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Abstract
There is a large amount of interindividual variability in both therapeutic and adverse responses to
asthma therapies. Genetic variability may account for 50–60% of this variability. Pharmacogenomics
holds out the promise of allowing clinicians to prospectively choose therapies that have the greatest
likelihood to be effective for individual patients and to avoid those which may have a high likelihood
of producing adverse effects. In this article we review the principals of pharmacogenomic
investigation. We explore the data developed from the early pharmacogenomic studies with the most
common asthma therapies. Further, we explore the potential use of pharmacogenomics and caveats
in interpreting such information.
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I. Introduction
A 19-year-old woman with a history of seasonal allergies comes to your office complaining
of increasing shortness of breath both with exercise and at rest. She has been on immunotherapy
for her grass allergies for the past year. She has been wheezing and her internist gave her an
albuterol inhaler. She has needed to use the inhaler once or twice a day at rest. There have been
no environmental changes. The exam is normal and her FEV1 is 75% of predicted and increases
to 90% of predicted post bronchodilator. Her mother and brother have asthma and her mother
and sister have osteoporosis. National guidelines suggest that the first line of therapy might be
inhaled corticosteroids. She is concerned about using corticosteroids. “Can you promise that
these drugs will work for me?” she asks. “And what about my risk for developing
osteoporosis?”
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Although national guidelines appropriately suggest inhaled corticosteroids as the appropriate
first-line therapy for this patient, 15 to 20% of patients will not respond to these highly
efficacious medicines (1). Further, although inhaled steroids, on average, are likely to
minimally affect bone density in this premenopausal woman, there is a wide variability in
response(2). Leukotriene modifiers, while efficacious, would predictably have an even larger
group of patients who might not respond (3). In this age of cost consciousness you would like
to avoid having to have the patient come back to switch therapies. It would be most helpful if
you could have reliable indicators that would: 1) predict the classes of medications to which
this patient would respond; 2) predict the likelihood that she might develop toxicity. Isn't there
some type of test that will supply that information? Wouldn't it be nice to draw a blood test
and predict her likelihood of responding to inhaled corticosteroids, developing osteoporosis
from corticosteroids, responding to a leukotriene modifier, or developing adverse effects from
her use of beta agonists for that matter? Evolving data from the field of pharmacogenomics
may be of help.

Multiple factors can play role in affecting what appear to be inconsistencies in the therapeutic
response. Environmental factors contribute significantly to this variability. However, the
evolving understanding of the variability of the genetic code incorporated into our DNA, and
the sequencing of the human genome, have allowed us to understand that genetic variability
accounts for up to 50% of our inter-individual differences in response to therapy (4).
Pharmacogenomics is a field of study that examines the relationship between genetic variability
(or polymorphisms) and the response (both therapeutic and/or adverse) to therapeutic
interventions. Such information would obviously allow us to better manage the asthma of the
19-year-old above. What type of information is available? What information will be available?
Will we be able to use this information to manage asthma patients?

In an attempt to answer these questions we will review pharmacogenomics as it relates to
asthma. Below we will: 1) briefly review the nomenclature for the variability of the genetic
code that is examined in the area of pharmacogenomics, pharmacogenomic mechanisms and
methods of investigation; 2) discuss pharmacogenomic information as it relates to the three
principal components of asthma therapy -- beta agonist therapy, leukotriene modifier therapy,
and inhaled corticosteroids; 3) explore the implications of pharmacogenomics and caveats and
limitations in relationship to interpreting pharmacogenomic data.

II. Pharmacogenomics - Terms and Approaches
As mentioned above, pharmacogenomics looks at the association between variability in the
genome and outcomes in response to therapeutic interventions. Table 1 lists and defines terms
used in characterizing the genomic variability and approaches to detecting the variability.

It is worthwhile understanding how one goes about trying to identify polymorphisms that may
relate to altered drug responses. Classically, one would adopt a candidate gene approach. In
this approach, a gene thought to be related to the biological response to an agent would be
examined for polymorphisms and those polymorphisms would be examined for associations
to phenotypic outcomes. For example, since beta-agonists were known to exert their effects
through the beta-2-adrenergic receptor (ADRB2) this gene was sequenced and investigations
conducted to examine whether particular phenotypic outcomes were related to a single
polymorphism, or to a group of polymorphisms, as described below.

