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ABSTRACT

Asthma is a chronic inflammatory disease of the respiratory tract. This heterogeneous disease is caused
by the interaction of interindividual genetic variability and environmental factors. The gene adenylyl
cyclase type 9 (ADCY9) encodes a protein called adenylyl cyclase (AC), responsible for producing the
second messenger cyclic AMP (cAMP). cAMP is produced by T regulatory cells and is involved in the
down-regulation of T effector cells. Failures in cAMP production may be related to an imbalance in the
regulatory immune response, leading to immune-mediated diseases, such as allergic disorders. The aim of
this study was to investigate how polymorphisms in the ADCY9 are associated with asthma and allergic
markers. The study comprised 1309 subjects from the SCAALA (Social Changes Asthma and Allergy in
Latin America) program. Genotyping was accomplished using the Illumina 2.5 Human Omni bead chip.
Logistic regression was used to assess the association between allergy markers and ADCY9 variation in
PLINK 1.07 software with adjustments for sex, age, helminth infection and ancestry markers. The ADCY9
candidate gene was associated with different phenotypes, such as asthma, specific IgE, skin prick test, and
cytokine production. Among 133 markers analyzed, 29 SNPs where associated with asthma and allergic
markers in silico analysis revealed the functional impact of the 6 SNPs on ADCY9 expression. It can be
concluded that polymorphisms in the ADCY9 gene are significantly associated with asthma and/or allergy
markers. We believe that such polymorphisms may lead to increased expression of adenylyl cyclase with
a consequent increase in immunoregulatory activity. Therefore, these SNPs may offer an impact on the
occurrence of these conditions in admixture population from countries such as Brazil.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

have proteolytic enzymes that can disrupt epithelial tight junctions
and activate protease-activated receptors (Holgate, 2012). Atopic

Asthma is a chronic disease of the airways that causes variable
airflow obstruction in association with airway hyperresponsive-
ness and inflammation (Holgate, 2012). Asthma affects more than
334 million individuals worldwide (Global Asthma Network, 2014)
and is considered a heterogeneous disease caused by the interac-
tion of interindividual genetic variability and environmental factors
(Miller and Ortega, 2013).

Usually, asthma symptoms begin in childhood in association
with sensitization of the airways to common aeroallergens. Extracts
of house dust mites, cockroaches, and animal and fungal allergens
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diseases are characterized by the presence of specific IgE to these
aeroallergens. The Th2-type cytokines (interleukin (IL)-4, IL-5, IL-
9, and IL-13) orchestrate the allergic inflammatory cascade, which
has a major role in allergic sensitization (Holgate, 2012; Deo et al.,
2010).

The adenylyl cyclase type 9 (ADCY9) gene is located on chro-
mosome 16 and codes for the protein adenyl cyclase (AC) type
9, an integral membrane protein composed of twelve transmem-
brane segments. AC hydrolyses ATP in order to produce the second
messenger cyclic AMP (adenosine-3’,5'-monophosphate), which
subsequently activates the cAMP-dependent protein kinase A. It
is responsible for the activation of multiple signal transduction
pathways (Ortega, 2015; Sunahara et al., 2002).

Adenylyl cyclase type 9 is downstream of the (32 adrenergic
receptors (32AR), activating protein kinase A, which is responsi-
ble for phosphorylating multiple proteins in airway smooth muscle
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Fig. 1. Interaction of Adenylyl cyclase and cAMP, cytokines, T-cells, Mast cells and smooth muscle relaxation. (A) T regulatory cells suppress the Th1 and Th2 cells by cAMP
transfer and activation of ICER, attenuating the IL-2 production. (B) The increase of ICER induces Th17 cytokines production. (C) Activation of 32 adrenergic receptors and
cAMP production results in smooth muscle relaxation via PKA pathway. (D) Mast cells are affected by via prostaglandin receptor EP2- and EP4-mediated signaling and cyclic

AMP pathways.

(Tantisira et al., 2005) (Fig. 1). This pathway represents an impor-
tant target of 3-agonist bronchodilator drugs, which are efficacious
in improving asthma symptom control (Miller and Ortega, 2013).

Genetic polymorphisms in the ADCY9 gene have been demon-
strated to be responsible for the therapeutic variability of (32
adrenergic agonists in African-American and Caucasian children
(Tantisira et al., 2005). The coding variant, [le772Met (rs1042713),
was associated with acute bronchodilation in response to a short-
acting 32 adrenergic agonist (SABA) in inhaled corticosteroids (ICS)
treated asthmatics from a Korean asthmatic population (Miller and
Ortega, 2013; Ortega, 2015). This polymorphism was previously
identified by resequencing the ADCY9 coding regions where only
one non-synonymous single nucleotide polymorphism was iden-
tified, which results in a substitution of isoleucine for the more
common methionine at amino acid 772. The substitution lies in
the C1b region of the catalytic domain of the enzyme (Tantisira
et al., 2005) The Ile772Met substitution in the ADCY9 gene imparts
enhanced [32AR signal transduction in a corticosteroid-specific
manner, and in asthma, the polymorphism is associated with
enhanced [3-agonist bronchodilator response under circumstances
when corticosteroids are co-administered (Miller and Ortega, 2013;
Tantisira et al., 2005).

