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An admixture mapping meta-analysis implicates genetic 
variation at 18q21 with asthma susceptibility in Latinos

A full list of authors and affiliations appears at the end of the article.

Abstract

Background: Asthma is a common but complex disease with racial/ethnic differences in 

prevalence, morbidity, and response to therapies.

Objective: We sought to perform an analysis of genetic ancestry to identify new loci that 

contribute to asthma susceptibility.

Methods: We leveraged the mixed ancestry of 3902 Latinos and performed an admixture 

mapping meta-analysis for asthma susceptibility. We replicated associations in an independent 

study of 3774 Latinos, performed targeted sequencing for fine mapping, and tested for disease 

correlations with gene expression in the whole blood of more than 500 subjects from 3 racial/

ethnic groups.

Results: We identified a genome-wide significant admixture mapping peak at 18q21 in Latinos 

(P = 6.8 × 10−6), where Native American ancestry was associated with increased risk of asthma 

(odds ratio [OR], 1.20; 95% CI, 1.07–1.34; P = .002) and European ancestry was associated with 

protection (OR, 0.86; 95% CI, 0.77–0.96; P = .008). Our findings were replicated in an 

independent childhood asthma study in Latinos (P = 5.3 × 10−3, combined P = 2.6 × 10−7). Fine 

mapping of 18q21 in 1978 Latinos identified a significant association with multiple variants 5′ of 

SMAD family member 2 (SMAD2) in Mexicans, whereas a single rare variant in the same 

window was the top association in Puerto Ricans. Low versus high SMAD2 blood expression was 
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correlated with case status (13.4% lower expression; OR, 3.93; 95% CI, 2.12–7.28; P < .001). In 

addition, lower expression of SMAD2 was associated with more frequent exacerbations among 

Puerto Ricans with asthma.

Conclusion: Ancestry at 18q21 was significantly associated with asthma in Latinos and 

implicated multiple ancestry-informative noncoding variants upstream of SMAD2 with asthma 

susceptibility. Furthermore, decreased SMAD2 expression in blood was strongly associated with 

increased asthma risk and increased exacerbations.

Keywords

Asthma; asthma exacerbations; admixture mapping; meta-analysis; Latinos; SMAD2; gene 
expression; targeted sequencing; rare variation

Asthma prevalence varies dramatically by race/ethnicity. In the United States childhood 

asthma prevalence is highest among Puerto Ricans (24.8%), intermediate among African 

Americans(16.3%), and lowest among European Americans (7.8%) and Mexican Americans 

(7.8%).1 Substantial evidence supports both environmental and genetic contributions to 

asthma, with heritability estimates ranging to upward of 75%.2 Genome-wide association 

studies (GWASs) have identified more than 25 genetic risk factors for asthma.3 Nonetheless, 

known genetic associations account for only a small proportion of the genetic basis of 

asthma and have provided limited insight into racial/ethnic disparities in its prevalence and 

severity. This might be due in part to the presence of population-specific genetic risk factors 

and the limited number of GWASs in non-European populations.4–6 For example, many 

asthma-associated variants identified in European American subjects demonstrate significant 

effect heterogeneity or have failed to replicate in non-European populations.7,8 Additionally, 

rare genetic polymorphisms, which are more likely to be population specific,9 can contribute 

to the genetic underpinnings of complex diseases.10 These unexplored genetic factors can 

contribute to disparities in asthma susceptibility between racial/ethnic groups.

Latinos are primarily admixed descendants of Native American, European, and Sub-Saharan 

African ancestors,11,12 and African Americans are primarily admixed descendants of Sub-

Saharan African and European ancestors.13 This variation in genetic ancestry at the locus-

specific level can be leveraged to identify novel loci associated with asthma through 

admixture mapping,14–16 an approach that is complementary to traditional GWASs. 

