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Abstract

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

prevalence, morbidity, and response to therapies.

Objective: Perform an analysis of genetic ancestry to identify new loci that contribute to

asthma susceptibility.

Methods: We leveraged the mixed ancestry of 3,902 Latinos and performed an
admixture mapping meta-analysis for asthma susceptibility. We replicated associations
in an independent study of 3,774 Latinos, performed targeted sequencing for fine
mapping, and tested for disease correlations with gene expression in the whole blood of
>500 individuals from 3 racial/ethnic groups.

Results: We identified a genome-wide significant admixture mapping peak at 18g21 in
Latinos (p=6.8x10"°), where Native American ancestry was associated with increased
risk of asthma (OR=1.20, 95% CI=1.07-1.34, p=0.002) and European ancestry with
protection (OR=0.86, 95% CI=0.77-0.96, p=0.008). Our findings replicated in an
independent childhood asthma study in Latinos (p=5.3x10", combined p=2.6x10"). Fine
mapping of 18921 in 1,978 Latinos identified a significant association with multiple
variants 5’ of 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 correlated with case status (13.4% lower expression, OR=3.93, 95% CI 2.12-
7.28,p<0.001). 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 non-coding variants upstream of SMAD2 with
asthma susceptibility. Furthermore, decreased SMAD2 expression in blood was strongly

associated with increased asthma risk and increased exacerbations.



109

110
111
112
113
114
115

116

117
118

119

120
121

122

123

124

125

126

127

128

129

130

131

Key Messages

» Genetic ancestry at 18921 is associated with asthma susceptibility in Latinos

» Targeted sequencing of the admixture peak at 18921 identified multiple non-
coding 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.

Capsule Summary: Genetic ancestry and non-coding variation at 18921 are

associated with asthma in Latinos.

Keywords

Asthma, asthma exacerbations, admixture mapping, meta-analysis, Latinos, SMAD2,

gene expression, targeted sequencing, rare variation

Abbreviations

bp: base-pair

GWAS: Genome-Wide Association Study
LD: Linkage Disequilibrium

SKAT: Sequence Kernel Association Test
SMADZ2: SMAD family member 2

SNP: single nucleotide polymorphism

ZBTB7C: Zinc finger and BTB domain containing 7C
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Introduction

Asthma prevalence varies dramatically by race/ethnicity. In the U.S., 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%)." Substantial evidence supports both environmental and genetic
contributions to asthma with heritability estimates ranging to upwards of 75%.2
Genome-wide association studies (GWAS) have identified >25 genetic risk factors for
asthma.® 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 may partially be due to the presence of
population-specific genetic risk factors, and the limited number of GWAS in non-
European populations.*® For example, many asthma-associated variants identified in
European Americans demonstrate significant effect heterogeneity or have failed to
replicate in non-European populations.”® Additionally, rare genetic polymorphisms,
which are more likely to be population specific,? can contribute to the genetic
underpinnings of complex diseases.'® These unexplored genetic factors may contribute
to disparities in asthma susceptibility between racial/ethnic groups.

Latinos are primarily admixed descendants of Native American, European, and

11,12

sub-Saharan African ancestors, and African Americans primarily of sub-Saharan

African and European ancestors.*® This variation in genetic ancestry at the locus-specific
level can be leveraged to identify novel loci associated with asthma through admixture

14, 15,16

mapping — an approach that is complementary to traditional GWAS. Specifically,

admixture mapping compares genetic ancestry between cases and controls, rather than
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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 via
ancestry linkage disequilibrium (ancestry-LD) with causal variation, rather than SNP-LD,
and thus may better capture risk loci where 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 etiology may be different in different ancestral
populations as in asthma. Recently we demonstrated that admixture mapping and
ancestry deconvolution can identify associations with asthma in African Americans®’
and Latinos'® *°, total IgE?, bronchodilator response?, and with lung function in

Mexicans and Mexican Americans?®2.

Here, we extend the trans-ethnic meta-analysis framework using to study asthma
in the EVE Asthma Genetics Consortium®* * by performing an admixture mapping
meta-analysis of 7,606 Latino and 3,106 African American asthma cases and controls.
We identified a novel locus where ancestry is associated with asthma at 18g21.1 in
Latinos, and implicate multiple non-coding variants 5’ of 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.
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Materials and Methods:

Our study approach is outlined in Figure 1.

Study Subjects

Discovery. Self-identified Latino and African American subjects from eight independent
studies participating in the EVE Asthma Genetics Consortium were included in our
analysis (Table 1, total of 3,902 Latinos and 3,106 African-Americans). EVE is a large,
multi-ethnic assembly of asthma studies with existing genome-wide SNP genotypes
from nine U.S. institutions. Detailed descriptions of each study have been published
previously?®. Briefly, three case-control (GALA | MX, GALA | PR, and CHS) and two trio
(CARE, MCCAS) studies were included in the discovery analysis. Additional details can
be seen in Table 1. In the current project, we used all genotyped, autosomal SNPs
passing prior quality control standards® (imputed genotypes were not included in

ancestry estimation). 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 1) Study,*® a large, multi-
center case-control study of Latino children between the ages of 8-21 years with and
without asthma (see Supplementary Methods in the Online Repository). Individuals
were genotyped on the Affymetrix Axiom® Genome-Wide LAT1 Array (World Array 4)*°
as described in Galanter et al.?®, and see Supplementary Methods in the Online
Repository. Local institutional review boards approved the study and all subjects and

legal guardians provided written informed assent/consent.
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Targeted Sequencing

Sequencing of a 342 Kb region at 18g21.1 was performed on 1,978 Latinos from the
replication study (GALA II), including 986 Puerto Ricans (495 cases, 491 controls) and
992 Mexicans (495 cases, 497 controls), through the NHLBI's Resequencing and
Genotyping Service (RS&G) (chrl8:45321283-45663680, hgl9 coordinates). Target
enrichment was performed using a custom NimbleGen SeqCap EZ library, for which
87.3% of the target could be uniquely captured. Sequencing was performed to an
average of 257x coverage (with 97% of the target having >20x coverage) on a HiSeq
using paired-end reads of 150 bp in length. Reads were mapped to the human genome

build hg19 and variants called using GATK best practices®’.

Gene Expression Measurements

We measured the expression of SMAD2, SMADS, ZBTB7C, and the housekeeping
gene B-glucuronidase (GUSB) in peripheral blood using TagMan® RT-PCR assays.
Total RNA was isolated from PAXgene™ Blood RNA tubes, and RNA integrity was
assessed with Aligent’s BioAnalyzer. Samples with RNA integrity below 6 were
excluded from further analysis. SMAD2 expression was measured in GALA Il Puerto
Ricans (107 cases/54 controls), Mexicans (122 cases/56 controls), and African
Americans from SAGE?® ?° (114 cases/51 controls, see Supplementary Methods in the
Online Repository). Lastly, we downloaded SMAD2 expression data from isolated

CD4+ lymphocytes in the Gene Expression Omnibus*° from Mobini et al.®! The study
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included individuals from Germany with and without asthma, seasonal allergic rhinitis,

and eczema, totaling 15 asthma cases and 8 asthma controls.

Statistical Analyses

Ancestry Estimation: We estimated local ancestry at every SNP on our genotyping for
each study individually using two LAMP algorithms: LAMP?? for case-control studies and
LAMP-HAP? for family-based studies. We ran LAMP assuming three 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 Online Repository.

