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Abstract

Rationale: Stress is associated with asthma morbidity in
Puerto Ricans (PRs), who have reduced bronchodilator response
(BDR).

Objectives: To examine whether stress and/or a gene regulating
anxiety (ADCYAP1R1) is associated with BDR in PR and non-PR
children with asthma.

Methods: This was a cross-sectional study of stress and BDR
(percent change in FEV1 after BD) in 234 PRs ages 9–14 years with
asthma. We assessed child stress using the Checklist of Children’s
Distress Symptoms, and maternal stress using the Perceived
Stress Scale. Replication analyses were conducted in two cohorts.
Polymorphisms inADCYAP1R1were genotyped in our study and six
replication studies. Multivariable models of stress and BDR were
adjusted for age, sex, income, environmental tobacco smoke, and
use of inhaled corticosteroids.

Measurements and Main Results: High child stress was
associated with reduced BDR in three cohorts. PR children who
were highly stressed (upper quartile, Checklist of Children’s
Distress Symptoms) and whose mothers had high stress (upper
quartile, Perceived Stress Scale) had a BDR that was 10.2% (95%
confidence interval, 6.1–14.2%) lower than children who had
neither high stress nor a highly stressed mother. A polymorphism
in ADCYAP1R1 (rs34548976) was associated with reduced
BDR. This single-nucleotide polymorphism is associated with
reduced expression of the gene for the b2-adrenergic receptor
(ADRB2) in CD41 lymphocytes of subjects with asthma, and it

affects brain connectivity of the amygdala and the insula
(a biomarker of anxiety).

Conclusions: High child stress and an ADCYAP1R1 single-
nucleotide polymorphism are associated with reduced BDR in
children with asthma. This is likely caused by down-regulation of
ADRB2 in highly stressed children.

Keywords: asthma; Puerto Ricans; bronchodilator response; stress

At a Glance Commentary

Scientific Knowledge on the Subject: Psychosocial
stress is both common and associated with asthma
morbidity among Puerto Ricans, who are known to have
reduced responsiveness to short-acting inhaled b2-agonists
(bronchodilator response [BDR]). Chronic stress has been
linked to reduced expression of ADRB2 in leukocytes of
children with asthma.

What This Study Adds to the Field: We found that high
levels of child and household stress are associated with lower
BDR in children with asthma.We also show that a polymorphism
upstream of ADCYAP1R1 (a susceptibility gene for post-
traumatic stress disorder and anxiety) is associated with reduced
BDR in children with asthma, reduced expression of ADRB2
in CD41 lymphocytes of subjects with asthma, and functional
brain connectivity of the amygdala and insula (a biomarker of
anxiety) in inner-city adults.

Asthma affects approximately 300 million
people worldwide (1). Inhaled short-
acting b2-agonists are the most
commonly prescribed medication for
asthma and relief of asthma symptoms
(2, 3), regardless of disease severity.
Subjects with asthma show variable
response to short-acting b2-agonists
(bronchodilator response [BDR]) (4).
In children, increased BDR has been
associated with response to inhaled
corticosteroids (ICS) and is often used as
a diagnostic tool for asthma (5, 6).

Psychosocial stress has been linked to
dysfunction of the b-adrenergic pathway,
including the effector for inhaled b2-
agonists (7, 8). In particular, stress has
been associated with reduced expression
of the gene for the b2-adrenergic receptor
(ADRB2) in leukocytes from children
with asthma (8). Compared with children
with asthma but no evidence of acute or

chronic stress, those with simultaneous
acute and chronic stress had a 9.5-fold
reduction in ADRB2 expression (8).
In that report, acute stress was not
associated with ADRB2 expression in
the absence of chronic stress, a finding
suggestive of down-regulation of the
b2-adrenergic receptor by persistent
secretion of the hormonal products of the
hypothalamic-pituitary-adrenocortical
axis, including epinephrine and
norepinephrine, in chronically stressed
children.

Whether stress leads to reduced BDR
is unknown. Yet another unanswered
question is whether dysfunction of the
pituitary adenylate cyclase–activating
polypeptide 1 (PACAP-PAC1) pathway
explains potential effects of stress on the
b2-adrenergic receptor (9, 10). This is
relevant, because the gene encoding the
PACAP 1 receptor type 1 (ADCYAP1R1)

has been previously implicated in post-
traumatic stress disorder (PTSD) (9, 11),
anxiety (12), and asthma (13).

Puerto Ricans (PRs) have lower
BDR (14) and greater asthma morbidity
(15, 16) than members of other ethnic
groups, an observation partly attributed
to allelic variants in ADRB2 (17). An
alternative explanation for this finding
is psychosocial stress, because PRs are
often exposed to violence (18–20) and
susceptible to its detrimental effects
(21–23).

In this report, we first examine whether
increased stress is associated with reduced
BDR in a cohort of PR children and in two
additional cohorts: one composed of children
with asthma (for primary replication), and
another composed of children with airflow
obstruction (a reduced FEV1/FVC) but
normal FEV1 and no asthma diagnosis
(to further exclude nonadherence with
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medications or “reverse causation” as
sources of bias). Next, we test whether
single-nucleotide polymorphisms (SNPs) in
ADCYAP1R1 are associated with BDR in
seven cohorts of children with asthma. To
better understand an association between an
ADCYAP1R1 SNP and reduced BDR, we
then test whether this SNP is associated with
a biomarker of increased anxiety (functional
connectivity of the amygdala and the insula,
assessed by brain magnetic resonance
imaging). Some results shown in this report
have been previously published in the form
of an abstract (24).

Methods

Further details are available in the online
supplement.

Stress and BDR

Puerto Rico. From March 2009 to June
2010, 351 children (ages 6–14 yr) with
asthma (defined as physician-diagnosed
asthma and >1 episode of wheeze in
the previous yr) were recruited from
households in San Juan (Puerto Rico)
using a multistage probability sample
design (25). Study participants completed
a protocol including questionnaires,
spirometry, allergy skin testing, and
collection of blood samples for DNA
extraction. The Checklist of Children’s
Distress Symptoms (CCDS) (26, 27) was
administered to 234 children 9 years and
older, who are included in the current
analysis. This 28-item scale assesses stress
symptoms in the previous 6 months as
a result of exposure to violence. Answers

for each question in the CCDS range from
1 to 5. An overall score is obtained by
summing the scores for all 28 questions,
and then dividing by the number of
questions, so that the score ranges
between 1 and 5 (27). This CCDS score
was analyzed as binary (upper quartile
[>2.6 points] vs. lowest three quartiles
[,2.6 points]). The child’s mother
completed a questionnaire on the child’s
demographics, family history, and
respiratory and general health (28).

The mother of each participant also
completed the four-item Perceived Stress
Scale (PSS) questionnaire, which measures
the degree to which subjects believe
that their lives were unpredictable,
uncontrollable, or overwhelming in the
preceding month (29). Answers for each
question in the maternal PSS are scored

Table 1. Characteristics of Participants in Our Study in Puerto Rico, RIPRAC, and NHANES*

Cohort Puerto Rico (n = 234) RIPRAC (n = 471) NHANES (n = 87)

Age, yr 11.5 (1.9) 11.7 (2.0) 14.5 (0.2)
Male sex 131 (56%) 252 (53%) 50 (57%)
Body mass index (z score) 0.7 (1.1) 0.9 (1.2) 0.7 (0.1)
At least one parent graduated from high school 144 (81%) 388 (95%) N/A
Race/ethnicity
Puerto Rican 234 (100%) 301 (64%)
Dominican 81 (17%)
Hispanic 42 (48%)
Non-Hispanic white 89 (19%) 29 (33%)
Non-Hispanic black 12 (14%)
Others 4 (5%)

Household income† 63 (36%) 194 (42%) 71 (82%)
Private or employer-based health insurance 58 (33%) 188 (40%) 46 (53%)
Maternal history of asthma 85 (48%) N/A 23 (26%)‡

Paternal history of asthma 51 (31%) N/A N/A
Current exposure to environmental tobacco smoke 78 (44%) 183 (39%) 13 (15%)
Exposure to in utero smoking 19 (11%) N/A N/A
Use of inhaled corticosteroids in the previous

6 months
53 (30%) 147 (31%) N/A

Prebronchodilator FEV1, L
x 2.2 (0.6) 2.3 (0.6) 3.1 (0.1)

Post-bronchodilator FEV1, L 2.3 (0.7) 2.5 (0.7) 3.4 (0.1)
Prebronchodilator FEV1/FVC 0.81 (0.08) 0.84 (0.08) 0.75 (0.01)
Post-bronchodilator FEV1/FVC 0.84 (0.09) 0.88 (0.06) 0.81 (0.01)
Bronchodilator response as a percent of

baseline FEV1

4.0 (8.6) 7.3 (8.4) 8.7 (0.7)

>1 positive skin test to allergens 136 (81%) 294 (70%) N/A
Child and maternal stress scales
Maternal Perceived Stress Score 4.7 (2.8)
Child Stress Score 2.2 (0.6)
Above cutoff for YDPS generalized anxiety score 75 (16%)
Above cutoff for YDPS panic disorder score 27 (6%)
Number of days feeling anxious in the past 30 d 2.2 (0.4)

Definition of abbreviations: N/A = not available; NHANES = National Health and Nutrition Examination Survey; RIPRAC = Rhode Island Puerto Rico Asthma
Center; YDPS =DISC Predictive Scales, Youth Report.
*Values are shown as number (% of subjects with complete data) for binary variables or mean (SD) for continuous variables.
†Household income greater than or equal to $15,000 per year for Puerto Rico and RIPRAC, and greater than or equal to $20,000 per year for NHANES.
‡Family history of asthma.
xFEV1 presented as absolute values because of lack of predicted values for Puerto Ricans.
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on a Likert scale from 0 to 4. A total score
is obtained by summing the scores for
all answers and thus ranges from 0 to
16 (29). PSS total score was analyzed as
binary (upper quartile [.7 points] vs.
lowest three quartiles [<7 points]).
Higher PSS scores have been associated
with wheeze and upper respiratory
illnesses (30–32). The CCDS and PSS
have high interrater reliability and
concurrent validity (29, 31, 33). Because
data on maternal stress complement those
for child stress, we created a composite
score (hereafter referred to as “household
stress”), categorized as 0 if neither the
maternal stress nor the child stress score
was in the upper quartile, 1 if either the
maternal or child stress score was in the
upper quartile, and 2 if both maternal and
child stress scores were in the upper
quartile.

Spirometry was conducted with an
EasyOne (NDD Medical Technologies,
Andover, MA) spirometer following
American Thoracic Society
recommendations (34). The best FEV1

and FVC from each test were selected for
analysis. After completing spirometry,
subjects were given 200 mg (two puffs) of
an albuterol metered-dose inhaler using
a spacer, and spirometry was repeated
after 15 minutes.