One can broaden this approach by taking a “pathway approach” to such investigations. In this
approach, genes thought to be involved in the entire pathway of a response to an agent are
examined. The pathway genes are interrogated for polymorphisms and then examined for
associations to the drug response. Such an approach is described for the leukotriene modifiers
below in which the major synthetic genes, transport genes, and receptors were examined.
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Lastly, an even broader approach can be undertaken utilizing genome wide association studies
(GWAS). Using this methodology, hundreds of thousands of relatively evenly spaced markers
across the entire genome are scanned for associations to phenotypic outcomes. These markers
are not necessarily in a gene or translated sections of the genome. If markers are associated
with particular outcomes, genes nearby these markers are examined to see if polymorphisms
in these genes may actually be the polymorphisms of interest. This non-heuristic approach to
finding associations may lead to discovering associations with genes that may not have been
thought to be associated with the outcomes of interest. Such an approach led to the discovery
of the association of the ADAM proteins (membrane-anchored metalloproteases) with asthma
(5). A precise mechanism for this association has still not been definitively identified.

Why aren't all studies conducted now performed using GWAS? While the GWAS approach is
quite powerful, due to the large number of variants being examined it requires very large sample
sizes with well characterized outcomes. Further, it requires that the polymorphism under
examination be quite common and, due to correction for multiple comparisons, it can miss true
and potentially important associations or identify spurious ones.

Whether we utilize a candidate gene approach, pathway analysis, or GWAS, pharmacogenomic
associations are accumulating rapidly to the point that there are now databases that rank order
genes most likely to be important for a drug responses (6). In the following sections, we discuss
progress in regards to asthma pharmacogenomics utilizing all of the above techniques.

III. Beta Agonists
Beta-agonists are the most commonly used medications in the treatment of asthma. Short-
acting and long-acting beta-agonists act by binding to the beta2-adrenergic receptor (ADRB2).
Receptor binding results in activation of adenylyl cyclase via stimulatory G proteins that
activate protein kinase A. The latter phosphorylates several target proteins resulting in a
decrease in intracellular calcium causing smooth muscle relaxation in the airways.

The ADRB2 gene has been sequenced and has been found to be intronless with over 80 reported
SNPs identified in the coding region of the gene, in the 5' and 3' untranslated regions, and in
the adjacent leader and trailer genomic regions (8,9). More than 40 of these SNPs have been
validated in the dbSNP database. Two of these polymorphisms, at amino acid positions 16
(Gly16 Arg) and 27 (Gln27Glu) have been found to alter receptor function, ligand binding and
signal transduction in vitro (10–12). Additionally, a variant in the ADRB2 promoter region
has been reported to affect receptor transcription and density (13). Further, a variable-length
poly-C polymorphism in the 3' UTR appears to alter messenger RNA expression, degradation,
and in vitro downregulation (14) but has not been shown to affect salmeterol-induced responses
(15).

The Gly16Arg polymorphism has been the focus of most clinical studies in relation to use of
both short-acting and long-acting beta-agonists. At this locus, individuals may harbor
polymorphisms that code for arginine or glycine. Approximately 1/6 of Caucasians and 1/5 of
Black Americans are Arg/Arg.

A. Short-acting beta-agonists
A.1. Acute bronchodilator response—The association between genetic polymorphisms
and an acute bronchodilator response has been inconsistent. An initial study in children with
asthma found that 60% of those homozygous for arginine at the B16 amino acid position of
ADRB2 (B16 Arg/Arg) had ≥ 15.3% increase in predicted FEV1 after albuterol, compared
with only 13% in individuals homozygous for glycine at that position (16) and similar signals
were detected in another small study(17). However, subsequent studies have not detected such
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associations in adults or children (8,18–22). Of interest, while family-based studies in Latinos
found an association between Arg16Gly and bronchodilator response in Puerto Ricans (23),
no such association was observed in Mexicans, highlighting the importance of assessing
genetic findings in different populations. Recent studies have suggested that B16
polymorphisms may affect responses to β-agonists administered during acute exacerbations of
asthma in that Gly/Gly patients appeared to have a more rapid response to repeated albuterol
administration (ICU length of stay 43 hours in Gly/Gly vs. 74 hours in Arg/Arg) (24) and
another suggesting that amino acid 27 position polymorphisms may affect the rapidity of
response (25).

