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Acute lung injury (ALIl) is a common and frequently devastating
iliness characterized by acute hypoxemic respiratory failure, pro-
found inflammation, and flooding of the alveoli. Despite recent
advances in ALl care, the morbidity and mortality of ALI continues to
be unacceptably high. ALl-inciting events (e.g., sepsis, trauma,
aspiration, pneumonia) are quite common, yet only a fraction of
patients develop the syndrome. This heterogeneity of patients
presenting with ALI has sparked interest in identifying the role of
genetic factors that contribute to ALl susceptibility and prognosis.
Recent advances in high-throughput sequencing and expression
technologies now provide the tools to perform large-scale genomic
analyses in complex disorders such as ALI; gene expression profiling
and pathway analysis provide further insight into previously de-
scribed molecular pathways involved in the syndrome. In this article,
we describe the use of genomewide association studies, ortholog
in silico techniques, utility of consomic rat methods, and candidate
gene approaches using expression profiling and pathway analyses.
These methods have confirmed suspected ALl candidate genes (e.g.,
IL-6 and MIF), but more impressively have identified novel genes
(e.g., GADD45a and PBEF) not previously suspected in ALI. The anal-
ysis of the molecular pathways (e.g., the cytoskeleton in vascular
barrier regulation) has identified additional genes contributing to
the development and severity of ALI (e.g., MLCK), thereby providing
therapeutic targets in this devastating illness.
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GENETICS OF LUNG INJURY AND REPAIR

Acute lung injury (ALI) describes a syndrome characterized by
an acute onset of hypoxemic respiratory failure and bilateral
radiographic infiltrates in the absence of elevated left atrial
pressures (1). ALI, and its more severe form, acute respiratory
distress syndrome (ARDS), occur in an estimated 190,000 cases in
the United States every year and continue to carry an unaccept-
able mortality rate of 30 to 40%, despite recent advances in
treatment of the critically ill (2). Aggressive exploration into
pathogenesis of ALI occurring in conditions as varied as sepsis,
trauma, aspiration, or pneumonia (3) has highlighted the critical
role of severe inflammation and alveolar flooding by protein-rich
fluid due to increased vascular permeability, resulting in the
profound physiologic impairment characteristic of the syndrome.
However, despite recent increased systems biology-like under-
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standing of ALI (genes to populations), there remains a need to
explain the heterogeneity of patients with ALI and to improve
therapeutic options, which are currently severely limited in this
critically ill group of patients.

In prior work, we focused our efforts on two aspects of ALI
pathobiology: understanding the genetic factors involved in de-
termining ALI risk/severity and identifying novel biomarkers
to allow selection of susceptible populations and to drive new
therapies. The molecular basis of ALI, however, has proven
difficult to study due to the following factors: (1) the diversity in
stimuli capable of evoking lung injury, (2) the heterogeneous
nature of the syndrome itself, (3) the presence of varied comorbid
illnesses, (4) potential incomplete gene penetrance, and (5) com-
plex gene—environment interactions. Traditionally, the approach
to explain the molecular basis of complex disorders such as ALI
involved a “gene by gene” approach focusing on a putative sin-
gle gene/gene product important in disease pathogenesis. More
recently, a global gene approach has involved linkage studies
using DNA from afflicted families to query the genome using
known genetic “markers” that span the genome to identify
“genomic hot spots” associated with a given phenotype. This
has led to successes in identifying ALI genes, such as components
of inflammatory pathways (e.g., tumor necrosis factor [TNF]-B
and IL-10) (4, 5), genes encoding key alveolar products (i.e.,
surfactant protein B) (6-8), and genes involved in the coagulation
pathways (9). However, linkage studies of this type are labor
intensive and expensive and difficult to conduct in ALI as there is
rarely a family history of lung injury, the disease occurs sporad-
ically, and the effects of genetic polymorphisms on the suscepti-
bility and severity of ALI are likely modest at best.

In this report, we describe a variety of approaches to identify
genes and gene variations responsible for ALl in the era following
mapping of the human genome. The advent of high-throughput
gene sequencing and expression technologies, and complete
genome sequencing of model organisms, now provide the tools
to perform large-scale analyses of the genome in complex dis-
orders such as ALI. Whole genome scans, in silico approaches,
utilization of consomic rats, and a candidate gene approach
involving expression profiling and pathway analysis are proving
exceptionally useful in identifying novel candidate genes and
genetic variations.

