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ABSTRACT

Serum total immunoglobulin E (IgE) is a critical intermediate phenotype of allergic diseases.
Although total IgE exhibits sexual dimorphism in humans (with males demonstrating higher IgE
than females), the molecular basis of this difference is unknown. A genome-wide scan of 380 short
tandem repeat (STR) markers was performed in 8 extended pedigrees of asthmatic children
(n=655) from the Central Valley of Costa Rica. Genome-wide linkage analysis of total IgE was
performed by variance component models. Among all subjects, only one genomic region
(chromosome 7p15) showed modest evidence of linkage to total IgE (LOD=1.60). In contrast, a
sex-stratified analysis revealed distinct genetic architectures of total IgE in males and females
and identified significant linkage to total IgE on a novel male-specific locus on chromosome
20p12 (LOD =3.63 at 36 cM). Genotyping of additional STRs on chromosome 20 resulted in
improved evidence for linkage (LOD = 3.75 at 33 cM) and a 1.5 LOD-unit support interval for
the linkage peak between 26 and 38 cM. Three polymorphisms in two genes on chromosome
20p12 (JAGI and ANKRDS) were then found to be associated with total IgE in 420 nuclear
families of Costa Rican children with asthma. Two of these polymorphisms (in JAGI) were
significantly associated with total IgE in families of boys (n=264) but not in families of girls
(n=156) with asthma. JAG1 is a hematopoetic cell growth factor that may regulate normal B-cell
development. This is the first demonstration of a possible genetic basis for differences in total

IgE between sexes.
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INTRODUCTION

Allergic diseases are a major public health problem in industrialized countries. In individuals
with allergic diseases such as atopic asthma, production of interleukin (IL) 4 and IL-13 by T-
helper 2 (Th2) cells results in increased production of serum total IgE. Total IgE is recognized as
an important intermediate phenotype in the pathogenesis of asthma (1, 2), with heritability estimates
as high as 0.61 in twin studies (3). However, significant evidence of linkage (LOD > 3.3)(4) has
been observed in only two of eleven genome-wide linkage analyses of total IgE (on
chromosomes 7p14-15 and 7q21) (5, 6). Association mapping of the 7p14-15 region and others
has identified several genes that may influence both total IgE and asthma, including GPR154 and
PFHII (7, 8). Nevertheless, a substantial proportion of the genetic variance of total IgE remains

unexplained.

Although population surveys repeatedly demonstrate higher total IgE in males than in females
(9-12), the etiology of this difference is not clear. Early reports implicated higher rates of
smoking among men as a cause, but subsequent surveys in larger populations confirmed sex
differences in total IgE after adjustment for smoking status and found that these differences are
also observed among lifelong nonsmokers (11, 13). Although it has been suggested that
hormonal immuno-regulatory effects explain the sexual dimorphism of total IgE (14), empirical
evidence for these effects is lacking. Because sex differences in total IgE are established early in

life(12, 15, 16), they may be due to prenatal factors, including genetics.

Sex-specific linkage has been demonstrated for complex traits in both animal models (17-19) and
humans (20, 21). In a recent study of an isolated population of European descent (the Hutterites),

there were sex-specific differences in heritability or linkage for 12 of 17 sexually dimorphic
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quantitative phenotypes (22). Of note, sex-specific linkage to total IgE was not detected in that

study, perhaps because the population was not specifically ascertained through atopic probands.

Most of the ~2.85 million current residents of the Central Valley of Costa Rica descend from
approximately 4,000 individuals counted in the census of 1697. Studies of genome-wide
background linkage disequilibrium (LD) (23) and genetic demography (24) suggest that the
population of the Central Valley is a genetic isolate of predominantly mixed Spanish and
Amerindian ancestry that experienced rapid growth. Moreover, the prevalence of asthma in Costa
Rica is among the highest in the world (25), making this population highly suited for studies of the
genetics of asthma in Hispanics. Herein we report the identification of a novel male-specific locus
for total IgE (chromosome 20p12) in eight extended pedigrees (655 subjects, 133 asthmatics)
ascertained through young asthmatic probands from the Central Valley. In addition, we provide
evidence of association between variants in two candidate genes on chromosome 20p12 (JAG! and

ANKRDYS) and total IgE in 420 Costa Rican children with asthma and their parents.

RESULTS

Characteristics of Members of Extended Families of Children with Asthma

Total serum IgE levels were missing for 12 of the 667 members of extended pedigrees with
genotypic data. Table 1 shows the characteristics of the 655 members of the 8 families included
in the linkage analysis. There was significant variability among participating families with regard

to number of members, total IgE, and percentages of ever-smokers and subjects with asthma.
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Sexual Dimorphism and Estimates of Heritability for Total Serum IgE

We compared the distribution of total IgE in males and females (Figure 1). As expected, total
IgE exhibited sexual dimorphism (p = 0.001), with consistently higher levels in males than
females across pedigrees (with the exception of pedigree 5, which had only one male member —
the father). The estimated narrow-sense heritability (h?y) of total IgE was influenced by sex.
Among all subjects, the estimated h’y of total IgE (adjusted for sex and age) was 0.57 (standard
error [SE]=0.065; p=1.1 x 10™), consistent with reports in other populations (26). After
stratification by sex, however, the heritability of total IgE was substantially higher in males
(h’x=0.83, SE=0.10; P=1.1 x 10™'®) than in females (h*x=0.63, SE=0.10; P=1.4 x 10™"). To our
knowledge, this male-specific estimate of narrow-sense heritability for total IgE is the highest
ever observed and suggests that, in these families, total IgE is under strong genetic regulation in

males.

