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Abstract
The integration of molecular, genomic, and clinical medicine in the post-genome era provides the
promise of novel information on genetic variation and pathophysiologic cascades. The current
challenge is to translate these discoveries rapidly into viable biomarkers that identify susceptible
populations and into the development of precisely targeted therapies. In this article, we describe
the application of comparative genomics, microarray platforms, genetic epidemiology, statistical
genetics, and bioinformatic approaches within examples of complex pulmonary pathobiology. Our
search for candidate genes, which are gene variations that drive susceptibility to and severity of
enigmatic acute and chronic lung disorders, provides a logical framework to understand better the
evolution of genomic medicine. The dissection of the genetic basis of complex diseases and the
development of highly individualized therapies remain lofty but achievable goals.

Increased morbidity and mortality from acute and chronic pulmonary disorders represent
sources of enormous health-care expenditures1-6 and mandate better understanding of lung
pathobiology. The unraveling of the genetic basis of complex pulmonary diseases such as
asthma, emphysema, acute lung inury (ALI), and pulmonary hypertension (PH) provides an
opportunity to improve the delivery of targeted therapies that reduce the suffering of patients
with these disorders. The challenge, however, historically has been daunting as traditional
methods of genetic research, with limited technologies, could only consider the study of
individual genes. The complexity of genomic structure and function, disease heterogeneity,
the influence of the environment on disease development and progression, and epigenetic
mechanisms also contribute to the challenge of mastering the genetic underpinnings of
complex lung diseases. Fortunately, in the era after the completion of the Human Genome
Project, the availability of multiple high-throughput genomic and genetic technologies now
allows elucidation of complex pathophysiology cascades produced by the carefully
orchestrated spatial and temporal regulation of tens to hundreds of genes and proteins. In
this article, we provide examples of the application of these emerging genomic tools as we
integrate genomic knowledge with clinical medicine. We discuss the use of several novel
and potentially useful approaches: whole genome linkage analysis scans, conventional
candidate gene and single nucleotide polymorphism (SNP)-based approaches, and
preclinical animal models of human disease. Ultimately, the promise of the post-genome era
is that the increased application of genomic technologies and innovative bioinformatics will
translate clinical-based discovery into the personalized medicine experience with the
development and identification of novel biomarkers, diagnostic strategies, prognostic
indicators, and targets for therapeutic intervention.
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PROBING THE GENOME USING LINKAGE ANALYSIS
The genome-wide search for genetic variants that underlie complex diseases consists of
narrowing down the genomic regions that are involved in disease susceptibility followed by
identification of the relevant gene(s) in this region. Linkage analysis traditionally has been
the initial method used to cosegregate common microsatellite markers spanning the genome
with a particular phenotypic trait. This method generally has involved the analysis of
generations of affected pedigrees or families. If excess sharing of the alleles harboring the
microsatellite or a polymorphism are found after genotyping large numbers of affected
sibling pairs, linkage is calculated reflecting the probability that the marker or
polymorphism in that chromosomal region is sufficiently near the actual gene variant that
confers susceptibility to the trait of interest. Once convincing evidence for linkage is
observed, the search continues to exactly identify the critical genetic variant within the
linked region (often a region of up to millions of base pairs) via finer gene mapping (Fig 1).
Linkage analyses detect the presence of a large effect from high penetrance loci and
originally were used successfully for mapping of rare disorders of Mendelian origin. For
example, one of the first genome-wide linkage studies led to the discovery of the cystic
fibrosis (CF) mutation in the CFTR gene (codon deletion at 508).7-10 Genome-wide linkage
searches in complex diseases have also led to significant findings in PH with 19 affected
individuals from 6 families revealing evidence for linkage with 2 chromosome 2q markers
that led to the discovery of mutations in the gene encoding the bone morphogenetic protein
receptor type II (BMPR2) (a member of the TGF-beta family) as the cause of familial
primary pulmonary hypertension.11,12 Additional linked regions have been localized to
chromosome 17p that are associated with lung cysts with spontaneous pneumothorax, which
are findings related to families with Birt–Hogg–Dub̀ syndrome, an inherited autosomal
genodermatosis also characterized by benign tumors of the hair follicle and renal tumors.13