DISCOVERING ALI SUSCEPTIBILITY GENES:
GENOMEWIDE ASSOCIATION APPROACHES

The concept that genetic factors may be involved in the de-
velopment of ALI was suggested by the possible association of
a previously known insertion/deletion polymorphism (D) in the
angiotensin converting enzyme (ACE) gene with worsened
mortality among patients with ARDS (DD genotype with four-
fold increase in mortality) (10). This landmark association study
set the stage for additional studies and approaches to more firmly
establish a genetic basis of ALI and to identify ALI candidate
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genes. Despite the availability of linkage techniques, given that
there is no known family inheritance of ALI susceptibility, no
linkage studies in ALI have ever been performed. However, high-
throughput whole genome scanning technology has become
a more powerful tool than linkage studies, particularly in detect-
ing disease susceptibility genes with modest effects. The In-
ternational HapMap Project (11), which identified blocks of
single nucleotide polymorphisms (SNPs) linked to each other,
has allowed selection of the most informative SNPs for further
disease association studies (12). Currently, the most common
high-throughput SNP platforms, the Illumina platform and the
Affymetrix SNP chip, involve high-throughput assessment of
nearly a million SNPs spanning the genome (i.e., genomewide
association studies [GWAS]). Both GWAS platforms are effec-
tive and have been successfully used in diverse disorders such as
age-related macular degeneration (13), inflammatory bowel
disease (14), and type 2 diabetes (15). Although this approach
has yet to be used in either ALI or sepsis, the application of
GWAS to these complex lung diseases is undoubtedly imminent.

DISCOVERING ALI SUSCEPTIBILITY GENES: IN SILICO,
GENOMIC, AND CONSOMIC APPROACHES

One method we have successfully used to identify ALI candidate
genes is an in silico ortholog gene approach. The thematic
underpinning of this approach is the hypothesis that patients
with ALI and preclinical animal models of ALI would exhibit
commonality in expression of evolutionarily conserved genes
across species. Using profiling results from more than 50 Affyme-
trix microarray chips obtained from ventilator-associated ALI
models (VALI) (human, rat, mouse, dog), we identified 3,077
genes whose expression was altered across all four species in re-
sponse to ventilator-associated mechanical stress (16, 17). Filter-
ing these results for unidirectional change in gene expression
(with >1.3-fold change) refined the list to 69 genes, reflecting
specific ALI-associated gene categories (modules/ontologies):

TABLE 1. EXPRESSION PROFILING FOR CANDIDATE GENE
SELECTION IN VENTILATOR-ASSOCIATED ACUTE LUNG
INJURY: IN SILICO APPROACH

Fold Change
Gene (ventilation vs.
Gene* Symbol control)
ALl related
Interleukin 18 IL-18 1.53
Interleukin 6 IL-6 1.84
Tissue factor/thromboplastin F3 1.52
Plasminogen activator inhibitor type 1 PAI-1 1.47
Cyclooxygenase Il COX2 1.79
Interleukin 13 IL-13 1.30
Aquaporin 1 AQP-1 -1.30
Plasminogen activator, urokinase receptor PLAUR 1.47
FGA, fibrinogen alpha; FGA 1.30
CCAAT/enhancer-binding protein C/EBP 1.40
Interleukin 1 receptor antagonist CCL2 2.00
Adrenomedullin receptor ADMR -1.35
VALI candidates
Chemokine (C-X-C motif) receptor 4 CXCR4 1.62
Gap junction protein, alpha 1 (connexin 43)  GJA-1 1.33
Interleukin 1 receptor, type Il ILTR2 1.88
Growth arrest DNA damage-inducible, alpha ~ GADD45« 1.71
B-cell translocation gene 1 BTG-1 1.38
Trefoil factor 2 (spasmolytic protein 1) TFF-2 —1.32

Definition of abbreviations: ALl = acute lung injury; VALI = ventilator-associated
acute lung injury.

