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Abstract

Background—To date, genome-wide association studies (GWASs) of inhaled corticosteroid

(ICS) response in asthmatic patients have focused primarily on lung function and exacerbations.

Objective—We hypothesized that GWAS analysis could identify novel genetic markers

predicting a symptomatic response to ICSs.

Methods—We analyzed differences in asthma symptoms in response to ICSs in 124 white

children from the Childhood Asthma Management Program (CAMP) trial using scores from diary

cards. Of the 440,862 single nucleotide polymorphisms (SNPs) analyzed, the top 100 ranked SNPs

were pursued for replication initially in subjects from the pediatric Childhood Asthma Research

and Education trials (77 white children) and then in subjects from the adult Asthma Clinical
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Research Network (110 white adults) and Leukotriene Modifier or Corticosteroid or

Corticosteroid-Salmeterol trials (110 white adults).

Results—The lowest P value for GWAS analysis in the CAMP trial was 8.94 × 10−8

(rs2388639). Of the 60 SNPs available in the Childhood Asthma Research and Education Network

trials, rs1558726 (combined P = 1.02 × 10−5), rs2388639 (combined P = 8.56 × 10−9), and

rs10044254 (combined P = 9.16 × 10−8) independently replicated. However, these 3 SNPs were

not additionally replicated in the adult asthmatic patients of the remaining trials. rs10044254 lies

in the intronic region of F-box and leucine-rich repeat protein 7 (FBXL7) and is associated with

decreased expression in immortalized B cells derived from CAMP participants.

Conclusions—We have identified a novel SNP, rs10044254, associated with both decreased

expression of FBXL7 and improved symptomatic response to ICSs in 2 independent pediatric

cohorts. Our results suggest that there might be a specific genetic mechanism regulating

symptomatic response to ICSs in children that does not carry over to adults.
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Asthma, a chronic airway inflammatory disease, is an important cause of morbidity and

mortality worldwide.1 Current guidelines recommend inhaled corticosteroid (ICS) treatment

for the management of asthma.2-4 The superior effectiveness of ICSs includes improvements

in lung function, an increase in the number of symptom-free days, and reductions in

exacerbations and hospitalizations.2-5 Despite their general effectiveness, there is high

interindividual variation in response to ICS treatment in asthmatic patients.6,7 Using

pharmacogenomic approaches, several investigators have identified promising candidate

genes associated with response to ICSs.8-13

Recent advances have increased understanding of the complex nature of asthma

characterized by asthma symptoms, variable airway obstruction, and airway

hyperresponsiveness. The complexity of asthma suggests that there might be multiple

biological pathways involving different genes. For example, we found that genetic

predictors of a poor long-term response to ICSs differed markedly depending on the

definition of outcome (exacerbation vs lung function).14

To date, pharmacogenomics studies of ICS response in asthmatic patients have focused

primarily on identifying genes and single nucleotide polymorphisms (SNPs) associated with

physiologic measures, including lung function,8-10 and indirect measures, such as

exacerbations.11,12 Traditional measures (eg, self-reported symptoms) are important to

diagnose and monitor response to asthma treatment.2,3,15,16 However, there have been few

pharmacogenomic studies focusing on self-reported asthma symptoms,17,18 although self-

reported asthma symptoms account for a substantial proportion of the clinical measures of

treatment response.19,20 Therefore we performed a genome-wide association study (GWAS)

with the hypothesis that we could identify novel genetic markers predicting symptomatic

response to ICSs in asthmatic patients. We initially tested our hypothesis by conducting a

GWAS in white children randomly assigned to ICSs in the Childhood Asthma Management
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Program (CAMP) trial.21 Then we tested associations of the highest-powered SNPs in 3

independent populations drawn from the Childhood Asthma Research and Education

(CARE) Network trials,7,22 the Asthma Clinical Research Network (ACRN) trials,23-25 and

the Leukotriene Modifier or Corticosteroid or Corticosteroid-Salmeterol (LOCCS) trial (by

the American Lung Association's Asthma Clinical Research Centers).26

Methods

Each study was approved by the institutional review board of the corresponding institution,

and informed consent was obtained from all study participants. Detailed methods are

described in the Methods section in this article's Online Repository at www.jacionline.org.

