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Abstract

Background—Corticosteroids exert their anti-inflammatory action by binding and activating the
intracellular the glucocorticoid receptor (GR) hetero-complex.

Objective—Evaluate the genes HSPCB, HSPCA, STIP1, HSPA8, DNAJB1, PTGES3, FKBP5,
and FKBP4 on corticosteroid response.

Methods—Caucasian asthmatics (382) randomized to once daily flunisolide or conventional
inhaled corticosteroid therapy were genotyped. Outcome measures were baseline FEV1, %
predicted FEV1, and % change in FEV/, after corticosteroid treatment. Multivariable analyses
adjusted for age, gender, and height, were performed fitting the most appropriate genetic model
based on quantitative mean derived from ANOVA models to determine if there was an
independent effect of polymorphisms on change in FEV1 independent of baseline level.

Results—Positive recessive model correlations for STIP1 SNPs were observed for baseline
FEV [rs4980524, p=0.009; rs6591838, p=0.0045; rs2236647, p=0.002; and rs2236648; p=0.013],
baseline % predicted FEV1 [rs4980524, p=0.002; rs6591838, p=0.017; rs2236647, p=0.003; and
rs2236648; p=0.008] ; % change in FEV at 4 weeks [rs4980524, p=0.044; rs6591838, p=0.016;
rs2236647; p=0.01] and 8 weeks therapy [rs4980524, p=0.044; rs6591838, p=0.016; rs2236647;
p=0.01]. Haplotypic associations were observed for baseline FEV and % change in FEV; at 4
weeks therapy [p=0.05 and p=0.01, respectively]. Significant trends towards association were
observed for baseline % predicted FEV; and % change in FEV; at 8 weeks therapy. Positive
correlations between haplotypes and % change in FEV were also observed.
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Conclusions—STIP1 genetic variations may play a role in regulating corticosteroid response in
asthmatics with reduced lung function. Replication in a second asthma population is required to
confirm these observations.

Clinical Implications—Identifying genes that regulate corticosteroid responses could allow a
priori determination of individual responses to corticosteroid therapy, leading to more effective
dosing and/or selection of drug therapies for treating asthma.

Keywords

corticosteroid; pharmacogenetics; glucocorticoid receptor; SNP; heat shock protein; heat shock
organizing protein; immunophilin

Introduction

Corticosteroids are the most efficacious medication used for treating airway inflammation
associated with asthma. In spite of the effectiveness of corticosteroids, however, there is
considerable clinical evidence of wide variations in corticosteroid response among
asthmatics (1'2). Severe asthmatics, for example, are generally treated with high doses of oral
corticosteroids, yet their asthma symptoms persist in contrast to most mild and moderate
asthmatics that are treated with lower doses of inhaled corticosteroids (ICS) G-, In
addition, there also evidence that a small subset of subjects experience worsening of asthma
symptoms after corticosteroid treatment (6). Understanding the genetic mechanisms that
regulate corticosteroid response variability could allow a priori determination of an
individual’s response to corticosteroid therapy, leading to more effective dosing and/or
selection of single or combination drug therapies for treating asthma.

CRHRU1 (corticotrophin-releasing hormone receptor 1) is the only gene that has been
identified as a potential genetic predictor of lung function change in asthmatics treated with
corticosteroids (7). Corticotrophin-releasing hormone receptor 1 is a key component of the
molecular pathway that regulates the production of endogenous cortisol in response to stress.
Genetic variations in CRHR1, therefore, are probably most useful for identifying individuals
deficient in cortisol production and therefore more responsive to exogenously administered
corticosteroids. An obvious candidate for corticosteroid response is the glucocorticoid
receptor gene, NR3C1. Corticosteroids exert their action by binding cytoplasmic
glucocorticoid receptors and inducing structural and conformational changes that activate
the receptor. Once activated, glucocorticoid receptors translocate across the nuclear
membrane, where receptor dimers bind glucocorticoid receptor response elements (GRE) in
the regulatory regions of genes, causing increased or decreased gene expression. Several
genetic variations have been found in NR3C1, some of which have been shown to affect the
receptor’s ability to effectively bind steroids (8-13). These rare mutations, however, have
been associated with familial corticosteroid resistance and thus do not account for the
genetic variations that contribute to inter-individual corticosteroid resistance and

