
Evidence for gene-smoking interactions for hearing loss and 
deafness in Japanese American families

Jia Y. Wan, MSa, Christina Cataby, MPHb, Andrew Liem, MSa, Emily Jeffrey, BSa, Trina M. 
Norden-Krichmar, PhDa, Deborah Goodman, MD, PhDa, Stephanie A. Santorico, PhDc, 
Karen L. Edwards, PhDa,b, American Diabetes Association GENNID Study Groupd

aDepartment of Epidemiology, University of California, Irvine

bDepartment of Population Health and Disease Prevention, University of California, Irvine

cDepartment of Mathematical and Statistical Sciences, University of Colorado, Denver

dAmerican Diabetes Association GENNID Study Group: Genetic material was collected and 
families characterized by Eric Boerwinkle, PhD, University of Texas Health Science Center; John 
Buse, MD, PhD, University of North Carolina; Ralph DeFronzo, MD, University of Texas Health 
Science Center; David Ehrmann, MD, University of Chicago; Steven C. Elbein, MD, University of 
Utah/University of Arkansas; Wilfred Fujimoto, MD, and Steven E. Kahn, MB, ChB, University of 
Washington; Craig L. Hanis, PhD, University of Texas Health Science Center; Richard A. Mulivor, 
PhD, and Jeanne C. Beck, PhD, Coriell Cell Repositories; Jill Norris, PhD, University of Colorado 
School of Medicine; M. Alan Permutt, MD, and Philip Behn, MD, Washington University School of 
Medicine; Leslie Raffel, MD, Cedars-Sinai Medical Center; and David C. Robbins, MD, Medlantic 
Research Institute.

Abstract

Background: This study investigated the relationship between smoking and hearing loss and 

deafness (HLD) and whether the relationship is modified by genetic variation. Data for these 

analyses was from the subset of Japanese American families collected as part of the American 

Diabetes Association Genetics of Non-insulin Dependent Diabetes Mellitus study. Logistic 

regression with generalized estimating equations assessed the relationship between HLD and 

smoking. Nonparametric linkage analysis identified genetic regions harboring HLD susceptibility 

genes and ordered subset analysis was used to identify regions showing evidence for gene-

smoking interactions. Genetic variants within these candidate regions were then each tested for 

interaction with smoking using logistic regression models.

Results: After adjusting for age, sex, diabetes status and smoking duration, for each pack of 

cigarettes smoked per day, risk of HLD increased 4.58 times (odds ratio (OR)=4.58; 95% 

Confidence Interval (CI): (1.40,15.03)), and ever smokers were over 5 times more likely than 
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nonsmokers to report HLD (OR=5.22; 95% CI: (1.24, 22.03)). Suggestive evidence for linkage for 

HLD was observed in multiple genomic regions (Chromosomes 5p15, 8p23 and 17q21), and 

additional suggestive regions were identified when considering interactions with smoking status 

(Chromosomes 7p21, 11q23, 12q32, 15q26, and 20q13) and packs-per-day (Chromosome 8q21).

Conclusions: To our knowledge this was the first report of possible gene-by-smoking 

interactions in HLD using family data. Additional work, including independent replication, is 

needed to understand the basis of these findings. HLD are important public health issues and 

understanding the contributions of genetic and environmental factors may inform public health 

messages and policies.
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INTRODUCTION

In the United States, hearing loss is the most common sensory impairment affecting about 1 

in every 8 Americans and is the most prevalent sensory disorder in developed countries (Lin, 

et al., 2011; Uchida, et al., 2012). Furthermore, Americans with diabetes are at an increased 

risk of hearing loss (Bainbridge, et al., 2008), with evidence that Japanese with diabetes are 

twice as likely to have hearing loss (Horikawa, et al, 2013). Severe to profound hearing loss 

is expected to cost society $297,000 over the lifetime of an individual, with most of those 

losses due to reduced work productivity (Mohr, et al., 2005). Typical risk factors for 

acquired hearing loss are trauma to the head and ear, excessive noise exposure (occupational 

and recreational), and aging (Mayo Clinic, 2015). Additionally, several studies have 

demonstrated that smoking is positively associated with risk of hearing loss disorder (HLD) 

(Agrawal et al., 2008; Siegelaub et al., 1974; Nomura et al., 2005), especially hearing loss at 

high frequencies with the attenuation of the association after smoking cessation among 

Japanese (Hu et al., 2019): however, the results are not consistent (Karlsmose et al., 2000; 

Lin et al., 2011). One potential explanation for these inconsistent findings is that the 

relationship between smoking and HLD may be modified by other factors, including 

underlying genetic variation.