Complex disorders are multifactorial by definition and evolve via the impact of many
moderate effect loci. Linkage analysis for complex disorders requires additional analytical
power to compensate for single gene-reduced effect size and penetrance. For example,
asthma has been screened by over 16 genome-wide scans designed to generate whole
genome linkage to map susceptibility genes in large asthma-containing family cohorts.
Table I17-39 contains a summary of unique linkage population studies performed to date for
multiple phenotypes related to asthma, as well as other pulmonary disorders, including PH
and CF. The success of a linkage analysis-based study relies on factors such as the level of
complexity of the disease, clarity of phenotype definition, and availability of family
members for the study. Each of these factors renders the use of genetic linkage unsuitable
for diseases such as ALI (Table I), where the disease is sporadic (lacking an observable
pattern of heredity) and an environmental exposure is necessary. The ambiguity of
phenotypes also challenges positional cloning analyses and has led to widespread use of
intermediary phenotypes (directly measurable or quantitative parameters) that are impaired
in a specific disease but that capture the phenotype of interest beyond simple categorical
descriptions. These parameters promise greater analytical power in quantitative regression-
based linkage models, and they define more precisely genomic regions associated with a
complex disease. For example, evidence for linkage in a 20-cM region of chromosome
7p14-p15 was identified for 3 phenotypes: asthma, a high level of IgE (atopy), and the
combination of the phenotypes.14 The strongest linkage was observed for high-serum IgE,
which is an intermediate quantitative trait related to asthma. However, by mapping genes for
only this feature, it is important to recognize that the full extent of the genetic variation that
causes asthma is unlikely to be characterized.

Similar phenotype designs have been applied in genetic linkage studies of other pulmonary
disorders, such as chronic obstructive pulmonary disease (COPD),30,40-42 where the
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phenotypes used were categorical (defined as “moderate airflow obstruction” and “chronic
bronchitis”)30 and, later, quantitative (spirometric measurements).42 These studies focused
on families with severe early-onset disease, which is hypothesized to represent the most
severe end of the COPD spectrum. Initial qualitative-based investigations failed to identify
linked regions with genome-wide significance, although several marginally linked regions
were present.30 Subsequent studies that included additional quantitative phenotypes such as
the FEV1/FVC ratio revealed stronger evidence for linkage on chromosome 2q.40,42 A
remaining challenge is how best to quantify the severity of lung disease. In CF, for example,
although the FEV1% of predicted is commonly accepted as reflecting severity of CF lung
disease, a nondiscriminatory comparison requires age-adjusted FEV1%, which can be
problematic, as the typical percent predicted correction is based on decline in lung volume
with age in “control” subjects without CF.43

GENETIC ASSOCIATION APPROACH
Although genetic linkage is a relatively inexpensive approach to positional cloning, several
shortcomings are apparent especially in cases where recruitment of an adequate number of
family cohorts is difficult. Linkage studies also typically lack precision and only point to
broad genomic regions, typically in the order of many millions of base pairs, where
numerous potentially disease-affecting loci reside. The application of linkage studies in
oligogenic disorders is problematic in terms of sufficient analytical power because of
reduced effect size and penetrance of the susceptibility loci. A conceptual alternative to
genetic linkage are genome-wide genetic association studies, which, similar to linkage
studies, rely on meiotic recombination to localize susceptibility variants. In contrast to
linkage, however, genetic association studies generally rely on the presence of stretches of
DNA that recently are coin-herited from the ancestral chromosomes and, therefore,
undisturbed by recombination. Because a variable number of polymorphisms are tightly
bound together, which are referred to as linkage disequilibrium (LD) or allelic association,
analysis of 1 variant provides information about association over several polymorphic
variants in LD with each other. Over-representation of alleles or genotypes in specific
phenotypic categories is evidence that the marker and the polymorphic variants in LD are
highly likely to be associated with the phenotype.

Genetic associations using SNPs in candidate genes have become the standard of association
tests and characterize candidate genes or specific genomic regions on a whole genome scale.
SNPs have several advantages over microsatellites, which often change gradually over time
and are prone to expansion during consecutive meioses. SNPs are more stable on a
population scale and are much denser (see dbSNP, http://www.ncbi.nlm.nih.gov/projects/
SNP/snp_summary.cgi). All of these polymorphisms are accessible to the public through
several databases, including the dbSNP, the HapMap Project (www.hapmap.org), and the
Perlegen (www.perlegen.com). Since typically only 2 alleles are present, both alleles have
an easily automatable genotype process and provide more analytical power through a
decreased number of degrees of freedom. A variety of study designs can be used by
researchers for association studies, including traditional case-control studies, cohort studies,
and family studies that consist of affected probands and probands' parents or siblings.