Genome-wide Linkage Analysis of Total IgE

Total IgE was logjo-transformed to approximate a normal distribution (residual kurtosis=-0.53).
To assess for sex-specific linkage, we performed variance component linkage analyses in all
subjects (adjusted for age and sex) and then separately in males and females (adjusted for age;
Figure 2 and Table 2). Among all subjects, there was only modest evidence of linkage to total
IgE (highest LOD= 1.60 on chromosome 7p15, at 23 cM). In contrast, the sex-stratified analysis
revealed distinct genetic architectures of total IgE in males and females and showed significant
linkage of a novel male-specific locus on chromosome 20p12 to total IgE (LOD = 3.63 at 36
cM). In total, there was suggestive or significant evidence of linkage to total IgE for four distinct

loci (chromosomes 3q21 and 7p21 in females, and chromosomes 17q12 and 20p12 in males;
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Figure 3), of which only two (on chromosomes 7p21 and 20p12) would have been identified in
the analysis of all subjects using a liberal LOD score threshold of 1.0. Although smoking-related
covariates were not significantly associated with total IgE, we repeated the analyses including
covariates with P <0.25 (ever-smoking) because of the known relationship between smoking and
increased total IgE and the higher prevalence of smoking in men than in women (11, 13). These
adjustments consistently resulted in similar, yet stronger evidence for linkage. For example, the
LOD score for the male-specific locus on chromosome 20p12 increased from 3.63 to 3.81 after

additional adjustment for ever-smoking.

Fine-mapping Linkage Analysis of Total IgE on Chromosome 20p

After genotyping 26 additional STR markers on chromosome 20p, a repeat analysis showed
slightly improved evidence of linkage to total IgE in males (LOD=3.75 at 34 cM), with a
relatively narrow 1.5 LOD-unit support interval for the linkage peak (26 cM to 38 cM,
corresponding to a physical distance of ~5.28 Mb) (Figure 4). Interestingly, this analysis also
resulted in the emergence of a second linkage peak at 65 cM (LOD = 3.09, 1.5 LOD-unit support
interval from 59 cM to 79 cM). Similar to the results with the original marker set, there was no

evidence of female-specific linkage to total IgE across chromosome 20.

Examination of Alternative Explanations for Linkage Findings

Because the Central Valley population is a genetic isolate, we evaluated whether founder effects
could explain the linkage to total IgE on chromosome 20p12 in males. Whereas five families
demonstrated evidence of male-specific linkage to total IgE — Pedigrees 1 (LOD=0.31), 3

(LOD=1.22), 4 (LOD=0.37), 6 (LOD= 1.00), and 7 (LOD=1.14) —, three families did not
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(LOD=0) - Pedigrees 2, 5 (only one male) and 8. Among the five families demonstrating linkage
to total IgE, there was no evidence of excess allele sharing for those markers within the 1.5
LOD-unit support interval for the linkage peak. Specifically, there was no allele or haplotype
shared by most probands in families with linkage to chromosome 20 (data not shown),

suggesting that the observed linkage is not due to a common ancestral haplotype.

We also examined whether reduced statistical power could explain the lack of significant
evidence of linkage to total IgE among all members of our extended pedigrees. Given an
estimated h*y of 0.57 and a single quantitative trait locus (QTL) for total IgE, our power to detect
a LOD score >=3 was >99%. Even if we assumed that total IgE was controlled by two QTLs,
each with trait-locus th of 0.28, our power to detect a LOD score >=3 would be >80%. It is
plausible, however, that our power could have been reduced by genetic heterogeneity (different
QTLs influencing total IgE in males and females), which was minimized after stratification by

SEX.

Positional Candidate-Gene Association Studies

Of the 21 known genes mapping to the male-specific locus for total IgE on chromosome 20p12,
two were of particular interest: jagged 1 precursor (JAG1) and ankyrin repeat domain protein 5
(ANKRDYS). JAG1,an important growth factor implicated in hematopoietic stem cell self-renewal
(27, 28), is within 0.5 Mb of the STR demonstrating maximal linkage to total IgE (D20S189).
JAGI is expressed in mature B-cells (29),and is a principal ligand for the NOTCHI1 receptor,
which (in conjunction with Delta-1) has been implicated in lymphocyte precursor stem cell

differentiation into T- or B-cell lineages (30, 31). ANKRDS contains 8 ankyrin repeat domains
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and a calcium binding EF-hand domain, and is expressed in both the bone marrow and spleen
(32). STR marker D20S162 - adjacent to D20S189 and strongly linked to total IgE (LOD = 3.1) -

resides within the 3’ untranslated region of ANKRDS.

We tested for genetic association between variants in JAGI and ANKRDS and total IgE in 420
unrelated asthmatic children from the Central Valley of Costa Rica and their parents. Of the 420
index children (ranging in age from 6 to 14 years), 264 (62.9%) were male. Among index
children, boys (geometric mean [IQR]=387.6 IU/ml [163.0-1038.0 IU/ml]) had higher total IgE

than girls (geometric mean [IQR]=263.3 [82.3-809.4]) (age-adjusted P for comparison= 0.008]).