Specifically, admixture mapping compares genetic ancestry between cases and control 

subjects rather than genotypes at individual single nucleotide polymorphisms (SNPs), as in a 

GWAS. The variation in ancestry patterns stems from the unique patterns of history encoded 

in the genes of admixed populations. Admixture mapping identifies disease-associated loci 

through ancestry linkage disequilibrium (LD) with causal variation rather than SNP LD and 

thus might better capture risk loci in which multiple rare variants are more strongly linked to 

genetic ancestry than to a single common variant. Importantly, these longer blocks of 

ancestry result in a decreased multiple testing burden. Admixture mapping is especially 

relevant when the disease cause might be different in different ancestral populations, as in 

asthmatic patients. Recently, we demonstrated that admixture mapping and ancestry 

deconvolution can identify associations with asthma in African Americans17 and Latinos,
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18,19 total IgE levels,20 bronchodilator response,21 and lung function in Mexicans and 

Mexican Americans.22

Here we extend the transethnic meta-analysis framework used to study asthma in the EVE 

Asthma Genetics Consortium23,24 by performing an admixture mapping meta-analysis of 

7606 Latino and 3106 African American asthma cases and control subjects. We identified a 

novel locus in which ancestry is associated with asthma at 18q21.1 in Latinos and implicate 

multiple noncoding variants 5′ of SMAD family member 2 (SMAD2) with asthma 

susceptibility. Furthermore, we correlate the expression of SMAD2 with asthma 

susceptibility and exacerbations, further implicating SMAD2 as playing an important role in 

asthma.

METHODS

Our study approach is outlined in Fig 1.

Study subjects

Discovery.—Self-identified Latino and African American subjects from 8 independent 

studies participating in the EVE Asthma Genetics Consortium were included in our analysis 

(total of 3902 Latinos and 3106 African Americans; Table I).23 The EVE Consortium is a 

large multiethnic assembly of asthma studies with existing genome-wide SNP genotypes 

from 9 US institutions. Detailed descriptions of each study have been published previously.
23 Briefly, 3 case-control (Genetics of Asthma in Latino Americans [GALA I] Mexican, 

GALA I Puerto Rican, and the Children’s Health Study) and 2 trio (Childhood Asthma 

Research Network and Mexico City Childhood Asthma Study) studies were included in the 

discovery analysis. Additional details can be seen in Table I. In the current project we used 

all genotyped autosomal SNPs passing prior quality control standards (imputed genotypes 

were not included in ancestry estimation).23 Local institutional review boards approved the 

studies.

Replication.—We replicated a genome-wide significant association with ancestry in the 

Genes-Environments & Admixture in Latino Americans (GALA II) study,18 a large, 

multicenter, case-control study of Latino children between the ages of 8 and 21 years with 

and without asthma (see the Methods section in this article’s Online Repository at 

www.jacionline.org). Subjects were genotyped on the Affymetrix Axiom Genome-Wide 

LAT1 Array (World Array 4; Affymetrix, Santa Clara, Calif),25 as described by Galanter et 

al18 (see the Methods section in this article’s Online Repository). Local institutional review 

boards approved the study, and all subjects and legal guardians provided written informed 

assent/consent.

Targeted sequencing

Sequencing of a 342-Kb region at 18q21.1 was performed on 1978 Latinos from the 

replication study (GALA II), including 986 Puerto Ricans (495 cases and 491 control 

subjects) and 992 Mexicans (495 cases and 497 control subjects), through the National 

Heart, Lung, and Blood Institute’s Resequencing and Genotyping Service (chromosome 18: 
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45321283–45663680, hg19 coordinates). Target enrichment was performed with a custom 

NimbleGen SeqCap EZ library, for which 87.3% of the target could be uniquely captured. 

Sequencing was performed to an average of 257× coverage (with 97% of the target having 

>20× coverage) on a HiSeq device by using paired-end reads of 150 bp in length. Reads 

were mapped to the human genome build hg19, and variants were called by using Genome 

Analysis Toolkit best practices.26

Gene expression measurements

We measured expression of SMAD2, SMAD3, zinc finger and BTB domain containing 7C 

(ZBTB7C), and the housekeeping gene β-glucuronidase (GUSB) in peripheral blood using 

TaqMan RT-PCR assays (Thermo Fisher Scientific, Waltham, Mass). Total RNA was 

isolated from PAXgene Blood RNA tubes (PreAnalytiX GmbH, Hombrechtikon, 

Switzerland), and RNA integrity was assessed with the Agilent BioAnalyzer (Agilent 

