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Abstract

Background

Treatment response to systemic corticosteroid in asthmatic children is heterogeneous and

may be mediated by epigenetic mechanism(s). We aim to identify DNA methylation (DNAm)

changes responsive to steroid, and DNAm biomarkers that distinguish treatment response.

Materials and methods

We followed 33 children (ages 5–18) presenting to the Emergency Department (ED) for

asthma exacerbation. Based on whether they met discharge criteria in�24 hours, partici-

pants were grouped into good and poor responders to steroid treatment. Nasal samples

were collected upon presentation to the ED (T0) and 18–24 hours later (T1). Genome-wide

DNAm was measured for both time points in 20 subjects, and compared between T0 and T1

in good and poor responders respectively. DNAm at T1 was also compared between two

responder groups. DNAm of selected CpGs was verified in the complete cohort, and expres-

sion of associated genes was examined. Interactions between DNAm, common single

nucleotide polymorphism (SNP) located at the CpG sites and treatment responses were

assessed.

Results

Three CpGs located in the OTX2 promoter showed responder-specific DNAm changes from

T0 to T1, in which DNAm decreased in good but not in poor responders. Good and poor

responders showed differential DNAm at T1 in 127 CpGs without and 182 CpGs with com-

mon SNP co-localization. Negative correlations between DNAm and gene expression were

observed at CpGs located within the LDHC promoter, suggesting an impact of DNAm on
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gene regulation. Interactions between SNPs, DNAm and treatment response were

detected.

Conclusion

Acute systemic steroid treatment modifies nasal DNAm in good responders. Nasal DNAm,

dependent or independent of SNPs, can differentiate response to treatment in acute asth-

matic children.

Introduction

Asthma is the leading cause of emergency care and hospitalization in children. The current

standard and most effective treatment for treating asthma exacerbation is systemic corticoste-

roid treatment. However, due to heterogeneity in asthma phenotypes and natural history [1,

2], 40–70% of asthma treatment showed absent or incomplete efficacy [3]. Heterogeneous

responses to current standard treatment regimens have been observed in children hospitalized

for acute asthma exacerbations, and nearly two thirds of children who currently have asthma

reported at least one attack in the previous 12 months. One potential explanation could be the

suboptimal management of asthma in the childhood age group [4]. Care practices other than

the standard treatments may improve asthma management; however, effective predictions of

responses to standard treatments are needed in prior.

Biomarkers that may be associated with differential responses to asthma treatments have

been researched in children presenting to the ED and hospitalized for exacerbation. As asthma

symptoms and responses to the standard treatment can change from episode to episode in the

same person, biomarkers that are more dynamic have drawn attention such as gene expression

[5]. Recently, DNA methylation has been increasingly explored due to its important role in the

regulation of gene expression. DNA methylation (DNAm) is the modification of cytosine by

adding a methyl group to the 5’ position of C. DNAm mostly occurs in the context of CpG

dinucleotides and represents an important epigenetic mechanism that regulates gene expres-

sion [6]. Several studies have successfully identified DNAm of certain nucleotides as a bio-

marker for asthma [7–12], and suggested that nasal DNAm marks may be useful biomarkers

of disease severity and treatment response [12]. Efforts have also been made to identify DNAm

markers for asthma that develops in childhood and persists into early adulthood [13] and

markers for temporal asthma transition [14]. Interactions between CpG methylation and

genetic variation, especially single nucleotide polymorphisms (SNPs) located at C or G that

can disrupt or create a CpG site (meSNPs or CpG-SNPs), are prevalent in the human genome

(~15%) [15, 16]; such interactions have been associated with several diseases including child-

hood asthma [17–21]. In the present study, we examined genome-wide DNAm using nasal

epithelial cells to comprehensively search for CpG sites that undergo differential methylation

changes in response to systemic corticosteroid treatment in good and poor steroid responder

groups, as well as to identify biomarkers for treatment response. We further validated these

findings by bisulfite pyrosequencing of a larger population, followed by determination of the

impact of DNAm on candidate gene expression and the impact of common meSNPs on

DNAm. We also evaluated associations between DNAm-modifying meSNPs (known as meth-

ylation quantitative trait locus or meQTLs) and treatment response. Our results provide novel

epigenetic biomarkers for treatment response to systemic steroid in asthmatic children and

potential therapeutic targets for alternative asthma therapies.

DNA methylation variation and asthma treatment responses
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Materials and methods

Study population

This study was approved by the Institutional Review Board at Cincinnati Children’s Hospital

Medical Center (CCHMC # 2008–1384). Using inclusion and exclusion criteria previously

described [5], children aged 5–18 years who presented to the CCHMC ED with acute asthma

exacerbation and had an asthma diagnosis were recruited during March 2011-Oct 2014 and

written informed consents were obtained from parents or guardians of the minors. Informa-

tion collected includes demographics, environmental exposures, asthma trigger information,

and personal and family allergy and asthma symptom history. Parent(s)/legal authorized rep-

resentatives also provided current inhaled corticosteroid (ICS) controller medication (Asma-

nex1, Flovent1, Qvar1, Pulmicort1, Advair1, Dulera1, Symbicort1, etc.). Usage of nasal

steroids in the past 4 weeks was recorded. To assess baseline asthma symptom severity and

control, a respiratory symptom score was calculated (based on frequency of wheeze, cough,

shortness of breath, and chest tightness) [22] and the age-specific Asthma Control Test™
(ACT) score was collected [23]. Information regarding the hospital course was extracted from

medical charts. Enrolled patients were treated according to the CCHMC evidence-based treat-

ment protocol for inpatient asthma exacerbation and discharged as previously defined [5]. As

previously described [5], they were classified as good and poor responders based on the time

required for them to clinically improve to the point where they achieve discharge criteria

(>24hrs or�24hrs).

Treatment protocol and definition of length of stay

Enrolled patients were treated according to the CCHMC evidence-based treatment protocol

for inpatient asthma exacerbation and discharged as previously defined [5]. Briefly, all patients

received 2mg/kg/day of prednisone while hospitalized and ICS were continued via mouth-

piece. Clinical discharge criteria were met when: (1) oxygen saturations were greater than or

equal to 91% on room air for at least 6 hours; (2) no evidence of respiratory distress; and (3)

reached a time point at which the patient demonstrated sufficient clinical improvement while

receiving albuterol no more frequently than every 4 hours for a period of 8 hours (q4h x 2).

Length of stay (LOS) was calculated as the time the disposition was set to admit to the time the

subject met the clinical criteria for discharge. Based on our previous data [5], good responders

were defined as those with LOS�24 hours (short LOS) and poor responders as those with

LOS>24 hours (long LOS).

Nasal sample collection and DNA/RNA extraction

Nasal epithelial samples were collected at two time points from each subject: (1) upon presen-

tation to the ED (T0) and (2) on the inpatient floor 18–24 hours after receiving systemic corti-

costeroids in the ED (T1). Nasal mucosa sampling was performed with a CytoSoft Brush

(Medical Packaging Corp, CA, USA), and the samples were immediately taken to the labora-

tory for processing. Nasal samples collected contained>90% epithelial cells, similar to our pre-

vious findings [24]. DNA and RNA were extracted with the AllPrep DNA/RNA Micro kit

(Qiagen, Hilden, Germany), according to the manufacturer’s protocols.

Illumina 450K array processing

For genome wide DNAm assay, we used 40 samples from 20 subjects as the discovery popula-

tion. Genomic DNA from the nasal cells was bisulfite treated and assayed by the Illumina Infi-

nium HumanMethylation450 BeadChip (Illumina). Quality of the array was assessed using

DNA methylation variation and asthma treatment responses
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sample-independent and dependent internal control probes included on the array for staining,

extension, hybridization, specificity and bisulfite conversion. All the samples passed the QC

and were included in the discovery analysis. The signal intensities were then background-

adjusted using out-of-band probes (noob), and normalized using functional normalization

with R package “RnBeads”. Beta values were calculated as
signalmethylation

signal methylationþ signalunmethylation
and used in

further analyses. CpG sites that were not detected in all samples at p = 0.01 level, and CpG sites

on the X and Y chromosomes were excluded.