WHOLE GENOME-WIDE ASSOCIATIONS AND HIGH-THROUGHPUT
TECHNOLOGIES

A whole genome association analysis is the next step of technological development and was
enabled by 2 major developments. The first development was the successful completion of
the patterns of human LD in 3 major ethnoracial groups44,45 (HapMap Project), providing
novel insights into the scale of human genetic variation and the number of the markers
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necessary to capture this variation. For the first time, an extensive catalog of more than 3
million SNPs (Fig 2) became available along with information about how these variants
cluster together in haplotypes.45

Key advances in biotechnology also paved the way to whole genome association and linkage
studies by developing the simultaneous genotyping of many thousands of SNPs in single
assays, lowering resource utilization, labor costs, and processing time. Several platforms
such as Affymetrix and Illumina are currently in use, and, as their SNP number increases,
are becoming more popular with researchers. These genotyping systems are provided in
several versions (10, 100, 500,000, 1 million SNPs) with different template designs. One
platform includes a multiple microarray reaction where allele-specific oligonucleotide
probes hybridize with their DNA gene target.46 The number of SNPs covered varies with the
platform used and are selected arbitrarily on the basis of endonuclease cleavage site
availabilities. Other platforms, which are designed on a large number of allele-specific
oligonucleotides bound to glass beads, provide different scales of SNP coverage (ranging
from custom-made to over 500,000),47,48 where the DNA hybridizes to allele-specific
oligonucleotides contained in multiple beads in a hybridization pool. As no prior enzymatic
restriction is needed, these platforms incorporate LD patterns in the SNP selection strategy
providing more information from less representative SNPs.

Recently, a whole genome SNP linkage scan in 2 large Caucasian families with IPF revealed
linkage to chromosome 5p15.34 Within the linked region, sequencing was completed in a
candidate gene revealing multiple mutations in telomerase reverse transcriptase, which
encodes the catalytic component of telomerase, and 1 heterozygous mutation in TERC,
which is the essential RNA component of telomerase. Subjects heterozygous for these
mutations demonstrated telomere shortening and an increased susceptibility to developing
IPF.34 Association studies at a genomic scale have also been reported recently for several
phenotypes. The first lung study that included whole genome SNP arrays identified
ORMDL3, which is a gene that strongly predicted early-onset asthma in 3 independent
Caucasian cohorts.49 Although this finding will be subjected to the usual scientific scrutiny,
ORMLD3 is both important in terms of magnitude of effect in susceptibility and surprising
given its obscure functional role and location in a genomic region not previously isolated by
several genetic linkage analyses. The infancy of whole genome association studies limits full
estimation of the significance of these findings and the potential problems inevitably
associated with new methodologies. However, the results published thus far have suggested
several totally novel loci and offer the possibility of comprehensively (ie, on a whole
genomic scale) probing into the more elusive effects of simultaneous interaction among
several genetic loci.

Concomitant testing of a large number of polymorphisms requires large sample sizes to meet
stringent criteria for statistical significance. As with other association analyses, results from
whole genome associations are expected to be replicated in at least one other independent
cohort. The requirement for large cohort sizes, the need for replicates, and the relatively high
cost of recruitment with extensive genotyping have convinced many researchers and funding
agencies to unite their efforts and join resources in strongly powered study designs. These
consortiums have in the past allowed the identification of important loci that underlie
common human diseases. For example, the Wellcome Trust Case-Control Consortium
recently published findings on 7 diseases,50 (2000 cases for each disease and 3000 healthy
British controls), confirmed known disease loci (NOD2 and inflammatory bowel disease)
and reported novel genetic loci for susceptibility to type 2 diabetes.51
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CANDIDATE GENE APPROACHES
Whole genome association analysis was born out of the need to address the built-in
deficiencies observed for the single candidate gene association methodologies. In this latter
paradigm, specific genes are selected on the basis of existing knowledge of their function
and potential involvement in disease pathogenesis. This feature potentially precludes
identification of unsuspected genes or variants that can form the inheritable basis of a
disease phenotype, whereas a whole genome association analysis considers a priori
probabilities of association to be equal for all genomic regions. Candidate gene association
analyses have occasionally produced spurious “positive” association results caused by
multiple testing in a large number of small-scale studies with extremely small sample sizes.
52,53 Despite these limitations, however, significant evidence supports the utility of a
candidate gene approach and its capacity to discover novel genes for association analyses.