We selected 35 single nucleotide polymorphisms (SNPs) in JAGI and AKRDS for our
association studies. Of these 35 SNPs, 33 SNPs were successfully genotyped, each with >98%
completion rates and few pedigree inconsistencies. There was no evidence of LD between the
two genes (see Online Supplemental Data, Figure 2). Table 3 shows the results of the family-
based analysis of association between SNPs in candidate genes and total IgE. Of the 16 SNPs in
JAGI, only one (rs6040069) was significantly associated with total IgE in all families (P=0.01).
After stratification by gender of the index children, two SNPs in JAG! (rs6040069 and
rs6040060) were significantly associated with total IgE in families of boys (P=0.02 and P=0.01,
respectively). There was no significant association between SNPs in JAG/ and total IgE in
families of girls. Of the 17 SNPs in ANKRDS, only one (rs559129) was significantly associated
with total IgE in all families (P=0.03). After stratification by gender of the index children, three
SNPs in ANKRD5 were significantly associated with total IgE (rs4813909, rs631317, and

rs663380) in families of girls (P<0.05 in all cases), and one SNP in ANKRDS (rs559129) was
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significantly associated with total IgE in families of boys (P=0.04). Family-based haplotypic
association analysis supported the results of the analysis of single SNPs (Table 4). For JAGI,
several contiguous 3-SNP haplotype windows demonstrated evidence of association with total
IgE in families of boys, whereas no haplotypic associations with total IgE were observed in
families of girls. For ANKRD3S, there was little evidence of haplotypic association with total IgE
in families of boys, yet some evidence of haplotypic association was observed in families of
girls. None of the single SNP or haplotypic associations was significant after correction for

multiple comparisons.
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DISCUSSION

In a genome-wide linkage analysis of extended pedigrees of asthmatic children in Costa Rica, we
found no suggestive or significant evidence of linkage to total IgE. Because of sexual
dimorphism of total IgE, we repeated the analysis after stratification by sex. We found
significant (chromosome 20p12 in males) or suggestive (chromosomes 3q21 and 7p21 in
females, and chromosome 17q12 in males) evidence of linkage to total IgE on four genomic
regions. To our knowledge, this is the first report of significant evidence of linkage to total IgE
or any intermediate phenotype of asthma on chromosome 20p12. An adjacent genomic region on
chromosome 20p (20p13) that does not overlap with the 1.5 LOD-unit support interval for our
peak LOD score for total IgE in males showed significant evidence of linkage to asthma in
Caucasian families in the U.S. and the United Kingdom (33). In that study, there was suggestive
evidence of linkage to asthma and elevated total IgE (LOD = 2.3) but no separate analysis of

total IgE.

Chromosome 20p12 has recently been linked to systemic lupus erythematosus (SLE), an
autoantibody-mediated disease (34), suggesting a possible shared genetic determinant of B-cell
antibody production for asthma and SLE. Consistent with this possibility, we have demonstrated
preliminary evidence suggesting male-specific associations of total IgE with polymorphisms in
JAGI, a principal ligand of NOTCHI that has been implicated in hematopoetic stem cell
differentiation and B-cell development (27, 31). While the observed SNP associations were of
borderline statistical significance and could thus be due to chance, and the lack of association in
females could be due to reduced statistical power in the relatively small group of families of

girls, they are intriguing and merit further exploration in other cohorts. Weaker associations were
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demonstrated for SNPs in the second positional candidate gene tested - ANKDRS. Like the
associations with JAG1, no findings were significant following correction for multiple
comparisons. Moreover, the lack of association in the larger subset of male trios for all but one
marker suggests that variants in this gene are unlikely to explain the male-specific linkage

observed in the extended pedigrees.

This study is the largest genome-wide linkage analysis of total IgE in Hispanics and the first in a
Hispanic population in Latin America. Although asthma is a significant cause of morbidity in
Hispanics (35), only one genome scan for asthma or its intermediate phenotypes (conducted by
the Collaborative Study on the Genetics of Asthma [CSGA]) has included Hispanic individuals
(36-38). The CSGA (36), which included 205 subjects in 32 families of siblings with asthma in
New Mexico (U.S.), did not find any genomic region showing suggestive or significant evidence
of linkage to total IgE in Hispanics (highest LOD scores for total IgE: 1.51 on chromosome 9q
and 1.48 on chromosome 12p). In addition to differences in statistical power and lack of sex-
stratified analysis in the CSGA, potential reasons for the discrepant findings between that study

and ours are differences in ethnic composition and environmental exposures.

Most — but not all — Hispanics have variable proportions of European, Amerindian, and African
ancestry (39), and there is marked variation in asthma morbidity among Hispanic
subpopulations. To reduce this heterogeneity, we are studying the genetics of asthma in a
relatively homogeneous Hispanic population in the Central Valley of Costa Rica. Total IgE
levels in this population do not reflect parasitic infection, as the prevalence of helminthiasis in

Costa Rica is very low (40) because of good hygienic conditions and widespread use of
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antihelminthic treatment (41). We found no evidence of helminthiasis after examination of
single-stool specimens for ova and parasites in 137 of the 420 Costa Rican children with asthma

included in our association studies (unpublished data).

