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Abstract

A 900-KB inversion exists within a large region of conserved linkage disequilibrium (LD) on
chromosome 17. CRHR1 is located within the inversion region and associated with inhaled
corticosteroid response in asthma. We hypothesized that CRHR1 variants are in LD with the
inversion, supporting a potential role for natural selection in the genetic response to
corticosteroids. We genotyped 6 single nucleotide polymorphisms (SNPs) spanning
chrl7:40,410,565-42,372,240, including 4 SNPs defining inversion status. Similar allele
frequencies and strong LD were noted between the inversion and a CRHR1 SNP previously
associated with lung function response to inhaled corticosteroids. Each inversion-defining SNP
was strongly associated with inhaled corticosteroid response in adult asthma (p-values 0.002—
0.005). The CRHRL response to inhaled corticosteroids may thus be explained by natural selection
resulting from inversion status or by long-range LD with another gene. Additional
pharmacogenetic investigations into to regions of chromosomal diversity, including copy number
variation and inversions, are warranted.
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Introduction

Areas of the chromosome displaying diversity such as copy number variation, duplications,
and inversions continue to garner interest as potential functional regions. To date,
associations of such areas with drug response have been limited to the CYP2D6
duplication[1]. Inversions are regions in which the chromosomal order is inverted compared
to normal sequence; these have been associated with natural selection both within and across
species[2, 3]. Recently, a 900-kb inversion on chromosome 17921 was described][3].
Uniquely, this inversion lies in the middle of a large region (~2 megabases) of extended
linkage disequilibrium (LD). This region has been used to characterize the H1 and H2
extended haplotypes associated with the microtubule-associated protein tau (MAPT) gene
[3-5] and is the largest region of LD described in humans to date[3, 5]. The H2 haplotype is
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uniquely associated with inversion status within this region, forming a so-called “inversion
polymorphism”[3] found in 20-25% of mixed European populations.

The corticotropin-releasing hormone receptor one (CRHR1) gene is also located within the
chromosome 17 inversion region. We previously described an association of CRHR1 with
inhaled corticosteroid response in asthma[6]. However, we have yet to identify a functional
variant explaining this association. Since the inversion polymorphism frequency is similar to
that of the CRHRL1 variants (a haplotype and a single nucleotide polymorphism or SNP,
rs1876828) associated with the pharmacogenetic responses, we hypothesized that CRHR1
would be in LD with the inversion, supporting a role for natural selection in the therapeutic
response to corticosteroids. We evaluated this hypothesis in two asthma clinical trial
cohorts, representing the haplotypic and SNP associations from our prior study.

Populations and Outcome Definition

Genotyping

CAMP was a multicenter, randomized, double-blinded clinical trial testing the safety and
efficacy of inhaled budesonide vs. nedocromil vs. placebo over a mean of 4.3 years. Trial
design, methodology, and primary clinical outcome have been previously published[7, 8].
Of 1,041 children with mild-moderate asthma, 311 were randomized to budesonide (an
inhaled corticosteroid). Each patient’s parent or guardian signed a consent statement, with
each child providing assent. IRB approval was obtained for all participating CAMP centers
and the data coordinating center.

Two completed trials conducted by the ACRN, salmeterol or corticosteroids (SOCS) [9] and
salmeterol + inhaled corticosteroids (SLIC) [10], had a common initial 6-week run-in
utilizing 4 inhalations twice daily of triamcinolone (another inhaled corticosteroid) prior to
separate randomization to one of the trials. All patients met American Thoracic Society
criteria for treatment with inhaled corticosteroids. Of subjects randomized, 336 had DNA
available, forming the basis of our adult sample. All ACRN subjects analyzed provided both
clinical trial and genetics studies consent.

Our primary outcome was the change in forced expiratory volume at one second (FEV1)
over 6-8 weeks in response to inhaled corticosteroids:

Change=100"(Follow — up FEV — Baseline FEV)/Baseline FEV,

The time intervals during which change was measured were chosen to replicate our previous
experiments [6].