Macrophage migration inhibitory factor (MIF), which was originally named for inhibition of
random macrophage migration, is an inflammatory cytokine implicated in ALI and acute
respiratory distress syndrome (ARDS)54 and represents one powerful example of the
potential of a candidate gene association approach. MIF has since been characterized
extensively to be involved in a whole host of inflammatory pathways and expressed in a
variety of cell types (T cells, epithelium, endothelium)55-58 with increased MIF levels
present in the serum and bronchoalveolar lavage fluid of patients with ARDS.54 We
examined MIF gene and protein expression in preclinical murine and canine models of ALI
(using high tidal volume mechanical ventilation and endotoxin exposure) and in patients
with either sepsis or sepsis-induced ALI. MIF gene expression and protein levels were
increased significantly in each ALI model, with serum MIF levels significantly higher in
patients with either sepsis or ALI compared with healthy control subjects of either African-
descent or European-descent Americans.59 To extend the likely role for MIF in ALI and
sepsis susceptibility, we next assessed MIF SNPs in both conditions and studied the
association of 8 MIF SNPs (all within a 9.7-Kb interval on chromosome 22q11.23) in
African-descent and European-descent populations. Genotyping revealed several MIF
haplotypes in the 3′ end of the gene that were associated strongly with sepsis and ALI in
both populations.59 Thus, our combined functional genomic and genetic approaches suggest
that MIF is a relevant molecular target in ALI.

We have also previously studied SNPs in MYLK, the gene encoding myosin light chain
kinase (MLCK), a multifunctional protein involved in contraction, inflammation, and
apoptosis and whose expression is increased in both asthma and ALI. We sequenced exons,
exon–intron boundaries, and 2 Kb of 5′ UTR of MYLK, which revealed 51 SNPs, and
evaluated 28 SNPs for potential association with sepsis-associated ALI in a case-control
sample of European-descent subjects with sepsis alone, sepsis-associated ALI, or neither
(control), and a sample population of African-descent subjects with sepsis and ALI.60

Significant SNP associations were observed with the ALI phenotype in European-descent
subjects with unique SNPs also observed in African-descent subjects with ALI. Multiple
haplotypic analyses revealed an ALI-specific, risk-conferring haplotype at 5′ of the MYLK
gene in both European-descent and African-descent subjects and an additional 3′ region
haplotype only in African-descent subjects.60

With the involvement of MYLK in multiple aspects of the inflammatory response, we also
considered the possibility that MYLK SNPs are involved in the development of asthma,
which is a chronic inflammatory lung disorder. MYLK is located in 3q21.1, which is a
region noted by several genome-wide studies to show linkage with asthma and asthma-
related phenotypes.14,16,61-65 We investigated 17 MYLK genetic variants in European-
descent and African-descent Americans with asthma and identified a single nonsynonymous
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polymorphism (Pro147Ser) almost entirely restricted to African-descent populations with
severe asthma. These results remained highly significant after adjusting for proportions of
ancestry, and they may be related causally to the severe asthma phenotype in subjects of
African descent,66 results we validated in a Afro-Caribbean population.67 Taken together,
these data strongly implicate MYLK genetic variants as risk variants in inflammatory lung
disorders, such as ALI and asthma.60 We are currently exploring the potential for MYLK
SNPs to contribute to susceptibility to other chronic inflammatory disorders such as
inflammatory bowel disease and ischemia reperfusion injuries.

GENE-GENE, GENE-ENVIRONMENT, AND OTHER CONSIDERATIONS
The combination of increased power and the technological advances allowing concomitant
multiple genotyping have begun to yield novel information in the challenging area of genetic
factor interactions in particular phenotypes. Although gene–gene interactions likely play a
major role in vivo, most genetic epidemiologic studies to-date have been limited to the study
of the effect of single genes and often of single polymorphisms. Notable success stories of
disentanglement of conjoint effects of various genetic loci include identification of
interacting genes that affect susceptibility to bronchial asthma and identification of factors
that affect disease severity of cystic fibrosis in patients with established high-risk genotypes
in the CFTR gene.68

Gene–environment interactions also add to the complexity of and the challenge to our
understanding of the genome. Advances in our study designs are conditioned not only by the
usual genotyping and analytical constraints but also by the requirement of a solid
understanding of the epidemiologic risk factors for the given phenotype. Thus, these
interactions should not be considered in isolation as joint effects of different loci can also
interact with the surroundings. Despite this constraint, reports of successful identification of
such interactions are already being made. McIntire et al69 have described a lower likelihood
of the development of atopic sensitization in individuals with a history of Hepatitis A, who
are concomitantly predisposed with a specific genetic variant (157insMTTTVP).