In conclusion, we have identified different genetic architectures of total IgE in males and
females, as well as a novel male-specific locus for total IgE on chromosome 20p12. Our findings
provide a possible genetic basis for the observed sex-related differences in total IgE and should
motivate sex-specific linkage analysis of total IgE in other populations. We have also shown
preliminary evidence of male-specific association of polymorphisms in JAGI with total IgE. We
will follow-up these results with high-resolution SNP association mapping across chromosome
20p12 to attempt to identify the variant(s) responsible for the observed male-specific linkage. It
is interesting to note that sexual dimorphism in total IgE have also consistently been observed in
BALB/c murine models of pulmonary allergic response, with higher levels in female mice (42,
43). Due to a lack of similar data in other strains, it is unclear whether this difference is strain- or
species-specific. It is conceivable that the QTL underlying this response in the BALB/c strain
overlaps with the female-specific loci identified here. Future comparative mapping approaches

should consider these effects.
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MATERIALS & METHODS

Study Population

Adult participants gave written informed consent. Written assent and parental consent were
obtained for participating children. The study was approved by the Institutional Review Boards
of the Hospital Nacional de Nifios (San José, Costa Rica) and Brigham and Women’s Hospital

(Boston, MA).

Families were recruited as part of an ongoing study of asthma genetics in Costa Rica. For the
extended pedigrees, probands were identified from index children in this genetics study (n=7)
and from children who participated in Phase II of the International Study of Asthma and
Allergies in Childhood (n=1) in Costa Rica (44). Enrollment criteria for these 8 probands
included age >=6 years but <15 years, physician-diagnosed asthma, at least two respiratory
symptoms (cough, wheezing, or dyspnea) or a history of asthma attacks in the previous year,
increased airway responsiveness (a dose of methacholine causing a 20% decline in post-saline
FEV| [PDy] <=8.58 umoles), >=1 sibling with physician-diagnosed asthma, and at least six
great-grandparents born in the Central Valley of Costa Rica.(45) After selection of a proband, all
of his/her first- and second-degree relatives who were >=6 years old were invited to participate.
Families were further extended through affected relatives by including all of their first-degree
relatives who were >=6 years old. For the family-based association studies, children ages 6 to 14
years were eligible for inclusion as probands if they had physician-diagnosed asthma, > 2
respiratory symptoms or a history of asthma attacks in the previous year, and high probability of
having > 6 great-grandparents born in the Central Valley (as determined by the study

genealogist). All study participants completed a protocol that included a questionnaire, collection
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of blood samples for DNA extraction, and measurement of serum total IgE, except for parents of

probands in the family-based association studies (who only provided DNA).

Questionnaire

Each participant completed a slightly modified version of the questionnaire used in the CSGA
(46), which was translated into Spanish. The questionnaire was used in two forms, one for
adolescents and adults (>12 years of age) and one for children (<12 years of age). All children
were considered nonsmokers. Pack-years of cigarette smoking were calculated as the product of
the duration of smoking (in years) and the average number of cigarettes smoked per day, which

was divided by 20 to convert to packs.

Measurement of Serum Total IgE
Serum total IgE levels were determined by the UniCAP 250 system (Pharmacia & Upjohn,
Kalamazoo, MI), with samples measured in duplicate. All values were transformed to a logo

scale for statistical analysis.(47)

Genotyping and Data Management

The Genome Quebec Innovation Centre performed genome-wide genotyping in 671
individuals with Applied Biosystems (AB, Foster City, California) 3700 and 3730
analyzers using DNA that was extracted from blood samples by Puregene Kits (Gentra Systems).
380 autosomal short-tandem repeat (STR) markers with an average spacing of 8.2 ¢cM (ranging

from 6.2 ¢cM on chromosome 22 to 9 cM on chromosome 17) were genotyped. An additional 18
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STR markers (see Figures 2 and 3) were genotyped at the Channing Laboratory (see Online
Supplementary Data). All marker locations were determined using the deCODE map (48).

The RELPAIR program was used to determine pedigree relationships on the basis of the
genome scan marker data (49, 50). Four subjects failed to match reported familial relationships
and were excluded from the analysis. Mendelian inconsistencies at individual markers were
resolved by the PEDCHECK program (51). Pedigree genotype inconsistencies were observed on
average less than 0.5% per STR.

Genotyping of SNPs in candidate genes was performed using the Sequenom I-Plex
platform (33 SNPs) and by Tagman 5’-nuclease assays (2 SNPs); protocol details are available in
the Online Supplementary Data. SNPs were selected from those genotyped for the International
HapMap project if they had a minor allele frequency >=10% among CEPH parents. Repeat
genotyping of all SNPs in a random sample of ~ 5% revealed complete concordance among
genotypes. Pedigree genotype inconsistencies identified by PEDCHECK were observed on

average less than 0.5% per SNP.