Admixture Mapping: Briefly, we treat ancestry estimates as an additive count (0,1,2) of
ancestries per locus. We used a 2-degree of freedom likelihood ratio test to evaluate the
total local effect of the three primary ancestries in Latinos on asthma susceptibility (see
Supplementary Methods in the Online Repository). We performed separate versions of
generalized linear models for each study design: logistic regression for case/control
(GALA | MX, GALA | PR, CHS) and an extended TDT poisson regression for trio-based
studies (MCCAS, CARE). P-values were then meta-analyzed across studies to evaluate
the joint association using Fisher's method. We determined a study-specific significance
threshold using empirical autoregression to estimate the effective number of tests using

the coda package in R (see Supplementary Methods in the Online Repository).
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To evaluate the effect of a specific ancestry, we coded ancestry at each position
as a biallelic state (e.g., African vs non-African), and evaluated the additive case of 0,1
or 2 copies of that ancestry at any locus. Similar to GWAS, we then used logistic
regression for case-control studies using R,3* and the transmission disequilibrium test
(TDT)* for trio studies using custom Python®® scripts available upon request. Single
ancestry tests were combined using fixed effects models in PLINK* to evaluate
statistical significance, magnitude of effect, and study heterogeneity (I°). Sites with an I
value of heterogeneity > 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 (Online
Repository) across a ~5Mb region around SMAD2. We analyzed each study using a
similar framework as described above (i.e., logistic regression and TDT). A fixed effects
meta-analysis was performed in PLINK, and a random effects meta-analysis using the

R package metafor.*

Targeted Sequencing Analysis: Pooled rare variant association testing was
performed using the optimized Sequence Kernel Association Test (SKAT-O, available at

39.40 35 implemented in R **, and on

http://www.hsph.harvard.edu/skat/download/)
individual variants using logistic regression. The kernel provides an efficient method for
combining evidence across individual variants, where pooling provides additional power

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

10
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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 5Kb in length
and a step size of 500 bp (total 676 windows) to evaluate all possible loci within the
region of ancestry association. We also performed a similar scan of overall expression-
guantitative trait loci (eQTL) adjusting for asthma as a covariate. A total of 10,000
permutations were run at a=0.05 to determine statistical significance, and from this we
could determine a false discovery rate in R to adjust for multiple comparisons
(method="BH"). For individual variants at 18921.1, we performed additional imputation
using IMPUTEZ2 for the remaining 1,778 Latinos from the GALA Il study who were not
directly sequenced using filters described above. Reference haplotypes included
individuals from the GALA Il study that were sequenced (n=1,978), and individuals 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 gPCR on
whole blood for a subset of GALA Il and SAGE Il individuals with available RNA. We

rescaled expression to fold-change levels (24¢7

). We maximized goodnesss-of-fit of a
cutpoint of gene expression 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

11
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calculations, specific models used, estimation of cell composition, and other details are

available in the Online Repository.

Results

Admixture Mapping Meta-Analysis and Replication
We performed local ancestry estimation, ancestry interpolation, and admixture mapping
in five different studies of childhood asthma from EVE, comprising 3,902 Latino
individuals. The multiple testing threshold, using autocorrelation, was determined to be
p<4x107, a value similar to prior analyses leveraging permutations (e.g. %°). We
identified a genome-wide significant admixture mapping peak in Latinos at 18921 using
the likelihood ratio test (p=6.8x10°, Figure 2A and B). This peak was driven by multiple
ancestry signals at the locus: Native American was found to increase risk (OR=1.20,
95% CI=1.07-1.34, p=0.002), whereas European ancestry was found to be protective
(OR=0.86, 95% CI=0.77-0.96, p=0.008, Figure 2C); African ancestry did not appear to
play a significant role (p=0.4) (Figure 2C), but appears protective in the trio-based
studies. We note that Native and European ancestries are negatively correlated and
therefore these effects are not independent. The admixture peak is bounded by two
recombination hotspots and overlaps two protein-coding genes: SMAD2 and ZBTB7C
(Figure 2B).

We replicated the association between asthma and ancestry at 18921 in an
independent sample of 3,774 Latinos from the GALA Il Study (min p=5.3x107, Table 2).

The direction of the effect in the discovery and replication populations was

12
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homogeneous for both Native American and European ancestry (OR=1.09, p=6.3x10";
and OR=0.87, p=5.8x10" respectively; Table 2). In African Americans we found no
significant association with ancestry at 18g21 (see Figure S1 in the Online Repository,
p=0.7). 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 meta-analysis.?®

In addition to the likelihood ratio test, we performed a meta-analysis of single
ancestry admixture mapping across Latino individuals and identified two genome-wide
significant peaks for European ancestry at 9q22 and 12p12 (p<4x107, see Table S1
and Figure S2 in the Online Repository). Both of these peaks failed to replicate in
GALA Il (lowest p-value = 0.17 and 0.21, respectively). We also note that while
genome-wide admixture mapping peaks remain rare, we were able to provide the
replication to a peak found on 6p21 for asthma®®. A comprehensive set of suggestive
peaks, the relevant underlying ancestry test, and the genes within each peak are

available in Table S1 in the Online Repository.

Fine Mapping of Genetic Associations
We imputed SNP genotypes from the 1000 Genomes Project (phase I) within a 5Mb
region centered on the admixture peak at 18921 in all of the discovery populations,
however we found no significant associations at SNPs within 18g21 (see Figure S3in
the Online Repository).

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

13
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association with pooled variants in our populations of interest. We observed a significant
association with pooled variants in Mexicans within a 5Kb window upstream of SMAD2
at chr18:45495471-45500349 (hg19) (p=2.0x10"*, FDR=0.045, Figure 3). 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 individuals that were
homozygous for African ancestry in Mexicans (see Figures S4 and S5 in the Online
Repository). Consistent with these findings the top SKAT-O window harbored 7
individual variants at frequency <1% and with p<0.05 were protective and African in
origin (Table 3). Similarly, an additional variant with p<0.05 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 3). While the function
of these variants is unknown, four of these variants are within ENCODE transcription
factor binding sites and/or DNAse peaks* (Figure 3, see Table S3 in the Online
Repository).

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 (four variants, minp=4.6x10™* at rs59002988), or nearby (three
variants, minp=3.8x10™ at rs7238092 [137 bp from window start], Figure 3).
Furthermore, rs59002988 was locus-wide significantly associated with asthma in all of
GALA Il (OR=1.67, p=1x10"), and contributes to the SKAT-O signal overlapping that
same window.

Within chr18:45495283-45500283, we identified 56 variants in Mexicans and 61

variants in Puerto Ricans through direct sequencing, of which 30 were shared between
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populations. A stratified analysis partitioning shared vs. private variants (i.e. variants
only found in one population) identified a marginal association in both classes of
variation in Mexicans (see Figure S6 in the Online Repository), suggesting that both
private and shared variants are contributing 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 S3 in the Online Repository).

eQTL analysis and Gene Expression Associations

We measured expression of SMAD2, SMAD3 (the cystolic hetero-dimeric partner of
SMAD?2), and ZBTB7C via rt-PCR from whole blood RNA in a subset of 161 Puerto
Ricans from the replication study (GALA Il). 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 Il study that were sequenced in this study (see Figure S7 in the Online
Repository). However, asthma cases had significantly lower mean levels of SMAD2
gene expression (p<0.001). In contrast neither SMAD3 nor ZBTB7C demonstrated any
difference in expression between cases and controls (p=0.8 and 0.9, 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 controls across all
populations when partitioning by low-vs.-high SMAD2 expression (see Figure S8 in the

Online Repository). Each population has a different cut-point, here the trans-ethnic

15



379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

value is provided to maximize the lower bounds on the odds ratio across the entire
sample. SMAD2 expression below 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<0.001), with no ethnic
heterogeneity (Cochran’s Q p=0.34). In addition, the CD4+ lymphocyte dataset
replicated the association between asthma and low SMAD2 expression in individuals
from Germany (OR=1.9, 95% CI=1.3-2.8, p=0.02, see Table S4 and Figure S9 in the
Online Repository). While 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
I and GALA 1.

In the subset of individuals with estimated blood cell counts, the proportion of cell
types was not significantly associated with SMAD2 expression (min marginal p: 0.35 for
the proportion of CD4+ T cells), nor was the joint effect of all types (likelihood ratio test
p=0.93). Thus, SMAD2 expression was not associated with nor confounded by
peripheral blood cell proportions, consistent with previous findings*®. The association
between asthma status and SMAD2 expression was strongest in those with an age of
asthma onset <5 years (see Figure S10 in the Online Repository), consistent with prior
discoveries of a stronger genetic effect in early onset asthma**.