* Candidate genes achieved more than 1.30-fold change in expression from
rat, murine, and canine models and human samples with ALI or VALI compared
with controls (P < 0.05).
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coagulation, inflammation, chemotaxis/cell motility, and immune
response. This approach identified multiple genes already recog-
nized as highly likely to play a role in ALI (IL-6, aquaporin 1
[AQP-1], plasminogen activator inhibitor type 1 [PAI-1]) (12,13,
22,31), as well as several novel genes not previously known to be
mechanistically involved in ALI (17) (Table 1).

One novel gene surviving this ortholog gene-filtering ap-
proach after mechanical stress is the growth arrest and DNA
damage-inducible 45a (GADD45a) gene (17), a member of
an evolutionarily conserved gene family whose expression in-
creases after genotoxic or environmental stress (18, 19). GADD45q,
a small, 21-kD, predominantly nuclear protein, induces G2/M
cell cycle arrest via direct inhibition of Cdc2—cyclinB1 complex,
induces G1/S cell cycle arrest through cyclin-dependent kinase
inhibitor p21, and interacts with proliferating cell nuclear an-
tigen (PCNA), a nuclear protein that plays a central role in
DNA repair (20). In addition, GADD45« induces apoptosis in
most cells but may also promote survival in hematopoetic cells
likely due to DNA repair functions (19). GADD45a maintains
genomic stability in a p53-responsive manner (21) and acts as
a negative regulator of T-cell proliferation (22).

Despite its multiple known functions, the role of GADD45a
in ALI, endothelial/epithelial barrier dysfunction, or repair of
injured lung is unknown (17). We and others have demonstrated
that GADD45a expression is increased in an LPS/mechanical
ventilation murine model (23) or by hyperoxic exposure (24, 25).
The GADD45a gene contains upward of 25 validated SNPs
(National Center for Biotechnology Information [NCBI| SNP
database) whose role in risk of development, severity, or recovery
from ALI is completely unknown (18). We recently validated the
potential importance of increased GADD45a expression in ALI,
demonstrating that GADD45a knockout mice experience increased
injury after LPS challenge (26) and are currently pursuing further
characterization of the role of GADD45a and its variants in VALL

Complementing the in silico approach described above, we
recently used a consomic rat approach to identify novel ALI gene
candidates (27). Two strains of inbred rodents were determined
to have differing susceptibility to VALI (20 cc/kg, 4 h): the
VALI-sensitive Brown Norway (BN) rat strain and the VALI-
resistant Dahl salt-sensitive (SS) strain. Using microarray anal-
ysis and a bioinformatics-intense candidate gene approach, we
identified 245 differentially expressed potential VALI genes with
ontologies such as transcriptional regulation, chemotaxis, and
inflammation (27). Because chromosomes 2, 13, 16, and 17 were
found to contain the highest density of VALI-response genes,
consomic SS rats containing substituted BN chromosome 13
were exposed to VALI mechanical stress resulting in conversion
of the resistant SS rat to VALI sensitivity (27). We are currently
exploring genes residing on chromosome 13 as potential ALI-
associated candidates involved in inflammation and blood co-
agulation, including the chemokine receptor 4 (CXCR4) gene
previously shown to be associated with ALI (27-29) (Figure 1).

DISCOVERING ALI SUSCEPTIBILITY GENES: CANDIDATE
GENE APPROACH-ENABLED GENETIC STUDIES

Similar to the GADDA45 studies described above, we have used
a “candidate gene approach,” which extends extensive expres-
sion profiling across preclinical ALI models and identifies ALI
gene candidates to determine allelic frequencies of gene poly-
morphisms (SNPs) that may confer ALI risk or severity of disease.
Cited below are several examples of genes identified via this
approach with hypothesized significant mechanistic roles in lung
injury, inflammation, or repair in the setting of ALI and VALI.

ALI displays significant variation in areas of maximal in-
volvement of the inflammatory process with the basilar and
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dependent areas of the lung being the most deranged. We hy-
pothesized that anatomic variation may reflect extremes of me-
chanical stress that occur with mechanical ventilation (30-32).
Using a canine model of unilateral saline-induced lung injury
replicating the regional tissue variation observed in the clinical
syndrome (confirmed by computed tomography scanning) (30,
31), we employed a candidate gene approach with site-specific
gene expression profiling to discover novel genetic contributors
to VALI (33). Tissues from the dependent areas of the injured
lung displayed significantly unique gene expression patterns
when compared with nondependent tissues, again reflecting gene
ontologies such as protein degradation, protein synthesis, blood
coagulation, and inflammation (33) (Figure 2).