A.2. Regular Use—Several studies have suggested that regular use of short-acting β-agonists
appears to be associated with poorer outcomes in those who were B16 Arg/Arg. A retrospective
analysis of >250 patients with mild asthma showed that B16 Arg homozygosity was associated
with a decline in peak expiratory flow with regular use of the beta-agonist albuterol (26). In
another retrospective study this polymorphism was associated with an increased frequency of
asthma exacerbations in those using albuterol regularly (1.9 vs 0.81 exacerbations per year)
(27). A prospective study confirmed a decline in morning peak expiratory flow rate, lack of
benefit in evening peak flow rate, worsening symptoms and increased β-agonist use in Arg/
Arg patients treated with regular short-acting β-agonists as compared to Gly/Gly patients (Fig
1). In another report, investigators revealed an association between B16 locus and airway
hyperresponsiveness in non-smokers (28)

B. Long-acting Beta-agonists
The findings of poorer outcomes in B16 Arg/Arg patients taking short acting β-agonists has
generated much interest in whether such effects carry-over to the long-acting β-agonists
(LABAs). This interest has been heightened by the questions about rare life-threatening events
associated with salmeterol use (29). While it might be attractive to associate these outcomes
with the B16 polymorphisms, no information has been available regarding the genotypes of
the patients who sustained such adverse events. Initial analyses have suggested that suggested
that LABA use might lead to poorer outcomes in asthmatics with the B16 Arg/Arg genotype
(30,31). One of the studies, a retrospective analysis of patients who had been in studies with
the NHLBI's Asthma Clinical Research Network (ACRN), suggested that a genotype-specific
effect (B16 Arg/Arg showing a decline in lung function over time) might occur even when
LABAs are used with inhaled corticosteroids (30). This concern was reinforced by a cross
sectional survey in Scotland that examined 546 children and young adults attending asthma
clinics that also found a relationship between asthma exacerbations and long-acting β-agonist
use and B16 Arg/Arg even in patients using concomitant inhaled corticosteroids (32). However,
retrospective analyses of other studies did not detect a genotype-specific effect (33–35). While
the studies utilized in these retrospective analyses, for the most part, included patients screened
for a positive bronchodilator response, the ACRN recently completed a prospective study in
which patients were not screened in this manner (7). The latter included subjects who
demonstrated bronchial hyper responsiveness to inhaled methacholine while on inhaled steroid
therapy, even in the absence of a 12% reversibility in FEV1. This study did not detect a
genotype-specific difference in peak flow between Arg/Arg and Gly/Gly patients using
salmeterol with moderate doses of inhaled corticosteroids. Interestingly, Gly/Gly patients
experienced an improvement in methacholine responsiveness when salmeterol was added to
inhaled corticosteroids but Arg/Arg did not. A post-hoc analysis in Blacks suggested that Arg/
Arg Blacks may not experience an improvement in peak flow from the addition of salmeterol
to inhaled corticosteroids.
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C. Additional Polymorphisms and Associations
Genome wide association studies have only now been undertaken in relation to β-agonist
responses. A recent pathway analysis suggested a possible association between promoter
polymorphism in Arginase 1 and bronchodilator responses (36). Arginase may be involved in
airway responses by depleting stores of L-arginine, leading to decreased production of nitric
oxide which relaxes bronchial smooth muscle.

D. Summary
Taken together, these data suggest that coding polymorphisms at the 16th amino-acid position
of ADRB2 identify patients with adverse responses to regular use of short-acting β-agonists.
There is conflicting data on whether or not these polymorphisms identify patients who have a
diminished response to LABAs when used concurrently with moderate doses of inhaled
corticosteroids. Whether these polymorphisms are of greater significance in particular racial
or ethnic groups using LABAs remains to be confirmed. Further, pathway analysis and genome
wide association studies (GWAS) may identify further predictors related to response and/or
adverse effects related to the use of these common drugs used by patients with asthma.