Lower SMADZ2 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=0.01; see Table 4 and Figure S11 in the Online Repository for the distribution of
exacerbation scores). There was no significant heterogeneity (Cochran’'s Q p=0.08),
and the p-value remained significant (p=0.04) even when modeling the overall

association via random effects meta-analysis in METASOFT*. As with the case-control
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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 usage was not in
itself significant nor did it affect the association between gene expression and asthma
status. While 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
Table S5 and Figure S12 in the Online Repository). Individuals were dichotomized into
low and high exacerbation scores. We applied three prediction models: use of controller
medication (any long-term asthma medication), response to albuterol, and SMAD2 gene
expression. Incorporating all three predictors (along with age and ethnicity) minimized
the AIC, demonstrating the additional power of SMAD2 expression to predict high-end
healthcare utilizers beyond standard clinical measurements. Increasing the cut-point of
high-vs.-low exacerbation resulted in improved specificity and prediction accuracy

(Figure 4B).

Discussion
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Our novel investigation of admixture mapping and asthma among 3,902 Latinos from
the EVE Asthma Genetics Consortium identified a genome-wide significant association
between asthma and ancestry at 18921, centered on the SMAD2-ZBTB7C locus. We
replicated this finding among 3,774 individuals in the GALA 1l study, and identified a
significant association with multiple, non-coding rare variants 5’ upstream of SMAD?2 in
Mexicans. While 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. We do note that the original forest plots may 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 18921 was not
identified as a risk factor for asthma in a prior meta-analysis utilizing traditional GWAS
methods in the identical studies.?® *® This demonstrates the power of admixture
mapping to detect genetic associations that are different from those identified using
traditional GWAS, and for identifying loci where 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 due to ancestry linkage
disequilibrium (ancestry-LD) as compared with genotype-LD.*" Our admixture mapping
approach identified Native American ancestry at 18921 as a risk factor for asthma in
Latinos. Indeed, within the 5Kb window showing a significant association with multiple

non-coding variants in Mexicans, variants showing a marginal association on their own
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includes one that is risky for asthma and more common on Native American haplotypes,
and seven that are protective for asthma and more common on African haplotypes.
These observations are consistent with the admixture signal, and may explain why no
association was identified with individual variants in the original EVE meta-analysis, as
the effect appears to be driven predominantly by rare and low frequency variation.
Admixture mapping with followup sequencing therefore provides the capability to
discover additional genetic variation important for disease susceptibility using existing
GWAS data.

Our admixture mapping peak at 18921 was fairly broad. However, fine mapping
of this peak implicated non-coding 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 the whole blood of asthma cases vs. controls. In contrast, SMAD2 was
found to exhibit decreased expression in asthma cases vs. controls, and is a well-
characterized cofactor involved in the TGF-B signaling pathway often studied in asthma
and other inflammatory diseases. The TGF-B pathway has been implicated multiple
components of asthma biology: negative regulation of allergic airway inflammation,*®
airway remodeling,*® and drug response.* Ligation of TGF-8 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 TGF-B -mediated signaling effect,> consistent with our observation that

lower SMAD2 expression is associated with asthma. We note that effects are not
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consistent in overall inflammation levels and locally in the airway, rather, these levels
would broadly represent inflammatory response. Among cases, we would expect that
limited TGF-g signaling in the blood would result in more airway inflammation, thereby
leading to increased asthma exacerbations.

Although TGF-B pathway genes are known to play a functional role in asthma,
they have rarely been identified via GWAS, and to our knowledge variation within or
nearby SMAD?2 has not been previously associated with asthma. Interestingly, two

previous meta-analyses® *°

identified an association between SMAD3, the cytosolic
hetero-dimeric 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 vs. controls in Puerto
Ricans.

Fine mapping implicated multiple non-coding variants 5’ of SMADZ2 in asthma
susceptibility, including several variants in the proximity of regulatory elements.
However, none of the variants were correlated with the expression of either SMAD2 or
ZBTB7C in peripheral blood, and thus we find no evidence these variants affect the
transcription of either of these genes in cis-. This may indicate the variants contribute to
asthma susceptibility through a mechanism independent of SMAD2 or ZBTB7C
expression, a lack of statistical power to identify eQTLs in the subset of individuals

examined, or that the variants identified regulate the expression of SMAD2 and/or

ZBTB7C in a tissue other than peripheral blood.
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Despite our inability to identify cis-eQTLs, our findings support the role of
differential regulation of SMAD2 gene expression in the blood in asthma cases, with a
four-fold increase in odds of asthma for low-vs.-high SMAD2 expression. The
disconnect between our genetic and gene expression associations at 18g21 may thus
reflect a more complex, multi-layered contribution of SMAD2 on asthma susceptibility.
The effects of SMAD2 expression are seen jointly when pooled across three ethnic
groups, with the largest effect observed in Puerto Ricans and those with early asthma
onset (5 years or younger). The potential for using SMAD2 expression as a biomarker
for asthma and asthma severity in peripheral blood is attractive due to its ease of
collection as compared to 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 potential confounding by cell types,
another attractive feature of a biomarker measured in peripheral blood. Furthermore, we
found that SMAD2 expression was also significantly lower in atopic asthma cases vs.
controls in isolated CD4+ lymphocytes in German individuals. This provides additional
support that the difference we observe is not due to differences in white blood cell
counts, and that SMAD2 expression may additionally be a useful biomarker in
individuals of European ancestry.

Our results uncover a novel asthma locus in Hispanic/Latinos that replicates, is
the heterodimeric partner of another well-replicated asthma locus and provides
additional insight via gene expression in whole blood. However this study is not without

shortcomings: first, we deployed our admixture mapping framework in a highly diverse
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collection of studies, with unique ancestries and environmental exposures. We cannot
adequately measure the full scope of environmental exposures that may affect
expression patterns. In addition, as our gene expression measurements came from
studies of childhood asthma, we only have access to one relevant tissue type reflecting
the inflammatory nature of asthma (whole blood). While we did not identify a consensus
set of expression-QTL loci, the intrinsic heterogeneity of exposures across individuals
can conceal associations. We note that the large Genotype-Tissue Expression
Consortium>? (GTEXx) was also unable to identify eQTLs for SMAD2 in whole blood. The
small subset of individuals may 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/Latinos.

In conclusion, an admixture mapping meta-analysis across 3,902 Latinos
identified a novel genome-wide significant association with ancestry at chr18qg21,
centered on SMAD2-ZBTB7C, which replicated in an additional 3,774 Latinos. We
further implicated multiple non-coding 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 four-fold increase in odds of asthma. In
individuals with asthma, low SMAD2 expression in peripheral blood is associated with

increased asthma exacerbations in Latinos.
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Tables

Table 1. Baseline characteristics of studies. Latinos from the EVE Asthma Genetics
Consortium were used for discovery, and GALA Il was used for replication. GALA 1l and
SAGE Il were used for gene expression associations. Characteristics include origin of

study and study type. Other descriptions from the EVE studies can be found in detail in

Torgerson et al.?®

a. CARE: Childhood Asthma Research Network (University of Arizona). CHS: Children’s Health Study (University of Southern
California). GALA I: Genetics of Asthma in Latino Americans (University of California, San Francisco). MCCAS: Mexico City
Childhood Asthma Study (National Institute of Environmental Health Sciences). GALA II: Genes-Environments and Admixture
in Latino Americans (University of California, San Francisco). SAGE II: The Study of African Americans, Asthma, Genes and
Environment (University of California, San Francisco).

b.  Values given as % of predicted based on age, sex, height, and ethnicity. For studies with bronchodilator response, reported
values are pre-albuterol administration, for other studies, the spirometric values are baseline from the time of recruitment.
Spirometry values are only reported for studies in EVE in which the majority of individuals had reliable tests.
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Table 2. Ancestry associations at the 18921 peak centered on SMAD2. Summary characteristics of admixture mapping
findings at the top hit in the chr18qg21 region. Meta-analysis of discovery and replication studies was performed assuming
fixed effects of effect size estimates, and Fisher's method was used for the overall likelihood ratio test meta-analysis.