Specific genes that were markedly altered in our preclinical
models of ALI included profound up-regulation of inflammatory
cytokines that drive the extent of inflammatory lung injury or
antiinflammatory cytokines that may potentially serve as thera-
peutic targets in ALI IL-6, a pleiotropic proinflammatory
cytokine that activates B and T cells and plays a significant role
in the acute phase response, is a well-known ALI biomarker with
increased levels associated with worsened outcome in both
animals and humans with ARDS, sepsis, and trauma (34, 35).
We identified markedly increased IL-6 levels in each ALI/VALI
model (mouse, rat, dog, humans with ALI) (17, 36), and pre-
liminarily evaluated IL-6 genetic variants that may affect pro-
duction and participate in ALI (36). Prior reported studies of IL-6
SNPsin ALI evaluated the commonly studied G/C IL-6 promoter
SNP at position —174 associated with reduced circulating levels of
IL-6 (37). The C allele and CC genotype frequencies were
reduced in intensive care unit (ICU) nonsurvivors, but failed to
identify an association with ALI susceptibility (38). A similar
study evaluated several IL-6 gene polymorphisms in a cohort of
critically ill patients with sepsis inflammatory response syndrome
(SIRS) failed to find an association between any single IL-6 SNP
and ALI (including the —174 G/C SNP), but did link increased
mortality and organ failure in sepsis patients with a three-SNP
haplotype (39). We recently reported genotyping results assess-
ing eight IL-6 SNPs from subjects of European descent with sepsis
and ALI as well as healthy control subjects and identified the
presence of an ALI-protective haplotype (40). This three-allele
haplotype includes the —174 G/C SNP and therefore conflicts
with the study by Sutherland and colleagues (39), which found
this SNP to be within a detrimental haplotype. Together, these
studies indicate that the influence of IL-6 polymorphisms in ALI
is complex, stimulus specific, and requires further exploration.

Another recognized ALI candidate gene and biomarker is
macrophage migration inhibitory factor (MIF) (41), a proinflam-
matory cytokine initially discovered as a soluble product of
activated T cells. MIF is produced by many cell types, including
monocytes/macrophages, pituitary cells, vascular endothelium,
and respiratory epithelium (42, 43), and may regulate cytokine
balance between the immune system and inflammation through
an ability to override the immunosuppressive effects of gluco-
corticoids and to up-regulate TNF-a expression (42-44). Several
studies (41, 43), including our own (45), have shown increased
MIF gene expression and protein levels in both the serum and
bronchoalveolar lavage (BAL) fluid of patients with ARDS as
well as enhanced MIF production in alveolar endothelium in
patients with ARDS when compared with other critically ill
patients. Interestingly, pretreatment of mice with anti-MIF anti-
bodies before exposure to LPS attenuates the lung injury (43),
suggesting a direct role in sepsis pathobiology. Recently, we used
a sepsis-induced ALI DNA cohort composed of patients of
African and European descent to examine eight MIF polymor-
phisms, including the most studied gene promoter G/C SNP at
position —173. Similar to IL-6, individual MIF SNPs were not
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significantly associated with either ALI or sepsis; however, sev-
eral MIF haplotypes located in the 3’ region of the gene displayed
strong association with ALI and sepsis, conferring both pro-
tection as well as susceptibility to ALI, in populations of
European and African descent (45). These results provide further
evidence for MIF as an ALI biomarker and therapeutic target
with a role in ALI pathogenesis.

Another example underscoring the power of the candidate
gene approach in selecting ALI genes was the identification of
pre-B-cell colony—enhancing factor (PBEF), a cytokine involved
in B-cell maturation whose expression was induced in amniotic
membranes during gestation and by proinflammatory mediators
(46, 47). Expression profiling in preclinical ALI animal models
and BAL fluid obtained from patients with ALI demonstrated
marked increases in PBEF expression with biochemical evidence
indicating PBEF as a novel biomarker in ALI (48). Supporting
the human and animal data, PBEF appears to have a role in
vascular barrier regulation via Ca?*-dependent cytoskeletal
rearrangement as well as in regulation of neutrophil apoptosis,
two essential features of the inflammatory response (49, 50).