Study population and phenotyping

The primary group of subjects consisted of white children from the CAMP trial. For the

replication analysis, white children enrolled in 2 of 5 CARE trials and white adults from 3 of

6 ACRN trials and an arm of the LOCCS trial with ICS monotherapy were included. For

each day of the study, all participants were asked to rate and score their asthma symptoms

during the past 24 hours on a diary card. Similar questions were used, and the symptom

scores ranged from 0 (absent) to 3 (severe) in all trials. The change in asthma symptom

scores from baseline was defined as follows:

Average symptom score of the last week on ICS treatment – Average symptom score of 1

week before ICS treatment start.

Participants whose symptom scores were available at least 4 days in every week of the trials

were included in the present study. Detailed characteristics of each of the clinical trials and

the phenotyping methods are described in the Methods section in this article's Online

Repository.

Genotyping

CAMP subjects were genotyped on the HumanHap550v3 BeadChip or Infinium HD

Human610-Quad BeadChip (Illumina, San Diego, Calif), whereas the CARE and ACRN

subjects were genotyped on the Affymetrix 6.0 chip (Affymetrix, Santa Clara, Calif) as part

of the National Heart, Lung, and Blood Institute's Share Asthma Resource Project (http://

www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000166.v1.p1). LOCCS

subjects were genotyped on the Infinium HD Human610-Quad BeadChip (Illumina). All

SNPs that were included in the GWAS had a completion rate of greater than 95%, a minor

allele frequency (MAF) of greater than 0.05, and a Hardy-Weinberg equilibrium (HWE) P

value of greater than .0001. Complete genotype information was available for a total number

of 421 subjects from all study cohorts (124 from CAMP, 77 from CARE, 110 from ACRN,

and 110 from LOCCS).

Functional assessment

We evaluated relationships between rs10044254 and dexamethasone-mediated changes in F-

box and leucine-rich repeat protein 7 (FBXL7) gene expression in immortalized B-cell lines
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derived from 70 of 124 CAMP subjects. Expression profiles were measured after stimulation

for 6 hours with 10−6 mol/L dexamethasone or a sham treatment with the use of the

HumanRef-8v2 BeadChip, as previously detailed.9 Data adjusted for background were log

transformed and then underwent variance stabilization and normalization.

Statistical analysis

The association of SNPs with changes in asthma symptom scores was measured with a

linear regression model, as implemented in PLINK,27 by using 3 different genetic models

(additive, dominant, and recessive). The regression models were adjusted for age, sex,

baseline symptom scores, and 4 significant principal components. SNPs were considered to

have significant associations if they possessed a nominal P value of less than .05. For these

SNPs, a combined P value was calculated from the 1-sided P values of the replication

populations by using the Stouffer z-transform test28 with R (version 2.15.2) software

(www.r-project.org).

Results

Table I summarizes the characteristics of screening and replication populations. In each trial

the average asthma symptom score significantly decreased after ICS treatment for 4 to 8

weeks. However, the large SDs in each population suggested a wide individual variability in

response. The genomic inflation factor for the CAMP, CARE, ACRN, and LOCCS subjects

was 1.001, 1.000, 1.000, and 1.058, respectively, suggesting minimal population

stratification (see Fig E1 in this article's Online Repository at www.jacionline.org). A

primary GWAS of the change in asthma symptom scores related to ICS treatment was

performed on 440,862 SNPs in the pediatric CAMP subjects. Of the top 100 SNPs (ranked

by P values in CAMP) from the 3 different genetic models, 60 SNPs had been genotyped in

the pediatric CARE cohorts and then were tested for replication. Table II shows the 3 SNPs

(rs1558726, rs2388639, and rs10044254 from CAMP) that were also significantly

associated with changes in asthma symptom scores in the pediatric CARE subjects. These

SNPs were obtained with the same genetic model. The combined P values of rs2388639 and

rs10044254 for the pediatric CAMP and CARE subjects were 8.56 × 10−9 and 9.12 × 10−8,

respectively, which meet the threshold for conventional genome-wide significance.

However, we were unable to replicate these significant associations in the adult cohorts

(ACRN and LOCCS subjects).

The SNP rs10044254 lies in the intronic region of the FBXL7 gene (Entrez Gene ID:

23,194), whereas rs1558726 and rs2388639 lie within intergenic regions of chromosomes 12

and 16, respectively. For rs10044254, subjects in the CAMP trial who carried 2 variant

alleles (n = 3; median, 1.14; interquartile range [IQR], 1.08-1.28) showed increases in

asthma symptom scores even after ICS treatment, whereas subjects who were homozygous

for the reference allele (n = 73; median, −0.28; IQR, −0.57 to 0) showed decreases (Fig 1).