Table 3. Individual allelic association testing with p<0.05 in Mexicans (and Puerto Ricans) within the top SKAT-O window.
The ancestral frequency of Al for Native ancestry was inferred from GALA 1l individuals who were homozygous for Native
American ancestry at 18921, for African and European ancestry from YRI and CEU from the 1000 Genomes Project,
respectively.
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Table 4. Associations of SMAD2 gene expression with asthma and morbidity outcomes.
Dichotomous outcomes use a best-fit cut-point of 127% of healthy control SMAD2 gene
expression to estimate the odds ratio. Associations with exacerbations are per 10%

increase in SMAD2 expression compared to controls.

a. adjusting for age, gender, recruitment site and ancestry

b. p-value given from Fisher exact test, but odds ratio and confidence interval given
from logistic regression (p=0.01) to be more robust. Both tests used the same data.
c. Levels 0-9, ordered logistic regression, p-value from likelihood ratio test

d. p <0.05 for random effects meta-analysis as well.
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Figure Legends

Figure 1. Outline of the study approach. Data generation steps are in green, analysis

steps are in blue. Numbers of individuals available for analyses can be found in Table 1.

Figure 2. Results of the admixture mapping meta-analysis. A) Admixture mapping
Manhattan plot. B) Summary of admixture mapping findings across the 18921 locus. C)
Forest plots for each ancestry including odds ratios and confidence intervals with the
size of the square inversely proportional to the standard error. Meta-analysis estimates

via fixed effects models are given as diamonds, with values in Table 2.

Figure 3. Fine mapping 18g21: pooled (SKAT-O) and individual (GWAS) variants in A)
Mexicans and B) Puerto Ricans. C) Regulatory elements from ENCODE®*?, with darker
boxes having stronger signals, and numbers indicating hypersensitive cell lines. Also
transcription factor bindings site via ChIP-seq in ENCODE®. Green lines indicate the
highest scoring binding motif for the corresponding factor and most associated cell type,

from the UCSC Genome Browser>.

Figure 4. Analysis of SMAD2 expression in whole blood. A) Mean/95% CI of whole
blood SMAD2 expression, lower in cases (p=0.002). ZBTB7C nor SMAD3 showed any
differential expression. B) ROC curves of high exacerbation scores in individuals with
asthma using clinical variables, demographic data, and SMAD2 gene expression
accounting for age, population, spirometry, and controller medication (CM) use.

AUCs/10-fold cross-validated prediction errors are in legend.
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R . Study cases/controls/tri . Recruitment o Age at b :
Study Name Genotyping platform type os Analytical Method Location % male recruitment Age of onset FEV: F
EVE Hispanic/Latino Studies
CARE Affymetrix 6.0 Trios 42 TDT/Poisson GLM USA-wide 78.8 4.8+3.2 1.4+1.6 90.0+£5.5 101.
CHS [llumina 550K, 610K Case/ 606/792 Logistic GLM Youthern 55.9 7.4%1.7 6.8+4.8 101.0£12.6 100.!
Control California
GALA I Mexicans Affymetrix 6.0 Case/ 252/151 Logistic GLM Mexico City/Bay | 44 5 15.9+8.3 8.3+7.7 89.7+18.8 98.0
Control Area
GALA I Puerto Ricans Affymetrix 6.0 Case/ 277/191 Logistic GLM Puerto Rico/ New [, 4 13.847.0 3.4+4.8 85.6+15.9 98.6
Control York
MCCAS [llumina 550K Trios 492 TDT/Poisson GLM Mexico City 58.7 9.0£2.4 3.3+1.4 90.5+16.8 93.1
EVE African American Studies
Barbados [llumina 650K Pedigre 382/461 Pedigree-aware Barbados 48.2 20.8+12.9 82106 NA )
es case-control
GRAAD [llumina 650K C(E;St?{)l 606/792 Logistic GLM Maryland 44.4 24.4+17.6 11.9+13.2 NA 1
CAG/CSGA/SARP [llumina 1M C%;S;{)l 541/451 Logistic GLM USA-wide 389 26.4+15.8 9.8+12.4 64.5+20.5 98.0
SAPPHIRE Affymetrix 6.0 C%;S;{)l 150/131 Logistic GLM Detroit, MI 214 32.3%¥13.3 10.5+11.6 NA 1
GALA II Hispanic/Latino Replication
GALA Il Mexicans Affymetrix Axiom World Array 4 C%;S;{)l 586/659 Logistic GLM/SKAT USA-wide 48.4 12.8+3.3 5.3+3.7 96.9£13.3 101
GALA Il Puerto Affymetrix Axiom World Array 4 Case/ 896/890 Logistic GLM/SKAT USA-wide 50.7 124432 2.6+2.9 86.0+16.4 89.7
Ricans Control
GALA II Mixed/Other Affymetrix Axiom World Array 4 C(E)E:t?él 402/324 Logistic GLM/SKAT USA-wide 48.2 12.5+£3.2 4.4+3.9 92.4+15.0 97.7
Study Populations with Gene Expression
SAGE II African TagMan Case/ 114/51 Logistic GLM Bay Area 473 13.443.7 3.8+3.9 83.3+10.4 87.
Americans Control




Case/

GALA Il Mexicans TagMan Control 122/56 Logistic GLM USA-wide 51.7 12.5+3.4 5.7+4.3 95.9+£13.5 100.
GALA II Puerto TagMan Case/ 107/54 Logistic GLM USA-wide 58.1 12.6+2.9 1.9+2.4 89.2+13.6 92.8
Ricans Control




18q21 EVE GALAII (average) Combined
African p 0.42 0.16 0.27
. 0.91 (0.73- 1.04 (0.97-
African OR 1.14) 1.05 (0.98-1.13) 1.11)
European p 8.35x10-3 5.83x10-3 1.36X10+#
0.86 (0.77- 0.86 (0.80-
European OR 0.96) 0.87 (0.78-0.96) 0.93)
Native American p 1.63x10-3 6.26x10-3 9.15x10-
Native American 1.20 (1.07- 1.11 (1.05-
OR 1.34) 1.09 (1.02-1.16) 1.17)
Overall p 6.80x10-6 0.017 (min=5.3x10- 2.6x107

%)



Mexicans: Puerto Ricans: Ancestral Allele Frequency (Al):
SNP Position | A1 | A2 Fgelq OR SE P-value Fgelq OR | SE VaFI’;Je Ar’:itrii\é on A(f{(i;‘l";” E“(g’é’j)‘""”

rs76402589 45497831 A T | 0.00429 0.076 1.08 0.0164 0.0255 | 0.71 | 0.223 | 0.125 0 0.15 0
rs113382450 45499287 G T | 0.00429 0.076 1.08 0.0164 0.0255 | 0.71 | 0.223 | 0.125 0 0.15 0
rs79405582 45499892 T G | 0.00429 0.076 1.08 0.0164 0.0255 | 0.71 | 0.223 | 0.125 0 0.15 0
rs112042427 45496169 A G | 0.00429 0.076 1.08 0.0164 0.0257 | 0.72 | 0.222 | 0.147 0 0.15 0
rs75478387 45496266 T C | 0.00429 0.076 1.08 0.0164 0.0257 | 0.72 | 0.222 | 0.147 0 0.15 0

rs8099232 45496784 T G | 0.00429 0.076 1.08 0.0164 0.0257 | 0.72 | 0.222 | 0.147 0 0.15 0

rs7236490 45498260 G T | 0.00468 0.082 1.07 0.0194 0.0255 | 0.71 | 0.223 | 0.125 0 0.15 0
rs59002988 45496882 T G 0.0616 14 0.172 0.0488 0.0282 | 2.2 | 0.227 4'62;(107 0.102 0.07 0.01