Array data have been deposited to NCBI GEO (https://www.ncbi.nlm.nih.gov/geo/) with

the accession number GSE104087.

450K array SNP annotation and GREAT annotation

To examine whether reported sites from Illumina 450K Arrays overlap with any known poly-

morphisms, common SNPs from dbSNP 142 table with minor allele frequency (MAF)�1%

were extracted and used to annotate these sites. The majority of the reported array sites do not

contain strand-specific information and are CpG dinucleotides. These reported 1bp site along

with its consecutive downstream base were examined for overlapping with any known com-

mon SNPs. A small portion of the reported array sites have strand-specific information and

are non-CpG methylation sites (CHG, H = A, C, T). For these sites, only the reported 1bp site

was examined. When a site is found to be overlapping with polymorphisms, a binary indicator

along with allele information, rsID, and observed strand, are added to the reported array site

as annotations. In addition to the Illumina annotation for CpG sites on arrays, we also utilized

Genomic Regions Enrichment of Annotations Tool (GREAT) to search for genes in close

proximity with CpG sites [25].

Bisulfite pyrosequencing

For DNAm measurement, a total of 200ng genomic DNA was subjected to sodium bisulfite

treatment and purified using the EZ DNA methylation-Gold Kit (Zymo research, Irvine, CA,

USA) according to the manufacturer’s specifications. Pyrosequencing was carried out using

Pyro Gold reagents with a PyroMark vacuum prep workstation and a PyroMark Q96 MD

instrument (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. The gen-

erated pyrograms were automatically analyzed using Pyro Q-CpG methylation analysis soft-

ware (Qiagen, Valencia, CA, USA). 100% methylation control (SssI-treated human genomic

DNA) and 0% methylation control (human genomic DNA amplified by GenomePlex1 Com-

plete WGA kit (Sigma, St. Louis, MO, USA)) were used in validating all assays. For SNP analy-

sis, DNA was subjected to PCR amplification without bisulfite treatment. The allele frequency

of possible SNPs was calculated by the PyroMark MD 1.0 (Qiagen). Pyrosequencing assay

design and genomic coordinates are as documented in S1 Table.

Reverse transcription quantitative PCR (RT-qPCR)

Total RNA was reverse-transcribed to cDNA using the Superscript III kit (Life Technologies,

NY, USA) using random hexamers according to manufacturer’s instructions. Real-time quan-

titative PCR was performed using the SYBR Green Master Kit and LightCycler1 480 instru-

ment (Roche Diagnostics, Indianapolis, IN, USA). PCR was carried out in triplicate from each

fraction and the mean Ct value of the triplicate reaction was normalized against the mean Ct

value of GAPDH. Primer sequences are described in S2 Table.

DNA methylation variation and asthma treatment responses
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Ingenuity pathway analysis

To better understand the biological meaning of the methylation changes, genes associated with

identified differentially methylated CpG sites were extracted from 450K array annotation file

and was imported into Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Redwood City,

CA) for pathway mapping, gene network detection, and upstream regulator identification. A

cutoff of 0.05 was used for statistical significance in IPA analysis.

Statistical analysis

The analyses were performed as outlined in Fig 1. To identify CpG sites with responder-spe-

cific T0-T1 changes, the association between DNAm (beta value from the array; see detailed

description in the supplementary information) and time were tested using linear regression in

poor and good responders respectively. To identify CpG sites with differential DNAm between

poor and good responders, we tested the association between beta value and responder status

with linear regression using data from T1. Age, gender, and race (dichotomized as black and

Fig 1. Analysis flowchart.

https://doi.org/10.1371/journal.pone.0186150.g001
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non-black) were adjusted. To further correct for the batch effect and bias caused by unknown

confounders such as cell composition, we performed surrogate variable analysis (SVA) using

the R package “SVA”. Three significant SVs were detected. The associations described above

were then tested again with three SVs being included in the modeling. Only CpG sites identi-

fied in both sets of analyses were selected for further examination. For array analysis, nominal

significance was defined as p value�0.05, and genome-wide significance was defined as q

value�0.05 [26].

To verify the CpG sites identified from the array that showed responder-specific T0-T1

changes in DNAm, we assayed 33 pairs of samples with bisulfite pyrosequencing and calcu-

lated the percent of methylation. As T0 and T1 DNAm are paired by subjects, to better account

for between-subject random effects, we used mixed models, in which a responder�time inter-

action was tested. Mixed models were also utilized to verify the CpG sites whose T1 DNAm

showed association with response to treatment. In these verification analyses, both T0 and T1

data were used with correlations between T0 and T1 being considered. We also calculated an

M value as M ¼ log2

methylation %

1� methylation %
, which was examined to ensure the validity of conclusions

from models using beta values.

To determine genetic effects on DNAm, we clustered the beta values into full-, semi- and

non-methylated groups by examining the distribution of the beta values. The methylation

groups were then compared with the genotypes. To test the genetic association with the

responder status, we used an additive model in which genotypes were numerically coded

according to the number of minor allele. The genetic association was then tested using a logis-

tic model.

To assess the relationship between gene expression and DNAm, we used the Spearman cor-

relation. We also examined the association of LDHC expression with response to treatment,

and the responder-specific changes between T0 and T1 in OTX2 expression. As the expression

data exhibited log-normal distribution, the associations were tested using generalized estimat-

ing equation assuming a log-normal distribution of the data. Verification analyses were con-

ducted using SAS 9.4 unless otherwise specified. P values� 0.05 were designated statistically

significant.

Results

Study overview and population characteristics

Our discovery population consisted of 20 exacerbating asthmatics who were not exposed to

nasal steroid within the past 14 days (S3 Table). To identify CpG sites whose DNAm status

was associated with systemic corticosteroid treatment response, we assayed the genome-wide

nasal methylation using paired DNA samples collected at both T0 and T1 from these 20

patients (40 samples total). As false positive results would occur even after stringent QC, data

preprocessing, and complex analyses of 450K arrays, we further verified significant associa-

tions using bisulfite pyrosequencing in the complete cohort.

The discovery population was composed of 60% black males, and 45% were good respond-

ers. There were no statistically significant differences in age, sex, race or number of good or

poor responders between the discovery population and the 13 additional subjects (S3 Table).

Among the 13 additional subjects, 7 of them reported previous exposure to nasal steroid (S3

Table). Therefore, the DNAm data at T0 of these 7 subjects measured by bisulfite pyrosequen-

cing were excluded from the analyses when T0 samples were studied. Mean baseline respira-

tory symptom frequency score and ACT scores were also comparable. When comparing good

and poor responders in the complete cohort, we found that most of the demographics and

clinical features were also similar (Table 1). While the poor responders had a slightly higher

DNA methylation variation and asthma treatment responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0186150 October 13, 2017 6 / 19

https://doi.org/10.1371/journal.pone.0186150


mean ACT (17.3 vs. 14.6, p = 0.047), the means of both groups are<19, indicating poor

asthma control. Overall there were no major differences between the populations.

Systemic steroid treatment significantly altered the nasal methylome

within 24 hours in good responders, but not in poor responders

Using the array data, we compared the methylation level for each CpG site between T0 and T1

in good and poor responders respectively. In poor responders, no CpG sites had changes in

methylation between T0 and T1 even at nominal level. In contrast, in the good responders, 5

CpG sites were identified whose methylation were significantly altered between T0 and T1 at

nominal level, but did not reach genome-wide significance (p�0.05, absolute deltaBeta�0.10,

S4 Table). Interestingly, 3 of the 5 CpG sites are in the promoter (defined as 2kb upstream

TSS) and 5’ UTR of OTX2, suggesting a possible regulatory role for these CpG sites. As two of

the three OTX2 CpGs are adjacently located, we were able to assay them and two additional

CpGs in the same region using one bisulfite pyrosequencing reaction (S1 Table). In all 4 CpG

sites, significant responder�time interactions were found (Fig 2). These results confirmed that

changes in DNAm from T0 to T1 differed by response status. Specifically, in good responders,

DNAm levels of CpG1-4 in the OTX2 promoter were significantly lower at T1, while in poor

responders, the DNAm level at T1 was comparable to T0 (CpG1-3) or elevated (CpG4).