Technologies, Santa Clara, Calif). Samples with RNA integrity of less than 6 were excluded 

from further analysis. SMAD2 expression was measured in GALA II Puerto Ricans (107 

cases and 54 control subjects) and Mexicans (122 cases and 56 control subjects) and African 

Americans from the Study of African Americans, Asthma, Genes and Environment (SAGE; 

114 cases and 51 control subjects, see the Methods section in this article’s Online 

Repository).27,28 Lastly, we downloaded SMAD2 expression data from isolated CD4+ 

lymphocytes in the Gene Expression Omnibus29 from Mobini et al.30 The study included 

subjects from Germany with and without asthma, seasonal allergic rhinitis, and eczema, 

totaling 15 asthmatic patients and 8 asthmatic control subjects.

Statistical analyses

Ancestry estimation.—We estimated local ancestry at every SNP on our genotyping for 

each study individually using 2 LAMP algorithms: LAMP31 for case-control studies and 

LAMP-HAP32 for family-based studies. We ran LAMP assuming 3 ancestral populations 

consistent with prior studies and with reference panels designed with each platform in mind. 

Extensive details on platform choice, rationale, and methods are available in the Methods 

section in this article’s Online Repository.

Admixture mapping.—Briefly, we treat ancestry estimates as an additive count (0, 1, 2) 

of ancestries per locus. We used a 2-df likelihood ratio test to evaluate the total local effect of 

the 3 primary ancestries in Latinos on asthma susceptibility (see the Methods section in this 

article’s Online Repository). We performed separate versions of generalized linear models 

for each study design: logistic regression for case-control studies (GALA I Mexican, GALA 

I Puerto Rican, and Children’s Health Study) and an extended transmission disequilibrium 

test (TDT) Poisson regression for trio-based studies (Mexico City Childhood Asthma Study 

and Childhood Asthma Research Network). P values were then meta-analyzed across studies 

to evaluate the joint association by using the Fisher method. We determined a study-specific 

significance threshold using empiric autoregression to estimate the effective number of tests 

using the coda package in R software (see the Methods section in this article’s Online 

Repository).
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To evaluate the effect of a specific ancestry, we coded ancestry at each position as a biallelic 

state (eg, African vs non-African) and evaluated the additive case of 0, 1, or 2 copies of that 

ancestry at any locus. Similar to GWASs, we then used logistic regression for case-control 

studies using R software33 and the TDT34 for trio studies by using custom Python35 scripts 

available on request. Single-ancestry tests were combined by using fixed-effects models in 

PLINK36 to evaluate statistical significance, magnitude of effect, and study heterogeneity 

(I2). Sites with an I2 value of heterogeneity of greater than 50% were inspected to determine 

whether a random-effects model was warranted (to incorporate between-study 

heterogeneity).

Imputation and fine mapping.—To identify genetic variants driving the association with 

local ancestry, we performed genotype imputation using a standard pipeline (see the 

Methods section in this article’s Online Repository) across an approximately 5-Mb region 

around SMAD2. We analyzed each study using a similar framework, as described above (ie, 

logistic regression and TDT). A fixed-effects meta-analysis was performed in PLINK, and a 

random-effects meta-analysis was performed with the R package metafor.37

Targeted sequencing analysis.—Pooled rare variant association tests were performed 

by using the optimized Sequence Kernel Association Test (SKAT-O, available at http://

www.hsph.harvard.edu/skat/download/),38,39 as implemented in R software40 and on 

individual variants by using logistic regression. The kernel provides an efficient method for 

combining evidence across individual variants, where pooling provides additional power 

compared with single rare variant tests. We performed tests of association with asthma as a 

case-control test for variants within coding exons of SMAD2 and ZBTB7C separately and 

agnostically across the joint 342-Kb region using a sliding window of 5 Kb in length and a 

step size of 500 bp (total of 676 windows) to evaluate all possible loci within the region of 

ancestry association. We also performed a similar scan of overall expression quantitative 

trait loci (eQTLs), adjusting for asthma as a covariate. A total of 10,000 permutations were 

run at an a value of .05 to determine statistical significance, and from this, we could 

determine a false discovery rate in R software to adjust for multiple comparisons (method = 

BH). For individual variants at 18q21.1, we performed additional imputation using 

IMPUTE2 for the remaining 1778 Latinos from the GALA II study who were not directly 

sequenced with the filters described above. Reference haplotypes included subjects from the 

GALA II study who were sequenced (n = 1978) and subjects from the 1000 Genomes 

Project (phase 1). All tests of association were adjusted for local and global ancestry, age, 

sex, and recruitment area.