Case-Control Phenotypes: <127% Mean N (case vs p-
Control Expression® control) OR (95% Cl) value
All Three Populations 343vs 161 | 3.93(2.12-7.28) | <0.001
All Populations, Heterogeneity 343 vs 161 - 0.34
Subset, adjusting for blood cell counts 74 vs 32 22.4 (1.7-294) 0.018
CD4+ Lymphocytes® 15vs 8 1.9 (1.3-2.8) 0.02
Exacerbation Score: per 10% decrease in p-
expression compared to controls® N OR (95% Cl) value
All Three Populations 333 1.06 (1.01-1.12) 0.011¢
All Populations, Heterogeneity 333 - 0.08
Subset, adjusting for blood cell counts 74 1.16 (1.01-1.34) 0.036




Discovery: 5 studies of asthma in Latinos from
the EVE Asthma Genetics Consortium
(3,902 in total)

N

Reference data for local ancestry estimation:
Sub-Saharan African, European & Native
American genotypes

e

Local ancestry estimation, imputation,
admixture mapping

v

Meta-analysis of the 5 EVE studies

v

Replication: Genes, Environments and Ancestry
in Latino Americans (GALA ll) study
(3,774 individuals)

o

~

r

Americans) with RNA extracted
(total: 342 with asthma, 161 controls)

GALA Il (Latino Americans) and SAGE Il (African

Fine of 18921 via resequencing in 1,978
individuals from the GALA Il study

v

v

Association of gene expression with asthma

Pooled variant (SKAT) and single variant testing
across 18qg21

v

Association of gene expression with secondary
phenotypes: Exacerbations, ER visits, Oral
Steroid Use
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Supplementary Material

An admixture mapping meta-analysis in Latinos implicates rare genetic

variation at 18q21 with asthma susceptibility

Christopher R Gignoux, Dara G Torgerson, Maria Pino-Yanes et al.
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Supplementary Methods - the GALA II study

Study criteria: To be eligible for participation in the GALA II study, each participant
or parent must have identified all four grandparents as Latino. A total of 3,774
children were included in the current study (1,893 participants with asthma and
1,881 healthy controls) from five centers (Chicago, Bronx, Houston, San Francisco
Bay Area, and Puerto Rico) using a combination of community and clinic-based
recruitment. Participants with asthma reported a physician diagnosis of asthma and
at least two symptoms (shortness of breath, wheezing, or cough not associated with
upper respiratory illness) or chronic use of controller medication (inhaled
corticosteroids, leukotriene modifiers, theophylline or oral steroids) within the two
years preceding recruitment. Eligible controls had no reported history of asthma,
lung disease or chronic illness, atopic disease (eczema, hives, hay fever, allergic
rhinitis), no reported use of medication for allergies, and no reported symptoms of
coughing, wheezing, or shortness of breath in their lifetime. Controls were 1:1
frequency matched within each region by catchment area and age (within 1 year)
and recruited from the same hospitals or community clinics as the cases. All GALA 11
participants were subject to extensive phenotype characterization, including

pulmonary function testing using standard reference equations.!

Medication Use: Subjects were asked to list their asthma prescriptions and
responses were grouped into five different treatment categories: (1) no

medications, (2) rescue inhalers/short-acting beta agonists (SABA) only, (3)
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controller monotherapy, (4) combination therapy, and (5) oral corticosteroids
(OCS). Monotherapy included subjects who were taking an inhaled corticosteroid
(ICS), leukotriene receptor antagonist (LTRA), or theophylline to control their
asthma. The combination therapy group included subjects using two or more

controller medications with or without long-acting beta agonists (LABA).

Composite Exacerbation Score: Information regarding self-reported asthma-
related hospitalizations, emergency department visit, and oral steroid use over the
12 months prior to recruitment was collected through the administered
questionnaire. With these data, a self-reported exacerbation score was assigned to
each subject based on the American Thoracic Society and European Respiratory
Society consensus statement from 2009.2 One point was given for each report of
hospitalization or emergency department visit in the last 12 months. For reported
history of oral steroid use, one point was assigned for a report of any oral steroid
use in the last 12 months and two points were assigned if the subject reported
greater than two continuous weeks of oral steroid use over the 12 months prior to
recruitment. Histograms of exacerbation scores for all three populations for the
individuals with gene expression data is available in Figure S8. For statistical tests,
we used multiple ordered logistic regression to test for the association between
scores using the MASS package in R. Significance for ordered logistic regression

terms was determined where possible via likelihood ratio test.
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Pulmonary Function Testing: Subjects with asthma were instructed to withhold
their bronchodilator medications for at least 8 hours before lung function testing.
Spirometry was performed according to the American Thoracic Society standards
(1995). Standard measurements of airway obstruction included Forced Expiratory
Volume in one second (FEV1), Forced Expiratory Flow between 25-75% of vital
capacity (FEF25.75) and Forced Vital Capacity (FVC). FEV1/FVC, and FEF25_75 are all
adjusted for age, sex and height? as covariates, as percent predicted equations are
not available for Puerto Ricans. Upon reception of spirometry data at UCSF, a
pulmonologist reviewed every spirometry curve for the individuals involved in the
present study. In addition, one individual with good values but with a change in

FEV1 > 60% was removed to minimize outlier effects in linear regression.

Genome-wide SNP genotyping: Individuals were genotyped on the Affymetrix
Axiom® Genome-Wide LAT1 Array (World Array 4). Genotype calling and quality
control was performed according to standard recommendations by Affymetrix.
Briefly, we filtered out single nucleotide polymorphisms (SNPs) with >5% missing
data and those with poor platform specific clustering (n=63,328), along sites
deviating strongly from Hardy-Weinberg equilibrium (n=1845; p<10-¢) within their
respective populations (African American, Puerto Rican, Mexican, and other Latino).
Subjects were required to have >97% call rates and no gender discrepancies, and
run through a pairwise identity by descent (IBD) scan to identify related individuals
to remove (IBD>0.3). The QC process yielded 3,774 individuals and 747,129

variable sites for further analysis.
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Supplementary Methods - the GALA II study

The Study of African Americans, Asthma, Genes & Environments (SAGE) is a study of
childhood asthma in African Americans from the San Francisco Bay area that was
run in parallel with the GALA II study using identical protocols and questionnaires.
Local institutional review boards approved the study and all subjects and legal

guardians provided written informed assent/consent.

Supplementary Methods - Statistical Analyses

Local Ancestry Estimation: Like other mapping methods, admixture mapping
requires accurate input data for high-powered studies to map associations with
biological relevance. Genomic locus-specific, or local, ancestry can be estimated
using models that leverage the recent mixture of ancestries present in populations
such as Hispanic/Latinos, using high-density genotype data. Each method is tailored
specifically for the mentioned method. Numerous papers in both population and
medical genetics have demonstrated that Hispanic/Latino populations are largely
comprised of three different continental ancestries, represented by African, Native
American, and European parental populations, e.g.34.

reference included the CEU and YRI from HapMap® (European and African
reference haplotypes, respectively), and Indigenous Mexican individuals from
HGDP¢ that were genotyped on the [llumina 650Y, and Pima and Maya individuals

kindly provided by Drs. Mark Shriver and Abigail Bigham that were genotyped on
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the Affymetrix 6.078 As the available Illumina and Affymetrix arrays do not overlap
much in their genotypic content we chose the reference populations genotyped on
each platform. For each study we used the intersection of genotyped markers with
available reference data: allele frequencies for each population for LAMP, and
ancestral haplotypes for LAMP-HAP phased using Beagle®.