Current genetic epidemiologic studies with a SNP-based approach, despite numerous
advantages, are powered only to identify common variants present in the general population
(as envisaged by the common variant–common disease theory),70 and do not account for
multiple variants with rarer individual frequency, which may have considerable phenotypic
effects.71,72 Chromosomal structural variation, like sequence variation, plays an important
role at the genetic level of both heritable and sporadic human disease. Copy number
variation73,74 and variations on the inversion patterns across the general population75

potentially impact biologic processes insufficiently assessed by the currently used
methodologies. Furthermore, association studies in a case and control settings are vulnerable
to the biasing effects of population heterogeneity (which lead to differences in allele
frequencies). Moreover, the common assumption that underlies association studies is that the
sample under study is representative of the population at large and the results can thus be
extended to a larger number of individuals. Although this assumption can be accurate, it is
also possible that hidden biases persist even in the best designed of analyses. A recent study
has highlighted the threat of ascertainment bias in genetic association analysis76,77 that can
only be made worse by factors that truly affect eligibility of participants in the studies. The
advantages of prospective cohort analyses should, therefore, be weighed carefully against
other more practical and economical retrospective recruitment of cases and controls. Finally,
identification of functional polymorphisms that mechanistically alter disease susceptibility is
often difficult in association studies because of the potential presence of extensive LD near
the associated markers that span large chromosomal regions and encompass other
significantly associated polymorphisms. Given these potential shortcomings of linkage and
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association studies, the application of functional genomics to link a particular genotype to
function and phenotype will require resource-intensive efforts and multidisciplinary
expertise in diverse areas such as bioinformatic sequence analysis, in vitro assays, and
experimental expertise in animal models of disease.

NOVEL ANIMAL MODELS: CONSOMIC AND CONGENIC RODENTS
The challenges in performing association or linkage studies in humans have resulted in a
trend toward using preclinical animal models of disease that minimize confounders and cost.
With mapping of both murine and rat genomes, extensive genomic infrastructure already has
been established providing excellent models to isolate genetic variants and to control for
environmental influences that commonly complicate human studies. Although rodent
linkage and association studies have been insightful for a variety of complex diseases,78-80

these approaches are time-consuming and laborious with large populations required to
achieve the statistical power necessary to narrow and define quantitative trait loci (stretches
of DNA that are linked closely to the genes that underlie the trait in question, QTLs). To
address these concerns, the construction of consomic and congenic strains of rats has now
been developed and in use.

A consomic rat strain is one in which an entire chromosome is introgressed into the isogenic
background of another inbred strain using marker-assisted selection techniques (Fig 3).81,82

Similarly, a congenic strain developed through this method contains only part of the
introgressed chromosome, which narrows the region of interest. The foundation for the
existing panels of consomic/congenic rats is based on the naturally occurring phenotypic
variation between the Brown Norway (BN) rat strain and either the Dahl salt sensitive (SS)
or a fawn hooded (FHH) strains. Thus, 2 consomic panels of rats have been constructed in
which 21 chromosomes from the BN rat were substituted individually into the genomic
background of either a SS or a FHH strain. Using these consomic strains, regions of the
genome that harbor the genes responsible for phenotypic differences between rat strains
have been mapped and catalogued in a library for 274 physiologic traits that relate to the
function of the kidneys, heart, vasculature, and lungs and to levels of circulating substrates
and hormones.83 Other advantages of consomics have been reviewed recently81 and detail
the platform's ability to develop congenic strains rapidly to fine map the physiologic
function and to define the impact of a causal gene region in a permissive genome.

