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Recently, a genome-wide association study (GWAS) conducted
in Korean subjects identified four CTNNA3 (alpha-T catenin)
single nucleotide polymorphisms (SNPs) (rs10762058, rs7088181,
rs1786929, and rs4378283) associated with diisocyanate-induced
occupational asthma (DA). The CTNNA3 gene codes for a cadherin
involved in formation of stretch-resistant cell-cell adhesions. We
conducted a candidate gene association study to replicate these
findings in Caucasian workers. Genotyping was performed on DNA
using a 5" nuclease PCR assay collected from 410 diisocyanate-
exposed and predominantly Canadian workers including 132
workers with DA confirmed by a specific inhalation challenge
(DA+); 131 symptomatic workers in whom DA was excluded by a
negative challenge (DA-); and 147 hexamethylene diisocyanate—
exposed asymptomatic workers (AWs). As in the Korean study,
highly linked CTNNA3 rs7088181 and rs10762058 SNPs (but not
rs4378283 and rs1786929) were significantly associated with DA+
when compared with AWs but not in comparison with DA— workers
(p < 0.05). After adjusting for potentially confounding variables
of age, smoking status, and duration of exposure, minor allele
homozygotes of rs7088181 and rs10762058 SNPs were at increased
risk for DA compared with AWs (OR = 9.05 [95% CI: 1.69, 48.54]
and OR = 6.82 [95% CI: 1.65, 28.24], respectively). In conclusion,
we replicated results from the only reported GWAS study of DA
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demonstrating an association between two closely linked CTNNA3
gene SNPs and DA. These findings lend further support to the
clinical relevance of these genotypes in predicting susceptibility to
DA and the potential importance of catenins in the disease process.
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Diisocyanates are reactive chemicals long recognized as lead-
ing causes of occupational asthma (OA) (Bakerly et al., 2008).
Toluene diisocyanate (TDI), methylene diphenyl diisocyanate
(MDI), and hexamethylene diisocyanate (HDI) are the most
commonly used diisocyanates (Bernstein, 2011). Due to lack
of diagnostic markers or screening tests, contribution of other
potential occupational and environmental exposures, and varia-
bility of symptoms, the early diagnosis of diisocyanate-induced
occupational asthma (DA) is challenging. Failure to recognize
and diagnose affected workers in a timely fashion and to miti-
gate workplace exposure can result in impairment and disabil-
ity due to severe asthma. Because there is no ideal diagnostic
marker to identify new cases of DA early in its course, expen-
sive worker surveillance programs are often implemented in
large factories utilizing diisocyanates (Bernstein et al., 1993).

This unmet need has motivated the conduct of genetic associa-
tion studies to better define genetic susceptibility for DA. Such
studies are often limited by recruitment challenges due to the
small numbers of workers diagnosed with DA. Nevertheless, a
number of susceptibility and resistance loci have been identified
in the HLA region (Bernstein, 2011), in immune response genes,
including IL-4Ra, IL-13, and CD14 (Bernstein et al., 2006,
2011), and in antioxidant defense genes (Yucesoy et al., 2012).
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ASSOCIATION OF CTNNA3 (a-CATENIN) GENE VARIANTS WITH DIISOCYANATE ASTHMA

Recently, the first and only genome-wide association study
(GWAS) of DA was conducted in a group of 84 Korean work-
ers with confirmed OA caused by respiratory sensitization to TDI
(Kim et al., 2009). In this study, the CTNNA3 (alpha-T catenin)
single nucleotide polymorphisms (SNPs) rs10762058, rs7088181,
rs4378283, and another (rs1786929) identified by DNA sequenc-
ing were significantly associated with the TDI asthma phenotype
compared with 264 unexposed healthy normal controls.