For the CARE subjects, those who were homozygous for the variant allele (n = 5; median,

0.28; IQR, 0-0.36) versus the reference allele (n = 48; median, −0.26; IQR, −0.57 to 0.11)

showed the same trend (Fig 1). In summary, subjects in the CAMP and CARE trials who

carried 2 variant alleles of rs10044254 showed significantly poorer symptom responses to
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ICS treatment compared with subjects homozygous or heterozygous for the reference allele.

Immortalized B cells derived from subjects with the variant allele showed a significantly

lower FBXL7 expression in response to dexamethasone treatment (median, −0.03; IQR,

−0.08 to 0.01) compared with those from subjects with the reference allele (median, −0.01;

IQR, −0.04 to 0.03; P = .048, allelic model; Fig 2). FBXL7 expression measured in

immortalized B-cell lines after stimulation with dexamethasone showed a trend toward

positive correlation with asthma symptom score improvement after ICS treatment but did

not reach statistical significance (data not shown).

For rs1558726 and rs2388639, subjects who were homozygous for the variant alleles also

showed poorer symptom responses to ICS treatment compared with subjects with the other

genotypes in both the CAMP and CARE trials (see Fig E2 in this article's Online Repository

at www.jacionline.org). However, those 2 SNPs did not affect dexamethasone-induced

expression of genes adjacent to them in immortalized B-cell lines (data not shown).

Discussion

In this study we identified 60 SNPs that were significantly associated with changes in

asthma symptom scores after administration of ICSs in the pediatric CAMP subjects, of

which 3 SNPs were replicated in an independent cohort of pediatric asthmatic patients.

Despite the replication in children, these SNPs were not associated in adults. Two of the 3

SNPs achieved genome-wide significance. Notably, despite an overall improvement in

symptoms while taking ICS medications, subjects with 2 copies of the variant alleles for

rs10044254, located within FBXL7, showed worsening of their symptoms. We confirmed

the potential functional relevance of rs10044254 by demonstrating that this SNP is

associated with changes in dexamethasone-induced FBXL7 expression in immortalized B

cells derived from the CAMP subjects in whom the association study was performed.

Previous studies on pediatric and adult asthmatic patients have shown that the perception of

asthma symptoms (eg, dyspnea, wheezing, and cough) might be influenced by age, sex,

asthma severity, and use of medication.29-31 To date, no study has evaluated differences in

the perception of asthma symptoms in pediatric and adult asthmatic patients. However, for

patients with childhood asthma, it was reported that adolescents (13-18 years) were more

accurate in perceiving symptoms than school-age children (6-12 years),32 and the accuracy

for perceiving symptoms increased with age in children age 7 to 17 years.33 These findings

showing that perception of asthma symptoms increases with age suggest that perceived

symptomatic response to ICS treatment is also likely to differ between pediatric and adult

asthmatic patients. In the present GWAS we found 3 SNPs showing significant associations

with improvements in asthma symptom scores responding to ICSs in children from both the

CAMP and CARE trials. However, these associations were not further replicated in adults

from the ACRN and LOCCS trials, which suggest that there might be a specific genetic

mechanism regulating symptom response in children that does not carry over to adults.

Interestingly, exhaled nitric oxide (eNO) as an associated biomarker of pulmonary response

to ICSs showed a similar phenomenon.34 eNO is a predictor of ICS response in a clinical

trial with pediatric asthmatic patients (Characterizing Response to Leukotriene Receptor

Antagonist and Inhaled Corticosteroids [CLIC] study)7 but not in a clinical trial with adult
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asthmatic patients (Predicting Response to Inhaled Corticosteroid Efficacy [PRICE]

study).23 Accordingly, measurements of eNO before beginning treatment might be useful in

predicting response to ICS therapy in pediatric but not in adult asthmatic patients.