IV. Leukotriene Modifiers
Leukotriene modifiers (LTMs) (a category meant to include both synthesis inhibitors and
receptor antagonists (LTRAs) exert their effects by inhibiting the formation or action of
leukotrienes which are products of the metabolism of arachidonic acid. While these agents are
effective in the treatment of asthma there is significant heterogeneity in the therapeutic response
to these medications (3,37). Since the leukotriene biosynthetic pathway has been well
characterized, leukotriene pharmacogenetic responses lend themselves to candidate gene and
pathway analyses. The results of these studies, reviewed below, suggest that variation in these
genes can exert an effect on the response to these agents.

A. LTC4 Synthase
The most consistent association between differential responses to LTMs and a genetic
polymorphism arise in relation to a polymorphism in the LTC4 synthase gene promoter,
(A-444C). The frequency of the variant C allele is 0.32 in Caucasians. In vitro, the C variant
is associated with increased production of leukotriene C4 by blood eosinophils stimulated with
calcium ionophore (38) and increased expression of leukotriene C4 synthase in blood
eosinophils (39,40). In 23 asthmatics treated with a LTRA (leukotriene receptor antagonist)
there was a trend toward greater improvement in lung function in those with at least one copy
of the C variant(38). In children, a greater decline in nitric oxide in response to a LTRA occurred
in those possessing the variant (41). A LTRA produced a 14% improvement in FEV1 in those
with the C variant compared with a 3% improvement in those without the C allele (p=0.01)
(42). In a leukotriene pathway analysis, this same variant was associated with a 76% reduction
in exacerbations in response to montelukast in those who possessed the variant as compared
with those who did not. (43). Taken together, these studies suggest that this promoter variant
in leukotriene C4 synthase is associated with differential responsiveness to a leukotriene
receptor antagonist.

B. 5-lipoxygenase
Drazen and colleagues first described an addition/deletion variant in the promoter region of 5-
lipoxygenase (ALOX5) that was associated with variation in the FEV1 response to a 5-
lipoxygenase inhibitor. The 3% of individuals who did not possess at least one copy of the wild
type number of copy variants (five copies) had a negligible response to the 5-LO inhibitor as
compared to 15–20% improvement in those who did possess the wild-type copies (44). While
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another study suggested an influence of this region on the response to an LTM its signal was
in the opposite direction. Lima and colleagues reported a 73% reduction in asthma
exacerbations in carriers of the mutant allele (2, 3, 4, 6, or 7 copies of ALOX5 promoter) as
opposed to the homozygous wild-type (5 copies) (43). Another study in 61 patients reported a
signal consistent with that reported initially, in that montelukast selectively improved FEV1
and reduced exacerbations in those who had at least one 5 repeat variant as compared with
those patients who were homozygous for 4 repeat variants (45).

Additional SNPs in ALOX5 have been associated with variation in responses to LTMs.
Klotsman and colleagues identified 2 SNPs in ALOX5 that were associated with an 18–25%
improvement in FEV1 compared with a 8–10% improvement in those bearing the wild alleles
treated with montelukast (46). Lima (43) also found associations between a different SNP in
ALOX5 (rs2115189) and differential FEV1 response to montelukast. This SNP was also
associated with a differential FEV1 responses to montelukast. This SNP was also associated
with a differential FEV1 response in a study of zileuton, the 5-lipoxygenase inhibitor, in over
550 patients (47). The persistent association of ALOX5 variants with differential treatment
outcomes to both leukotriene synthesis inhibitors and leukotriene receptor antagonists confirms
a role for this enzyme in relation to therapeutic outcomes for this class of drugs.

C. Additional Genes
A polymorphism in ABCC1 (ATP-binding cassette, subfamily C, member 1), a member of the
multidrug resistance-associated protein family that is responsible for transporting leukotrienes
outside of the cell, has been associated with differential changes in FEV1 in the LTRA pathway
analysis (43). This same SNP was also associated with differential improvement in FEV1 in
response to zileuton (47). The pathway analysis has also found associations between variation
in LTA4 Hydrolase and change in rates of exacerbation in response to montelukast (43).
CysLTR2 genes have been associated with differential changes in peak flow rates in response
to montelukast (46).

Recently, montelukast levels have been shown to be associated with variants in gene SLCO2B1
(solute carrier organic ion transporter family, member 2B1) (48) which codes for the organic
anion transporter 2B1, OATP2B1 which appears to have a role in montelukast transport across
the gut. Heterozygotes at SNP rs12422149 had 30% lower levels of montelukast compared to
those with the wild type alleles. Heterozygosity was also associated with poorer improvement
on one of the symptom indices used in the trial.