DNAm in nasal cells separates poor responders from good responders

To identify markers that distinguish poor from good responders in the discovery phase, we

focused on samples collected at the T1 time point. In the verification phase, T0 samples that

had base line nasal steroid usage were excluded. Using the discovery array data of the T1 sam-

ples (Fig 1), at nominal level, we identified 309 autosomal CpG sites with differential DNAm

between the good and poor responders. Because SNPs can modify DNAm in cis, we further

removed CpGs whose DNAm might be subject to genetic influences. Among these CpG sites,

127 have no reported common SNPs at the C or G, but 42 of these 127 sites have reported

SNPs present on the array probes (<10bp away from the given CpG site) thus their DNAm

measurements may not be accurate due to the influences of the SNPs (Fig 1). After removing

these 42 sites, the remaining 85 sites could distinguish the two responder groups using hierar-

chical clustering (Ward’s minimum variance method in JMP). We then examined the distribu-

tion of the array data for these 85 sites, as well as the biological functions of genes near these

CpG sites. This process resulted in 32 CpG sites whose DNAm levels were sufficient to

Table 1. Demographics and clinical features of good and poor responders.

Good responders (N = 15) Poor responders (N = 18) p-value

Age 8.0 (6.0–14.0) 6.5 (5.0–11.0) 0.31

Male Sex 10 (67%) 12 (67%) 1.00

Race

White 2 (13%) 4 (22%) 0.86

Black 12 (80%) 12 (67%)

Biracial 1 (7%) 2 (11%)

Exposed to nasal steroid 4 (27%) 3 (17%) 0.67

Respiratory symptom score 2.0 (1.1) 2.5 (1.1) 0.19

ACT Score 14.6 (3.5) 17.3 (3.7) 0.047

Note: age was shown as median (IQR) and tested using Wilcoxon rank sum test; respiratory symptom and asthma control scores were shown as mean

(SD) and tested using t tests; the rest of the variables were shown as n (%) and tested using Fisher’s exact tests.

https://doi.org/10.1371/journal.pone.0186150.t001
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Fig 2. Promoter methylation of OTX2 showed differential changes in response to steroid treatment between good and poor

responders. The association of DNAm at 4 CpG sites located within the promoter region of OTX2 with time (T0 vs. T1) and responder

status were tested using mixed models with age, sex and race being adjusted. Data shown were least square means with standard

errors of the methylation% at T0 and T1 for good and poor responders respectively. P values were for the responder-specific T1-T0

changes.

https://doi.org/10.1371/journal.pone.0186150.g002
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completely separate the two responder groups (Fig 3A and S5 Table), and none of them were

measured by cross-reactive probes [27]. Two CpG sites (cg17187762 and cg00802903) that

reached genome-wide significance (q value <0.05, with and without SV) were included in

these 32 sites.

IPA pathway analysis of the genes implicated by these 32 CpG sites identified one network

that is over represented by the genes close to the 32 CpG sites (Fig 3B). Among genes in this

network, LDHC, Dynein heavy chain domain 1 (DNHD1), and proline-rich coiled-coil 1
(PRRC1) were chosen for verification. LDHC encodes lactate dehydrogenase and is highly

expressed in asthmatics. Its level in sputum has been established as a diagnostic marker for

asthma [28, 29]. DNHD1 encodes Dynein Heavy Chain Domain 1, which is a protein complex

that is involved in microtubule movement and expressed in the lung. DNAm at multiple CpG

sites within this gene, including the one identified from our study (cg10208301), is associated

with multiple sclerosis in blood DNA [30]. The proline-rich coiled-coil 1 protein encoded by

PRRC1 is highly expressed in oral epithelium and moderately expressed in lung tissues. Three

CpG sites within the gene body of DNHD1 (including cg10208301), three CpG sites within the

promoter of LDHC (including cg11821245), and three CpG sites within the promoter of

PRRC1 (including cg02762363 and cg04431054) were measured by bisulfite pyrosequencing in

both T0 and T1 samples from all 33 participants and their association with length of stay was

examined. As shown in Table 2, none of the sites showed differences in DNAm between T0

and T1, therefore data from T1 and T0 were combined and compared between good and poor

responders. Using this approach, all CpG sites identified by the arrays were verified, in which

good responders exhibited lower methylation compared to poor responders (Table 2). In

Fig 3. DNAm at 32 non-SNP CpG sites separate two responder groups. A. Hierarchical clustering of participants based on DNAm (Ward’s minimum

variance method, JMP). Yellow line represents the complete separation between good (top panel) and poor responders (bottom panel). B. Overrepresented

network from IPA analysis. CpG sites located close to genes circled in red were selected for verification.

https://doi.org/10.1371/journal.pone.0186150.g003
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addition, two CpG sites in LDHC that were not evaluated by the array also exhibited significant

differences between good and poor responders. Therefore, we identified novel epigenetic bio-

markers that may not be sensitive to the steroid treatment, but can differentiate poor respond-

ers from good responders.

DNAm levels in candidate genes correlate with gene expression

To assess the role of DNAm in the regulation of gene expression, we assayed the expression

levels of OTX2, LDHC, DNHD1, and PRRC1 in the same samples where DNAm levels were

measured. In OTX2, moderate negative correlation was detected between expression and

DNAm but did not reach statistical significance (Spearman r = -0.3 for all sites, p value ranging

from 0.08–0.12, S1A Fig). In LDHC, we observed strong negative correlation between expres-

sion and DNAm of all three CpG sites (Fig 4A, Spearman r ranging -0.6−-0.5, p<0.01 for all

sites). No significant negative correlations between expression and DNAm were found for

DNHD1 and PRRC1 (data not shown). Moreover, significant association between LDHC
expression and response to treatment was detected (Fig 4B, p = 0.016). Consistent with their

lower promoter DNAm in LDHC, good responders showed higher LDHC expression, support-

ing the down-regulation of LDHC expression by promoter DNAm. In OTX2, responder-spe-

cific T1-T0 changes in expression was suggested, but did not reach statistical significance (S1B

Fig, p = 0.06). In conclusion, we observed negative correlation between promoter DNAm and

expression for LDHC and OTX2, but not for DNHD1 and PRRC1.

Genetic variation modifies DNAm and associates with treatment

response

Among the 309 sites whose DNAm levels were associated with length of stay and therefore dif-

ferentiated poor responders from good responders, 182 had SNPs located at C or G according

to the 1000 genomes project (S6 Table). Such SNPs have the ability to disrupt or create a CpG

dinucleotide and thereby substantially modify DNAm. To examine the potential effects of

SNPs on DNAm, we visualized the distribution of DNAm levels by genotypes of 7 SNPs. At six

sites, a tri-modal distribution of DNAm was observed which completely aligned with the geno-

types (Table 3). Given the significant associations between DNAm and treatment response

and the good alignment between DNAm and genotypes, it is not surprising that in the 20 sub-

jects who had 450K array data, all the sites showed statistically significant or marginally

Table 2. CpG sites whose DNAm levels at T1 are associated with treatment response.

Gene site Target ID T1 T0 T1 + T0

poor good p-value poor good p-value poor good p-value

DNHD1 CG1 cg10208301 92.7±4.2 83.3±4.8 0.13 93.7±3.4 83.9±3.9 0.06 93.1±2.3 84.0±2.7 0.011

CG2 84.0±3.8 76.1±4.1 0.17 85.8±2.8 80.1±3.3 0.20 85.3±2.1 79.6±2.3 0.08

CG3 90.5±5.3 81.0±6.1 0.22 89.5±3.6 87.7±4.1 0.73 89.0±2.8 87.0±3.2 0.64

LDHC CG1 81.0±3.8 72.1±4.3 0.11 87.7±2.1 78.6±2.4 0.007 85.5±1.8 77.3±2.1 0.004

CG2 74.9±4.3 61.8±4.9 0.040 79.3±3.8 70.2±4.3 0.11 77.3±2.6 67.5±2.9 0.012

CG3 cg14332815 67.6±4.2 53.8±4.8 0.028 67.5±4.7 57.6±5.4 0.16 67.4±2.6 55.8±3.0 0.004

PRRC1 CG1 37.8±3.8 32.0±4.3 0.30 32.8±4.5 41.0±5.1 0.21 35.0±3.0 36.2±3.4 0.76

CG2 cg02762363 26.0±2.2 19.7±2.5 0.05 28.4±5.1 22.2±5.7 0.40 27.1±2.4 20.4±2.7 0.06

CG3 cg04431054 32.7±2.5 24.5±2.8 0.026 38.8±4.8 27.4±5.5 0.11 34.5±2.6 24.9±2.9 0.014

Note: DNAm were compared between good and poor responders using mixed models with age, sex and race being adjusted. Data shown were least square

means and standard errors.

https://doi.org/10.1371/journal.pone.0186150.t002
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significant genetic associations with responder status. For example, rs12282251 (C/T) is

located at the C position of cg16827215. The methylation levels at cg16827215 were completely

aligned with the genotypes (Fig 5A), with CC (red dots) showing complete methylation and

CT (blue dots) showing semi-methylation. Association of cg16827215 DNAm and genetic

association of rs12282251 with the responder status were also detected (Fig 5B and Table 3).