In addition to B2ARs, considering asthma and other allergies
as immune-mediated diseases, disturbances in regulatory mech-
anisms could also play a role in the occurrence of such diseases.
Thus, the activity of T regulatory (Treg) cells may be of impor-

tance. Treg cells harbor, in fact, high levels of intracellular cAMP,
which are increased even further after T-cell receptor (TCR) stimu-
lation and/or CD4 engagement (Bodor et al., 2012). The suppressive
potency of Treg cells has been shown to depend on cAMP, which
induces ICER (inducible cyclic cAMP early repressor), This repressor
preferentially inhibits the production of IL-2, an essential growth
factor for T-effector cells (Bodor et al., 2012). On the other hand,
the forced expression of ICER in human T cells enhances cytokines
expression the Th17 cells such as IL-17A (Yoshida et al., 2016)
(Fig. 1).

The expression of cAMP-degrading phosphodiesterase 3b
(PDE3Db) is reduced in Treg cells by direct binding of Forkhead
box P3 (Foxp3) to the PDE3b gene (Huang et al., 2009). Thus,
Foxp3, the master regulator of Treg cells, is responsible for elevated
levels of cAMP and downregulates miR-142-3p, which silences
ADCY9 mRNA, also leading to upregulated cAMP production in Treg
cells. The microRNA miR-142-3p regulates ADCY9 expression at the
translational level and the production of cAMP in these two T-cell
subsets (Bodor et al., 2012; Huang et al., 2009).

Though the cAMP level is related to immunoregulatory activity,
there are controversies about the cAMP-dependent immunosup-
pression of the Th2 subset. Mosenden and Taskén (2011) showed
that similar amounts of cAMP have a stronger suppressive effect on
the Th1 response mediated by interferon-vy (IFNv), IL-12, and IL-
2 as well as tumor necrosis factor-a (TNFa) production, whereas
Th2 cell effector functions remained unaffected and the levels of



H.M.P. Teixeira et al. / Molecular Immunology 82 (2017) 137-145 139

cytokines IL-4, IL-5, IL-6, and IL-13 in Th2 cells remain unchanged
when compared with those in Th1 cells (Mosenden and Taskén,
2011). This is attributed to the ability of Th2 cells to produce
cytokines, which sustain their own proliferation by other mecha-
nisms, even in the absence of responsiveness to IL-2 (Dehzad et al.,
2016).

On the other hand, Verjans et al. (2015) shows that IL-2 is
involved in Th2 cell priming as well as in the differentiation and
maintenance of the differentiated state. Both the cAMP response
element binding protein (CREB) and cAMP-responsive element
modulator (CREM) are activated by the second messenger cAMP,
which is directly involved in the regulation of Th2-type cytokines,
such as IL-5 (Verjans et al., 2015).

Studies conducted thus far on ADCY9 polymorphisms in asthma
have explored the association between lack of response to bron-
chodilators and treatment in asthmatic patients. Therefore, the aim
of this study was to investigate the association of polymorphisms
in the ADCY9 gene with asthma and markers of allergy.

2. Methods
2.1. Study population and data collection

The study population included 1309 unrelated children between
4 and 11 years old from the city of Salvador, Northeastern Brazil,
which has a population of 2.9 million. Over 80% of the population
is of African descent or mixed-race (mulatto). The methods of this
study have been reported elsewhere (Alcantara-Neves et al., 2011).
The children were surveyed in 2005 to collect data on asthma sta-
tus; blood samples were obtained to evaluate infection, total and
specific IgE, and immunological makers; and stool samples were
tested for helminth and protozoan infections. Data were collected,
including information on wheezing and risk factors for wheezing
and allergic diseases, using a Portuguese-adapted ISAAC (Inter-
national Study of Asthma and Allergies in Childhood) Phase II
questionnaire (Alcantara-Neves et al., 2011). All population data
used in this study are from the SCAALA database.

Table 1 summarizes the characteristics of the study population.
We observed equal proportions of asthmatic subjects across all age
groups. Differences in markers of allergy, such as SPT reactivity,
specific IgE levels, and atopic asthma, were statistically significant
(P<0.0001) between non asthmatic and asthmatic groups.

Ethical approval was obtained from the Brazilian National
Ethical Committee in 2005 and the Ethical Committee of the Collec-
tive Health Institute, Bahia Federal University (in annex). Written
informed consent was obtained from the legal guardian or parents
of each subject. It details all of the procedures in the course of the
project.

2.2. Asthma definition

Children were classified as having current wheeze using a
Portuguese-adapted ISAAC and were considered to have current
asthma symptoms if parents reported at least one of the following:
(1) asthma diagnosis by a doctor; (2) wheezing with exercise in
the last 12 months; (3) 4 or more episodes of wheezing in the last
12 months; and (4) waking up at night because of wheezing in the
last 12 months. Atopic and nonatopic asthma was defined as symp-
toms of asthma in the presence or absence, respectively, of a serum
IgE level of 0.70 kU/L or greater for any of the tested aeroallergens
(Alcantara-Neves et al.,, 2011).