Replication cohorts. Further details
are provided in Table 1 and the online
supplement. Replication of our findings
for stress and BDR was attempted in
471 children with asthma (ages 7–15 yr)
living in Rhode Island (n = 229; 59 PR,
81 Dominican, and 89 non-Hispanic
white children) and Puerto Rico (n = 242)
(Rhode Island Puerto Rico Asthma
Center [RIPRAC] cohort). The DISC
Predictive Scales, Youth Report
instrument was used to collect
information on self-reported symptoms
of child anxiety and panic (35).
Adherence to ICS and leukotriene
inhibitors was measured in a subset
of these children using electronic
monitoring devices.

To further assess a potential role
for nonadherence with treatment, we
examined high child anxiety (upper
quartile for the number of days feeling
anxious in the prior month) and BDR
in 87 children (ages 12–17 yr) in
the National Health and Nutrition
Examination Survey (NHANES) in
2007–2010. These children had a reduced

FEV1/FVC but no previous or current
diagnosis of asthma, and were on no
medications for wheeze (a key asthma
symptom) in the prior year.

ADCYAP1R1 and BDR

Genetic association analysis. In the Puerto
Rico cohort, SNPs in ADCYAP1R1
were available as part of genome-wide
genotyping conducted using the
HumanOmni2.5 BeadChip platform
(Illumina Inc., San Diego, CA), as
previously described (36). Replication
of our genetic findings was attempted
through direct genotyping in two
cohorts with genome-wide genotypic
data: the Childhood Asthma Management
Program (37), including 561 non-
Hispanic white subjects; and the Genetics
of Asthma in Costa Rica Study (28),
including 569 Costa Ricans. Five SNPs
not included in genome-wide genotyping
for these studies were genotyped using
the OpenArray Genotyping block (Life
Technologies, Carlsbad, CA). Additional

replication was attempted using
imputed data from prior genome-wide
genotyping in 253 PRs (189 children
and 64 adults) in the Genetics of Asthma
in Latino Americans study; 215 white
children in the Childhood Asthma
Research and Education Network;
231 African American children with
asthma from the Children’s Hospital of
Philadelphia; and 718 children and young
adults (ages 8–21 yr) in the Study
of African Americans, Genes and
Environment.

Gene expression analysis. We tested
whether an ADCYAP1R1 SNP found to be
associated with BDR is also associated
with gene expression in unstimulated
CD41 T lymphocytes from subjects in the
Asthma BioRepository for Integrative
Genomic Exploration, and in brain
and lung tissues from subjects in the
Genotype-Tissue Expression project (38)
and another published dataset (39). To
better understand the association between
the ADCYAP1R1 SNP and reduced
BDR, we then examined whether brain

Puerto Rico N=234
           Highest quartile of CCDS

–3.90 [ –6.80 , –1.00 ] **

–2.20 [ –4.30 , –0.10 ] *

–3.40 [ –6.69 , –0.11 ] *

–4.40 [ –7.60 , –1.20 ] **

–4.50 [ –7.05 , –1.95 ] **

RIPRAC N=471
           Anxiety score above clinical cutoff

Panic score above clinical cutoff

Both anxiety and panic scores
above clinical cutoff

NHANES N=87
           Highest quartile of days with stress

–8.00 –6.00 –4.00

Bronchodilator response (%)

–2.00 0.00

Figure 1. Bronchodilator response among children with stress or anxiety. All multivariable models
were adjusted for age, sex, household income, current environmental tobacco smoke, and use of
inhaled corticosteroids; models for the Rhode Island Puerto Rico Asthma Center (RIPRAC) and
the National Health and Nutrition Examination Survey (NHANES) cohorts were also adjusted for
race/ethnicity. Plotted are the beta estimates and 95% confidence intervals for each cohort. Puerto
Rico shows the estimate of effect for the comparison between children in the upper quartile of the
Checklist of Children’s Distress Symptoms (CCDS) scores and those in the lowest three quartiles.
RIPRAC shows the estimate of effect for the comparison between children with anxiety and panic
scores above a clinical cutoff and those with scores below such cutoff. Additionally shown for
RIPRAC is the estimate of effect for the comparison between children with scores above the clinical
cutoff for both anxiety and panic, and those with scores below the clinical cutoff for anxiety and panic.
NHANES shows the estimate of effect for the comparison between children in the highest quartile of
anxiety in the previous month and those in the lowest three quartiles. *P, 0.05; **P, 0.01.
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regional activity regulating anxiety is
differentially associated with rs34548976
in a cohort of inner-city African
American adults.

Statistical Analysis
In all cohorts, BDR was defined as
follows: [(post-bronchodilator
FEV1 2 prebronchodilator FEV1)/
prebronchodilator FEV1]3 100.

Because of potential correlation with
stress and BDR, the following covariates
were examined in bivariate analyses in the
Puerto Rico cohort: age, sex, parental
asthma, parental education (at least one
parent completed high school vs. none),
household income (, vs. >$15,000
[near the median household income for
Puerto Rico in 2008–2009]) (40), health
insurance (private or employer-based vs.
others), use of ICS in the previous
6 months, current environmental tobacco
smoke (ETS) (41), in utero ETS, body
mass index (42) as a z score [based on
CDC growth charts] [43]), and greater
than or equal to one positive skin test
to allergens. Bivariate analyses were
conducted using Fisher exact tests for
categorical variables and two tailed t tests
for pairs of binary and continuous
variables.

Multivariable linear regression was
used to examine stress and BDR in the
Puerto Rico cohort. All final models
included age, sex, income, ICS use, and
current ETS. Additional covariates (see
above) were included in the initial models
if associated with BDR at P less than 0.25
in bivariate analyses, and then subjected
to removal in a step-wise fashion. At each
step of model building, the variable with
the largest P value was excluded; the
procedure stopped when all variables not
forced into the model had P less than
0.05.

Multivariable analysis of variance
modeling was used to examine validated
clinical cutoffs for generalized anxiety or
panic disorder (44) and BDR in RIPRAC,
and multivariable linear regression was
used to examine anxiety and BDR in
NHANES (incorporating sampling
weights, stratification, and clusters
provided in the dataset, to obtain proper
estimates and their standard errors).
These analyses were adjusted for the same
covariates as in the analysis in Puerto
Rico, plus race/ethnicity, and (in
NHANES) family history of asthma.

Linear regression was used to test for
association between SNPs within 20 kb of
ADCYAP1R1 (n = 106) and BDR. All
multivariable models were conducted
under an additive model, and adjusted
for age, sex, and the first principal
component (determined by
EIGENSTRAT [45], to control for
population stratification). Meta-analysis
of the replication cohorts was performed
using effect size and standard errors,
accounting for allele differences between
cohorts, and weighted by the sample size
of each cohort. In Childhood Asthma
Research and Education Network,
Children’s Hospital of Philadelphia,
Study of African Americans, Genes and
Environment, and Genetics of Asthma in

Latino Americans study, we used imputed
SNPs from the 1,000 Human Genomes
Project (46). Because many of the 106
ADCYAP1R1 SNPs are in linkage
disequilibrium (LD) with each other,
we applied an LD-based Bonferroni
correction for multiple testing (47, 48),
reducing the number of effective
statistical tests to 57. Statistical
significance for the joint association
analysis (including the original and
replication cohorts) was therefore set
at P less than 8.83 1024 (0.05/57
independent tests). SAS version 9.2 (SAS
Institute, Cary, NC) was used for all
analyses except the genetic analysis,
which was performed in R 2.15 (49),
PLINK (50), and METAL (51).
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Figure 2. Boxplots of bronchodilator responsiveness in Puerto Rican children with asthma, by
household stress score. The “highest stress” group comprises children with both high personal stress
(in the upper quartile of the Checklist of Children’s Distress Symptoms) and high maternal stress (in the
upper quartile of the maternal Perceived Stress Score). The “lowest stress” group comprises children
with neither high personal stress nor high maternal stress. The middle group is children with either high
personal stress or high maternal stress, but not both. PREFEV1= baseline (prebronchodilator) FEV1.
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We interrogated the relationship
between an SNP associated with BDR and
resting-state brain activity in 42 African
American adults with available functional
magnetic resonance imaging data (52).
We analyzed amygdala functional
connectivity, which has been repeatedly
associated with increased anxiety and
dyspnea perception (53–56).

All studies were approved by an
institutional review board or ethics
committee. All adult participants and
parents of participating children gave
written informed consent, and minors able
to do so gave assent.

Results

The characteristics of the study
participants are summarized in Table 1.
Children with asthma in our study were
similar to those in RIPRAC with regard to
age, sex, current ETS, and lung function.
Compared with children in RIPRAC,
those in our study had lower parental
education and BDR. As expected,
children with no asthma in NHANES
were slightly older and had higher FEV1

but lower FEV1/FVC than those in Puerto
Rico or in RIPRAC.

Figure 1, and Figure E1 and Table E2
in the online supplement, show the
results of the analysis of child stress and
BDR in PRs. In a multivariable analysis,
children with a CCDS score in the upper
quartile had a BDR that was 3.9% lower
than that of children with a CCDS score
in the lowest three quartiles. Similar
results were obtained after additional
adjustment for markers of asthma
severity or control (>1 positive skin test
to allergens [atopy] or baseline FEV1, data
not shown).

We replicated our findings for child
stress in RIPRAC (Figure 1; see Table E2).
In a multivariable analysis, children with
clinically significant anxiety had a BDR
that was 2.2% lower than that of children
without such anxiety. In this analysis,
children with clinically significant panic
symptoms had a BDR that was 3.5%
lower than that of those without such
symptoms. Compared with children
without significant symptoms of either
anxiety or panic, those with significant
symptoms of both panic and anxiety
had a reduction in BDR of 4.4%. After
adjustment for adherence to ICS or

leukotriene inhibitors (available only in
a subset of children), we obtained results
that were similar in magnitude but
nonstatistically significant (see Table E3).

To further exclude nonadherence
with antiinflammatory medications or
“reverse causation” (greater asthma
severity leading to increased stress), we
attempted additional replication among
children in NHANES, who had no asthma
diagnosis and were on no medications for
asthma symptoms. In a multivariable
analysis, the upper quartile of the child
anxiety scale was significantly associated
with reduced BDR (Figure 1; see
Table E2). Because NHANES includes
adolescents, we repeated the analysis after
either excluding 16 ever-smokers or
adjusting for serum cotinine level instead
of parental report of ETS, obtaining very
similar results (data not shown).