response (9:14-17) |n fact, two studies, one association study and one mutational analysis,
conclude that NR3C1 is not a significant contributor to corticosteroid resistance (18:19),
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The glucocorticoid receptor is not autonomous in its action, and is only one part of a large
hetero-complex of proteins that cooperatively functions to activate the glucocorticoid
receptor (20:21), |n addition to the glucocorticoid receptor, the hetero-complex consists of
several chaperone proteins, including heat shock protein 90 (Hsp90), heat shock protein 70
(Hsp70/Hsc70), heat shock protein 40 (Hsp40), heat shock organizing protein (Hop), p23,
and the immunophilins FKBP51 and FKBP52. The assembly of this hetero-complex occurs
in a series of ATP dependent steps and is highly regulated (29:22-25)_ proper assembly and
activation of the glucocorticoid receptor complex is thus critical for proper response to
corticosteroid treatment. Therefore, to fully understand the pharmacogenetics of
corticosteroid response, a comprehensive evaluation of all genes encoding hetero-complex
components is required.

In this study, we hypothesize that variations in the genes encoding components of the
glucocorticoid receptor complex may significantly contribute to variation in corticosteroid
response in asthmatics. To test this hypothesis, we genotyped single nucleotide
polymorphisms (SNPs) in eight glucocorticoid complex genes HSPCB (Hsp90 1a), HSPCA
(Hsp90 1p), STIP1 (Hop), HSPA8 (Hsc70), DNAJB1 (Hsp40), PTGES3 (p23), FKBP5
(FKBP51), and FKBP4 (FKBP52) in an adult asthma population evaluated for corticosteroid
response, as measured by change in FEV;. Based on these results, we have been able to
determine that the variations in the gene STIP1 may be important in predicting corticosteroid
responses in subjects with reduced lung function.

Study Population

The adult corticosteroid response used in this study was a multi-center clinical trial
comparing once-daily high dose inhaled flunisolide versus standard inhaled corticosteroid
therapy (7:26). DNA from 382 Caucasians who completed the study were genotyped.

Selection of Single Nucleotide Polymorphisms (SNPs)

SNPs were selected for HSPCB, HSPCA, STIP1, HSPA8, DNAJBL, PTGES3, FKBP5, and
FKBP4 based on allele frequency and linkage disequilibrium (LD) information from the
NCBI database dbSNP (http://www.ncbi.nlm.nih.gov/SNP/), HapMap (http://
www.hapmap.org/), and on our own re-sequencing results (manuscript in preparation). Due
to the small population sizes, SNPs with minor allele frequencies (MAF) <0.10 were not
selected in order to increase our power to detect genetic associations. The gene NRC31
(glucocorticoid receptor) was previously genotyped and analyzed in this population (/).

Statistical Methods

Hardy-Weinberg equilibrium (HWE) tests were performed on all genotyped polymorphisms
using the GDA computer programs (7) and SAS/Genetics (2002). Linkage disequilibrium
(LD), in terms of D’ and r2, were calculated using the program Haploview (28). The
empirical p-values of both the HWE and LD tests were based on 10,000 replicate samples.
ANOVAs were performed for quantitative pulmonary function measurements to test for
association. Multivariable analyses of the associations were performed, adjusting for age,
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gender, and height, and were performed fitting the most appropriate genetic model based
upon the results of the mean quantitative trait derived from the ANOVA models to
determine if there was an independent effect of polymorphisms on change in FEV,
independent of baseline level. Association tests for haplotypes were performed using
HAPLO.SCORE (29), Genetic association significance was assessed by performing 10,000
permutations of the single-locus genotypes among individuals in the sample to simulate the
null distribution.

Genotyping was performed using the iPlex MassARRAY genotyping platform (Sequenom
Inc., San Diego, CA, USA. Controls and blanks were included for quality and error
checking. For all genes, the genotyping success rate was >95%.