More than 50% of prelingual deafness, defined as hearing loss which begins prior to the 

onset of speaking, is genetic, most often autosomal recessive, and not associated with other 

physical symptoms (nonsyndromic) (Ito et al., 2010). While acquired hearing loss is 

typically attributed to environmental factors, genetic factors also play a role. For example, 

family history is significantly associated with hearing loss (Smith et al., 2014; McMahon et 

al., 2008), and approximately 36% of the variance is attributable to genetic variation 

(h2=0.36) (Kvestad et al., 2012). However, the genetic transmission of postlingual hearing 

impairment is predominantly autosomal dominant (Shearer et al, 2014). In a family-based 

study, Huyghe and colleagues (Huyghe et al, 2008) identified a linkage peak at 8q24.13-

q24.22, representing the first locus identified for an age-related hearing impairment trait. 

Furthermore, O’Neil et al (O’Neill, 1998) performed linkage analysis on a large multi-

generational family in which a gene for autosomal dominant late-onset progressive 

nonsyndromic hearing impairment was segregating, and identified DNFB10 on 
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Chromosome 6q. Lavinsky and colleagues (Lavinsky et al., 2015) conducted a genome-wide 

association study (GWAS) and identified NADPH-oxidase 3, located on chromosome 6, as a 

critical gene for susceptibility to hearing loss. In another GWAS, Friedman and researchers 

(Friedman et l., 2009) identified common alleles of GRM7, located on Chromosome 3, that 

contribute to an individual’s susceptibility of developing age-related hearing impairment. To 

date, over two dozen genes have been identified for autosomal recessive nonsyndromic 

hearing loss (Kvestad et al., 2012; Hilgert et al., 2009; Dickson et al., 2010). Moreover, 

among the Japanese, certain genes were identified as 1) being causal: GJB2 on chromosome 

13q12.11, mitochondrial DNA 12SrRNA; 2) having an association with type 2 diabetes 

(T2D) and audiovestibular phenotypes (Rohayem et al., 2011): WFS1 on chromosome 

4p16.1 (Kobayashi et al., 2018); and 3) being related to abnormal enlargement of the 

vestibular aqueduct in the inner ear: SLC26A4 on chromosome 7q22.3, EYQ1, and SIX1 on 

chromosome 14q23.1 (Ito et al., 2010).

THEORY

While both environmental and genetic factors are involved in HLD, to our knowledge, 

interactions have not been investigated, particularly those between smoking and genetic 

susceptibility to HLD. Therefore, the main purpose of this study was to investigate this 

question using existing data from a sample of Japanese American families recruited or 

studies of T2D.

METHODS AND METHODS

1.1 Study Subjects

From 1993–2003, the American Diabetes Association established the GENNID (Genetics of 

Non-insulin Dependent Diabetes Mellitus) study, a multicenter family-based resource to 

identify the genetic components of Type 2 Diabetes (T2D) (Raffel et al., 1996). The 

proportion of those with HLD was significantly different across the GENNID ethnic groups 

(χ2
df=3 = 22.65, p-value = 4.78 × 10−5) with 7.4% HLD in African Americans, 17.1% HLD 

in European Americans, 23.3% HLD in Japanese Americans, and 13.9% HLD in Mexican 

Americans. Because the greatest prevalence of HLD was seen among Japanese Americans 

families, our study focused on this group.