Gene expression analysis.—To provide additional lines of evidence for our 

associations, we performed gene expression at the genes of interest using quantitative PCR 

on whole blood for a subset of GALA II and SAGE II subjects with available RNA. We 

rescaled expression to fold change levels (2−ΔCT). We maximized goodness of fit of a cut 

point of gene expression by using Bayes factors calculated from generalized linear models, 

adjusting for age, sex, recruitment center, and ancestry. These were used downstream for 

regression testing with observed exacerbations and as outcome for single variant and pooled 

(SKAT-O) association tests. Additional details of exacerbation calculations, specific models 
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used, estimation of cell composition, and other details are available in the Methods section 

in this article’s Online Repository.

RESULTS

Admixture mapping meta-analysis and replication

We performed local ancestry estimation, ancestry interpolation, and admixture mapping in 5 

different studies of childhood asthma from the EVE Consortium, comprising 3902 Latino 

subjects. The multiple testing threshold using autocorrelation was determined to be a P value 

of less than 4 × 10−5, a value similar to prior analyses leveraging permutations.18 We 

identified a genome-wide significant admixture mapping peak in Latinos at 18q21 using the 

likelihood ratio test (P = 6.8 × 10−6; Fig 2, A and B). This peak was driven by multiple 

ancestry signals at the locus: Native American ancestry was found to increase risk (odds 

ratio [OR], 1.20; 95% CI, 1.07–1.34; P = .002), whereas European ancestry was found to be 

protective (OR, 0.86; 95% CI, 0.77–0.96; P = .008; Fig 2, C); African ancestry did not 

appear to play a significant role (P = .4; Fig 2, C) but appears protective in the trio-based 

studies. We note that Native American and European ancestries are negatively correlated, 

and therefore these effects are not independent. The admixture peak is bounded by 2 

recombination hotspots and overlaps 2 protein-coding genes: SMAD2 and ZBTB7C (Fig 2, 

B).

We replicated the association between asthma and ancestry at 18q21 in an independent 

sample of 3774 Latinos from the GALA II Study (min P = 5.3 × 10−3, Table II). The 

direction of effect in the discovery and replication populations was homogeneous for both 

Native American and European ancestry (OR, 1.09 [P = 6.3 × 10−3] and 0.87 [P = 5.8 × 

10−3], respectively; Table II). In African Americans we found no significant association with 

ancestry at 18q21 (P = .7; see Fig E1 in this article’s Online Repository at 

www.jacionline.org). In European Americans we are unable to perform admixture mapping; 

however, no SNP within the 18p21 region was previously identified as being significantly 

associated with asthma in the EVE Consortium meta-analysis.23

In addition to the likelihood ratio test, we performed a meta-analysis of single-ancestry 

admixture mapping across Latino subjects and identified 2 genome-wide significant peaks 

for European ancestry at 9q22 and 12p12 (P < 4 × 10−5, see Fig E2 and Table E1 in this 

article’s Online Repository at www.jacionline.org). Both of these peaks failed to replicate in 

GALA II (lowest P = .17 and .21, respectively).

We also note that although genome-wide admixture mapping peaks remain rare, we were 

able to provide replication to a peak found on 6p21 for asthma.18 A comprehensive set of 

suggestive peaks, the relevant underlying ancestry test, and the genes within each peak are 

available in Table E1.

Fine mapping of genetic associations

We imputed SNP genotypes from the 1000 Genomes Project (phase I) within a 5-Mb region 

centered on the admixture peak at 18q21 in all of the discovery populations; however, we 
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found no significant associations at SNPs within 18q21 (see Fig E3 in this article’s Online 

Repository at www.jacionline.org).