2.3. Allergic markers

The following tests were previously performed by Alcantara-
Neves et al. (2011) and Barreto et al. (2006). Skin prick tests

(SPTs) were performed on the right forearms of the children
using standardized extracts (ALK-Abelld, Sdo Paulo, Brazil) for
six common aeroallergens: Blomia tropicalis, Dermatophagoides
pteronyssinus, Blattella germanica, Periplaneta americana, and cat
and dog epithelium. Saline and 10 mg/mL histamine solution were
used as negative and positive controls, respectively. The reaction
was read after 15 min. A reaction was considered positive if the
wheal size was at least 3 mm greater than that elicited by the neg-
ative control (Barreto et al., 2006).

Blood was collected and sera were kept frozen until use.
Specific IgE (sIgE) anti-mite (D. pteronyssinus and B. tropicalis)
and anti-cockroaches (P. americana and B. germanica) in serum
was measured with the Pharmacia ImmunoCAP System IgE FEIA
(Pharmacia, Uppsala, Sweden), according to the manufacturer’s
instructions. Results of sIgE measurement were considered posi-
tive in a child if levels of 0.70 kU/L or greater were detected for at
least one of the four tested allergens (Alcantara-Neves et al., 2011).

Whole blood was cultivated in a 5% CO, atmosphere for 24 h
for the detection of IL-10 and for 5 days for the detection of IL-5,
IL-13, and IFN-vy. Cytokines in supernatant fluids were detected
using Pharmigen BD antibody pairs and recombinant standards
(Pharmigen, San Diego, Ca, USA) by capture ELISA following the
manufacturer’s instructions (Barreto et al., 2006).

2.4. DNA extraction and genotyping

DNA was extracted from peripheral blood using a QIAGEN
kit (Gentra Puregene Blood Kit; Hilden, Germany) following the
manufacturer’s recommendations. Samples from 1309 subjects of
the SCAALA (Social Changes Asthma and Allergy in Latin Amer-
ica) program were genotyped by Illumina using the Illumina 2.5
Human Omni bead chip, which is a wide scanning platform with
2.5 million markers genotyped throughout the entire genome.
For this study, genetic information was extracted from positions
4012650-4166186 located on chromosome 16 (16p13.3 cytoge-
netic location).

2.5. Statistical analysis

Quality control for all SNPs was carried out in stages using PLINK
version 1.07 using the following parameters: deviation from Hardy-
Weinberg equilibrium (HWE) with a P-value of less than 103,
minor allele frequency (MAF) of less than 5%, and percentage of
missing loci more than 1%. Of the 194 SNPs genotyped, 133 passed
the quality control and were included in the analysis. Association
analyses were conducted using PLINK 1.07 (Purcell et al., 2007). The
analyses were adjusted for sex, age, helminth infection, and prin-
cipal components (PC) 1 and 2. Principal component analysis was
carried out and its first two components (PC1 to African and PC2 to
European) were used as covariates to control confounding by pop-
ulation structure (Costa et al., 2015). The helminth infection data
were obtained from a prior study by Alcantara-Neves et al. (2011).

Multivariate logistic regression analyses for SNPs that passed
quality control were carried out under an additive model. The
asymptotic P-value was observed, and the odds ratio (OR) was
estimated. Additionally, the permutation procedures (Perm) were
calculated to provide a computationally intensive approach to
generating significance levels. To solve the problem of multiple
comparisons this has been managed with methods that control
the false discovery rate such as permutation test (Lage-Castellanos
et al., 2010), this test preserve the correlational structure between
SNPs, (Purcell et al., 2007).

Linkage disequilibrium (LD) refers to the association of alleles on
the same chromosome but at different loci. These associations could
be affected by mutation, recombination, gene conversion, selection,
genetic drift, or demographic factors, such as inbreeding, migration,
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Table 1
Characteristics of the SCAALA population according to asthma status and the variables included in the study.
Non asthmatic (n=950) Asthmatic (n=277) P value
Age

<5y 325 34.21% 96 34.66%

6-7y 313 32.95% 99 35.74%

>8y 292 30.74% 78 28.16% 0.083
Sex

Male 516 54.32% 143 51.62%

Female 414 43.58% 130 46.93% 0.029
Atopic asthma 0 0.00% 134 48.38% <0.0001
IgE specific for at least one allergen 327 34.42% 134 48.38% <0.0001
sIgE for Blatella germanica 118 12.42% 47 16.97% <0.0001
sIgE for Blomia tropicalis 289 30.42% 129 46.57% <0.0001
sIgE for Dermatophagoides pteronyssinus 179 18.84% 91 32.85% <0.0001
sIgE for Periplaneta americana 81 8.53% 31 11.19% <0.0001
Skin test for at least one tested allergen 273 28.74% 99 35.74% <0.0001
Skin test for Dermatophagoides pteronyssinus 132 13.89% 62 22.38% <0.0001
Skin test for Blomia tropicalis 193 20.32% 76 27.44% <0.0001
Skin test for Periplaneta americana 120 12.63% 49 17.69% <0.0001
Skin test for Blatella germanica 71 7.47% 31 11.19% <0.0001
Skin test for dog epithelium 7 0.74% 6 2.17% <0.0001
Skin test for cat epithelium 6 0.63% 3 1.08% <0.0001
IL-5 unstimulated production 45 4.74% 15 5.42% <0.0001
IL-13 Unstimulated production 313 32.95% 84 30.32% <0.0001

Table 2

Base pairs, alleles, minor allele frequency, Hardy-Weinberg equilibrium, function and RegulomeDB score of ADCY9 SNPs.