When all 33 genotyped subjects were analyzed using additive models, similar genetic associa-

tions were observed (Table 3); significant associations remained for four sites (rs12282251,

rs66630638, rs73006518 and rs76828276) while the other two (rs34756202 and rs73006518)

showed marginal significance. For rs75428195, although there is reported G/C variation in the

general population, we did not detect the C allele in our cohort, and all subjects had a GG

genotype. Therefore, the observed full and semi-methylation at cg05740244 (Fig 5D and 5E)

was not due to genetic variation, and responder status was only associated with methylation

levels, but not genotypes (Fig 5D and S7 Table). Moreover, similar to sites shown in Table 2,

these two sites also exhibited good DNAm agreement between T0 and T1 (Fig 5C and 5E). As

Fig 4. Relationships between LDHC expression, DNAm and treatment response. A. Correlations between LDHC expression

and DNAm at each of the three CpG sites. Paired methylation% and expression values were plotted for each sample as dots; the

regression lines showed negative correlation between expression and DNAm. B. Differential LDHC expression between good and

poor responders. The expression data were plotted as dots; the least square mean of each group was shown as solid triangle

along with 95% confidence limits.

https://doi.org/10.1371/journal.pone.0186150.g004
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T0 samples are not always available, our results therefore implicate the potential usage of T1

DNAm as a marker to differentiate good from poor responders.

Discussion

In this pilot study, we utilized a genome-wide approach to first search for CpG sites whose

DNAm levels respond to steroid treatment for asthma exacerbation in nasal epithelial cells.

We found that the promoter of OTX2 showed significantly decreased methylation after treat-

ment, but such decrease was only observed in children who responded well, not in children

who responded poorly. Using the same data, we also identified a novel set of CpG sites whose

methylation are unresponsive to treatment, yet distinguish the poor responders from the good

responders. Interestingly, quite a few of these CpG sites can be disrupted by the presence of

certain common SNPs; in most of these sites, DNA methylation was altered along with their

genotypes. Taken together, our findings suggest that epigenetic mechanisms underlie the het-

erogeneous responses to systemic steroid treatment, in part driven by genetic variations pres-

ent at CpG sites.

The OTX2 gene encodes a transcription factor with key roles in the brain [31, 32], craniofa-

cial and sensory organs [33, 34] and pituitary development [35]. Upon differentiation of plu-

ripotent stem cells, it also interacts with Oct4 to activate gene enhancers by establishing and

maintaining local active chromatin [36]. The role of OTX2 in asthma and response to steroid

treatment is unknown. Interestingly, Otx2 can directly interact with Foxa2 [37, 38], and such

interactions can be detected in vivo and govern development of the anterior mesendoderm,

node, and midline in mice [38]. Foxa2 has been implicated in suppression of goblet cell meta-

plasia during allergen challenge [39]. It suppresses the production of IL13, IL33, CCL20 and

CCL17 from airway epithelial cells and inhibits allergen-induced goblet cell differentiation

Table 3. Associations between DNAm, genotypes at meSNPs, and treatment response.

rsID cg Genotype

(n)

beta at T1

(SD)

%Poor

responders

Genetic association

(p value)

Chr location MA (%)

(ED)

MA (%)

(UCSC

hg19)

Putative

function

rs12282251 cg16827215 CC (20) 0.76 (0.06) 75% 0.003 11 11292635 T

(0.20)

T (0.18) 3’ UTR

CT (13) 0.43 (0.03) 23%

rs34756202 cg01882774 CC (17) 0.83 (0.03) 35% 0.11 14 94491763 T

(0.30)

T (0.26) Intron/

upstreamCT (12) 0.50 (0.10) 83%

TT (4) 0.07 (0.03) 50%

rs7933565 cg19680693 GG (12) 0.83 (0.04) 42% 0.10 11 94111808 A

(0.45)

A (0.53) 3’ UTR

GA (12) 0.52 (0.07) 50%

AA (9) 0.11 (0.05) 78%

rs66630638 cg08891829 GG (22) 0.93 (0.01) 36% 0.002 4 56231728 A

(0.16)

A (0.14) intron

AG (10) 0.52 (0.05) 90%

AA (1) 0.04 (-) 100%

rs73006518 cg22843488 CC (22) 0.90 (0.02) 41% 0.015 3 151017685 T

(0.19)

T (0.06) intron

CT (9) 0.67 (0.10) 78%

TT (2) 0.13 (0.02) 100%

rs76828276 cg05187322 CC (24) 0.90 (0.02) 42% 0.010 17 78152328 T

(0.12)

T (0.07) 5’ UTR

CT (9) 0.49 (0.04) 89%

Note: Minor allele and frequencies from current ED study and UCSC (hg19) were listed. For the genetic association tests, additive models were used. No

effects of age, sex or race on the responder status were detected.

https://doi.org/10.1371/journal.pone.0186150.t003
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[40], through reprogramming of Th2-mediated inflammation and innate immunity. Whether

OTX2 has similar roles in response to allergen warrants further mechanistic studies. We also

found no dexamethasone responsive elements or GR binding sites within 5000 bases of OTX2
in A549 cells treated with dexamethasone in a publically available GR ChIP-seq dataset [41].

No significant changes in expression or methylation of OTX2 were detected after dexametha-

sone treatment (24hrs) in human bronchial airway epithelial cells (data not shown). However,

in nasal samples from children, as opposed to poor responders who showed no significant

changes in DNAm and expression of OTX2, good responders showed decreased promoter

methylation after steroid treatment (Fig 2) and a trend of increase in expression (S1 Fig).

We have also identified 309 CpG sites whose DNAm levels were associated with treatment

response—182 overlap with common SNPs and 127 do not have SNP co-localization. Out of

Fig 5. Relationships between DNAm, genotype at meSNPs and treatment response. A-B. Relationship between rs12282251, cg16827215 and

treatment response. Red and blue dots represented the CC and CT genotypes, respectively. C. Good agreement of DNAm at cg16827215 between T0

and T1. D. DNAm at cg05740244 between good and poor responders. All participants have the same genotype (GG). E. Good agreement of DNAm at

cg05740244 between T0 and T1. Identity lines were drawn in C and E.

https://doi.org/10.1371/journal.pone.0186150.g005
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the CpGs without common SNP co-localization, we followed up on sites located at LDHC,

DNHD1 and PRRC1, and verified the associations of their DNAm with the treatment response.

Moreover, we also detected significant differential expression between the two responder

groups in LDHC (Fig 4B). The level of lactate dehydrogenase level in sputum has been estab-

lished as a diagnostic marker for asthma [28, 29], and our data suggest that it might also be a

useful marker for steroid treatment response. Among all verified sites, no CpG sites were

found to be strongly associated with poorly controlled asthma (ACT score), or base line

asthma symptom scores.

