. all asthma cases (n = 88; All cases; silver), controls vs. asthma cases with 

no maternal asthma (n = 56; Case NMA; yellow) and controls vs. asthma cases with maternal asthma (n = 32; Case MA; blue). These 

comparisons revealed 31,232, 8,727 and 23,807 DMCs, respectively (FDR < 10%). Manhattan plots show results of 398,186 CpGs 

compared between non-asthma controls to (B) cases NMA and (C) cases MA. P-values (y axis) correspond to the differences in 

methylation between asthma cases and non-asthma controls. Red horizontal lines correspond to the Bonferroni-adjusted p-value 

threshold (p = 1.3x10-7) and blue horizontal lines correspond to the q value threshold (FDR 10%). Orange points in (B) indicate the 34 

CpGs that were differentially methylated in cases NMA at FDR < 10% but not in all cases or in cases MA at FDR > 20%. Blue points 

in (C) indicate the 1,428 CpGs that were differentially methylated in cases MA at FDR < 10% but not in all cases or in cases NMA at 

FDR > 20%.

4
4
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3.3.2   Methylation signatures and gene expression pathways 

Table 3.2. Maternal asthma-associated co-methylation module eigenvectors. Of the 1,428 

maternal asthma-associated CpGs, 935 (65.48%) formed six co-methylation modules (32 to 344 

CpGs in each module). See Figure S3.2 for a cluster dendrogram of the six modules. (A) The 

number of genes correlated (|rho| > 0.20) with each module eigenvector, the number of module-

specific genes (|rho| > 0.20 only in that module), and the most significant pathway of the module-

specific genes identified in TopFunn. Table S3.1 lists all the pathways enriched among the 

module-specific genes in each module. (B) Correlation coefficients and p-values are shown 

between clinical phenotypes and module eigenvectors. Significant associations after correcting for 

eight variables are shown in bold font. The numbers of subjects with measurements for each 

variable is shown. For all correlations with P > 0.05, ns is noted. 
 

Variables 

WGCNA co-methylation modules (number of CpGs) 

Black 

(48) 

Blue 

(304) 

Green 

(140) 

Magenta 

(32) 

Red 

(76) 

Turquoise 

(344) 

A. Correlated Genes and Pathway Enrichments 

Number of 

correlated genes 
1235 1035 827 1969 881 2180 

Number of 

module-specific 

genes 

92 374 51 703 100 762 

Number of 

pathways 
0 41 0 30 0 0 

Most significant 

pathway 
- 

Interferon 

signaling 
- 

Selenocysteine 

synthesis 
- - 

B. Clinical Phenotypes 

Asthma Severity  

(N = 142) 

3.56 

5.1x10-4 

-3.90 

1.5x10-4 

-3.34 

1.1x10-3 

3.47 

7.1x10-4 

2.97 

3.5x10-3 

-4.77 

4.6x10-6 

FEV1% Predicted   

(N = 142) 

-0.22 

9.2x10-3 

0.29 

5.4x10-4 

0.20 

0.017 

-0.24 

4.1x10-3 

-0.23 

6.2x10-3 

0.33 

6.5x10-5 

FEV1/FVC  

(N = 142) 
ns 

0.19 

0.025 
ns ns ns ns 

Total Serum IgE 

(N = 141) 

0.23 

5.2x10-3 
ns 

-0.19 

0.027 

0.20 

0.015 

0.17 

8.0x10-3 

-0.28 

7.4x10-4 

FeNO 

(N = 135) 
ns ns ns 

0.24 

4.7x10-3 
ns ns 

BAL Eosinophilia 

(N = 140) 

0.18 

0.031 
ns ns 

0.22 

8.1x10-3 
ns 

-0.22 

8.7x10-3 

Blood Eosinophilia 

(N = 141) 
ns ns ns ns ns ns 

Body Mass Index 

(N = 142) 
ns ns ns 

0.31 

2.1x10-4 
ns ns 

 

To characterize the correlation structure of the 1,428 MA-DMCs and further examine their 

relationship to gene expression in BECs, I used a systems biology approach, as implemented in 

Weighted Gene Co-Expression Network Analysis (WGCNA) (99). WGCNA grouped 935 
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(65.48%) of the MA-DMCs into six co-methylation modules, with 32 to 344 CpGs in each module 

(Table 3.2; Figure S3.2). There were too few CpGs (N=34) that were differentially methylated 

only between controls and NMA cases to perform WGCNA with those CpGs. 

Among the 13,757 genes that were detected as expressed in BECs, 4,025 genes were 

correlated (|rho|>0.20) with the eigenvector of one or more modules. I then defined a set of 

uniquely correlated genes for each module as those that had |rho|<0.20 with the eigenvectors of 

the other five modules. I refer to these 2,082 genes as module-specific genes, which were then 

subjected to pathway analyses (TopFunn (70)) (Table 3.2A). The genes in two of the modules 

(blue and magenta) were correlated with distinct pathways that have known roles in asthma 

pathobiology (Table S3.1). The blue module was correlated with 374 unique genes that were 

significantly enriched in 41 pathways after Bonferroni correction, with the most significant being 

“Interferon signaling” (Padjusted=1.52x10-10; 26/202 genes), that itself included ADAR, an 

interferon-inducible gene (100). “Interferon signaling” is an important pathway involved in viral 

responses, which is often impaired in individuals with asthma, particularly those with allergic 

asthma (101). The other enriched pathways of the blue module genes were also involved in 

immune responses and immune-mediated diseases, including asthma, inflammatory bowel disease, 

and Type I diabetes mellitus. The magenta module was correlated with 703 unique genes that were 

significantly enriched in 30 pathways after Bonferroni correction, with the most significant being 

“Selenocysteine synthesis” (Padjusted=8.99x10-15; 28/96 genes), involved in the production of 

antioxidant selenoproteins (102), which are potent anti-oxidants that augment oxidative stress and 

influence immune responses (103, 104). “Selenocysteine synthesis” and 28 other pathways 

consisted primarily of genes that encode ribosomal proteins, which have significant roles in protein 

synthesis, cell growth, apoptosis and immunosurveillance (105). All of the pathways enriched for 
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MA-DMC-correlated genes in the blue and magenta modules are shown in Table S3.1. The 

correlated genes that were specific to the black, green, red and turquoise modules were not 

enriched for any pathways. Overall, these results suggest that MA-associated DNAm patterns 

regulate diverse gene expression networks, potentially reflecting different mechanistic pathways 

(endotypes) of asthma. 

3.3.3   Methylation signatures and clinical measures of asthma severity 

To test directly the hypothesis that the MA-DMCs in different modules underlie distinct clinical 

features and endotypes of asthma, I examined correlations between the eigenvectors of the six 

MA-DMC-associated modules and eight clinical measures. This revealed six distinct patterns of 

correlated phenotypes (Table 3.2B). Surprisingly, the eigenvectors of all six modules of MA-

DMCs were significantly correlated with asthma severity, defined by STEP classification of mild, 

moderate and severe asthma (76). All six modules were correlated with forced expiratory volume 

at 1 second (FEV1) % predicted, a measure of lung function that is used in the STEP classification, 

but only correlations with the blue, magenta, red and turquoise modules were significant after 

correction for multiple testing. The blue module, which was enriched for interferon and other 

immune response genes, was nominally associated with the FEV1/FVC ratio but not with any other 

measures. In contrast, the magenta module, which was enriched for selenocysteine synthesis genes, 

was additionally significantly correlated with fractional exhaled nitric oxide (FeNO), a marker of 

airway inflammation, and BMI, and with total serum IgE and BAL eosinophilia at nominal levels 

of significance. Two of the modules (black and turquoise) were significantly correlated with total 

serum IgE, and nominally with BAL eosinophilia. Thus, whereas all modules of MA-associated 

DMCs are associated with asthma severity, only the blue module is not associated with features of 

allergic or atopic asthma. Taken together, these studies establish potential mechanistic links 
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between MA-associated DNAm patterns in BECs with clinical measures of asthma severity, 

reflecting both atopic and non-atopic endotypes of severe asthma. 

3.3.4   A non-atopic maternal asthma-associated endotype 

Figure 3.2. Volcano plot of the 25 differentially expressed (DE) genes of the blue module. Of 374 

genes that were correlated only with the blue module eigenvector (|rho| > 0.20), 25 were DE (blue 

points) between asthma cases with maternal asthma (MA; N = 30) and no maternal asthma (NMA; 

N = 51). The horizontal line corresponds to the q value threshold (FDR < 10%). See Figure S3.3 

for boxplots of each gene and Table S3.2 for complete summary statistics and citations of 

representative studies.  

 

I next asked whether any of the 2,082 genes that were correlated with only one module of 

MA-DMCs (|rho|>0.20) were also differentially expressed (DE) between MA and NMA cases 

(MA-DE). I identified one MA-DE gene (of 92 genes) in the black module and 25 MA-DE genes 

(of 374 genes) in the blue module (FDR<10%) (Table S3.2). None of the module-specific genes 

correlated with the green, magenta, red and turquoise eigenvalues were DE between MA and NMA 

cases. The one MA-DE gene correlated with the black module was SAMSN1 (SAM Domain, SH3 

Domain and Nuclear Localization Signals 1) (Padjusted=0.042), a negative regulator of B-cell 
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activation that was previously identified as a DE gene in nasal epithelial cells from atopic asthma 

cases and non-atopic healthy controls (106).  

Of the 25 MA-DE genes correlated with the blue module, twenty were downregulated and 

five were upregulated in cases with MA compared to cases without MA (Figure 3.2; Figure S3.3). 

Remarkably, 23 of the 25 MA-DE genes have previously been implicated in asthma (see Table 

S3.2 for citations of representative studies); nine of the downregulated genes were in 17 of the 40 

enriched pathways (one to five pathways for each gene) (Table S3.3). Four downregulated MA-

DE genes (WIPF1, IKZF1, GNG2, DOCK2) were also DE genes in a study comparing peripheral 

blood leukocytes of children with severe therapy-resistant asthma compared to children with 

controlled persistent asthma (107). Six other MA-DE genes (1 downregulated [TMEM273] and 5 

upregulated [FAM183A, ZNF511, SCGB2A1, POP5, DCTN3]) were reported as IL-6-inducible 

genes that were also not stimulated with IL-4 and IL-13, two canonical Type 2 (T2) cytokines 

(108). These results indicate that the MA-DE genes of the blue module are associated with different 

endotypes of asthma, including severe therapy-resistant and non-atopic forms. 

3.4   Discussion 

It has been proposed that the prenatal environment is critical in establishing risk for asthma with 

onset in childhood (96, 109-114). Maternal asthma is itself one of the most replicated risk factors 

for the development of asthma in her child (49). In an earlier study, in a subset of the subjects 

included in this study, I reported differential expression of a microRNA that downregulated the 

expression of an asthma-associated gene, HLA-G, in bronchial epithelial cells from adults with 

MA but not in bronchial epithelial cells from adults without MA (55). I suggested then that prenatal 

or early life exposures in fetuses of asthmatic mothers have lifelong effects on the regulatory 

landscape of bronchial epithelial cells. In this study, I extended this mechanism to include a 
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widespread epigenetic mark, DNAm, and to a genome-wide survey. My study revealed global 

DNAm patterns that differ between BECs from adult asthmatics with and without MA. Co-

methylated sets of MA-DMCs and their correlated genes were further associated with distinct sets 

of genes, biological pathways, and features of severe asthma.  

 I identified five epigenetic signatures of MA-DMCs that were associated with severe 

asthma, and some with measures of allergic sensitization. One signature (magenta module) was 

additionally associated with exhaled NO and BMI, linking airway inflammation and obesity to 

asthma severity. The DNAm signature of this module was also correlated with genes enriched in 

selenocysteine synthesis, a pathway that produces antioxidant selenoproteins (102). Dietary 

selenium has been suggested to ameliorate oxidative stress in the lower airways of individuals with 

atopic asthma (104, 115). This idea has been supported by the association of reduced selenium 

with the development and/or severity of asthma (116, 117), although this association has been 

poorly replicated (118, 119). Possible explanations for these conflicting studies are the inclusion 

of asthma cases with variable clinical manifestations of atopic disease and potential different 

effects of MA. Previous studies (120-122) have suggested that prenatal selenium supplementation 

may reduce risk of childhood asthma, but did not examine the effects of MA on supplementation 

effects. My study further suggests that these beneficial effects may be most effective in children 

of asthmatic mothers. 

I also identified an epigenetic signature (blue module) of MA-DMCs that was associated 

with severe asthma but not with measures of allergic sensitization. This is consistent with the genes 

that were associated with the blue module eigenvector, which were enriched for diverse immune-

related pathways that did not include the canonical T2 cytokines or signaling molecules (75). The 

presence of multiple interferon signaling molecules further supports the idea that impaired innate 
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immune responses to viral infections lead to damaged epithelium, asthma exacerbations and more 

severe asthma (101). The blue module eigenvector was also associated with 25 module-specific 

genes that were differentially expressed in bronchial epithelial cells from asthma cases with MA 

compared to asthma cases without MA. Among the 25 MA-DE genes of the blue module, 23 have 

been linked to asthma or allergies in previous studies. The expression for four of the downregulated 

MA-DE genes was also differentially expressed in peripheral blood leukocytes from cases with 

severe therapy-resistant compared to cases with controlled persistent asthma (107). Another study 

showed that six other MA-DE genes (5 upregulated; 3 downregulated in my study) formed part of 

a transcriptional signature that defined a subset of asthmatic patients with impaired lung epithelial 

IL-6 trans-signaling in the absence of T2 inflammation (108). All five blue module genes that were 

upregulated in cases with MA in my study were also upregulated after stimulation with IL-6, but 

not with the canonical T2 cytokines, IL-4 or IL-13 (108), suggesting an additional link between 

maternal asthma and IL-6 signaling. Combined with results of published studies, I interpret the 

results of my study to suggest that the CpGs in the blue module represents a DNAm signature in 

bronchial epithelial cells that perturbs immunomodulatory gene networks in adult children of 

asthmatic mothers. Moreover, this signature may underlie a severe, hard-to-treat non-atopic 

asthma endotype through T2-independent pathways that reflect both altered interferon signaling 

and IL-6 trans-signaling activation. 

Finally, I provide evidence for the link between two maternal asthma-associated epigenetic 

mechanisms: ADAR-mediated editing and DNA methylation. In chapter 2, I demonstrated that the 

expression of the primary A-to-I editing enzyme, ADAR, was decreased only in asthma cases with 

an asthmatic mother compared to controls. Here, I found ADAR among the blue module-specific 

genes of the most enriched pathway, “Interferon signaling”. None of the CpGs in the ADAR gene 



 

 52 

were part of the blue module, suggesting that interferon-inducible ADAR is a downstream target 

of other genes in this pathway. This finding indicates that maternal asthma-associated effects on 

ADAR-mediated editing in BECs may be mediated by a distinct DNA methylation profile.  

