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Sex-specific association of epidermal
growth factor gene polymorphisms with
acute respiratory distress syndrome

C.C. Sheu*#**, R. Zhai**, L. Su*, P. Tejera*, M.N. Gong”, B.T. Thompson*,
F. Chen* and D.C. Christiani**

ABSTRACT: Epidermal growth factor (EGF) is involved in alveolar epithelial repair, lung fluid
clearance and inflammation, and is regulated by sex hormones. An unmatched, nested case-control
study was conducted to evaluate the associations of EGF variants with acute respiratory distress
syndrome (ARDS) and the role of sex on the associations between EGF variants and ARDS.

Patients with ARDS risk factors upon intensive care unit admission were enrolled. Cases were
416 Caucasians who developed ARDS and controls were 1,052 Caucasians who did not develop
ARDS. Cases were followed for clinical outcomes and 60-day mortality. One functional single
nucleotide polymorphism (SNP), rs4444903, and six haplotype-tagging SNPs spanning the entire
EGF gene were genotyped.

No individual SNP or haplotype was associated with ARDS risk or outcomes in all subjects. Sex-
stratified analyses showed opposite effects of EGF variants on ARDS in males versus in females.
SNPs rs4444903, rs2298991, rs7692976 and rs4698803, and haplotypes GGCGTC and ATCAAG
were associated with ARDS risk in males. No associations were observed in females. Interaction
analysis showed that rs4444903, rs2298991, rs7692976 and rs6533485 significantly interacted
with sex for ARDS risk.

The present study suggests that associations of epidermal growth factor gene variants with
acute respiratory distress syndrome risk are modified by sex. The current findings should be

replicated in other populations.
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mong patients with sepsis, pneumonia,
A trauma and other triggering conditions,

only a subset will develop acute respira-
tory distress syndrome (ARDS), and only ~60% of
those developing ARDS will survive, suggesting
that genetics may influence the susceptibility to
and recovery from this syndrome. ARDS is
characterised by diffuse damage to the alveolar
barrier, which leads to increased permeability and
influx of protein-rich oedema into the interstitial
airspace. In addition to endothelial injury, epithe-
lial damage also plays an important role in the
development of and recovery from this disorder [1,
2]. The loss of epithelial integrity contributes to the
formation of alveolar oedema, while the repair of
epithelial injury and the restoration of alveolar
epithelial fluid transport function facilitate the
resolution of pulmonary oedema [2, 3].

Epidermal growth factor (EGF) is a key growth
factor among the ligands of EGF receptors
(EGFRs). The family of EGFs and receptors is
important in regulating cell growth, maturation,
function and maintenance in epithelial tissues [4].
It is suggested that acute lung injury elicits
growth factor responses that trigger repair
mechanisms to restore lung integrity [5]. Studies
show that EGF regulates bronchial and alveolar
epithelial repair after lung injury [6, 7]. Moreover,
EGF decreases alveolar epithelial junctional per-
meability, upregulates alveolar epithelial Na*-K*-
ATPase and increases lung fluid clearance [8-10].
Conversely, EGF has also been increasingly
regarded as a pro-inflammatory mediator. In
asthma, the EGFR pathway is involved not only
in the bronchial epithelial repair [11] but also
in lung inflammation [12]. EGF increases the
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SEX AND GENETIC SUSCEPTIBILITY TO ARDS

production of interleukin-8, modulates the inflammatory
effects of tumour necrosis factor-o, and enhances the
neutrophil-mediated immunity [13-15]. Taken together, EGF
might play a critical role in the pathogenesis of ARDS and,
therefore, EGF gene polymorphisms could be potential risks
for ARDS.

The EGF gene is located on chromosome 4 (4q25), spans
~99 kb and has 24 exons and 23 introns. Genetic variation
within the EGF gene has been studied in relation to the EGF
phenotype and disease susceptibility [16]. However, most of
these studies have focused on the single nucleotide poly-
morphism (SNP) rs4444903, the GG genotype of which is
associated with a higher secretion of EGF protein than the AA
genotype [17]. Recently, it has been recognised that a
haplotype-based tagging SNP approach can comprehensively
scan the common variation of an entire gene and provide
greater power than single-marker tests for genetic disease
association [18]. In addition, it is evident that the EGFR
signalling pathways are regulated by sex hormones [19-21].
Studies have shown sex differences for salivary and tear EGF
levels [22, 23], as well as the EGF effects in ulcer healing [24].
Moreover, sex-specific associations of EGF polymorphisms
with phenotypes have been found in schizophrenia [25, 26]. In
the current study, it was hypothesised that common genetic
variation of EGF is associated with the risk and outcomes of
ARDS, and that such an association is modified by sex. A
hospital-based, unmatched, modified, nested case-control study
of patients at risk for ARDS was conducted, and a haplotype-
tagging SNP approach was used to test the hypotheses.