Out of the 182 SNP-containing sites, we genotyped 7 and found complete agreement

between genotypes and DNAm levels at 6 sites (Table 3). Furthermore, four sites showed sta-

tistically significant genetic association with the treatment response. These four sites are

located within GALNTL4 (or GALNT18, Polypeptide N-Acetylgalactosaminyltransferase 18),

SRD5A3 (Steroid 5 Alpha-Reductase 3), MED12L-GPR87 locus (mediator complex subunit

12-like and G protein-coupled receptor 87) and CARD14 (Caspase Recruitment Domain Fam-

ily Member 14). GALNTL4 encodes a glycosyltransferase that participates in the initial steps of

protein O-glycosylation and it is involved in the biosynthesis of simple mucin-type carbohy-

drate antigens and responsive to bacterial infection in mice gastric mucosa [42]. SRD5A3
encodes steroid 5-alpha reductase, plays a key role in the early steps of protein N-linked glyco-

sylation [43] and is required for the production of 5-alpha-dihydrotestosterone (DHT) from

testosterone in hormone-refractory prostate cancer [44]. rs73006518 is located within two pro-

tein coding genes, MED12L on the + strand and GPR87 on the—strand. The protein encoded

by MED12L exhibits sequence similarity with components of the Mediator complex and may

be involved in gene transcription. The G protein receptor encoded by GPR87 is a receptor for

lysophosphatidic acid (LPA) [45], and LPA may contribute to asthma by regulation of cytokine

synthesis and chemotaxis in lymphocytes [46–49], contractility and proliferation of smooth

muscle cells [50], and inflammatory signaling in airway epithelium [51]. LPA is also required

for p53-dependent cell survival in response to DNA damage [52] and its overexpression leads

to lung tumor cell proliferation [53]. The protein encoded by CARD14 belongs to the mem-

brane associated guanylate kinase (MAGUK) family, and may function as an upstream activa-

tor of BCL10 and NF-kappaB signaling and contribute to apoptosis [54]. Its expression in

bronchial airway epithelial cell was associated with exhaled nitric oxide in severe asthmatics

[55]. Although these studies support the biological functions of these genes in asthma pheno-

types, the potential utilization of these biomarkers to sufficiently predict future treatment

response in children hospitalized for asthma exacerbation awaits further evaluation in longitu-

dinal studies studying a large number of children in multiple hospitalizations. Once estab-

lished, these biomarkers will inform clinicians about a patient’s treatment response to steroid

during future asthma attacks and identify those who will be in need of alternative individual-

ized asthma management plan. This would significantly reduce length of hospitalization and

improve patient care.

It is intriguing that the genotype at C or G sites can modify DNAm levels in cis in airway

epithelial cells, and when C is present, it is always methylated. This indicates the complete

dependence of DNAm on genetic sequence at these locations, and is consistent with previous

reports that in CD4+ T cells over 80% of meSNPs are meQTLs [16]. The dictation of DNAm

by so-called small methylation determining regions has been observed during stem cell differ-

entiation [56]. Our findings also indicate that DNAm and genotypes can infer each other very

well at some genomic locations (6 out of 7 that we genotyped). Though it is difficult to tease

out which is truly the determinant for phenotype in our association study, because of its role

in gene expression regulation, DNAm becomes an intriguing explanation for the biological

effects of these genetic variants, especially those located in regulatory regions. Detailed
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mechanisms accounting for such tight regulation of DNAm by meSNPs warrants further

investigation. In addition, we also found one case where genotype did not completely follow

levels of DNAm. Therefore, genetic and epigenetic studies in the same population are both

required to fully understand the interplay between these two mechanisms and their collabora-

tive contribution to biological and pathological processes.

Conclusions

Despite small sample size, our research showed that DNAm variations can differentiate good

responders and poor responders. These epigenetic biomarkers may be used to distinguish chil-

dren who do not respond to steroid treatment well, therefore are in need of alternative novel

therapies. Further replication studies in children will be needed to substantiate these finding,

and the establishment of such biomarkers of treatment response will inform personalized

management plan during severe pediatric asthma exacerbations. DNAm biomarkers are more

interactive with environment, especially those independent of genetics. They reflect real time

dynamics of a patient, thus may better predict responses to asthma treatment from episode to

episode. Our findings in the genetic-dependent DNAm variation provide new insights for phe-

notypic variations associated with genetics. Besides being used as biomarkers, DNAm can also

be targets for future novel alternative therapies.
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% and expression were plotted for each of the samples as dots; the regression lines suggested

negative correlation between expression and DNAm. B. OTX2 expression for good and poor

responders at different time points. The expression data were plotted as dots; the least square

mean of each of the groups was shown as solid triangle along with 95% confidence limits.

Responder-specific T1-T0 change in expression was suggested (p = 0.06).

(EPS)

S1 Table. Primers used for pyrosequencing and the CpG and SNP sites interrogated.

(XLSX)

S2 Table. Primers used for RT-qPCR.

(DOCX)

S3 Table. Demographics of the patients included in the discovery phase and verification

phase.

(DOCX)

S4 Table. List of CpG sites with methylation changes from T0 to T1 in good responders.

(XLSX)

S5 Table. List of non-SNP CpG sites that showed differential methylation levels between

good responders and poor responders.

(XLSX)

S6 Table. List of SNP-CpG sites that showed differential methylation levels between good

responders and poor responders.

(XLSX)

DNA methylation variation and asthma treatment responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0186150 October 13, 2017 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186150.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186150.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186150.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186150.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186150.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186150.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186150.s007
https://doi.org/10.1371/journal.pone.0186150


S7 Table. Associations of treatment response with rs75428195 genotype and DNAm at

cg05740244.

(DOCX)

Acknowledgments

We thank the participating families and staff from the ESS and PEES studies, as well as the

Genomics, Epigenomics and Sequencing Core at the University of Cincinnati for array pro-

cessing and the Cincinnati Children’s Pyrosequencing Core Laboratory for Genomic and Epi-

genomic Research for assistance in pyrosequencing. We also thank the Cincinnati Children’s

Clinical and Translational Research Center for assistance in patient recruitment and sample

collection.

Author Contributions

Conceptualization: Gurjit K. Khurana Hershey, Hong Ji.

Formal analysis: Xue Zhang, Jocelyn M. Biagini Myers, Xiaoting Chen, Hong Ji.

Funding acquisition: Hong Ji.

Investigation: Veda K. Yadagiri, Ashley Ulm, Hong Ji.

Methodology: Xue Zhang, Matthew T. Weirauch, Hong Ji.

Project administration: Hong Ji.

Resources: Hong Ji.

Supervision: Hong Ji.

Validation: Hong Ji.

Visualization: Hong Ji.

Writing – original draft: Xue Zhang, Jocelyn M. Biagini Myers, Hong Ji.

Writing – review & editing: Xue Zhang, Jocelyn M. Biagini Myers, Xiaoting Chen, Matthew

T. Weirauch, Gurjit K. Khurana Hershey, Hong Ji.

References
1. Sly RM. Changing prevalence of allergic rhinitis and asthma. Ann Allergy Asthma Immunol. 1999; 82

(3):233–48; quiz 48–52. https://doi.org/10.1016/S1081-1206(10)62603-8 PMID: 10094214

2. Martinez FD, Wright AL, Taussig LM, Holberg CJ, Halonen M, Morgan WJ. Asthma and wheezing in the

first six years of life. The Group Health Medical Associates. N Engl J Med. 1995; 332(3):133–8. https://

doi.org/10.1056/NEJM199501193320301 PMID: 7800004

3. Drazen JM, Silverman EK, Lee TH. Heterogeneity of therapeutic responses in asthma. British medical

bulletin. 2000; 56(4):1054–70. PMID: 11359637.

4. Akinbami L. The state of childhood asthma, United States, 1980–2005. Advance data. 2006;(381):1–

24. PMID: 17180851.

5. Xiao C, Biagini Myers JM, Ji H, Metz K, Martin LJ, Lindsey M, et al. Vanin-1 expression and methylation

discriminate pediatric asthma corticosteroid treatment response. The Journal of allergy and clinical

immunology. 2015; 136(4):923–31 e3. https://doi.org/10.1016/j.jaci.2015.01.045 PMID: 25910714.

6. Feinberg AP. Genome-scale approaches to the epigenetics of common human disease. Virchows

Arch. 2010; 456(1):13–21. https://doi.org/10.1007/s00428-009-0847-2 PMID: 19844740.