SNP Location allele® MAF HWE Function® RegulomeDB Score
kgp12201986 AlG 0.32 0.80 - -
rs1045476 AlG 0.46 0.44 intron variant, utr variant 3 prime -
rs13337675 G/A 0.19 0.11 intron variant 5
152058166 AlG 0.18 0.35 Intron variant 5
152108987 G/A 0.21 0.87 Intron variant -
rs2239313 C/G 0.42 0.11 intron variant 5
152283497 T/G 0.44 0.78 intron variant 4
152444217 T/C 0.33 1.00 intron variant 2a
rs2531995 AlG 0.34 0.62 intron variant, utr variant 3 prime 1f
rs2532019 C/A 0.48 0.29 intron variant 5
152601777 AlG 0.45 0.09 intron variant 5
rs2601796 C/T 0.46 0.98 intron variant -
rs2601798 C/G 0.09 0.62 Intron variant 5
152601807 T/C 0.14 0.17 Intron variant 5
152601814 G/T 0.49 0.59 intron variant 6
rs2601831 AlG 0.49 0.82 Intron variant 5
rs409963 G/A 0.11 0.13 Intron variant 4
1s432166 T/G 0.36 0.34 Intron variant 5
rs4785947 AlG 0.13 0.80 Intron variant 6
rs4785951 C/T 0.35 0.63 Intron variant 6
rs4785953 G/A 0.23 0.06 intron variant -
rs61042195 G/C 0.21 0.08 Intron variant 6
rs6500567 G/A 0.26 0.83 Intron variant 4
157196832 G/A 0.50 0.38 Intron variant 5
1s73490519 AlG 0.07 1 Intron variant -
1579964474 T/C 0.07 0.68 Intron variant 5
rs8045426 T/C 0.08 0.37 Intron variant 5
rs8061182 C/T 0.19 0.59 intron variant 6
rs9922384 G/A 0.17 1.00 intron variant 2b

2 First is the alternative allele and the second is the reference allele (1/2).

b NCBI (National Center for Biotechnology Information).

and population structure (Wang et al., 2006). The Haploview 4.2
software was used to calculate the degree of confidence in the D’

value (Barrett et al., 2005).

2.6. Insilico analysis

Information from the National Center for Biotechnology Infor-
mation (NCBI) was obtained on the function of each SNP

(www.ncbi.nlm.nih.gov).

RegulomeDB is a database for the interpretation of regula-
tory variants in the human genome. It includes high-throughput,

experimental data sets from ENCODE (Encyclopedia of DNA Ele-
ments)and other sources. RegulomeDB (regulomedb.org) identifies
putative regulatory potential and functional variants through com-
putational predictions and manual annotations (Boyle et al., 2012).
This database has a score that ranges from 1 to 6 (Supplementary
material-Table S8). Increasing of evidence for a variant to be located
in a functional region is indicated by lower scores. Scores of 1a to
1f indicate that the variant is likely to affect binding and linked to
the expression of a gene target, whereas scores of 2a to 2c indicate
only that the variant is likely to affect binding. Variants with scores
of 3a and b are less likely to affect binding, and scores of 4, 5, and 6
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Table 3
Significant associations between ADCY9 SNPs and asthma by logistic regression
adjusted for sex, age, helminth infections, and principal components 1 and 2.

SNP OR 95% ClI P-value Perm
rs2601796 1.31 1.07-1.60 0.009 0.010
rs2601814 1.27 1.04-1.55 0.019 0.016

indicate minimal binding evidence or no available data (Boyle et al.,
2012).

The Genotype-Tissue Expression Project GTEx
(www.gtexportal.org) of the National Institutes of Health Common
Fund has established a resource database and associated tissue
bank with the objective of studying the relationship between gene
expression and genetic variation as well as other molecular pheno-
types in multiple reference human tissues (The GTEx Consortium,
2014). Expression quantitative trait loci (eQTL) mapping offers a
powerful approach to elucidate the genetic component underlying
altered gene expression. Genetic variation can also influence gene
expression through alterations in splicing, noncoding RNAs, and
RNA stability. Gene expression is differentially regulated across
tissues, and many human transcripts are expressed in a limited set
of cell types or during a limited developmental stage (The GTEx
Consortium, 2014). From this project information was extracted
about the functional impact of ADCY9 polymorphisms.