1.2 Data Collection

Extensive data were collected as described previously (Ehm et al, 2000), including self-

reported information on HLD and age of deafness. To determine HLD status, participants 

were asked “Have you been told by a health care worker that you have hearing loss/

deafness?” Information on smoking, including ever smoking cigarettes, age began smoking, 

age stopped smoking, and packs-per-day were also self-reported. In particular, smoking 

characteristics of interest were ever-smoking and packs-per-day, although differences in 

duration of smoking and age at smoking were also evaluated between non-HLD and HLD 

subjects. Moreover, each pack of cigarettes can be roughly quantified as 20 cigarettes as 

standard in the U.S. at the time of data collection.
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According to guidelines from the World Health Organization (WHO, 2006), diabetes status 

was defined as having a 2-hour plasma glucose ≥200 mg/dl (11.1 mmol/l) during an OGTT. 

The genetic data consisted of a genome-wide linkage panel with 374 polymorphic 

microsatellite markers yielding average marker spacing of approximately 9.42 cM and 

median marker spacing of 9.10 cM. Descriptions of the genetic data cleaning and pedigree 

checking have been summarized previously (Edwards et al., 2008). The microsatellite 

markers were used in the genome-wide linkage analysis and OSA. In addition, all samples 

were also genotyped using Illumina’s Multi-Ethnic Global BeadChip (v1.0). After quality 

control, imputation was also performed after phasing using the 1000 Genomes Phase 3 panel 

and was corrected for relatedness (unpublished). Both imputed and genotyped single 

nucleotide variants (SNVs) were available for evaluating gene-by-environment (GxE) 

interaction under linkage regions of interest.

There were a total of 17 pedigrees, of which 15 families had at least one HLD case. 

However, because we were interested in evaluating GxE, we selected those families with at 

least two biologically related cases of HLD reported in the pedigree to increase the 

likelihood of underlying genetic influences. Eight families with a total of 97 family members 

met this criterion, of which 75 members had genetic and phenotypic data available for our 

analyses. These eight families were used for determining candidate genetic regions with 

GxE among subsets of families using the ordered subset analysis (OSA) method on genome-

wide microsatellite linkage scan results. In order to follow-up within these candidate 

regions, all Japanese American GENNID families (N=121 samples) were used to test for 

GxE at imputed and genotyped SNVs.

1.3 Statistical Analysis

We first evaluated the association between smoking and HLD. HLD was coded as a binary 

“yes/no” variable for all analyses. Logistic regression models were used with generalized 

estimating equations (GEE) and independence correlation structure to account for between-

family-member correlations. Two sets of adjusted models for each smoking variable (ever-

never smoking and packs-per-day) were examined. Model 1 was adjusted for age, sex, and 

diabetes status. Model 2 included all the covariates included in Model 1, plus duration of 

smoking, calculated as the difference in age stopped smoking and age began smoking. Odds 

ratios (ORs) and their corresponding 95% Confidence Intervals (CIs) were also calculated 

and shown. Non-smokers had a smoking duration of 0 years. Statistical significance was 

based on the Wald’s Z-test, and p-values < 0.05 were considered statistically significant. 

Analyses were performed using the gee package (Carey, 2015) in R software version 3.2.5 

(Team, 2015).

Next, we performed a genome-wide linkage scan for HLD susceptibility regions using a 

nonparametric two-point linkage (NPL) analysis at each marker (Whittemore et al, 1994; 

Kong et al., 1967) with the Cox and Kong exponential model. Because we were looking 

genome-wide, we used a non-parametric model as this approach makes the fewest 

assumptions regarding mode of inheritance. Analyses were based on data from 374 

microsatellite markers across the genomes of 75 subjects from the eight families with at least 

two HLD cases. The NPL routine in MERLIN software (Abecasis et al., 2002) was used. 
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LOD scores greater than 3 and 1.9 provide significant and suggestive evidence of linkage, 

respectively.

Next, ordered subset analysis (OSA) (Hauser et al., 2004) was implemented to identify those 

chromosomal regions with evidence for differences in linkage by smoking status (i.e., GxE). 