CTNNA3 is a key protein of the adherence junctional com-
plex in epithelial cells and plays an important role in cellular
adherence. The alpha-T-catenin protein is found primarily in
the testes and heart. The E-cadherin/catenin (alpha-, beta-,
and gamma-) complex has been investigated in cancer cells
and found to play a mechanistic role in cell motility and even
metastasis (Al Moustafa er al., 2002). In addition, CTNNA3
SNPs were found to be associated with late onset Alzheimer’s
disease (Blomgvist et al., 2004; Cellini et al., 2005). Although
the putative role of this protein in the lungs or airways is
unknown, antibodies to “self-antigens” including alpha-
catenin, epidermal growth factor receptor, and activin A type
1 receptor have been identified in sera of asthmatic patients
(Liu et al., 2012). In addition, de Boer et al. (2008) recently
detected epithelial junctional adherence proteins E-cadherin,
alpha-catenin, and beta-catenin in epithelial membranes of
bronchial biopsies of asthmatic patients. A noteworthy find-
ing was that alpha-catenin and E-cadherin expression were
reduced in asthmatic versus nonasthmatic subjects, correlat-
ing inversely with numbers of eosinophils. These findings
suggest that reduced expression of alpha-catenin and other
junctional proteins could contribute to a dysfunctional airway
epithelial barrier. Kim et al. (2009) reported that CTNNA3
mRNA expression was significantly lower in carriers of the
minor haplotype of two SNPs (rs10762058 and rs7088181)
compared with noncarriers. Although a functional role of
CTNNA3 in the pathogenesis of TDI asthma remained to be
determined, results for this study suggested that decreased
expression of CTNNA3 might lead to increased susceptibil-
ity to TDI effects and contribute to disease development.
Validation of results from GWAS studies in different ethnic
populations is important in determining their clinical rele-
vance. In this study, we sought to replicate results from the
Korean GWAS in a Caucasian worker population.

MATERIALS AND METHODS

Study participants. Diisocyanate-exposed workers, referred for clinical
evaluation of possible DA to occupational pulmonary disease clinics located
in Canada (Sacre Coeur Hospital, Montreal; Laval Hospital, Sainte-Foy;
University Health Network, Toronto) and Spain (Fundacion Jimenez Diaz,
Madrid and Hospital Vall d’Hebron, Barcelona), were recruited for participa-
tion in this study. To confirm or exclude DA, controlled specific inhalation chal-
lenge testing (SIC) was performed in these clinics with the diisocyanates to
which the worker was exposed according to published protocols (Malo et al.,
1999; Sastre et al., 2003).

243

The study population included 410 diisocyanate-exposed workers with
known exposure to TDI, MDI, or HDI and comprised 132 workers diag-
nosed with DA (DA+) confirmed by a positive SIC test, 131 workers report-
ing respiratory symptoms at work in whom DA was excluded by a negative
SIC (DA-), and 147 HDI-exposed asymptomatic workers (AWs). A positive
SIC response was defined as a fall in FEV | of at least 20% from prechal-
lenge baseline following a controlled exposure to a diisocyanate chemical
in a laboratory-based challenge chamber. In the 72 of the 131 DA- workers
for whom another diagnosis could be determined, 41 (56.9%) were identified
with non-occupational asthma, 12 (16.7%) with hyperventilation syndrome,
4 (5.55%) with rhinitis, 4 (5.55%) with occupational dermatitis, 2 (2.8%)
with silicosis, and 1 (1.4%) was reported with OA attributable to styrene
exposure. AWs were recruited from HDI-exposed spray painters living in
Quebec and participating in a long-term surveillance study (Dragos et al.,
2009). Data pertinent to demographics, smoking status, duration, and nature
of chemical exposure were collected from all subjects. Atopic status was
evaluated by skin prick testing to commercial aeroallergen extracts. Atopy
was defined by a positive response with one or more aeroallergens defined by
a 3-mm wheal 2 saline control. Five to ten milliliters of whole blood was col-
lected for genetic testing. All subjects gave informed consent, and the study
protocol was approved and renewed annually by Institutional Review Boards
at each participating institution and the National Institute for Occupational
Safety and Health.

Gene selection and genotyping. The study population was tested for the
CTNNA3 SNPs (rs7088181, rs10762058, rs1786929, and rs4378283) that were
found to be significantly associated with DA phenotype in the aforementioned
GWAS study (Kim et al., 2009). Genomic DNA was extracted from whole
blood samples using the QIAamp blood kit (QIAGEN Inc., Chatsworth, CA).
Genotyping was performed on genomic DNA using a 5" nuclease PCR assay.
Genotyping was performed using Applied Biosystems TagMan Pre-Designed
SNP Genotyping Assays (Foster City, CA). PCR amplification was performed
in a volume of 25 pl containing 10ng genomic DNA, 12.5 pl 2X TagMan
Universal Master Mix, 200nM of probe, and 900nM of primer. Cycling condi-
tions were 50°C for 2min and 95°C for 10 min, followed by 50 cycles at 92°C
for 30 s and 60°C for 1 min. Amplification was performed using a StepOnePlus
Real-Time PCR System (Applied Biosystems). Positive and negative controls
were used within each run of PCR amplification. All samples with ambiguous
results were repeated as was a random selection of 10% of all samples to ensure
laboratory quality control.