METHODS

Study design and subjects

The current study is part of an ongoing molecular epidemiol-
ogy project investigating the influences of genetic factors on
the development and outcomes of ARDS. Details of the study
have been described previously [27]. Briefly, study subjects
were selected from patients admitted to the intensive care units
(ICU) at Massachusetts General Hospital (Boston, MA, USA)
from September 1999 to November 2006. Patients with clinical
risk factors for ARDS such as sepsis, septic shock, trauma,
pneumonia, aspiration or multiple transfusions were eligible
for inclusion (see supplementary material table 1). Exclusion
criteria included age <18 yrs, diffuse alveolar haemorrhage,
chronic lung diseases other than chronic obstructive pulmon-
ary disease or asthma, directive to withhold intubation,
immunosuppression not secondary to corticosteroid, and
treatment with granulocyte colony-stimulating factor.
Baseline characteristics and Acute Physiology and Chronic
Health Evaluation (APACHE) III scores were recorded on ICU
admission. The enrolled patients who fulfilled the American—
European Consensus Committee (AECC) criteria for ARDS
upon ICU admission or during the daily follow-up were
considered as ARDS cases, whereas at-risk patients who did
not meet the criteria for ARDS were considered as controls. All
enrolled patients with ARDS were then followed for clinical
outcomes and all-cause 60-day mortality after the development
of ARDS. To reduce the potential confounding from ethnic
backgrounds, only Caucasian (non-Hispanic white) patients
were analysed. A schematic of study design and patient
selection is illustrated in figure 1. The present study was
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approved by the Human Subjects Committees of the
Massachusetts General Hospital and the Harvard School of
Public Health (Boston). Written informed consent was
obtained from all subjects or surrogates.

SNP selection

The haplotype-tagging SNPs in the EGF gene were selected
based on the HapMap data [28] for the CEU population (Utah
residents with ancestry from northern and western Europe).
The multimarker tagging algorithm was used with criteria of
*>0.8 and minor allele frequency >0.1. The entire EGF gene
was covered, including 5 kb on each side of the gene encom-
passing the promoter and 3’ untranslated region (UTR). In
addition, a functional SNP rs4444903 (+61 A>G), which has not
been included in the HapMap data, was also used.

Genotyping

Genomic DNA was extracted from whole blood using the
Puregene DNA Isolation Kit (Gentra Systems, Minneapolis,
MN, USA). The selected SNPs of EGF were genotyped using
TagMans SNP Genotyping Assay (Applied Biosystems, Foster
City, CA, USA). Primers and probes were ordered from
Applied Biosystems. All PCR amplifications were performed
in a 384-well format on GeneAmpw PCR Systems 9700
(Applied Biosystems). The fluorescence of PCR products was
detected using the ABI Prismws 7900HT Sequence Detection
System (Applied Biosystems). Genotyping was performed by
laboratory personnel blinded to case-control status. A random
10% of samples were inserted in different 384-well plates as
duplicates for quality-control purposes. Two investigators
reviewed all genotyping results independently. The concor-
dance rate for the duplicate samples was >99% and the overall
genotyping success rate was 98.8%. Samples not yielding the
genotypes of all SNPs were excluded from analysis.

Statistical analyses

The homogeneity of baseline characteristics between the two
groups was tested by Fisher’s exact test for categorical
variables and by an unpaired t-test for continuous variables.
The differences of genotype distributions between groups were
compared using a Chi-squared test. SAS/Genetics was used to
calculate the allele frequencies, test the deviation from the
Hardy-Weinberg equilibrium (HWE), and estimate pairwise
D’ and 1* values for linkage disequilibrium (LD).