That is, in the presence of etiologic heterogeneity based on smoking, we located 

chromosomal regions that have maximal evidence of linkage with a subset of families based 

on smoking. Here, a genome-wide OSA was conducted at each marker as implemented in 

FLOSS software (Browning, 2006). Based on prior studies, smoking appears to increase risk 

of HLD; hence, we used a one-sided test. Specifically, families were ranked in descending 

order (high to low) using per-family summary values of the given smoking covariate (i.e., 

percentage of ever smokers in the family or average packs-per-day smoked among family 

members). Then, families were added one-at-a-time in descending smoking order into the 

two-point NPL analysis until a maximum resulting LOD (LOD-OSA) was achieved at each 

marker. P-values were calculated as the proportion of random family rankings that gave 

permuted LOD-OSA scores greater than the original LOD-OSA using a permutation test. At 

least 100 random rankings were needed to adequately determine the p-value by the Besag-

Clifford sequential stopping rule (Besag et al., 1991). Significance of the gene-bysmoking 

interaction in the subset of families is determined if the OSA p-value< 0.002 which 

corresponds to a Bonferroni correction for separate tests on 22 chromosomes (i.e., 0.05/22). 

Furthermore, because our results are exploratory, suggestive evidence of GxE interaction is 

determined if the OSA p-value<0.05 per chromosome.

Finally, logistic regression models using GEE were used to evaluate individual SNVs for 

GxE within the putative genetic regions identified by OSA. The independence correlation 

structure in GEE was used to adjust for within family correlations, to maximize power as 

well as reduce type I error and bias in OR estimation (Hancock et al., 2007). Analyses using 

the entire Japanese-American GENNID sample (N=121 subjects) were adjusted for age, sex, 

and diabetes status, and were performed using the GWAF package (Chen et al., 2015) in R 

(R Core Team, 2019). To correct for the multiple testing of 311,989 SNVs in 6 candidate 

regions (Table 4), the conservative Bonferroni method was used to adjust the significance 

threshold in which p-values less than 1.6 × 10−7 (i.e., 0.05/311,989) were considered as 

significant evidence of GxE interaction. All results were converted in the human genome 

from GrCh37/hg19 to build GrCh38/hg38 using the LiftOver tool (Hinrichs et al., 2006) and 

then annotated using SeattleSeq version 151 (Ng et al., 2009), and interaction p-value plots 

of select candidate regions were made using Locus Zoom (Pruim et al., 2010).

RESULTS

The characteristics of 75 Japanese American individuals in 8 families are presented in Table 

1; there was a median of 10 subjects per family with a minimum of 9 subjects and a 

maximum of 19 subjects per family. Individuals with HLD were significantly older than 

those without HLD (67 ± 11 years compared to 51 ± 15 years, respectively; p=1.23 × 10−9). 

The total sample was 53% female, and there was a significantly higher proportion of women 

among HLD cases compared to non-HLD individuals. Specifically, 71% of HLD cases were 

female compared to 45% of non-HLD individuals (P=0.030). Additionally, there was 
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evidence of increased smoking exposure in the HLD group compared to the non-HLD group 

(P=0.001), longer duration of cigarette smoking (P=0.014), and higher average packs-per-

day (P=0.049).

Table 2 describes demographic characteristics for each of the eight families, which are 

ordered based on decreasing percentages of ever-smokers per-family. Families differed 

significantly by age (mean ranging from 47.57 years to 67.31 years) and gender (at least 

50% of five of eight families were predominantly female). In addition, smoking 

characteristics differed significantly among families, with the number of ever smokers 

ranging from 86% to 18%, the duration of smoking ranging from 29.33 years to 2.82 years, 

and the number of packs-per-day smoked ranging from 1.17 packs-per-day to 0.05 packs-

per-day.

In all logistic regression models, there was a significant and positive relationship between 

HLD and both ever-smoking and packs per-day (Table 3). Being an ever-smoker increased 

the odds of HLD by 5.0- fold (unadjusted), 2.83-fold when adjusted for age, sex and history 

of diabetes (Model 1), and 5.76-fold when additionally adjusted for smoking duration 

(Model 2). Furthermore, for every additional pack-per-day smoked, the odds of HLD 

increased 2.04-fold (unadjusted) yet increased 4.97-fold after adjusting for age, sex, 

diabetes, and smoking duration (Model 2).