Statistical analyses. Statistical analyses were generated using SAS/
STAT software, Version 9.2 of the SAS system for Windows (SAS Institute,
Cary, NC). These analyses made comparisons between AWs to both DA+ and
DA- groups, as well as comparisons between DA+ and DA-. Group differ-
ences on demographic variables between DA+, DA—, and AW were assessed
using chi-square statistics for categorical variables and ANOVAs with post
hoc pairwise comparisons for continuous variables. Unadjusted tests of asso-
ciation between genetic variants and the outcome variable were assessed using
Fisher’s Exact Test. Three genetic models including dominant model (compar-
ing homozygous wild-type genotype with variant allele-carrying genotypes),
recessive model (comparing wild-type allele-carrying genotypes with homo-
zygous variant genotype), and an additive model were assessed because the
underlying genetic model is unknown. Unadjusted tests for additive model
were assessed using the Cochran-Armitage Trend test. Logistic regression was
utilized to model associations between genetic variants and the outcome vari-
able while adjusting for confounding variables in each of the three genetic
models described above. Confounding variables included age, smoking sta-
tus, and duration of exposure. Sex and atopic status were not confounding
variables in any model and were not included in the final analysis. Similar
analyses were conducted only on French Canadians to test the possibility of
bias due to population stratification. The distribution of the genotypes and
the results of analyses were similar to those observed in combined sample of
French-Canadian and Spanish, suggesting that population stratification was
not a major confounder (data not shown). Because this was a candidate gene
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TABLE 1
Demographics of the Study Groups

AW DA+ DA-
N 147 132 131
Sex, M/F 137/10 114/18 118/13
Age (mean years + SD) 30.5£7.6 409+11.4 40.4+10.3
Diisocyanate exposure 147/0/0 60/27/45 98/22/11
(HDI/MDI/TDI)
Exposure duration 66.0+27.0 135.3+125.8 160.4+137.0
(Mean months + SD)
Atopy (% positive) 57.4 55.8 57.2
Smoking 53/29/65 22/49/61 43/42/44
Current/Ex/Never

Note. AW, asymptomatic diisocyanate-exposed controls; DA+, symptomatic
exposed workers with SIC-confirmed diisocyanate asthma; DA—, symptomatic
exposed workers with a SIC negative result.

study of specific known SNP associations with DA with the aim of replicating
findings from a previous GWAS study, adjustment for multiple comparisons
was not performed.

RESULTS

Subject Characteristics

Subject characteristics are shown in Table 1. Of the 410
workers evaluated, 369 (90%) were male. Eighty-six percent of
subjects were of French-Canadian descent. The mean age was
higher in the DA+ (40.9) and DA— (40.4) groups than in the AW
group (30.5). Diisocyanate exposure was significantly different
between the groups, with HDI being the predominant diisocy-
anate to which the majority of all workers (74%) were exposed.
The frequency of atopy was similar between groups. The preva-
lence of current smoking was 17% in DA+, 33% in DA—, and

BERNSTEIN ET AL.

36% in AWSs. The prevalence of current smoking was signifi-
cantly less among DA+ workers versus AW controls (p < 0.001).

Genotype Frequencies and Multivariate Analysis

All allele frequencies in the control population were in Hardy-
Weinberg equilibrium (data not shown). As shown in Table 2, the
CTNNA3 157088181 and rs10762058 SNPs were significantly
associated with the DA+ phenotype when compared with AWs
(p=0.028 and p = 0.044, respectively) but not in comparison with
DA- workers (p = 0.411 and p = 0.288, respectively). No sig-
nificant difference was observed in the distribution of genotypes
between DA+ workers and either of the comparison groups for the
CTNNA3 151786929 and CTNNA3 rs4378283 polymorphisms.

