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A B S T R A C T

Atopic asthma, which is characterized by the chronic inflammation and morbidity of airways, is a disease of
great complexity, and multiple genetic and environmental factors are involved in its etiology. In the first
genome-wide association study (GWAS) conducted in Brazil for asthma, a positive association was found be-
tween atopic asthma and a variant (rs1999071), which is located between the DAD1 and OXA1L genes, although
neither gene has previously been reported to be associated with asthma or allergies. The DAD1 gene is involved
in the regulation of programmed cell death, and OXA1L is involved in biogenesis and mitochondrial oxidative
phosphorylation. This study aimed to evaluate how polymorphisms in DAD1 and OXA1L are associated with
asthma and markers of atopy in individuals from the Salvador cohort of the SCAALA (Social Change Asthma and
Allergy in Latin America) program. The DNA of 1220 individuals was genotyped using the Illumina 2.5 Human
Omni Bead chip. Logistic regression analyses were performed with PLINK 1.9 software to verify the association
between DAD1 and OXA1L polymorphisms and asthma and atopic markers, adjusted for sex, age, helminth
infections and ancestry markers, using an additive model. The DAD1 and OXA1L genes were associated with
some of the evaluated phenotypes, such as asthma, skin prick test (SPT), specific IgE for aeroallergens, and Th1/
Th2-type cytokine production. Using qPCR, as well as in silico gene expression analysis, we have demonstrated
that some of the polymorphisms in both genes are able to affect their respective gene expression levels. In
addition, DAD1 was over-expressed in asthmatic patients when compared with controls. Thus, our findings
demonstrate that variants in both the DAD1 and OXA1L genes may affect atopy and asthma in a Latin American
population with a high prevalence of asthma.

1. Introduction

Atopic conditions, such as atopic dermatitis, rhinitis and asthma, are
some of the most common non-communicable diseases and are caused
by chronic inflammatory reactions of type I hypersensitivity. They have
a strong impact on quality of life and represent a substantial and
growing socioeconomic burden for societies (Wight et al., 2017).

Asthma affects approximately 334 million people worldwide, and
although it affects individuals across all age groups, it is one of the top
20 chronic conditions in the worldwide disability ranking among

children 5–14 years of age (Asher and Pearce, 2014).
Asthma morbidity is characterized by variable and recurrent

symptoms, including chronic inflammation, reversible obstruction of
the airways and increased bronchial hyperresponsiveness. It is a com-
plex disease with multiple genetic and environmental risk factors and a
marked phenotypic heterogeneity (Yang et al., 2010).

In recent decades, large studies on asthma and atopy in diverse
populations throughout the world have identified genetic polymorph-
isms that either serve as risk factors or offer protection for such con-
ditions, especially in children (Strachan and Pearce, 2011). Although
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there exist genome-wide association (GWA) and candidate gene studies
for asthma and atopy, the first GWA study for asthma in Brazil was only
recently published, in 2015. In that study, the single-nucleotide poly-
morphism (SNP) rs1999071, located in an intergenic region between
the DAD1 and OXA1L genes in the 14q11 region, was described as a
genetic risk factor for asthma (Costa et al., 2015).

The DAD1 gene is known to be involved in the process of apoptosis,
proving to be essential for the homeostasis and cell proliferation of
various tissues (Nakashima et al., 1993). Apoptosis is known to be an
essential process for normal development in multicellular organisms
and to control inflammation, as well as immune homeostasis (Fuchs and
Steller, 2015). A previous study has indicated that the increased ex-
pression of the DAD1 gene in the thymus and the peripheral immune
system is associated with an increase in the proliferation of peripheral T
lymphocytes in mice (Hong et al., 1999).

OXA1L is a gene encoding the Oxa1 protein, which is involved in the
biogenesis of mitochondrial oxidative phosphorylation machinery
(Herrmann and Neupert, 2003; Hildenbeutel et al., 2008). Mitochon-
drial dysfunction may be involved in the physiopathology of many
diseases, such as Kearns Sayre Syndrome, Leigh-syndrome or Leber’s
Hereditary Optic Neuropathy (Dankowski et al., 2016). It has been
previously shown that mitochondrial dysfunction is commonly caused
by polymorphisms in mitochondrial DNA and inadequate repair me-
chanisms (Wallace and Chalkia, 2013). In addition, (Mabalirajan and
Ghosh, 2013) stated that there is a relationship between the im-
munopathology of asthma and mitochondrial biology, involving oxi-
dative stress, calcium ion homeostasis and apoptosis pathways. It has
been previously shown by (Jaffer et al., 2015) that mitochondria are
relevant for remodeling in asthma, and dysfunctional mitochondria are
evident in the smooth muscle cells of airways and in the lung epithe-
lium of asthmatic patients (Leishangthem et al., 2013; Li and Shang,
2014).