Two of the 3 associated SNPs were located in intergenic regions. However, the third SNP,

rs10044254, was located within the FBXL7 gene. FBXL7 encodes for a member of the F-box

protein family, which constitutes one of the 4 subunits of ubiquitin protein ligase complex

called SKP1-cullin-F-box.35,36 SKP1-cullin-F-box belongs to the families of E3

ubiquitination ligases and is involved in linking ubiquitin chains to target proteins.35,37 The

ubiquitin proteolytic pathway is responsible for the degradation of most intracellular

proteins, including membrane-surface receptors.38 There are 2 possible mechanisms for

FBXL7 in the pathogenesis of asthma.

First, F-box protein might abrogate airway inflammation by facilitating degradation of

cytokine receptors.38 Notably, it was reported that F-box protein FBXL19–mediated

ubiquitination and degradation of the receptor for IL-33 limited pulmonary inflammation.39

Second, F-box protein might be involved in dyspnea perception through degradation of the a

subunit of hypoxia-inducible factor 1 (HIF),38 which is negatively regulated by an FBW7-

mediated degradation pathway during hypoxia.40 To further explore the potential effects of

FBXL7 on HIF-1α regulation, we conducted a pathway analysis specifically focusing on

potential FBXL7-HIF1A interactions using the program GeneMania (http://genemania.org/;

see Fig E3 in this article's Online Repository at www.jacionline.org). Although

inconclusive, the results indicate that FBXL7 is coexpressed with HIF1A and therefore might

directly or indirectly interact with HIF-1α. The regulation of HIF-1α by FBXL7 might partly

account for child-specific symptomatic responses because it was suggested that dyspnea

perception might be influenced by age, like pain perception.41 In addition, ubiquitination of

inducible nitric oxide synthase was required for its degradation,42 and FBXO45, a member

of the F-box protein family, was identified as a novel and direct nitric oxide synthase 2

interactor in human airway epithelial cells.43 Thus F-box protein might also contribute to the

different role of eNO in predicting ICS response between child and adult asthmatic patients.

There are known differences in symptoms, lung function, and exacerbations, and these

factors, although loosely correlated, do not strongly predict one another.44-47 This is also a

primary reason that symptoms, lung function, and exacerbation are all independent metrics

of asthma control in the current asthma guidelines.2,3 It is reasonable to expect that different

genes will control response to medications for each of these components. Therefore it is not

surprising that FBXL7 was not found in the previous studies8-13 interrogating the genetic

mechanisms underlying asthma exacerbations or lung function in response to ICSs.

Our study has several limitations. First, our genotyping platforms differ among the 4

cohorts, and SNPs genotyped on the Illumina and Affymetrix platforms overlap poorly,

thereby increasing the likelihood that SNPs that were significantly associated with

symptomatic response to ICSs were not genotyped across the cohorts. To partially overcome

this limitation, we could have performed 1000 Genomes imputation of our SNP data set,

which was limited to 440,862 markers. Although we are likely to find additional
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significantly replicated SNPs from the imputed genotype data, we were able to replicate 3

SNPs, 2 of which achieved genome-wide significance, without imputation. Furthermore, the

probabilistic nature of imputed SNPs presents challenges when testing for association of

those SNPs.48

Second, for children in the CAMP and CARE trials, completion of diary card data required

parental participation, thereby introducing an additional source of potential error into the

measurement of the self-reported symptoms. For children between the ages of 3 and 7 years,

parents tend to underreport their children's asthma symptoms.49 However, because the mean

ages of enrolled children in the CAMP and CARE trials were 8 and 10 years,

communication with their parents regarding asthma symptoms likely was not a confounder

among this age group.

Finally, although our results would suggest that rs10044254 is an expression quantitative

trait locus for FBXL7 and might therefore represent a functional SNP, further mechanistic

studies are needed to clarify the precise role of the SNP and the FBXL7 in the response to

ICS treatment.

In conclusion, we have identified 3 pharmacogenetic SNPs, including one of potentially

functional significance, that are associated with an improvement in childhood asthma

symptoms in response to ICSs. Our findings have special significance given that genetic

variants are one of the promising biomarkers toward personalized care for children with

asthma, as reviewed elsewhere.50 Additional work, including investigations into possible

adult-specific loci, is warranted.

Supplementary Material
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Acknowledgments

Supported by National Institutes of Health grants R01 NR013391, R01 HL092197, and U01 HL065899.