7. Begin P, Nadeau KC. Epigenetic regulation of asthma and allergic disease. Allergy Asthma Clin Immu-

nol. 2014; 10(1):27. https://doi.org/10.1186/1710-1492-10-27 PMID: 24932182.

DNA methylation variation and asthma treatment responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0186150 October 13, 2017 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186150.s008
https://doi.org/10.1016/S1081-1206(10)62603-8
http://www.ncbi.nlm.nih.gov/pubmed/10094214
https://doi.org/10.1056/NEJM199501193320301
https://doi.org/10.1056/NEJM199501193320301
http://www.ncbi.nlm.nih.gov/pubmed/7800004
http://www.ncbi.nlm.nih.gov/pubmed/11359637
http://www.ncbi.nlm.nih.gov/pubmed/17180851
https://doi.org/10.1016/j.jaci.2015.01.045
http://www.ncbi.nlm.nih.gov/pubmed/25910714
https://doi.org/10.1007/s00428-009-0847-2
http://www.ncbi.nlm.nih.gov/pubmed/19844740
https://doi.org/10.1186/1710-1492-10-27
http://www.ncbi.nlm.nih.gov/pubmed/24932182
https://doi.org/10.1371/journal.pone.0186150


8. Nicodemus-Johnson J, Naughton KA, Sudi J, Hogarth K, Naurekas ET, Nicolae DL, et al. Genome-

wide Methylation Study Identifies an IL-13 Induced Epigenetic Signature in Asthmatic Airways. Ameri-

can journal of respiratory and critical care medicine. 2015. https://doi.org/10.1164/rccm.201506-

1243OC PMID: 26474238.

9. Yang IV, Pedersen BS, Liu A, O’Connor GT, Teach SJ, Kattan M, et al. DNA methylation and childhood

asthma in the inner city. The Journal of allergy and clinical immunology. 2015; 136(1):69–80. https://doi.

org/10.1016/j.jaci.2015.01.025 PMID: 25769910.

10. Somineni HK, Zhang X, Biagini Myers JM, Kovacic MB, Ulm A, Jurcak N, et al. Ten-eleven translocation

1 (TET1) methylation is associated with childhood asthma and traffic-related air pollution. The Journal

of allergy and clinical immunology. 2016; 137(3):797–805 e5. https://doi.org/10.1016/j.jaci.2015.10.021

PMID: 26684294.

11. Yang IV, Pedersen BS, Liu AH, O’Connor GT, Pillai D, Kattan M, et al. The nasal methylome and child-

hood atopic asthma. The Journal of allergy and clinical immunology. 2016. https://doi.org/10.1016/j.jaci.

2016.07.036 PMID: 27745942.

12. Yang IV, Richards A, Davidson EJ, Stevens AD, Kolakowski CA, Martin RJ, et al. The Nasal Methy-

lome: A Key to Understanding Allergic Asthma. American journal of respiratory and critical care medi-

cine. 2017; 195(6):829–31. https://doi.org/10.1164/rccm.201608-1558LE PMID: 28294656.

13. Murphy TM, Wong CC, Arseneault L, Burrage J, Macdonald R, Hannon E, et al. Methylomic markers of

persistent childhood asthma: a longitudinal study of asthma-discordant monozygotic twins. Clin Epige-

netics. 2015; 7:130. https://doi.org/10.1186/s13148-015-0163-4 PMID: 26691723.

14. Zhang H, Tong X, Holloway JW, Rezwan FI, Lockett GA, Patil V, et al. The interplay of DNA methylation

over time with Th2 pathway genetic variants on asthma risk and temporal asthma transition. Clin Epige-

netics. 2014; 6(1):8. https://doi.org/10.1186/1868-7083-6-8 PMID: 24735657.

15. Shoemaker R, Deng J, Wang W, Zhang K. Allele-specific methylation is prevalent and is contributed by

CpG-SNPs in the human genome. Genome Res. 2010; 20(7):883–9. https://doi.org/10.1101/gr.

104695.109 PMID: 20418490.

16. Zhi D, Aslibekyan S, Irvin MR, Claas SA, Borecki IB, Ordovas JM, et al. SNPs located at CpG sites mod-

ulate genome-epigenome interaction. Epigenetics. 2013; 8(8):802–6. https://doi.org/10.4161/epi.25501

PMID: 23811543.

17. Dayeh TA, Olsson AH, Volkov P, Almgren P, Ronn T, Ling C. Identification of CpG-SNPs associated

with type 2 diabetes and differential DNA methylation in human pancreatic islets. Diabetologia. 2013; 56

(5):1036–46. https://doi.org/10.1007/s00125-012-2815-7 PMID: 23462794.

18. Liu Y, Aryee MJ, Padyukov L, Fallin MD, Hesselberg E, Runarsson A, et al. Epigenome-wide associa-

tion data implicate DNA methylation as an intermediary of genetic risk in rheumatoid arthritis. Nature

biotechnology. 2013; 31(2):142–7. https://doi.org/10.1038/nbt.2487 PMID: 23334450.

19. Hong X, Hao K, Ladd-Acosta C, Hansen KD, Tsai HJ, Liu X, et al. Genome-wide association study iden-

tifies peanut allergy-specific loci and evidence of epigenetic mediation in US children. Nat Commun.

2015; 6:6304. https://doi.org/10.1038/ncomms7304 PMID: 25710614.

20. Acevedo N, Reinius LE, Greco D, Gref A, Orsmark-Pietras C, Persson H, et al. Risk of childhood

asthma is associated with CpG-site polymorphisms, regional DNA methylation and mRNA levels at the

GSDMB/ORMDL3 locus. Human molecular genetics. 2015; 24(3):875–90. https://doi.org/10.1093/hmg/

ddu479 PMID: 25256354.

21. Montano C, Taub MA, Jaffe A, Briem E, Feinberg JI, Trygvadottir R, et al. Association of DNA Methyla-

tion Differences With Schizophrenia in an Epigenome-Wide Association Study. JAMA Psychiatry. 2016.

https://doi.org/10.1001/jamapsychiatry.2016.0144 PMID: 27074206.

22. Butsch Kovacic M, Biagini Myers JM, Lindsey M, Patterson T, Sauter S, Ericksen MB, et al. The Greater

Cincinnati Pediatric Clinic Repository: A Novel Framework for Childhood Asthma and Allergy Research.

Pediatric allergy, immunology, and pulmonology. 2012; 25(2):104–13. Epub 2012/07/07. https://doi.org/

10.1089/ped.2011.0116 PMID: 22768387.

23. Liu AH, Zeiger RS, Sorkness CA, Ostrom NK, Chipps BE, Rosa K, et al. The Childhood Asthma Control

Test: retrospective determination and clinical validation of a cut point to identify children with very poorly

controlled asthma. The Journal of allergy and clinical immunology. 2010; 126(2):267–73, 73 e1. https://

doi.org/10.1016/j.jaci.2010.05.031 PMID: 20624640.

24. Guajardo JR, Schleifer KW, Daines MO, Ruddy RM, Aronow BJ, Wills-Karp M, et al. Altered gene

expression profiles in nasal respiratory epithelium reflect stable versus acute childhood asthma. J

Allergy Clin Immunol. 2005; 115(2):243–51. Epub 2005/02/08. https://doi.org/10.1016/j.jaci.2004.10.

032 PMID: 15696077.

25. McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT, Lowe CB, et al. GREAT improves functional

interpretation of cis-regulatory regions. Nature biotechnology. 2010; 28(5):495–501. https://doi.org/10.

1038/nbt.1630 PMID: 20436461.

