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Abstract

Antenatal corticosteroids enhance lung maturation. However, the
importance of glucocorticoid genes on early lung development,
asthma susceptibility, and treatment response remains unknown. We
investigated whether glucocorticoid genes are important during lung
development and their role in asthma susceptibility and treatment
response. We identified genes that were differentially expressed by
corticosteroids in two of three genomic datasets: lymphoblastoid
cell lines of participants in the Childhood Asthma Management
Program, a glucocorticoid chromatin immunoprecipitation/RNA
sequencing experiment, or a murine model; these genes made up the
glucocorticoid gene set (GCGS). Using gene expression profiles from
38 human fetal lungs and C57BL/6] murine fetal lungs, we identified
developmental genes that were in the top 5% of genes contributing to
the top three principal components (PCs) most highly associated
with post-conceptional age. Glucocorticoid genes that were enriched
in this set of developmental genes were then included in the

Glucocorticoids are endogenous steroid
hormones that are involved in a variety of
important physiologic responses in humans,
including late fetal lung development and

intrauterine lung maturation (1, 2).
Animal models have demonstrated that
glucocorticoids affect structural lung
growth and development through the

developmental glucocorticoid gene set (DGGS). We then
investigated whether glucocorticoid genes are important during lung
development, and their role in asthma susceptibility and treatment
response. A total of 232 genes were included in the GCGS.
Analysis of gene expression demonstrated that glucocorticoid
genes were enriched in lung development (P = 7.02 X 10~ ).
The developmental GCGS was enriched for genes that were
differentially expressed between subjects with asthma

and control subjects (P = 4.26 X 10?) and were enriched after
treatment of subjects with asthma with inhaled corticosteroids
(P < 2.72 X 10~ *). Our results show that glucocorticoid genes
are overrepresented among genes implicated in fetal lung
development. These genes influence asthma susceptibility and
treatment response, suggesting their involvement in the early
ontogeny of asthma.

Keywords: glucocorticoid genes; lung development; asthma;
asthma treatment

up-regulation of surfactant protein
production (3), the regulation of lung
growth factors (4), and the ability to
modulate inflammatory mediators (5).
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Clinical Relevance

Using an integrative genomic
approach combining publicly
available genomic data, we have
identified that glucocorticoid genes
are overrepresented among genes
implicated in fetal lung development.
Developmental glucocorticoid genes
also influence asthma susceptibility
and treatment response, suggesting
their involvement in the developmental
origins of asthma.

Glucocorticoids administered to pregnant
women at risk of premature delivery have
been shown to accelerate fetal lung
maturation, to reduce the occurrence and
severity of neonatal respiratory distress
syndrome, and to decrease neonatal
mortality (6). However, the association
of antenatal glucocorticoids with the
development of postnatal chronic
respiratory diseases, including asthma,
has also been reported (7, 8). The biologic
mechanisms underlying these associations
have yet to be fully elucidated.

Asthma is the most common chronic
respiratory disease of childhood and is
associated with airway inflammation, airway
hyperresponsiveness, and reversible airflow
obstruction. Inhaled glucocorticoids are
essential for the treatment of asthma and
have been shown to decrease asthma
exacerbation rates in children (9, 10).
However, epidemiologic studies suggest
that in utero exposure to glucocorticoids
is an independent risk factor for the
development of early childhood asthma
between 3 and 5 years of age (8). The
biologic mechanisms underlying this
association are unclear. Although it may in
part be due to an underlying predisposition
that results from prematurity for which the
corticosteroids are most often used, it may
also result from a change in the genomic
signature of lung development that results
from this intrauterine exposure. The
application of integrative genomic analyses
to lung development may allow us to
investigate the role of glucocorticoid genes
in lung development and their role in the
developmental origins of asthma.

We hypothesized that glucocorticoid
genes (i.e., genes in which changes in
expression characterize the response to
glucocorticoids) are important during lung
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development and may play a role in

the developmental origins of asthma.
Using an integrative genomics approach
incorporating multiple genomic datasets, we
tested this hypothesis by identifying a set
of genes that are consistently regulated by
glucocorticoids. Because the cell-specific
and tissue-specific effects of glucocorticoids
are well recognized, we included several
publically available genomic datasets that
incorporate different tissue types and
experimental designs to determine

a universal set of glucocorticoid response
genes that are robust to tissue-type or cell-
type specific changes in gene expression
alone. In addition, we investigated whether
the identified glucocorticoid genes are
enriched during the time period of in utero
airway development and examined whether
glucocorticoid genes that are expressed
during lung development influence
asthma susceptibility and asthma
treatment response.