H.-W. Park, S. Tse, and K. G. Tantisira have received research support from the National Institutes of Health
(NIH). F. D. Martinez has received research support from the NIH and has received travel support from Abbott and
Merck. S. P. Peters has received research support from GlaxoSmithKline; has received consultancy fees from
AstraZeneca, Aerocrine, Airsonett AB, Boehringer Ingelheim, GlaxoSmithKline, Merck, Ono Pharmaceuticals,
Pfizer, Sunovion, Targacept, TEA, PPD Development, and Quintiles; has received lecture fees from Integrity CE
and Merck; and has received royalties from Up To Date. S. J. Szefler has received research support, consultancy
fees, travel support, participation fees, and payment for manuscript preparation from the National Heart, Lung, and
Blood Institute (NHLBI); has received consultancy fees from Merck, Genentech, Boehringer Ingelheim, and
GlaxoSmithKline; has received research support from GlaxoSmith-Kline; has received lecture fees from Merck; has
received payment for manuscript preparation from Genentech; and has a patent with the NHLBI's Childhood
Asthma Research and Education Network.

References

1. Bahadori K, Doyle-Waters MM, Marra C, Lynd L, Alasaly K, Swiston J, et al. Economic burden of
asthma: a systematic review. BMC Pulm Med. 2009; 9:24. [PubMed: 19454036]

2. The Global Initiative for Asthma (GINA). [Accessed January 28, 2013] The guideline for asthma
management and prevention. 2010. Available at: http://www.ginasthma.org/guidelines-pocket-
guide-for-asthma-management.html

Park et al. Page 7

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.ginasthma.org/guidelines-pocket-guide-for-asthma-management.html
http://www.ginasthma.org/guidelines-pocket-guide-for-asthma-management.html


3. The National Asthma Education and Prevention Program (NAEPP). [Accessed January 28, 2013]
National Asthma Education and Prevention Program Expert Panel Report 3: Guidelines for the
Diagnosis and Management of Asthma. 2007. Available at: http://www.nhlbi.nih.gov/guidelines/
asthma/asthgdln.pdf

4. British Thoracic Society, Scottish Intercollegiateh Guidelines Network. [Accessed January 28,
2013] British guideline on the management of asthma. Available at: http://www.sign.ac.uk/pdf/
sign101.pdf

5. Boushey HA. Effects of inhaled corticosteroids on the consequences of asthma. J Allergy Clin
Immunol. 1998; 102(Suppl):S5–16. [PubMed: 9798719]

6. Malmstrom K, Rodriguez-Gomez G, Guerra J, Villaran C, Piñeiro A, Wei LX, et al. Oral
montelukast, inhaled beclomethasone, and placebo for chronic asthma. A randomized, controlled
trial. Montelukast/Beclomethasone Study Group. Ann Intern Med. 1999; 130:487–95. [PubMed:
10075616]

7. Szefler SJ, Phillips BR, Martinez FD, Chinchilli VM, Lemanske RF, Strunk RC, et al.
Characterization of within-subject responses to fluticasone and montelukast in childhood asthma. J
Allergy Clin Immunol. 2005; 115:233–42. [PubMed: 15696076]

8. Tantisira KG, Damask A, Szefler SJ, Schuemann B, Markezich A, Su J, et al. Genome-wide
association identifies the T gene as a novel asthma pharmacogenetic locus. Am J Respir Crit Care
Med. 2012; 185:1286–91. [PubMed: 22538805]

9. Tantisira KG, Lasky-Su J, Harada M, Murphy A, Litonjua AA, Himes BE, et al. Genome wide
association between GLCCI1 and response to glucocorticoid therapy in asthma. N Engl J Med.
2011; 365:1173–83. [PubMed: 21991891]

10. Hawkins GA, Lazarus R, Smith RS, Tantisira KG, Meyers DA, Peters SP, et al. The glucocorticoid
receptor heterocomplex gene STIP1 is associated with improved lung function in asthmatic
subjects treated with inhaled corticosteroids. J Allergy Clin Immunol. 2009; 123:1376–83.
[PubMed: 19254810]

11. Koster ES, Maitland-van der Zee AH, Tavendale R, Mukhopadhyay S, Vijverberg SJ, Raaijmakers
JA, et al. FCER2 T2206C variant associated with chronic symptoms and exacerbations in steroid-
treated asthmatic children. Allergy. 2011; 66:1546–52. [PubMed: 21958076]