Study Population Characteristics

The characteristics for the study population are shown in Table I. The original study
consisted of 515 moderate to severe asthmatic adults in ages 16-75, of which 58% were
female, and 87% were self-reported as Caucasian (white) (/:26). Inclusion criteria included a
history of asthma and documentation within the previous year of at least 12% improvement
in FEV4 with administration of the short acting 3-agonist, albuterol. Exclusion criteria
included a history of significant pulmonary disease other than asthma, smoking in excess of
10 pack-years, recent upper respiratory infection, and recent asthma exacerbations requiring
hospitalization or oral prednisone usage. Subjects were followed by phone contact on a
weekly basis and had follow-up spirometry at 4 and 8 weeks. This study was conducted by
Forest Pharmaceuticals and all subjects signed informed consent for the study and for
genetic testing. The study protocol was approved by the Institutional Review Board at the
Brigham and Women’s Hospital, Harvard University.

The primary outcome measure was % change in FEV after 8 weeks, with a secondary
analysis of the intermediary % change in FEV at 4 weeks. In this study, subjects were
randomized 4:1 flunisolide versus other corticosteroid therapy (triamcinolone,
beclomethasone, or fluticasone propionate). The mean change in the FEV; was the same in
both treatment groups (p = 0.30), therefore all results were combined in our analyses. The
adjusted measurement % predicted FEV/; was derived based from Hankinson values(30). The
mean baseline FEV; as % predicted for this population was 72.2 + 16.2%. The mean %
change in FEV1 in this population was 7.0+ 19.3% after 8 weeks treatment with
corticosteroids. Multivariable analyses genetic ANOVA models to determine if there was an
independent effect of genetic variations on change in FEV4 independent of baseline level.
Of the 515 subjects, 439 completed the study (348 flunisolide and 91 non-flunisolide), of
which 382 were Caucasian. Due to the small number of subjects in the minor ethnic groups
and potential for population stratification, this study was confined to the Caucasians subset.
A separate analysis of a random panel of 59 SNPs across the genome in this population
indicated no evidence of population stratification (p > 0.05 for dichotomizations of baseline
FEV; and FEV change into highest and lowest quartiles).
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STIP1 SNPs Are Associated with Baseline Lung Function Measures

STIP1 SNPs

We observed the greatest associations for measures of baseline lung function in the gene
STIP1 (Figure 1). All genotyped STIP1 SNPs tested were in HWE. Four STIP1 SNPs,
rs4980524 (intron 1), rs6591838 (intron 1), rs2236647 (intron 5), and rs2236648 (intron 5),
were consistently correlated with trends in baseline FEV; (p=0.03, p=0.02, p=0.009, and
p=0.043, respectively) (Table I1). The largest difference for baseline FEVq was measured for
SNP rs 6591838 genotypes (AA baseline FEV1= 2.51+0.76; GG baseline FEV1=
1.97+0.49). Three SNPs, rs4980524, rs2236647, and rs2236648, were also correlated with
trends in % predicted FEVq (p=0.009, p=0.013, and p=0.03, respectively), again with the
largest difference observed for rs6591838 between AA (72.31% +12.71) and GG (63.83%
+10.92) genotypes. Genetic modeling confirmed a strong recessive effect for each SNP for
trends in both baseline FEV; (p-value range 0.002-0.013) and % predicted FEVq (p-value
range 0.002-0.017), with the rare alleles correlating with lower lung function. Minor allele
frequencies (MAFs) between rs498024 (MAF=0.41), rs236647 (MAF=0.43), and rs2236648
(MAF=0.42) were similar, and r? values between these three SNPs were >0.90, thus it could
not be determined which SNP was most concordant with the trend effects. SNP rs6591838
was not in strong LD with rs4980524, rs236647, or rs2236648 (r2 < 0.46). No significant
associations were observed between baseline lung function measures and SNPs in the
remaining seven genes (Supplementary Tables SI-SVII).