3. Results
3.1. Description of the ADCY9 polymorphisms

In this study, 194 SNPs were extracted from the Illumina geno-
typing chip, in 1309 subjects. Of these markers, one was excluded
by the test for Hardy-Weinberg Equilibrium (HWE) (p <10-3) and
60 SNPs were excluded due to very low MAF (<0.05). No sam-
ple was excluded by low genotyping (mind >0.1) or missingness
(geno>0.1). Thus, of 194 markers, 133 SNPs were included in the
association analysis. Table 2 shows information from 29 SNPs dis-
cussed in the present study and presents SNPs with at least two
associations with allergy or asthma phenotypes; the other 104 are
shown in the Supplementary material (Table A.1) with only one
association (Table A.2).

3.2. Linkage disequilibrium

Linkage disequilibrium (LD) analysis was carried out using the
Haploview program. There are nine blocks in LD (Fig. 2).

3.3. Association of ADCY9 SNPs with asthma

The asthma phenotypes were identified by the asthma defini-
tion presented in the methodology item. The SNPs rs2601796 (OR
1.31, 1.07-1.60) and rs2601814 (OR 1.27, 1.04-1.55) were posi-
tively associated with asthma in the additive model (Table 3).

3.4. Association of ADCY9 SNPs with atopic asthma

Three SNPs were positively associated with allergy in asthmatic
patients and only rs2283497 (OR 0.67, 0.46-0.96) was negatively
associated with allergy in asthmatic patients (Table 4).

3.5. Association of ADCY9 SNPs with sIgE levels

The results of the analysis between the ADCY9 SNPs and serum-
specific IgE are shown in Table 5. The SNP kgp12201986 (OR 1.25,
1.04-1.49) was positively associated and the SNPs rs432166 (OR
0.83, 0.70-0.99) and rs2601777 (OR 0.80, 0.67-0.95) were nega-

Table 4

Significant association between ADCY9 SNPs and allergy in asthmatic subjects by
logistic regression adjusted for sex, age, helminth infections, and principal compo-
nents 1 and 2.

SNP OR 95% Cl P Value Perm

rs8061182 1.84 1.12-3.03 0.017 0.012

rs4785947 1.84 1.08-3.13 0.025 0.031

kgp12201986 1.54 1.03-2.31 0.035 0.044

152283497 0.67 0.46-0.96 0.031 0.041
Table 5

Significant association between ADCY9 SNPs and sIgE by logistic regression adjusted
for sex, age, helminth infections, and principal components 1 and 2.

SNP OR 95% CI P value Perm
IgE specific for at least one allergen
kgp12201986 1.25 1.04-1.49 0.015 0.012
rs432166 0.83 0.70-0.99 0.040 0.040
rs2601777 0.80 0.67-0.95 0.010 0.010
sIgE for Blomia tropicalis
kgp12201986 1.31 1.09-1.57 0.004 0.004
1s2444217 1.26 1.05-1.51 0.012 0.016
rs4785947 1.31 1.02-1.67 0.036 0.034
rs2601777 0.81 0.68-0.97 0.019 0.027
rs2283497 0.83 0.70-0.98 0.031 0.037
rs4785953 0.81 0.66-0.99 0.036 0.037
rs8045426 0.72 0.52-0.98 0.038 0.038
rs432166 0.83 0.69-0.98 0.036 0.042
sIgE for Dermatophagoides pteronyssinus
1s2283497 0.81 0.66-0.98 0.032 0.025
rs6500567 0.76 0.61-0.96 0.020 0.027
rs4785953 0.79 0.63-1.00 0.048 0.040

tively associated with IgE for at least one allergen. Three SNPs were
positively associated and five SNPs were negatively associated with
B. tropicalis sIgE. Three SNPs were negatively associated with D.
pteronyssinus sIgE.

3.6. Association of ADCY9 SNPs with skin prick test

The results of the analysis between ADCY9 SNPs and the skin
prick test are shown in Table 6. Nine SNPs were positively associ-
ated and six were negatively associated with the skin prick test for
at least one tested allergen.

Analysis of polymorphisms and the specific skin test for D.
pteronyssinus revealed that nine SNPs were positively associated
and ten SNPs were negatively associated with this test. Six SNPs
were positively associated with the skin prick test for Blomia trop-
icalis.

Six SNPs were positively associated and five were negatively
associated with the skin prick test for P. americana. Two SNPs were
positively associated and rs13337675 (OR0.58,0.22-0.37) was neg-
atively associated with the skin prick test for B. germanica.

Two SNPs were positively associated and rs2108987 (OR 0.12,
0.02-0.93) was negatively associated with the skin prick test for
dog epithelium. The rs7196832 (OR 3.02, 1.10-8.29) was positively
associated with the skin prick test for cat epithelium (Table 6).

3.7. Association of ADCY9 SNPs with cytokine level production

Four SNPs were positively associated with unstimulated
production of IL-5, and rs13337675 (OR 0.46, 0.25-0.86) was neg-
atively associated with unstimulated production of IL-5 (Table 7).