12. Tantisira KG, Silverman ES, Mariani TJ, Xu J, Richter BG, Klanderman BJ, et al. Fcer2: a
pharmacogenetic basis for severe exacerbations in children with asthma. J Allergy Clin Immunol.
2007; 120:1285–91. [PubMed: 17980418]

13. McGeachie MJ, Wu AC, Chang HH, Lima JJ, Peters SP, Tantisira KG. Predicting inhaled
corticosteroid response in asthma with two associated SNPs. Pharmacogenomics J. 2013; 13:306–
11. [PubMed: 22641026]

14. Rogers AJ, Tantisira KG, Fuhlbrigge AL, Litonjua AA, Lasky-Su JA, Szefler SJ, et al. Predictors
of poor response during asthma therapy differ with definition of outcome. Pharmacogenomics.
2009; 10:1231–42. [PubMed: 19663668]

15. Reddel HK, Taylor DR, Bateman ED, Boulet LP, Boushey HA, Busse WW, et al. An official
American Thoracic Society/European Respiratory Society statement: asthma control and
exacerbations: standardizing endpoints for clinical asthma trials and clinical practice. Am J Respir
Crit Care Med. 2009; 180:59–99. [PubMed: 19535666]

16. Krishnan JA, Lemanske RF Jr, Canino GJ, Elward KS, Kattan M, Matsui EC, et al. Asthma
outcomes: symptoms. J Allergy Clin Immunol. 2012; 129(Suppl):S124–35. [PubMed: 22386505]

17. Mougey EB, Feng H, Castro M, Irvin CG, Lima JJ. Absorption of montelukast is transporter
mediated: a common variant of OATP2B1 is associated with reduced plasma concentrations and
poor response. Pharmacogenet Genomics. 2009; 19:129–38. [PubMed: 19151602]

18. Mougey EB, Chen C, Tantisira KG, Blake KV, Peters SP, Wise RA, et al. Pharmacogenetics of
asthma controller treatment. Pharmacogenomics J. 2013; 13:242–50. [PubMed: 22370858]

19. Fuhlbrigge AL, Adams RJ, Guilbert TW, Grant E, Lozano P, Janson SL, et al. The burden of
asthma in the United States: level and distribution are dependent on interpretation of the national
asthma education and prevention program guidelines. Am J Respir Crit Care Med. 2002;
166:1044–9. [PubMed: 12379546]

Park et al. Page 8

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.pdf
http://www.nhlbi.nih.gov/guidelines/asthma/asthgdln.pdf
http://www.sign.ac.uk/pdf/sign101.pdf
http://www.sign.ac.uk/pdf/sign101.pdf


20. Lozano P, Finkelstein JA, Hecht J, Shulruff R, Weiss KB. Asthma medication use and disease
burden in children in a primary care population. Arch Pediatr Adolesc Med. 2003; 157:81–8.
[PubMed: 12517200]

21. Childhood Asthma Management Program Research Group. The Childhood Asthma Management
Program (CAMP): design, rationale, and methods. Control Clin Trials. 1999; 20:91–120.
[PubMed: 10027502]

22. Sorkness CA, Lemanske RF Jr, Mauger DT, Boehmer SJ, Chinchilli VM, Martinez FD, et al.
Long-term comparison of 3 controller regimens for mild-moderate persistent childhood asthma:
the Pediatric Asthma Controller trial. J Allergy Clin Immunol. 2007; 119:64–72. [PubMed:
17140647]

23. Martin RJ, Szefler SJ, King TS, Kraft M, Boushey HA, Chinchilli VM, et al. The Predicting
Response to Inhaled Corticosteroid Efficacy (PRICE) trial. J Allergy Clin Immunol. 2007;
119:73–80. [PubMed: 17208587]

24. Lazarus SC, Boushey HA, Fahy JV, Chinchilli VM, Lemanske RF Jr, Sorkness CA, et al. Long-
acting beta2-agonist monotherapy vs continued therapy with inhaled corticosteroids in patients
with persistent asthma: a randomized controlled trial. JAMA. 2001; 285:2583–93. [PubMed:
11368732]

25. Lemanske RF Jr, Sorkness CA, Mauger EA, Lazarus SC, Boushey HA, Fahy JV, et al. Inhaled
corticosteroid reduction and elimination in patients with persistent asthma receiving salmeterol: a
randomized controlled trial. JAMA. 2001; 285:2594–603. [PubMed: 11368733]