Because maternal stress is a
complementary marker of stress in a
child’s household, we examined whether
maternal stress is associated with reduced
BDR in our PR cohort. In a multivariable
analysis, children whose mothers had the
highest stress level had 6.3% lower BDR

than those whose mothers had lower levels
of stress (see Table E4). To best assess
overall stress in the child’s household, we
then examined combined maternal and
child (“household”) stress. Compared with
children who were neither highly stressed
nor had a highly stressed mother, those
who were highly stressed and had a highly
stressed mother had the lowest BDR,
with intermediate BDR values in children
who were either highly stressed or had
a highly stressed mother (Figure 2). In
a multivariable analysis (see Table E5),
each one-point increment in household
stress was significantly associated with
reduced BDR: children with the highest
household stress (a score of 2) had
a BDR that was approximately 10.2%
lower than that of children with the lowest
household stress (a score of 0). As change
in absolute values, children with the
lowest household stress had a mean
increment in FEV1 of 116 ml after
bronchodilator, whereas children with
highest household stress had a mean
decrement in FEV1 of 125 ml.

We next examined whether common
SNPs (minor allele frequency> 5%) in or

Puerto Rico N=234 –3.17 [ –5.28 , –1.06 ]**

–1.28 [ –2.57 , 0.01 ]

–1.58 [ –3.00 , –0.16 ]*

0.64 [ –1.08 , 2.36 ]

–1.08 [ –1.61 , –0.55 ]

P=6.5×10–5

1.23 [ –2.40 , 4.86 ]

–0.96 [ –1.72 , –0.20 ]*

–2.01 [ –4.75 , 0.73 ]

CAMP N=534

GACRS N=556

CARE N=215

CHOP N=231

SAGE N=718

GALA N=253

Joint analysis N=2,741

–6.00 –2.00
Bronchodilator response (%)

2.00 6.00

Figure 3. Estimated effect of the minor allele (A) of single-nucleotide polymorphism rs34548976 on
bronchodilator response (percent change in FEV1) in seven cohorts of children with asthma. CAMP =
Childhood Asthma Management Program; CARE = Childhood Asthma Research and Education
Network; CHOP =Children’s Hospital of Philadelphia; GACRS =Genetics of Asthma in Costa Rica
Study; GALA =Genetics of Asthma in Latino Americans; SAGE = The Study of African Americans,
Asthma, Genes and Environment. *P, 0.05; **P, 0.01.
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within 20 kb of ADCYAP1R1 (n = 106) are
associated with reduced BDR in our study
of PR children (see Table E6). In this
analysis, eight SNPs in ADCYAP1R1 were
associated with BDR at P less than 0.05
in PR children, and were thus tested for
replication in six cohorts of children with
asthma (Figure 3; see Figure E2 and Table
E7). One of the SNPs tested (rs34548976)
was significantly associated with BDR in
the analysis of the six replication cohorts
and in the joint analysis of all seven study
cohorts (including 2,741 children with
asthma) (Figure 3), even after LD-adjusted
correction for multiple testing (joint P,
8.83 104 [0.05/57] in both instances).

Using public databases, we then
found that SNP rs34548976 is associated
with increased expression of ADCYAP1R1
in human brain tissue in two databases,
either through direct genotyping (P =
0.01) (38) or through a surrogate SNP in
complete LD (r2 = 1.0) with rs34548976
(rs10236961; P = 0.04) (39). SNP
rs34548976 was also associated with
increased ADCYAP1R1 expression in
lung tissue (P = 0.05) (38).

Because ADCYAP1R1 could down-
regulate ADRB2 through increased
anxiety, we next examined whether
SNP rs34548976 is associated with
expression of ADCYAP1R1 or ADRB2
in unstimulated CD41 T lymphocytes
of 392 children and adults with asthma.
In this linear regression analysis,
rs34548976 was associated with reduced
ADRB2 expression under an additive
genetic model, adjusting for age, sex,
race, and principal components (P =
0.009) (see Figure E3). ADCYAP1R1 was
not expressed above baseline in CD41

T lymphocytes, and thus could not be
analyzed in these cells.

To better understand whether the
ADCYAP1R1 SNP reduces BDR by
increasing anxiety, we examined whether
brain regional activity implicated on
anxiety is differentially associated with
rs34548976. Compared with carriers of
the G allele, subjects with two copies of
the risk (A) allele for reduced BDR had
increased functional connectivity between
the amygdala and the insula (whole-brain
corrected, P, 0.01) (Figure 4). Moreover,
we found a significant linear trend for
an association between the A allele of
rs34548976 and functional connectivity
of the amygdala and insula (whole-brain
corrected, P, 0.01).

Given a plausible role for rs34548976
on baseline anxiety, we examined whether
this SNP is associated with child stress, or
whether it interacts with child stress
on BDR among PR children. Although
SNP rs34548976 was not significantly
associated with CCDS, there was evidence
of modification of the estimated effect of
this SNP on BDR by child stress (P for
interaction = 0.01). In this analysis, the
estimated negative effect of the A allele of
rs34548976 on BDR was significant in
children with high stress (b =25.1%;
95% confidence interval, 29.5% to
20.6%; P = 0.03) but not in those with
lower stress (b = 0.05%; 95% confidence
interval, 22.0 to 2.1%; P = 0.96).

Discussion

This is the first population-based study
linking increased stress or ADCYAP1R1 to
reduced BDR. Chance, misclassification
of asthma, confounding, medication
nonadherence, or “reverse causation” are
unlikely to be major explanations for
our findings, given consistent results in
several cohorts that had different study
designs and included children with
asthma or subclinical airflow obstruction.
The estimated negative effect of increased
stress on BDR ranged from 2.2 to 10.2%,
corresponding to absolute volume
reductions of 44–208 ml. A BDR greater
than or equal to 8% is well correlated with
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Figure 4. Increased functional connectivity in brain regions (amygdala–insula) previously associated
with increased anxiety in at-risk adults with the rs34548976 risk allele. Resting-state functional
magnetic resonance imaging was performed, and bilateral amygdala volumes were seeded,
examining whole-brain corrected brain regions showing differential functional connectivity with insula
(arrows) in rs3458976 AA allele carriers (n = 11) compared with GG/AG allele carriers (n = 31). (A)
Group differences are shown in the horizontal (left), sagittal (middle), and coronal (right) planes
between AA and G-carrier groups. (B) Whole-brain corrected (P, 0.01) regions associated with
amygdala functional activity at resting state in the AA allele carriers. (C) Whole-brain corrected (P,
0.01) regions associated with amygdala functional activity at resting state in the G allele carriers.
Similar results were seen with increased amygdala–insula connectivity using an additive model
(AA/AG/GG) and when comparing AA with AG groups separately. All signals represent whole-brain
corrected voxels at P, 0.01.
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asthma and wheeze in school-aged
children (6, 57, 58), and thus the range of
the estimated effects of stress on BDR is
clinically relevant (e.g., z28% to z128%
of an 8% threshold).

Our results are consistent with and
markedly expand previous findings
implicating acute stress (superimposed
on chronic stress) in down-regulation of
b-adrenergic receptors in leukocytes
or lymphocytes of subjects with panic
disorder (7) or asthma (8). We show that
an SNP in a gene implicated in anxiety
(ADCYAP1R1) is associated with both
functional connectivity of the amygdala
and the insula, and reduced expression
of ADRB2 in CD41 lymphocytes from
subjects with asthma. Moreover, we
demonstrate that children who have the
risk allele (and thus enhanced anxiety)
are more likely to have reduced BDR
when highly stressed. Our findings in
three cohorts further suggest that stress
leads to reduced BDR in children with
asthma or reduced FEV1/FVC, regardless
of their racial or ethnic group. However,
we had limited statistical power to
examine whether race or ethnicity
modifies the estimated effects of stress on
BDR, and thus this question needs to be
examined in future studies.

Increased or altered connectivity
between the insula and the amygdala has
been reported in individuals with PTSD
(59), anxiety (60), and panic attacks (61).
Such connectivity may also be directly
linked to airway inflammation in asthma.
In a previous study, individuals with

atopic asthma who were exposed to
allergens had differential activation of
the anterior insula by asthma-relevant
emotional cues during the late phase of
the dual response, and this differential
activation was associated with airway
inflammation (62).

ADCYAP1R1 is not expressed in
human airway smooth muscle cells (see
online supplement), and thus our results
are most consistent with a negative effect
of SNP rs34548976 on BDR through
neurohormonal mechanisms leading to
down-regulation of ADRB2 in highly
stressed children. SNP rs34548976 lies
upstream of ADCYAP1R1, and thus may
affect ADRB2 expression through local
(cis-) effects on ADCYAP1R1 expression.
Alternatively, this SNP could have distant
(trans-) effects on ADRB2 expression.

We found no association between
ADCYAP1R1 SNP rs2267735 (previously
associated with PTSD [9, 11, 63, 64] and
asthma [13]) and BDR. SNP rs34548976
is not in LD with rs2267735, and is thus
a novel risk variant for both anxiety and
BDR. We did not examine rare variants in
ADCYAP1R1, and thus other functional
variants may be identified in future
studies.

Because this study is cross-sectional,
we cannot examine the temporal
relationship between stress-related
reductions in BDR and long-term
prognosis of asthma. However, we show
relevant effects of stress on the most
commonly used treatment for this disease.
Whether highly stressed children require

larger doses of inhaled b2-agonists for
bronchodilation is unknown and should
be formally tested. Although direct
comparison of the magnitude of the
estimated effects of stress on BDR across
studies is difficult (because of the
different scales used), this shows that
our results are robust.