Logistic regression models were used to evaluate genotype
associations with DA+ outcomes versus AWs adjusting for sig-
nificant confounders including age, smoking status, and dur-
ation of exposure. Upon examination, only recessive models
were statistically significant, the results of this model are pre-
sented in the Tables. Minor allele homozygotes of rs7088181
were at increased risk of DA with an odds ratio of 9.05 (95%
CI: 1.69, 48.54) (Table 3). Interestingly, current smokers had
significantly reduced risk of DA (OR = 0.31 [95% CI: 0.15,
0.64]). In addition, age and duration of diisocyanate exposure
were independently associated with DA. Table 4 shows the same
logistic regression analyses for the rs10762058 SNP. Workers
homozygous for the minor allele were almost seven times more
likely to have DA compared with AWs (OR = 6.82 [95% CI:
1.65, 28.24]). Because the sentinel findings of the rs7088181and
rs10762058 associations were observed initially in TDI-exposed
Korean workers with OA, we reanalyzed our data excluding
TDI workers with DA and found the associations were main-
tained for MDI- and HDI-exposed subjects for rs7088181; a

TABLE 2
Distribution of CTNNA3 Genotype Frequencies Between the Groups

DA+ AWs DA- Fisher’s exact

(n=130) (n=147) (n=131) p values
Gene/SNP ID N (%) N (%) N (%) DA+ vs. AWs DA+ vs. DA-
CTNNA3 rs7088181 0.028 0411
AA 98 (75) 109 (74) 97 (74)
AG 25 (18) 36 (24) 29 (22)
GG 9(7) 2(1) 54)
CTNNA3 rs10762058 0.044 0.288
CcC 95 (72) 102 (70) 92 (70)
CG 27 (20) 41 (28) 34 (26)
GG 10 (8) 3(2) 54)
CTNNA3 rs1786929 0.211 1.000
TT 60 (45) 63 (43) 65 (50)
CT 59 (45) 62 (42) 53 (40)
CccC 13 (10) 22 (15) 13 (10)
CTNNA3 rs4378283 0.473 1.000
CcC 124 (94) 131 (89) 122 (93)
CT 7(5) 16 (11) 8 (6)
TT 1(1) 0(0) 1(1)

Note. AW, asymptomatic diisocyanate-exposed controls; DA+, symptomatic exposed workers with SIC-confirmed diisocyanate asthma; DA—, symptomatic

exposed workers with a SIC negative result.
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TABLE 3
Logistic Regression Model for CTNNA3 rs7088181 (DA+ vs. AW
Comparator Group)
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TABLE 4
Logistic Regression Model for CTNNA3 rs10762058 (DA+ vs. AW
Comparator Group)

Odds ratio(95% Odds ratio (95 %
Effect(recessive model) confidence intervals) p Value* Effect(recessive model) confidence intervals) p Value®
CTNNA3 rs7088181 9.05 (1.69, 48.54) 0.01 CTNNA3 rs10762058 6.82 (1.65, 28.24) 0.008
(1.1 +1.2) vs 2.2° (1.1 +1.2) vs 2.2°
Age (years) 1.10 (1.06, 1.14) < 0.0001 Age (years) 1.10 (1.06, 1.14) < 0.0001
Smoking (current vs. never) 0.31 (0.15, 0.64) 0.0017 Smoking (current vs. never) 0.32(0.15, 0.67) 0.0024
Exposure duration (months) 1.01 (1.00, 1.01) 0.0019 Exposure duration (months) 1.01 (1.00, 1.01) 0.0020

Note. AW, asymptomatic diisocyanate-exposed controls; DA+, symptomatic
exposed workers with SIC-confirmed diisocyanate asthma.

“The results were adjusted for age, smoking, and exposure duration.

°Genotypes: 1.1, homozygous for the major allele; 2.2, homozygous for the
minor allele; 1.2, heterozygous.

nonsignificant trend was maintained for the rs10762058 SNP
(p =0.08).

DISCUSSION

In this study, we sought to replicate the results of the only
GWAS study reported for DA, which was carried out in a Korean
population of TDI-exposed workers, using a comparison group
of nonexposed healthy normal controls. Kim et al. (2009) identi-
fied three SNPs in the CTNNA3 gene encoding alpha-T-catenin
on chromosome 10q21 that remained significantly associated
with confirmed DA after adjusting for sex and age as confound-
ers (1s7088181 [p = 1.4 x 107]; 1s10762058 [p = 5.8 x 107]; and
1rs4378283 [p =2 x 107]). Two of the CTNNA3 SNPs, rs10762058
and rs7088181, are known to be in strong linkage disequilibrium.
In the Korean study, DNA sequencing studies identified a fourth
CTNNA3 SNP, 151786929, associated with DA. In our study of
Caucasian workers of European descent, we evaluated possible
associations of these four CTNNA3 SNPs with DA confirmed
by SIC testing in comparison with exposed symptomatic workers
with a negative SIC test (DA-) and asymptomatic diisocyanate-
exposed workers (AWs). Analyses using unadjusted frequencies,
after adjusting for multiple significant covariates, were able to
replicate the associations between DA+ and AWs for two of the
CTNNA3 SNPs (rs7088181 and rs10762058) under a recessive
logistic model. The association of both of these SNPs with DA
could be explained by their high linkage at the CTNNA3 locus (D”
> 0.9) (Kim et al., 2009). It is noteworthy that significant associa-
tions were not detected in the other comparison group, sympto-
matic workers in whom OA had been excluded (i.e., DA-). This
result is consistent with most of the prior candidate gene studies of
DA, demonstrating significant DA associations with asymptomatic
subject comparator groups (Bernstein, 2011; Piirili ef al., 2001).