Thus, in the present study, we have investigated the association
between DAD1 and OXA1L gene variants and asthma and allergic
markers in an attempt to understand the mechanisms through which
these variants affect asthma in Latin America to better characterize the
disease and to suggest alternative pathways for the treatment of this
illness.

2. Methods

2.1. Study population

The study was performed in children living in the city of Salvador,
Northeast, Brazil, which has a population of approximately 2.8 million
inhabitants. The study population consisted of approximately 1220
children, between 4 and 11 years of age, and has been described in
previous studies of the group (Barreto et al., 2006; Figueiredo et al.,
2009; Queiroz et al., 2017; Rodrigues et al., 2008). The children were
recruited to the Salvador cohort of the SCAALA (Social Change Asthma
and Allergy in Latin America) Program (Barreto et al., 2007).

To collect data, questionnaires based on the ISAAC (International
Study of Asthma and Allergies in Childhood) phase 2 study (Asher et al.,
1995) were used, with questions regarding asthma symptoms translated
in to Portuguese (Alcantara-Neves et al., 2012), and the survey was
conducted by properly trained field workers during home visits. Written
consent was acquired from the parents or guardians of the children, and
interviews were conducted in their presence. The project was approved
by the ethics committees of the Federal University of Bahia (registry
003-05/CEP-ISC) and the National Council of Ethics in Research
(CONEP, resolution number 15 895/2011).

2.2. Definition of asthma symptoms

Children were classified as asthmatic when parents or guardians
reported wheezing associated with any of the following: the diagnosis

of asthma by a physician at any time, wheezing with exercise during the
previous 12 months, four or more episodes of wheezing during the
previous 12 months, or night waking due to wheezing episodes during
the previous 12 months. These classification parameters are more
specific than the classification parameters most commonly reported by
studies using the ISAAC questionnaire, which only consider reported
wheezing during the previous 12 months. Children who did not meet
these criteria were classified as non-asthmatic.

2.3. Specific IgE to aeroallergens

To determine the specific IgE levels, tests were performed using the
ImmunoCAP assay (ThermoFisher, Waltham, Massachusetts, USA) for
the following allergens: Dermatophagoides pteronyssinus, Blomia tropi-
calis, Periplaneta americana and Blatella germanica. Children who had
specific IgE levels greater than or equal to 0.7 kU/L and/or a positive
SPT for at least one test allergen were defined as atopic.

2.4. Blood collection and skin prick tests (SPT)

The children were evaluated by a medical team in a mobile clinic,
where blood was collected, and skin prick testing was performed for the
above mentioned aeroallergens, as well as for dog and cat epithelia and
a fungal mix. Saline solution was used as the negative control, and a
histamine solution at 10mg/ml was used as the positive control. After
15min, the reactions were read, and a diameter size of 3mm greater
than the negative control was considered positive.

Heparinized blood was collected, the plasma was prepared to
measure specific IgE levels for the aeroallergens and whole blood cul-
tures were analyzed to measure the production of cytokines in the cell
supernatants.

2.5. Cell culture and measurement of IL-5, IL-10, IL-13 and IFN-γ by ELISA

Cells were cultured at a 1:4 dilution in RPMI medium (Gibco,
Auckland, New Zealand) containing 10mM of glutamine (Sigma-
Aldrich, Inc., St. Louis, Missouri, USA) and 100 μg/ml gentamycin
(Sigma-Aldrich, Inc. St. Louis, Missouri, USA) within 6 h following
collection in heparinized tubes. For the detection of IL-5, IL-10, IL-13
and IFN-γ, cell cultures were maintained in a humidified atmosphere of
5% CO2 at 37 °C for 5 days, either without stimulation, to evaluate
spontaneous production, or with stimulation using 2,5 μg/ml of B. tro-
picalis extract (Greer, Brazil). The concentrations of each cytokine were
measured by sandwich ELISA, using commercial kits, following the
manufacturer's recommendations (BD PharMingen, San Diego, CA,
USA). There was no significant association between IL-5 and IL-10 cy-
tokines (data not shown). The respective low and high detection limits
(in pg/ml) were 15.6 and 500 for IFN-γ and 62.5 and 4000 for IL-13.
Children were considered responsive when the measured values for
both cytokines fell within the detection ranges.