The results of my study support my hypothesis that the epigenetic landscape in bronchial 

epithelial cells differs between adult asthmatics with and without MA, however, there are 

limitations. First, I did not have a sufficient number of controls with MA to assess whether the 

observed MA effects on DNAm patterns would be similar or not in controls, or to disentangle the 

effects of MA and asthma in the child. Second, I used a modest threshold (|rho| < 0.20) to identify 

module-specific correlated genes. Because the six MA-associated modules were formed from 

CpGs that were altered only in cases with MA, the module eigenvectors were highly correlated 

with each other and with many of the same genes. Despite this less stringent threshold, the enriched 

pathways of the module-specific genes and most of the MA-DE genes of the black and blue 

modules have been previously implicated in asthma, and subsets of the DE genes in this module 

are supported by previous published studies. Together, these results suggest that I captured relevant 

genes that were module specific, although they require validation in independent studies. Third, 

because this was a cross-sectional study with all assessments performed in adulthood, I was not 

able to determine the longitudinal development of MA-associated DNA methylation patterns and 

their effects on gene expression, prior to the inception of asthma. Thus, I could not directly show 

that the DNA methylation signatures were the cause or effect of severe asthma in the cases. 

However, the fact that these signatures differed between asthma cases with MA compared to 

controls, but not between asthma cases without MA compared to controls, suggests that they reflect 

early life, or in utero, exposures that also differ between these groups of asthmatics. Addressing 

these important questions in longitudinal studies will provide insights into MA effects on both 
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epigenetic and transcriptional programs and their associations with the clinical features of severe 

asthma. 

In summary, my study of DNAm profiles in lower airway cells revealed distinct patterns 

in children of asthmatic mothers that may mediate the prenatal or early life effects of MA on 

immunomodulatory gene expression pathways and subsequent risk of severe asthma symptoms. 

My data further indicate that these effects persist into adulthood, reflecting long-lasting 

consequences of an in utero or early life environment that is specific to MA. Overall, I suggest that 

the MA environment alters epigenetically-mediated developmental pathways that lead to subtypes 

of endotypes of asthma in adulthood that include both atopic and non-atopic endotypes. 

3.5   Methods 

3.5.1   Study design 

Adults were recruited and clinically evaluated before undergoing bronchoscopy at the University 

of Chicago Medical Center between March 2010 and March 2014. Endobronchial brushings for 

these studies were obtained during bronchoscopy, as previously described (55, 123). Subjects with 

asthma had a current doctor’s diagnosis of asthma, no conflicting pulmonary diagnoses, and were 

using asthma medications. Controls had no current or previous diagnosis of asthma, normal 

spirometry, and no evidence of bronchial hyperresponsiveness by methacholine challenge tests. A 

total of 169 subjects had either available genotypes for estimating ancestry principal components 

(N=162), RNA sequences (N=128), or array-based DNAm measurements (N=150). Processing 

and quality control of the genotyping and RNA-sequencing were described in Chapter 2 (see 

Methods in 2.5). A flowchart of the sample selection for this study is shown in Figure S3.4. These 

studies were approved by the University of Chicago’s Institutional Review Board. Written 

informed consent was obtained from all research participants. 
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3.5.2   Processing and quality control of DNA methylation arrays 

DNA was isolated and purified from epithelial cells using the QIAzol lysis reagent or the AllPrep 

DNA/RNA/miRNA Universal Kit (QIAGEN). DNAm profiles were measured on the Infinium 

Human Methylation 450K Bead Chip (N=482,421) or the Illumina Infinium MethylationEPIC 

BeadChip (N=853,307) at the University of Chicago Functional Genomics Core. Only probes that 

were present on both arrays were retained using the combineArrays function in the minfi package 

(124) (N=398,186). Probes located on the sex chromosomes and those with detection p-values 

greater than 0.01 in more than 10% of samples were removed from the analysis. Cross-reactive 

probes and probes within two nucleotides of a SNP with a MAF greater than 0.05 were removed 

using the function rmSNPandCH() from the R package DMRcate (125), retaining 398,186 probes 

for preprocessing. A preprocessing control normalization function was applied to correct for raw 

probe values or background and single-sample Noob (ssNoob) was used to correct for technical 

differences between the Infinium type I and type II probes and across the two generations of 

Infinium methylation arrays (126). Finally, eight outlier samples (>2.5 absolute deviations from 

the median of methylation) were removed, retaining DNAm profiles for 142 subjects and 398,186 

CpGs for downstream analyses. PCA was used to determine the effects of known confounding 

variables on global DNAm profiles. Chip, ancestry, age, and sex were significantly correlated with 

at least one PC. The effects of chip were regressed out using COMBAT (126). 

3.5.3   Statistical analyses 

Differential methylation analysis was performed using a linear model in limma (93), corrected for 

age, sex, current smoking status, and the first three ancestry PCs. Three differential methylation 

analyses were performed to identify DMCs: non-asthma controls without MA were compared to 

all asthma cases, to cases without MA, and to cases with MA. I required DMCs to be significant 
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in each group at FDR<10%. Eight subjects without MA information and four control subjects with 

MA were excluded from these analyses, retaining 130 subjects. 

The CpGs that were differentially methylated only between controls and cases with MA 

(FDR<10%) but not in the other two groups (FDR>20%) were clustered into co-methylation 

modules using WGCNA (99). The soft thresholding power was 10; all other settings were kept at 

default values. Modules that had highly correlated eigenvectors were merged using the 

mergeCloseModules function (Figure S3.2). Spearman’s rank correlation coefficient was used to 

assess correlations between the eigenvectors for each co-methylation module with all genes that 

were expressed in BECs (CPM>1 in at least 25% of 118 subjects with both DNAm and gene 

expression data) and eight clinical phenotypes. Only correlated genes (|rho|>0.20) that were not 

correlated with the eigenvectors of the other five modules (|rho|<0.20) were retained for pathway 

analysis using the TopFunn function within the ToppGene Suite (70). The correlated genes were 

required to have the same direction of effect in all subjects and in non-asthma controls. Significant 

pathways with Bonferroni-corrected p-values < 0.05 were retained. Age, sex, current smoking 

status and the first three ancestry PCs were regressed out from each of seven clinical phenotypes 

(excluding STEP severity) and the residuals were used to test for correlations with module 

eigenvectors. For STEP severity categories (control, STEP=0; mild, STEP=1,2; moderate, 

STEP=3,4; severe, STEP=5,6) (76), the eigenvectors were tested for association using an ordinal 

logistic regression correcting for the same covariates. Significant correlations were determined 

after Bonferroni-corrections of the p-values, considering eight tests. 

For the correlated genes of each module, normalized and covariate-adjusted expression 

data was compared between asthma cases with (N=30) and without MA (N=51) using a linear 

model, as implemented in limma. Sequencing batch, age, sex, current smoking status, and the first 
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three ancestry principal components were regressed out from the gene expression data and the 

residuals were used to test for differences between cases with and without MA. Differentially 

expressed genes were detected with an FDR-correction (FDR<10%) and referred to as MA-DE 

genes. 



 

 

3.6    Supplementary information 

 

 3.6.1    Supplementary tables 

 

Table S3.1. Significant pathways for the genes that were correlated with the blue and magenta maternal asthma-associated co-

methylation modules. The 374 and 703 genes that were correlated (|rho| > 0.20) only with the eigenvectors of the blue or magenta co-

methylation modules, respectively, were included as input for pathway analysis (TopFunn (70)). Forty-one and thirty pathways were 

significantly enriched for the correlated genes of the blue and magenta modules, respectively, after a Bonferroni-adjusted p-value of 

0.05. No pathways were enriched for the correlated genes of the black, green, red or turquoise modules. 

 
Blue module (374 correlated genes) 

ID Name Source P-value 

Bonferroni-

adjusted P-

value 

# of input genes 

/ # of total 

genes in 

annotation 

Genes from input 

1269311 Interferon Signaling 
BioSystems: 

REACTOME 
8.21E-14 1.52E-10 26 / 202 

DDX58, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2, HLA-

DRA, B2M, HLA-DRB5, GBP1, IRF1, IRF4, IRF6, TRIM21, ADAR, 

TRIM22, STAT1, JAK2, UBA52, GBP4, KPNB1, ICAM1, OAS2, 

IFIT2, IFIT3, ISG15, MX1 

1269174 

Translocation of 

ZAP-70 to 

Immunological 

synapse 

BioSystems: 

REACTOME 
1.46E-13 2.69E-10 11 / 22 

HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2, HLA-DRA, 

HLA-DRB5, PTPN22, CD3D, CD3E, CD3G, CD247 

1269175 
Generation of second 

messenger molecules 

BioSystems: 

REACTOME 
1.51E-13 2.78E-10 13 / 36 

HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2, HLA-DRA, 

HLA-DRB5, GRAP2, LCP2, CD3D, CD3E, CD3G, CD247, FYB1 

1269310 
Cytokine Signaling in 

Immune system 

BioSystems: 

REACTOME 
2.36E-13 4.35E-10 50 / 763 

CDKN1A, IL12RB1, IL12RB2, CRLF1, DDX58, TNFSF14, HLA-

DPA1, HLA-DPB1, CXCL10, HLA-DQA1, HLA-DQB2, HLA-DRA, 

INPP5D, B2M, HLA-DRB5, IRAK2, GBP1, IRF1, IRF4, IRF6, 

TRIM21, ADAR, ITGB2, TRIM22, STAT1, STAT5A, SOCS2, CCR2, 

JAK2, UBA52, GBP4, CCR5, APBB1IP, KPNB1, ANXA1, DUSP2, 

ICAM1, OAS2, FASLG, IFIT2, IFIT3, CSF1, CSF1R, CSF3, ISG15, 

CD40, LTB, TNF, TNFRSF1B, MX1 

1269314 
Interferon gamma 

signaling 

BioSystems: 

REACTOME 
6.38E-13 1.18E-09 18 / 94 

HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2, HLA-DRA, B2M, 

HLA-DRB5, GBP1, IRF1, IRF4, IRF6, TRIM21, TRIM22, STAT1, 

JAK2, GBP4, ICAM1, OAS2 

1269173 

Phosphorylation of 

CD3 and TCR zeta 

chains 

BioSystems: 

REACTOME 
8.72E-13 1.61E-09 11 / 25 

HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2, HLA-DRA, 

HLA-DRB5, PTPN22, CD3D, CD3E, CD3G, CD247 

1269182 PD-1 signaling 
BioSystems: 

REACTOME 
1.48E-12 2.74E-09 11 / 26 

HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2, HLA-DRA, 

HLA-DRB5, CD3D, CD3E, CD3G, CD247, PDCD1LG2 
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methylation modules (continued). 

 

137922 
IL12-mediated 

signaling events 

BioSystems: 

Pathway 

Interaction 

Database 

1.86E-11 3.43E-08 14 / 61 
IL12RB1, IL12RB2, HLA-DRA, B2M, STAT1, STAT5A, JAK2, 

CCR5, FASLG, CD3D, CD3E, CD3G, CD247, CD8B 

M54 
IL12-mediated 

signaling events 

MSigDB C2 

BIOCARTA 

(v7.1) 

2.98E-11 5.50E-08 14 / 63 
IL12RB1, IL12RB2, HLA-DRA, B2M, STAT1, STAT5A, JAK2, 

CCR5, FASLG, CD3D, CD3E, CD3G, CD247, CD8B 

M1462 

CTL mediated 

immune response 

against target cells 

MSigDB C2 

BIOCARTA 

(v7.1) 

3.68E-11 6.78E-08 8 / 13 B2M, ITGB2, ICAM1, FASLG, CD3D, CD3E, CD3G, CD247 

1458885 
Th1 and Th2 cell 

differentiation 

BioSystems: 

KEGG 
5.87E-11 1.08E-07 16 / 92 

IL12RB1, IL12RB2, HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-

DQA1, HLA-DRA, HLA-DRB5, STAT1, STAT5A, JAK2, NOTCH2, 

CD3D, CD3E, CD3G, CD247 

M4319 

IL12 and Stat4 

Dependent Signaling 

Pathway in Th1 

Development 

MSigDB C2 

BIOCARTA 

(v7.1) 

8.66E-11 1.60E-07 9 / 20 
IL12RB1, IL12RB2, ETV5, JAK2, CCR5, CD3D, CD3E, CD3G, 

CD247 

83078 
Hematopoietic cell 

lineage 

BioSystems: 

KEGG 
1.35E-10 2.48E-07 16 / 97 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, CD3D, CD3E, CD3G, CD5, CSF1, CSF1R, CD8B, CSF3, 

CD9, TNF 

M6231 
NO2-dependent IL 12 

Pathway in NK cells 

MSigDB C2 

BIOCARTA 

(v7.1) 

3.48E-10 6.42E-07 8 / 16 IL12RB1, IL12RB2, JAK2, CCR5, CD3D, CD3E, CD3G, CD247 

1469482 
Th17 cell 

differentiation 

BioSystems: 

KEGG 
6.11E-10 1.13E-06 16 / 107 

IL12RB1, HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-

DRA, HLA-DRB5, IRF4, STAT1, STAT5A, JAK2, CD3D, CD3E, 

CD3G, CD247, IL21R 

213306 Measles 
BioSystems: 

KEGG 
2.40E-09 4.42E-06 17 / 134 

DDX58, TNFSF10, ADAR, CD209, STAT1, STAT5A, JAK2, 

HSPA1A, HSPA1B, OAS2, FASLG, SLAMF1, CD3D, CD3E, CD3G, 

MX1, CDK2 

217173 Influenza A 
BioSystems: 

KEGG 
3.18E-09 5.86E-06 19 / 173 

DDX58, HLA-DMB, TNFSF10, HLA-DPA1, HLA-DPB1, CXCL10, 

HLA-DQA1, HLA-DRA, HLA-DRB5, ADAR, STAT1, JAK2, 

HSPA1A, HSPA1B, ICAM1, OAS2, FASLG, TNF, MX1 

1269172 TCR signaling 
BioSystems: 

REACTOME 
5.59E-09 1.03E-05 16 / 124 

HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2, HLA-DRA, 

INPP5D, HLA-DRB5, PTPN22, UBA52, GRAP2, LCP2, CD3D, 

CD3E, CD3G, CD247, FYB1 

83074 
Antigen processing 

and presentation 

BioSystems: 

KEGG 
5.62E-09 1.04E-05 13 / 77 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, B2M, 

HLA-DRB5, NFYA, HSPA1A, HSPA1B, CD8B, CD74, TNF 

M16519 
HIV Induced T Cell 

Apoptosis 

MSigDB C2 

BIOCARTA 

(v7.1) 

6.06E-09 1.12E-05 6 / 9 CCR5, FASLG, CD3D, CD3E, CD3G, CD247 
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172846 
Staphylococcus 

aureus infection 

BioSystems: 

KEGG 
1.65E-08 3.04E-05 11 / 56 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, ITGB2, C2, SELPLG, KRT10, ICAM1 

1269177 
Costimulation by the 

CD28 family 

BioSystems: 

REACTOME 
3.01E-08 5.54E-05 12 / 73 

HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2, HLA-DRA, 

HLA-DRB5, GRAP2, CD3D, CD3E, CD3G, CD247, PDCD1LG2 

M18615 Allograft rejection 

MSigDB C2 

BIOCARTA 

(v7.1) 