Our findings are relevant to the
millions of children with asthma exposed
to psychosocial stressors, such as poverty
and violence, worldwide. Our results
further implicate dysfunction of the
b-adrenergic pathway in stress-related
disorders, because they are consistent
with a reported association between an
ADRB2 SNP and PTSD in adults (65).
Studies such as this one are critical to the
understanding of pleiotropic genetic
effects on both stress or anxiety and
cardiopulmonary diseases affected by
adrenergic dysfunction, including asthma
and cardiovascular conditions, such as
myocardial infarction. n
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Puerto Rico 1 

Subject recruitment 2 

Please also refer to the Methods in the main manuscript. Children living in San Juan were chosen from households 3 

selected using a multistage probability sample design.(1) Primary sampling units (PSUs) were randomly selected 4 

neighborhood clusters based on the 2000 U.S. census, and the secondary sampling units were randomly selected 5 

households within each PSU. A household was eligible if ≥1 resident was a child 6-14 years old. A total of 6,401 6 

households selected for inclusion were contacted. Of these, 1,111 households had ≥1 child who met inclusion criteria 7 

other than age (four Puerto Rican grandparents and residence in the same household for ≥1 year). Of these 1,111 8 

households, 438 (39.4%) had ≥1 eligible child with asthma (a case, having physician-diagnosed asthma and wheeze in the 9 

prior year). From these 438 households, one child with asthma was selected (at random if there was more than one such 10 

child). Similarly, only one child without asthma (a control subject) was randomly selected from the remaining 673 11 

households.  In order to reach our target sample size (~700 children), we attempted to enroll 783 of the 1,111 eligible 12 

children selected for inclusion. Parents of 105 (13.4%) of these 783 children refused to participate or could not be 13 

reached, leaving 678 study participants (351 cases and 327 control subjects). There were no significant differences in age, 14 

gender, or area of residence between eligible children who did (n=678) and did not (n=105) agree to participate. Of the 15 

351 children with asthma, 234 were 9 years and older, and were thus included in this analysis (see below).  16 

 17 

Skin testing to fifteen allergens (dust mites [Dermatophagoides pteronyssinus, Dermatophagoides farinae, and Blomia 18 

tropicalis], cockroach [Blatella germanica], cat dander [Fel d 1], dog dander [Can f 1], dust mix, mugwort-sage, penicillium, 19 

mold mix, Alternaria, ragweed, mixed grass pollen, mixed tree pollen and weed mix) was conducted using extracts from Alk-20 

Abello (Round Rock, TX). A test was considered positive if the maximum wheal for the allergen tested exceeded the 21 

maximum diameter of the wheal for the diluent by at least 3 mm.   22 

 23 

DNA was extracted from white blood cells using the Gentra  Puregene blood  kit (Qiagen inc.) and stored at -80ºC. The DNA 24 

is then quantified by fluorometry and its quality is checked on agarose gel. 750 ng of high molecular weight DNA was used 25 

for whole genome genotyping using the Infinium HD platform using HumanOmni 2.5M chip (Illumina Inc.) according to 26 

manufacturer’s protocol at the Genomics and Proteomics Core Laboratories of the University of Pittsburgh. Genotype data 27 
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were assigned using all samples in GenomeStudioV2010.3 (Illumina Inc.). A total of 314 samples were genotyped (300 28 

unique individuals with 14 duplicates). All 300 subjects had call rates above 95% with an average call rate of 99.7 % (St Dev= 29 

0.005). Error rate between duplicate samples ranged from 2.41 e
-05

 to 14.15 e
-05

. Six subjects were excluded due to gender 30 

mismatch which left us with 294 subjects in the GWAS analysis. Of these 294 subjects, 234 subjects (see above) were 31 

included in the analysis. Because of our sample size, only SNPs with a minor allele frequency > 5% were included in the 32 

analysis.(11) Only SNPs with a Hardy Weinberg Equilibrium (HWE) P value > 1x10
-6

 were included in the analysis. 33 

None of the top reported SNPs had a HWE P values < .05. Among the other SNPs (reported in Table E6), three SNPs had 34 

HWE p values < .05. The lowest was for SNP rs17159844 (P = .00025). 35 

 36 

Rhode Island Puerto Rico Asthma Center (RIPRAC) 37 

RIPRAC is a cross-sectional multi-site study of pediatric asthma disparities. Details of study design, sample 38 

characteristics, and all study-related procedures have been previously described in detail.(12) Families were recruited 39 

through primary care medical practices, clinics, and community programs. Participants included 805 children with asthma 40 

and their primary caretaker; ethnic breakdown was 405 Island Puerto Ricans (PR site), and 112 Puerto Ricans, 137 41 

Dominicans, and 151 whites (RI site). Ethnicity was determined by caregiver report. The protocol consisted of four 42 

sessions; the first session was a standardized clinic visit to confirm asthma diagnosis, determine severity, and assess atopy 43 

(see reference(13) for further details). Pre- and post-bronchodilator FEV1 was measured using a USB spirometer (Koko 44 

pneumotachometer, nSpire Health, Inc., Longmont, CO) following American Thoracic Society recommendations.(10) In 45 

the fourth study session, children completed the Y-DPS (Youth DISC Predictive Scales), a diagnosis-specific self-report 46 

measure of psychiatric symptoms derived from the Diagnostic Interview Schedule for Children.(14) The current analysis 47 

uses previously identified clinically relevant gate item cutoffs. Of the 805 study participants, 471 had complete data for 48 

BDR and the Y-DPS questionnaires, and were thus included in this analysis. For the present study, we determined if 49 

children were above or below previously validated clinical cutoffs(15) for generalized anxiety disorder, panic disorder, or 50 

both conditions. Written parental consent and written child assent was obtained. The RIPRAC study was approved by the 51 

Institutional Review Boards of Rhode Island Hospital and the University of Puerto Rico.  52 

The National Health and Nutrition Examination Survey (NHANES) 53 
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NHANES is a cross-sectional nationwide survey designed to assess the health and nutritional status of non-54 

institutionalized children and adults in the United States. NHANES combines interviews and physical examinations of 55 

study participants by highly trained personnel. Study participants are selected using a stratified multistage probability 56 

design and are thus a representative sample of the U.S. population. As part of the study design, ethnic minorities (African 57 

Americans and Mexican Americans) are oversampled to increase statistical power for data analysis in these groups.  58 

Survey participants, ages 12 to 17 years of age, were eligible for the Spirometry Component. Participants completing 59 

Baseline 1st test Spirometry were only selected for follow-up Bronchodilator 2nd Test Spirometry if their baseline 60 

spirometry values indicated possible airflow obstruction. The participant's baseline spirometry results were evaluated by a 61 

computerized algorithm and examinees with an FEV1/FVC% less than the Lower Limit of Normal (LLN, determined for 62 

his or her age, sex, weight, height, and race/ethnicity) or those who had a FEV1/FVC% less than 70% were considered 63 

eligible for bronchodilator testing. Bronchodilator responsiveness (BDR) was measured as ((Post-bronchodilator [BD] 64 

FEV1 - pre-BD FEV1)/Pre-BD FEV1) X 100. Participants with BDR data were included in this analysis if they answered 65 

“No” to three questions: “Do you have asthma?”, “Do you still have it?” and “Have you used any medications for wheeze 66 

or whistling in your chest in the previous 12 months?”  67 

Participants responded to the question “During the past 30 days, for about how many days have you felt worried, tense, or 68 

anxious?” as part of the current health status questionnaire.  Covariates included in the multivariate linear regression 69 

models of high anxiety (upper quartile for the number of days feeling worried, tense or anxious in the prior month) and 70 

BDR included age, gender, race and ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, or other), family 71 

history of asthma, annual household income, and current environmental tobacco smoke. Primary sampling units and strata 72 

for the complex NHANES survey design were taken into account for data analysis. Sampling weights, stratification, and 73 

clusters provided in the NHANES dataset were incorporated into the analysis to obtain proper estimates and their standard 74 

errors. The SAS SURVEY procedure was used for descriptive and multivariate analysis (SAS Institute Inc., Cary, NC). 75 

The Genetics of Asthma in Costa Rica Study (GACRS) 76 

The GACRS is a family-based study of children with asthma in Costa Rica. Subject recruitment and study procedures 77 

have been described in detail elsewhere (4, 16). In brief, screening questionnaires were sent to the parents of 13,125 78 

children ages 6 to 14 years enrolled in 113 schools in the Central Valley of Costa Rica from February of 2001 to 79 
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December of 2006. Of the 7,282 children whose parents returned screening questionnaires, 2,714 had asthma (defined as 80 

physician-diagnosed asthma and either at least two respiratory symptoms or asthma attacks in the previous year). Of these 81 

2,714 children, 616 (22.7%) unrelated children had high probability of having at least 6 great-grandparents born in the 82 

Central Valley of Costa Rica and were willing to participate in our study. Participants completed a protocol that included 83 

a questionnaire, spirometry and collection of blood samples for DNA extraction. Spirometry was conducted with a Survey 84 

Tach Spirometer (Warren E. Collins, Braintree, MA) following American Thoracic Society recommendations(10). Height 85 

was measured to the nearest centimeter. The best FEV1 and FVC were selected for data analysis. After completing 86 

baseline spirometry, subjects were given 200 µg (2 puffs) of an albuterol metered-dose inhaler using a spacer, and 87 

spirometry was repeated after 15 minutes. Genome-wide genotyping was conducted in 592 of these 616 children using the 88 

Omni Express Illumina platform (Illumina Inc., San Diego, CA); 569 children had adequate genotypic data and an 89 

assessment of bronchodilator responsiveness, and were thus included in the current analysis. 90 

 91 

 Written parental consent was obtained for participating children, for whom written assent was also obtained. The study 92 

was approved by the Institutional Review Boards of the Hospital Nacional de Niños (San José, Costa Rica) and Brigham 93 

and Women’s Hospital (Boston, MA). 94 

 95 

The Childhood Asthma Management Program (CAMP)  96 

CAMP was a multicenter clinical trial in children with mild to moderate asthma(17). All participating children had 97 

asthma, defined by having 2 or more symptoms per week, using an inhaled bronchodilator at least twice weekly or asthma 98 

medication daily, and airway responsiveness to methacholine <12.5 mg/ml. Children with severe asthma or other 99 

clinically significant conditions were excluded. Of the 1,041 children enrolled in the original clinical trial, 968 children 100 

contributed DNA samples. Of these 968 children, 710 (561 whites, 60 Hispanics and 89 blacks) were genotyped using the 101 

Illumina HumanHap550 Genotyping BeadChip platform (Illumina, Inc.). SNPs from the June 2010 release of the 1000 102 

Genome Project (CEU subset) were imputed using the Markov Chain Haplotyping (MaCH) software.(18) At 103 

randomization, spirometry was conducted before and after administration of inhaled albuterol, thus allowing an 104 

assessment of bronchodilator responsiveness. Written informed consent was obtained from parents of participating 105 

children. The CAMP study was approved by the Institutional Review Boards of Brigham and Women’s Hospital and the 106 

other participating centers.  107 
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Custom Genotyping in GACRS and CAMP 108 

SNPs that were not available on the Illumina GWAS platform (rs13246826, rs35413074, rs57596352, rs112180590, and 109 

rs1003575) were genotyped using custom and pre-validated assays. Prepared samples were genotyped using the 110 

Quantstudio 12k Flex Real-Time PCR system equipped with the OpenArray Genotyping block (Life Technologies, 111 

Carlsbad, CA).  Briefly, samples were loaded onto an OpenArray plate containing one pre-validated (rs1003575) and four 112 

custom designed (rs57596352, rs35413074, rs112180590, rs59676783) genotyping assays using the Accufill instrument.  113 

Each 144 sample plate containing at least 1 water control and 1 sample control were loaded into the QuantStudio 12k Flex 114 

and cycling was carried out according to manufacturer's specifications. Results were loaded into the Taqman Genotyper 115 

software for interpretation of the results.  Genotyping calls were made manually for all 5 SNPs individually, based on the 116 

analysis of the clusters generated. All 5 SNPs achieved a genotyping success rate of at least 96%. 117 