Statistical Analysis

Estimates of h’y for total IgE and multipoint genome-wide linkage analysis were performed by
variance component models implemented in SOLAR (version 2.12) (52). Because of the size of
the pedigrees, multipoint IBD matrices were first estimated by a Markov-Chain Monte Carlo
algorithm implemented in Loki (version 2.4.7) (53). Multipoint linkage analysis using the
estimated IBD was then performed in SOLAR. To simplify the linkage analysis and focus on
genetic effects that are transmitted across generations, we assumed that the genetic loci

influencing total IgE (a complex trait) only had additive effects. Covariates considered in the
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linkage analyses included sex, age, ever-smoking, pack-years of cigarette smoking, age’, and
pack-years®, with those covariates that were significant (P <0.05) retained in the final models.
Confirmatory analyses including covariates significant at P <0.25 were then conducted.
Empirical P-values for the observed multipoint LOD scores were estimated by simulations in
SOLAR (54). Genotypes for a fully informative marker were created, and the evidence for
linkage was examined in 100,000 replicates. Empirical P-values were calculated by comparing
the observed multipoint LOD score with the empirical distribution of simulated LOD scores. In
addition, 1,000 simulations were ran in SOLAR to assess our statistical power to detect linkage
(LOD >3) to one or two bi-allelic QTLs for total IgE in all members of the Costa Rican

pedigrees, assuming fully informative marker data for study subjects.

Pair-wise estimates of LD (r*) and haplotype-block analysis (Gabriel definition (55)) of SNPs in
candidate genes were performed using Haploview (56). Sex-stratified family-based single-SNP
and haplotypic association analyses of total IgE were performed using PBAT, with adjustment
for age (57). A grouped analysis of males and females, adjusted for age and gender, was
performed for comparison with the sex-stratified analysis. The haplotypic analysis was
performed using a 3-SNP sliding window. Tests for global haplotype significance were

performed using the multiallelic test in PBAT.
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LEGENDS TO FIGURES

Figure 1: Sex-specific distributions of total serum IgE levels in 8 Costa Rican asthma pedigrees.
Box-plots of female (pink) and male (blue) log-transformed total serum IgE levels are presented
for each family pedigree and for all pedigrees. Only one male (a father) was available for
analysis in Pedigree 5 (*). | p-value for comparison of male and female total serum IgE levels

including all subjects, adjusted for age.

Figure 2: Results of genome-wide multipoint linkage analysis for total serum IgE levels in 8
Costa Rican asthma pedigrees. Results presented for all subjects (panel a) and after stratification
by sex (panels b and c). Green and red lines denote suggestive (LOD > 1.90) and significant
(LOD >3.3) LOD scores, as suggested by Lander and Kruglyak (4). Total serum IgE was log;o-
transformed for analysis, and final models were adjusted for covariates significant at P <0.05

(age and sex for the analysis of all subjects, and age for the analysis of males and females).

Figure 3: Results of sex-specific analysis for chromosomal regions demonstrating suggestive
(LOD > 1.90, green line) and significant (LOD > 3.3, red line) evidence of linkage to total serum
IgE in all subjects (black line), females (pink line), or males (blue line). The relative position of
short-tandem repeat markers that were genotyped for each chromosome are displayed. All
analyses were adjusted for covariates significant at P <0.05 (age and sex for the analysis of all
subjects, and age for the analysis of males and females). Total serum IgE was log;o-transformed

for analysis.
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Figure 4: High-resolution linkage mapping with additional STR markers resulted in narrowing of
male-specific total IgE locus on chromosome 20p12 at 34 ¢cM and emergence of a second peak at
65cM. The relative location of two positional candidate genes is demonstrated: ANKRDS

(ankyrin repeat domain protein 5) and JAG! (jagged-1 precursor).
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Table 1. Characteristics of Members of Extended Pedigrees of Asthmatic Children in Costa

Rica
Number of Former and Total Serum IgE
subjects current (IU/ml)
(percentage of Mean age, smokers n Asthmaq Geometric mean
Family males) yrs (range) (%)* n (%)* (interquartile range)
43.9 (8.5-
1 34 (52.9) 91.6) 8 (23.5) 12 (35.3) 91.7 (24.3-412.0)
33.7 (11.1-
2 20 (45.0) 76.0) 4(21.1) 8 (40.0) 129.2 (41.5-513.4)
29.2 (6.1-
3 230 (41.3) 77.9) 39 (17.0) 57 (24.9) 209.9 (70.2-729.0)
32.1(6.2-
4 103 (40.8) 77.0) 19 (18.5) 17 (16.5) 66.7 (23.6-151.0)
36.0 (9.7-
5 8 (12.5) 71.6) 5(62.5) 2 (28.6) 75.5 (18.3-382.4)
29.1 (7.0-
6 109 (45.0) 71.5) 10 (9.3) 9(8.3) 28.0 (9.4-83.1)
32.2 (9.0-
7 23 (56.5) 71.7) 9(39.1) 5(21.7) 101.1 (24.0-347.0)
28.4 (6.1-
8 128 (55.5) 88.8) 12 (94) 23 (18.0) 91.1 (34.3-243.5)
30.1 (6.1- 133
All 655 (45.5) 91.6) 106 (16.2) (20.3) 96.7 (27.4-342.0)

¥ Physician-diagnosed asthma and wheezing in the previous year.
* Of the 655 participating subjects, 3 lacked data on smoking status and 3 lacked information on

asthma.
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Table 2. Genome-wide Linkage Analysis” of Total Serum IgEb

Location All subjects® Males Females
Chromosome LOD Empirical | LOD | Empirical | LOD | Empirical
(cM)
score P-value score P-value score P-value
3 127 - - 1.40 0.02
146 - - 1.93 0.002
5 105 - 1.15 0.01 -
6 23 - 1.00 0.02 -
73 - 1.15 0.01 -
7 12 1.16 0.01 - 2.27 0.0007
23 1.60 0.004 - 1.59 0.004
13 79 1.03 0.02 - -
127 - 1.37 0.006 -
16 129 - - 1.70 0.003
17 34 - 1.98 0.001 -
20 36 1.16 0.01 3.63 <0.0001 -
22 57 1.11 0.01 - -

*Multipoint linkage analysis by variance component models, as implemented in the SOLAR

program.