Given the relatively sparse intersection of platforms, we chose to estimate
local ancestry first then merge ancestry estimates on a consistent background. Local
ancestry estimation may be sensitive to genotyping errors, and thus we did not
estimate local ancestry from imputed genotypes. Rather, we created a consensus set
of sites across different genotyping platforms and inferred ancestry at untyped sites
using linear (genomic distance) interpolation. In this framework, an untyped site
was assigned the average of its neighboring genotyped sites, weighted by the
genetic distance in bp from each. We used this framework to interpolate local
ancestry for each study at 3,192,437 HapMap Il SNPs. While other platforms are
available this common framework gave a union of sites that would balance SNP
overlap across all platforms with computational efficiency. Given that admixture in
the Americas is a recent phenomenon we observed few ancestry switches per
chromosome per individual, and thus the majority of untyped sites were within
blocks of contiguous ancestry. As such we chose the HapMap sites more as a
background reference for association tests rather than a set of unique sites, and we

would anticipate interpolating to larger-or-smaller panels to give consistent results.
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Likelihood Ratio Test for Admixture Mapping: To estimate the combined effect
of all ancestries in Latinos, we used a 2-degrees of freedom (df) likelihood ratio test
comparing regression models with and without local ancestry terms. We used
logistic regression for case-control studies and Poisson regression models of counts
of transmitted /untransmitted ancestry states for trio studies. All logistic regression
models were adjusted for genomic ancestry as determined using ADMIXTURE1? on
the full autosomal data. Our likelihood ratio test for case-control analyses consisted

of comparing the likelihoods of two nested generalized linear models:

full Iog(lij ~ B, + Blocal, + S,local, + Bglobal, + S,global, +&
-p

restricted |og(1ij ~ B, + Bglobal, + B,global, +&
-p

likelihood( full)
likelihood(restricted)

The statistic 2log£ j then follows a Y ? distribution with 2df

(equal to the number of additional terms in the full model).

Similarly, for the trio studies we compared likelihoods of two generalized linear
models, although the framework is more complicated. We modeled counts of
transmitted /untransmitted ancestry pairs at each locus using a mixture of Poisson
regression terms for each ancestry (e.g., transmitted African/untransmitted Native
American, six different combinations from three different ancestries in total). Each
specific ancestry contributes to the counts of the observed

transmitted /untransmitted pairs using an indicator function:

D :{1 C transmitted, —1C untransmitted, 0 C otherwise}
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Each @, is then a six-term vector. To account for the investigation of multiple

transmitted /untransmitted ancestries at every locus, we adjusted our analyses
using a 6-term factor =that stratified counts into corresponding pairs of
transmitted /untransmitted ancestries. Then, the joint effects of incorporating
multiple ancestry terms were modeled by comparing the likelihoods of two nested

generalized linear models:

fU” : |Og(CountS) - :80 + lgchAfrican + ﬂZcDEuropean + IBSCDNativeArrerican + ﬁ4£ +E&
redricted : log(counts) ~ 3, + B=+¢&

likelihood( full)
likelihood(restricted)

The statistic 2log£ ) then follows a x?2 distribution with 2df as

the 3 ancestries are collinear (and one ancestry term is dropped). This approach is
similar to a McNemar’s test of symmetry, however our implementation saves a
degree of freedom given the inherent correlation structure of the 3 ancestries.

Scripts and functions were written in R and Python and are available upon request.

Multiple test correction using empirical autoregression: We determined the
effective number of tests across the genome in the full meta-analysis by fitting an
autoregressive model to the summary statistic data using the coda package in R,
using an approach similar to Shriner et al., 11 for both odds ratios and p-values.
Overall correlation patterns were determined by estimating the correlation
sequentially along the chromosome; each chromosome was run independently then
the number of independent tests was summed. While similar to that obtained from

odds ratios, the number of effective tests determined from p-values was slightly
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more conservative, so we chose to use those. Our criterion for genome-wide
significance was then 0.05 divided by the total number of effective tests across the
genome. This method provided an estimate for the familywise error rate
(controlling the total number of false positives), and thus more stringent than

applying a false discovery rate.

Determining Gene Expression Cut-Point: Given that gene expression is
continuous, we wanted to find a cut-point that would best determine high-vs-low
gene expression to evaluate its association with asthma. We estimated the maximum
a posteriori value for a cut-point of gene expression by calculating likelihoods of a
logistic regression fit across the continuum of SMADZ gene expression levels,
holding all other covariates constant. The total likelihood is defined then the sum of
all the possible cut-point likelihoods. The logistic regression model including
relevant covariates as a generative model for likelihoods, and then tested the
hypothesis that expression affects the odds of disease, vs. the null hypothesis of no
expression effect. In modeling both hypotheses, Bayes Factors provide an evidence-
based rationale for determining the model that best fits the model of association.
For each percentage point in our scale of normalized gene expression, we evaluated
the odds ratio, confidence interval, and Bayes Factor. We chose the best-fitting
model to differentiate high vs low expression as the cutpoint with the maximum
Bayes Factor. Using the AIC or another likelihood-based statistic would be expected
to give similar results in this scenario, particularly for the finding the best-fit

cutpoint.
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For the CD4+ Lymphocyte study, we had a limited number of individuals and a
different set of units as expression was measured on a microarray. Therefore we
used the extrapolated cutpoint estimated from the whole blood expression
measurements in GALA I and SAGE II for our analyses rather than estimating a
cutpoint from the CD4 data. Both continuous and cutpoint analyses are presented in

Table S5 and a logistic regression plot is shown in Figure SO.

Exacerbation Score Prediction: We used Receiver Operator Characteristic (ROC)
curves to calculate the performance of multiple logistic regression models. As these
models can be prone to overfitting, we chose regression models with a small
number of nesting terms, starting with use of controller medications, then
bronchodilator drug response spirometric values, and finally adding gene
expression. To create our outcome, we regressed out the effects of age and
population of origin in the exacerbation scores using a linear model (those being
significantly associated with outcome in the original model, see Table S6). Then, our
outcome for logistic regression became a product of those residuals, separating out
the individuals into high exacerbation and low exacerbation groups. We used the
AIC to evaluate the fit of increased terms. We then evaluated the possibility of
modifying the cutpoint between high exacerbation and low exacerbation, while
keeping track of the AUC of the model. In addition, we chose to model the error rate
in prediction from the model using out-of-sample cross-validation. The sample was

split into K=10 pools, and each time 9 were used for training and one for testing. An

10
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overall out-of-sample prediction error can then be estimated to avoid overfitting.

We performed cross-validation using the cv.glm function in the ‘boot’ package in R12.

Estimation of white blood cell count proportions: SMADZ expression data was
obtained from whole blood, a tissue that contains multiple distinct cells. It has been
shown that these functionally distinct populations have unique expression
signatures.13 This can lead to potential confounding when investigating expression
differences between cases and controls, if the distribution of cell types also differs
between the cases and controls. To address this, we used epigenome wide
methylation data measured using the [llumina Infinium HD Methylation Assay
(Ilumina) according to the manufacturer's instructions in a subset of 62 Mexican
and 44 Puerto Rican samples in GALA II. We estimated cell proportions using a
statistical algorithm that uses reference information on cell-specific methylation
signatures to estimate cell proportions from genome-scale methylation datal#. In
this method, the distribution of cell types for each sample was inferred based on
DNA methylation signatures of the constituent cell types. A total of six different cell
types, including CD4+ and CD8+ T cells, NK cells, B cells, monocytes and
granulocytes, were estimated, and we tested to see whether SMADZ expression
correlated with any cell types. We repeated the analyses of asthma susceptibility
and exacerbations using the subset of individuals for whom we had overlapping
expression and methylation data, accounting for the cell types estimated using
generalized linear models, investigating individual blood cell count associations

with SMADZ2 expression (adjusting for disease status, age, sex, gender, recruitment

11
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center and population) and overall associations of the suite of cell counts using

likelihood ratio tests.

Additional Gene Expression Details: Expression levels were calibrated using the
2-ACT transformation (yielding relative-fold expression), and rescaled to fold-change
in expression versus controls. This transformation should not affect statistical
significance of results but should be more easily interpretable. We screened for cis-
eQTLs using the relative expression (2-4¢T) of SMAD2 and ZBTB7C with pooled
variants using SKAT-O, and at individual variants using linear regression in R. The
expected fold-change in expression due to asthma status was compared using linear
regression with fold-change expression as the outcome, adjusting for age, sex,
recruitment center and genetic ancestry to account for potential population
stratification. We evaluated the goodness-of-fit for varying cutpoints of high- versus
low-gene expression as a predictor of asthma status using Bayes Factors, however
other measures of goodness-of-fit would yield similar results. We estimated the
prediction power of multiple models on a composite asthma exacerbation score
(combining information on hospitalizations, emergency department visits, and oral
steroid usage in the past year determined by survey), and performed model
selection in generalized linear models by estimating the AUC of Receiver Operating
Characteristic (ROC) curves and the Aikake Information Criterion (AIC), along with
10-fold cross-validated estimates of prediction error (see Supplementary Methods
in the Online Repository). Lastly, we sought to account for potential changes in

expression due to changes in white blood cell compositions as our samples derived

12
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from whole blood extractions. As methylation can track cell composition we
estimated white blood cell count proportions from a subset of individuals with
epigenome-wide methylation data to test whether SMADZ2 expression was

correlated to cell counts.