 118 

Childhood Asthma Research and Education (CARE) Network 119 

Children (n = 215) with physician-diagnosed mild to severe asthma (defined by symptoms, lung function and 120 

methacholine challenge testing) and aged 6 to 18 years were recruited, as previously described.(19) Genotyping was 121 

previously completed on the Affymetrix Genome-Wide Human SNP Array 6.0 (Santa Clara, CA) as part of the SNP 122 

Health Association Resource (SHARe) Asthma Resource Project (SHARP). SNPs from the June 2010 release of the 1000 123 

Genome Project (CEU subset) were imputed using the Markov Chain Haplotyping (MaCH) software.(18) For imputed 124 

SNPs, the ratio of empirically observed to expected (binomial) dosage variance for these imputed SNPs was >0.9, 125 

indicating good quality imputations. 126 

 127 

Children’s Hospital of Philadelphia Health Care Network (CHOP) 128 

From July of 2006 to December of 2012, 388 African American children with pulmonary function data were recruited at 129 

The Children’s Hospital of Philadelphia.  Children were classified as asthmatics if they had two or more occurrences of 130 

physician-diagnosed asthma along with the prescription of at least on asthma-control medication in their records.  Of the 131 

388 study participants, 254 had asthma: 231 of these 254 also had data on BDR and are thus included in this analysis.  The 132 

mean age of the individuals was 10.9 ± 3.6 years, and the cohort was 52.8% male. 133 
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The study was approved by the institutional review board of The Children's Hospital of Philadelphia. Written informed 134 

consent for the collection and genotyping of DNA was obtained from the parents of all children who participated in this 135 

study, and all minor children who were able to do so gave verbal assent. 136 

All subjects were genotyped on the Illumina Human Hapmap 550 v1 or v3 chips, or on the Illumina Hapmap 610 Quad 137 

chip.  After quality control to exclude poorly genotyped SNPs and SNPs with minor allele frequency below 1%, the 138 

genotypes were merged on the common SNPs, resulting in a data set containing 535932 SNPs.  This merged data was 139 

used for principal component analysis by Eigenstrat3.  The results of the PCA were used to confirm African American 140 

ancestry, and anomalous individuals were removed, resulting in the cohort described above. 141 

For imputation, a five megabase region around the SNPs of interest (chr7:28591235-33591235) was extracted from our 142 

genotype data using Plink v1.06.  This region was prephased using ShapeIt v2, and then imputed using Impute2 (v2.3.0) 143 

with the 1000 Genomes Phase I integrated haplotypes as reference.  After imputation of the region, the results for the 144 

SNPs of interest were extracted. 145 

The imputed genotypes were tested for association with BDR as a continuous quantitative trait.  Age at time of test and 146 

the 10 principal components from the PCA were included as continuous covariates, and gender was included as a discrete 147 

covariate.  Association testing was performed in SNPtest v2.4.1 using a frequentist test with additive genotypes and the 148 

use_raw_phenotypes flag.   149 

The Study of African Americans, Asthma, Genes & Environments (SAGE) 150 

SAGE is an ongoing case-control study of asthma in children and adolescents recruited from the San Francisco Bay Area 151 

in California.(20) Subjects were eligible if they were 8-21 years of age and self-identified all four grandparents as African 152 

American. Exclusion criteria included: (1) 10 or more pack-years of smoking; (2) any smoking within 1 year of 153 

recruitment date; (3) pregnancy in the third trimester; or (4) history of one of the following conditions: sickle cell disease, 154 

cystic fibrosis, sarcoidosis, cerebral palsy, or history of heart or chest surgery. Asthma was defined by physician diagnosis 155 

and reported symptoms of coughing, wheezing, or shortness of breath in the 2 years preceding enrollment. Detailed 156 

clinical measurements were recorded for each individual whom DNA was collected from. In addition, trained interviewers 157 

administered questionnaires to obtain baseline demographic data, as well as information on general health, asthma status, 158 

social, and environmental exposures. Pulmonary function testing was conducted with a KoKo® PFT Spirometer (nSpire 159 
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Health Inc., Louisville, CO) according to American Thoracic Society recommendations,(10) to obtain forced expiratory 160 

volume in one second (FEV1) in addition to other standard measurements of airway obstruction. Subjects with asthma 161 

were instructed to withhold their bronchodilator medications for at least 8 hours before testing. After completing baseline 162 

spirometry, subjects were given two puffs of albuterol administered through a metered-dose inhaler with a spacer, and 163 

spirometry was repeated after 15 minutes to obtain post-bronchodilator measurements.  164 

 165 

A total of 1,819 samples (1,011 cases and 810 controls) were genome-wide genotyped with the Axiom® World Array 4 166 

(Affymetrix, Santa Clara, CA). Quality control was performed by removing SNPs that failed manufacturer’s quality 167 

control, had genotyping call rates below 95%, and/or had a deviation from Hardy-Weinberg equilibrium (p<10
-6

) within 168 

controls. Samples with discrepancy between genetic sex and reported gender, and with cryptic relatedness (PI_HAT>0.3) 169 

were also removed. After quality control a total of 718 asthma cases with both genotypic data and measurements of 170 

bronchodilator response, were analyzed in the current study. SNPs not directly genotyped were imputed using all 171 

populations from 1000 Genomes Project Phase I v3(21) as reference for phasing and imputation with the software 172 

SHAPE-IT(22) and IMPUTE2(23), respectively. 173 

Institutional review boards approved the study and all subjects/parents provided written assent/consent, respectively. 174 

Genetics of Asthma in Latino Americans study (GALA) Puerto Ricans 175 

Puerto Ricans from GALA were also included as replication. This study comprised children with asthma and their 176 

biological parents recruited mainly from Puerto Rico, but also from New York City, NY.(24) Subjects were included in 177 

the study if they were between 8-40 years of age, had physician-diagnosed mild to moderate-to-severe asthma, had 178 

experienced 2 or more symptoms in the previous 2 years at the time of recruitment (wheezing, coughing, and/or shortness 179 

of breath), and self-identified all four grandparents as Puerto Rican. Pulmonary function testing was conducted similarly 180 

to SAGE I. All subjects were genotyped on the Affymetrix 6.0 GeneChip (Affymetrix, Santa Clara, CA) and quality 181 

control was performed as described elsewhere.(25) Imputation was carried out similarly as described above for SAGE. A 182 

total of 253 asthma cases with both genotypic data and measurements of bronchodilator response were used in the current 183 

analyses. 184 
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The study was approved by the institutional review boards at each participating center and all subjects/parents provided 185 

written assent/consent, respectively. 186 

Expression of ADRB2 in CD4+ T Lymphocytes from the Asthma BioRepository for Integrative Genomic 187 

Exploration (Asthma BRIDGE) 188 

Asthma BRIDGE is an open-access biorepository for subjects participating in genetic studies of asthma in the EVE 189 

Consortium, which includes genome-wide SNP genotype data and gene expression data for CD4+ T lymphocytes. The 190 

EVE Consortium was established among nine U.S. research groups who have conducted asthma GWAS with the purpose 191 

of conducting large-scale studies of asthma genetics.(26) Subjects participating in studies in the EVE Consortium were 192 

invited to contribute biological samples for Asthma BRIDGE, and to provide specific informed consent to enable use of 193 

the materials (e.g. DNA and RNA) for genetic studies.  194 

 195 

Sample collection and processing of CD4+ T lymphocytes were carried out at each institution according to standardized 196 

and validated protocols. These samples were centralized at the Data Coordinating Center at the Channing Division of 197 

Network Medicine at Brigham and Women’s Hospital for the assembly of Asthma BRIDGE. Contributing centers 198 

isolating peripheral blood CD4+ T lymphocytes used a modified version of the protocol previously optimized for 199 

collections in the CAMP study using Miltenyi Biotec anti-CD4+ microbeads and column separation. 200 

 201 

The genotypes of SNPs associated with BDR were tested for additive association with expression of ADRB2  (probe 202 

nuID: “KSe4E6HfVUdd8.nRGo”) in unstimulated CD4+ T lymphocytes (n=392) using the “GGtools” Bioconductor 203 

package (version 4.10) in R (version 3.0). ADCYAP1R1 was not significantly expressed above baseline in this dataset, and 204 

thus could not be analyzed. The genotype-expression association models were adjusted for age, gender, and self-reported 205 

race. To account for any potential technical variation or batch effects unrelated to biological mechanisms, the first ten 206 

principal components (PCs) of tissue-specific gene expression were also included as model covariates, as outlined by 207 

Stegle and colleagues.(27) Visual inspection of the screen plot of the expression PCs (not shown) indicated that the 208 

corresponding eigenvalues were relatively small and had leveled off in size by the tenth PC. The associations were not 209 

substantively different when PCs were not included in the models. Genome-wide genotype data were imputed based on 210 

1000 Genomes Project reference panels (June 2010 release) using MaCH.(18) 211 
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 212 

Expression of ADCYAP1R1 in lung tissue 213 

The Genotype-Tissue Expression (GTEx) biorepository is a resource database and associated tissue bank established by 214 

the NIH Common Fund in order to provide investigators with tools to explore genetic variation and gene expression in 215 

multiple tissues, including lung.(28)  The project has provided a portal for investigators to query eQTLs at 216 

http://www.gtexportal.org. This website also provides detailed information on genotyping and expression analysis. 217 

Briefly, DNA samples were genotyped at the Broad Institute (Cambridge, MA) using the Illumina HumanOmni5-4v1_B 218 

SNP array. Expression data was generated using Illumina TrueSeq RNA sequencing. The results of the expression 219 

analysis of ADCYAP1R1 in lung tissue samples in the GTEx biorepository are shown in the main manuscript. 220 

 221 

Expression of ADCYAP1R1 in brain tissue 222 

We examined ADCYAP1R1expression in the GTEx biorepository (see above) and in another brain eQTL database.(29) 223 

Our findings in the GTEx biorepository are presented in the main manuscript. 224 

 225 

In the second database, brain tissue was collected from 279 deceased subjects who had no known neurological disease, 226 

and RNA and DNA were extracted. Genome-wide expression was measured using the Illumina HumanRefseq expression 227 

BeadChip. Genome-wide genotyping was performed using the Affymetrix GeneChip Human Mapping 500K array set. 228 

The results of these studies are publically available on GEO (GSE8919) and a website hosted by Dr. Myers 229 

(http://labs.med.miami.edu/myers/LFuN/data.html). The expression value was used as the phenotype in an eQTL analysis 230 

under an additive genetic model, adjusting for age at death and gender. In this database, SNP rs34548976 is not available. 231 

However, a SNP in LD with rs34548976 (rs10236961, r
2
=0.79) was significantly associated with ADCYAP1R1 expression 232 

in brain (P = 0.04).   233 

 234 

Neuro-Imaging Data 235 

Sample Population 236 

We examined a subset of 42 African American women aged 18-65 years with functional magnetic resonance imaging 237 