In our replication study we performed targeted sequencing of 352 Kb of the admixture peak 

to augment genotype imputation and to better enable tests of association with pooled 

variants in our populations of interest. We observed a significant association with pooled 

variants in Mexicans within a 5-Kb window upstream of SMAD2 at chromosome 18 

(45495471–45500349 [hg19]; P = 2.0 × 10−4; false discovery rate, 0.045; Fig 3).41,42 When 

we stratified based on local ancestry, we found the association at pooled variants to be 

strongest on haplotypes of non–Native American ancestry and subjects who were 

homozygous for African ancestry among Mexican subjects (see Figs E4 and E5 in this 

article’s Online Repository at www.jacionline.org). Consistent with these findings, the top 

SKAT-O window harbored 7 individual variants at a frequency of less than 1% and with a P 

value of less than .05 were protective and African in origin (Table III). Similarly, an 

additional variant with a P value of less than .05 within the significant SKAT-O window was 

at a frequency of 6% in Mexicans, was more common on Native haplotypes, and was a risk 

factor for asthma (rs59002988; Table III). Although the function of these variants is 

unknown, 4 of these variants are within ENCODE transcription factor–binding sites and/or 

DNAse peaks (Fig 3 and see Table E2 in this article’s Online Repository at 

www.jacionline.org).41

We found no significant association with pooled variants in Puerto Ricans only; however, the 

top associated individual variants were either directly within the window implicated in 

Mexicans (4 variants, min P = 4.6 × 10−4 at rs59002988) or nearby (3 variants, min P = 3.8 

× 10−4 at rs7238092 [137 bp from window start], Fig 3). Furthermore, rs59002988 was 

locus-wide significantly associated with asthma in all of GALA II (OR, 1.67; P = 1 × 10−5) 

and contributes to the SKAT-O signal overlapping that same window.

Within chromosome 18 (45495283–45500283), we identified 56 variants in Mexicans and 

61 variants in Puerto Ricans through direct sequencing, of which 30 were shared between 

populations. A stratified analysis partitioning shared versus private variants (ie, variants only 

found in 1 population) identified a marginal association in both classes of variation in 

Mexicans (see Fig E6 in this article’s Online Repository at www.jacionline.org), suggesting 

that both private and shared variants contribute to the association. No significant associations 

were observed at individual variants in Mexicans, and no significant associations were 

observed with pooled variants in the coding exons of SMAD2 or ZBTB7C in either 

Mexicans or Puerto Ricans (see Table E3 in this article’s Online Repository at 

www.jacionline.org).

eQTL analysis and gene expression associations

We measured expression of SMAD2, SMAD3 (the cytosolic heterodimeric partner of 

SMAD2), and ZBTB7C using RT-PCR from whole blood RNA in a subset of 161 Puerto 

Ricans from the replication study (GALA II). We found no significant association between 

genotypes at individual or pooled variants and gene expression in whole blood of 177 

Mexicans (SMAD2) and 144 Puerto Ricans (SMAD2 and ZBTB7C) from the GALA II 

study that were sequenced in this study (see Fig E7 in this article’s Online Repository at 
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www.jacionline.org). However, asthma cases had significantly lower mean levels of SMAD2 
gene expression (P < .001). In contrast, neither SMAD3 nor ZBTB7C demonstrated any 

difference in expression between cases and control subjects (P = .8 and .9, respectively).

We then investigated SMAD2 gene expression in whole blood in all 503 African and 

Mexican Americans alongside the Puerto Ricans previously measured. We determined the 

best-fit cut point at 127% of mean expression in control subjects across all populations when 

partitioning by low versus high SMAD2 expression (see Fig E8 in this article’s Online 

Repository at www.jacionline.org). Each population has a different cut point, and here the 

transethnic value is provided to maximize the lower bounds on the OR across the entire 

sample. SMAD2 expression of less than this cut point was associated with a 4-fold increase 

in the odds of asthma (OR, 3.93; 95% CI, 2.12–7.28; P < .001), with no ethnic heterogeneity 

(P = .34, Cochran Q). In addition, the CD4+ lymphocyte data set replicated the association 

between asthma and low SMAD2 expression in subjects from Germany (OR, 1.9; 95% CI, 

1.3–2.8; P = .02; see Fig E9 and Table E4 in this article’s Online Repository at 

www.jacionline.org). Although the sample size of this additional source of replication is 

small, we observe an overlapping effect size with our larger set of samples from SAGE II 

and GALA II.