Two SNPs were positively associated with unstimulated pro-
duction of IL-13 (rs2531995 and rs8045426), and rs1045476 (OR
0.83, 0.70-0.99) was negatively associated with unstimulated pro-
duction of IL-13 (Table 7). The cytokines IFN-vy and IL-10 were



142

H.M.P. Teixeira et al. / Molecular Immunology 82 (2017) 137-145

0 0 — | 1 11 I I

157196832
rs13337675
1s2601814

151045476
12601777 \
152601807
152444217
kgp12201986
154785947
1573490519
rS79%6474
152283497
rs8061182

rs2531995

rs4785951 -~

\

1S6500567
152601796
152601798
152601831
152058166
159922384
152239313
161042195 ““““
152108987
152532019
rs409963 /
158045426
154785953
15432166

@
2
=
=
£

Block 3 (7 kh)
2

o
E
=
:
=
N
2

Block 7 (5 kb) Block 8 (2 kb)
9 9

@
g

Fig. 2. Pairwise LD within Haploview using the D’ squared statistic for the ADCY9 gene. Intensity of shading indicates the degree of confidence in the D’ value.

not statistically significantly associated with any polymorphisms
of ADCY?9 in this study.

3.8. GTEx in silico analyses

Using the GTEx browser we found the rs2108987 (p<0.001),
rs2239313 (p<0.001) rs2531995 (p<0.001), rs409963 (p < 0.001),
rs2532019 (p<0.001), and rs8045426 (p<0.001) associated with
differential expression of ADCY9 in whole blood or thyroid tissue
(The GTEx Consortium, 2014) (Fig. 3).

4. Discussion

This s the first study to examine the genetic association between
variants of the ADCY9 gene with asthma and allergy. Our data
indicate that the ADCY9 polymorphisms rs2601796 and rs2601814
were associated with an increase in the risk of asthma, whereas
other SNPs are associated with allergy in children.

The ADCY9 expression is directly related to cAMP production
(Fig. 1), and high intracellular cAMP levels in regulatory T cells
are critically involved in contact-dependent suppression of con-
ventional Th1 and Th2 cells and the enhance of IL-17 production
(Yoshida et al., 2016; Bodor et al., 2012) (Fig. 1).

The SNPs rs2601796 and rs2601814 were negatively associated
with several markers of allergy. In addition, both SNPs were pos-
itively associated with asthma. Although there is no description
of the impact of these SNPs on gene expression, we hypothesize
that these variants may lead to increased expression of ADCY9 with
consequent modulation of allergy (Bodor et al., 2012) in parallel
to an increase of Th17 response (Yoshida et al., 2016), which may
explains the positive association with asthma and, in this case,
probably, non-allergic asthma. However, further studies are needed

to better explore the role of these two controversial markers on
asthma and allergy.

In this study, the C allele of rs2239313 was positively associ-
ated with skin test for at least one of the following allergens: D.
pteronyssinus, B. tropicalis, P. americana, and dog epithelium as well
as sIgE for D. pteronyssinus. Data from the GTEX project show that
the reference genotype G/G is associated with higher ADCY9 expres-
sion than the alternative genotype C/C, which is associated with low
expression in whole blood (Fig. 3B).

The A allele of rs2531995 was positively associated with skin
test for at least one of the following allergens: D. pteronyssinus, B.
tropicalis, and P. americana as well as unstimulated production of
IL-13. GTEx data, allele A expressed less ADCY9 than the reference
allele G (Fig. 3C) in thyroid tissue. Furthermore, this SNP rs2531995
had a score of 1f from RegulomeDB, meaning that this polymor-
phism is likely to affect binding and linked to the expression of a
gene target.

We also found the G allele of rs409963 positively associated with
skin test for at least one allergen and P. americana. This allele was
associated with lower ADCY9 expression than the reference A allele
(Fig. 3D).

The C allele of rs2532019 was negatively associated with skin
test for D. pteronyssinus and for P. americana. Analyzing the expres-
sion level in the GTEX, the C allele increases ADCY9 expression in
whole blood (Fig. 3E). Thus, individuals with the C/C genotype had
higher cAMP production.

These data suggest that genetic variants in ADCY9 were highly
involved in allergic status. A report by Bodor et al. (2012) rein-
forces the possibility that reduced adenylyl expression and the
consequent decrease in cAMP production, which is well estab-
lished as a potent negative regulator of T-cell immune function
(Mosenden and Taskén, 2011), had been negatively associated
with a regulatory activity from Treg cells that may contribute
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Fig. 3. GTEx-Gene expression level of adenylyl cyclase type 9 grouped by genotypes of (A) rs2108987 from whole blood (P<0.001); (B) rs2239313 from whole blood

(P<0.001); (C) rs2531995 from thyroid (P <0.001). D. rs409963 from whole blood (P <0.001); E. rs2532019 from whole blood (P <0.001); and F. rs8045426 from whole blood
(P<0.001).

to allergy development (Bodor et al., 2012). Also, in mast cells, The G allele rs2108987 was positively associated with skin test
the cAMP/PKA pathway induced by E-prostanoid 2 receptors acts for B. germanica and unstimulated production of IL-5 and nega-
through suppression of IgE/antigen-dependent signals and calcium tively associated with skin test for dog epithelium. The alternative
influx, reducing degranulation (Serra-pages et al., 2012) (Fig. 1). allele (G) was associated with higher ADCY9 expression than the

reference allele (Fig. 3A). The SNP rs8045426 was positively associ-
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Table 6

Significant associations between ADCY9 SNPs and skin prick test by logistic regres-
sion adjusted for sex, age, helminth infections, and principal components 1 and
2.