2.6. Genotyping

The DNA was extracted from peripheral blood samples using a
Flexigene@ DNA Kit (Qiagen, Hilden, Germany), and we performed
genotyping using a commercial panel, a Illumina Bead Chip
HumanOmni 2.5 Kit (www.illumina.com), through the Consortium
EPIGEN-Brazil (https://epigen.grude.ufmg.br). The genetic information
for DAD1 was extracted from positions 23,033,807 to 23,058,143 (lo-
cation: NC_000014.9) on chromosome 14. The genetic information for
OXA1L was extracted from positions 23,235,731 to 23,240,998 (loca-
tion: NC_000014.9) on chromosome 14. The following filters were ap-
plied for quality control: a genotyping call rate of less than 0.98; an
imbalance of the Hardy–Weinberg equilibrium with a P-value of less
than 10−4; and a P-value for the minor allele frequency (MAF) of less
than 1% (Laurie et al., 2010). A total of 33 markers were identified in
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DAD1, but only 26 of these were analyzed following the application of
the quality control parameters. Similarly, a total of 10 markers were
identified in OXA1L, but only 5 of these were analyzed following the
application of the quality control parameters.

2.7. RNA extraction and cDNA production

To evaluate the expression levels of the DAD1 and OXA1L genes,
RNA was isolated from the whole blood cell culture using the RNeasy
Mini Kit (Qiagen, Hamburg, Germany), according to the manufacturer's
protocol. Subsequently, 0.3 μg of total RNA from each sample was re-
verse transcribed into cDNA using 200 U of Superscript III Reverse
Transcriptase (Life Technologies, Carlsbad, CA, USA) and 500 ng of
Oligo (dT) (Life Technologies, Carlsbad, CA, USA), according to the
manufacturer's instructions. Sterilized and filtered DEPC-treated water
was used in all cDNA reactions. This step was performed as previously
described by (Rios et al., 2017).

2.8. Real time quantitative polymerase Chain reaction (qRT-PCR)

Presynthesized Taqman® Gene Expression Assays (Applied
Biosystems, Foster City, CA, USA) were used to amplify the following
sequences (Applied Biosystems primers/probes set numbers are shown
in parentheses): DAD1 (Hs00154671_m1), OXA1L (Hs00192329_m1)
and β-actin (Hs99999903_m1). cDNA samples derived from the in-
vestigated genes were detected by a QuantStudio 12 K Sequence
Detection System (Applied Biosystems, Foster City, CA, USA), according
to the manufacturer’s recommendations. Each qRT-PCR assay was
performed with 10 ng of the cDNA sample in 10 μL of Taqman-PCR
Mastermix 2X (Applied Biosystems, Foster City, CA, USA) and 1 μL of
the respective primer/probe set and was purified using deionized H2O
q.s. 20 μL. The gene expression levels were normalized to β-actin levels.
Relative quantification was performed by the comparative threshold
cycle (ΔΔCT) method, as previously described (Hellemans et al., 2007;
Orlando et al., 1998; Vandesompele et al., 2002).

2.9. Genetic risk score for asthma

Genetic risk score analysis was performed to determine the degree
of risk in the presence of more than one allele of any SNP, such as
rs1681577 (DAD1) and rs4981436 (OXA1L), which were both asso-
ciated with asthma in the present study. A score number was assigned
according to the presence of risk alleles. For this analysis, the web tool
SNPstats (www.snpstats.net) was used (Sole et al., 2006).

2.10. In silico functional analysis

In silico gene expression analyses were performed for the phenotype-
associated SNPs using the GTEx portal (www.gtexportal.org) in the
following tissues: lung, fibroblasts and whole blood, according to the
genotype of each SNP.

RegulomeDB (www.regulomedb.org) is a database that annotates
SNPs with known and predicted regulatory elements in the intergenic
regions of the H. sapiens genome. Known and predicted regulatory DNA
elements include regions of DNAase hypersensitivity, transcription
factor binding sites, and promoter regions that have been biochemically
characterized as regulators of transcription. This database uses a score
ranging from 1 to 7. Lower scores indicate increasing evidence that a
variant may be located in a functional region, indicating that a certain
polymorphism may generate possible effects on TFs (Factors Binding to
Transcription), which may affect the regulation of nearby gene ex-
pression. Scores from 1a to 1f indicate that the SNP is likely to affect
binding and is linked to the expression of a gene target; scores from 2a
to 2c indicate that the SNP is likely to affect binding; the scores 3a and
3b indicate that the SNP is less likely to affect binding; scores of 4, 5, or
6 indicate that there is minimal binding evidence that the SNP affects

binding; and a score of 7 indicates that no data regarding the SNP
function are available.

The rSNPBase (http://rsnp.psych.ac.cn) is a database that provides
annotations focused on regulatory SNPs that are involved in a wide
range of regulation types, including proximal, distal and post-tran-
scriptional regulation, and that helps to identify their potentially
regulated genes. Micro RNA regulation describes SNPs within mature
miRNA, and RNA binding protein-mediated regulation is involved in
RNA binding protein-mediated post-transcriptional regulation (Guo
et al., 2014).