26. Peters SP, Anthonisen N, Castro M, Holbrook JT, Irvin CG, et al. American Lung Association
Asthma Clinical Research Centers. Randomized comparison of strategies for reducing treatment in
mild persistent asthma. N Engl J Med. 2007; 356:2027–39. [PubMed: 17507702]

27. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. PLINK: a tool set for
whole-genome association and population-based linkage analyses. Am J Hum Genet. 2007;
81:559–75. [PubMed: 17701901]

28. Stouffer, SA.; Suchman, EA.; DeVinney, LC.; Star, SA.; Williams, RM, Jr. The American soldier:
adjustment during army life. Vol. 1. Princeton (NJ): Princeton University Press; 1949. Studies in
social psychology in World War II.

29. Fritz GK, Klein RB, Overholser JC. Accuracy of symptom perception in childhood asthma. J Dev
Behav Pediatr. 1990; 1:69–72. [PubMed: 2324291]

30. Burdon JG, Juniper EF, Killian KJ, Hargreave FE, Campbell EJ. The perception of breathlessness
in asthma. Am Rev Respir Dis. 1982; 126:825–8. [PubMed: 7149447]

31. Banzett RB, Dempsey JA, O'Donnell DE, Wamboldt MZ. Symptom perception and respiratory
sensation in asthma. Am J Respir Crit Care Med. 2000; 162:1178–82. [PubMed: 10988151]

32. Yoos HL, McMullen A. Symptom perception and evaluation in childhood asthma. Nurs Res. 1999;
48:2–8. [PubMed: 10029396]

33. Kopel SJ, Walders-Abramson N, McQuaid EL, Seifer R, Koinis-Mitchell D, Klein RB, et al.
Asthma symptom perception and obesity in children. Biol Psychol. 2010; 84:135–41. [PubMed:
19941934]

34. Szefler SJ, Martin RJ. Lessons learned from variation in response to therapy in clinical trials. J
Allergy Clin Immunol. 2010; 125:285–92. [PubMed: 20074785]

35. Nandi D, Tahiliani P, Kumar A, Chandu D. The ubiquitin-proteasome system. J Biosci. 2006;
31:137–55. [PubMed: 16595883]

36. Skowyra D, Craig KL, Tyers M, Elledge SJ, Harper JW. F-box proteins are receptors that recruit
phosphorylated substrates to the SCF ubiquitin-ligase complex. Cell. 1997; 91:209–19. [PubMed:
9346238]

37. Jadhav T, Wooten MW. Defining an embedded code for protein ubiquitination. J Proteomics
Bioinform. 2009; 2:316. [PubMed: 20148194]

38. Schwartz AL, Ciechanover A. Targeting proteins for destruction by the ubiquitin system:
implications for human pathobiology. Annu Rev Pharmacol Toxicol. 2009; 49:73–96. [PubMed:
18834306]

Park et al. Page 9

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



39. Zhao J, Wei J, Mialki RK, Mallampalli DF, Chen BB, Coon T, et al. F-box protein FBXL19-
mediated ubiquitination and degradation of the receptor for IL-33 limits pulmonary inflammation.
Nat Immunol. 2012; 13:651–8. [PubMed: 22660580]

40. Cassavaugh JM, Hale SA, Wellman TL, Howe AK, Wong C, Lounsbury KM. Negative regulation
of HIF-1a by an FBW7-mediated degradation pathway during hypoxia. J Cell Biochem. 2011;
112:3882–90. [PubMed: 21964756]

41. Lansing RW, Gracely RH, Banzett RB. The multiple dimensions of dyspnea: review and
hypotheses. Respir Physiol Neurobiol. 2009; 167:53–60. [PubMed: 18706531]

42. Kolodziejski PJ, Musial A, Koo JS, Eissa NT. Ubiquitination of inducible nitric oxide synthase is
required for its degradation. Proc Natl Acad Sci U S A. 2002; 99:12315–20. [PubMed: 12221289]

43. Foster MW, Thompson JW, Forrester MT, Sha Y, McMahon TJ, Bowles DE, et al. Proteomic
analysis of the NOS2 interactome in human airway epithelial cells. Nitric Oxide. 2013; 34:37–46.
[PubMed: 23438482]