DNA methylation variation and asthma treatment responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0186150 October 13, 2017 17 / 19

https://doi.org/10.1164/rccm.201506-1243OC
https://doi.org/10.1164/rccm.201506-1243OC
http://www.ncbi.nlm.nih.gov/pubmed/26474238
https://doi.org/10.1016/j.jaci.2015.01.025
https://doi.org/10.1016/j.jaci.2015.01.025
http://www.ncbi.nlm.nih.gov/pubmed/25769910
https://doi.org/10.1016/j.jaci.2015.10.021
http://www.ncbi.nlm.nih.gov/pubmed/26684294
https://doi.org/10.1016/j.jaci.2016.07.036
https://doi.org/10.1016/j.jaci.2016.07.036
http://www.ncbi.nlm.nih.gov/pubmed/27745942
https://doi.org/10.1164/rccm.201608-1558LE
http://www.ncbi.nlm.nih.gov/pubmed/28294656
https://doi.org/10.1186/s13148-015-0163-4
http://www.ncbi.nlm.nih.gov/pubmed/26691723
https://doi.org/10.1186/1868-7083-6-8
http://www.ncbi.nlm.nih.gov/pubmed/24735657
https://doi.org/10.1101/gr.104695.109
https://doi.org/10.1101/gr.104695.109
http://www.ncbi.nlm.nih.gov/pubmed/20418490
https://doi.org/10.4161/epi.25501
http://www.ncbi.nlm.nih.gov/pubmed/23811543
https://doi.org/10.1007/s00125-012-2815-7
http://www.ncbi.nlm.nih.gov/pubmed/23462794
https://doi.org/10.1038/nbt.2487
http://www.ncbi.nlm.nih.gov/pubmed/23334450
https://doi.org/10.1038/ncomms7304
http://www.ncbi.nlm.nih.gov/pubmed/25710614
https://doi.org/10.1093/hmg/ddu479
https://doi.org/10.1093/hmg/ddu479
http://www.ncbi.nlm.nih.gov/pubmed/25256354
https://doi.org/10.1001/jamapsychiatry.2016.0144
http://www.ncbi.nlm.nih.gov/pubmed/27074206
https://doi.org/10.1089/ped.2011.0116
https://doi.org/10.1089/ped.2011.0116
http://www.ncbi.nlm.nih.gov/pubmed/22768387
https://doi.org/10.1016/j.jaci.2010.05.031
https://doi.org/10.1016/j.jaci.2010.05.031
http://www.ncbi.nlm.nih.gov/pubmed/20624640
https://doi.org/10.1016/j.jaci.2004.10.032
https://doi.org/10.1016/j.jaci.2004.10.032
http://www.ncbi.nlm.nih.gov/pubmed/15696077
https://doi.org/10.1038/nbt.1630
https://doi.org/10.1038/nbt.1630
http://www.ncbi.nlm.nih.gov/pubmed/20436461
https://doi.org/10.1371/journal.pone.0186150


26. Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proceedings of the National

Academy of Sciences of the United States of America. 2003; 100(16):9440–5. https://doi.org/10.1073/

pnas.1530509100 PMID: 12883005.

27. Chen YA, Lemire M, Choufani S, Butcher DT, Grafodatskaya D, Zanke BW, et al. Discovery of cross-

reactive probes and polymorphic CpGs in the Illumina Infinium HumanMethylation450 microarray. Epi-

genetics. 2013; 8(2):203–9. https://doi.org/10.4161/epi.23470 PMID: 23314698.

28. Usher DJ, Shepherd RJ, Deegan T. Serum lactate dehydrogenase isoenzyme activities in patients with

asthma. Thorax. 1974; 29(6):685–9. PMID: 4450178.

29. Al Obaidi AH, Al Samarai AG, Al-Janabi J, Yahia A. The predictive value of eosinophil cationic protein

and lactate dehydrogenase in asthma: a comparative study of serum versus sputum. World Allergy

Organ J. 2009; 2(7):144–9. https://doi.org/10.1097/WOX.0b013e3181b2fe64 PMID: 23283064.

30. Bos SD, Page CM, Andreassen BK, Elboudwarej E, Gustavsen MW, Briggs F, et al. Genome-wide

DNA methylation profiles indicate CD8+ T cell hypermethylation in multiple sclerosis. PloS one. 2015;

10(3):e0117403. https://doi.org/10.1371/journal.pone.0117403 PMID: 25734800.

31. Panman L, Papathanou M, Laguna A, Oosterveen T, Volakakis N, Acampora D, et al. Sox6 and Otx2

control the specification of substantia nigra and ventral tegmental area dopamine neurons. Cell reports.

2014; 8(4):1018–25. https://doi.org/10.1016/j.celrep.2014.07.016 PMID: 25127144.

32. Bernard C, Prochiantz A. Otx2-PNN Interaction to Regulate Cortical Plasticity. Neural Plast. 2016;

2016:7931693. https://doi.org/10.1155/2016/7931693 PMID: 26881132.

33. Zielinski D, Markus B, Sheikh M, Gymrek M, Chu C, Zaks M, et al. OTX2 duplication is implicated in

hemifacial microsomia. PloS one. 2014; 9(5):e96788. https://doi.org/10.1371/journal.pone.0096788

PMID: 24816892.

34. Vendrell V, Lopez-Hernandez I, Duran Alonso MB, Feijoo-Redondo A, Abello G, Galvez H, et al. Otx2 is

a target of N-myc and acts as a suppressor of sensory development in the mammalian cochlea. Devel-

opment. 2015; 142(16):2792–800. https://doi.org/10.1242/dev.122465 PMID: 26160903.

35. Mortensen AH, Schade V, Lamonerie T, Camper SA. Deletion of OTX2 in neural ectoderm delays ante-

rior pituitary development. Human molecular genetics. 2015; 24(4):939–53. https://doi.org/10.1093/

hmg/ddu506 PMID: 25315894.

36. Yang SH, Kalkan T, Morissroe C, Marks H, Stunnenberg H, Smith A, et al. Otx2 and Oct4 drive early

enhancer activation during embryonic stem cell transition from naive pluripotency. Cell reports. 2014; 7

(6):1968–81. https://doi.org/10.1016/j.celrep.2014.05.037 PMID: 24931607.

37. Nakano T, Murata T, Matsuo I, Aizawa S. OTX2 directly interacts with LIM1 and HNF-3beta. Biochem

Biophys Res Commun. 2000; 267(1):64–70. https://doi.org/10.1006/bbrc.1999.1872 PMID: 10623575.

38. Costello I, Nowotschin S, Sun X, Mould AW, Hadjantonakis AK, Bikoff EK, et al. Lhx1 functions together

with Otx2, Foxa2, and Ldb1 to govern anterior mesendoderm, node, and midline development. Genes

Dev. 2015; 29(20):2108–22. https://doi.org/10.1101/gad.268979.115 PMID: 26494787.

39. !! INVALID CITATION!!! [Lambrecht, 2012 #2006;Park, 2009 #2015].

40. Chen G, Wan H, Luo F, Zhang L, Xu Y, Lewkowich I, et al. Foxa2 programs Th2 cell-mediated innate

immunity in the developing lung. Journal of immunology. 2010; 184(11):6133–41. https://doi.org/10.

4049/jimmunol.1000223 PMID: 20483781.

41. Reddy TE, Pauli F, Sprouse RO, Neff NF, Newberry KM, Garabedian MJ, et al. Genomic determination

of the glucocorticoid response reveals unexpected mechanisms of gene regulation. Genome Res.

2009; 19(12):2163–71. https://doi.org/10.1101/gr.097022.109 PMID: 19801529.

42. Gomes J, Magalhaes A, Carvalho AS, Hernandez GE, Papp SL, Head SR, et al. Glycophenotypic alter-

ations induced by Pteridium aquilinum in mice gastric mucosa: synergistic effect with Helicobacter pylori

infection. PloS one. 2012; 7(6):e38353. https://doi.org/10.1371/journal.pone.0038353 PMID:

22719879.

43. Cantagrel V, Lefeber DJ, Ng BG, Guan Z, Silhavy JL, Bielas SL, et al. SRD5A3 is required for convert-

ing polyprenol to dolichol and is mutated in a congenital glycosylation disorder. Cell. 2010; 142(2):203–

17. https://doi.org/10.1016/j.cell.2010.06.001 PMID: 20637498.

44. Uemura M, Tamura K, Chung S, Honma S, Okuyama A, Nakamura Y, et al. Novel 5 alpha-steroid

reductase (SRD5A3, type-3) is overexpressed in hormone-refractory prostate cancer. Cancer Sci.

2008; 99(1):81–6. https://doi.org/10.1111/j.1349-7006.2007.00656.x PMID: 17986282.