We have used consomic rats to study ventilator-associated lung injury (VALI) candidate
genes by determining differential rat strain sensitivities to mechanical ventilation.84 For
example, introgressions of VALI-sensitive BN chromosomes 13 and 16 into the VALI-
resistant SS resulted in significantly increased inflammation (compared with parental SS
strain), which suggests that genes residing on BN chromosomes 13 and 16 confer increased
sensitivity to high tidal volume ventilation. Interestingly, previous animal studies have
identified several VALI/ALI candidate genes (IL-6, PAI1, CCL2, COX2) that map to these
chromosomes, which increases their potential role in the VALI phenotype. In addition to our
VALI study, other groups have examined respiratory regulation in response to hypoxia and
carbon dioxide and variation in the hypercapneic ventilatory response using consomic
strains.85 Finally, consomic strains have been employed successfully in the study of
pulmonary hypertension86 identifying the PH-resistant nature of the FHH or BN consomic
strain (with introgression of BN chromosome 1 into the genomic background of FHH)
compared with the PH-sensitive FHH parentals.

EXPRESSION PROFILING AND INNOVATIVE BIOINFORMATICS
The genetic models described above have the merit of studying the presence of DNA factors
related to specific phenotypes with the underlying concept that these variants alter proteins
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that exhibit different adverse quantitative or qualitative properties that cause an impaired
phenotype. Studies of transcriptional processes and genome-wide gene expression have the
advantages of assessing the final steps of the protein production process in both time and
space linked more closely to the phenotype development. Transcriptional changes are not
caused uniformly by inheritance with environmental exposure altering gene expression even
in the absence of polymorphisms. The mRNA transcription strategies complement other
above-described methods and capture a wide range of environmental exposures. Powerful
high-throughput gene and protein expression profiling techniques allow the simultaneous
and expeditious study of a single cell or a tissue of interest on a genome-wide scale. This
technology has the potential to grasp the complexity of human diseases, unencumbered by
preexisting gene-based hypotheses, and thus, has expanded the field of genomics. The most
common microarray expression profiling experimental design compares 2 conditions (eg,
normal vs disease or placebo vs drug). After a series of statistical filtering and normalization
for chip design, genes differentially regulated have a greater probability of involvement in
the molecular pathway associated with the phenotype or disease, which makes them
probable candidate genes and potentially therapeutic targets. Although these differentially
regulated genes represent potential mechanisms of disease, cause–effect relationships are not
determined easily because they may only participate indirectly in the pathway leading to the
disease or may merely reflect the organism's reaction to stress. The utility of microarray
technology, since its first application,87 has recently gained widespread popularity in the
study of pulmonary diseases as the method becomes more cost effective for the independent
investigator.88-95 For example, a transcriptional profile has been characterized for patients
with IPF compared against patients with normal lung tissue.96 One of the most distinctive
potential candidate genes, matrilysin, was analyzed further with a knockout mouse
investigation, which revealed the gene's protective role in bleomycin-induced pulmonary
fibrosis.96

We used microarrays in a unilateral canine model of VALI to assess regional cellular and
lung responses to local mechanical conditions that potentially contribute to lung injury.97

Highly significant regional differences in gene expression were observed between lung
apex/base regions as well as between gravitationally dependent/nondependent regions of the
base, with 367 and 1544 genes differentially regulated between these regions, respectively.
These comparisons provided a list of potential VALI candidate genes and a powerful
hypotheses-building platform for future investigations. This study also demonstrated one of
the most common challenges confronting microarray use—the interpretation of large
quantities of data generated by deriving a differential set of genes. This problem has fueled
the emergence of a new field of bioinformatics that manipulates the large biologic dataset
using various statistical, computational, and in silico analyses to produce a smaller, more
manageable, set of genes.

In the last 5 years, many novel and insightful techniques have furthered the application of
lung genomic strategies. For example, we have combined extensive gene expression
profiling studies in both animal (murine, rat, and canine) and human models of ALI with
bioinformatic methods linked to a Eukaryote Gene Orthologs database to narrow lists of
differentially regulated genes (Fig 4).98 Given that orthologs have evolved from common
ancestral genes and are presumed to retain a similar function despite speciation, overlapping
responses across species (to a common insult) might serve as a powerful filter to yield
information about conserved microarray-derived responses to injury. When orthologous
genes that exhibit similar patterns of differential gene expression across all species were
selected, the resultant smaller candidate gene pool included genes already under
investigation in ALI as well as several novel genes involved in processes and pathways not
previously suspected to affect ALI pathogenesis.98
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The combination of experimental results with existing knowledge can also be extremely
beneficial as it allows a more informed interpretation of results and provides more focused
observations for additional experimental work. Categorizing genes into functional groups
([ie, gene ontologies (GOs)], interaction networks, and biologic pathways can simplify large
lists and yield important information about overrepresented pathways involved in the
diseased state. We demonstrated recently the bioinformatic power of ontologies in
characterizing the genomic response of the multi-kinase inhibitor, sorafenib, in the
prevention of 2 rodent PH models (conventional mild hypoxia-based PH and severe PH
combining hypoxia with vascular endothelial growth factor receptor blockade, SU5416).99