D. Summary
The LTC4 synthase polymorphism appears to be consistently associated with differential
responses to LTM therapy. ALOX5 polymorphisms play a role in response to LTM therapy
but the directionality of this response remains to be determined. Additional candidates will still
require replication.

V. ICS
Candidate gene and pathway approaches have been utilized to investigate pharmacogenomic
associations for corticosteroid responses. Most of these associations have not yet been
replicated in independent populations. GWAS studies are currently underway. The genes
associated with alterations in responses to inhaled corticosteroids are discussed below.

A. CRHR1
SNPs in 14 candidate genes were examined for relationship to response to 2 months of inhaled
corticosteroid therapy (49). SNPs in CRHR1 (corticotropin-releasing hormone receptor 1) were
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associated with a more than a two times greater improvement in FEV1 in response to inhaled
corticosteroids in pediatric cohort treated with inhaled corticosteroids in the CAMP (Children's
Asthma Management Program) Study. A haplotype consisting of combination of three SNPs
in this gene showed even greater differential responses to therapy (Fig 2). In the same study,
a different SNP in CRHR1 was associated with a four fold difference in FEV1 response to
inhaled corticosteroid in a replication population of adults in the NHLBI Asthma Clinical
Research Network cohort. Of note, a small sample size study was not able to replicate these
associations with CRHR1 (50). Thus, the clinical significance of polymorphisms in CRHR1
remains unclear.

B. T-bet
TBX21, a gene that encodes for the transcription factor T-bet (T-box expressed in T cells), is
responsible for the induction of T-helper (TH1) cells and the suppression of TH2 cells from
naïve T lymphocytes. T-bet knockout mice develop asthma-like inflammation. A non-
synonymous single nucleotide polymorphism was associated with a large improvement in
airway hyperresponsiveness in the CAMP population in response to corticosteroid therapy
(51). However, the minor allele frequency of this variant is less than 5%, suggesting that unless
this large effect is reproducible and accurate, the finding may not be clinically useful in and of
itself..

C. FCER2
A polymorphism in FCER2 (the low affinity IgE receptor gene) has recently been associated
with variation in protection from asthma exacerbations in response to inhaled corticosteroids
(52). A 3–4 fold SNP-associated increased risk of asthma exacerbations was seen in Blacks
and Caucasians receiving inhaled corticosteroids. The variant was also associated with
increased IgE levels.

D. Adenylyl Cyclase 9
Adenylyl cyclase type 9 (AC9), an enzyme activated by the β2 -adrenergic receptor, has also
been implicated in affecting the response to inhaled corticosteroids. Using the CAMP cohort,
an interaction was found bet the non-synonymous polymorphism at amino acid 772 and
improved bronchodilator response over the 4 years of inhaled corticosteroid treatment (53).

E. Summary
The corticosteroid biological action and effect pathway is complex and it is unlikely that
common polymorphisms in any one gene control a large enough part of the pathway to be
determinative in and of themselves. It is likely that combinations of polymorphisms in multiple
genes affect the therapeutic response to corticosteroids.

VI. IMPLICATIONS AND APPLICABILITY OF PHARMACOGENOMIC
FINDINGS
A. Utility

What are the potential uses of pharmacogenomic information? The ability to predict which
patients are more likely to respond to therapy and which patients are more likely to develop
adverse effects would allow us to customize therapy. What are the practical outcomes of being
able to customize therapy? They include: 1) Choosing the therapy more likely to be effective
the first time resulting in more rapid and effective outcomes for the patient that result in
decreased patient return visits and potentially improved compliance; 2) Choosing therapy that
has less likelihood of producing side effects for the particular patient or possibly being able to
alert the patient about particular side-effects to which he/she might be susceptible; 3) Choosing
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the most appropriate dose for a patient and thus minimizing underdosing, overdosing, and
resultant increased use of medical resources and delayed and/or less effective outcomes.
Additional benefits of pharmacogenomic information relate to development and introduction
of new drugs. Many new pharmacotherapies do not reach consumers due to toxicities that occur
in a small percentage of patients. In cases where pharmacogenomics allow us to prospectively
identify those patients who are at risk for side effects development and use of such drugs can
proceed for the vast majority of patients who are at minimal risk of developing these toxicities.