4.71E-08 8.69E-05 9 / 37 
HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, FASLG, CD40, TNF 

83123 Allograft rejection 
BioSystems: 

KEGG 
6.06E-08 1.12E-04 9 / 38 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, FASLG, CD40, TNF 

M6427 
T Helper Cell Surface 

Molecules 

MSigDB C2 

BIOCARTA 

(v7.1) 

6.33E-08 1.17E-04 6 / 12 ITGB2, ICAM1, CD3D, CD3E, CD3G, CD247 

M13247 
T Cytotoxic Cell 

Surface Molecules 

MSigDB C2 

BIOCARTA 

(v7.1) 

6.33E-08 1.17E-04 6 / 12 ITGB2, ICAM1, CD3D, CD3E, CD3G, CD247 

842771 
Inflammatory bowel 

disease (IBD) 

BioSystems: 

KEGG 
8.39E-08 1.55E-04 11 / 65 

IL12RB1, IL12RB2, HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-

DQA1, HLA-DRA, HLA-DRB5, STAT1, IL21R, TNF 

M13950 Asthma 

MSigDB C2 

BIOCARTA 

(v7.1) 

1.23E-07 2.27E-04 8 / 30 
HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, CD40, TNF 

83120 Asthma 
BioSystems: 

KEGG 
1.63E-07 3.00E-04 8 / 31 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, CD40, TNF 

M10765 

Lck and Fyn tyrosine 

kinases in initiation of 

TCR Activation 

MSigDB C2 

BIOCARTA 

(v7.1) 

1.99E-07 3.66E-04 6 / 14 HLA-DRA, HLA-DRB5, CD3D, CD3E, CD3G, CD247 

M6856 
Hematopoietic cell 

lineage 

MSigDB C2 

BIOCARTA 

(v7.1) 

2.24E-07 4.13E-04 12 / 87 
HLA-DRA, HLA-DRB5, CD3D, CD3E, CD3G, CD5, CSF1, CSF1R, 

CD8B, CSF3, CD9, TNF 

M16004 
Antigen processing 

and presentation 

MSigDB C2 

BIOCARTA 

(v7.1) 

2.55E-07 4.70E-04 12 / 88 
HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, B2M, 

HLA-DRB5, NFYA, HSPA1A, HSPA1B, CD8B, CD74 

83069 
Cell adhesion 

molecules (CAMs) 

BioSystems: 

KEGG 
3.32E-07 6.13E-04 15 / 145 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, ITGA9, ITGB2, ITGB7, SELPLG, ICAM1, CD8B, TIGIT, 

CD40, PDCD1LG2 

P00053 T cell activation PantherDB 4.39E-07 8.09E-04 11 / 76 
HLA-DPA1, HLA-DQA1, HLA-DRA, B2M, GRAP2, LCP2, CD3D, 

CD3E, CD3G, CD247, CD74 

169642 Toxoplasmosis 
BioSystems: 

KEGG 
6.04E-07 1.11E-03 13 / 113 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, STAT1, JAK2, CCR5, HSPA1A, HSPA1B, CD40, TNF 
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M16476 
Cell adhesion 

molecules (CAMs) 

MSigDB C2 

BIOCARTA 

(v7.1) 

6.67E-07 1.23E-03 14 / 133 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, ITGA9, ITGB2, ITGB7, SELPLG, ICAM1, CD8B, CD40, 

PDCD1LG2 

138018 

Downstream 

signaling in naive 

CD8+ T cells 

BioSystems: 

Pathway 

Interaction 

Database 

7.49E-07 1.38E-03 9 / 50 B2M, PTPN7, FASLG, CD3D, CD3E, CD3G, CD247, CD8B, TNF 

1269201 

Immunoregulatory 

interactions between a 

Lymphoid and a non-

Lymphoid cell 

BioSystems: 

REACTOME 
8.77E-07 1.62E-03 14 / 136 

LILRB2, B2M, ITGB2, ITGB7, LILRB4, ICAM1, CD3D, CD3E, 

CD3G, CD247, CD8B, CRTAM, CD40, CD96 

213780 Tuberculosis 
BioSystems: 

KEGG 
9.87E-07 1.82E-03 16 / 179 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, IRAK2, ITGB2, CD209, STAT1, JAK2, CARD9, NFYA, 

CALML3, CD74, TNF 

137936 
IL12 signaling 

mediated by STAT4 

BioSystems: 

Pathway 

Interaction 

Database 

1.26E-06 2.32E-03 7 / 28 HLA-DRA, ETV5, IRF1, CD3D, CD3E, CD3G, CD247 

1269176 
Downstream TCR 

signaling 

BioSystems: 

REACTOME 
1.44E-06 2.65E-03 12 / 103 

HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB2, HLA-DRA, 

INPP5D, HLA-DRB5, UBA52, CD3D, CD3E, CD3G, CD247 

1269312 
Interferon alpha/beta 

signaling 

BioSystems: 

REACTOME 
1.46E-06 2.70E-03 10 / 69 IRF1, IRF4, IRF6, ADAR, STAT1, OAS2, IFIT2, IFIT3, ISG15, MX1 

M13519 
Graft-versus-host 

disease 

MSigDB C2 

BIOCARTA 

(v7.1) 

1.65E-06 3.04E-03 8 / 41 
HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, FASLG, TNF 

83124 
Graft-versus-host 

disease 

BioSystems: 

KEGG 
1.65E-06 3.04E-03 8 / 41 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, FASLG, TNF 

M3126 Leishmania infection 

MSigDB C2 

BIOCARTA 

(v7.1) 

2.18E-06 4.03E-03 10 / 72 
HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, ITGB2, STAT1, JAK2, TNF 

M12617 
Type I diabetes 

mellitus 

MSigDB C2 

BIOCARTA 

(v7.1) 

2.41E-06 4.45E-03 8 / 43 
HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, FASLG, TNF 

83095 
Type I diabetes 

mellitus 

BioSystems: 

KEGG 
2.41E-06 4.45E-03 8 / 43 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, FASLG, TNF 

200309 Rheumatoid arthritis 
BioSystems: 

KEGG 
2.47E-06 4.55E-03 11 / 90 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, ITGB2, ICAM1, CSF1, LTB, TNF 

144181 Leishmaniasis 
BioSystems: 

KEGG 
2.48E-06 4.58E-03 10 / 73 

HLA-DMB, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, HLA-

DRB5, ITGB2, STAT1, JAK2, TNF 
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Table S3.1. Significant pathways for the genes that were correlated with the blue and magenta maternal asthma-associated co-

methylation modules (continued). 
 

M9809 
Cytokine-cytokine 

receptor interaction 

MSigDB C2 

BIOCARTA 

(v7.1) 

2.74E-06 5.05E-03 19 / 265 

IL12RB1, IL12RB2, TNFSF14, TNFSF10, CXCL10, CCR2, BMP2, 

BMP7, CXCL9, CCR5, FASLG, CSF1, CSF1R, CSF3, IL21R, CD40, 

LTB, TNF, TNFRSF1B 

Magenta module (703 correlated genes) 

ID Name Source P-value 

Bonferroni-

adjusted P-

value 

# of input genes 

/ # of total 

genes in 

annotation 

Genes from input 

1339156 
Selenocysteine 

synthesis 

BioSystems: 

REACTOME 
4.17E-18 8.99E-15 28 / 96 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, SARS1, RPL14, RPS27L, 

RPL13A, RPL6, RPL11, RPL18 

1268690 

Eukaryotic 

Translation 

Elongation 

BioSystems: 

REACTOME 
7.66E-18 1.65E-14 28 / 98 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, RPL14, RPS27L, EEF1B2, 

RPL13A, RPL6, RPL11, RPL18 

1268681 
Formation of a pool 

of free 40S subunits 

BioSystems: 

REACTOME 
9.62E-18 2.08E-14 29 / 107 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, EIF3D, EIF3K, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

1268691 
Peptide chain 

elongation 

BioSystems: 

REACTOME 
1.91E-17 4.11E-14 27 / 93 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, RPL14, RPS27L, RPL13A, 

RPL6, RPL11, RPL18 

1269120 
Viral mRNA 

Translation 

BioSystems: 

REACTOME 
1.91E-17 4.11E-14 27 / 93 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, RPL14, RPS27L, RPL13A, 

RPL6, RPL11, RPL18 

M189 Ribosome 

MSigDB C2 

BIOCARTA 

(v7.1) 

4.69E-17 1.01E-13 26 / 88 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS15, RPS17, 

RPS21, RPS25, RPS27, RPL23, RPL14, RPS27L, RPL13A, RPL6, 

RPL11, RPL18 

1268692 

Eukaryotic 

Translation 

Termination 

BioSystems: 

REACTOME 
6.28E-17 1.36E-13 27 / 97 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, RPL14, RPS27L, RPL13A, 

RPL6, RPL11, RPL18 

1268689 

SRP-dependent 

cotranslational 

protein targeting to 

membrane 

BioSystems: 

REACTOME 
1.05E-16 2.27E-13 29 / 116 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, SEC61A1, RPL14, RPS27L, 

SEC11A, RPL13A, RPL6, RPL11, RPL18, 
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Table S3.1. Significant pathways for the genes that were correlated with the blue and magenta maternal asthma-associated co-

methylation modules (continued). 
 

1269718 

Nonsense Mediated 

Decay (NMD) 

independent of the 

Exon Junction 

Complex (EJC) 

BioSystems: 

REACTOME 
1.47E-16 3.18E-13 27 / 100 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, RPL14, RPS27L, RPL13A, 

RPL6, RPL11, RPL18 

1268686 

GTP hydrolysis and 

joining of the 60S 

ribosomal subunit 

BioSystems: 

REACTOME 
2.21E-16 4.77E-13 29 / 119 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, EIF3D, EIF3K, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

1268688 

L13a-mediated 

translational silencing 

of Ceruloplasmin 

expression 

BioSystems: 

REACTOME 
2.21E-16 4.77E-13 29 / 119 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, EIF3D, EIF3K, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

1269716 
Nonsense-Mediated 

Decay (NMD) 

BioSystems: 

REACTOME 
3.58E-16 7.73E-13 29 / 121 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, SMG9, SMG6, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

1269717 

Nonsense Mediated 

Decay (NMD) 

enhanced by the Exon 

Junction Complex 

(EJC) 

BioSystems: 

REACTOME 
3.58E-16 7.73E-13 29 / 121 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, SMG9, SMG6, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

83036 Ribosome 
BioSystems: 

KEGG 
8.67E-16 1.87E-12 32 / 154 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, MRPL11, MRPL9, MRPL16, 

RPL14, RPS27L, MRPS7, MRPS2, RPL13A, RPL6, RPL11, RPL18 

1268680 
Cap-dependent 

Translation Initiation 

BioSystems: 

REACTOME 
1.43E-15 3.09E-12 29 / 127 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, EIF3D, EIF3K, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

1268679 
Eukaryotic 

Translation Initiation 

BioSystems: 

REACTOME 
1.43E-15 3.09E-12 29 / 127 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, EIF3D, EIF3K, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

1339149 
Selenoamino acid 

metabolism 

BioSystems: 

REACTOME 
4.87E-15 1.05E-11 28 / 123 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, SARS1, RPL14, RPS27L, 

RPL13A, RPL6, RPL11, RPL18 
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Table S3.1. Significant pathways for the genes that were correlated with the blue and magenta maternal asthma-associated co-

methylation modules (continued). 
 

1268678 Translation 
BioSystems: 

REACTOME 
6.95E-15 1.50E-11 32 / 165 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, SEC61A1, EIF3D, EIF3K, 

RPL14, RPS27L, EEF1B2, SEC11A, RPL13A, RPL6, RPL11, RPL18 

1269115 

Influenza Viral RNA 

Transcription and 

Replication 

BioSystems: 

REACTOME 
1.08E-13 2.33E-10 28 / 138 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, POLR2C, RPL14, RPS27L, 

RPL13A, RPL6, RPL11, RPL18 

1269109 Influenza Life Cycle 
BioSystems: 

REACTOME 
5.65E-13 1.22E-09 28 / 147 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, POLR2C, RPL14, RPS27L, 

RPL13A, RPL6, RPL11, RPL18 

1269108 Influenza Infection 
BioSystems: 

REACTOME 
3.59E-12 7.75E-09 28 / 158 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, POLR2C, RPL14, RPS27L, 

RPL13A, RPL6, RPL11, RPL18 

1383086 

Major pathway of 

rRNA processing in 

the nucleolus and 

cytosol 

BioSystems: 

REACTOME 
1.97E-11 4.24E-08 29 / 181 

DDX47, RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, 

RPL37A, RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, 

RPS15, RPS17, RPS21, RPS25, RPS27, RPL23, DHX37, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

1427846 

rRNA processing in 

the nucleus and 

cytosol 

BioSystems: 

REACTOME 
9.80E-11 2.12E-07 29 / 193 

DDX47, RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, 

RPL37A, RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, 

RPS15, RPS17, RPS21, RPS25, RPS27, RPL23, DHX37, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

1383085 rRNA processing 
BioSystems: 

REACTOME 
3.38E-10 7.29E-07 29 / 203 

DDX47, RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, 

RPL37A, RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, 

RPS15, RPS17, RPS21, RPS25, RPS27, RPL23, DHX37, RPL14, 

RPS27L, RPL13A, RPL6, RPL11, RPL18 

1270158 
Metabolism of amino 

acids and derivatives 

BioSystems: 

REACTOME 
2.40E-09 5.18E-06 39 / 367 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

RPS17, RPS21, RPS25, RPS27, RPL23, SARS1, PSMF1, ARG2, 

ACAD8, ASS1, ALDH4A1, PSMB8, PSMB9, MCCC2, PSPH, DIO1, 

QDPR, RPL14, RPS27L, RPL13A, RPL6, RPL11, RPL18 

1269056 Infectious disease 
BioSystems: 

REACTOME 
5.19E-09 1.12E-05 40 / 393 

RPL24, RPL27, RPL30, RPL32, RPL34, RPL35A, RPL37, RPL37A, 

RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, 

APOBEC3G, RPS17, RPS21, RPS25, RPS27, RPL23, PSMF1, 

POLR2C, SH3GL3, FYN, MAP2K6, PSMB8, PSMB9, NMT1, 

NELFE, RPL14, LCK, RPS27L, CD4, CD28, RPL13A, RPL6, 

RPL11, RPL18 
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http://www.ncbi.nlm.nih.gov/biosystems/1268678
http://www.ncbi.nlm.nih.gov/biosystems/1269115
http://www.ncbi.nlm.nih.gov/biosystems/1269115
http://www.ncbi.nlm.nih.gov/biosystems/1269109
http://www.ncbi.nlm.nih.gov/biosystems/1269109
http://www.ncbi.nlm.nih.gov/biosystems/1269108
http://www.ncbi.nlm.nih.gov/biosystems/1269108
http://www.ncbi.nlm.nih.gov/biosystems/1383086
http://www.ncbi.nlm.nih.gov/biosystems/1383086
http://www.ncbi.nlm.nih.gov/biosystems/1427846
http://www.ncbi.nlm.nih.gov/biosystems/1427846
http://www.ncbi.nlm.nih.gov/biosystems/1383085
http://www.ncbi.nlm.nih.gov/biosystems/1383085
http://www.ncbi.nlm.nih.gov/biosystems/1270158
http://www.ncbi.nlm.nih.gov/biosystems/1270158
http://www.ncbi.nlm.nih.gov/biosystems/1269056
http://www.ncbi.nlm.nih.gov/biosystems/1269056


 

 

Table S3.1. Significant pathways for the genes that were correlated with the blue and magenta maternal asthma-associated co-

methylation modules (continued). 
 