(fMRI) and genotyping data from a larger cohort of 1,458 subjects (inner-city residents, mostly [>93%] African 238 

http://www.gtexportal.org/
http://labs.med.miami.edu/myers/LFuN/data.html


E13 

 

American).(30) All of these subjects were recruited through an ongoing study of risk factors for trauma related disorders 239 

in a high-risk, inner-city population.  MRI data from a subset of this sample of traumatized women has been reported 240 

elsewhere in a study of fMRI networks associated with PTSD(31, 32).  For the fMRI study, individuals who reported 241 

African-American race/ethnicity were recruited, in order to reduce effects of genetic admixture. Participants were 242 

approached in the general medical clinics of a large publicly-funded hospital that serves economically-disadvantaged 243 

individuals. High rates of childhood and adult trauma have previously been reported within this patient population (30, 244 

33). Individuals reporting neurological disorders, current psychotropic medication, a history of bipolar disorder, 245 

schizophrenia or any current psychoses, or metal clips or implants were excluded. Participants without normal or 246 

corrected-to-normal vision, or who tested positive on urine pregnancy or urine drug test (cocaine, marijuana, opiates, 247 

amphetamines, methamphetamines) were excluded. Participants received monetary compensation for their time. All 248 

participants provided written informed consent prior to participating. The institutional review board of Emory University 249 

approved the study procedures, and testing took place at Grady Memorial Hospital and the Biomedical Imaging 250 

Technology Center at Emory University Hospital. 251 

Genotyping of MRI subjects 252 

DNA was extracted from saliva in Oragene collection vials (DNA Genotek, ON, Canada) using the DNAdvance kit 253 

(Beckman Coulter Genomics, Danvers, MA USA). The SNP, rs34548976, was imputed using IMPUTE2 254 

(https://mathgen.stats.ox.ac.uk/impute/impute_v2.html)(23) from genotypes from the Illumina Omni1-Quad microarray, 255 

with whole genome GWAS data as previously described from this cohort (34).  The SNP was imputed with high certainty 256 

(info score=1.00), and the minor allele frequency (A allele) was 0.57.  257 

Data Acquisition and Preprocessing 258 

Scanning took place on a research-dedicated Siemens 3-Tesla TIM-Trio scanner (Siemens Medical Solutions, Malvern, 259 

PA) using a 12-channel head coil at Emory University Hospital. Structural image were acquired using a 3D T1-weighted 260 

magnetization-prepared rapid gradient echo imaging sequence (176 slices, 1 x 1 x 1 mm
3
, TR = 2600 ms, TE = 3.02 ms, 261 

flip angle = 8°). Resting state functional images were acquired using the Z-SAGA pulse sequence (35) to recover signal 262 

loss due to susceptibility artifacts. Volumes were acquired axially, parallel to the anterior-posterior commissure line (150 263 

volumes, 30 slices, 3.44 x 3.44 x 4 mm
3
, repetition time TR = 2950 ms, echo time TE = 30/67ms, flip angle = 90°).  264 
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Data preprocessing was accomplished using a combination of tools from AFNI (36) and FSL (37) packages. Structure 265 

image was skull stripped, segmented, and then registered to the standard Montreal Neurological Institute (MNI) space 266 

using a nonlinear registration tool (AFNI’s 3dQwarp). Functional image preprocessing begin with de-spiking, slice timing 267 

correction, motion correction, spatial smoothing (full width at half maximum = 6 mm). The time series were additionally 268 

processed to minimize artifacts from head motion, respiration, cardiac pulsation, and hardware using ANATICOR method  269 

(38) by performing motion censoring, nuisance regression (motion parameters and averaged signal from eroded local 270 

white matter), and band-pass filtering (0.01 – 0.1 Hz) simultaneously in one regression model. Note that motion censoring 271 

(“scrubbing”) procedure (39) was performed by excluding frames with excessive head motion based on the Euclidian 272 

norm of the first time differences of motion estimates (> 0.25 mm) from further analysis. Finally, functional images were 273 

registered to the MNI space via co-registration to the structure image using boundary-based registration (40) within FSL 274 

package.  275 

Functional Connectivity 276 

We were specifically interested in studying the effect of SNP rs34548976 on resting state functional connectivity of the 277 

amygdala, which has been repeatedly associated with stress, anxiety (41, 42) and dyspnea (43, 44). To derive the 278 

functional connectivity of the amygdala, a seed-based correlation analysis was performed. First, the preprocessed time 279 

series were averaged within the amygdala region defined by the AAL (Anatomical Automatic Labeling) atlas(45). The 280 

Pearson’s correlation coefficient was calculated between the seed time series and other time series of the whole brain. 281 

Then, these correlation coefficients were converted to z-values using Fisher’s transformation. Two-sample t-tests were 282 

used to examine quantitative group difference in functional connectivity. All resulting maps were family-wise error 283 

corrected at p < 0.05 for whole brain area via Monte-Carlo simulations with AFNI’s 3dClustSim program. 284 

Analysis of in ADCYAP1R1 expression in human airway smooth muscle 285 
 286 
To examine ADCYAP1R1 expression , RNA-seq data from human airway smooth muscle were downloaded from the short 287 

read archive (GSE52778).   Raw reads from an Illumina HiSeq2000 in fastq format were trimmed to remove 288 

adaptor/primer sequences.  Trimmed reads were then aligned using BWA (version 0.5.9, settings aln -o 1 -e 10 -i 5 -k 2 -t 289 

8) against the Human genome build 37.2 in GeneSifter Analysis Edition for Next Generation Sequencing (Geospiza, 290 

Seattle, WA).  Additional alignment and post-processing were done with Picard tools (version 1.58), including local 291 
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realignment and score recalibration (not duplicate marking) to generate a finale genomic aligned set of reads.  Reads 292 

mapping to the genome were characterized as exon, intron, or intergenic (outside any annotated gene) using the matched 293 

annotation for the genomic reference sequence.  The remaining unmapped reads from the genomic alignment were then 294 

aligned to a splice reference created using all possible combinations of known exons (based on annotation described 295 

above) and then categorizing these as known or novel splice events.  This aligned data was then used to calculate gene 296 

expression by taking the total of exon and known splice reads for each annotated gene to generate a count value per gene.  297 

For each gene, there is also a normalized expression value generated in two ways: 1) Reads per Mapped Million (RPM), 298 

which is calculated by taking the count value and dividing it by the number of million mapped reads, 2) Reads per 299 

Mapped Million per Kilobase (RPKM), which is calculated by taking the RPM vale and dividing it by the kilobase length 300 

of the longest transcript for each gene.  The RPM values are subsequently used for comparing gene expression across 301 

samples to remove the bias of different numbers of reads mapped per sample.  RPKM values were subsequently used for 302 

comparing relative expression of genes to one another to remove the bias of different numbers of mapped reads and 303 

different transcript lengths. In this analysis, ADCYAP1R1 was not significantly expressed above baseline in human airway 304 

smooth muscle.305 
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Table E1. Summary of cohorts used in the manuscript 
Cohort Name Summary Use in Manuscript 

Puerto Rico 

 

351 children 6-14 years of age with asthma living in 

metropolitan San Juan, PR. A subset of 234 children older 

than 9 years of age have stress data and were included in 
this analysis 

Primary discovery cohort (see also Table 1 in the 

manuscript) 

Rhode Island Puerto Rico Asthma 

Center (RIPRAC) 
 

471 children with asthma living in Rhode Island (n=229, 59 

Puerto Rican, 81 Dominican, and 89 non-Hispanic whites) 
and Puerto Rico (n=242), aged 7 to 15 years 

Replication of epidemiological findings (see Table 1 in 

the  manuscript) 

Childhood Asthma Management 

Program (CAMP) 

 

1,041 children with asthma, ages 5 to 12 years.  Replication of genetic findings in 561 white children 

National Health and Nutrition 

Examination Survey (NHANES) 

87 ethnically diverse children without asthma but reduced 

FEV1/FVC ratio 

Replication of epidemiological findings (see Table 1 and 

Figure 1 in the manuscript) 

The Genetics of Asthma in Costa 

Rica Study (GACRS) 

 

616 Costa Rican children (569 with genetic data) with 
asthma, 6-14 years of age  

Replication of genetic associations 

Childhood Asthma Research and 

Education (CARE) Network 

215 children (13% black, 58% white, and 29% Hispanic) 

with asthma, 6-18 years of age 

Replication of genetic associations 

Children’s Hospital of Philadelphia 

Health Care Network (CHOP) 

231 children (53% black, 47% white) with asthma, 7-14 

years of age 

Replication of genetic associations 

The Study of African Americans, 

Asthma, Genes & Environments 

(SAGE) 

718 African American children and young adults with 

asthma, ages 8-21 years. 

Replication of genetic associations 

Genetics of Asthma in Latino 

Americans study  

253 children and adults with asthma of Puerto Rican 

descent 

Replication of genetic associations 

Genotype –Tissue Expression 

Project (GTEx) 

eQTL data from 119 lung samples and 36 brain samples. eQTL analysis of ADCYAP1R1 expression in brain and 

lung 

Asthma BRIDGE eQTL data from CD4+ lymphocytes collected from 392 

children and adults with asthma in the EVE consortium. 

eQTL analysis of ADRB2 expression in CD4+ 

lymphocytes 

Brain Tissue eQTL Database  eQTL data from brain tissue collected from 279 patients 
who died from non-neurological related disease 

eQTL analysis of ADCYAP1R1 expression in human 
brain tissue 

Functional magnetic resonance 

imaging (fMRI) of the brain and 

anxiety cohort 

Genotypic data from a subset of 1,458 inner-city adults. 
The subset is comprised of 42 African American women 
with fMRI and genotypic data. 