Haplotype frequencies were estimated from the unphased
genotype data in the combined population (cases and controls),
using the expectation maximisation algorithm as implemented
in SAS/Genetics (SAS Institute Inc.,, Cary, NC, USA). The
associations between EGF haplotypes and the risk and survival
of ARDS were analysed using the expectation-substitution
approach as implemented in the SAS macro Haplotype Scoring
for Generalized Linear Modeling and Haplotype-Disease Associ-
ation Tests (HAPPY) [29, 30]. This approach treats subject-
specific expected haplotype indicators, calculated by an additive
mode, as observed covariates for regression models. Haplotypes
with a frequency >5% in the total population were considered to
be common and the most common haplotype was used as the
referent in the regression model to assess the haplotype-specific
risk for ARDS. All other haplotypes were pooled into a separate
rare haplotypes category.
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TABLE 1

Baseline characteristics of study population

ARDS development

SEX AND GENETIC SUSCEPTIBILITY TO ARDS

ARDS 60-day mortality

ARDS Controls p-value Nonsurvivors Survivors p-value
Subjects n 416 1052 170 246
Age yrs 59+18 63+17 <0.001 67+15 53+18 <0.001
Male 246 (59.1) 641 (60.9) 0.554 100 (58.8) 146 (59.4) 0.920
APACHE III score 68+23 61421 <0.001 79+21 60+20 <0.001
ARDS risk factor
Sepsis 112 (26.9) 383 (36.4) <0.001 43 (25.3) 69 (28.1) 0.575
Septic shock 249 (59.8) 461(43.8) <0.001 111 (65.3) 138 (56.1) 0.067
Pneumonia 284 (68.3) 455 (43.3) <0.001 123 (72.4) 161 (65.5) 0.164
Aspiration 41 (9.9) 88 (8.4) 0.359 19 (11.2) 22 (8.9) 0.505
Multiple transfusion 37 (8.9) 126 (12.0) 0.097 17 (10.0) 20 (8.1) 0.600
Trauma 31 (7.5) 81 (7.7) 0.914 2 (1.2 29 (11.8) <0.001
Comorbidity
Post-operative 23 (5.5) 77 (7.3) 0.251 11 (6.5) 12 (4.9) 0.518
Diabetes 73 (17.6) 285 (27.1) <0.001 32 (18.8) 41 (16.7) 0.601
End-stage renal disease 25 (6.0) 55 (5.2) 0.610 15 (8.8) 10 (4.1) 0.058
Liver cirrhosis/failure 29 (7.0) 41 (3.9) 0.020 21 (12.4) 8 (3.3) <0.001
Metastatic cancer 12 (2.9) 51 (4.9) 0.115 9 (5.3) 3 (1.2 0.018
History of steroid use 44 (10.6) 94 (8.9) 0.323 27 (15.9) 17 (6.9) 0.005
History of alcohol abuse 60 (14.4) 105 (10.0) 0.017 27 (15.9) 33 (13.4) 0.482

Data are presented as mean+sb or n (%), unless otherwise stated. ARDS: acute

Evaluation.

A multivariate logistic regression was used to estimate the
genotype- and haplotype-specific odds ratio (OR) and 95%
confidence interval (CI) for ARDS risk. To evaluate the
associations of individual genotypes and haplotypes with
ARDS survival, the Cox proportional hazard model was used
to estimate the hazard ratio (HR) and 95% CI. Covariates for
the logistic regression and Cox models included age, sex (not
included in sex-stratified analyses), APACHE III score and the
potential risks for ARDS development and mortality based on
univariate analysis. Global tests for the associations between
haplotypes and ARDS risk and survival were carried out using
the likelihood ratio test. For statistically significant associa-
tions, adjusted p-values were calculated to correct for multiple
comparisons, using the false discovery rate (FDR) procedure of
BENJAMINI and HOCHBERG [31]. The gene—sex interactions were
examined by sex-stratification and their strength was evalu-
ated in multivariate logistic regression models including an
interaction term. A two-sided p-value <0.05 was considered to
be statistically significant.

RESULTS

Study population

The flow diagram of patient selection in the present study is
illustrated in figure 1. The baseline characteristics of the
current study population, including 416 ARDS cases and
1052 at-risk controls, are shown in table 1. Patients who
developed ARDS were younger and had higher APACHE III
scores than those who did not develop ARDS. Among patients
with ARDS, the survivors were younger and had lower
APACHE 1II scores than the nonsurvivors. There were no
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respiratory distress syndrome; APACHE: Acute Physiology and Chronic Health

differences in sex distributions between ARDS patients and
controls, or between ARDS survivors and nonsurvivors. The
comparisons of ARDS risk factors and comorbidities between
ARDS patients and controls, and between ARDS survivors and
nonsurvivors, are also shown in table 1. The comparisons of
clinical characteristics between males and females are pro-
vided in the online supplementary material table 2.