2.11. Statistical analysis

The analyses for associations between polymorphisms in the DAD1
and OXA1L genes and asthma or atopy were performed using a non-
adjusted bivariate logistic regression model and a multivariate model,
adjusted for sex, age, helminth infections and individual ancestry,
which was estimated as previously described (Fernanda Lima-Costa
et al., 2015).

The additive genetic model was used in all analyses.Adaptive per-
mutations were also employed in the bivariate and multivariate ana-
lyses, as previously described by (Teixeira et al., 2017). The adaptive
permutations were calculated to provide a computationally intensive
approach to generating significance levels. Multiple comparison pro-
blems have been managed using methods that control the false dis-
covery rate, such as a permutation test (Lage-Castellanos et al., 2010).
This test preserves the correlational structure between SNPs (Purcell
et al., 2007). The LD analysis was performed using Haploview software,
and all genetic data were analyzed using PLINK 1.9 software. We
considered significant associations to be those with P-values ≤ 0.05.
Statistical analysis of DAD1 and OXA1L gene expression levels was
performed using GraphPad 6 software, usinga t-test for parametric data
and a Mann-Whitney test for non-parametric data.

3. Results

3.1. Characteristics of the study population

Table 1 presents the descriptive characterization of the study po-
pulation, which was composed of 946 non-asthmatic and 274 asth-
matics participants. Moreover, 53.5% of the children were male, and
the majority of them were between 6 and 7 years old (35.6%). Of the
1220 original children, analyses were limited to those for which gen-
otype and phenotype data were available. Statistically significant dif-
ferences (P < 0.001) were observed between asthmatic and non-asth-
matic subjects for the evaluated atopic and immunological
characteristics, a cross all demographics.

3.2. Description of the DAD1 and OXA1L polymorphisms

Table 2 shows the descriptions of the analyzed SNPs from our po-
pulation that were associated with the considered phenotypes. A total
of 21 polymorphisms were analyzed, the majority of which are intron
variants, with sixteen occurring in the DAD1 gene and five occurring in
the OXA1L gene. All SNPs had a Minor Allele Frequency (MAF) of at
least 1% and up to 42% and remained within the parameters for the
Hardy-Weinberg equilibrium (HWE) that were set for quality control.

3.3. Regulatory characteristics of polymorphisms

We described whether the SNPs identified in either gene had known
regulatory mechanisms, summarized as “yes” or “no” in Table 3. The
polymorphisms rs1051101, rs4981436, rs17619 and rs8572 are in-
volved in proximal regulation. The SNPs rs1681577, rs1051101,
rs3811189, rs4981436, rs17619 and rs8572 may influence distal reg-
ulation. The polymorphisms rs1681577, rs1051101 and rs3811189
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may influence post-transcriptional regulation. In addition, the same
table shows the values obtained using the RegulomeDB platform that
correspond to the regulatory and functional characteristics of these
SNPs. The score of “1f” for rs1051101 indicates that it may affect
binding and is linked to the expression of a gene target; the score of
“2b” for rs1681577 indicates that it may affect binding; the score of
“3a” for rs3811189 indicates that it is less likely to affect binding; and
the scores “4” and “5” for the polymorphisms rs4981436, rs17619 and
rs8572 indicate that there is minimal binding evidence. These scores
were obtained as described in the methods section.

3.4. Association of SNPs in DAD1 and OXA1L with asthma and atopy

Table 4 shows the significant associations between DAD1 poly-
morphisms and asthma and markers of allergy. The P-values refer to the
applied permutational test. The polymorphism rs1681577 (OR: 0.75;
CI: 0.57–0.99) was negatively associated with asthma. The SNPs
rs3811189 (OR: 1.31; CI: 1.07–1.61) and rs1051101 (OR: 1.25; CI:
1.02–1.54), found in DAD1, were positively associated with sponta-
neous IL-13 production. No association was found between the SNPs in
DAD1 and allergy markers of (data no shown).

Table 5 shows the significant associations between OXA1L gene
polymorphisms, asthma and markers of allergy. The SNP rs4981436
(OR: 1.42; CI: 1.08–1.85), an intronic polymorphism, was positively
associated with asthma. Another SNP, the missense polymorphism
rs8572, was positively associated with several allergic markers, such as
the skin prick tests for dog epithelium (OR: 2.23; CI: 1.02–4.85), P.
americana (OR: 1.33; CI: 1.04–1.71), and D. pteronyssinus (OR: 1.33; CI:
1.05–1.69), and the production of specific IgE for D. pteronyssinus (OR:
1.26; CI: 1.03–1.56). Another missense SNP, rs17619 (OR: 0.69; CI:
0.51–0.93), was negatively associated with B. tropicalis-stimulated IFN-
γ production.

Table 1
Demographic characteristics and atopic and immunological markers in the
studied population, separated by asthmatic or non-asthmatic status.