Extensive expression profiling identified a small set of statistically significant
overrepresented GOs and allowed construction of a GO “profile” for each condition. Our
novel GO analysis99 implicated 2 overarching GO functional classes including “cell
proliferation” and “muscle contraction and development” that represent a unique PH
signature profile for sorafenib and provide pathway insights for future PH investigations.
This analysis powerfully demonstrates the potential for clinical translation as it relates to
personalized patient care.99

In addition to the development of innovative bioinformatic analyses, the integration of high-
throughput functional genomic technologies with established candidate gene approaches
(positional cloning strategies and animal models of disease) has increased the yield of
information from complex disease studies. One example is the identification of a new ALI
biomarker, pre-B-cell colony enhancing factor (PBEF). PBEF resides on chromosome 7q22,
a genomic site associated with several inflammatory disorders such as inflamma-tory bowel
disease, multiple sclerosis, and cystic fibrosis.100-102 A previously obscure gene, we
identified marked upregulation of PBEF in microarray analyses of various models of murine
and canine ALI and increased gene/protein expression in bronchoalveolar lavage fluid
samples from ALI patients.103-105 Given the impressive data that supports the role of PBEF
as a novel candidate gene for ALI, we performed a PBEF SNP-based association study104 in
ALI subjects of European and African-American descent. Genotyping of 2 PBEF SNPs
(positions C-1543T and T-1001G) determined significant associations with sepsis and ALI
with the strongest association found with the −1543C/−1001G haplo-type. Although we
have found these 2 PBEF SNPs, acceptance of an association or linkage of any specific
polymorphism (SNP or insertion/deletion) with a particular pathologic phenotype requires
several general criteria, including but not limited to the replication of the genotype-
phenotype association/linkage in a fundamentally independent panel with the affected
phenotype. As linkage studies are not feasible for ALI, a second report106 recently described
a significant association between PBEF SNPs −1543 C/T and −1001T/G and ALI
susceptibility in a comparable but separate ALI population. Interestingly, the −1543*−1001
GC haplotype was also associated with increased intensive care unit (ICU) mortality,
whereas the TT haplotype at −1543T with fewer ventilator days and decreased ICU
mortality.106 Although a causal relationship to a phenotype is not necessarily true for all
SNPs, proof of biologic function of a putative polymorphism to a particular phenotype also
supports the association. We are unaware of any somatic mutation studies of PBEF as an
approach to identify the direct functional consequence, but our prior reports104,105 describe
the functional consequences of the 2 PBEF SNPs on promoter activity. Therefore, although
the precise pathogenic mechanisms of the gene in ALI remain to be investigated, PBEF
represents a powerful example of the utility of integrating global genomic and candidate
gene approaches in identifying viable candidate genes and functional polymorphisms
(historically considered to be a daunting task with the use of linkage or association analyses
alone), and hence, it translates into a novel clinical biomarker.
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THE ROAD AHEAD…
The search for genes that influence the susceptibility to complex pulmonary phenotypes
remains a challenge. Even in monogenetic lung disorders with Mendelian inheritance
patterns (such as CF), many loci likely participate in producing the heterogeneity of clinical
outcomes in CF patients with identical F508 mutations.43 In the post-genomic era, however,
we are enabled by high-throughput DNA and RNA techniques, which are emerging
strengths in the field of bioinformatics, and by increasing availability of genetically
manipulated strains of animals for preclinical models of human disease. Although
microarray technologies, like other genomic approaches, have inherent weaknesses,107 and
steady-state gene expression differences alone cannot determine gene causality for a
particular disease, genomic studies have generated tremendous excitement and have moved
us closer to dissecting the genetic basis of common yet complex pulmonary disorders.