In the subset of subjects with estimated blood cell counts, the proportion of cell types was 

not significantly associated with SMAD2 expression (min marginal P = .35 for the 

proportion of CD4+ T cells) nor was the joint effect of all types (likelihood ratio test: P = .

93). Thus SMAD2 expression was not associated with or confounded by peripheral blood 

cell proportions, which is consistent with previous findings.43 The association between 

asthma status and SMAD2 expression was strongest in those with an age of asthma onset of 

less than 5 years (see Fig E10 in this article’s Online Repository at www.jacionline.org), 

which is consistent with prior discoveries of a stronger genetic effect in early-onset asthma.
44

Lower SMAD2 gene expression was associated with higher exacerbation scores across the 

342 cases (OR per 10% decrease in expression, 1.11; 95% CI, 1.02–1.20; P = .01; see Table 

IV and Fig E11 in this article’s Online Repository at www.jacionline.org for the distribution 

of exacerbation scores). There was no significant heterogeneity (P = .08, Cochran Q), and 

the P value remained significant (P = .04) even when modeling the overall association 

through random-effects meta-analysis in META-SOFT.45 As with the case-control 

association, incorporating peripheral blood cell counts did not attenuate the significance of 

the findings. Oral steroids could affect gene expression; however, only 5 of the participants 

report taking oral steroids. Including a variable for steroid use was not in itself significant 

nor did it affect the association between gene expression and asthma status. Although we 

found a highly significant association with exacerbations, we did not observe associations 

with other measures of severity, including asthma control or spirometric values.

We then built logistic regression models to test the ability of SMAD2 gene expression to 

explain asthma exacerbations in Latinos and African Americans. We incorporated age, 

population, medication use, and spirometry in the full models (see Fig E12 and Table E5 in 

this article’s Online Repository at www.jacionline.org). Subjects were dichotomized into 
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those with low and high exacerbation scores. We applied 3 prediction models: use of 

controller medication (any long-term asthma medication), response to albuterol, and 

SMAD2 gene expression. Incorporating all 3 predictors (along with age and ethnicity) 

minimized the Aikake Information Criterion (AIC), demonstrating the additional power of 

SMAD2 expression to predict high-end health care users beyond standard clinical 

measurements. Increasing the cut point of high versus low exacerbation resulted in improved 

specificity and prediction accuracy (Fig 4, B).

DISCUSSION

Our novel investigation of admixture mapping and asthma among 3902 Latinos from the 

EVE Asthma Genetics Consortium identified a genome-wide significant association 

between asthma and ancestry at 18q21 centered on the SMAD2-ZBTB7C locus. We 

replicated this finding among 3774 subjects in the GALA II study and identified a 

significant association with multiple noncoding rare variants 5′ upstream of SMAD2 in 

Mexicans. Although we stratified by population for the sake of analysis, the strong fixed-

effects analysis is consistent with a Hispanic/Latino-wide association rather than one that is 

geographically restricted. Although we do note that the original forest plots might look 

somewhat heterogeneous, the results at our top hit are overall consistent and reflect the need 

for large sample sizes to uncover accurate effects. In addition, we demonstrated that low 

SMAD2 expression is associated with increased risk of asthma and more frequent asthma 

exacerbations in whole blood. Genetic variation at 18q21 was not identified as a risk factor 

for asthma in prior meta-analyses using traditional GWAS methods, including in these same 

studies.23,46 This demonstrates the power of admixture mapping to detect genetic 

associations that are different from those identified by using traditional GWASs and for 

identifying loci in which rare genetic variation contributes to asthma susceptibility.

An important and unique contribution offered by admixture mapping is its potential for 

increased coverage of untyped variants caused by ancestry LD compared with genotype LD.
47 Our admixture mapping approach identified Native American ancestry at 18q21 as a risk 

factor for asthma in Latinos. Indeed, within the 5-Kb window showing a significant 

association with multiple noncoding variants in Mexicans, variants showing a marginal 

association on their own includes one that is risky for asthma and more common on Native 

American haplotypes and 7 that are protective for asthma and more common on African 

haplotypes. These observations are consistent with the admixture signal and might explain 

why no association was identified with individual variants in the original EVE Consortium 

meta-analysis because the effect appears to be driven predominantly by rare and low 

frequency variation. Therefore admixture mapping with follow-up sequencing provides the 

capability to discover additional genetic variation important for disease susceptibility by 

using existing GWAS data.