Variables Subject group (1220)

Non-
Asthmatics

% Asthmatics % P-value

(946) (274)

Age
≤5 years 314 33,2 132 48,2 < 0.001
6–7 years 337 35,6 88 32,1
≥8 years 291 30,8 54 19,7
Sex
Male 506 53,5 151 55,1 < 0.001
Female 436 46,1 123 44,9
Specific IgE for
D. pteronyssinus 179 18,9 91 33,2 < 0.001
Skin prick test for
D. pteronyssinus 131 13,8 62 22,6 < 0.001
P. americana 120 12,7 49 17,9 < 0.001
Dog epithelium 7 0,7 6 2,2 < 0.001
Spontaneous cytokine

production by
peripheral blood
cellsa

IL-13 313 33,1 83 30,3 < 0.001
Cytokines production

upon B. tropicalis
stimulationb

IFN-γ 145 15,3 53 19,3 < 0.001

Data were analyzed using the chi-square test.
a Response of asthmatic and non-asthmatic children from the lowest detec-

tion point for each cytokine in an unstimulated cell culture.
b Response of asthmatic and non-asthmatic children from the lowest detec-

tion point for each cytokine in a cell culture following stimulation with B.
tropicalis.

Table 2
Characterization of the SNPs evaluated with in DAD1 and OXA1L.

CHR SNP A1 A2 MAF HWE Function

DAD1 gene
14 rs10137999 C T 0.18 0.84 Intron variant
14 rs10145997 A G 0.34 0.70 Intron variant
14 rs1051101 T C 0.25 0.76 Utr variant 5 prime
14 rs1681577 G T 0.32 0.95 Intron variant
14 rs17119961 A G 0.05 0.57 Intron variant
14 rs3811189 C T 0.26 0.94 Intron variant
14 rs5742731 A G 0.05 1 Utr variant 5 prime
14 rs5742744 C A 0.07 0.02 Intron variant
14 rs5742745 C A 0.15 0.45 Intron variant
14 rs5742759 C T 0.02 1 Intron variant
14 rs5742803 G A 0.18 0.78 Intron variant
14 rs5742812 C T 0.11 0.14 Intron variant
14 rs5742814 C A 0.19 0.51 Intron variant
14 rs5742835 A G 0.38 0.34 Intron variant
14 rs5742847 T G 0.18 0.92 Intron variant
14 rs5742857 A G 0.10 0.16 Intron variant
14 rs1803479 C T 0.16 0.75 Utr variant 3 prime
14 rs5742870 G T 0.09 0.05 Intron variant
14 rs75551720 G A 0.01 1 Intron variant
14 rs5742855 C T 0.02 1 Intron variant
14 rs17119926 C T 0.16 0.67 Intron variant
14 rs1051154 T C 0.16 0.60 Synonymous codon
14 rs5742794 C T 0.16 0.60 Intron variant
14 rs115874095 T C 0.08 0.11 Intron variant
14 rs5742747 G A 0.29 0.68 Intron variant
14 rs5742741 A G 0.09 0.86 Intron variant
14 rs1051189 T C 0.10 0.08 Utr variant 3 prime
14 rs117059425 C A 0.01 1 Intron variant
14 rs5742831 G T 0.01 1 Intron variant
14 rs5742858 T C 0.09 0.11 Intron variant
14 rs8022143 C T 0.01 1 Intron variant
14 rs202152368 G — 0 — Intron variant
14 kgp5702341 C — 0 — —

OXA1L gene
14 rs200470407 C T 0.22 0.69 Synonymous codon
14 rs17619 A G 0.21 0.61 Missense, upstream variant 2KB
14 rs3764164 G A 0.42 0.95 Intron variant, upstream variant 2

KB
14 rs4981436 C T 0.13 0.28 Intron variant
14 rs8572 G A 0.28 0.36 Missense, upstream variant 2KB
14 rs115891437 G A 0.01 1 Missense, upstream variant 2KB
14 rs1957374 A G 0.26 0.05 Synonymous codon, upstream

variant 2KB
14 rs2075846 G A 0.27 0.11 Intron variant
14 rs73586409 C T 0.01 0.10 Missense, upstream variant 2KB
14 rs199959164 — G 0 — Intron variant

CHR, chromosome; SNP, single-nucleotide polymorphism; A1, polymorphic
allele; A2, wild allele; MAF, minor allele frequency; HWE, Hardy-Weinberg
equilibrium.

Table 3
Data regarding SNP function from in silico analyses, using rSNPBase and
RegulomeDB on the identified SNPs in DAD1 and OXA1L.