Table 7

Association between ADCY9 SNPs and unstimulated production of IL-5 and IL-13 by
logistic regression adjusted for sex, age, helminth infections, and principal compo-
nents 1 and 2.

SNP OR 95% CI P value Perm SNP OR 95% CI P value Perm
Skin test for at least one tested allergen Unstimulated production of IL-5
152601807 1.56 1.22-1.98 0.0003 0.0002 158045426 1.86 1.09-3.15 0.022 0.011
158061182 1.42 1.14-1.76 0.001 0.001 152601798 1.92 1.14-3.25 0.015 0.012
kgp12201986 1.34 1.11-1.62 0.002 0.002 152108987 1.73 1.14-2.60 0.009 0.014
15409963 1.45 1.12-1.87 0.005 0.007 157196832 1.56 1.06-2.27 0.022 0.020
152531995 1.26 1.05-1.51 0.013 0.011 1513337675 0.46 0.25-0.86 0.015 0.012
152058166 1.33 1.06-1.66 0.012 0.013 imulated broduction of
152239313 124 1.04-1.48 0015 0013 U“rztzlgg"] gges production o 1L-13 03149 0021 0026
4785951 1.27 1.06-1.52 0.010 0.014 - bt g y
Lepa4ar17 s Loy 0,034 0,034 158045426 141 1.04-1.89 0.025 0.026
192283497 0.80 0.67-0.95 0013 0,020 151045476 0.83 0.70-0.99 0.034 0.037
152601814 0.81 0.68-0.96 0.018 0.018
152601831 0.82 0.69-0.98 0.033 0.032
ﬁ?gggggzg 8'2}1 8'22:8‘32 g'gg g'g?g ated with unstimulated production of IL-5 and IL-13 and negatively
1579964474 0.67 0.46-0.97 0036 0041 associated with skin test for B. tropicalis. The alternative allele (T)
Skin test for Dermatophagoides bt . had high expression levels (Fig. 3F).
KIn test for Dermatophagoides pteronyssinus . P .
52239313 154 124-1.92 0.0001 0.0001 Alt.hough these 2 SNPs have a divergent association, this was
2531995 1.43 1.14-1.80 0.002 0.002 explained by Dehzad et al. (2016), where Th2 cell effector func-
rs8061182 1.47 1.13-1.92 0.004 0.003 tions remained unaffected due the ability of Th2 cells to produce
154785951 1.39 1.11-1.75 0.004 0.004 cytokines, which sustain their own proliferation, even in the
kgp12201986 1.38 1.09-1.74 0.007 0.006 absence of responsiveness to IL-2. In addition, a high cAMP content
1$61042195 1.40 1.09-1.79 0.008 0.007 . . . .
1s2601807 1.43 1.06-1.92 0.018 0.013 failed to efﬁc1ently blqck ThZ—medlated IL-4 pro.duFtl.on, whereas
152058166 1.41 1.07-1.85 0.015 0.013 IL-2 secretion and proliferation of Th1 cells were inhibited (Dehzad
152444217 1.28 1.02-1.61 0.037 0.030 etal, 2016).
rs2601814 0.68 0.54-0.85 . 0.0003 The rs2601798 and rs7196832 SNPs were positively associated
152532019 0.74 0.59-0.93 0.009 0.008 ith skin test for B . d cat epitheli tivel
£$73490519 0.48 028-0.83 0.008 0.008 with skin test for B. germanica and cat epithelium, respectively,
1573490519 0.48 0.28-0.83 0.008 0.008 and both were positively associated with unstimulated production
1579964474 0.50 0.29-0.86 0.012 0.010 of IL-5. The A allele of rs1045476 was negatively associated with
151045476 0.76 0.61-0.95 0.014 0.012 skin test for D. pteronyssinus and unstimulated production of IL-
;zgggig‘; 8'(732 g'ggzg'gl g'gg 8.81421 13, and the G allele of rs13337675 was negatively associated with
152601831 076 0.61-0.96 0019 0017 skin test for B. germanica and unstimulated production of IL-5. Th2
152601796 0.79 0.63-0.98 0.035 0.041 cells orchestrate asthmatic inflammation through the secretion of
) . . a series of cytokines, particularly IL-4, IL-9, IL-5, and IL-13; these
Skin test for Blomia tropicalis . . .. .
152601807 168 129-2.17 0.00009 0.00006 cytokines seem to be a main factor determining the degree of air-
152239313 1.29 1.07-1.56 0.009 0.015 way inflammation and hyperresponsiveness (Akbari et al., 2003).
1561042195 1.31 1.05-1.63 0.0181 0.016 IL-4 and IL-13 are involved in the isotype switch from IgM to IgE,
rs8061182 1.32 1.04-1.67 0.022 0.022 the antibody responsible for classic allergy and implicated in the
kgp12201986 1.27 1.03-1.56 0.024 0.020 . . :
52531995 124 101-151 00373 0038 pathophysiology of allergic asthma (Akbari et al., 2003). Also, IL-13
s tor Peri ) increases mucus production and induces airway hyperreactivity, a
(;2;0895;6? eriplaneta o 008 0012 0011 cardinal feature of asthma (Akbari et al., 2003). IL-5 plays a major
152058166 1.41 1.06-187 0017 0013 role in the regulation of eosinophil formation, growth, differentia-
Kgp12201986 1.34 1.05-1.70 0.020 0.013 tion, recruitment, and survival (Deo et al., 2010; Kouro and Takatsu,
154785951 1.37 1.08-1.73 0.008 0.014 2009).
152531995 1.32 1.04-1.67 0.022 0.019 The rs9922384 was negatively associated with skin test for D.
152239313 127 1.01-1.59 0.042 0.039 ; ; . .
12283497 072 0.57-0.92 0008 0007 pteronyssinus and P. americana. The SNP was localized in the pro-
52532019 0.74 0.59-0.94 0.014 0.018 moter region of the ADCY9 gene with an intron variant function.
152601814 0.77 0.61-0.97 0.027 0.032 This polymorphism shows a 2b score in the RegulomeDB database,
159922384 0.70 0.50-0.98 0.040 0.043 which was related to binding transcription factors to DNA and,
1s6500567 0.75 0.57-0.99 0.047 0.048 potentially, correlated to the level of ADCY9 expressed. Other neg-
Skin test for Blatella germanica atively associated polymorphisms were the SNP rs2283497 with
152108987 1.54 110-2.14 0.011 0.015 atopic asthma, skin test for at least one tested allergen (>3 mm),
152601798 1.64 1.06-2.53 0.027 0.022 ific skin test for D. ph ; d 1eE for D. ot ; P
1513337675 058 0.37-0.89 0.015 0.018 specific skin test for D. pteronyssinus and IgE for D. pteronyssinus, P.
) o americana, and B. tropicalis; the SNP rs4785953 with the skin test
Skin test for dog epithelium for at least one tested allergen (>3 mm) and IgE for D. pteronyssinus
152239313 2.91 1.33-6.37 0.007 0.004 o . .
54785951 224 1.05-4.81 0038 0022 and B. tropicalis; the SNP rs2601777 with at least one IgE, specifi-
52108987 0.12 0.02-0.93 0.042 0.021 cally, for B. tropicalis; the rs2601831 with the skin test for at least
Skin test for cat epithelium (')ne.allergen and to D. pteronyssinus; rs432166 with IgE for B. trop-
157196832 3.02 1.10-8.29 0.032 0.029 icalis and IgE for at least one allergen; rs6500567 with IgE for D.