45. Tabata K, Baba K, Shiraishi A, Ito M, Fujita N. The orphan GPCR GPR87 was deorphanized and shown

to be a lysophosphatidic acid receptor. Biochem Biophys Res Commun. 2007; 363(3):861–6. https://

doi.org/10.1016/j.bbrc.2007.09.063 PMID: 17905198.

46. Hashimoto T, Yamashita M, Ohata H, Momose K. Lysophosphatidic acid enhances in vivo infiltration

and activation of guinea pig eosinophils and neutrophils via a Rho/Rho-associated protein kinase-medi-

ated pathway. J Pharmacol Sci. 2003; 91(1):8–14. PMID: 12686725.

DNA methylation variation and asthma treatment responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0186150 October 13, 2017 18 / 19

https://doi.org/10.1073/pnas.1530509100
https://doi.org/10.1073/pnas.1530509100
http://www.ncbi.nlm.nih.gov/pubmed/12883005
https://doi.org/10.4161/epi.23470
http://www.ncbi.nlm.nih.gov/pubmed/23314698
http://www.ncbi.nlm.nih.gov/pubmed/4450178
https://doi.org/10.1097/WOX.0b013e3181b2fe64
http://www.ncbi.nlm.nih.gov/pubmed/23283064
https://doi.org/10.1371/journal.pone.0117403
http://www.ncbi.nlm.nih.gov/pubmed/25734800
https://doi.org/10.1016/j.celrep.2014.07.016
http://www.ncbi.nlm.nih.gov/pubmed/25127144
https://doi.org/10.1155/2016/7931693
http://www.ncbi.nlm.nih.gov/pubmed/26881132
https://doi.org/10.1371/journal.pone.0096788
http://www.ncbi.nlm.nih.gov/pubmed/24816892
https://doi.org/10.1242/dev.122465
http://www.ncbi.nlm.nih.gov/pubmed/26160903
https://doi.org/10.1093/hmg/ddu506
https://doi.org/10.1093/hmg/ddu506
http://www.ncbi.nlm.nih.gov/pubmed/25315894
https://doi.org/10.1016/j.celrep.2014.05.037
http://www.ncbi.nlm.nih.gov/pubmed/24931607
https://doi.org/10.1006/bbrc.1999.1872
http://www.ncbi.nlm.nih.gov/pubmed/10623575
https://doi.org/10.1101/gad.268979.115
http://www.ncbi.nlm.nih.gov/pubmed/26494787
https://doi.org/10.4049/jimmunol.1000223
https://doi.org/10.4049/jimmunol.1000223
http://www.ncbi.nlm.nih.gov/pubmed/20483781
https://doi.org/10.1101/gr.097022.109
http://www.ncbi.nlm.nih.gov/pubmed/19801529
https://doi.org/10.1371/journal.pone.0038353
http://www.ncbi.nlm.nih.gov/pubmed/22719879
https://doi.org/10.1016/j.cell.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20637498
https://doi.org/10.1111/j.1349-7006.2007.00656.x
http://www.ncbi.nlm.nih.gov/pubmed/17986282
https://doi.org/10.1016/j.bbrc.2007.09.063
https://doi.org/10.1016/j.bbrc.2007.09.063
http://www.ncbi.nlm.nih.gov/pubmed/17905198
http://www.ncbi.nlm.nih.gov/pubmed/12686725
https://doi.org/10.1371/journal.pone.0186150


47. Rubenfeld J, Guo J, Sookrung N, Chen R, Chaicumpa W, Casolaro V, et al. Lysophosphatidic acid

enhances interleukin-13 gene expression and promoter activity in T cells. American journal of physiol-

ogy Lung cellular and molecular physiology. 2006; 290(1):L66–74. https://doi.org/10.1152/ajplung.

00473.2004 PMID: 16199434.

48. Saatian B, Zhao Y, He D, Georas SN, Watkins T, Spannhake EW, et al. Transcriptional regulation of

lysophosphatidic acid-induced interleukin-8 expression and secretion by p38 MAPK and JNK in human

bronchial epithelial cells. Biochem J. 2006; 393(Pt 3):657–68. https://doi.org/10.1042/BJ20050791

PMID: 16197369.

49. Wang L, Knudsen E, Jin Y, Gessani S, Maghazachi AA. Lysophospholipids and chemokines activate

distinct signal transduction pathways in T helper 1 and T helper 2 cells. Cell Signal. 2004; 16(9):991–

1000. https://doi.org/10.1016/j.cellsig.2004.02.001 PMID: 15212760.

50. Toews ML, Ustinova EE, Schultz HD. Lysophosphatidic acid enhances contractility of isolated airway

smooth muscle. J Appl Physiol (1985). 1997; 83(4):1216–22. PMID: 9338431.

51. Zhao Y, Natarajan V. Lysophosphatidic acid signaling in airway epithelium: role in airway inflammation

and remodeling. Cell Signal. 2009; 21(3):367–77. https://doi.org/10.1016/j.cellsig.2008.10.010 PMID:

18996473.

52. Zhang Y, Qian Y, Lu W, Chen X. The G protein-coupled receptor 87 is necessary for p53-dependent

cell survival in response to genotoxic stress. Cancer research. 2009; 69(15):6049–56. https://doi.org/

10.1158/0008-5472.CAN-09-0621 PMID: 19602589.

53. Nii K, Tokunaga Y, Liu D, Zhang X, Nakano J, Ishikawa S, et al. Overexpression of G protein-coupled

receptor 87 correlates with poorer tumor differentiation and higher tumor proliferation in non-small-cell

lung cancer. Mol Clin Oncol. 2014; 2(4):539–44. https://doi.org/10.3892/mco.2014.292 PMID:

24940491.

54. Bertin J, Wang L, Guo Y, Jacobson MD, Poyet JL, Srinivasula SM, et al. CARD11 and CARD14 are

novel caspase recruitment domain (CARD)/membrane-associated guanylate kinase (MAGUK) family

members that interact with BCL10 and activate NF-kappa B. The Journal of biological chemistry. 2001;

276(15):11877–82. https://doi.org/10.1074/jbc.M010512200 PMID: 11278692.

55. Modena BD, Tedrow JR, Milosevic J, Bleecker ER, Meyers DA, Wu W, et al. Gene expression in rela-

tion to exhaled nitric oxide identifies novel asthma phenotypes with unique biomolecular pathways.

American journal of respiratory and critical care medicine. 2014; 190(12):1363–72. https://doi.org/10.

1164/rccm.201406-1099OC PMID: 25338189.

56. Lienert F, Wirbelauer C, Som I, Dean A, Mohn F, Schubeler D. Identification of genetic elements that

autonomously determine DNA methylation states. Nature genetics. 2011; 43(11):1091–7. https://doi.

org/10.1038/ng.946 PMID: 21964573.

DNA methylation variation and asthma treatment responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0186150 October 13, 2017 19 / 19

https://doi.org/10.1152/ajplung.00473.2004
https://doi.org/10.1152/ajplung.00473.2004
http://www.ncbi.nlm.nih.gov/pubmed/16199434
https://doi.org/10.1042/BJ20050791
http://www.ncbi.nlm.nih.gov/pubmed/16197369
https://doi.org/10.1016/j.cellsig.2004.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15212760
http://www.ncbi.nlm.nih.gov/pubmed/9338431
https://doi.org/10.1016/j.cellsig.2008.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18996473
https://doi.org/10.1158/0008-5472.CAN-09-0621
https://doi.org/10.1158/0008-5472.CAN-09-0621
http://www.ncbi.nlm.nih.gov/pubmed/19602589
https://doi.org/10.3892/mco.2014.292
http://www.ncbi.nlm.nih.gov/pubmed/24940491
https://doi.org/10.1074/jbc.M010512200
http://www.ncbi.nlm.nih.gov/pubmed/11278692
https://doi.org/10.1164/rccm.201406-1099OC
https://doi.org/10.1164/rccm.201406-1099OC
http://www.ncbi.nlm.nih.gov/pubmed/25338189
https://doi.org/10.1038/ng.946
https://doi.org/10.1038/ng.946
http://www.ncbi.nlm.nih.gov/pubmed/21964573
https://doi.org/10.1371/journal.pone.0186150