SNP selection and genotype frequencies

Seven SNPs of the EGF gene were selected for the current
study. In the order of 5’ to 3’, they were: the functional SNP
rs4444903 and six tagging SNPs, 152298991, rs11568993,
rs6850557, rs7692976, rs4698803 and rs6533485 (table 2). All
SNPs conformed to HWE, with the exception of rs6850557
(FDR adjusted p<0.05), which was then excluded from further
analyses. Pairwise LD analysis revealed that all alleles among
selected SNPs are in high LD (online supplementary material
figure 1).

The alleles, locations, chromosome positions and minor allele
frequencies of these seven SNPs are presented in table 2. The
minor allele frequencies for ARDS and controls were not
different in all subjects for all SNPs, but were significantly
different in males for rs7692976 and rs4698803 (p=0.030 and
p=0.024, respectively). The genotype distributions are shown
in the online supplementary material table 3. No differences in
genotype frequencies were found between ARDS and controls
in all subjects, between males and females, or between ARDS
survivors and nonsurvivors. However, the sex-stratified
analyses showed that the genotype frequencies of rs4444903,
1s7692976 and rs4698803 were significantly different between
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ICU admission screened,
Sept 1999 to Nov 2006 (n=26580)

!

Admitted to ICU with required risk factors for
ARDS and not met exclusion criteria (n=2645)

No consent because of refusal
(n=318), lack of surrogate

*  (n=467), or death prior to

consent obtained (n=136)

Excluded due to previous
history of ARDS or
previous enrollment as
controls (n=96)

Enrolled into prospective cohort and followed
for development of ARDS (n=1628)

4% Non-Caucasian (n=134)

Enrolled into the present study and subject to
genotyping (n=1494)

Excluded from analysis due
to missing genotype
data (n=19)
or clinical data (n=7)

i
Did not develop ARDS
(Controls; n=1052)

Developed ARDS
(Cases; n=416)
N
Nonsurvivors
(n=170)

Survivors
(n=246)

FIGURE 1. Schematic of study design and patient selection. ICU: intensive
care unit; ARDS: acute respiratory distress syndrome.

ARDS and controls in males (p=0.029, p=0.037 and p=0.032,
respectively; online supplementary material table 4).

Associations between EGF variants and ARDS risk

Considering all subjects as a whole, none of the individual
SNPs were significantly associated with ARDS risk (table 3).
Upon stratification by sex, the variant genotypes of rs4444903

C.C. SHEU ET AL.

(OR 1.64, 95% CI 1.17-2.31; p=0.005), rs2298991 (OR 1.50, 95% CI
1.07-2.11; p=0.019) and rs7692976 (OR 1.64, 95% CI 1.17-2.31;
p=0.005) were found to be associated with increased risks, while
the variant genotypes of rs4698803 (OR 0.67, 95% CI 0.48-0.96;
p=0.025) were associated with reduced risks of developing
ARDS in males. In females, none of the associations between EGF
variants and ARDS risk were significant. However, the effects of
variant genotypes on ARDS risk were observed to be opposite
from those in males for five of the six SNPs.

There were five common haplotypes (frequencies 30.6, 29.0, 14.0,
8.8 and 7.5%) inferred from the six polymorphisms analysed.
Similar with the results from genotypes analyses, a significant
association between haplotypes and ARDS risk was observed
only in the male subgroup, in which the global test for
association was significant (likelihood ratio test p=0.005;
table 3). In addition, Hap2 (GGCGTC) was associated with an
increased ARDS risk (OR 1.35, 95% CI 1.00-1.81; p=0.048),
whereas Hap3 (ATCAAG) was associated with a reduced ARDS
risk (OR 0.64, 95% CI 0.44-0.94; p=0.022). The haplotype-specific
associations were assessed in one regression model, thus
correcting for multiple comparisons is not necessary.