1268682 

Formation of the 

ternary complex, and 

subsequently, the 43S 

complex 

BioSystems: 

REACTOME 
7.62E-09 1.64E-05 14 / 55 

RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, RPS17, RPS21, 

RPS25, RPS27, EIF3D, EIF3K, RPS27L 

1268685 

Ribosomal scanning 

and start codon 

recognition 

BioSystems: 

REACTOME 
4.99E-08 1.08E-04 14 / 63 

RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, RPS17, RPS21, 

RPS25, RPS27, EIF3D, EIF3K, RPS27L 

1268684 
Translation initiation 

complex formation 

BioSystems: 

REACTOME 
6.17E-08 1.33E-04 14 / 64 

RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, RPS17, RPS21, 

RPS25, RPS27, EIF3D, EIF3K, RPS27L 

1268683 

Activation of the 

mRNA upon binding 

of the cap-binding 

complex and eIFs, 

and subsequent 

binding to 43S 

BioSystems: 

REACTOME 
7.61E-08 1.64E-04 14 / 65 

RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, RPS15, RPS17, RPS21, 

RPS25, RPS27, EIF3D, EIF3K, RPS27L 

1268854 Disease 
BioSystems: 

REACTOME 
6.68E-07 1.44E-03 61 / 867 

RPL24, RPL27, RPL30, RPL32, SFTA3, RPL34, RPL35A, RPL37, 

RPL37A, RPLP2, RPS5, RPS9, RPS11, RPS12, RPS13, RPS14, 

RPS15, APOBEC3G, RPS17, RPS21, RPS25, RPS27, RPL23, 

ZFYVE9, FGFR1, PLCG1, NEURL1B, RASAL2, KLB, PSMF1, 

FMOD, POLR2C, SH3GL3, MUC13, RASAL3, CSPG4, SDC3, 

IKBKB, FYN, MAP2K6, HDAC9, PSMB8, PSMB9, MCCC2, GAB2, 

NFKB2, GPC2, NMT1, NELFE, KSR2, RPL14, LCK, RPS27L, CD4, 

AKAP9, CD28, TLR2, RPL13A, RPL6, RPL11, RPL18 

137998 
TCR signaling in 

naive CD4+ T cells 

BioSystems: 

Pathway 

Interaction 

Database 

1.52E-06 3.28E-03 12 / 60 
PLCG1, MAP3K8, ZAP70, CARD11, IKBKB, FYN, GAB2, LCK, 

RASGRP1, CD4, CD28, MAP4K1 

M34 
TCR signaling in 

naïve CD4+ T cells 

MSigDB C2 

BIOCARTA 

(v7.1) 

3.70E-06 7.99E-03 12 / 65 
PLCG1, MAP3K8, ZAP70, CARD11, IKBKB, FYN, GAB2, LCK, 

RASGRP1, CD4, CD28, MAP4K1 

6
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http://www.ncbi.nlm.nih.gov/biosystems/1268682
http://www.ncbi.nlm.nih.gov/biosystems/1268682
http://www.ncbi.nlm.nih.gov/biosystems/1268685
http://www.ncbi.nlm.nih.gov/biosystems/1268685
http://www.ncbi.nlm.nih.gov/biosystems/1268684
http://www.ncbi.nlm.nih.gov/biosystems/1268684
http://www.ncbi.nlm.nih.gov/biosystems/1268683
http://www.ncbi.nlm.nih.gov/biosystems/1268683
http://www.ncbi.nlm.nih.gov/biosystems/1268854
http://www.ncbi.nlm.nih.gov/biosystems/1268854
http://www.ncbi.nlm.nih.gov/biosystems/137998
http://www.ncbi.nlm.nih.gov/biosystems/137998
http://www.ncbi.nlm.nih.gov/biosystems/137998
http://www.ncbi.nlm.nih.gov/biosystems/137998
http://www.broadinstitute.org/gsea/msigdb/cards/PID_TCR_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_TCR_PATHWAY.html
http://www.broadinstitute.org/gsea/msigdb/cards/PID_TCR_PATHWAY.html
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Table S3.2. Twenty-five differentially expressed (DE) genes among those that were correlated 

with the eigenvector of only one maternal asthma-associated co-methylation module at |rho| > 

0.20. DE analysis was performed between asthma cases without a mother with asthma (N = 51) 

and asthma cases with a mother with asthma (N = 30) for each of the genes uniquely correlated 

with one module. One and 25 DE genes were detected for the black and blue modules, respectively 

(FDR < 10%).  None of the uniquely correlated genes of the green, magenta, red or turquoise 

modules were significantly DE. Representative studies are listed for genes that have previously 

been implicated in asthma or allergies. 

 

Black module (1 DE gene) 

Gene Description Coefficient P-value 
FDR-adjusted 

p-value 
Ref. 

SAMSN1 
SAM Domain, SH3 Domain and 

Nuclear Localization Signals 1 
-0.88 4.59E-4 0.042 (106) 

Blue module (25 DE genes) 

Gene Description Coefficient P-value 
FDR-adjusted 

p-value 
Ref. 

TMEM273 Transmembrane Protein 273 -0.88 6.35E-05 0.024 (108, 127) 

CD209 CD209 Molecule -0.98 1.72E-04 0.032 (128) 

CD84 CD84 Molecule -0.60 2.60E-04 0.032 (129) 

SOCS2 Suppressor of Cytokine Signaling 2 -0.72 3.65E-04 0.034 (108, 130) 

SNX20 Sorting Nexin 20 -0.75 7.45E-04 0.056 (43) 

FAM183A 
Family with Sequence Similarity 183 

Member A 0.26 
2.27E-03 0.079 (108) 

WIPF1 
WAS/WASL Interacting Protein Family 

Member 1 -0.42 
2.36E-03 0.079 (107, 131) 

DOCK10 Dedicator of Cytokinesis 10 -0.49 1.55E-03 0.079 (132) 

LCP2 Lymphocyte Cytosolic Protein 2 -0.56 3.36E-03 0.079 (133) 

IRF4 Interferon Regulatory Factor 4 -0.80 2.94E-03 0.079 (43) 

CGAS Cyclic GMP-AMP Synthase -0.44 1.98E-03 0.079 (134) 

MYO1G Myosin IG -0.64 1.64E-03 0.079  

IKZF1 IKAROS Family Zinc Finger 1 -0.48 2.80E-03 0.079 (107, 135) 

WDFY4 WDFY Family Member 4 -0.66 2.70E-03 0.079  

ZNF511 Zinc Finger Protein 511 0.17 3.22E-03 0.079 (108, 136) 

SCGB2A1 Secretoglobin Family 2A Member 1 0.41 2.99E-03 0.079 (108) 

CSF1 Colony Stimulating Factor 1 -0.47 4.24E-03 0.088 (137) 

GNG2 G Protein Subunit Gamma 2 -0.64 4.11E-03 0.088 (107) 

POP5 
POP5 Homolog, Ribonuclease P-MRP 

Subunit 0.13 
4.59E-03 0.090 (108) 

PTPN22 
Protein Tyrosine Phosphatase Non-

Receptor Type 22 -0.53 
5.97E-03 0.093 (108, 138) 

PTPN7 
Protein Tyrosine Phosphatase Non-

Receptor Type 7 -0.51 
5.96E-03 0.093 (139) 

DOCK2 Dedicator of Cytokinesis 2 -0.56 5.19E-03 0.093 (107) 

DCTN3 Dynactin Subunit 3 0.14 5.33E-03 0.093 (108) 

LILRB4 
Leukocyte Immunoglobulin Like 

Receptor B4 -0.81 
5.81E-03 0.093 (140) 

APBB1IP 

Amyloid Beta Precursor Protein 

Binding Family B Member 1 Interacting 

Protein 

-0.51 6.58E-03 0.098 (141) 
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Table S3.3. Nine differentially expressed (DE) genes of the enriched pathways of the blue module. 

Of 374 genes that were correlated only with the blue module eigenvector (|rho| > 0.20), 25 genes 

were DE between asthma cases with (MA; N = 30) and without an asthmatic mother (No MA; N 

= 51; FDR < 10%). Of these, nine genes were DE (and present in one to five of the enriched 

pathways of the blue module). 
 

 

 

 

 

 

 

 

 

 

 

 

Gene Name 
Number of 

pathways 
Blue module pathways 

IRF4 Interferon Regulatory Factor 4 5 

“Interferon signaling”, “Cytokine signaling in 

immune system”, “Interferon gamma signaling”, 

“Th17 cell differentiation”, “Interferon alpha/beta 

signaling” 

CSF1 Colony Stimulating Factor 1 4 

“Cytokine signaling in immune system”, 

“Hematopoietic cell lineage”, “Rheumatoid 

arthritis”, “Cytokine-cytokine receptor interaction” 

LCP2 
Lymphocyte Cytosolic Protein 

2 
3 

“Generation of second messenger molecules”, 

“TCR signaling”, “T cell activation” 

PTPN22 
Protein Tyrosine Phosphatase 

Non-Receptor Type 22 
3 

“Translocation of ZAP-70 to immunological 

synpase”, “Phosphorylation of CD3 and TCR zeta 

chains”, “TCR signaling” 

CD209 CD209 Molecule 2 “Measles”, “Tuberculosis” 

SOCS2 
Suppressor of Cytokine 

Signaling 2 
1 “Cytokine signaling in immune system” 

LILRB4 
Leukocyte Immunoglobulin 

Like Receptor B4 
1 

“Immunoregulatory interactions between a 

lymphoid and a non-lymphoid cell” 

PTPN7 
Protein Tyrosine Phosphatase 

Non-Receptor Type 7 
1 “Downstream signaling in naïve CD8+ T cells” 

APBB1IP 

Amyloid Beta Precursor Protein 

Binding Family B Member 1 

Interacting Protein 

1 “Cytokine signaling in immune system” 
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3.6.2   Supplementary figures 

Figure S3.1. Scatterplot of beta coefficients for the 9,756 differentially methylated CpGs (DMCs). 

Three comparisons of differential methylation were performed: non-asthma controls (N=42) to all 

asthma cases (N = 88), to cases with no maternal asthma (NMA) (N = 56), and to cases with 

maternal asthma (MA) (N = 32). Overall, 9,756 DMCs were significant (FDR < 10%) in the 

analysis including all cases but not in the other two comparisons (FDR > 10%). The beta 

coefficients of the 9,756 DMCs are shown for NMA cases (x-axis) and MA cases (y-axis). The 

6,522 (66.85%) DMCs with larger effects in MA cases compared to NMA cases are shown as blue 

points, and the 3,234 DMCs (33.15%) with larger effects in NMA cases are shown as orange 

points. Paired signed-rank test; P<2.2x10-16. 
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Figure S3.2. Cluster dendrogram of 1,428 maternal asthma-associated differentially methylated 

CpGs (MA-DMCs). Of the 1,428 MA-DMCs, 935 (65.48%) formed nine co-methylation modules. 

After merging closely related modules using the MergeCloseModules function, as implemented in 

WGCNA (99) (default settings), there were six co-methylation modules (32 to 344 CpGs in each 

module). There were 493 (34.52%) uncorrelated CpGs assigned to a gray module. 
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Figure S3.3. Twenty-five differentially expressed (DE) genes between cases with and without an 

asthmatic mother. Twenty-five DE genes between asthma cases with maternal asthma (MA; N = 

30) and with no maternal asthma (NMA; N = 51; FDR < 10%) among 374 of the correlated genes 

of the blue module eigenvector (|rho| > 0.20), 25 were DE. Among the 25 DE genes, (A) 20 were 

downregulated and (B) 5 were upregulated. Normalized and covariate-adjusted gene expression is 

plotted on the y-axis. P-values were determined using a linear model. The FDR-corrected p-values 

of the 25 DE genes are reported. Boxplots include the upper (75th) and lower (25th) quartiles and 

the median (dark line). Data falling outside the interquartile range are plotted as outliers of the 

data. Figure starts on the next page. 
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Figure S3.3. Twenty-five differentially expressed (DE) genes between cases with and without an 

asthmatic mother (continued). 

 

A 
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Figure S3.3. Twenty-five differentially expressed (DE) genes between cases with and without an 

asthmatic mother (continued). 
 

B 
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Figure S3.4. Flow chart of sample selection. All analyses included the 130 subjects shown in the 

shaded box, as described in Table 3.1. 

 

 

 

 

 

 

 

Initial sample

(N = 150)

(103 cases, 47 controls)

Removed 8 samples that failed 
DNAm QC

(N = 142)

(95 cases, 47 controls)

Removed 8 subjects without 
maternal asthma information

(N = 134)

(88 cases, 46 controls)

Removed 4 controls with maternal 
asthma

(N = 130)

(88 cases, 42 controls)

Final sample

(N = 130)

(88 cases, 42 controls)
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CHAPTER 4 

Associations between mitochondrial variants and haplogroups with asthma in 

ethnically diverse mother-child dyads 

4.1   Abstract 

One of the most consistent risk factors for childhood-onset asthma is having a mother with asthma. 

A possible explanation for this risk is the transmission of asthma-associated variation encoded in 

the mitochondrial (mt) genome, which is maternally-inherited. I hypothesized, therefore, that 

associations between asthma and mt single nucleotide polymorphisms (mtSNPs) would be more 

pronounced among asthmatic children of asthmatic mothers compared to asthmatic children of 

non-asthmatic mothers, or to children of asthmatic fathers. My study included 3,155 mother-child 

and 2,960 father-child dyads from nine ethnically diverse cohorts. Overall, 20 mtSNPs were 

associated with asthma in maternal asthma dyads in three of the cohorts (African American, 

Brazilian, Mexican American), but only one mtSNP was associated with asthma in paternal asthma 

dyads in a different African American cohort. All significant associations were cohort-specific. 

One missense mutation, A93G (P=0.033; OR=1.37; MAF=0.03), in the D-loop and one L3e3’4 

haplogroup-defining missense mutation, G5262A (P=0.016; OR=1.62; MAF=0.05), in the NADH 

dehydrogenase subunit 2 (MT-ND2) gene were associated with asthma risk in African American 

mother-child dyads. In all three cohorts with associations, 11 mtSNPs were in genes encoding 

NADH dehydrogenase subunits of the respiratory complex I. Taken together, my study suggests 

that low frequency ethnic-specific mtSNPs are associated with asthma only among asthmatic 

children of asthmatic mothers. 
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4.2   Introduction 

Asthma is a common chronic inflammatory disease of the airways, affecting over 300 million 

people worldwide (1). Genome-wide association studies (GWAS) have identified many asthma-

associated SNPs, but these variants have modest effects and account for little of the heritability 

(43-47). This “missing heritability” suggests that there are remaining genetic contributions to 

asthma risk to be discovered. Among the many epidemiologic risk factors for asthma, asthma in 

the mother is one of the most reproducible risks for asthma in her child (49). One possible 

explanation for this maternal risk may be the presence of asthma-associated variation in the 

maternally-inherited mitochondrial genome. 