Are Associated with Change in FEV; After Corticosteroid Treatment

Significant correlations for % change in FEV1 were observed for STIP1 SNPs rs6591838
and rs2236647 at 4 weeks (p=0.025 and p=0.04, respectively) and SNPs rs6591838 and
rs1011219 (3’ non-coding region) at 8 week for (p=0.014 and p=0.005, respectively; Table
[11). The largest % change in FEV (20.70%+28.29) occurred with SNP rs6591838 at the 8
week time point for the rare GG genoytpe. Genetic modeling confirmed a consistent
recessive effect at 4 weeks for SNPs rs4980524, rs6591838, and rs2236647 (p-value range
0.01-0.044) and at 8 weeks for SNPs rs4980524, rs6591838, rs2236647, and rs1011219 (p-
value range 0.0014-0.044). The significance observed for SNP rs1011219 was driven by two
individuals homozygous for the A allele, who had large negative changes (-50% and
-23.7%) in FEVq at 8 weeks. No significant associations were observed between change in
FEV7 and SNPs in the remaining seven genes.

STIP1 Haplotypes Are Correlated with Measures of Lung Function

Six STIP1 haplotypes were derived for the Caucasians using eight SNPs (Tables 1V and V)
SNPs rs7941773 and rs1011219 were in identity with each other (r2=1), as were the SNP
pair rs4980524 and rs2236648. Overall global significance (comparison between all
haplotypes; p=0.05) was observed for baseline FEVq (Table 1V), with haplotypes 1
(p=0.025; Hap-score=-2.24) and 6 (p=0.01;Hap-score=2.57) attaining individual
significance. Haplotype 1 (freq = 0.03) and haplotype 6 (freq = 0.56) differ only at SNP
rs2236647 (C/T). A trend towards significance was observed for % predicted FEVq (p=0.09)
(Table 1V), with haplotypes 2 (p=0.03 ; Hap-score=—2.18) and 6 (p=0.03; Hap-score=2.16)
attaining individual significance. Based on the above observations, a three SNP sliding
window sub-haplotype analysis was employed to better discern the contribution of each SNP
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or gene region towards the primary haplotype associations. For baseline FEV1, the largest
correlations were observed with the three SNP sub-haplotypes in the 3’ portion of STIP1
(three SNP windows 4D, 4E, and 4F), all of which contained the SNP rs2236647. The
lowest p-values (0.008) were observed for two rare three SNP sub-haplotypes in window 4E
(rs2282490/rs2236647/rs2236648; T/T/C) and window 4F (rs2236647/rs2236648/
rs1011219; T/C/G). As mentioned above, SNP rs2236647 differentiated the highest and
lowest scoring eight SNP haplotypes (1 and 6) for FEV; and correlated with high (C allele)
and low (T allele) trends in baseline FEV, measurements in the single SNP analysis (Table
I1). In contrast to baseline FEV1, the highest correlations for % predicted FEV were
observed in the 5" portion of STIP1 (three SNP windows 4A and 4B; Table IV), where the A
allele of SNP rs4980524 correlated with the highest scoring three SNP sub-haplotypes.
Based on single SNP analysis, the A allele of rs4980524 correlated with high measures of %
predicted FEVq (Table I1).

STIP1 Haplotypes Are Correlated with Change in FEV, After Corticosteroid Treatment

Eight SNP haplotype and three SNP sliding window haplotype analyses were also
performed for 4 week and 8 week % change in FEV after corticosteroid therapy (Table V).
Global significance (p=0.01) was observed at 4 weeks % change in FEV1 while a trend
towards significance (p=0.07) was observed at 8 weeks % change in FEV;. Haplotype 2
(freq = 0.07) was individually significant for 4 week (p=0.02) and 8 week (p=0.0034) %
change in FEV while haplotype 6 (freq = 0.56) trended towards significance for both 4
week (p=0.053) and 8 week (p=0.05) % change in FEV4. Based on single SNP analysis of
rs2236647 for 4 and 8 week % change in FEV1 (C allele corresponding to lowest change in
FEV{; Table I1), haplotype 6 correlates with individuals with the lowest % change in FEV;.
The three SNP sub-haplotypes (C/G/C; rs7941773/rs2845597/rs4980524; window 5A) and
(GICIG; rs2845597/rs4980524/rs6591838; window 5B) had the strongest correlation with %
change in FEVq at both 4 weeks (p=0.004 and p=0.004, respectively) and at 8 weeks
(p=0.0002 and p=0.0003, respectively). These three SNP sub-haplotypes only occur in the
eight SNP haplotype 2. Based on single SNP analyses of rs4980524 (A allele corresponding
to lowest % change in FEV1) and rs6591838 (G allele corresponding with the highest %
change in FEV1) in Table 111, it can be logically deduced that each of these three SNP sub-
haplotypes and the eight SNP haplotype 2 correlate directly with the largest change in FEV,
after both 4 and 8 week therapy, however these haplotypes account for only 7% of the total
haplotypes. A comparison of haplotype pairs (Fig 2; number of haplotype pairs N) showed
that subjects inheriting one copy of haplotype 2 had mean increases in % change in FEV,
>10% after 8 weeks of therapy. Only one other haplotype pair 3/3 had a mean increase in %
change in FEV1 >10%. With the exception of haplotype pairs 1/6 and 2/6, a majority of
subjects inheriting one copy of haplotype 6 consistently had mean % change in FEV less
than the mean % change (6.97%).