In addition to genotype predictors of DA, we also considered
several potential confounders in the final logistic regression
models including age at diagnosis, duration of diisocyanate
exposure, and current smoking status (Tables 3 and 4). These
confounding factors were also independently associated with
DA in all logistic models. Mapp et al. (2000) first recognized

Note. AW, asymptomatic diisocyanate-exposed controls; DA+, symptomatic
exposed workers with SIC-confirmed diisocyanate asthma.

“The results were adjusted for age, smoking, and exposure duration.

"Genotypes: 1.1, homozygous for the major allele; 2.2, homozygous for the
minor allele; 1.2, heterozygous.

the relatively low frequency of smoking in workers with DA,
although the modifying effect of smoking on DA has not been
observed in other epidemiologic studies of DA (Mapp et al.,
1988). The unexplained association of DA with nonsmoking
status in this study must be interpreted cautiously. This was a
case control study and subject to inherent design limitations
including recall and group selection bias. Therefore, this find-
ing requires confirmation in future longitudinal studies.
Genetic studies of workers with OA present numerous chal-
lenges. The low incidence of OA limits the ability of investiga-
tors to recruit large and multiple study populations to replicate
results from association studies. Nonetheless, the capacity to
identify causation and to precisely define a specific OA pheno-
type such as DA by SIC testing with the causative agent offers
an advantage over genetic association studies of non-OA, which
often must rely on intermediate phenotypes (e.g., airway hyper-
responsiveness, total IgE). In this respect, a number of genetic
studies in workers with DA have revealed strong associations
with disease. The HLA region has been studied extensively with
respect to disease susceptibility due to its role in antigen rec-
ognition/presentation (Bernstein, 2011; Bernstein ef al., 2011).
In particular, the HLA DQA1*0104 and DQB1*0503 alleles
were found to be associated with susceptibility to DA, whereas
the DQB1*0501 allele and the DQA1*0101-DQB1*0501-DR1
haplotype were considered protective (Bignon et al., 1994;
Mapp et al., 2000). We previously investigated associations
between SNPs in immune response genes (IL-4Ra., IL-13, and
CD14) and DA. The results demonstrated a gene-environment
interaction between HDI exposure and combinatorial genotypes
of these SNPs (Bernstein ef al., 2006). Because diisocyanates
are known to cause oxidative injury in respiratory epithelial
cells, the variations within antioxidant defense genes have
also been examined in relation to DA. These studies identified
a number of variants to be associated with DA susceptibility
including GSTM1 deletion, GSTP1 Ile105Val, and the NAT1
(N-acetyltransferase) slow acetylator genotype (Piirild et al.,
2001; Wikman et al., 2002). We recently reported an association
between DA and variants in SOD2, GST, and EPHX1 genes,
either individually or in combination (Yucesoy et al., 2012).
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The major strengths of this study include a well-characterized
phenotype and examination of genetic associations while adjust-
ing for potential confounding factors such as atopy, smoking
status, exposure duration, and specific diisocyanate exposure.
The major limitations include the small sample size due to rar-
ity of DA and the fact that the controls were younger and had
less exposure to diisocyanates than cases. The young age of the
controls was unavoidable due to the difficulty in recruiting age-
matched workplace controls and may be problematic in terms
of detection of age-related associations. However, the lack of
association between the SNPs and DA— workers whose age
closely matched that of the DA+ group suggests that the associ-
ation seen between DA+ and AW workers might be specific for
DA. The results were not corrected for multiple comparisons
because our study was hypothesis driven. Instead, we reported
all tests that reached the 0.05 level of significance.

In summary, we have replicated results from a GWAS study
demonstrating an association between two linked SNPs of the
CTNNA3 gene and DA. These findings suggest that genetically
determined reduced expression of alpha-T-catenin might influ-
ence cellular adherence in the airways and could play a role in
the pathogenesis of DA.
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