Our admixture mapping peak at 18q21 was fairly broad. However, fine mapping of this peak 

implicated noncoding variants directly between SMAD2 and ZBTB7C. ZBTB7C has limited 

functional characterization and no known role in asthma pathophysiology. Furthermore, we 

found no significant difference in the expression of ZBTB7C in whole blood of asthmatic 

patients versus control subjects. In contrast, SMAD2 was found to exhibit decreased 
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expression in asthmatic patients versus control subjects and is a well-characterized cofactor 

involved in the TGFB signaling pathway often studied in patients with asthma and other 

inflammatory diseases. The TGFB pathway has been implicated in multiple components of 

asthma biology: negative regulation of allergic airway inflammation,48 airway remodeling,49 

and drug response.50 Ligation of TGFB receptors activates the proximal transcription factors 

SMAD2 and SMAD3; these translocate to the nucleus to regulate transcription of several 

hundred target genes along with a complex of DNA binding cofactors. Lower levels of 

SMAD2 would then be expected to correlate with lower levels of TGFB-mediated signaling 

effect,51 which is consistent with our observation that lower SMAD2 expression is 

associated with asthma. We note that effects are not consistent in overall inflammation levels 

and locally in the airway, but rather, these levels would broadly represent inflammatory 

response. Among cases, we would expect that limited TGFB signaling in the blood would 

result in more airway inflammation, thereby leading to increased asthma exacerbations.

Although TGFB pathway genes are known to play a functional role in asthmatic patients, 

they have rarely been identified through GWASs, and to our knowledge, variation within or 

near SMAD2 has not been previously associated with asthma. Interestingly, 2 previous 

meta-analyses23,46 identified an association between SMAD3, the cytosolic heterodimeric 

partner of SMAD2, and asthma in Europeans and European Americans. Here variation in 

SMAD3 was not significantly associated with asthma through admixture mapping in either 

Latinos or African Americans, nor did we find that SMAD3 was differentially expressed in 

the whole blood of asthma cases versus control subjects among Puerto Ricans.

Fine mapping implicated multiple noncoding variants 5′ of SMAD2 in asthma 

susceptibility, including several variants in the proximity of regulatory elements. However, 

none of the variants were correlated with expression of either SMAD2 or ZBTB7C in 

peripheral blood, and thus we find no evidence that these variants affect the transcription of 

either of these genes in cis. This might indicate that the variants contribute to asthma 

susceptibility through a mechanism independent of SMAD2 or ZBTB7C expression or a 

lack of statistical power to identify eQTLs in the subset of subjects examined or that the 

variants identified regulate the expression of SMAD2, ZBTB7C, or both in a tissue other 

than peripheral blood.

Despite our inability to identify cis-eQTLs, our findings support the role of differential 

regulation of SMAD2 gene expression in the blood in asthmatic patients, with a 4-fold 

increase in the odds of asthma for low versus high SMAD2 expression. Thus the disconnect 

between our genetic and gene expression associations at 18q21 might reflect a more 

complex and multilayered contribution of SMAD2 on asthma susceptibility. The effects of 

SMAD2 expression are seen jointly when pooled across 3 ethnic groups, with the largest 

effect observed in Puerto Ricans and those with early asthma onset (≤5 years of age).

The potential for using SMAD2 expression as a biomarker for asthma and asthma severity in 

peripheral blood is attractive because of its ease of collection compared with other tissues. 

Including peripheral blood SMAD2 expression levels improved the explanatory power of 

statistical models of asthma exacerbations beyond the use of traditional variables collected 

in the clinic. By estimating white blood cell counts for a subset of our data, we ruled out 

Gignoux et al. Page 10

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



potential confounding by cell type, another attractive feature of a biomarker measured in 

peripheral blood. Furthermore, we found that SMAD2 expression was also significantly 

lower in atopic asthma cases versus control subjects in isolated CD4+ lymphocytes in 

German subjects. This provides additional support that the difference we observe is not due 

to differences in white blood cell counts and that SMAD2 expression might be a useful 

biomarker in subjects of European ancestry.