"Transformed to logarithmic scale for data analysis.

All models were adjusted for covariates significant at P <0.05 (age and sex for all subjects, and
age for analysis of

males and females).
Multipoint LOD scores greater than or equal to 1 are reported.
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Table 3: Results of Family-based Association Analysis of Candidate Genes on Chromosome
20p12 and Total IgE in 420 Costa Rican Children with Asthma and their Parents

PBAT p-value

Position MAF Genetic | All families | Families of | Families of
Gene Marker (bp) Allele | (parents) Model (n=420) | boys (n=264) | girls (n=156)
JAGI rs6040060 10588201 A 0.186 dom - 0.01 -
add - 0.04 -
rs6040069 10593197 A 0.182 dom 0.01 - -
dom - 0.02 -
UNKRDS5 rs4813909 9971689 A 0.371 dom - - 0.03
rs6141102 9979138 G 0.223 add - - 0.05
rs559129 9989304 C 0.402 dom 0.03 - -
dom - 0.04 -
rs631317 9990319 C 0.180 dom - - 0.03
rs663380 9992849 G 0.267 dom - - 0.04

All results are adjusted for age. Analysis in all families also adjusted for sex.

dom = dominant model, add = additive model.

For clarity, only markers with P<0.05 are presented.
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Table 4: Results of Family-based Haplotypic Association Analysis of Candidate Genes
on Chromosome 20p12 and Total IgE levels in Costa Rican Children with Asthma and

their
Parents
All  (Families of| Families of

Haplotype families Boys Girls
Markers Alleles |Frequency| Model | (n=420) | (n=264) (n=156)
JAGI
rs6040055-rs2273060-rs6040060 C:G:G 0.467 dom - 0.04 -
rs2273060-rs6040060-rs7269017 A:AA 0.169 dom 0.03 0.005 -
rs2273060-rs6040060-rs7269017 AAA 0.169 dom - 0.005* -
rs6040060-rs7269017-rs11907050 A:AA 0.175 dom - 0.01 -
rs17536052-rs6040068-rs6040069 G:C:A 0.173 dom 0.009 0.006 -
rs6040068-rs6040069-rs7271215 C:A:G 0.173 dom 0.009 0.006 -
rs6040069-rs7271215-rs910119 A:G:T 0.164 dom 0.003* 0.009 -
ANKRDS
rs582827-rs641648-1rs4813909 C:G:A 0.336 dom - - 0.03
rs641648-rs4813909-rs6039663 G:G:G 0.314 dom - - 0.02
rs4813909-rs6039663-rs656111 A:G:C 0.329 dom - - 0.01
rs4813909-rs6039663-rs656111 G:G:.C 0.114 dom - 0.04 -
rs6141102-rs681750-rs6087123 G:G:C 0.208 dom - - 0.03
rs559129-rs631317-rs6039665 C:T:A 0.298 dom 0.05* - -
rs631317-rs6039665-rs6516548 T:A:A 0.811 add - - 0.04
rs6039665-rs6516548-1s663380 A:A:G 0.264 dom - - 0.05*
rs6516548-rs663380-rs674630 A:G:T 0.244 dom - - 0.04*

* denotes haplotypes groups with global (multiallelic) P<0.05. All results are adjusted for age.
Analysis in all families also adjusted for sex. dom = dominant model, add = additive genetic
model. Haplotypes with P<0.05 and haplotype frequency > 0.05 are presented.
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Figure 2
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Figure 3
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Figure 4
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Genotyping Methods

Short Tandem Repeat Markers

An additional 18 STR markers (see Figures 2 and 3) were genotyped at the
Channing Laboratory. For these additional markers, map locations were also determined
on the basis of the deCODE map. Primer sequences were obtained from the UniSTS
database of the National Center for Bioinformatics
(http://www .ncbi.nlm.nih.gov/entrez/query.fcgi?db=unists)
for each marker. Fluorescent-labeled and unlabeled primers were obtained from
Invitrogen (Carlsbad, California) and AB. PCR was performed with Taq Gold
Polymerase (AB) in AB 9700 PCR machines. Product sizes were then assessed on an AB
3100 instrument. GeneScan and GeneMapper (version 3.7) software were used to assist
with genotype determination, and calls were manually reviewed.
Sequenom iPLEX