B. Ability to Influence Therapy
When are pharmacogenomic findings most likely to influence therapy? Several factors
determine the utility of a pharmacogenomic predictions (see Table 2): These include: 1) the
frequency of the variant allele (the more frequent the more likely the test will have economic
utility (54); 2) the strength of the association between the polymorphism and the drug effect:
3) the impact of making the correct choice more quickly in terms of either the implications of
the failure to obtain an initial therapeutic response and/or the impact and potential for an adverse
effect due to the drug. The cost and availability of the test also influence the utility of the test
but since the cost of genomic testing is falling rapidly, the contribution of these factors will be
increasingly diminished.

C. Caveats
What prevents us from widely applying the information developed so far in guiding therapy
for our patients? These are summarized in Table 3. First as seen above, many of the
pharmacogenomic associations detected thus far account for only a small proportion of the
variability in response. For instance, the CRHR1 variants account for less than 3% of the
variability in response. Secondly, pharmacogenomic associations may be confounded by
several factors. Such factors can include gene-gene interactions, i.e. coincidental variants in
other parts of the gene, or in other genes, that may modify the observed effects. For example,
if a series of alleles identifies patients with a diminished response to β-agonists but a patient
bearing those alleles has a variant of CRHR1 that improves the response to an inhaled
corticosteroid, the outcome when that patient uses a combined β-agonist-inhaled corticosteroid
may not be correctly predicted by either allele alone. Another form of gene-gene interaction
that needs to be considered is the effect of genetic background and ancestry. While a particular
gene may predict certain responses in Caucasians, the gene may not have the same significance
in Asians for example. Different patterns of response to ADRB2-related polymorphisms in
Mexican Hispanics as compared to Hispanics from Puerto Rico (55) may be due to such
differences in “genetic background”.

D. Future
Can we overcome these limitations and use the pharmacogenomic information obtained from
retrospective and prospective studies? We remain cautiously optimistic. First, it possible that
there will be variants whose effect is large enough that either singly, or in combination with
just a few other variants, these polymorphisms may predict a clinically important therapeutic
outcome. Additionally, and more likely, we will most likely use information from panels of
many gene variants, which, with the aid of informatics, can be used to develop patient profiles
of likelihood of responding to, or developing adverse effects from, a particular drug (56). The
time-limiting step for the realization of this scenario is not limited by the technology or the
cost of gene ascertainment. Chip technology now permits several thousand variants to be tested
at once for costs that keep dropping and are now well below one thousand dollars. The current
limitation is the development of adequate reproducible information, in populations of interest,
so that reliable and generalizable information can be used to construct predictive algorithms.
The development of such information is dependent on large, well-characterized cohorts of
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subjects of interest with appropriate therapeutic outcomes. In particular, as mentioned above,
attention needs to be paid to the genetic background of the subjects included in the study so
that one can understand whether the outcomes will apply to many groups, or just one. Further,
the phenotypes in which the outcomes were observed can also be critical. For example,
pharmacogenomic associations in severe asthmatic may not apply to mild asthmatics. For this
reason, in many cases, such associations may require prospective validation.

In summary, all of the different genetic approaches -- candidate gene, family-based, pathway,
and GWAS-- will identify increasing numbers of associations between genetic variants and
inter-individual responses to therapeutic interventions. With appropriate validation (currently
and yet to be undertaken) and adequate informatics support, these associations will allow us
to choose amongst asthma therapies most likely to produce intended outcomes and to minimize
unintended side effects. Such validation will need to include confirmation of associations in
multiple cohorts and explication of the genetic background of the populations in which the
associations have been verified. In many cases the associations will require prospective
confirmation. As the information becomes available we will approach our goal of using the
right medications for the right patient.
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Abbreviations

B16 Arg/Arg (B16 Gly/
Gly)