Genetic association analysis of ADCYAP1R1 SNP 
(associated with reduced BDR) and functional 
connectivity of the amygdala and insula 
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Table E2: Multivariable analysis of child stress, anxiety or panic, and bronchodilator response in children with and without asthma
1,2

 

Variable 

 

Puerto Rico (upper 

quartile of child stress), 

N=234 

RIPRAC (child anxiety)            

N=471 

RIPRAC (child panic)   N=471 RIPRAC (anxiety/panic 

composite score3)   N=471 

NHANES (upper quartile, anxiety 

score4) N=87 

 β (95% confidence interval), two-sided P value 

Child stress /anxiety/panic2 -3.9(-6.8 to -1.0), 0.009 -2.2 (-4.3 to -0.1),0.04 -3.4 (-6.7 to -0.1), 0.04 -2.2 (-3.8 to -0.6), 0.009 -4.5 (-7.1 to -2.0), 0.001 

Age (each one-year increase in 

age) 

0.2 (-0.4 to 0.9), 0.55 0.3 (-0.1 to 0.7), .11 0.3 (-.04 to 0.7), .08  0.3 (-.04 to 0.7), .08  0.7 (0.2 to 1.3), 0.01 

Male gender 1.1 (-1.5 to 3.7), .42 -0.4 (-2.0 to 1.1), .57 -0.5 (-2.0 to 1.0), .50 -0.4 (-1.9 to 1.1), .61 -4.8 (-2.1 to -7.4), <0.01 

Hispanic ethnicity (vs. non-

Hispanic white) 

N/A 1.2 (-1.2 to 3.7),.32 1.3 (-1.2 to 3.7 ),.30 1.3 (-1.2 to 3.7), .30 N/A 

Annual household income3 0.4 (-2.5 to 3.2), 0.81 0.1 (-0.1 to 0.3), 0.28 0.1 (-0.1 to 0.3), 0.26 0.1 (-0.1 to 0.3), 0.28 0.7 (-1.7 to 3.2), 0.54 

Use of inhaled corticosteroids  -0.5 (-3.4 to 2.5), 0.75 3.0 (1.4 to 4.7), .001 2.9 (1.3 to 4.6), 0.001 3.0 (1.4 to 4.7), 0.001 N/A 

Current environmental tobacco 

smoke 

1.2 (-1.5 to 3.9), 0.38 0.2 (-0.7 to 1.0), 0.70 0.2 (-0.7 to 1.0), 0.72 -0.2 (-0.7 to 1.0), 0.67 -1.9 (-0.1 to -3.4), 0.04 

1
All cohorts are composed of children with asthma, with the exception of the National Health and Nutrition Examination Survey (NHANES), which included children with 

reduced FEV1/FVC but no prior or current diagnosis of asthma.  RIPRAC=Rhode Island/Puerto Rico Asthma Cohort.. 
2
Results shown as change in bronchodilator responsiveness (BDR, %) for specified cutoff.   

3
 The anxiety/panic composite score is constructed as follows: each child is assigned a score of 0 if the child does not have positive clinical score for anxiety or panic, 

1 for a positive score in either anxiety or panic, and 2 for a positive score in both. The beta presented is for each 1 unit increase in the score. For example, children who 

have positive scores for both anxiety and panic have, on average, a BDR that is 4.4% lower than children with no positive clinical scores. 
4
Below the median income for Puerto Rico ($15,000) and NHANES ($20,000), and as each $5,000 increment for RIPRAC.

 
The NHANES model was also adjusted for 

race/ethnicity (white/Black/Hispanic/Others).  
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Table E3: RIPRAC: Multivariable analysis of child anxiety, panic, and anxiety/panic and bronchodilator responsiveness (BDR)
1 
in children with 

asthma
2 
 with adjustment for controller/ICS use and medication adherence

3 

Variable Child Anxiety Child Panic Anxiety/Panic composite score5 

 β (95% confidence interval), P value 

Child stress/anxiety/panic4 

(n = 471) 
-2.22 (-4.30 to -0.15),.04 -3.48 (-6.77 to -0.2), 0.04 -2.22 (-3.85 to -.60), 0.007 

Adjusted for ICS or leukotriene inhibitor 

use5 
(n = 169) 
 

-2.59 (-6.83 to 1.64), .23 -3.79 (-10.98 to 3.40), .34 -2.79 (-5.52 to .98), .17 

1
 BDR=((Post-bronchodilator [BD] FEV1 - pre-BD FEV1)/Pre-BD FEV1) X 100.  

2
Multivariable models adjusted for age, gender, smoke exposure, income and ethnicity, in addition to the variables in the table. 

3
Medication adherence measured using electronic adherence devices(46)  

4
Results shown as change in BDR (%).  For RIPRAC, clinical cutoffs were used for the child anxiety and panic sub-categories of the Y-DPS scale. The third 

column indicates an ordinal variable (neither score about cutoff, one score above cutoff, both scores above cutoff).  Results shows as change in BDR (%) for a 

positive clinical score. 
5
Ns vary due to differences in medication regimens and availability of adherence data.   
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Table E4. Maternal perceived stress, child stress and bronchodilator responsiveness (BDR)

 1
 in Puerto Rican children with 

asthma 
 

Multivariable Model2 

 

Beta (95% confidence interval ), two-sided P value 

High child stress3 -3.41(-6.18 to -0.64), 0.02 

High maternal perceived stress4 

 

-7.31(-10.52 to -4.10) <0.0001 

Household income  

 ≥ $15,000/year 
 

 0.09 (-2.60 to 2.78), 0.95 

Use of inhaled corticosteroids in the previous 6 months -1.00(-3.78 to 1.78), 0.48 

Current exposure to environmental tobacco smoke 

 

2.32 (-0.26 to 4.91), 0.08 

1
 BDR=((Post-bronchodilator[BD] FEV1 - pre-BD FEV1)/Pre-BD FEV1) X 100.  

2
Multivariable model adjusted for age and gender, in addition to the variables listed in the table. 

3
Results shown as change in BDR for children with a score ≥2.6 points (upper quartile) in the total child distress symptom questionnaire 

 

FEV1 = Forced expiratory volume in 1 second. 
4
 Results shown as change in BDR for children in the upper quartile of the maternal perceived stress score compared to the others. 

308 



E20 

 
Table E5: Multivariable analysis of combined maternal and child stress and bronchodilator responsiveness 

(BDR) 
1
 in Puerto Rican children with asthma 

Variable β (95% confidence interval), P value 
Combined maternal and child stress 

symptom score 

      -5.10(-7.12 to -3.07), <0.0001 

Household Income  
 ≥ $15,000/year 

 

-0.01(-2.71 to 2.70), 0.99 

At least one parent completed high school 
 

Use of inhaled corticosteroids in the 

previous 6 months 
 

 
 

 

-0.75(-3.53 to 2.04), 0.60 

Current exposure to environmental tobacco 

smoke 
 

2.01(-0.57 to 4.58), 0.13 

1
 BDR=((Post-bronchodilator[BD] FEV1 - pre-BD FEV1)/Pre-BD FEV1) X 100.  

Multivariable models adjusted for age and gender, in addition to the variables in the table. 
 

2
Results shown as change in BDR (%) per each 1-point increment in the combined maternal or familial/child 

distress. For example, a Puerto Rican child with high stress and a mother with high stress has a predicted BDR that 

is 10.2% lower than a child with lower stress who has a mother with lower stress. 
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Table E6: Polymorphisms within 20kb of ADCYAP1R1 and BDR in children with asthma 

SNP 

Reference/ 

alternate alleles 

Minor allele 

frequency 

Beta (two-sided P value) for genetic 

association analysis in Puerto Rico
1
 

N=234 

 Location relative to gene 

(ADCYAP1R1)
2
 

rs12111795 a/g 0.1 -2.75(0.13) ADCYAP1R1(-19.69kb) 

rs34548976 a/g 0.38 -3.17(0.003) ADCYAP1R1(-19.61kb) 

rs59676783 a/g 0.061 5.04(0.03) ADCYAP1R1(-18.9kb) 

rs6942498 a/g 0.05 2.44(0.26) ADCYAP1R1(-18.27kb) 

rs10236961 a/c 0.33 -2.94(0.01) ADCYAP1R1(-17.86kb) 

rs17159844 a/g 0.077 2.04(0.22) ADCYAP1R1(-16.35kb) 

rs62450062 a/g 0.21 1.44(0.27) ADCYAP1R1(-13.59kb) 

rs7794247 g/g 0.49 -1.71(0.088) ADCYAP1R1(-13.2kb) 

rs73309743 c/g 0.12 -3.27(0.062) ADCYAP1R1(-12.72kb) 

rs75088496 a/t 0.19 1.89(0.17) ADCYAP1R1(-11.9kb) 

rs741050 a/g 0.21 -1.58(0.24) ADCYAP1R1(-10.7kb) 

rs1157655 a/c 0.27 -1.12(0.34) ADCYAP1R1(-9.924kb) 

rs10280674 a/g 0.35 2.17(0.06) ADCYAP1R1(-9.55kb) 

rs13246826 a/g 0.28 -2.82(0.02) ADCYAP1R1(-8.907kb) 

rs75871930 a/g 0.078 -3(0.11) ADCYAP1R1(-8.791kb) 

rs7784067 a/a 0.49 1.34(0.19) ADCYAP1R1(-7.976kb) 

rs17159861 a/g 0.13 0.28(0.85) ADCYAP1R1(-6.913kb) 

rs4439020 a/g 0.36 1.62(0.12) ADCYAP1R1(-6.878kb) 

rs61416816 a/g 0.11 0.96(0.56) ADCYAP1R1(-4.274kb) 

rs36041888 a/g 0.47 -0.5(0.63) ADCYAP1R1(-4.227kb) 

rs35863573 a/g 0.21 -0.02(0.98) ADCYAP1R1(-4.182kb) 
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rs11766503 a/c 0.19 1.66(0.19) ADCYAP1R1(-3.845kb) 

rs1981701 a/g 0.46 0.28(0.79) ADCYAP1R1(-3.015kb) 

rs62450070 a/g 0.27 1.3(0.28) ADCYAP1R1(-0.886kb) 

rs35413074 a/c 0.2 -2.83(0.02) ADCYAP1R1(-0.84kb) 

rs35208066 c/g 0.47 0.12(0.91) ADCYAP1R1(0) 

rs76534753 a/g 0.071 -1.5(0.47) ADCYAP1R1(0) 

rs741051 a/g 0.5 -0.15(0.88) ADCYAP1R1(0) 

rs741053 a/c 0.48 0.05(0.96) ADCYAP1R1(0) 

rs10241138 a/g 0.17 2.39(0.093) ADCYAP1R1(0) 

rs57596352 a/g 0.33 -2.42(0.02) ADCYAP1R1(0) 

rs67936721 a/c 0.29 1.99(0.082) ADCYAP1R1(0) 

rs6970447 a/g 0.099 -0.46(0.79) ADCYAP1R1(0) 

rs73688749 a/g 0.13 1.47(0.36) ADCYAP1R1(0) 

rs34260239 a/g 0.079 -2.78(0.15) ADCYAP1R1(0) 

rs76859020 a/g 0.12 0.88(0.59) ADCYAP1R1(0) 

rs2041571 a/g 0.45 -0.07(0.95) ADCYAP1R1(0) 

rs10277350 a/g 0.11 -2.12(0.17) ADCYAP1R1(0) 

rs76061374 a/g 0.056 -2.87(0.29) ADCYAP1R1(0) 

rs2284222 a/c 0.056 2.87(0.29) ADCYAP1R1(0) 

rs758997 a/g 0.44 1.35(0.21) ADCYAP1R1(0) 

rs2249714 a/g 0.38 0.44(0.69) ADCYAP1R1(0) 

rs4723044 a/g 0.44 -1.35(0.21) ADCYAP1R1(0) 