Imputation: To perform dense fine mapping with sparse data we performed a joint
phasing/imputation step using standard methods from the field of genetic
epidemiology. This requires statistical haplotype inference using models that
leverage population genetic theory to provide maximum-likelihood estimates of the
two haplotypes in the autosomes for a given individual, a process known as phasing.
This haplotypic inference allows for genome-level imputation using a secondary
algorithm, providing a statistical estimation of untyped variants and the level of
posterior certainty at any given site. For this project, we implemented a standard
pipeline in genetic epidemiology: we first phased each study using SHAPEIT?> and
performed genotype imputation using IMPUTE216 using haplotypes from the 1000
Genomes Project (phase I) as a reference. Imputation was carried out using the
recommended settings in IMPUTE2 for prephased data. Imputed genotypes with
information scores >0.3 were used for downstream analysis as recommended by the
IMPUTEZ2 authors. We performed the phasing across the entire chromosome,

followed by imputation for a small (~5Mb) region around SMADZ.
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Table S1. Top associations with ancestry (admixture mapping peaks), as defined by
a minimum p-value < 0.001, out to 0.01 on each side. Joint refers to the 2-df
likelihood ratio test for all ancestries. If a region was identified in multiple ancestry
scans, the ancestry with the smallest p-value was used and the other ancestry
information is given in parentheses. Coordinates are in hg18.

Associated Chr Start End MIMMUM 1 cones in Peak
Ancestry p-value
USP48, HP1BP3,
SH2D5, CDA, EIF4G3,
RAP1GAP, NBPF3,
Native 1 20716967 21885179 3.48x10-4 | KIF17, ECE1, ALPL,
PINK1,
LOC100506801,
DDOST, FAM43B
Joint 1 23046750 24398722 3.67x10-4 | None
Native MARC2, MARK]1,
(European) 1 218900613 219027538 8.97x10-4 Clorf115, MARC1
European 1 222843773 223116557 9.93x10-4 | CNIH3
DUSP5P, ACTA1,
NUP133, RAB4A,
TAF5L, RNF187,
CCSAP, RHOU,
European 1 226684711 227897382 6.67x10-4 ABCBI10,
HIST3H2BB, URB2,
MIR46664,
HIST3H2A, SPHAR
Joint 2 57596338 58186261 5.85x10-4 | None
. ITPR1, SUMF1,
Native 3 4015247 4556887 5.48x10-4 SETMAR
Joint 3 40060302 41086194 2.62x10-4 | None
Joint 95606242 96292801 4.09x10-4 | None
European 4 23534331 23968123 3.19x10-4 | None
OCIAD2, OCIAD1,
SLC10A4, ZAR1,
. SPATA18, SGCB,
African 4 48077300 52634909 4.05x10-4 CWH43, SLAINZ,
FRYL, DCUN1D4,
LRRC66
SETDY, GPBP1,
African 5 55678536 57344829 1.60x10-4 | MAP3K1, ACTBL2,
MIER3
Native 5 60547184 61124131 1.94x10-4 | ZSWIM6, C5orf64
Native 5 62620986 63502012 6.70x10-4 | HTR1A, RNF180
Joint 5 73710967 74034961 7.35x10-4 | None
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Associated
Ancestry

Chr

Start

End

minimum
p-value

Genes in Peak

Joint (Native)

80682142

81813860

3.57x10-4

ATG10, ACOT12,
SSBP2, RPS23,
ATP6APIL (CKMT2,
LOC100131067,
RASGRF2, ZCCHCY9)

African (Joint)

178998248

180340825

4.43x10-4

FLT4, CANX,
C5orf60, MAML1,
OR2Y1,LOC729678,
RNF130, LTC4S,
LOC100859930,
MAPK9, CNOTS,
RASGEF1C, MGAT1,
MIR1229, C50rf45,
CBY3, SQSTM1,
BTNLS, SCGB3A1,
ZFP62, TBC1D9B,
MGAT4B, MIR340,
GFPT2

Joint

90202813

90311362

8.35x10-4

None

Joint

55129505

55621885

9.39x10-4

None

Joint

117211513

117400523

3.64x10-4

None

Joint

118344280

118830576

7.12x10-4

None

Joint

28677088

29253448

4.64x10-4

None

African

[l Be ol BN BN BN BN B NI o))

56410052

56871124

7.63x10-4

XKR4, TGS1, SBF1P1,
TMEM68

Native

75215069

75733856

4.27x10-4

FLJ39080,
MIR5681A4,
MIR5681B, JPH1,
GDAP1

European

88694862

90508804

6.04x10-4

L0OC392364,
L0OC286238,
CTSL1PS,
LOC100506834,
FAM75C2,
LOC494127,
FAM75C1, C90rf170,
L0OC440173, CTSL1,
CTSL3, CDK20, GAS1,
NXNL2, SPIN1,
FAM75E1, DAPK1
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Associated
Ancestry

Chr

Start

End

minimum
p-value

Genes in Peak

European
(African, Joint)

96446960

100419073

1.67x10-6

LOC100507346,
LOC100499484,
TMOD1, NCBP1,
FOXE1, MIR27B,
HABP4, MIR23B,
C9orf3, MIR2278,
LOC158434,
LOC158435, TSTD2,
GABBR2, TRIM14,
HIATL2, ZNF782,
FANCC, LOC340508,
ZNF510, HSD17B3,
LOC286359,
C9orf174,
LINC00092, XPA,
TDRD7, ZNF367,
L0OC441454, HEMGN,
AAED1, LOC441455,
COROZ2A, NANS,
ANP32B, MIR24,
LOC100132781,
FAM22G, CDC14B,
MIR3074, C90rf156,
ERCC6L2,
LINC00476, CTSL2,
SLC35D2, PTCH1,
TBC1D2 (ANKSS,
COL15A1, FBP1,
FBP2, GALNT12)

African

108352743

108738041

9.81x10-4

ZNF462

Joint

10

51824523

52200679

9.38x10-4

None

African

10

83972038

84362276

3.10x10-4

NRG3

Native

10

100396273

101144430

7.93x10-4

CNNM1, HPSE2

European
(Native)

10

102072780

102969197

7.40x10-4

MIR608, PDZD?7,
KAZALD1, NDUFBS,
SCD, PAX2, C10o0rf2,
WNT8B, TLX1,
MRPL43,
LINC00263, SFXN3,
PKD2L1, HIF1AN,
TLXINB, LZTS2,
SEC31B, FAM178A4,
SEMAA4G (ACTR1A,
ARL3, BTRC,
C100rf76, C100rf95,
CUEDC2, DPCD,
ELOVL3, FBXL15,
FBXWH4, FGFS,
FLj41350, GBFI,
HPS6, KCNIP2, LBX1,
LDBI,

17



287
288
289

Associated
Ancestry

Chr

Start

End

minimum
p-value

Genes in Peak

LOC100289509,
LOC100505761,
MGEAS5, MIR146B,
MIR3158, NFKB2,
NOLC1, NPM3,
PITX3, POLL, PPR(1,
PSD, SUFU,
TMEM180, TRIM8)

European
(Native)

12

21952123

25112841

1.67x10-5

MIR920, C12o0rf77,
BCAT1, ST8SIAL
CMAS, ABCC9,
ETNK1, LINC00477,
LRMP, KIAA0528,
SOX5

Joint

12

40400256

41129450

7.16x10-4

None

African

13

67676298

68122400

7.40x10-4

None

Joint

14

22233894

23109399

3.47x10-4

None

Joint

14

23958088

24164696

8.49x10-4

None

European
(Native)

16

15398985

16537826

3.98x10-4

MYH11, KIAA0430,
MPV17L, NOMO3,
NDE1, FOPNL,
MIR484, C160rf45,
PKD1P1, ABCCé6,
MIR3179, ABC(1,
MIR3180

Joint

17

69510566

71397400

7.96x10-4

None

Joint

18

6230094

6746661

7.96x10-4

None

Native

18

38783085

39434024

4.92x10-4

SYT4, RIT2

Joint
(European,
Native)?!