44. Bacharier LB, Strunk RC, Mauger D, White D, Lemanske RF Jr, Sorkness CA. Classifying asthma
severity in children: mismatch between symptoms, medication use, and lung function. Am J Respir
Crit Care Med. 2004; 170:426–32. [PubMed: 15172893]

45. van Dalen C, Harding E, Parkin J, Cheng S, Pearce N, Douwes J. Suitability of forced expiratory
volume in 1 second/forced vital capacity vs percentage of predicted forced expiratory volume in 1
second for the classification of asthma severity in adolescents. Arch Pediatr Adolesc Med. 2008;
162:1169–74. [PubMed: 19047545]

46. Littner MR, Leung FW, Ballard ED II, Huang B, Samra NK. Effects of 24 weeks of lansoprazole
therapy on asthma symptoms, exacerbations, quality of life, and pulmonary function in adult
asthmatic patients with acid reflux symptoms. Chest. 2005; 128:1128–35. [PubMed: 16162697]

47. Wu AC, Tantisira K, Li L, Schuemann B, Weiss ST, Fuhlbrigge AL. Predictors of symptoms are
different from predictors of severe exacerbations from asthma in children. Chest. 2011; 140:100–
7. [PubMed: 21292760]

48. Marchini J, Howie B. Genotype imputation for genome-wide association studies. Nat Rev Genet.
2010; 11:499–511. [PubMed: 20517342]

49. Halterman JS, McConnochie KM, Conn KM, Yoos HL, Kaczorowski JM, Holzhauer RJ, et al. A
potential pitfall in provider assessments of the quality of asthma control. Ambul Pediatr. 2003;
3:102–5. [PubMed: 12643784]

50. Lang JE, Blake KV. Role of biomarkers in understanding and treating children with asthma:
towards personalized care. Pharmgenomics Pers Med. 2013; 6:73–84. [PubMed: 24019751]

Abbreviations

ACRN Asthma Clinical Research Network

CAMP Childhood Asthma Management Program

CARE Childhood Asthma Research and Education network

CLIC Characterizing Response to Leukotriene Receptor Antagonist and Inhaled

Corticosteroids

eNO Exhaled nitric oxide

FBXL7 F-box and leucine-rich repeat protein 7

GWAS Genome-wide association study

HIF Hypoxia-inducible factor
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IQR Interquartile range

LOCCS Leukotriene Modifier or Corticosteroid or Corticosteroid-Salmeterol

MAF Minor allele frequency

PACT Pediatric Asthma Controller Trial

PRICE Predicting Response to Inhaled Corticosteroid Efficacy

SNP Single nucleotide polymorphism

SOCS Salmeterol or Corticosteroids Study
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Clinical implications: Our results suggest that there might be a specific genetic

mechanism regulating the symptomatic response to ICSs in children that does not carry

over to adults.
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Fig 1.
Changes in asthma symptom scores after ICS treatment in the 2 pediatric asthma populations

(CAMP and CARE) genotyped for rs10044254 and stratified by genotype status. Subjects in

the CAMP and CARE trials who carried 2 variant alleles showed increases in asthma

symptom scores after ICS treatment, whereas subjects that were homozygous for the

reference allele and heterozygous showed decreases. Data represent medians (IQRs), and

small circles represent subjects who were outliers from the first and the third quartiles.
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Fig 2.
FBXL7 gene expression in response to dexamethasone stimulation in immortalized B cells

of the CAMP subject stratified by rs10044254 genotype. Reference represents expression

data of B cells from the subjects with the reference allele, and Variant indicates expression

data of B cells from the subjects with the variant allele (allelic model). Data represent

medians (IQRs), and small circles represent subjects who were outliers from the first and the

third quartiles.
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Table I
Characteristics of screening and replication cohorts

CAMP CARE ACRN LOCCS

No. 124 77 110 110

Age (y), mean ± SD 8.9 ± 2.2 10.4 ± 3.1 34.1 ± 11.8 33.2 ± 14.5

Sex (male) 58.0% 63.6% 39.1% 40.0%

Race (white) 100% 100% 100% 100%

Baseline symptom score, mean ± SD 0.69 ± 0.48 0.54 ± 0.37 0.42 ± 0.50 0.39 ± 0.47

Duration of ICS treatment (wk) 8 8 6 4

Mean symptom score changes after ICS, mean ± SD −0.24 ± 0.55 −0.24 ± 0.47 −0.17 ± 0.36 −0.17 ± 0.36
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