Our mechanistic studies were accompanied by exploration of
PBEF genetic variants via an association analysis of sepsis-
induced ALI cohort. In this study, 11 SNPs were identified by
directly sequencing the PBEF gene in 36 subjects (12 healthy
controls, 12 with sepsis, and 12 with ALI) followed by genotyping
of two PBEF promoter SNPs (—1543 C/T and —1001 T/G) due to
their proximity to mapped transcription factor binding sites (48).
The G-allele of the —1001 T/G SNP increased promoter activity
and was found to have higher frequency in patients with sepsis-
mediated ALI In contrast, the T variant of the —1543 C/T SNP
resulted in a twofold decrease in promoter activity and conferred
ALI protection. The —1543C/—1001G haplotype displayed the
strongest association with ALI risk (threefold increase) as well as
increased risk of sepsis. In contrast, the —1543T/—1001T haplo-
type conferred ALI protection (48).

There is increasing appreciation that several requirements
need to be met before a specific polymorphism (SNP or in-
sertion/deletion) can be said to be truly associated with the
expression of a particular pathologic phenotype. We believe that
requirements to be considered in the assessment of specific
polymorphisms in human diseases include the presence of linkage
between the chromosomal site where the gene resides and the
speculated phenotype. PBEF resides on chromosome 7q22,
a genomic site associated with a number of inflammatory disor-
ders, such as inflammatory bowel disease (51), multiple sclerosis
(52), and asthma (53). In the absence of ALI family studies,
linkage studies are difficult, rendering this criterion as inapplicable
to ALI and therefore should be waived as a criterion for PBEF. A
second considered criterion is successful completion of an associ-
ation study that confirms linkage of the putative disease-associ-
ated polymorphism and the phenotype, a requirement fulfilled by
our initial report (48) in which we determined significant associ-
ation between PBEF promoter SNPs and ALI susceptibility. A
third, potentially important, criterion is replication of the geno-
type—phenotype association in a fundamentally distinct popula-
tion with the affected phenotype. Bajwa and colleagues recently
reported significant association between the above mentioned
PBEF SNPs —1543 C/T and —1001 T/G and ALI susceptibility in
a comparable but separate ALI population (54), thereby validat-
ing our earlier findings. Furthermore, the gene GC haplotype at
—1001G was associated with increased ICU mortality and the TT
haplotype at —1543T was associated with fewer ventilator days
and decreased ICU mortality (54). Two additional criteria to be
entertained (fourth and fifth) are the finding of the putative
polymorphism as a somatic mutation and the determination of
the functional consequences of the polymorphism. We are un-
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aware of somatic mutations in PBEF; however, our prior reports
(48, 50) describe the functional consequences of these two PBEF
SNPs on promoter activity. Thus, although the precise pathogenic
mechanisms by which PBEF affects ALI require further investi-
gation, PBEF represents an outstanding example of the candidate
gene approach in identifying viable candidate genes and func-
tional polymorphisms discovered that affect ALI susceptibility.

LPS
Mechanical Stress

EMS MIF PAI1
IL-6 GADD45 HSP70

C-MET PBEF S1P1

@
Yo

Figure 2. Genomic schema depicting pathobiological events in acute
lung injury. Mechanical stress and inflammatory stimuli (e.g., LPS)
activate both alveolar epithelium and endothelium, resulting in gene
activation facilitating inflammatory pathways, leukocyte diapedesis,
and increased vascular permeability. C-MET = mesenchymal-epithelial
transition factor; EMS = cortactin; GADD45 = growth arrest and DNA
damage-inducible 45a; HSP70 = heat shock protein 70; MIF = mac-
rophage migration inhibitory factor; MLCK = myosin light chain kinase;
PAIT = plasminogen activator inhibitor type 1; PBEF = pre-B-cell
colony—enhancing factor; S1P1 = shingosine 1 phosphate receptor.
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DISCOVERING ALI SUSCEPTIBILITY GENES: ANALYSIS
OF BIOLOGICAL PATHWAYS