CRHR1 SNPs were genotyped via a SEQUENOM MassARRAY MALDI-TOF mass
spectrometer (Sequenom, San Diego, CA), as previously described[6]. Six other
chromosome 17 SNPs were genotyped by the TagMAN 5'—3’ exonuclease assay (Applied
Biosystems, Foster City, California)[11]. Of the SNPs, two (rs894685 and rs758391) were
located within the region of extended LD, but outside of the inversion region[4]; four
(rs1396862, rs1800547, rs9468, and rs1528072) represented both H2 haplotype and
inversion status[3, 4]. Protocol details, SNP flanking sequence, and primer data are available
from the authors. Duplicate genotyping performed on ~10% of the samples demonstrated
<1% discordance. Genotype completion rates were >95% for all loci; each locus was in
Hardy-Weinberg equilibrium.
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We compared the minor allele frequencies and LD patterns of the CRHR1 SNPs and
haplotypes with those of the other chromosome 17 SNPs. We dichotomized haplotype
assignments to “GAT”/“non-GAT” (based on imputed alleles from rs1876828, rs242939,
and rs242941, respectively, per our previous report)[6]. We used an additive linear
regression model, adjusting for age, gender, and baseline FEV1, to investigate change in
FEV; with chromosome 17 SNPs, limiting our analyses to Caucasian probands taking
inhaled corticosteroids. Analysis of an unlinked panel of 50 markers genotyped within
CAMP and ACRN found no overt evidence for population stratification (data not shown).
Statistical analyses used SAS, version 8 (Cary, NC); LD was assessed using Haploview,
version 3.32 (http://www.broad.mit.edu/mpg/haploview/index.php).

Compared with CAMP, ACRN consisted of older asthmatics with more severe disease
(Table 1). Both trials had significant variability in FEVq response to inhaled corticosteroids,
as evidenced by the large standard deviations.

SNP allele frequencies and imputed GAT haplotype frequencies are shown in Table 2. One
of the CRHR1 SNPs, rs1876828, demonstrated minor allele frequencies similar to the
inversion SNPs. The other CRHR1 haplotype-tag SNPs and “GAT"” haplotype and the two
SNPs outside the inversion region varied from the inversion SNPs in frequency.

Linkage disequilibrium was evaluated on all SNPs using r2 (Figures 2a and 2b). In both
populations, nearly complete LD was found for all four inversion SNPs and the CRHR1
haplotype-tag SNP (rs1876828) that had similar allele frequency to the inversion SNPs.
However, little LD existed between the “GAT” haplotype or the other CRHR1 haplotype-tag
SNPs and the inversion region. Differences in LD between rs1876828 and the “GAT”
haplotype (of which rs1876828 is a component SNP) are likely related to other CRHR1
haplotypes involving the rs1876828 “G” allele.

The association of chromosome 17 SNPs with FEV; response to inhaled corticosteroids is
shown in Table 3. In the ACRN population, after covariate adjustment, homozygosity for
the mutant allele of each inversion SNP, along with CRHR1 rs1876828, was significantly
associated with an approximately three-fold increase in response (p-values 0.002—0.005).
None of the non-CRHR1 CAMP SNPs demonstrated a significant association; the mean
homozygous mutant inversion SNP response was approximately 1% times that of those
homozygous wild type.