18

40530823

44316091

1.71x10-4

C18orf25, SLC14A2,
SLC14A1, ATP5A1,
HAUS1, LOXHD1,
RNF165, MIR4319,
SIGLEC15, SETBP1,
PSTPIP2, EPGS5,
HDHDZ2, SMADZ2,
TCEB3C, TCEB3B,
ZBTB7C, TCEB3CL,
IER3IP1, KATNALZ,
ST8SIAS,
LOC100506888,
PIAS2

Joint

18

49677502

49903778

9.83x10-4

None

Joint

22

46376748

46640808

1.26x10-4

None

1 Peak had a gap in joint analysis from chr18:42207149-42218476, where the p-
values were above 0.01 to a maximum of 0.0128. However given how close the two

peaks were, we combined them into a single entry in the table.
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Table S2. Functional annotation of top asthma-associated variants from
RegulomeDB?’. TF = transcription factor.

SNP Position RegulomeDB | Supporting Data

Score
rs76402589 45497831 | 3a TF binding + any motif + DNase peak
rs113382450 | 45499287 | No Data
rs79405582 45499892 | No Data
rs112042427 | 45496169 | 4 TF binding + DNase peak
rs75478387 45496266 | 3a TF binding + any motif + DNase peak
rs8099232 45496784 | 6 Other
rs7236490 45498260 | 6 Other
rs59002988 45496882 | 5 TF binding or DNase peak
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Table S3. P-values for tests of association with pooled variants in coding exons of
SMADZ and ZBTB7C using SKAT. A total of 9 variants were identified in the coding
exons of SMADZ, and 47 in the coding exons of ZBTB7C.

Adiusted for Adjusted for
SMAD2: Unadjusted ) Global and Local
Global Ancestry
Ancestry
Mexicans 0.32 0.096 0.15
Puerto Ricans 0.25 0.32 0.27
Combined* 0.51 0.67 0.59
. Adjusted for
ZBTB7C: Unadjusted OIS Global and Local
Global Ancestry
Ancestry
Mexicans 0.77 0.90 0.89
Puerto Ricans 0.66 0.75 0.27
Combined* 0.84 0.80 0.74

*adjusted for ethnicity
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Table S4. Association testing for SMADZ expression in isolated CD4+ Lymphocytes
in individuals from Germany (GEO accession number GDS267).

CD4+
Lymphocytes: o i
<127% Control N OR (95% CI) p-value
Expression

Logistic Regression 15vs 8 1.87 (1.25 - 2.79) <0.01

Fisher's Exact Test 15vs 8 15.48 (1.08 - 974) 0.02
CD4+ Lymphocytes: per 10% decrease N OR (95% CI) p-value
compared to controls

Logistic Regression 15vs 8 1.61 (1.00-2.60) <0.01
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304  Table S5. Full covariate ordered logistic regression modeling of exacerbation

305 scores, with odds ratios for single-level transitions between exacerbations.
306

Exacerbation score

Value Std. p OR (L95-U95)

SMAD?2 expression? 0.6028 0.24003 0.011 1.11 (1.02-1.20)

age -0.1159 0.03114 <0.001 0.89 (0.84-0.95)

Sex 0.3097 0.20504 0.13 1.36 (0.91-2.04)

Mexicans® -0.2589 0.25464 0.15 0.77 (0.54-1.10)

Puerto Ricansb 0.6106 0.26533 0.011 1.84 (1.15-2.95)

African Americansbrc -0.1258 0.22852 0.29 0.88 (0.70-1.11)
307
308 a. per 10% decrease in expression compared to the average level in controls
309 b. Population significance calculated from t-statistic, rather than likelihood
310 ratio, as populations are intercorrelated.
311 c. African American parameters estimated using a second ordered logistic
312 model, with African American ancestry listed as yes/no rather than a

313 population factor.
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Figure S1. Omnibus tests of admixture mapping in both the Latino (left, 2-df) and

African-American (right, 1-df) studies in the discovery sample in EVE at the top hit

on 18g21. The meta-analysis p-value in Latinos is 6.8x10-¢ while in African-
Americans itis 0.7.
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Figure S2. Manhattan plots of single-ancestry admixture mapping for African,
European, and Native American ancestry, respectively. Peaks on chr9p31 and
chr12p12 show up as genome-wide significant although they do not replicate in
GALA II. Peaks encompassing SMADZ2 approach genome-wide significance in both
the European- and Native American-specific admixture mapping meta-analyses.
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Figure S3. QQplot of allelic association in the SMADZ region following imputation of
genotypes from the phase I 1000 Genomes Project for all studies included in the EVE

meta-analysis (including the African American and European American studies).
Associations were performed using logistic regression, TDT, or mixed model
analysis (EMMAX) depending on study design.
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Figure S4: Results of association testing for asthma in Mexicans separated by local

ancestry across sliding windows of 5Kb in length, and a stepsize of 500 bp using
SKAT-O0. The dashed line represents a bonferroni correction for 675 tests.
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Figure S5: Results of association testing for asthma in Puerto Ricans separated by

local ancestry across sliding windows of 5Kb in length, and a stepsize of 500 bp
using SKAT-0. The dashed line represents a bonferroni correction for 675 tests.
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Figure S6: Results of association testing for asthma for private and shared variants

in Mexicans and Puerto Ricans across sliding windows of 5Kb in length, and a
stepsize of 500 bp using SKAT-O.
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Figure S7. Results of eQTL analysis for individual (linear regression) and pooled

variants (SKAT-0) with expression of SMADZ2 and ZBTB7C in Mexicans (MX, n=177)

and Puerto Ricans (PR, n=144).
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Figure S$8. Evaluation of Odds Ratios and cutpoints along the spectrum of possible
values for SMAD2 expression, adjusting for population, age, sex, and recruitment

center. Best-fit cut-point as discussed in the main text corresponds to the black line

at 127% of average control SMAD2 expression.
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Figure S9. Association of SMAD2 expression in CD4+ Lymphocytes with Asthma
(GEO accession number GDS267). Distributions of cases and controls (status 1 and 0
respectively), are given as dots and boxplots, with the logistic regression line
(p=0.01) fit to the data in red. The predetermined cutpoint of 127% expression in
controls from Figure S9 and used in the association testing in the main text is given
at the vertical line. Plot created from a modification of the popbio package!® in R.
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Figure S$10. Testing for a significant effect of asthma age of onset and SMADZ2
expression. For each age value on the x axis, we test whether we see a strong effect
only including individuals whose asthma began early than that date. For example,
the point at age 10 is the test of association between controls and anyone whose
asthma began before the age of 10. As can be seen, the most significant test can be
found at an age of 5.1-5.5, therefore we expect the association of SMAD2 with
asthma status to be strongest in those who develop asthma at 5 or younger.
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Figure S11. Distribution of exacerbation scores of individuals in GALA II with
measured SMADZ expression.
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Figure S12. Baseline ROC curve and AUCs of SMAD2 expression, spirometry, and
long-term medication use on the exacerbation score residuals, given an equal
number of high- and low-exacerbations, after accounting for age and population. All
models are nested and introducing additional terms each time remains significant
via likelihood ratio test/AIC. These then provide the justification for including
SMAD?2 expression in the logistic regression models seen in Figure 3B. Improved
AUC performance can be achieved by including demographic parameters, and
varying the threshold between high and low exacerbations.
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