Associations between EGF variants and clinical outcomes
of ARDS

The clinical outcomes of ARDS patients among different
genotype groups are shown in the online supplementary
material table 5. In 28 days since ARDS diagnosis, no signifi-
cant differences in ICU-free days, ventilator-free days, success-
ful extubation rates and mortality rates were observed between
genotypes of all SNPs. The 60-day mortality rates were also not
different between genotypes. In analyses stratified by sex (data
not shown), male ARDS patients with variant genotypes of
rs4698803 had a higher successful extubation rate (68.7 versus
54.2%; p=0.043) and more ventilator-free days (11.9 +9.8 versus
8.5+9.7 days; p=0.014) than those with wildtype homozygote.
There were no differences in clinical outcomes between
genotypes in females.

None of the EGF genotypes or haplotypes were significantly
associated with ARDS 60-day survival in all subjects, or in male
and female subgroups (table 4). Only Hap3 was marginally

ay.\:{B5F 8 Summary of seven single nucleotide polymorphisms (SNPs)

SNP Allele Location Position” Minor allele frequency (ARDS/controls) HWE p-value’
All subjects Male Female

rs4444903 A>G 5" UTR 111053559 0.436/0.416 0.441/0.393 0.429/0.453 0.140
rs2298991 ™>G Intron 11 111111461 0.433/0.421 0.439/0.400 0.424/0.453 0.169
rs11568993 C>T Exon 13 111116764 0.096/0.095 0.083/0.094 0.115/0.097 0.592
rs6850557 G>A Intron 18 111130464 0.359/0.347 0.364/0.333 0.353/0.367 <0.001"
rs7692976 A>G Intron 18 111131016 0.440/0.417 0.455/0.399° 0.418/0.447 0.134
rs4698803 T>A Exon 19 111133876 0.168/0.192 0.152/0.199° 0.191/0.181 0.026
rs6533485 G>C Intron 22 111147012 0.499/0.491 0.504/0.481 0.509/0.494 0.630

ARDS: acute respiratory distress syndrome; HWE: Hardy-Weinberg equilibrium; UTR: untranslated region. #: chromosome positions based on the National Center for
Biotechnology Information Build 36; ¥: Chi-squared test for deviation from the HWE equilibrium in all controls; *: false discovery rate adjusted p-value <0.05; °: p-value by

Chi-squared test <0.05.
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11::1E 55 Associations between epidermal growth factor gene variants and acute respiratory distress syndrome (ARDS) risk

All subjects™ Male’ Female®
OR (95% CI)* p-value OR (95% CI)* p-value OR (95% CI)® p-value

Genotype’

rs4444903 1.22 (0.94-1.59) 0.134 1.64 (1.17-2.31) 0.005" 0.74 (0.48-1.13) 0.165

r$2298991 1.13 (0.87-1.46) 0.367 1,50 (1.07-2.11) 0.019" 0.68 (0.45-1.04) 0.077

rs11568893 0.88 (0.64-1.21) 0.435 0.86 (0.56-1.32) 0.488 0.90 (0.55-1.48) 0.678

rs7692976 1.21 (0.94-1.58) 0.145 1.64 (1.17-2.31) 0.005"" 0.73 (0.48-1.11) 0.140

rs4698803 0.83 (0.64-1.09) 0.178 0.67 (0.48-0.95) 0.025"" 1.10 (0.72-1.69) 0.650

rs6533485 1.06 (0.80-1.39) 0.707 1.39 (0.96-2.02) 0.080 0.66 (0.42-1.03) 0.068
Haplotype

Global test”# 578" 0.328 16.99° 0.005 275" 0.738

Hap1 (ATCATG) Reference Reference Reference

Hap2 (GGCGTC) 1.10 (0.88-1.38) 0.403 1.35 (1.00-1.81) 0.048 0.76 (0.53-1.10) 0.147

Hap3 (ATCAAG) 0.80 (0.60-1.06) 0.118 0.64 (0.44-0.94) 0.022 1.02 (0.65-1.60) 0.941

Hap4 (GGTGTC) 0.91 (0.65-1.26) 0.550 0.87 (0.55-1.36) 0.538 0.91 (0.55-1.49) 0.705

Hap5 (ATCATC) 0.93 (0.64-1.34) 0.681 0.88 (0.55-1.42) 0.605 1.00 (0.54-1.87) 0.993

All others (frequency <5%) 1,11 (0.81-1.52) 0.528 1.22 (0.81-1.84) 0.332 0.85 (0.50-1.43) 0.532

OR: odds ratio; Cl: confidence interval. #: n=1,468; !: n=887; *: n=581. *: adjusted for age, sex, Acute Physiology and Chronic Health Evaluation (APACHE) Il score, all
risk factors for ARDS (table 1), diabetes, liver cirrhosis/failure and alcohol abuse. APACHE Il score was revised to remove age and arterial oxygen tension/inspiratory
oxygen fraction, to avoid colinearity. Sex was removed from the model during sex-stratified analyses. *: wildtype homozygote of each single nucleotide polymorphism was
considered as reference. ##: likelihood ratio test with five degrees of freedom."’: false discovery rate (FDR) adjusted p-value <0.05. **: Chi-squared.

associated with decreased mortality in male ARDS patients
(HR 0.57, 95% CI 0.31-1.05; p=0.069).