Discussion

We postulated that inversion status and/or long-range LD might affect pharmacogenetic
response to inhaled corticosteroids in asthma, since the chromosome 17 inversion
polymorphism region encompasses the CRHR1 gene. In both our populations, SNP variants
within CRHR1 were indeed noted to be in tight LD with H2 inversion haplotype—defining
SNPs, supporting an “inversion polymorphism” in the region. Moreover, in our adult
population, each inversion SNP was associated with a marked increase in lung function
response to inhaled corticosteroids. In our pediatric cohort, inversion SNPs were also
associated with increases in average response to inhaled steroids, though not with statistical
significance. The CRHR1 “GAT” haplotype previously associated with the pharmacogenetic
response was not in significant LD with the inversion region. To our knowledge, this is the
first description of an association between a chromosomal inversion and a pharmacogenetic
response.
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Chromosomal inversions have been associated with speciation and natural selection[2, 3].
As part of a large inversion region, the association of CRHR1 variation with response to
exogenous corticosteroids may originate in developmental biology. CRHRL1 is the primary
receptor for corticotropin-releasing factor (CRF), a primary mediator of several hormones
(including corticosteroids) critical to fetal development and timing of birth[12]. Indeed,
placentally-derived CRF regulates the fetal response to stress leading to premature birth
[13]. Therefore, inversion status may allow for an optimal response to stress, including
increases in antenatal corticosteroid levels, leading to positive selection. Thus, a CRHR1
variant in LD with inversion status associated with enhanced corticosteroid response might
be an extension of protective responses innate to fetal development.

While inversion status may influence the pharmacogenetic association, a more plausible
explanation might be long-range LD of the region with CRHR1 variants. While we have yet
to ascertain the functional CRHRL1 variant despite resequencing (variants are posted on the
PharmGKB website: www.pharmgkb.org), our adult study results suggest that the functional
variant may be in LD with the H2 haplotype. In our pediatric cohort, while the CRHR1
“GAT" haplotype was not correlated with inversion status, it may be in LD with a portion of
the H1 haplotype. The H1 haplotype, unlike H2, can be phylogenetically divided into
multiple sub-haplotypes[3, 5]. In turn, H1 sub-haplotypes also demonstrate extensive, long-
range LD, including the region containing CRHR1 [5].

Our study has several potential limitations. We did not determine the full extent of LD for
either H1 or H2 haplotypic status. Instead, we focused on a limited number of SNPs
representing H2 haplotype and/or inversion status. However, noting near-complete LD for
inversion-defining SNPs from the literature in both of our populations in a region spanning
>300 kilobases, our two populations likely have that same extensive distribution of LD.
While we report similar direction of the inversion SNP results in both our cohorts, the
pediatric findings were not significant and, thus, do not constitute a true replication.
Although this could be due to the slightly smaller sample size, children and adults do have
inherent differences in response to asthma therapy [14, 15].

In conclusion, SNPs defining chromosome 17g21.31 inversion status are associated with
increased response to inhaled corticosteroids in asthma. Though inversion status may simply
be a marker for the effects of extensive LD, continued investigation into associations of
regions of chromosomal diversity with response to therapy are soon likely to yield novel
insights in the field of pharmacogenetics.
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Figure 1. LD Patterns

Linkage disequilibrium measured as r2 between the chromosome 17 extended haplotype/
inversion SNPs and CRHR1 haplotype tag SNPs (A) and “GAT” haplotype (B). There is
near complete LD between the inversion SNPs, including one of the CRHR1 haplotype tag
SNPs (rs1876828). The “GAT” haplotype, while of similar allele frequency to the inversion
SNPs, was not in tight LD with the inversion polymorphism.
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Population Characteristics™"

CAMP ACRN
N on Inhaled Corticosteroids 201 224
Inhaled Corticosteroid Used Budesonide | Triamcinolone
Age 8821 342+117
Sex —n (%)
- Male 111 (55.2) 87 (38.8)
- Female 90 (44.8) 137 (61.2)

Mean Baseline FEV1:t

94.4 £ 14.3%

77.8+16.0%

Mean Change in FEV1§

8.7 +14.7%

6.7 +19.8%

*
Plus-minus values are means + standard deviations

TDue to concerns over possible population stratification and small numbers of subjects in other racial groups, only genotypic information from

Caucasians were analyzed; their characteristics are shown

iAs a percent of predicted

§Change in FEV1 while on inhaled corticosteriods evaluated at 8 weeks in CAMP and 6 weeks in ACRN
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