The mitochondrial respiratory chain is a major source of reactive oxygen species (ROS), 

which are important signaling molecules for metabolic homeostasis. Overproduction of ROS has 

been associated with the development of asthma (142, 143). When airway epithelial cells are 

exposed to excess ROS, their mitochondria can become damaged and apoptosis can result (144). 

Similarly, mitochondrial dysfunction can produce a large amount of ROS, which attacks cellular 

contents and boosts inflammation (145). Mitochondrial dysfunction is also consistent with the 

higher abundance and structural changes of mitochondria in the airway epithelium of mice (146). 

These studies support a role for aberrant mitochondrial function contributing to asthma 

pathogenesis.  

The lack of recombination and the intrinsically high mutation rates of mtDNA have 

facilitated the construction of a human mtDNA phylogenetic tree (147). Populations who live in 

close geographical proximity and have a recent shared ancestry have similar mitochondrial 

haplotypes, which have been grouped by sequence similarity into mtDNA haplogroups. One 

European mtDNA haplogroup, called U, was associated with asthma in one study (148) and 
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elevated IgE in a second study (149); both in subjects of European ancestry. Another study from 

Germany reported associations between mitochondrial variants and asthma that were enriched in 

the D-loop (non-coding) and in the NADH-dehydrogenase subunit (150). Although these findings 

suggested a possible role for mtSNPs in asthma risk, they all focused primarily on individuals of 

European ancestry. Importantly, these studies did not consider maternal asthma. 

Here, I performed a mitochondrial-wide association study (MWAS) of mitochondrial 

single nucleotide polymorphisms (mtSNPs) and haplogroups and asthma in asthmatic children 

with and without an asthmatic mother (maternal asthma dyads). As a control for my hypothesis, I 

performed a MWAS in asthmatic children with and without an asthmatic father (paternal asthma 

dyads). I report a greater number of associations of mtSNPs and haplogroups with asthma only in 

the maternal asthma dyads compared to the paternal asthma dyads. None of the maternal asthma-

associated mtSNPs and haplogroups were associated in the paternal asthma dyads. Overall, I 

demonstrated that some of the risk for asthma in children of asthmatic mothers may be due to 

variation inherited in the maternally-inherited mitochondrial genome. 

4.3   Results 

4.3.1   mtDNA SNP associations 

Previous MWAS tested associations between mtSNPs and asthma in a standard case-control 

framework. However, the transmission of the mitochondrial genome from mother to offspring 

suggests that mtSNPs may only be associated with, or more strongly associated with, asthma in 

maternal asthma dyads compared to paternal asthma dyads. To test this hypothesis, I first 

performed a MWAS between mtSNPs and asthma in 3,155 maternal asthma dyads from nine 

cohorts of African American, Brazilian, European American, Honduran, Mexican American, and 

Puerto Rican ancestry (Table 4.1). 
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Table 4.1. Sample composition of nine ethnically diverse cohorts. MA, Maternal Asthma. PA, 

Paternal Asthma. APIC, Asthma Phenotypes in the Inner City. CAG, Chicago Asthma Genetics. 

SAPPHIRE, Study of Asthma Phenotypes and Pharmacogenomic Interactions by Race-Ethnicity. 

URECA, Urban Environment and Childhood Asthma. BIAS, Brazilian Immunogenetics of 

Asthma and Schistosomiasis. CAMP, Childhood Asthma Management Program. HONDAS, 

Honduran subjects who self-reported as Garifuna. GALA, Genes-environments and Admixture in 

Latino Americans. 
 

Ethnicity Study 
Male / 

Female 

Cases with MA / 

without MA / 

Unknown 

Cases with PA / 

without PA / 

Unknown 

Total 

African 

American 

APIC (151) 186/132 114/204/0 83/213/22 318 

CAG (135) 66/91 48/108/1 32/119/6 157 

SAPPHIRE (135) 193/353 123/410/13 88/414/44 546 

URECA (152) 74/49 69/54/0 35/78/10 123 

Brazilian BIAS (47) 57/56 40/66/7 20/32/61 113 

European 

American 
CAMP (135) 233/139 94/276/2 82/283/7 372 

Honduran HONDAS (47) 62/110 53/118/1 44/126/2 172 

Mexican 

American 
GALA II (135) 310/250 98/458/4 39/485/36 560 

Puerto 

Rican 
GALA II (135) 461/368 378/444/7 261/526/42 829 

 Total 1642/1548 1017/2138/35 684/2276/230 3190 

 

I tested low-frequency and common variants (MAF > 0.01) within each cohort (Table 

S4.1). Three of ten cohorts had significant associations between mtSNPs and asthma in the 

maternal asthma dyads (FDR-adjusted P-value < 0.05). Eight, six and six significant associations 

were detected in an African American (APIC) (Figure 4.1A-C), Brazilian (BIAS) (Figure 4.1D-

F), and Mexican American (GALA II) (Figure 4.1G-I) cohort, respectively. Within each cohort, 

many of the variants had similar or identical summary statistics, likely reflecting the LD between 

mtSNPs on the same or related haplogroups. As examples, T6524C, T10667C and A10816G 

(FDR-adjusted P = 0.037; OR = 1.55 [1.19, 2.02]) in the African American cohort (APIC), and 

T4977C and C15535T (FDR-adjusted P = 0.016; OR = 0.68 [0.55, 0.85]) and G6962A and 

T12477C (FDR-adjusted P = 0.042; OR = 0.74 [0.61, 0.90]) in the Brazilian cohort (BIAS) likely 

reflect cohort-specific haplogroups associated with asthma in mother-child dyads. 
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Figure 4.1. Summary of MWAS results of parent-child dyads.  Results are presented for three 

cohorts: (A-C) African Americans (APIC), (D-F) Brazilians (BIAS), and (G-I) Mexican 

Americans (GALA II). Solar plots of cohort-specific FDR-adjusted P-values for maternal and 

paternal asthma analyses, summary statistics of the significant mtSNPs, and summary statistics for 

the significant mtSNPs in the other cohorts are shown for APIC (A-C), BIAS (D-F), and GALA 

II (G-I).  Only variants that passed QC and had MAF > 0.01 are shown for each cohort. Each point 

in the solar plot represents the mtSNP association, color coded by mitochondrial gene and plotted 

by its relative base pair position in the circular mtDNA genome based on the revised Cambridge 

Reference Sequence (rCRS). The outer blue circle shows the cohort-specific FDR-adjusted P-

value of 0.05. Solar plots for the other six cohorts are shown in Figure S4.1.  
 
A. Solar Plots in African Americans (APIC) 

 

B. Significant mtSNPs in African Americans (APIC) 

    Maternal Asthma Results Paternal Asthma Results 

mtSNP Gene 
Major / 

Minor Allele 
MAF 

Adjusted  

P-value 
OR (95% CI) 

Adjusted 

P-value 
OR (95% CI) 

G5262A MT-ND2 G/A 0.03 0.016 1.62 [1.28, 2.06] 1.00 0.90 [0.71, 1.14] 

A750G MT-RNR1 A/G 0.05 0.033 1.53 [1.20, 1.94] 1.00 0.97 [0.77, 1.23] 

A93G D-loop A/G 0.05 0.033 1.37 [1.15, 1.64] 1.00 1.00 [0.84, 1.19] 

G9554A MT-CO3 G/A 0.03 0.033 1.52 [1.20, 1.94] 1.00 0.87 [0.68, 1.12] 

T6524C MT-CO1 T/C 0.02 0.037 1.55 [1.19, 2.02] 1.00 0.88 [0.68, 1.14] 

T10667C MT-ND4L T/C 0.02 0.037 1.55 [1.19, 2.02] 1.00 0.88 [0.68, 1.14] 

A10816G MT-ND4 A/G 0.02 0.037 1.55 [1.19, 2.02] 1.00 0.88 [0.68, 1.14] 

G4655A MT-ND2 G/A 0.02 0.047 1.53 [1.18, 1.99] 1.00 0.90 [0.69, 1.16] 

C. APIC mtSNPs in Other Cohorts 

    Maternal Asthma Results Paternal Asthma Results 

Ethnicity Study MAF 
Adjusted 

P-value 
OR (95% CI) 

Adjusted 

P-value 
OR (95% CI) 

G5262A (MT-ND2) 

African Americans URECA 0.02 0.91 0.66 [0.40, 1.13] 0.93 1.07 [0.66, 1.73] 

A750G (MT-RNR1) 

African Americans URECA 0.03 0.91 0.60 [0.40, 0.92] 0.93 0.95 [0.64, 1.42] 

A93G (D-loop) 

African Americans URECA 0.07 0.91 1.24 [0.96, 1.60] 0.93 0.88 [0.69, 1.13] 
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Figure 4.1. Summary of MWAS results of parent-child dyads (continued). 
 

Brazilian BIAS 0.03 0.84 1.18 [0.84, 1.65] 0.59 0.83 [0.49, 1.41] 

Honduran HONDAS 0.1 1.00 1.00 [0.94, 1.06] 0.97 0.97 [0.87, 1.09] 

G9554A (MT-CO3) 

African Americans URECA 0.02 0.96 0.90 [0.54, 1.51] 0.93 0.89 [0.51, 1.56] 

T6524C (MT-CO1) 

African Americans URECA 0.01 0.94 0.74 [0.40, 1.34] 0.93 0.89 [0.51, 1.56] 

T10667C (MT-ND4L) 

African Americans URECA 0.01 0.94 0.74 [0.40, 1.34] 0.93 0.89 [0.51, 1.56] 

A10816G (MT-ND4) 

African Americans URECA 0.01 0.94 0.74 [0.40, 1.34] 0.93 0.89 [0.51, 1.56] 

G4655A (MT-ND2) 

African Americans URECA 0.01 0.94 0.74 [0.40, 1.34] 0.93 0.89 [0.51, 1.56] 

 

D. Solar Plots in Brazilians (BIAS) 

 

E. Significant mtSNPs in Brazilians (BIAS) 

    Maternal Asthma Results Paternal Asthma Results 

mtSNP Gene 
Major / 

Minor Allele 
MAF 

Adjusted 

P-value 
OR (95% CI) 

Adjusted 

P-value 
OR (95% CI) 

T4977C MT-ND2 T/C 0.07 0.016 0.68 [0.55, 0.85] 0.74 0.92 [0.64, 1.34] 

C15535T MT-CYB C/T 0.07 0.016 0.68 [0.55, 0.85] 0.74 0.92 [0.64, 1.34] 

G499A D-loop G/A 0.08 0.016 0.71 [0.58, 0.86] 0.59 0.90 [0.68, 1.18] 

G6962A MT-CO3 G/A 0.08 0.042 0.74 [0.61, 0.90] 0.38 1.30 [0.93, 1.80] 

T12477C MT-ND5 T/C 0.08 0.042 0.74 [0.61, 0.90] 0.38 1.30 [0.93, 1.80] 

A11959G MT-ND4 A/G 0.07 0.049 0.73 [0.59, 0.90] 0.38 1.30 [0.93, 1.80] 

F. BIAS mtSNPs in Other Cohorts 

   Maternal Asthma Results Paternal Asthma Results 

Ethnicity Study MAF 
Adjusted  

P-value 
OR (95% CI) 

Adjusted 

P-value 
OR (95% CI) 

T4977C (MT-ND2) 

Honduran HONDAS 0.01 1.00 1.27 [0.83, 1.94] 0.97 0.92 [0.60, 1.41] 

Mexican American 
GALA II 

(MEX) 
0.22 0.41 1.03 [0.99, 1.07] 0.99 1.00 [0.97, 1.03] 

Puerto Rican 
GALA II 

(PR) 
0.05 0.94 1.01 [0.93, 1.09] 0.58 0.93 [0.86, 1.00] 
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Figure 4.1. Summary of MWAS results of parent-child dyads (continued). 
 

C15535T (MT-CYB) 

Honduran HONDAS 0.01 1.00 1.27 [0.83, 1.94] 0.97 0.92 [0.60, 1.41] 

G499A (D-loop) 

African American 
SAPPHIRE 0.02 0.97 0.96 [0.84, 1.11] 0.019 1.27 [1.11, 1.45] 

URECA 0.02 0.96 0.86 [0.54, 1.36] 0.64 0.70 [0.46, 1.07] 

European American CAMP 0.03 0.97 0.99 [0.87, 1.13] 0.83 1.04 [0.92, 1.18] 

Honduran HONDAS 0.02 1.00 1.05 [0.79, 1.39] 0.87 0.88 [0.65, 1.19] 

 

G. Solar Plots in Mexican Americans (GALA II) 

 

H. Significant mtSNPs in Mexican Americans (GALA II) 

    Maternal Asthma Results Paternal Asthma Results 

mtSNP Gene 
Major / 

Minor Allele 
MAF 

Adjusted  

P-value 
OR (95% CI) 

Adjusted 

P-value 
OR (95% CI) 

A12308G MT-TL2 A/G 0.02 3.7x10-5 1.30 [1.17, 1.44] 0.90 0.96 [0.89, 1.03] 

A1811G MT-RNR2 A/G 0.02 3.4x10-4 1.30 [1.16, 1.47] 0.90 0.95 [0.88, 1.03] 

G12372A MT-ND5 G/A 0.04 0.0028 1.17 [1.08, 1.26] 0.99 1.01 [0.95, 1.06] 

T11299C MT-ND4 T/C 0.01 0.0028 1.31 [1.13, 1.51] 0.90 0.96 [0.87, 1.06] 

A3480G MT-ND1 A/G 0.01 0.018 1.28 [1.09, 1.49] 0.90 0.95 [0.85, 1.05] 

A10550G MT-ND4L A/G 0.01 0.018 1.28 [1.09, 1.49] 0.90 0.95 [0.85, 1.05] 

I. GALA II mtSNPs in Other Cohorts 

    Maternal Asthma Results Paternal Asthma Results 

Ethnicity Study MAF 
Adjusted 

P-value 
OR (95% CI) 

Adjusted 

P-value 
OR (95% CI) 

A12308G (MT-TL2) 

African American 
SAPPHIRE 0.02 0.97 1.08 [0.94, 1.23] 0.80 0.96 [0.84, 1.09] 

URECA 0.02 0.91 0.71 [0.43, 1.18] 0.93 1.17 [0.73, 1.88] 

European American CAMP 0.19 0.73 1.02 [0.96, 1.08] 0.82 0.98 [0.93, 1.04] 

Puerto Rican 
GALA II 

(PR) 
0.02 0.99 1.00 [0.90, 1.12] 0.93 0.96 [0.87, 1.07] 

A1811G (MT-RNR2) 

European American CAMP 0.10 0.42 1.09 [1.01, 1.17] 0.81 0.95 [0.88, 1.02] 

G12372A (MT-ND5) 

Puerto Rican 
GALA II 

(PR) 
0.05 0.94 1.03 [0.95, 1.12] 0.93 0.98 [0.90, 1.06] 
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Nearly all of the significant associations were with low frequency alleles, and all were 

cohort- and ethnic-specific. This specificity may be partially explained by the fact that not all 

mtSNPs were typed in every cohort and that most of the associated mtSNPs were rare in the other 

cohorts (Table S4.2). The latter is consistent with my previous findings regarding low frequency 

exome variants and asthma in some of these same cohorts (135), in which associations with low 

frequency variants were population-specific. However, there was heterogeneity within the African 

American cohorts themselves, in whom I observed associations in only one of the four cohorts. 