Gene-sex interaction for ARDS risk

The interaction analyses showed that the variant genotypes of
154444903, 152298991, rs7692976 and 1rs6533485 significantly
interacted with sex for ARDS risk (p-values for interaction
0.010, 0.010, 0.007 and 0.021, respectively; table 5). Because sex
hormone activities decrease with age, the current authors
further stratified the interaction analysis by age. In order to
have the largest statistical power, the median age was used for
stratification. The gene-sex interactions were found to be even
stronger in the younger group (age <65 yrs), but were not
significant in the elder group (age >65 yrs), whose sex
hormone effects were expected to be less active.

DISCUSSION

In the present study, the associations of EGF variants with ARDS
risk and outcomes, and the role of sex in the association between
EGF variants and ARDS were comprehensively evaluated. The
common EGF variants were found to be associated with ARDS
risk in a sex-specific manner. Variant genotypes of rs4444903,
rs2298991, rs7692976 and rs4698803 and haplotypes GGCGTC
and ATCAAG were associated with ARDS risk in males.
Although no significant associations were found in females,
the current authors observed that the associations of EGF
variants on ARDS development in females were mostly opposite
to those observed in males. Such gene-sex interaction was
further supported by the results from interaction analyses.
Conversely, EGF variants did not significantly influence the
ARDS outcomes and survival in the present study.

EUROPEAN RESPIRATORY JOURNAL

EGF was first discovered in submaxillary glands of adult male
mice, while human EGF (B-urogastrone) was first isolated from
urine. The 6-kDa human EGF consists of 53 amino acids. It is
initially synthesised as a transmembrane glycoprotein pre-
cursor (prepro-EGF) of 1,207 amino acids, and is then pro-
cessed through a pro-EGF stage to a mature EGF protein [32,
33]. The large prepro-EGF polypeptide contains the EGF
subunit and eight additional EGF-like subunits, the biological
significance of which is unknown [32]. The heparin-binding
160-kDa pro-EGF, isolated from human urine, has been shown
to be biologically active [33]. However, there seem to be
increasing reports of molecular heterogeneity in mature EGF.
The biological properties and physiological significance of the
EGF precursors and the heterogeneity of mature EGF remain to
be elucidated [34].

The EGF gene in humans is located on chromosome four. As
for functional polymorphisms, the variant G allele of rs4444903
has been associated with a higher secretion of EGF protein
than the A allele. The mechanism by which EGF levels are
modulated has been recently proposed in a study of hepato-
cellular carcinoma risk [35]. Transcripts from the G allele
exhibit a longer half-life than those from the A allele, thus the
EGF mRNA and EGF protein are increased in cell lines with
more copies of G in the genotype. In the current study, the
variant genotypes (AG/GG) of this polymorphism significantly
predisposed at-risk male patients to develop ARDS but were
not associated with better clinical outcomes, suggesting that
higher EGF levels in the early phase might contribute to the
pathogenesis of ARDS, possibly through the pro-inflammatory
properties of EGF. Conversely, the proposed function of EGF
to facilitate epithelial repair and alveolar fluid reabsorption
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1):\:{B =58 Cox proportional hazard analysis of associations between epidermal growth factor gene variants and 60-day survival in
patients with acute respiratory distress syndrome (ARDS)

All ARDS* Male’ Female*
HR (95% CI)* p-value HR (95% CI)® p-value HR (95% CI)* p-value