SNPa Proximal
regulation

Distal
regulation

miRNA
regulation

RNA-
binding-
protein-
mediated
regulation

RegulomeDB
scoreb

DAD1 Gene
rs1681577 No Yes No Yes 2b
rs1051101 Yes Yes No Yes 1f
rs3811189 No Yes No Yes 3a

OXA1L Gene
rs4981436 Yes No No No 5
rs17619 Yes Yes No No 4
rs8572 Yes Yes No No 4

a Single-nucleotide polymorphism.
b RegulomeDB score annotation.
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3.5. A cluster of variants increases asthma risk

All combinations of rs1681577 (DAD1) and rs4981436 (OXA1L)
genotypes were analyzed. We verified that the risk of asthma suscept-
ibility was increased when the alleles that acted as risk factors were
presented together, as shown in Table 6 and Fig. 1.

In the presence of two risk alleles, the susceptibility to asthma in-
creased (OR: 1.92; 95% CI: 1.02–3.59; P-value: 0.032), and in the
presence of three risk alleles, the susceptibility to asthma was doubled
(OR: 2.96; 95% CI: 1.43–6.10; P-value: 0.0021), when compared with
the susceptibility to asthma in the presence of any single risk allele.

3.6. In silico expression of the DAD1 and OXA1L gene by GTEx portal

The in silico expression levels of the DAD1 gene, in lung tissue and in
transformed fibroblast cells obtained from individuals that carry the
SNP rs1681577, are shown in Fig. 2. The levels of DAD1 expression are
reduced in individuals that carry the rs1681577 polymorphic G allele
(GTEx P-value: 0.0015; GTEx P-value: 0.00017) in the above mentioned

tissues.
Fig. 3 shows the in silico expression levels of the OXA1L gene in the

whole blood tissue of individuals that carry the rs8572 SNP. Individuals
that carry the rs8572 G allele had increased expression levels of the
OXA1L gene (GTEx P-value: 0.030). No statistically significant asso-
ciation was found in the other evaluated tissues.

3.7. Expression of DAD1 and OXA1L by real-time qPCR

Fig. 4 shows the expression levels of the DAD1 and OXA1L genes as
assessed by Real-Time qPCR. DAD1 expression levels were increased in
asthmatic subjects when compared with control subjects (P-
value= 0.036) (A). However, although a trend was observed for in-
creased OXA1L expression levels in asthmatic subjects when compared
with control subjects, the result was not statistically significant (P-
value= 0.931) (B).

3.8. Linkage disequilibrium

Fig. 5 shows the linkage disequilibrium (LD) analysis between the
studied SNPs in the DAD1 and OXA1L genes. There is a high degree of
linkage disequilibrium between the SNPs rs3811189 and rs1051101
that were found in the DAD1 gene. However, no linkage disequilibrium
was observed for the SNPs found in the OXA1L gene. The LD plots were
generated by the Haploview 4.2 program using the PLINK 1.9 data set.

4. Discussion

Our study has demonstrated, for the first time, that genetic variants
in the DAD1 and OXA1L genes are associated with asthma and markers
of atopy. Previous studies have shown that DAD1 is present in the
genome of humans, mice, chickens and other species and that this gene
is expressed at varying levels in all tissues (Hong et al., 1997; Wang
et al., 1997). In addition, the DAD1 gene is known to have anti-apop-
totic activity, and previous experiments have shown that DAD1 is re-
quired for cell viability in several tissues (Nakashima et al., 1993;
Silberstein et al., 1995).

The presence of the DAD1 SNP rs1681577 (G allele) was a protec-
tive factor for asthma, which can be explained, at least in part, by a
decrease in DAD1 expression levels in individuals carrying this SNP, as
shown in Fig. 2A/B. Interestingly, rs1681577 is involved with some
regulatory mechanisms (Table 3) that may play important roles in the
transcriptional regulation of this gene.

The rs1051101 (T allele) and rs3811189 (C allele) SNPs in DAD1
were risk factors for IL-13 production. In addition, the SNPs rs1051101
(T allele) and rs3811189 appear to have an influence on the regulation
of DAD1 expression, as they are also associated with transcription
factors (Table 3). These polymorphisms are both positively associated

Table 4
Significant associations between DAD1 SNPs, asthma and spontaneous IL-13
production, using a logistic regression adjusted for sex, age, helminth infec-
tions, and ancestry markers.

Gene CHR SNP A1 OR CI 95% P-value*

Asthma
DAD1 14 rs1681577 G 0.75 0.57–0.99 0.033

Spontaneous IL-13production
DAD1 14 rs3811189 C 1.31 1.07–1.61 0.008
DAD1 14 rs1051101 T 1.25 1.02–1.54 0.031

CHR, chromosome; SNP, single-nucleotide polymorphism; A1, polymorphic
allele; OR, odds ratio; CI, confidence interval.
* P-value considering adaptive permutations using the additive model.

Table 5
Significant associations between OXA1L SNPs and asthma and atopy markers,
using a logistic regression adjusted for sex, age, helminth infections, and an-
cestry markers.