Results from the nonparametric linkage analysis indicated suggestive evidence for linkage to 

putative HLD loci (LOD >1.9) for three chromosomal regions (Supplemental Figure 1, grey 

line). On chromosome 5p15.3 at D5S2505 (13.6 cM), the LOD was 2.18, while on 8p23.1 at 

D8S277 (11.3 cM), the LOD was 2.19. The highest evidence for linkage was found on 

chromosome 17q21.3 at ATC6A06 (68.3 cM) where the LOD was 2.31.

Table 4 and Supplemental Figure 1 (blue, red, and magenta lines) show the regions of the 

strongest evidence for gene-environment interaction in the families with the highest per-

family percentage of smoking and average packs-per-day. Analyzing the top 4 families 

ranked by their average packs-per-day values, chromosome 8q21 at D8S1119 (89 cM) had 

an OSA max LOD score of 3.54 (P=0.04), providing evidence for gene-smoking interaction 

nearby the HLD suggestive linkage region (LOD=2.19 at 11.3 cM). These four families 

(Families 1,2,3,5 in Table 2) also had the highest duration of smoking, highest percentage of 

ever smoking, and higher prevalence of T2D. The other GxE regions based on OSA p-values 

of less than 0.05 were not in the proximity of regions showing suggestive evidence for 

linkage to HLD (Supplemental Figure 1). The OSA max LOD score of 2.9 (P=0.01) and 2.6 

(P=0.01) for the top 5 and top 3 ranked families based on percentage of smokers supports a 

gene-environment interaction on chromosome 15q26 at D15S816 (96.4 cM) and on 

chromosome 12q32 at D12S1045 (145.8 cM), respectively. Additionally, on chromosome 

20q13 at D20S171 (92.2 cM) there was also evidence of GxE using OSA with the top 3 

families based on percentage of ever smoking yielding an OSA LOD score of 3.03 (P=0.02). 

Furthermore, there was evidence of gene-by-smoking interaction for chromosomes 7p21 

(P=0.04) and 11q23 (P=0.03) in the top 2 families based on percentage of ever smoking.
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Evaluating GxE among the single nucleotide variants (SNVs) underlying the candidate 

regions in Table 4, there was evidence of hearing loss risk associated with SNVs on 

chromosome 8 being modified by smoking. The 23 variants that significantly modified the 

association between hearing loss and packs per day are summarized in Supplementary Table 

1. In particular, intronic SNVs within PDE7A, MTFR1, ZBTB10 and PAG1 genes as well as 

novel intergenic SNVs were shown to interact with smoking on the risk of HLD.

DISCUSSION

While it is well-established that smoking is harmful to one’s health, our findings lend 

support to the observation that smoking is related to HLD based on this sample of Japanese 

American families. Further, we also identified three regions that appear to harbor HLD 

susceptibility genes, and these regions appear to be novel. We extend these linkage findings 

and provide the first evidence to our knowledge for gene x smoking interactions. 

Importantly, additional potential susceptibility regions for HLD appear to have been detected 

only after considering heterogeneous evidence of linkage based on smoking, in particular for 

the region on chromosome 8 between 66Mb and 107.3 Mb. These results demonstrate the 

importance of considering GxE even in the context of family and linkage based studies.

In agreement with others, our study results support an association between smoking and 

HLD, that remains significant after adjustment for age, gender, history of diabetes and 

duration of smoking. Similarly, our findings are consistent with others showing an elevated 

risk of HLD with ever smoking and with packs-per-day. For example, in a cross-sectional 

study Cruickshanks and colleagues (Cruickshanks et al., 1998) showed that current smokers 

have a 69% increased risk of developing hearing loss compared to non-smokers, adjusting 

for age, history of cardiovascular disease, alcohol consumption, occupational noise 

exposure, and education. Similarly, Helzner and colleagues (Helzner et al, 2005) 

demonstrated that current smokers have a 57% increased risk of developing hearing loss 

compared to non-smokers through age-adjusted analyses. A cohort study conducted by 

Nakanishi and colleagues (Nakanishi et al., 2000) showed that the multivariate-adjusted risk 

for high-frequency hearing impairment was between 1.21–1.82 for current smokers, 

depending on the amount of cigarettes smoked per day. While our estimates are somewhat 

higher, it is possible that this may be due to uncontrolled confounding or possibly because 

we focused on families with multiple cases of HLD.