rs73688756 a/c 0.069 -1.77(0.38) ADCYAP1R1(0) 

rs10268647 a/g 0.068 2.4(0.23) ADCYAP1R1(0) 

rs887703 a/g 0.41 1.12(0.31) ADCYAP1R1(0) 
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rs2299907 a/g 0.31 -1.02(0.37) ADCYAP1R1(0) 

rs2267726 a/g 0.41 -0.92(0.36) ADCYAP1R1(0) 

rs12668955 g/g 0.5 1.17(0.27) ADCYAP1R1(0) 

rs2267727 a/g 0.14 -0.03(0.99) ADCYAP1R1(0) 

rs7804958 a/g 0.071 2.76(0.19) ADCYAP1R1(0) 

rs28403521 a/g 0.12 1.33(0.38) ADCYAP1R1(0) 

rs2302475 a/g 0.48 0.42(0.7) ADCYAP1R1(0) 

rs10081254 a/g 0.11 -1.56(0.29) ADCYAP1R1(0) 

rs1541516 a/g 0.24 -2.21(0.066) ADCYAP1R1(0) 

rs2267730 a/g 0.47 -0.43(0.7) ADCYAP1R1(0) 

rs111453494 a/c 0.051 -0.06(0.98) ADCYAP1R1(0) 

rs75895298 a/g 0.054 -1.22(0.58) ADCYAP1R1(0) 

rs11978620 a/g 0.11 -3.5(0.061) ADCYAP1R1(0) 

rs11979764 a/c 0.11 -2.94(0.097) ADCYAP1R1(0) 

rs112180590 a/g 0.052 6.51(0.009) ADCYAP1R1(0) 

rs2267732 a/c 0.38 -0.89(0.42) ADCYAP1R1(0) 

rs2267733 a/g 0.29 0.15(0.9) ADCYAP1R1(0) 

rs2267734 a/g 0.47 -0.9(0.39) ADCYAP1R1(0) 

rs6964402 a/g 0.13 -1.02(0.48) ADCYAP1R1(0) 

rs74892699 a/g 0.083 -0.79(0.68) ADCYAP1R1(0) 

rs2267736 c/g 0.27 0.11(0.93) ADCYAP1R1(0) 

rs2267737 a/c 0.46 -0.81(0.45) ADCYAP1R1(0) 

rs2267738 a/g 0.27 0.72(0.53) ADCYAP1R1(0) 

rs2267740 a/g 0.25 -0.46(0.71) ADCYAP1R1(0) 

rs1001775 a/g 0.051 0.07(0.98) ADCYAP1R1(0) 
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rs2299908 a/g 0.41 -1.9(0.075) ADCYAP1R1(0) 

rs60025619 a/g 0.071 1.72(0.4) ADCYAP1R1(0) 

rs11982285 a/g 0.051 0.11(0.96) ADCYAP1R1(0) 

rs2267742 a/g 0.23 -1.66(0.2) ADCYAP1R1(0) 

rs2041568 a/g 0.23 1.97(0.14) ADCYAP1R1(0) 

rs7457988 a/c 0.11 0.98(0.6) ADCYAP1R1(0) 

rs58719181 a/g 0.091 -2.41(0.22) ADCYAP1R1(0) 

rs741057 a/g 0.44 -1.52(0.16) ADCYAP1R1(0) 

rs4403321 a/g 0.21 -0.16(0.9) ADCYAP1R1(0) 

rs4503014 a/g 0.25 0.67(0.61) ADCYAP1R1(0) 

rs7793414 a/c 0.46 1.53(0.16) ADCYAP1R1(0) 

rs1008385 a/c 0.34 1.17(0.32) ADCYAP1R1(+0.486kb) 

rs1159040 a/g 0.33 1.13(0.37) ADCYAP1R1(+1.485kb) 

rs56411711 a/g 0.22 -0.66(0.63) ADCYAP1R1(+1.913kb) 

rs7809441 a/g 0.12 -2.91(0.078) ADCYAP1R1(+4.709kb) 

rs17159920 a/g 0.074 -1.21(0.56) ADCYAP1R1(+4.8kb) 

rs7787735 a/g 0.2 -1.63(0.21) ADCYAP1R1(+5.903kb) 

rs17159921 a/g 0.073 -1.37(0.5) ADCYAP1R1(+6.107kb) 

rs17159922 a/g 0.081 0.94(0.63) ADCYAP1R1(+6.543kb) 

rs4720028 a/c 0.31 0.03(0.98) ADCYAP1R1(+7.188kb) 

rs1003575 a/g 0.44 2.19(0.046) ADCYAP1R1(+8.097kb) 

rs7802949 a/g 0.49 1.89(0.073) ADCYAP1R1(+9.087kb) 

rs7803207 a/g 0.21 0.57(0.68) ADCYAP1R1(+9.216kb) 

rs4140788 a/c 0.22 1.19(0.38) ADCYAP1R1(+9.679kb) 

rs10262271 a/g 0.2 -1.61(0.23) ADCYAP1R1(+10.07kb) 
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310 rs7808175 a/g 0.23 0.91(0.49) ADCYAP1R1(+10.16kb) 

rs1012440 a/g 0.086 1.31(0.5) ADCYAP1R1(+10.85kb) 

rs58094779 a/c 0.34 -1(0.4) ADCYAP1R1(+12.1kb) 

rs62446973 a/g 0.22 -0.15(0.91) ADCYAP1R1(+13.14kb) 

rs9792050 a/c 0.14 2.32(0.15) ADCYAP1R1(+13.56kb) 

rs10252625 a/g 0.12 1.7(0.25) ADCYAP1R1(+14.47kb) 

rs6951732 a/g 0.32 0.27(0.82) ADCYAP1R1(+17.34kb) 

rs35715604 a/g 0.2 0.03(0.99) ADCYAP1R1(+17.55kb) 

rs76827545 a/g 0.054 3.4(0.17) ADCYAP1R1(+18.57kb) 

rs7809482 a/g 0.34 -0.69(0.55) ADCYAP1R1(+18.62kb) 

1. Estimated effects for the minor allele of the SNP (additive genetic effect) on BDR as a percent of pre-BD FEV1, and two sided P value. Multivariable models were 

adjusted for age, gender, and the top principal component. 

2. Location of the SNP relative to ADCYAP1R1 in kilobases. Negative values indicate upstream (5’ to transcriptional start site), and positive values indicate 

downstream (3’ to the UTR). 
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Table E7:  Results of the analysis of eight common (minor allele frequency >=5%) single nucleotide polymorphisms (SNPs) located within 20kb of ADCYAP1R1 and 

bronchodilator response in seven cohorts of children
1
 with asthma. All eight SNPs were associated with BDR at P<0.05 in our primary Puerto Rico cohort. 

SNP 

Referenc

e/ 

alternate 

alleles
2
 

Minor 

allele 

frequenc

y in 

Puerto 

Rico 

Puerto 

Rico
3 
 

N=231-234 

Replication cohorts 

Beta (two-sided P value) 
 

CAMP   

N=521-561 

GACRS 

N=504-

569 

CARE 

N=215 

CHOP 

N=231 

SAGE 

N=718 

GALA  

N=253 

Joint two-

sided P 

value for 

replication 

cohorts 

only 

Joint 

two-

sided P 

value 

(all 

cohorts) 

Location 

relative to 

gene 

(ADCYAP1R

1)
4
 

rs34548976 a/g 0.38 -3.17(0.003) -1.28(0.05) -1.58(0.03) 0.64(0.47) 1.23(0.5) -0.96(0.015) -2.01(0.15) 1.6 x 10-4 6.5e-05 -19.61kb 

rs59676783 a/g 0.061 5.04(0.03) 0.73(0.59) 0.16(0.9) 1.24(0.48) -4.31(0.15) -0.03(0.96) 4.5(0.13) 0.93 0.41 -18.9kb 

rs10236961 a/c 0.33 -2.94(0.01) -1.03(0.11) -1.26(0.047) 0.44(0.6) 0.58(0.75) -0.6(0.15) 

-

2.38(0.097) 0.0055 0.0017 -17.86kb 

rs13246826 a/g 0.28 -2.82(0.02) 0.97(0.25) -0.3(0.69) 0.91(0.51) 1.59(0.44) -0.28(0.51) 2.4(0.16) 0.88 0.66 -8.907kb 

rs35413074 a/c 0.2 -2.83(0.02) 0.04(0.96) -0.06(0.93) -2.58(0.19) 1.81(0.49) -0.69(0.19) 0.55(0.76) 0.61 0.18 -0.84kb 

rs57596352 a/g 0.33 -2.42(0.02) -1.0 (0.12) -0.66(0.29) -3.03(0.002) -4.67(0.01) 0.14(0.74) 0.58(0.69) 0.64 0.008 Intronic 

rs112180590 a/g 0.052 6.51(0.009) 4.26(0.57) 2.11(0.33)  -14.7(0.0001) 0.99(0.068) 0.95(0.85) 0.2 0.043 Intronic 

rs1003575 a/g 0.44 2.19(0.046) -0.99(0.13) -0.32(0.56) -1.08(0.2) -0.8(0.63) -0.35(0.5) -0.62(0.64) 0.33 0.15 +8.097kb 

1. GALA included 64 Puerto Rican adults. 

2. Minor allele is bolded 

3. Estimated effects for the minor allele of the SNP (additive genetic effect) on BDR as a percent of pre-BD FEV1, and two sided P value. Multivariable models were adjusted 

for age, gender, and the top principal component. 

4. Location of the SNP relative to ADCYAP1R1 in kilobases. Negative values indicate upstream (5’ to transcriptional start site), and positive values indicate downstream (3’ to 

the UTR). 
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Figure E1. Boxplots of bronchodilator responsiveness in Puerto Rican children with asthma and the child stress score. The highest 312 
stress group includes children in the highest quartile of the Checklist of Children’s Distress Symptoms (CCDS) score, and the lowest 313 
stress group includes children in the lower three quartiles of the CCDS score. P value for difference = 0.046 (T-test).314 
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Figure E2: Regional association plot of ADCYAP1R1 and BDR. The SNP with the lowest joint P value in the combined analysis of all 315 
study cohorts (rs3458976) is shown in blue. Degree of linkage disequilibrium with rs3458976 is indicated by colors (red for r

2
 > 0.8, 316 

orange for r
2
 > 0.5, yellow for r

2
 > 0.2). Markers above the red line (indicating P value < 0.05) are nominally significant. The 317 

recombination rate in HapMap is plotted in blue. 318 



Figure E3: Boxplots of expression of ADRB2 in unstimulated CD4+ T lymphocytes of 392 children and 

adults with asthma stratified by genotype for rs34548976. P value is for an additive genetic effect in a 

linear model adjusting for age, gender, race, and 10 principal components. Note that the y-axis does not 

contain zero.  
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