None of the associated mtSNPs in APIC were available in two other African American cohorts 

genotyped by arrays (SAPPHIRE and CAG), but one other cohort (URECA) also had whole 

genome sequencing available and did not replicate any of the eight associations. In fact, whereas 

the point estimates of the odds ratios (ORs) in APIC were >1.0, all but one of the variants had ORs 

<1.0, despite both these cohorts being comprised of childhood-onset asthma cases (151, 152) 

(Figure 4.1C). Whether this is due to the smaller number of URECA maternal asthma dyads (153 

in URECA vs. 318 in APIC) impacting statistical power or to other underlying differences between 

these children cannot be assessed in these data. 

In contrast, the A93G mtSNP in the D-loop that was associated with asthma in maternal 

asthma dyads in APIC (OR = 1.37) had ORs, although not significant, in the same direction (≥1.0) 

in URECA, BIAS and HONDAS. Similarly, another variant in the D-loop, G499A, was associated 

with asthma in the BIAS (Brazilian) maternal asthma dyads (OR = 0.71), and the ORs, although 

also not significant, were <1.0 (lower frequency in maternal asthma dyads) in three of four 

additional cohorts: African Americans in both SAPPHIRE and URECA and Europeans in CAMP 

(Figure 4.1D-F). An OR <1.0 suggests that reduced maternal transmission of the variant to 

children of mothers with asthma is associated with asthma. In Mexican Americans from GALA II, 
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the most significant variant, A12308G, in the tRNA gene MT-TL2, was associated with asthma in 

maternal asthma dyads (OR = 1.3); although not significant, three of four cohorts also had ORs 

>1.0: African Americans in SAPPHIRE, European Americans in CAMP and Puerto Ricans in 

GALA II (Figure 4.1G-I). Overall, all of the significant maternal asthma-associated variants were 

cohort-specific. However, the two associated variants in the D-loop (one each in APIC and BIAS) 

showed similar directions of effects in maternal asthma dyads from multiple cohorts, suggesting a 

potentially important role for variants in the D-loop contributing to asthma risk across populations. 

 To further test my hypothesis that the effects of mtSNPs on asthma risk will be confined 

to or more pronounced in children of asthmatic mothers, I next repeated the same MWAS 

comparing asthma cases with or without an asthmatic father. Among the nine cohorts, only one 

mtSNP, G499A, in one African American cohort (SAPPHIRE), was associated with asthma in the 

paternal asthma dyads (FDR-adjusted P = 0.019; OR = 1.27 [1.11, 1.45]) (Figure S4.1B; Figure 

4.1F). Neither G499A nor any other mtSNPs were associated with asthma in the paternal asthma 

dyads in the other eight cohorts. Curiously, this same mtSNP was associated with asthma in the 

BIAS (Brazilian) maternal asthma dyads, but the effects were in opposite directions. This result 

suggests complex mechanisms of associations of the same mtSNP with asthma in children with 

either a mother or father with asthma. Overall, in support of my hypothesis, I identified a greater 

number of mtSNPs associated with asthma (20 vs. one) in maternal asthma dyads compared to 

paternal asthma dyads.  

4.3.2   mtDNA haplogroup associations 

Because there is no recombination in the mitochondrial genome, SNPs are inherited together and 

can be assigned to common haplotypes, or haplogroups. For the two African American cohorts 

(APIC and URECA) with whole genome sequence data, I could assign haplogroups with little 
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Figure 4.2. Summary of significant mtDNA haplogroup associations with maternal asthma. (A) 

The three mtDNA haplogroups associated with asthma in maternal asthma dyads in the APIC 

cohort are in bold. Two mtDNA haplogroups (L3e and L3e3b) highlight the convergence of the 

association signal in APIC on L3e3’4. Seven significant APIC mtSNPs (cohort-specific FDR-

adjusted P-value < 0.05 in the single mtSNP MWAS) are shown with their corresponding 

haplogroup (HG). Summary statistics for the APIC and URECA cohorts are shown. A phylogeny 

based on the relationships between the haplogroups is displayed to the left side of the table. 
 

    
Maternal Asthma 

Results 

Paternal Asthma 

Results 

HG Study 
Significant 

mtSNPs 

HG 

Freq. 

Adj. 

P 

OR 

(95% CI) 

Adj. 

P 

OR 

(95% CI) 

L3e3b 

APIC G4655A 0.04 0.070 
1.23 

[1.07, 1.41] 
0.90 

0.95 

[0.83, 1.09] 

URECA - 0.02 0.77 
0.86 

[0.64, 1.16] 
0.92 

0.95 

[0.72, 1.25] 

L3e3 

APIC 

T6524C, 

G9554A, 

T10667C, 

A10816G 

0.04 0.037 
1.25 

[1.09,1.42] 
0.90 

0.94 

[0.82,1.07] 

URECA - 0.02 0.77 
0.86 

[0.64, 1.16] 
0.92 

0.95 

[0.72, 1.25] 

L3e3’4 

APIC G5262A 0.05 0.011 
1.26 

[1.12,1.43] 
0.90 

0.96 

[0.85,1.08] 

URECA - 0.03 0.71 
0.82 

[0.63, 1.06] 
0.96 

1.03 

[0.81, 1.32] 

L3e3’4’5 

APIC A750G 0.05 0.011 
1.26 

[1.12,1.43] 
0.90 

0.96 

[0.85,1.08] 

URECA - 0.03 0.71 
0.77 

[0.61, 0.97] 
0.97 

0.99 

[0.8, 1.24] 

L3e 

APIC - 0.17 0.70 
1.05 

[0.97, 1.12] 
0.90 

0.96 

[0.89, 1.03] 

URECA - 0.23 0.71 
0.94 

[0.84, 1.05] 
0.92 

1.03 

[0.93, 1.15] 

 

ambiguity. Therefore, I tested each low-frequency and common haplogroup (frequency > 0.01) in 

these two cohorts. I considered haplogroups at every tip and node of the mtDNA phylogenetic tree 

from Phylotree (153), which yielded 86 and 81 low-frequency and common haplogroups in APIC 

and URECA, respectively; 75 haplogroups overlapped between the two cohorts (see Methods in 

4.5.3; see Table S4.3 for haplogroup frequencies in each cohort). APIC and URECA included 76 

of 86 (88.4%) and 73 of 81 (90.1%) canonical African (L) haplogroups, respectively. In APIC, I 

identified an L3e3’4’5 lineage of related mtDNA haplogroups that was associated with asthma in 

maternal asthma dyads (FDR-adjusted P-value < 0.05), but not in paternal asthma dyads (Figure 

4.2). Seven of the eight maternal asthma-associated mtSNPs defined four African haplogroups that 
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were related to each other in the L3e3’4’5 lineage; three haplogroups were significantly associated 

with asthma in maternal asthma dyads. Among the three significant haplogroups, the haplogroup 

that was both the most significant and recently diverged in the lineage, L3e3’4 (FDR-adjusted P = 

0.011; OR = 1.26 [1.12, 1.43]), was defined by one variant in Phylotree, G5262A mutation in the 

MT-ND2 gene, which was itself the most significant mtSNP in APIC (FDR-adjusted P = 0.016; 

OR = 1.62 [1.28, 2.06]). Therefore, I suggest that the signal of association in the L3e3’4’5 lineage 

is at the L3e3’4 haplogroup-defining variant, G5262A. The A93G variant in the D-loop that was 

associated with asthma in maternal asthma dyads in the APIC cohort did not define any 

haplogroups in the L3e3’4 lineage or in the L3 lineage more generally (see Table S4.4 for a list of 

haplogroups that are defined by A93G). No associations between haplogroups and asthma were 

identified in URECA. These results suggest that two individual mtSNPs, G5262A and A93G, 

contribute independently to asthma risk in African American maternal asthma dyads. 

4.4 Discussion 

I performed the largest study to date of mtSNP and haplogroup effects on asthma risk in ethnically 

diverse asthmatic individuals. Indeed, I identified 20 mtSNPs that were associated with asthma 

among maternal asthma dyads. These maternal asthma-associated mtSNPs were not associated 

with asthma in the paternal asthma dyads, supporting my hypothesis that some of the maternal 

asthma-associated risk for asthma in her children is due to transmission of mtDNA variation.  

I identified associations in only three of the nine cohorts, and all significant associations 

were cohort-specific. However, three mtSNPs had consistent directions of effect in multiple 

cohorts, and two were in the D-loop, the non-coding region of mtDNA that controls DNA and 

RNA synthesis (154): A93G in African Americans and G499A in Brazilians. Neither have been 

previously associated with asthma, although variants in the D-loop were associated with asthma 
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in a study from Germany (150). Collectively, these results suggest that perturbations of 

mitochondrial replication and transcription may contribute to asthma risk. In contrast, most of the 

maternal asthma-associated variants were in protein-coding genes, particularly genes that encode 

subunits of NADH dehydrogenase, implicating variation in respiratory chain processes in asthma 

risk, discussed in more detail below.  

In one African American cohort (APIC), I used whole-genome sequences to identify a 

mitochondrial haplogroup associated with asthma in maternal asthma dyads. By leveraging the 

tree structure of the mtDNA genome, I localized the association signal of seven associated variants 

to one African haplogroup L3e3’4, which is itself defined by only one variant, G5262A. G5262A 

is a missense mutation in the NADH dehydrogenase subunit 2 gene (MT-ND2), a core subunit of 

NADH dehydrogenase, or respiratory complex I. G5262A has not been previously reported to be 

associated with asthma, although variants in MT-ND2 were significantly associated with asthma 

in the study from Germany, mentioned above (150). Thus, I suggest that the L3e3’4 haplogroup-

defining variant, G5262A, in MT-ND2 confers risk for asthma in African American maternal 

asthma dyads in the APIC cohort.  

I could not assign mitochondrial haplogroups for the two cohorts with genotyping array 

data (GALA II and BIAS); however, I also observed maternal asthma-associated variants in genes 

that encode subunits of respiratory complex I (MT-ND1, MT-ND2, MT-ND4, MT-ND4L, and MT-

ND5). Although the number of associated variants was too small to test for enrichments in specific 

mitochondrial annotations, there were greater proportions of maternal asthma-associated 

mitochondrial variants compared to all tested variants in respiratory complex I genes in both 

cohorts: 3/6 (50%) vs. 29/70 (41%) in Brazilians (BIAS), and 4/6 (67%) vs. 24/48 (50%) in 

Mexican Americans (GALA II). These mutations may be associated with perturbations in the 
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function of respiratory complex I, leading to overproduction of superoxide (155, 156), the 

proximal mitochondrial reactive oxygen species, and subsequent oxidative stress (157, 158), 

aberrant immune responses (159), and airway inflammation (160) in asthmatic individuals.   

 Although the results of my study overall support the hypothesis that maternally-inherited 

mtDNA variation is associated with asthma among children with an asthmatic mother, there are 

limitations. First, I did not identify associated variants in six of the cohorts. This may be due in 

part to the varying number of mtSNPs on each genotyping platform. However, ascertainment 

strategies and clinical heterogeneity between cohorts, due to variable ages of asthma onset, disease 

severity, and co-occurrence with allergies, may account for some of these differences. For 

example, I reported significant associations in one African American cohort, APIC, that could not 

be replicated in another African American cohort (URECA). Although both cohorts were 

comprised of childhood-onset asthma cases and had whole-genome sequences for assigning 

mtSNPs and haplogroups, the APIC cohort was nearly 3-times larger than the URECA cohort and 

included more maternal asthma dyads (318 vs. 123, respectively). Moreover, URECA is a birth 

cohort whereas APIC was a one-year longitudinal study. Due to differences in ascertainment, the 

APIC subjects also had more moderate-to-severe asthma (151), whereas the URECA subjects had 

more mild asthma (152). Any of these differences could account for the lack of replication between 

these two cohorts. None of the eight significant mtSNPs in APIC were genotyped in the other two 

African American cohorts, but these cohorts also differed with respect to ascertainment (both were 

case-control studies), and SAPPHIRE was comprised of mainly adults whereas CAG was 

comprised mostly of children (161). Finally, both mitochondrial and autosomal genes encode 

proteins of the respiratory chain and therefore variants in mitochondrial genes on different 

autosomal backgrounds may differ between cohorts and potentially explain some of the discrepant 
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results. Additional asthma cohorts with larger sample sizes and harmonized phenotype and 

genotype data are needed to address these outstanding questions. 

To my knowledge, this is the first study to interrogate the relationship between maternal 

asthma and mtDNA variation on childhood asthma risk in her children. my data indicate that 

asthma-associated mitochondrial variation that is inherited from asthmatic mothers may occur at 

low frequencies and be ethnic- and even cohort-specific. Overall, these data support my hypothesis 

that some of the risk for asthma in offspring of asthmatic mothers may be transmitted via genetic 

variation inherited in the mitochondrial genome. 

4.5   Methods 

4.5.1   Sample composition 

I used autosomal and mitochondrial genotype data from previously published studies for seven 

cohorts (47, 135, 162), and unpublished whole-genome sequence data for two cohorts. I included 

in my study only cohorts with 100 asthma cases and 20 in each of the four comparison groups: 

cases with an asthmatic mother, cases with an asthmatic father, cases without an asthmatic mother, 

and cases without an asthmatic father. Nine cohorts met these criteria; four were comprised of 

African American subjects, and one each were comprised of subjects of Brazilian, European 

American, Honduran, Mexican American, and Puerto Rican subjects. Nine additional cohorts did 

not satisfy these criteria and were excluded from my studies (Table S4.5). My study was 

comprised of 3,190 asthma cases, which included 3,155 and 2,960 cases with maternal and paternal 

asthma information, respectively (Table 4.1). I used each cohort’s definition of asthma, all of 

which included at least self- or parent-reported doctor’s diagnosis of asthma. Descriptions of each 

of the study cohorts can be found in prior published work (47, 135, 151, 152, 161, 162) and in the 
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Supplementary Note in 4.6.3. These studies were approved by the local institutional research 

ethics committees for each study, and at the University of Chicago.  

4.5.2   Genotypes and quality control  

Genotypes for seven studies were obtained from three different genotyping arrays: the Illumina 

Infinium HumanExome BeadChip, the Axiom Genome-Wide LAT 1, and/or the Illumina Omni2.5 

BeadChip arrays (Table S4.6). Autosomal SNPs were used to calculate ancestry PCs, which were 

provided to us for each cohort. These arrays interrogated 200, 120 and 521 mtSNPs, respectively. 