Results from the nonparametric linkage analysis indicated suggestive evidence for linkage to 

putative HLD loci for three chromosomal regions: chromosomes 5p15, 8p23, and 17q21. 

Bykhovskaya et al. observed that a highly suggestive locus on chromosome 8 near D8S277, 

position 6,516,725 – 6,516,870, associated with progressive hearing loss in carriers of the 

A1555G mitochondrial mutation in Spanish, Italian, and Arab-Israeli families (Bykhovskaya 

et al., 2000). In the Arab-Israeli/Spanish/Italian families, the combined maximized allele-

sharing LOD score was 3.1. Although there is evidence of linkage on chromosomes 8 and 17 

in other studies, these nominated regions did not overlap with the regions of suggestive 

linkage in this study. Also, there are no reported HLD or related traits for the region on 

chromosome 5.
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Moreover, results from the OSA indicated six novel genomic regions that appeared to be 

involved in gene-by-smoking interactions. Consequently, these regions on chromosomes 7, 

8, 11, 12, 15 and 20 did not contain any known HLD genes and appear to be novel regions 

for HLD. This is likely if genes in these regions only operate in the presence of smoking and 

are otherwise undetectable. These results are consistent with a recent large multi-ancestry 

genome-wide smoking interaction study of over 380,000 individuals showing that when 

considering interaction with smoking, 13 new loci associated with serum lipids were 

identified (Bentley et al, 2019). Aside from this recent study, there have been relatively few 

gene-environment-wide interaction studies (GEWIS) examining complex diseases Hutter et 

al., 2012; Cornelis et al., 2012), and even fewer that have addressed GxE in HLD. Studies 

that have addressed this have primarily focused on noise-induced hearing loss (NIHL). For 

instance, Carlsson and researchers (Carlsson et al., 2005) investigated whether genetic 

variability in the human antioxidant system is associated with high or low susceptibility to 

NIHL. However, no significant differences were found between susceptible and resistant 

groups. Yang and colleagues (Yang et al., 2006) determined whether there was an 

association of polymorphisms of the Hsp70 genes with susceptibility to NIHL among 

Chinese automobile workers. Their results suggested that some haplotypes of the Hsp70 

gene cluster may be associated with a higher susceptibility to NIHL.

In particular, the variants of the PDE7A on chromosome 8 implicated in GxE interaction 

with smoking are also involved with the purine metabolism pathway. There is some evidence 

the purine metabolism pathway is involved with X-linked hearing loss with gene PRPS1 

(Liu et al., 2013; Jimenez et al, 2012; Yang et al, 2017; Jinnah et al., 2013). This pathway is 

also correlated with smoking (Mouhamed et al., 2011; Jones et al, 2016). In addition, studies 

have also evaluated that hearing loss is twice as high among those with diabetes compared 

those without, and there is a 30% higher rate of hearing loss among those with pre-diabetes 

(Cullen et al., 1993; Kim et al, 2017). Specifically, because GENNID families were selected 

based on multiple family members with T2D, and there is also evidence of uric acid being 

associated the MetS (Kushiyama et al., 2014), perhaps both MetS and hearing loss are 

mediated through an overlap of similar causal pathways, and the uric acid and purine 

metabolism is one of such pathways (Bainbridge et al., 2008; Simmonds et al., 1985; Kim et 

al., 2007). More studies will have to be performed to evaluate this hypothesis. In addition, 

although significant GxE variants were nominated with low p-values and account for 

multiple comparisons using a conservative Bonferroni correction, these findings should be 

considered suggestive until they are replicated and confirmed in independent samples.