Our results uncover a novel asthma locus in Hispanics/Latinos that replicates, is the 

heterodimeric partner of another well-replicated asthma locus, and provides additional 

insight through gene expression in whole blood. However, this study is not without 

shortcomings.

First, we deployed our admixture mapping framework in a highly diverse collection of 

studies with unique ancestries and environmental exposures. We cannot adequately measure 

the full scope of environmental exposures that can affect expression patterns.

In addition, because our gene expression measurements came from studies of childhood 

asthma, we only have access to 1 relevant tissue type reflecting the inflammatory nature of 

asthma (whole blood). Although we did not identify a consensus set of eQTL loci, the 

intrinsic heterogeneity of exposures across subjects can conceal associations. We note that 

the large Genotype-Tissue Expression Consortium52 was also unable to identify eQTLs for 

SMAD2 in whole blood. The small subset of subjects might not reflect the entire spectrum 

of expression patterns. However, our fine mapping does result in a suggestion of 

transcription factor–binding sites and/or DNAse peaks underlying the signal, suggesting a 

regulatory component reflecting the noncoding nature of our top hits. The novel methods, 

large-scale computational approach, numerous independent study designs and platforms, 

fine mapping, and biological relevance to disease provide a new window into the 

pathophysiology of asthma in Hispanic/Latino subjects.

In conclusion, an admixture mapping meta-analysis across 3902 Latinos identified a novel 

genome-wide significant association with ancestry at chromosome 18q21 centered on 

SMAD2-ZBTB7C, which replicated in an additional 3774 Latinos. We further implicated 

multiple noncoding variants 5′ of SMAD2 and asthma susceptibility, which vary in 

frequency between the ancestral haplotypes of Latinos. Low peripheral blood SMAD2 
expression was associated with a 4-fold increase in the odds of asthma. In asthmatic patients 

low SMAD2 expression in peripheral blood is associated with increased asthma 

exacerbations in Latinos.
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SMAD2 SMAD family member 2
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TDT Transmission disequilibrium test

ZBTB7C Zinc finger and BTB domain containing 7C
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Key messages

• Genetic ancestry at 18q21 is associated with asthma susceptibility in Latinos.

• Targeted sequencing of the admixture peak at 18q21 identified multiple 

noncoding variants associated with asthma. These variants are at different 

frequencies in the ancestral populations of Latinos.

• Low SMAD2 expression correlates with increased susceptibility to asthma 

and more frequent asthma exacerbations.
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FIG 1. 
Outline of the study approach. Data generation steps are in green, and analysis steps are in 

blue. Numbers of subjects available for analyses can be found in Table I.
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FIG 2. 
Results of the admixture mapping meta-analysis. A, Admixture mapping Manhattan plot. B, 

Summary of admixture mapping findings across the 18q21 locus. C, Forest plots for each 

ancestry, including ORs and CIs, with the size of the square inversely proportional to the SE. 

Meta-analysis estimates through fixed-effects models are shown as diamonds, with values in 

Table II.
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FIG 3. 
Fine mapping of 18q21. A and B, pooled (SKAT-O) and individual (GWAS) variants in 

Mexicans (Fig 3, A) and Puerto Ricans (Fig 3, B). C, Regulatory elements from ENCODE,
41 with darker boxes having stronger signals and numbers indicating hypersensitive cell 

lines. Also, transcription factor bindings site are shown through ChIP-seq in ENCODE.41 

Green lines indicate the highest-scoring binding motif for the corresponding factor and most 

associated cell type from the UCSC Genome Browser.42
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FIG 4. 
Analysis of SMAD2 expression in whole blood. A, Means and 95% CIs of whole blood 

SMAD2 expression, which was lower in cases (P = .002). Neither ZBTB7C nor SMAD3 
showed any differential expression. B, Receiver operating characteristic (ROC) curves of 

high exacerbation scores in patients with asthma by using clinical variables, demographic 

data, and SMAD2 gene expression accounting for age, population, spirometry, and 

controller medication use. AUCs and 10-fold cross-validated prediction errors are shown in 

legends.
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