For the two studies with whole-genome sequence data (unpublished), mtSNPs were called using a 

custom GATK4 mitochondria pipeline (https://github.com/gatk-workflows/gatk4-mitochondria-

pipeline). 

Quality control of autosomal genotypes was performed previously in each cohort, as 

described (47, 135, 162). Briefly, samples were excluded for gender and ancestry discordances 

with self-reported race or ethnicity, using sex chromosomal SNPs and principal components 

analysis, respectively; one of each duplicate sample as well as individuals with missing asthma or 

covariate information were removed. One cohort comprised of trios further excluded those with 

Mendelian errors. For each study, I excluded mtSNPs with genotype call rates < 0.95. MtSNPs 

annotated as problematic on the Illumina Infinium HumanExome BeadChip array design group 

were also removed, as previously reported (135). For mtSNPs called from whole-genome 

sequences, sites with low read depth (<20 reads) were removed. Each study had between 81 and 

1,388 mtSNPs that passed quality control (Table S4.6). Finally, for each cohort, I excluded 

subjects with <95% of mtSNPs passing quality control. I retained between 113 and 829 asthma 

cases in the nine cohorts for single-variant association testing (Table S4.1). 
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4.5.3   Haplogroup assignments 

For the two cohorts with whole-genome sequencing data (APIC and URECA), all mtSNPs that 

passed QC were used to predict mitochondrial haplogroups using HaploGrep2 (163). HaploGrep2 

assigns mtDNA haplogroups for each subject by traversing the phylogenetic tree in Phylotree 

version 17 (153), which is comprised of 5,437 haplogroups from 24,275 mtDNA sequences. In 

APIC and URECA, 1,388 and 805 mtSNPs, respectively, were used to assign mitochondrial 

haplogroups. Of the 320 and 124 asthma cases in APIC and URECA, respectively, two and one 

subjects with haplogroup quality scores < 0.80 were removed.  

I then assigned all possible mtDNA haplogroups for each individual that was present at a 

frequency 0.01 in both APIC and URECA. For example, an individual who was assigned by 

HaploGrep2 as L0a2 was also assigned to L0a and L0, the broader haplogroup assignments at the 

nodes in Phylotree. After repeating this process for all subjects in APIC and URECA, there were 

120 mtDNA haplogroups (see Table S4.7 for a list of mtDNA haplogroups). For the 120 

haplogroups, all APIC and URECA subjects were assigned a 1 or 0 for the presence or absence of 

the haplogroup, respectively. Finally, only those mtDNA haplogroups that were present at a 

frequency 0.01 in APIC and URECA, separately, were kept for haplogroup association testing. 

This yielded 86 and 81 haplogroups in APIC and URECA, respectively; 75 haplogroups 

overlapped between both cohorts, which included the five haplogroups in the L3e lineage (L3e, 

L3e3’4’5, L3e3’4, L3e3, and L3e3b). (Table S4.1; Table S4.3).  

4.5.4   Statistical analyses 

I included low-frequency and common mtSNPs and haplogroups (0.01) in each MWAS. 

Associations with maternal asthma or paternal asthma among children with asthma were tested for 

each mtSNP and haplogroup, using a linear mixed model, as implemented in GEMMA (164), 
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adjusting for age, sex, five autosomal ancestry principal components, and an autosomal genetic 

relatedness matrix. As a control for my hypothesis, I repeated the same analysis between asthmatic 

children with and without a father with asthma. Because the mtDNA genome is one non-

recombining “locus”, many mtSNPs are in strong LD. I therefore used an FDR correction, a less 

conservative multiple testing procedure, and considered cohort-specific FDR-corrected p-values 

<0.05 as significant. 

4.6   Supplementary information 

4.6.1   Supplementary tables 

Table S4.1. Number of variants tested in each parental asthma-specific analysis and in both 

analyses. The number of haplogroups tested in the APIC and URECA cohorts are included in 

parentheses. 
 

Ethnicity Study Maternal asthma  Paternal asthma  
Tested in both 

analyses 

African 

American 

APIC 
236 

(86) 

234 

(86) 

234 

(86) 

CAG 39 39 39 

SAPPHIRE 45 45 44 

URECA 
214 

(82) 

212 

(81) 

212 

(81) 

Brazilian BIAS 85 73 70 

European 

American 
CAMP 35 35 35 

Honduran HONDAS 65 65 65 

Mexican 

American 
GALA II 53 48 48 

Puerto Rican GALA II 93 84 82 
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Table S4.2. Minor allele frequencies of the significant mtSNPs in the nine cohorts. SNPs that were 

not genotyped or did not pass QC are indicated with a “-“. AA, African American. B, Brazilian. 

EA, European American. H, Honduran. MA, Mexican American. PR, Puerto Rican. 
 

mtSNP 
APIC 

(AA) 

CAG 

(AA) 

SAPPHIRE 

(AA) 

URECA 

(AA) 

BIAS 

(B) 

CAMP 

(EA) 

HONDAS 

(H) 

GALAII 

(MA) 

GALAII 

(PR) 

A93G 0.047 - - 0.073 0.073 - 0.154 - - 

G499A 0.008 0.012 0.018 0.020 0.128 0.026 0.015 - 0.013 

A750G 0.475 - - 0.476 - - - - - 

A1811G 0.005 0 0.003 0.004 0 0.140 0 0.019 0.016 

A3480G 0 - - 0 0 - 0 0.010 0.004 

G4655A 0.020 - - 0.012 - - - 0.002 0.001 

T4977C 0.003 - - 0.004 0.117 - 0.011 0.232 0.043 

G5262A 0.025 - - 0.016 - - - - - 

T6524C 0.020 - - 0.012 - - - - - 

G6962A 0 - - 0 0.061 - 0 - - 

G9554A 0.025 - - 0.016 - - - - - 

A10550G 0 - - 0 0 - 0 0.010 0.001 

T10667C 0.020 - - 0.012 - - - - - 

A10816G 0.020 - - 0.012 - - - - - 

T11299C 0.002 - - 0 - - - 0.011 0.002 

A11959G 0 - - 0.004 0.055 - 0 - - 

A12308G 0.009 0.018 0.022 0.016 0 0.237 0 0.030 0.046 

G12372A - - - - 0.012 - 0 0.034 0.047 

T12477C 0.003 - - 0 0.061 - 0 - - 

C15535T 0.002 - - 0.004 0.122 - 0.011 - - 

 

 

Table S4.3. Haplogroup frequencies in APIC and URECA. The 86 and 81 low-frequency and 

common (0.01) haplogroups that were tested for associations in APIC and URECA, respectively, 

are shown. Haplogroups that had a frequency <0.01 are indicated with a “-“. 
 

Haplogroup APIC Frequency URECA Frequency 

H 0.044 0.027 

H1 0.024 - 

HV 0.047 0.035 

JT - 0.018 

L0 0.057 0.062 

L0a 0.057 0.062 

L0a1 0.041 0.062 

L0a1a 0.027 0.035 

L0a1a2 0.02 0.027 

L0a2 0.017 - 

L1 0.189 0.115 

L1'2'3'4'5'6 0.943 0.938 

L1b 0.088 0.08 

L1b1 0.081 0.062 

L1b1a 0.081 0.062 

L1b1a3 0.017 - 

L1c 0.101 0.035 

L1c1 0.027 0.035 

L1c1'2'4'5'6 0.064 0.035 



 

 91 

Table S4.3. Haplogroup frequencies in APIC and URECA (continued). 
 

L1c1'2'4'6 0.054 0.035 

L1c1a 0.014 0.027 

L1c1a'b'd 0.02 0.027 

L1c1a+@198 0.014 0.027 

L1c2 0.027 - 

L1c2'4 0.03 - 

L1c3 0.037 - 

L1c3a 0.024 - 

L2 0.267 0.327 

L2'3'4'5'6 0.753 0.823 

L2'3'4'6 0.753 0.823 

L2a 0.176 0.159 

L2a'b'c'd 0.264 0.319 

L2a1 0.176 0.159 

L2a1'2'3'4 0.176 0.159 

L2a1+143 0.084 0.062 

L2a1+143+16189 0.03 0.018 

L2a1a 0.037 0.062 

L2a1a2 0.017 0.035 

L2a1c 0.037 0.027 

L2a1f 0.041 0.018 

L2a1i 0.017 0.018 

L2b 0.051 0.097 

L2b'c 0.088 0.159 

L2b'c'd 0.088 0.159 

L2b1 0.037 0.071 

L2b1a 0.03 0.044 

L2b1a3 0.017 0.027 

L2b2 - 0.018 

L2c 0.037 0.062 

L2c2 0.014 0.027 

L3 0.476 0.496 

L3'4 0.486 0.496 

L3'4'6 0.486 0.496 

L3b 0.105 0.133 

L3b'f 0.132 0.097 

L3b1 0.044 0.053 

L3b1a 0.037 0.053 

L3b1a1 - 0.027 

L3b1a1a - 0.027 

L3c'd 0.047 0.027 

L3d 0.047 0.027 

L3d1 0.03 - 

L3d1b 0.017 - 

L3e 0.162 0.23 

L3e'i'k'x 0.162 0.23 

L3e1 0.03 0.088 

L3e1e 0.017 0.053 

L3e2 0.084 0.097 

L3e2a 0.027 0.053 
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Table S4.3. Haplogroup frequencies in APIC and URECA (continued). 
 

L3e2a1 0.027 0.053 

L3e2a1b 0.027 0.053 

L3e2b 0.057 0.044 

L3e2b+152 - 0.035 

L3e2b1 0.027 - 

L3e2b1a 0.027 - 

L3e3 0.041 0.027 

L3e3'4 0.047 0.035 

L3e3'4'5 0.047 0.044 

L3e3b 0.037 0.027 

L3f 0.061 0.035 

L3f1 0.054 0.035 

L3f1b 0.054 0.035 

L3f1b+16292 0.054 0.035 

L3f1b+16292+150 0.027 0.018 

L3f1b1 0.024 0.018 

L3f1b1a 0.014 0.018 

M 0.027 0.018 

N 0.091 0.115 

R 0.084 0.106 

R0 0.047 0.035 

R2'JT - 0.018 

U 0.02 0.035 

 

 

Table S4.4. All assigned Phylotree haplogroups for A93G (D-loop).  
 

B5a2a H1ao H1b1d H1e1a1 H1e3 H29 H2a2a1f 

H3h7 H49a2 H7a1a HV1a2b K2b1a4 L0a'b'g L0d2a2 

L1c1a2 L1c3c L2c R0a1a2 R0b R5a1 V7 

 

Table S4.5. Excluded cohorts. Nine cohorts were excluded from my study because they had <100 

asthma cases and/or <20 cases in each of the four comparison groups: cases with maternal asthma 

(MA), cases with paternal asthma (PA), cases without MA, and cases without PA. The total 

number of cases refers to those cases with asthma information for at least one parent. 

 

Ethnicity Study Male / Female 

Cases with MA / 

without MA / 

Unknown 

Cases with PA / 

without PA / 

Unknown 

Total 

African 

Americans 

ABRIDGE 29/50 24/53/2 22/42/15 79 

GRAAD 13/16 6/18/5 7/22/0 29 

Barbadian BAGS 39/54 37/48/8 12/34/47 93 

European COPSAC 52/38 65/25/0 26/64/0 90 

European 

American 

CAG 54/42 23/58/15 36/57/3 96 

COAST 36/21 17/38/2 25/32/0 57 

Mexican 

American 
GALA II 30/23 13/40/0 2/48/3 53 

Mexican MCCAS 123/91 8/194/12 15/191/8 214 

Puerto 

Rican 
GALA II 43/38 36/44/1 21/53/7 81 
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Table S4.6. Number of variants that passed quality control in both analyses of 3,155 maternal 

asthma and 2,960 paternal asthma dyads for each minor allele frequency category. 1. Illumina 

Infinium HumanExome BeadChip (135) 2. Axiom Genome-Wide LAT (162) 1 3. Illumina 

Omni2.5 BeadChip (47) 4. Whole-genome sequencing 

 

Ethnicity Study Platform All SNPs 
Rare 

MAF<0.01 

Low Frequency 

0.01≤MAF≤0.05 

Common 

MAF>0.05 

African 

American 

APIC 4 1388 1105 204 79 

CAG 1 100 48 31 21 

SAPPHIRE 1 123 73 26 24 

URECA 4 805 526 201 78 

Brazilian BIAS 3 99 9 47 43 

European 

American 
CAMP 1 83 50 18 15 

Honduran HONDAS 3 81 16 11 54 

Mexican 

American 
GALA II 1, 2 198 136 36 26 

Puerto Rican GALA II 1, 2 191 78 70 43 

 

Table S4.7. All 120 low frequency and common haplogroups (>1%) at every node and tip of the 

phylogenetic tree in HaploGrep2 for the APIC and URECA cohorts. 

 
A K L1c2 L2b'c L3d1 L3f1 

A2 L0 L1c2'4 L2b'c'd L3d1b L3f1b 

A2+(64) L0a L1c3 L2b1 L3e L3f1b+16292 

A2k L0a1 L1c3a L2b1a L3e'i'k'x L3f1b+16292+150 

A2k1 L0a1a L2 L2b1a3 L3e1 L3f1b1 

A2k1a L0a1a2 L2'3'4'5'6 L2b2 L3e1a L3f1b1a 

B L0a2 L2'3'4'6 L2c L3e1e M 

B2 L1 L2a L2c2 L3e2 M8 

C L1'2'3'4'5'6 L2a'b'c'd L3 L3e2a M80'D 

C1 L1b L2a1 L3'4 L3e2a1 N 

C1b L1b1 L2a1'2'3'4 L3'4'6 L3e2a1b R 

C1b2 L1b1a L2a1+143 L3b L3e2b R0 

CZ L1b1a3 L2a1+143+16189 L3b'f L3e2b+152 R2'JT 

D L1c L2a1a L3b1 L3e2b1 T 

D1 L1c1 L2a1a2 L3b1a L3e2b1a T2 

D4 L1c1'2'4'5'6 L2a1c L3b1a+@16124 L3e3 U 

H L1c1'2'4'6 L2a1c4 L3b1a1 L3e3'4 U2'3'4'7'8'9 

H1 L1c1a L2a1f L3b1a1a L3e3'4'5 U8 

HV L1c1a'b'd L2a1i L3c'd L3e3b U8b 

JT L1c1a+@198 L2b L3d L3f U8b'c 
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4.6.2   Supplementary figures 

 

Figure S4.1. MWAS results in the six cohorts with no maternal asthma-associated mtSNPs. Solar 

plots for maternal and paternal asthma MWAS are shown for African Americans in CAG (A), 

SAPPHIRE (B), and URECA (C); European Americans in CAMP (D), Hondurans in HONDAS 

(E), and Puerto Ricans from GALA I (F).  