Gene CHR SNP A1 OR CI 95% P-value*

Asthma
OXA1L 14 rs4981436 C 1.42 1.08-1.85 0.010
Positive skin prick test for dog epithelium
OXA1L 14 rs8572 G 2.23 1.02-4.85 0.030
Positive skin prick test for P. americana
OXA1L 14 rs8572 G 1.33 1.04-1.71 0.028
Positive skin prick test for D. pteronyssinus
OXA1L 14 rs8572 G 1.33 1.05-1.69 0.031
Production of specific IgE for D. pteronyssinus
OXA1L 14 rs8572 G 1.26 1.03-1.56 0.023
Production of IFN-γ stimulated with B. tropicalis
OXA1L 14 rs17619 A 0.69 0.51-0.93 0.015

CHR, chromosome; SNP, single-nucleotide polymorphism; A1, polymorphic
allele; OR, odds ratio; CI, confidence interval.
* P-value considering adaptive permutations using the additive model.

Table 6
Genetic risk scores for rs1681577 (DAD1) and rs4981436 (OXA1L) for sus-
ceptibility to asthma.

Risk allele Controls Cases OR (95% CI)a P-value

0 77 (19.7%) 13 (13.8%) 1.00 —
1 313 (80.3%) 81 (86.2%) 1.59 (0.83–3.02) 0.15
2 410 (84.2%) 124 (90.5%) 1.92 (1.02–3.59) 0.032
3 85 (52.5%) 39 (75%) 2.96 (1.43–6.10) 0.0021

a Adjusted by gender, age, helminth infections and ancestry markers.

Fig. 1. Genetic risk score of rs1681577 (DAD1)+ rs4981436 (OXA1L) asso-
ciation with asthma. The risk was higher according to the number of risk alleles.
Adjusted by gender, age, helminth infection and ancestry markers. *Odds Ratio;
#(95% Confidence Interval); **P-value.
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with the same phenotype and also have high linkage disequilibrium
values (Fig. 5).

In our gene expression assay, using RT-qPCR, the DAD1 gene had
increased expression levels in asthmatic subjects when compared with
control subjects (Fig. 4A). A previous study has shown that increased
DAD1 expression levels are associated with poor prognosis in Hodgkin’s
lymphoma and in hepatocellular, prostate and lung carcinomas (Kulke

et al., 2008). (Tanaka et al., 2001) have demonstrated that high DAD1
expression levels in hepatocellular carcinoma cells blocked apoptosis,
increasing the survival of tumor cells.

A study in an American population identified the DAD1 SNP
rs8005354 (allele C), which has no known function, as a risk factor for

Fig. 2. SNP rs1681577 alters the in silico expression of DAD1 in lung tissue (A) and human cells transformed fibroblasts (B).

Fig. 3. SNP rs8572 (A) alters the in silico expression of OXA1L in human whole
blood cells.

Fig. 4. Levels of DAD1 gene expression (P-value= 0.036) (A) and OXA1L (P-value= 0.931) (B). The values were considered significant when P-value was ≤ 0.05.

Fig. 5. LD plots of SNPs of the DAD1 and OXA1L genes, analyzed in asthmatic
patients and control in Brazilian derived cohorts. The top horizontal bar illus-
trates the location of SNPs on a physical scale. The color of the squares illus-
trates the strength of pairwise r2 values on a scale where black indicates perfect
LD (r2= 1), shades of gray indicates imperfect LD (0 < r2 < 1) and white
indicates perfect equilibrium (r2= 0). The r2 LD value is also indicated within
each square. (A) LD in 3 SNPs of DAD1, (B) LD in 3 SNPs of OXA1L, both genes
on chromosome 14.
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neuroendocrine tumors (NET). This same group also suggested that the
genetic variation in apoptosis-related genes may be associated with the
risk of NET. This SNP is located in a region of high linkage dis-
equilibrium. Thus, it is possible that rs8005354 is in disequilibrium
with a functional variant in this region that is associated with increased
DAD1 function or expression (Ter-Minassian et al., 2011).

(Wight et al., 2017) showed that increased cell proliferation is as-
sociated with the inflammatory process, which may explain why DAD1
expression may be increased in patients with asthma. A study using
transgenic mice that over-express the DAD1 gene in the thymus and in
the peripheral immune system showed that there is a proliferation of
peripheral T lymphocytes in these animals, as well as a substantially
increased response to mitogens (Hong et al., 1999). In contrast, another
study using DAD1-knockout mice showed that these animals die in
uterus, presenting apoptotic characteristics (Nishii et al., 1999).

These findings allow us to hypothesize that DAD1 may also be in-
volved in the pathogenesis of asthma and atopy, as some of its poly-
morphisms are associated with other inflammatory conditions. We
hypothesized that changes in DAD1 expression levels may influence the
regulation of apoptotic activity and the proliferation of inflammatory
cells in atopic and asthmatic patients, as shown in Fig. 6.