31 SNPs were genotyped with the Sequenom MassARRAY system (Sequenom,
San Diego, CA). The MassARRAY (Sequenom, San Diego, CA) system analyzes
unlabeled single-base extension minisequencing reactions. Genotyping assays were
designed for each SNP using automated assay design software (SpectroDESIGNER 3.0,
Sequenom). External amplification primers and an internal extension primer were
designed, and the software sorted assays into compatible sets that multiplexed together,
up to 17-plex in this case. DNA samples were subjected to multiplex polymerase chain
reaction (PCR) to amplify genomic DNA flanking the target polymorphisms. Excess
dNTPs were removed by addition of shrimp alkaline phosphatase. Amplified PCR

product was used as a template in a second, modified single-primer minisequencing



reaction. The minisequencing reaction was then desalted by addition of SpectroClean
resin (Sequenom). The purified minisequencing product was spotted by a nanoliter-
plotting robot onto a chip (SpectroCHIP, Sequenom) containing matrix pads. 384
individual DNA samples were spotted on each chip. Chips were individually analyzed
with a MALDI-TOF mass spectrometer (Sequenom). The resulting spectra were
converted to genotype calls with SpectroTYPER-RT software (Sequenom), which
interprets the spectral output based on information for expected allele-specific extension
product masses. Detailed reaction conditions are available on the company website in the
Application Note for iPLEX genotyping

(http://www.sequenom.com/applications/high performance genotyping.php). As a

quality control measure, genotyping was repeated for approximately 10% of the samples
for each SNP and tested for discordance. SNPs with a high failure rate and/or high

discordance rate were not passed for analysis.

Tagman

The Applied Biosystems 7900HT system was utilized for genotyping 2 SNPs.
Tagman genotyping with the 5’ nuclease assay was done under standard assay conditions
as recommended by the manufacturer. Master mix and assay mix, containing forward and
reverse PCR primers, Tagman minor groove binder (MGB) probes labeled with
nonfluorescent quencher and FAM or VIC reporter dye, buffer, Taq polymerase, and
dNTPs, were added to genomic DNA. Thermal cycling was performed as recommended.
After cycling, an end-point read was done on the 7900HT instrument, which measures

the fluorescence signal generated from each probe. The fluorescence intensities were


http://www.sequenom.com/applications/high_performance_genotyping.php

processed by Sequence Detection Software v.2.1 (Applied Biosystems) for allelic
discrimination, and genotype clusters were identified with the auto-caller feature. Quality

control measures were as described for Sequenom assays.



Legend for Supplemental Figure 1

Figure 1: Linkage disequilibrium patterns of candidate single nucleotide polymorphisms
in 420 parent-asthmatic child trios from the Central Valley of Costa Rica.

Pairwise 1’ presented for markers genotyped in ankyrin repeat domain protein 5
(ANKRDS - 17 SNPs) and jagged 1 precursor (JAGI — 16 SNPs). Figure generated using
Haploview. The relative positions and physical orientations of RefSeq genes mapping to
the 646kb interval of chromosome 20p that include ANKRDS5 and JAGI are depicted as
yellow arrow-heads. SNAP25 = synaptosomal-associated protein; MKKS = McKusick-
Kaufman syndrome protein; C200rf94 = hypothetical protein LOC128710. SNAP2S,

MKKS, and C200rf94 variants were not genotyped in this preliminary study.
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SEQUENOM IPLEX ASSAYS

MARKER

EXTENSION_PRIMER

AMP_PRIMER_1

AMP_PRIMER 2

ACGTTGGATGTGAGCTCTGTGAGGC

ACGTTGGATGATCTCTCCCTTGGCT

JAG1 RS11699674 cccTGGCTGAAACGGTGCT TCGAT GAAAC

= ACGTTGGATGAGGCAACCTGCACTG[ACGTTGGATGARGCGCAATTCCAGA
JAG1 RS11907050 TTACCTGCCTTGTCCC AAAAC GCTTC

= ACGTTGGATGGAGGCCAAGAATGTA|ACGTTGGATCAGCAACGTATAGGA
JAG1 _RS17536052 AGCAATTCAGAAACAGGGTC  [CGAGA CCTCTG

ANKRD5_RS4813909

TATGCCTTTAACTAGCTAAATAT

ACGTTGGATGATCCCCAGAGAGTAT
TTAAC

ACGTTGGATGGAGGCAGATATGCC
TTTAAC

ANKRD5_RS513998

cccg TGACATGTTTTCATTTCTCT
T

ACGTTGGATGGATAACATATTTAGTT
GTTTC

ACGTTGGATGAAGTAGIGCTICTATG]
TTGTC

ANKRD5_RS559129

TGCACTTATCTTTAAATTTACAC
TT

ACGTTGGATGAAACCCACAGTCTTA
CCCAG

ACGTTGGATGAGCTGTAACTGCGI
GCATAG

ACGTTGGATGGATTCTATTGAATAAC]