Enabled by sophisticated bioinformatics methodologies and
increasing knowledge of the molecular and cellular mechanisms
of lung injury, candidate genes are also identified via analysis of
cellular pathways involved in ALI pathogenesis. As noted ear-
lier, a marked increase in lung vascular permeability is a hallmark
of ALI and reflects the loss of integrity of both endothelial and
alveolar epithelial cellular barriers. Barrier integrity is governed
to a major extent by cytoskeletal elements that provide the
scaffolding for cell architecture as well as the capacity to undergo
dynamic changes in cell shape. Genes encoding key cytoskele-
tal elements, such as cortactin and myosin light chain kinase
(MLCK), as well as receptors for barrier-regulatory agonists, such
as sphingosine-1 phosphate and hepatocyte growth factor, are
a fertile area of exploration for candidate SNPs likely to further
understanding of the workings of the vascular endothelial barrier
as well as associated signaling pathways (55-59) (Figure 3).

Figure 3. Cytoskeletal regulation of endothelial cell barrier function.
Depicted are the signaling pathways involved after cell surface growth
factor receptor ligation (S1P and HGF), which lead to cytoskeletal
rearrangement driven by components such as actin, myosin, cortactin
and MLCK. The enhanced formation of cortical actin rings results in
stabilization of cell shape, and an increase in vascular barrier function.
C-MET = mesenchymal-epithelial transition factor; HGF = hepatocyte
growth factor; MLCK = myosin light chain kinase; PAK = p21/cdc42/
racl-activated kinases; PI3K = phosphoinositide-3 kinase; racl = rac
GTPase 1; S1P = sphingosine-1 phosphate; tiam1 = T-cell lymphoma
invasion and metastasis 1.
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The gene for human MLCK (MYLK) encodes three proteins,
including both nonmuscle and smooth muscle MLCK isoforms
and telokin. We have shown the nonmuscle MLCK isoform is
centrally involved in the cytoskeleton rearrangement regulating
vascular barrier function and permeability, angiogenesis, endo-
thelial cell apoptosis, and leukocyte diapedesis, suggesting a pos-
sible mechanistic role for MLCK in the elaboration of ALI (60—
63). Nonmuscle MLCK-deficient mice (which retain the smooth
muscle MLCK isoform) are less susceptible to LPS-induced ALI
(64), whereas MLCK-overexpressing transgenic mice demon-
strate increased vascular permeability (65), indicating that non-
muscle MLCK expression is a major determinant of vascular leak
in the acutely inflamed murine lung. In addition, MLCK in-
hibition prevents the increased lung permeability produced by
thrombin (60, 61), LPS (64, 66), and mechanical stress (67).

To further evaluate the contribution of MYLK genetic var-
iations to ALI, we directly sequenced MYLK (32 exons and
2 kb of 5’ untranslated region) in 36 subjects (European- and
African-Americans with sepsis, sepsis-associated ALI, healthy
controls) and identified over 50 SNPs (58). SNP and haplotype
association analysis demonstrated strong association in sepsis
and sepsis-induced ALI (58) and a haplotype present only in
African-American subjects that may highlight potential genetic
contributions to observed differences between European- and
African-American patients with ALI/ARDS (68). The propen-
sity for MY LK SNPs to influence lung inflammatory disease was
validated recently in studies in which we described the contri-
bution of MYLK SNPs to trauma-induced ALI (69) and to
severe asthma susceptibility in two distinct African descent
populations (70, 71).

CONCLUSIONS

Although the genetic and pathologic mechanisms of ALI are not
yet fully understood, the advent of high-throughput molecular
technologies and availability of extensive bioinformatics data has
accelerated the discovery and validation of ALI candidate genes
(e.g., MIF and IL-6). Identification of evolutionarily conserved
genes that have altered expression in models of ALI/VALI has
further yielded novel candidates, such as GADD45a, a gene with
a promising but as yet undefined role in ALI. Regional lung gene
expression differences yielded the discovery of PBEF, a strong
ALI candidate as not only a biomarker but as a potential target
for therapy. Finally, it is highly likely that greater understanding
of the role of specific genes/proteins in pathways regulating ALI
pathogenesis and permeability (e.g., MLCK) will generate prime
targets for therapy in this devastating illness. Together, these
novel genomic and genetic approaches may prove exceptionally
useful in ushering in the era of personalized medicine for the
critically ill.
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