 
A. African American (CAG) 

 
 

 

 

 

 

 

 

B. African American (SAPPHIRE) 
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Figure S4.1. MWAS results in the six cohorts showing no maternal asthma-associated mtSNPs 

(continued). 
 

C. African American (URECA) 

 
 

 

 

 

 

 

 

 

 

 

 

 

D. European American (CAMP)  
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Figure S4.1. MWAS results in the six cohorts showing no maternal asthma-associated mtSNPs 

(continued). 
 

 

E. Honduras (HONDAS) 

 
 

 

 

 

 

 

 

 

 

 

 

F. Puerto Rican (GALA II) 
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4.6.3   Descriptions of study cohorts 

 

Asthma Phenotypes in the Inner City (APIC) (151) 

 

APIC included 6-17-year-old children and adolescents with a physician- or parent-reported 

diagnosis of asthma, from low-income areas of 9 U.S cities (Baltimore MD, Boston MA, Chicago 

IL, Cincinnati OH, Dallas TX, Denver CO, Detroit MI, New York NY, Washington DC). Research 

protocols were approved by each center’s institutional review boards, and written informed assent 

was obtained from each participant and consent legal guardians of the participants. All children 

had physician’s diagnosis of asthma. Parents provided self-reported diagnosis of asthma. See (151) 

for additional criteria. 

 

Chicago Asthma Genetics (CAG) (161) 

 

CAG included both European American and African American unrelated cases and control 

subjects collected at the University of Chicago from a) families ascertained through affected sib 

pairs, b) affected children and their parents, c) adults and children attending asthma clinics. 

Individuals in a-c were recruited in the adult and/or pediatric asthma clinics at University of 

Chicago Hospital. All children had physician’s diagnosis of asthma. Parents provided self-reported 

diagnosis of asthma. See (161) for additional criteria. 

 

Study of Asthma Phenotypes and Pharmacogenomic Interactions by Race-Ethnicity 

(SAPPHIRE) (161) 

 

Study participants were ascertained through a large health system serving southeast Michigan. All 

individuals were reported as African American. SAPPHIRE cases met the following criteria: age 

12-56 years, had a diagnosis of asthma (based on both patient report and documentation in the 

medical record). Parents provided self-reported diagnosis of asthma. See (161) for additional 

criteria. The Institutional Review Board of Henry Ford Health System approved all of the 

components of this study. 

 

Urban Environment and Childhood Asthma (URECA) (152) 

 

URECA is an observational birth cohort of children from birth to age 7. Subjects were recruited 

from low-income areas from four cities (Baltimore, MD, Boston, MA, New York City, NY, and 

St. Louis, MO). Children and their parents had a physician’s diagnosis of asthma. See (152) for 

additional criteria. 

 

Brazilian Immunogenetics of Asthma and Schistosomiasis (BIAS) (47) 

 

BIAS is a population ascertainment designed study of asthma and schistosomiasis in the rural 

district of Conde, Bahia, located 200 km north of Salvador, Brazil. Subjects were from five 

communities (Buri, Camarao, Genipapo, Sempre Viva, and Cobo). The data used in this study 

were from 2 large pedigrees with 535 and 310 members comprising 318 nuclear families (ages 5-

85 years). Child and their parents had either physician or self-reported diagnosis of asthma. See 

(47) for additional criteria. 
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Childhood Asthma Management Program (CAMP) (161) 

 

CAMP is comprised of non-Hispanic white subjects from a multi-center clinical trial that followed 

1,041 children with asthma for four years and 84% of the original participants for 12 years. All 

participants had mild to moderate asthma. Children and their parents had a physician’s diagnosis 

of asthma. See (161) for additional criteria. 

 

Honduran subjects who self-reported as Garifuna (HONDAS) (47) 

 

HONDAS is a population-based study of asthma in the Garífuna (Black Carib) people from the 

northern coast of Honduras, a population of African and Red Carib Native Amerindian ancestry; 

and of Honduran autochthonous Amerindian populations of Mesoamerican or South American 

ancestry. Subjects were recruited from 12 villages (Bajamar, Travesía, Corozal, Sambo Creek, 

Alfonzo Lacayo, Belén Gualcho, San Juan, Tornabé, Triunfo de la Cruz, Cristales, Río Negro, and 

Santa Fe; aged 5-85). Participants responded to a standardized, interviewer administered 

questionnaire that includes a modified version of the 1987 American Thoracic Society Division of 

Lung Disease Epidemiology Questionnaire to collect information on asthma and allergy 

symptoms. The questionnaire was used to determine whether a subject has a history of both self-

reported and physician diagnosed asthma (asthma case), or had no history of asthma (healthy 

control). 

 

Genes-environments and Admixture in Latino Americans (GALA) (161) 

 

GALA includes children and their biological parents recruited from schools, clinics and hospitals 

that cared for Latino patients at four sites in San Francisco, CA, New York City, NY, Puerto Rico, 

and Mexico City, Mexico. Medical records were reviewed to identify patients with physician-

diagnosed mild or moderate-severe asthma based on medical billing records (ICD 9 codes). Based 

on interviews and questionnaire data, children were included in the study if they were between the 

ages of 8-40 with physician diagnosed mild to moderate-severe asthma and had experienced two 

or more symptoms in the previous two years at time of recruitment (including wheezing, coughing 

and/or shortness of breath). 
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CHAPTER 5 

 

CONCLUSION 
 

Genetic studies of asthma have largely focused on genome-wide association studies, which have 

identified >150 independent loci associated with risk of asthma. Yet, the variants at these loci 

explain little of the heritability (43-47). Genetic variation that lies outside the autosomal genome 

and epigenetic variation throughout the genome may provide more clues to the etiology of asthma. 

Advances in next-generation sequencing technologies have allowed for investigations into non-

canonical mechanisms of disease (165, 166). Here, I leveraged multi-omic approaches to explore 

one of the most consistent risk factors for childhood-onset asthma, the presence of asthma in the 

mother (49). Specifically, I found genetic and epigenetic mechanisms underlying maternal 

transmission of asthma risk to her children. 

5.1   ADAR-mediated editing of miR-200b-3p is associated with asthma severity in children 

of asthmatic mothers 

In chapter 2, I describe the first study to investigate the role of ADAR-mediated miRNA editing 

in bronchial epithelial cells on asthma risk. To do this, I used small RNA-seq data and performed 

a genome-wide scan to identify A-to-I edited sites (88). Overall, I identified 19 A-to-I edited sites 

in miRNAs. Similar to another study of miRNA editing in cancer (64), most of these sites were in 

seed sequences, suggesting altered miRNA-mediated gene silencing of downstream target genes. 

Although most sites in my study were rare (present in <25% of subjects), one site at the 5th position 

of miR-200b-3p was present in nearly all subjects and was significantly decreased in cases with 

moderate and severe asthma compared to controls. The predicted target genes of the edited miR-

200b-3p was specifically enriched for IL-4 and interferon gamma signaling pathways and included 

the SOCS1 (suppressor of cytokine signaling) gene. SOCS1, a centrally important negative 
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regulator of Type 2 cytokine and interferon signaling, was also highly expressed only among 

moderate and severe asthma cases. Both miR-200b-3p editing and SOCS1 expression were 

significantly associated with bronchoalveolar lavage (BAL) eosinophil levels and an epithelial cell 

gene signature of Type 2 asthma (75), characteristic of a steroid-responsive endotype of severe 

asthma. Collectively, these results suggest for the first time miRNA editing as an epigenetic 

mechanism underlying the features of moderate-to-severe asthma and identify potential new 

therapeutic targets for treatment of severe symptoms. 

 I also found that the expression of the primary ADAR enzyme, an interferon-inducible gene 

(65), was among the top 2% of genes expressed in bronchial epithelial cells and was significantly 

decreased in asthma cases with an asthmatic mother compared to both asthma cases without an 

asthmatic mother and controls. Overall, maternal asthma may alter the gene regulatory landscape 

at the ADAR locus in bronchial epithelial cells in utero, with long-lasting effects on ADAR-

mediated editing of the 5th position of miR-200b-3p. I further suggest that this “exposure” results 

in reduced suppression of SOCS1 in bronchial epithelial cells from asthmatics, leading to more 

symptoms and more severe asthma in these individuals.   

5.2   Maternal asthma-associated DNA methylation signatures reflect endotypes of severe 

asthma 

In chapter 3, I characterized the genome-wide DNA methylation profiles of bronchial epithelial 

cells from asthma cases with an asthmatic mother. More CpGs were differentially methylated in 

cases with a mother with asthma compared to cases without a mother with asthma. I also identified 

six DNA co-methylation signatures that were associated with distinct genetic pathways and 

clinical measures of asthma. All six signatures were associated with severe asthma and lung 

function measures; five signatures were also associated with features of atopic asthma (86), 
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including total serum IgE and BAL eosinophil levels. One module was also correlated with genes 

enriched for selenocysteine synthesis, a pathway that produces antioxidant selenoproteins that may 

alleviate inflammation (103, 104), suggesting that selenium supplementation in early life may be 

a potential treatment for asthma among children with an asthmatic mother (122). Only one module 

was not associated with atopic asthma features, and the genes that were correlated with this module 

were enriched for diverse immune-related processes and diseases, with the top pathway being 

“interferon signaling” (101). One of the correlated genes of this module was ADAR, which 

suggests that maternal asthma-associated DNA methylation profiles leads to reduced ADAR levels, 

and links the findings in Chapter 2 to those in Chapter 3. These findings indicate that maternal 

asthma in utero or in early life alters diverse epigenetically-mediated developmental pathways that 

lead to subtypes of severe asthma in adulthood, including hard-to-treat, non-atopic asthma. 

5.3  Associations between mitochondrial variants and haplogroups with asthma in ethnically 

diverse mother-child dyads 

In Chapter 4, I describe the largest and most ethnically diverse study to date examining the effects 

of maternally-inherited mitochondrial variation on asthma risk. To date, no previous studies have 

interrogated the effects of mitochondrial variation on asthma risk in children of asthmatic mothers 

or have included populations of non-European descent (148-150). 

 Overall, I identified 20 mitochondrial variants that were associated with asthma only in 

maternal asthma dyads in three study cohorts of African American, Brazilian and Mexican 

American ancestry. These 20 maternal asthma-associated mitochondrial variants were not 

associated with asthma in paternal asthma dyads. In fact, across all tested variants and cohorts, 

only one variant was associated with asthma in paternal asthma dyads, which was not among those 

associated in maternal asthma dyads. The 20 maternal asthma-associated mitochondrial variants 
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were low-frequency and ethnic-specific. Remarkably, none of the variants overlapped between the 

three study cohorts, which can partly be explained by the population-specificity of the variant 

allele frequencies, as previously described in a rare-variant exome study in these same subjects 

(135), as well as the fact that not all variants were present in all populations due to utilization of 

different genotyping platforms. 

 By leveraging the phylogeny of known mitochondrial haplogroups (153), I also identified 

one individual variant (A93G) and one haplogroup-defining variant (G5262A of haplogroup 

L3e3’4) that were associated with asthma in African American maternal asthma dyads. G5262A 

and many other maternal asthma-associated variants in the Brazilian and Mexican American 

cohorts were in genes of the NADH dehydrogenase complex, indicating that defects in respiratory 

complex I may contribute to features of asthma. Although the effects were modest, similar to 

autosomal variants, my study suggested that some of the risk of maternal asthma may be due to 

variation inherited in the mitochondrial genome. 

5.4   Future directions 

In this research, I explored three mechanisms that may explain maternal risk of asthma: ADAR-

mediated microRNA editing, DNA methylation, and mitochondrial DNA. I have provided 

evidence for each, but all require further in-depth investigations. I propose the following 

approaches to characterize these mechanisms, as well as experiments to discern their clinical 

significance. 

 In chapter 2, I identified a novel epigenetic mechanism, A-to-I editing at the 5th position of 

miR-200b-3p, to be decreased in subjects with moderate-to-severe asthma. I also found the 

expression of the primary editing enzyme, ADAR, to be downregulated only in asthma cases with 

an asthmatic mother. These findings need to be replicated in independent datasets, and in other 
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asthma-associated cell types, such as nasal epithelial cells and immune cells. This same A-to-I site 

was also increased in lung cancer cells (66, 67), promoting the idea of an optimal range of A-to-I 

editing at this site to prevent both cancer and asthma. Thus, a microRNA therapeutic may require 

balanced A-to-I editing at this site to promote a healthy bronchial epithelium. Additionally, a 

thorough characterization of the functional consequences of this A-to-I edited site is necessary in 

both healthy and diseased bronchial epithelium. Downregulation of ADAR in cases with an 

asthmatic mother also suggests decreased A-to-I editing at sites throughout the genome. Future 

studies should investigate altered A-to-I editing across the genome in asthma and in other immune-

mediated diseases. 

 In chapter 3, I identified genome-wide DNA methylation patterns in bronchial epithelial 

cells from asthma cases with an asthmatic mother that reflected distinct endotypes of severe 

asthma. As proposed by others (56, 59, 95), these epigenetic changes are thought to occur in a 

maternal asthma in utero or early life environment and persist into adulthood. There was an 

insufficient number of controls with a mother with asthma in my study, so I could not fully 

disentangle the effects of maternal asthma and asthma on DNA methylation profiles. In future 

investigations, large cohorts of asthmatic and non-asthmatic children with and without an 

asthmatic mother should be examined. To fully understand the impacts of maternal asthma on the 

child’s epigenome, longitudinal studies of mother-child dyads are required to directly assess 

maternal asthma effects on epigenetic and transcriptional landscapes and their associations with 

clinical features of asthma severity.  

In chapter 4, I found that variation inherited in the mitochondrial genome contributed to 

asthma risk only in asthmatic children with an asthmatic mother. Specifically, I identified ethnic-

specific variants that confer risk for asthma only in maternal asthma dyads of diverse ancestries. 
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Because these variants were population and cohort-specific, they may be associated with asthma 

risk via interactions with disease-promoting environmental exposures or with population-specific 

variants in autosomal genes. Importantly, genes that encode different components of the 

respiratory chain are in both the autosomal and mitochondrial genomes (167). It is possible that 

variants and haplotypes in these genes may together increase risk for asthma. Additionally, 

admixed populations of African ancestry (i.e. Puerto Ricans, African Americans) have the highest 

prevalence of asthma (9). One possible explanation for this epidemiological phenomenon is the 

interaction between African-associated mitochondrial variation and non-African-associated 

autosomal variation or vice versa. Larger population cohorts of mother-child dyads in ethnically 

diverse populations are needed to further investigate the complex relationship between the 

autosomal and mitochondrial genomes. 

5.5   Concluding remarks 

I describe three research studies, focused on distinct genetic or epigenetic mechanisms, that 

address an important epidemiological phenomenon – maternal asthma as one of the strongest risk 

factors for childhood-onset asthma. As sequencing becomes cheaper and advanced statistical and 

computational methods become available, I can further characterize these genetic and epigenetic 

mechanisms in larger population cohorts and in relevant asthma-related tissues and cell types. 

Ultimately, the discoveries made in this thesis serve as a basis for future studies and enhance 

potential diagnostics and therapeutics for the treatment of asthma. 
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