ACGTTGGATGGTAAATAAGAGTTTA

ANKRD5 RS582827 AGTTTAAGGGCTTGTGA CTCAC AGGGC

= ACGTTGGATGCTTCATCTCACACTA [ACGTTGCATGATGTGGGAGTCATTC
ANKRD5 RS583827 CCAAGGAGAGAGTGCAAA CGAGC CAAGG

= ACGTTGGATGTCCTCTTTGTTACAT JACGTTGGATGGTACAAATACAGTCT
ANKRD5 RS6039663 ATACAGTCTGAATCCATTTGA  [GAAGC GAATCC

ANKRD5_RS6039665

GAATGAATAAAACCAAATTGTAT
G

ACGTTGGATGTGCTGAATCTATCAG
CAGCC

ACGTTGGATGGGATTTTCATTATCG
GTGCTC

JAG1_RS6040050

TTCCCAACACACTATGCAAC

ACGTTGGATGCACGGATCTAGCACA
ATACC

ACGTTGGATGGAACAGAGGTCTGC
CTCATA

JAG1_RS6040055

tcgcGACACCTGTACAATTCAAA

ACGTTGGATGAGAAAAAGCCTGGAC
TTTGC

ACGTTGGATGCCAGGTTAGCCTTTT
GAACG

ACGTTGGATGAGAGCTGGCTTTAAA

ACGTTGGATGCTCTTAACTGGAAGC

JAG1 RS6040060 AGCCAAGGAGACGATT GGTTG CAAGG

= ACGTTGGATGATCAGGARATGCCAC [ACGTTGGATGTTTCCTCATGCACTA
JAG1 RS6040068 TCAGGGTCTGGAAAGTTTTG  [CTCAC GGGTC

= ACGTTGGATGCTGTTTCCTAGAGTT JACGTTGGATGCCTTTTCCTTTTTAG
JAG1 _RS6040069 CCCTTTGAAAACTCTGTCT ACCCG AACCCC

ANKRD5_RS6057119

GTTAACTTGTGTTTTTTCTTTTTT

ACGTTGGATGTGTACACGTATTACT
TTGG

ACGTTGGATGGGACTTTGGTGTTAA]
CTTGTG

JAG1_RS6077858

gttTCACAATCCCAAATCCCTC

ACGTTGGATGGCTTTAAGTGTCCTG
GGAT

ACGTTGGATGAACAGTGTTGGCCC
TCTTAG

ANKRD5_RS6087123

GGTAAGGCTTTTGGTCAA

ACGTTGGATGCATGTATAAGTTTTG
CCTCCC

ACGTTGGATGGATTATGCTATGGGT
AAGGC

JAG1_RS6108653

ggaGTAATAACCTTATCTCACGG

ACGTTGGATGCTCAGCTCAGGATAG
ATAAG

ACGTTGGATGCCCAGCGTAATAAC
TTATC

ANKRD5_RS6141102

ttcATGTGTTCATATTACTGATGG
CT

ACGTTGGATGCTAACATAAATTCTCC]
TTTTC

ACGTTGGATGGCCCTATAAAAGTAT
GTGTTC

ACGTTGGATGCTCTGTGGTTCCATT

ACGTTGGATGAAGGTTGTGATCTCA]

ANKRD5 RS631317 TCTCAGGAGGGCATTAGCA  [CATCC GGAGG
ACGTTGGATGGACTTACCAGTAGCC |[ACGTTGGATGGCATCTTGCARTACS
ANKRD5 RS641648 aTGGAATGTGAAGGGCTA CTTTG TACCC

ANKRD5_RS6516548

TCTCATAAGTATTTTAGGATTAT
TCTA

ACGTTGGATGGGAGTTTATAGTTTC
GTAGG

ACGTTGGATGCAATCTTGTGCAATC
ATCTC

ACGTTGGATGGACTTTAATAAAGTA

ACGTTGGATGGTGTGGCCTAAATTT

ANKRD5_RS656111 gCAAGGAAGTGAAAAGATGAC |GCAC TCACG
ACGTTGGATGCACAGAGCACAGATG|ACGTTGGATGCTGAAGATARAATGT
ANKRD5 RS663380 TGTGTCCTGTACCGAG ATCAC GTCCTG

ANKRD5_RS674630

tIGCTACTGAGGACTTTATAATG
TG

ACGTTGGATGCCAGGGGAATTTCGA!
GCTTT

ACGTTGGATGTGCTTGAAGTCTGGT
CAAGG

ANKRD5_RS681750

GCACTTTAGATTCTAGGGATTA

ACGTTGGATGGTCCTGTCAGCTTTT
ATCTTC

ACGTTGGATGAGGCACTTTAGATTC
TAG

JAG1_RS7269017

AGCTCGAGGTGTTTATT

ACGTTGGATGTTTGAGCCAAGTCAT
GCTCC

ACGTTGGATGGACTACATACTCCTG]
AGAGC

JAG1_RS7271215

tTCATATATCATATCTGAGTATGT
CcC

ACGTTGGATGAAACTACCCCAAGAC
CAGAG

ACGTTGGATGGGCCCTTCCTGTCA
ATATC

JAG1_RS7828

TGAAAAGAAATCAGAATTTACAA
AGT

ACGTTGGATGAATTGTGTGAACTTG
GAAGC

ACGTTGGATGGTGGTTCAGTATTAT
GTACG

JAG1_RS910119

GCCCTAGTTTATTCCTCAGAA

ACGTTGGATGTTGATGGGAGGCTCA
GTATG

ACGTTGGATGAAAGAGGTCAGTTA
GCTGCC




TAQMAN ASSAYS

Marker

Applied Biosystems
catalog #

Allele_1_Context_ |Allele_1_L
Sequence abel

Allele_2_Context_S|Allele_2_
equence Label

JAG1_RS2273060

C___1265683_1_

ACTGTCAGGTTCTAGAGACAA
AGTGGTGAATCATGTTAATAT

TCACATTGC FAM

ACTGTCAGGTTCTAGAGACAA
AGTGATGAATCATGTTAATATT

CACATTGC VIC

JAG1_RS8708

C___2846608_10

GACTCAGCAGGG TGGCAGAA
GCACATGGCAAAGCCGGTAG

AACTACGTAAG FAM

GACTCAGCAGGG TGGCAGAR
GCACACGGCAAAGCCGGTAG

AACTACGTAAG VIC
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