Discussion

In this study, we report that genetic variations in the gene STIP1 may have value in
identifying asthmatics that are more responsive to corticosteroid therapy. Most specifically,
we have found that alleles for four STIP1 SNPs consistently correlate with levels of baseline
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lung function (baseline FEV; and % predicted FEV4) and with improvement in lung
function (% change in FEV,) after 4 and 8 weeks of corticosteroid therapy. In addition, we
have also been able to identify haplotypes and haplotype pairs that also correlate with
baseline lung function measures and improvement in lung function after corticosteroid
therapy. None of the polymorphisms tested in this study were coding, thus it is difficult to
assess the potential functional effects of STIP1 based on our observations. In addition,
because we observed genetic association with multiple SNPs across the gene, it is difficult to
pinpoint a specific region of the gene contributing most to the observed associations. We
were, however, able to identify consistent trends in lung function measures and changes in
FEV after corticosteroid therapy and able to identify SNPs most correlated with these
haplotype trends utilizing eight and three SNP haplotype analyses. In spite of these
haplotypic observations, however, we still cannot conclude whether the SNPs tested in this
study or unknown SNPs in LD are responsible for the observed effects.

Based on the location of the strongest genotypic and haplotypic associations, our results
suggest that a region between and inclusive of intron 1 (SNP rs4980524) and intron 5 (SNP
rs2236647) may contain key genetic variants or combinations of genetic variants which
control STIP1 expression. STIP1 is composed of 14 exons dispersed over ~18kb of genomic
DNA, and there are at least eight different forms of STIP1 mRNA sequences deposited in
GenBank. One of these MRNAS (Accession # AK225736), is truncated, containing only
exons 1-5 and a short portion of intron 5 directly flanking exon 5. This small isoform of Hop
produced by this truncated MRNA has not been characterized, however elimination of exons
6-14 would delete the important C-terminal tetratricopeptide repeat (TPR) domain
(20;31;32) in Hop. This C-terminal TPR functions as the binding domain for the EEVD
peptide sequence in the C-terminus of Hsp90 or Hsp70. Hypothetically, our association
results could be indicative of genetic variation that regulates splicing between exons 5 and 6,
which in turn could generate novel Hop isoforms which could have effects on assembly of
the Hsp90-Hop-Hsp70 complex. We have re-sequenced STIP1 in a small screening panel of
asthmatics and unaffected subjects in order to verify existing and identify potentially
uncharacterized polymorphisms in the intron 1-intron 5 region (manuscript in preparation).
We have not, however, re-sequenced STIP1 specifically in individuals with wide ranges of
corticosteroid response, results from which could reveal risk/protective genetic variants
closely associated with the production of STIP1 splice variants.