Homozygosity for arginine (or glycine) at the 16 amino acid
position of ADRB2

LABAs Long-acting β-agonists

ACRN Asthma Clinical Research Network

GWAS Genome wide association studies

LTMs Leukotriene modifiers

LTRAs Leukotriene receptor antagonists

ALOX5 5-Lipoxygenase enzyme

CRHR1 Corticotropin-releasing hormone receptor 1

ADRB2 Beta-2-adrenergic receptor
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Fig 1.
Change in AM and PM PEF with regular use of albuterol from placebo (X axis) in B16 Arg/
Arg vs. B16 Gly/Gly patients. Regular use of albuterol resulted in a decline in AM PEF in Arg/
Arg patients while it produced an improvement in AM PEF in Gly/Gly individuals. Similar
deteriorations in FEV1, symptoms, and reliever medication use were seen in Arg/Arg patients,
while Gly/Gly patients improved (data not shown). Reference (18)
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Figure 2.
Improvement in FEV1 in association with different haplotypes of CRHR1. (49)
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Table 1

Genetic Terminology

Gene - An ordered sequence of nucleotide bases that, via mRNA, encodes one polypeptide chain. The gene includes
leader and trailer untranslated regions (UTR) preceding and following the coding region respectively, as well as
intervening sequences (introns) between individual coding segments (exons). The ends of an individual strand of
DNA are designated as 3' prime and 5' prime based on the position on the deoxyribose sugar.

Polymorphism - One of two or more alternate forms (alleles) of a chromosomal locus that differ in nucleotide
sequence or have variable numbers of repeated nucleotide units

SNP - Single Nucleotide Polymorphism - DNA sequence variations that occur when a single nucleotide in the genome
sequence is altered. These are designated by abbreviations for the possible amino acids before and after the position
on the protein, for example Gly16Arg.

Synonymous SNP - a change in the SNP that does not alter amino acid coded for in the sequence.

Non-synonymous SNP - a change in the SNP that does alter the amino acid coded for in the sequence

Haplotype - A set of closely linked genetic polymorphisms present on one chromosome.

Coding Region Polymorphisms - Alterations in the genetic code of the area of a gene that encodes the polypeptide
chain

Non-coding Region Polymorphisms - Alterations in areas in the genetic code that are not translated into the final
protein but may affect the type or degree of transcription of the gene

Copy Number Variant - Deletions and duplications of DNA segments that are present in variable copy number
compared with a reference genome

Insertion - Addition of one or more nucleotide base pairs into a DNA sequence.

Deletion - Genetic aberration in which a part of a chromosome or a sequence of DNA is missing.

Candidate Gene Studies - Studies of a specific gene in which variation might influence the risk of a specific disease
or response to medication, usually because the gene is part of a biological pathway that is plausibly related to the
disease.

Family-based Studies - Study of genetic variations between an affected individual and his parents or siblings in an
attempt to identify the aberrant gene. This allows to account for the confounding environmental effects.

Pathway Studies - Simultaneous study of polymorphisms in multiple genes involved in a biological pathway

Genome-Wide Association Studies (GWAS) - An approach to gene mapping that involves scanning markers across
the entire genome to find associations between a particular phenotype and allelic variation in a population. This
methodology relies on the fact that the markers will be in linkage disequilibrium (see next) with polymorphisms truly
associated with the phenotype.

Linkage Disequilibrium - The occurrence of combinations of genetic variants at different loci at a frequency that
varies from what would be accounted for by chance. Also known as “allelic association” For example if variants A
and B occur at one locus and X and Y occur at another. If each time X is detected, A is detected, these variants X
and A are in linkage disequilibrium.
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Table 2

Factors Affecting the Likelihood that a Pharmacogenomic Association will Alter Practice

1. Frequency of the variant(s) of interest in the population

 -Increased frequency increases the likelihood that testing for the association will make economic sense and is
worthy of consideration.

2. Strength of the association between the polymorphism and the drug effect

 -The stronger the predictive value of the association the greater the potential utility of the test.

3. Impact of the making the “right” vs. “wrong” choice

 -If the consequences of the choice are associated with high morbidity then even if the frequency of the
polymorphism is low, it may still make sense to test especially if the strength of the association is high.
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Table 3

Impediments to Use of Pharmacogenomic Information

1. Detection of single polymorphism effects with only small effects on outcomes.

2. Variability in associations due to the effects of differing genetic backgrounds eg race or ethnicity.

3. Inadequate reproducibility in multiple populations.

4. Inadequate informatics support to clinicians.
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