Genotype’

rs4444903 0.93 (0.67-1.29) 0.662 0.84 (0.54-1.32) 0.452 1.09 (0.66-1.83) 0.731

rs2298991 0.86 (0.62-1.20) 0.378 0.76 (0.48-1.19) 0.229 1.06 (0.63-1.77) 0.829

rs11568893 0.76 (0.49-1.17) 0.213 0.95 (0.53-1.68) 0.849 0.58 (0.28-1.20) 0.142

rs7692976 0.88 (0.63-1.23) 0.460 0.73 (0.46-1.16) 0.179 1.12 (0.67-1.86) 0.664

rs4698803 0.88 (0.62-1.24) 0.470 0.70 (0.43-1.15) 0.137 1.11 (0.66-1.89) 0.689

rs6533485 0.75 (0.53-1.06) 0.102 0.68 (0.42-1.10) 0.112 0.86 (0.51-1.46) 0.577
Haplotype

Global test”# 260" 0.761 5.6411 0.343 6.93"" 0.226

Hap1 (ATCATG Reference Reference Reference

Hap2 (GGCGTC) 1.03 (0.77-1.38) 0.840 0.79 (0.52-1.20) 0.267 1.32 (0.85-2.05) 0.222

Hap3 (ATCAAG) 0.93 (0.63-1.38) 0.734 0.57 (0.31-1.05) 0.069 1.37 (0.79-2.39) 0.268

Hap4 (GGTGTC) 0.79 (0.51-1.22) 0.287 0.91 (0.48-1.70) 0.759 0.62 (0.31-1.22) 0.166

Hap5 (ATCATC) 0.84 (0.52-1.34) 0.462 0.83 (0.45-1.53) 0.545 0.89 (0.42-1.92) 0.774

All others (frequency <5%) 1.13 (0.76-1.67) 0.548 1.28 (0.78-2.11) 0.336 0.95 (0.47-1.89) 0.872

HR: hazard ratio; Cl: confidence interval. #: n=416; 1: n=246; *: n=170. *: adjusted for age, sex, Acute Physiology and Chronic Health Evaluation (APACHE) Ill score,
septic shock, pneumonia, trauma, end-stage renal disease, liver cirrhosis/failure, metastatic cancer, recent use of steroid and treatment with activated protein C. APACHE

Il score was revised to remove age to avoid colinearity. Sex was removed from the model during sex-stratified analyses. /: wildtype homozygote of each single nucleotide
polymorphism considered as reference. ##: likelihood ratio test with five degrees of freedom. *¥: Chi-squared.

might not be decisive in the recovery from ARDS. Hap2
(GGCGTC), carrying the variant alleles of rs4444903, rs2298991,
rs7692976 and rs6533485, was identified as a common haplo-
type associated with increased ARDS risk in males. The variant
genotypes of these four SNPs were all associated with
increased ARDS risk (p<<0.05 for the first three SNPs; p=0.08
for rs6533485). Based on the established functional significance
of rs4444903, the positions of SNPs (rs4444903 is in the 5’ UTR;
the other three are in introns) and the high degree of pairwise LD
within these SNPs (D" >0.85), the present authors inferred that
the associations of rs2298991 and rs7692976 with ARDS observed
in genotype analysis were mediated by their LD with rs4444903.

SNP rs4698803 is a missense T>A polymorphism located in
exon 19 of the EGF gene, causing an amino acid substitution
(V920E). The A allele of rs4698803 was identified as a poten-
tially protective allele against ARDS. Based on the current
authors’ tagging algorithm, this SNP did not tag any other
SNPs in the EGF gene. Hap3 (ATCAAG), carrying the variant
allele of rs4698803 and the wildtype alleles of all other SNPs,
was also identified as a potentially protective haplotype
against ARDS. The present results from genotype and haplo-
type analyses suggest that rs4698803 is independently asso-
ciated with ARDS. Future studies are needed to understand
whether and how this single amino acid mutation, V920E,

1y:\:{B 558 Genotype—sex interactions for acute respiratory distress syndrome (ARDS) risk

Genotype-sex interaction All subjects™

Age <65 yrs' Age >65 yrs*

OR (95% CI)® p-value’ OR (95% CI)* p-value’ OR (95% CI)® p-value’
rs4444903-sex 2.01 (1.18-3.43) 0.010%# 250 (1.18-5.33) 0.017%# 1.55 (0.72-3.33) 0.261
rs2298991-sex 2.02 (1.18-3.43) 0.010%# 2.67 (1.26-5.69) 0.011## 1.44 (0.67-3.07) 0.350
rs11568893-sex 0.99 (0.52-1.89) 0.973 1.20 (0.49-2.96) 0.688 0.69 (0.26-1.85) 0.464
17692976 sex 2.07 (1.22-3.54) 0.007%# 3.08 (1.45-6.57) 0.004%# 1.32 (0.62-2.82) 0.473
rs4698803-sex 0.64 (0.37-1.09) 0.100 0.68 (0.32-1.48) 0.336 0.61 (0.28-1.30) 0.200
rs6533485-sex 1.96 (1.11-3.46) Oloz(kEe 2.46 (1.09-5.56) Olosikes 1.46 (0.66-3.26) 0.353