In light of the function of STIP and the importance of the TPR domains in Hop for
controlling the assembly of the GR hetero-complex (20:33-36), the differences in lung
function changes observed between genotypic groups is not surprising. The product of
STIP1, the heat shock organizing protein (Hop), plays a critical role in assembly of the GR
hetero-complex by specifically binding ADP bound conformations hsp90 and mediating its
association to hsp70, through TPR interactions, prior to incorporation into the GR hetero-
complex (9. The incorporation of the hsp70/hsp90 into the GR hetero-complex allows
effective binding of corticosteroids into the open cleft of the GR. Without activation of the
GR hetero-complex through hsp70/hsp90 association, efficient binding of corticosteroids
would be attenuated, thus depriving the cytoplasm of activated GR hetero-complexes
available for transport into the cell nucleus. Failure of activated GR hetero-complexes
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transport would result in dysregulation of genes controlling the inflammatory pathway.
While this breakdown in GR hetero-complex activation may be explained by defects in
STIP1 expression, we cannot completely conclude that our observations are
pharmacogenetic in nature. Since we observed a strong correlation of STIP1 SNPs and
haplotypes with baseline lung function measures, it is possible that STIP1 genetic variations
simply correlate with subjects with poor lung function. Considering this possibility, in the
case of asthmatics tested in this study, we would be observing individuals with lower
baseline lung function measures who have more capacity for lung function improvement
when treated with corticosteroids compared to subjects with higher baseline lung function
measures. If this last possibility is true, STIP1 genetic variations could also be a contributor
to asthma risk. In fact, we have performed additional analyses of STIP1 in two additional
asthma population, neither of which have corticosteroid response data, that indicate that
STIP1 is associated with varying levels of bronchial hyperresponsiveness (BHR) as
measured by PC,q (manuscript in preparation).

There were several limitations to this study. First, we do not have confirmatory data from a
replicate corticosteroid response population that strongly supports our observations for
STIP1. The availability of corticosteroid response populations with similar study designs is
limited, and those that are available are insufficiently powered or lack DNA for genetic
studies. Second, we limited our genotyping to SNPs located approximately ~1 kb flanking
the exonic regions of STIP1, thus our assessment of SNPs in the putative promoter region,
intronic regions, and the 3’ UTR of the gene was not comprehensive. This study was also
limited in that the subset of African Americans was insufficient to effectively evaluate
genetic association. While we could have combined genotyping data for SNPs with similar
genotypic frequencies between Caucasian and African American populations, the population
stratification and admixture effects could have introduced significant errors into our
analysis. We also must point out that because our initial screening included 60 SNPs from
nine genes, our results could be affected by random associations caused by multiple
comparisons. We did, however, try to control for this potential confounder by performing a
permutation analysis on all data sets. Finally, while baseline FEV1 is a value affected by
factors such as age, race, weight, and sex, which could affect our observations, our
confirmatory association with the adjusted value % predicted FEV; (Table Il) and the
consistent trends in lung function measures by genotype provide support that the observed
changes in FEV after corticosteroid therapy are significant observations.

The ability to predict an individual’s response to corticosteroid therapy could have
tremendous implications for increasing the effectiveness of treating inflammatory diseases
such as asthma. This study, however, illustrates several issues in identifying and using
genetic variants to test corticosteroid responsiveness. First, the pathway regulating
corticosteroid response is complicated. In order to accurately assess the pharmacogenetics of
corticosteroid response, the effects of more than one gene will have to be considered, and
may require consideration of gene-gene interactions. Second, unless detailed DNA
sequencing is performed on a patient by patient basis, we may never know the genetic
contributions of rare genetic variants on corticosteroid response between individuals. The
assessment of rare genetic variants becomes more problematic when considering that many
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of rare genetic variants may be specific to only one ethnicity. Third, the availability of
comparable corticosteroid response populations is paramount for replication. While
corticosteroid response studies have been performed (37-39), the differences in study design
and the confounding effects of co-administered medications complicate final data
interpretation. In addition, older corticosteroid response studies may have not had the
foresight for performing pharmacogenetic analyses, therefore DNA was not collected.
Finally, the availability of tools to measure the functional effects of genetically associated
non-coding variants is still limited. Therefore, while these non-coding genetic variations
may eventually be useful in predicting drug responsiveness, the inability to define functional
roles for these non-coding genetic variations leaves questions as to their effects on lung
function and corticosteroid response.

Supplementary Material

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

FEV1 forced expiratory volume in 1 second

Freq frequency

GR glucocorticoid receptor

GRE glucocorticoid response element

HWE Hardy-Weinberg equilibrium

ICS inhaled corticosteroid

LD linkage disequilibrium

MAF minor allele frequency

PCoo provocative concentration causing a 20% drop in FEV,

SNP single nucleotide polymorphism

Y UTR 3 untranslated region
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