There is increased motivation for the use of GEWIS or other methods that incorporate 

environmental factors when marginal effects of genetic factors are small and our results are 

the first to evaluate GxE in relation to HLD, but there were limitations of this study. First, 

HLD was self-reported. While the survey questioned whether they had been told by a 

healthcare worker that they had HLD, measured deafness using audiometric tests would 

have likely improved the accuracy of our phenotype. Furthermore, by not measuring hearing 

loss, it is likely that some cases with early hearing loss were missed. Our inability to subtype 

by severity also extends to our inability to subclassify or exclude known subtypes such as 

non-syndromic or syndromic status and by etiology (i.e., congenital, noise-induced). 

However, the resulting misclassification would likely result in a decrease in power to detect 
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association, linkage, and GxE. Our approach in using a per family average definition of 

smoking status for the family unit may have also resulted in misclassification of the 

exposure and reduced the power to detect effects. Additionally, we did not have information 

on the participants’ occupational exposure, including both ototoxic chemicals or excessive 

noise working environments and were unable to account for those potential confounders. 

Finally, it is possible that our results which were based on families selected for type 2 

diabetes may not generalizable to families without diabetes.

CONCLUSIONS

Although, it has been estimated that over 16.8% of US adults were current smokers, defined 

as smoking 100 cigarettes or more during one’s lifetime and currently smoking every day or 

some days (Center for Disease Control and Prevention, 2015), differences in smoking 

patterns among the Japanese American population may differentially affect the risk of 

developing HLD. Thus, clarification of the association between smoking and HLD may have 

a large impact on the public health and help motivate significant behavioral change among 

at-risk adults.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Smoking exposure and duration greater in the hearing loss and deafness group

• Adjusted odds of hearing loss and deafness among ever-smokers was 5.76

• suggestive evidence for linkage to putative HLD loci for three chromosomal 

regions

• intronic SNVs within PDE7A, MTFR1, ZBTB10 and PAG1 genes as well as 

novel intergen
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Figure 1: 
Evidence of of GxE (PDE7A, MTFR1 genes by smoking packs per day) interaction (circle 

points of -log10(p-values) on lefthand vertical axis) with underlying recombination rate 

(blue lines with right hand vertical axis) on chromosome 8. The linkage disequilibrium (LD) 

or correlation between each SNV and the SNV with the highest evidence of GxE (i.e., 

highest -log10(p-value) and denoted by a purple dot) is described by r2 with legend in the 

box located in the right upper corner. The red demotes high LD/correlation and dark blue 

denotes low LD/correlation. All variants involved in the interaction with smoking packs-per-

day to modify HLD risk are all in high LD. Reference panel is hg19/1000G Nov 2014 ASN. 

Plot was made using Locus Zoom (Prium et al., 2010).
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Table 1.

Demographic Characteristics of Japanese American Individuals

Measure
a All Subjects (N=75) HLD Cases (N=24) Non-HLD (N=51) P

b

Age (yrs) 55.68 ± 15.9 66.51 ± 10.65 50.58 ± 15.46 1.23×10−9

Sex (No. female, %) 40 (53%) 17 (71%) 23 (45%) 0.030

Diabetes WHO 30 (41%) 13 (54%) 17 (35%) 0.129

Age at deafness (yrs) ― 55.24 ± 15.79 ―

Ever smoked 41 (55%) 19 (79%) 22 (43%) 0.001

Age began smoking (yrs) 19.61 ± 4.25 19.05 ± 4.55 20.09 ± 4.01 0.334

Age stopped smoking (yrs) 42.17 ± 11.31 42.33 ± 11.78 42.05 ± 11.25 0.907

Duration of smoking (yrs) 11.47 ± 14.08 17.15 ± 14.22 9.2 ± 13.51 0.014

Packs-per-day 0.53 ± 0.71 0.78 ± 0.78 0.42 ± 0.65 0.049

a
Means ± standard deviations of continuous measures (age, age of deafness, age began smoking, age stopped smoking, duration of cigarette 

smoking, packs-per-day) and the number and percentages of dichotomous variables (sex, diabetes status, cigarette ever-smoker status).

b
P is p-value from testing differences in each demographic characteristic or measure between HLD and Non-HLD subjects, we used logistic 

regression with GEE with independence correlation structure to account for familial correlation.
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