Translating this information from bench to bedside is a multidisciplinary challenge that
requires the consideration of philosophical, economical with cost- benefit analyses, societal,
cultural, behavioral, and educational differences between the private and the public sectors,
extent of scientific expertise, interdisciplinary communication, and clinical practice. As with
most complex diseases, the main effective therapeutic modality at a public health level is
probably through preventive medicine, which intuitively mandates the need for more
sensitive and specific biomarkers that can identify accurately the at-risk population before
the onset of symptoms. However, the positive predictive value of genes with modest effects
found from genomic studies may be specific for a phenotype but not sufficiently sensitive
for screening the general population. Still, knowledge of the genetic underpinnings of a
common disease can provide an array of advantages. Some of these advantages are apparent
in the design of clinical trials where predisposed individuals can be tested to assess the role
of environmental influences on a phenotype, to test prevention-based therapies, or for
prognostication determination, along with other potential avenues. Furthermore, treating a
disease with the same drug and dosage across all patient populations is increasingly
recognized as deficient in accounting for the genetic architecture of an individual, and the
field of pharmacogenetics, which applies pharmacology to polymorphisms, is growing
rapidly. Ultimately, these systems-biology types of approaches (genes to communities) will
significantly advance efforts to identify common genetic variants that account for complex
pulmonary disorders and holds the potential to deliver personalized care to patients with
complex lung disorders.

Abbreviations

ALI acute lung injury

ARDS acute respiratory distress syndrome

BN Brown Norway

CF cystic fibrosis

COPD chronic obstruction pulmonary disease

FHH fawn hooded

GO gene ontology

ICU intensive care unit

LD linkage disequilibrium

MYLK myosin light chain kinase
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MIF migration inhibitory factor

PBEF pre-B-cell colony enhancing factor

PH pulmonary hypertension

SNP single nucleotide polymorphism

SS salt sensitive

VALI ventilator-associated lung injury
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Fig 1.
Schematic representation of current genomic approaches in the study of complex diseases.
Linkage analysis customarily has been used for genome-wide searches for loci responsible
for susceptibility to diseases. However, the post-genomic era has generated high-throughput
technologies, including RNA-based microarrays and SNP platforms such as Affymetrix and
Illumina. These new methods permit the preferential use of genome-wide association
studies, which yield candidate genes that can be validated, functionally tested, and
ultimately translated to the development of novel diagnostic tests, disease biomarkers, and
the selection of patients for innovative therapeutic strategies.
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Fig 2.
Explosion in the number of recognized SNPs. As can be observed, the number of SNPs
exponentially grew with the mapping of the human genome (gathered from The National
Center for Biotechnology Information (NCBI) SNP database).
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Fig 3.
Schematic representation of the generation of a consomic strain. Parental strains with
contrasting phenotypic responses (susceptible vs resistant) are intercrossed to generate a
heterozygous F1 population, which is backcrossed with the parental SS strain to produce F2
progeny. F2 rats are then screened for a heterozygous genotype along the target
chromosome and, subsequently, backcrossed with the parental strain for 4–8 generations
using marker-assisted selection, which results in progeny with an isogenic SS background
for all but the target chromosome (in black). These offspring are then mated to produce
homozygotes for the chromosome of interest, which are then inbred to produce a stable
consomic strain. (modified from Cowley et al82).
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Fig 4.
Schematic representation of orthologous approach with microarray analyses to identify ALI-
associated candidate genes. Previously reported expression profiling analyses from murine,
rat, and canine ALI models as well as from human endothelium exposed to mechanical
stretch were analyzed to generate the orthologous gene profiles to a human array.
Significantly upregulated or downregulated genes were extracted using an overlap analysis
followed by gene ontology classification of the narrowed gene set.77
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Table I

Genome-wide scans of pulmonary disorders using linkage analysis*

Disease Number of studies

Asthma14–29 16

COPD30 1

Lung cancer31, 32 1

Tuberculosis33 1

Pulmonary hypertension12 1

CF10 1

Pulmonary fibrosis34, 35 2

Spontaneous pneumothorax13 1

Sarcoidosis36, 37 2

Normal lung function38 1

Pulmonary AV malformation39 1

Acute lung injury 0

*
Using the search terms “genome-wide search,” “genome-wide screen,” “genome-wide scan,” with “respiratory,” “lung,” “airway,” “pulmonary,”

and the respective diseases listed below, the table displays a list of all genome-wide scans conducted on original linkage populations for the list of
pulmonary diseases to date. Over 16 genome-wide scans have been performed to study asthma and asthma-related traits, however, an absence of
genome-wide scans exists in the study of acute lung injury (in bold).
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