OR: odds ratio; Cl: confidence interval. Females with wildtype homozygote of each single nucleotide polymorphism were used as a reference. *: n=1,468; 1: n=736; *:
n=732; *: for interaction in multivariate logistic regression models, adjusted for age, sex, Acute Physiology and Chronic Health Evaluation (APACHE) Il score, all risk
factors for ARDS (table 1), diabetes, liver cirrhosis/failure and alcohol abuse. APACHE Il score was revised to remove age from the score, to avoid colinearity. /: for

interaction. *#: false discovery rate adjusted p-value <0.05.
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might alter the biochemical function of the EGF precursor and
mature EGF protein.

A sex difference similar to that found in the current study has
also been observed in the association studies of EGF with
schizophrenia. The G allele at SNP rs4444903 is associated with
the age of onset in male patients with schizophrenia, but not in
females [25, 26]. The sex difference in the genetic influence of
EGF on ARDS might be explained by the sex- and tissue-
specific regulation of EGFR signalling pathways by sex
hormones. In the present study, the gene—sex interaction was
not significant in the elder group, whose sex hormone effects
are expected to be less active. It is evident that there is crosstalk
between sex hormone receptors and EGFR pathways. In lung
development, the expression and activity of EGFR appears to
be sex specific and cell specific [21]. Androgen treatment has
been shown to decrease EGFR density and EGF-induced auto-
phosphorylation of EGFR in foetal rabbit lung [19]. Conversely,
oestrogen upregulates the expression of EGFR, whereas proges-
terone upregulates the expression of 133- and 71-kDa immuno-
reactive EGF (the prepro-EGF-like proteins) in uterine
leiomyoma cells [20]. Indeed, the impacts of sex and sex
hormones on acute lung injury have been studied in animal
models. Androgens appear to be detrimental while oestrogens
tend to be protective in the pathogenesis of acute lung injury [36].

To the current authors” knowledge, the present study is the
first to use the haplotype-tagging SNP approach to investigate
genetic susceptibility to ARDS. A major advantage of this
approach is that it allows a cost-effective identification of
common susceptibility alleles across the entire gene region. In
addition, the current study is so far the largest report for
genetic epidemiology of ARDS and, thus, provided more
statistical power to detect genetic associations with ARDS,
particularly in sex-stratified analyses. Another major strength
of the present study is its study design. The AECC definition
was used for ARDS diagnosis, in order to clearly define the
phenotype prospectively. The at-risk critically ill patients were
selected as controls, to reduce the possible confounding from
associations between candidate polymorphisms and predis-
posing conditions for ARDS. Furthermore, the analysis was
restricted to a single ethnic group, thus minimising false
results due to population stratification.

One of the limitations in the current study is that neither EGF
nor sex hormone levels were determined, thus the functional
significance of the EGF genotypes and haplotypes on ARDS
and their interactions with sex hormones remain to be further
defined. Although this is so far the largest population available
for ARDS association study, the present authors might not
have had adequate power to detect the association of EGF
variants on ARDS survival with 416 ARDS cases, particularly
when it was expected to be small because the resolution of
lung oedema and injury contributes only partially to surviving
ARDS. Since the current study included only a single cohort,
the present findings need to be validated in other independent
populations. Finally, the current results are based on
Caucasian subjects and additional studies in other ethnic
groups will be needed.

In conclusion, the present study demonstrated that genetic
associations of epidermal growth factor gene variants with

EUROPEAN RESPIRATORY JOURNAL
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acute respiratory distress syndrome risk were modified by sex.
The variant genotypes of rs4444903, rs2298991, rs7692976 and
rs4698803, and haplotypes GGCGTC and ATCAAG were
significantly associated with ARDS development in at-risk
males. The current findings should be replicated in other
cohorts. The present results also warrant future basic research
to understand the role of epidermal growth factor, as well as
interactions with sex hormones, in the pathogenesis of acute
respiratory distress syndrome.
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