In addition to DAD1, we also studied SNPs found in OXA1L. Some of
the polymorphisms in the OXA1L gene were associated with the phe-
notypes evaluated in our study. The missense SNPs rs8572 (G allele)
and rs17619 (A allele), were found to be, respectively, a risk factor for
the development of some allergic conditions and a protective factor for
IFN-γ production in whole blood cultures stimulated with B. tropicalis.
Because missense mutations are found in protein coding regions, they
can alter the structure, stability and function of proteins, ultimately
leading to several serious human diseases (Awan et al., 2017). These
polymorphisms may still be involved in mechanisms of gene regulation
(Table 3), performing important functions in OXA1L transcription.

In our study, the G allele of rs8572 was positively associated with

atopy, which can be explained, at least in part, by increased expression
levels of OXA1L in the presence of this polymorphic allele, as demon-
strated in Fig. 2. In this study, the positive association between poly-
morphism rs4981436 and asthma suggests that it may be a risk factor
for the development of asthma in our population. No statistically sig-
nificant differences in OXA1L gene expression levels were found be-
tween asthmatic patients and control subjects; however, a trend toward
higher OXA1L expression levels was observed in asthmatic individuals
when compared with the controls (Fig. 3B).

Interestingly, genetic score analyses demonstrated that the combi-
nation of the variants rs1681577 (DAD1) and rs4981436 (OXA1L),
which are both risk alleles, increased the risk for asthma when com-
pared to the presence of any of these variants alone. Thus, this evidence
demonstrates the relevant role that these polymorphisms may play in
the development of this disease.

No previous study has associated polymorphisms in the OXA1L gene
with any disease, including asthma or atopy. (Fernanda Lima-Costa
et al., 2015) showed for the first time that the SNP rs1999071, which is
a polymorphism present in the intergenic region between DAD1 and
OXA1L genes, flanking the OXA1L gene, was strongly associated as a
risk factor for asthma symptoms in Brazilian children. In addition, using
in silico gene expression, the C allele of this variant was linked to in-
creased expression levels of OXA1L inlung tissue.

(Wallace and Chalkia, 2013) showed that mitochondrial dysfunc-
tion is commonly caused by single-nucleotide polymorphisms (SNPs) of
the mitochondrial genome and inadequate repair mechanisms. In ad-
dition, monogenic mutations of mitochondrial genes are known to
cause severe mitochondrial dysfunction, leading to rare and multi-
systemic diseases, such as Kearns Sayre syndrome, Leigh syndrome or
Leber's hereditary optic neuropathy (Moraes et al., 1989; Riordan-Eva
and Harding, 1995; Suzuki et al., 2011; Wang et al., 2008).

Although asthma is not considered a mitochondrial syndrome, there
is considerable overlap between the pathophysiology of asthma and

Fig. 6. Increased DAD1 gene expression induces a decrease in apoptotic activity leading to increased cell proliferation and consequently an exacerbation of the
inflammatory response (A). In other words, low expression of DAD1 increases apoptotic activity that will decrease cell proliferation and reduce the inflammatory
response (B).
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mitochondrial biology, in terms of oxidative stress, the homeostasis of
calcium ions and apoptosis (Mabalirajan and Ghosh, 2013). (Jaffer
et al., 2015) showed that mitochondrion is a key organelle of the sig-
naling pathways relevant for remodeling in asthma, and airway re-
modeling occurs in all asthmatics, independent of severity (Redington
and Howarth, 1997). As in other pathologies leading to lung re-
modeling, dysfunctional mitochondria are evident in the smooth muscle
cells of the airway and in the lung epithelium of asthmatic patients, and
in vivo models suggest perturbed mitochondrial function and biogen-
esis (Leishangthem et al., 2013; Li and Shang, 2014).

Due to the existing literature related to apoptosis and mitochondrial
biogenesis and the influence of these mechanism on the pathophy-
siology of allergy and asthma, we hypothesized that the association of
the polymorphisms in DAD1 and OXA1L may contribute to the im-
munopathology of asthma and allergy in our population.

5. Conclusion

To the best of our knowledge, this is the first study that demon-
strates an association between genetic variants in DAD1 and OXA1L and
asthma and atopic markers. The polymorphisms found in this study
present a frequency of 1–42% in Brazil (Salvador, Bahia). We have
demonstrated increased DAD1 expression levels in asthmatic in-
dividuals, and this finding indicates the possible involvement of this
gene in the immunopathology of this morbidity. Further investigation is
necessary to elucidate the functional mechanisms of these genes and to
better understand the effect they may have on the increased incidence
of atopy and asthma.
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