pteronyssinus, the skin test for P. americana, and for at least one
allergen; and rs73490519 and rs79964474 with the skin test for D.
pteronyssinus and for at least one allergen. These polymorphisms
likely protect the subject from asthma or the atopic phenotype;
data about these SNPs are lacking.
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The SNP rs2444217 is positively associated with the skin test
for D. pteronyssinus and at least one tested allergen (>3 mm) and
IgE for B. tropicalis. This SNP presents a DB score of 2a that pos-
sesses sequence motifs. These are a short sequences, recurring
patterns in DNA that have a biological function. They indicate
sequence-specific binding sites for proteins, such as nucleases and
transcription factors (TF). Sequence motifs are involved in impor-
tant processes at the RNA level, including ribosome binding, mRNA
processing (splicing, editing, polyadenylation) (Boyle et al., 2012)
(Patrik, 2006). The SNP rs2444217 is directly correlated with ADCY
expression. Other polymorphisms are associated positively, such as
the kgp12201986 with atopic asthma, the skin test for D. pteronyssi-
nus, P. americana, and B. tropicalis, IgE for B. tropicalis and IgE, and
the skin test for at least one allergen. The SNP rs2058166 is associ-
ated with the skin test for D. pteronyssinus and P. americana and for
at least one allergen; rs2601807 with the skin test for D. pteronyssi-
nus, B. tropicalis, and for at least one allergen; rs4785947 with atopic
asthma and sIgE to B. tropicalis; rs4785951 with the skin test for D.
pteronyssinus, P. americana, dog epithelium, and for at least one
allergen; rs61042195 with the skin test for D. pteronyssinus and B.
tropicalis; and finally, rs8061182 is positively associated with atopic
asthma and the skin test for at least one tested allergen (>3 mm),
specifically, for D. pteronyssinus and B. tropicalis. These polymor-
phisms may increase the risk of atopic asthma; data in the literature
are scarce for these SNPs.

5. Conclusions

To conclude, polymorphisms in the ADCY9 gene may play a role
in asthma and/or allergy. Although a relationship has not been
demonstrated for all of these SNPs with adenylyl cyclase expres-
sion, we believe that some ADCY9 polymorphisms in atopic subjects
decrease adenylyl cyclase expression, leading to less cAMP pro-
duction and consequently, deficient immunomodulatory activity.
Moreover, two SNPs showed negative associations with allergic
markers and, on the other hand, a positive association with asthma
possibly a non-atopic asthma. Therefore, it is necessary to replicate
this study in other populations as well as to perform experiments
that elucidate the mechanism whereby this genotype interferes in
the immune response leading to asthma and allergies.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.molimm.2017.
01.001.
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