Materials and Methods

Derivation of a Glucocorticoid

Gene Set

Genes were selected for the glucocorticoid
gene set (GCGS) if they were consistently
differentially expressed (increased or
decreased) in response to dexamethasone
treatment in at least two of the following
three published sources (Figure 1):

1. Lymphoblastoid cell lines (LCLs) from
the Childhood Asthma Management
Program (CAMP): we used a
nonparametric Wilcoxon sign rank
test to investigate for differential
expression between dexamethasone
and sham-treated Epstein Barr
virus—transformed immortalized LCLs
previously generated in a subset of subjects
with mild to moderate persistent asthma
participating in the CAMP study (adjusted
P<1X 1077 (11).

2. Gene expression in C57BL/J6 newborn
mice treated with dexamethasone
versus saline by Heine and colleagues
(GSE51213) (12): we performed
differential expression analysis on these
data using geometric fold analysis (13).

3. Chromatin immunoprecipitation and
RNA-sequencing by Reddy and
colleagues (14): genes significantly
differentially expressed in response to
dexamethasone in A549 lung epithelial
carcinoma cell lines identified by Reddy

and colleagues (14) were considered for
inclusion

Derivation of a Developmental
Glucocorticoid Gene Set

We used principal component analysis
(PCA) to investigate gene expression
variation from two published developmental
genomic datasets: gene expression profiles
from mRNA extracted from 38 early human
fetal lung development tissue samples
(postconceptional age, 53-154 d)
(GSE14334) and genome-wide gene
expression profiles from C57BL/J6 mice
(GSE11539). We focused on the first three
principal components (PC1-3) correlated
with postconceptional age and noted the
top 5% greatest contributor genes to the
variation along PCI1, PC2, and PC3.

We also used linear models to identify
developmental genes associated with
postconceptional age (P < 0.05). GCGS
genes were visualized in the transcriptomic
developmental profile by plotting the GCGS
against the two PCs most highly correlated
with postconceptional age. We derived

the developmental glucocorticoid gene set
(DGGS) from genes in the GCGS that are
represented in the top 5% of the first
three PCAs (PCA1-3) of human or murine
lung development or identified by linear
analyses.

DGGS Genes and Their Association
with Asthma and Treatment
Response

Using a sign rank test at P < 0.05, we
tested for differential expression and
overrepresentation of the DGGS in three
sets of publicly available gene expression
data: (I) the MRC UK National Family
Collection study including LCLs in 95
subjects with asthma and their 95
unaffected sibling control subjects
(GSE8052) (15), (2) bronchial brushing
specimens before and after treatment with
inhaled fluticasone (GSE4302) in 19
subjects with asthma, and (3) bronchial
biopsy specimens from 12 pairs of
subjects with asthma before and after
treatment with inhaled fluticasone
(GSE23611).

Replication of Differential Expression
of DGGS Genes between Subjects
with Asthma and Nonasthmatic
Control Subjects in Asthma BRIDGE
DGGS gene expression, indicating initial
association with asthma (CEBPD, DDIT4,

American Journal of Respiratory Cell and Molecular Biology Volume 52 Number 5 | May 2015



ORIGINAL RESEARCH

Genes differentially
expressed in the Childhood
Asthma Management
Program (CAMP)
lymphoblastoid cell lines
treated with
dexamethasone versus
sham

Genes
differentially
expressed in
Reddy et al.
glucocortoid Chip-
seq experiment

Genes
differentially
expressed in mice
treated with
dexamethasone
versus sham
treament in Heine
et al. experiment

J

A

Glucocorticoid Gene Set
(GCGS):

genes that are differentially
expressed in the same
direction in 2 of 3 datasets

A

Developmental Glucocorticoid Genes

(DGGS):

Genes differentially expressed in either
human or murine lung development

Are DGGS differentially 1
expressed between asthmatic |

Are DGGS differentially
expressed between asthmatics

patients and non-asthmatic
controls?

> treated with and without inhaled
corticosteroids?

Figure 1. Flow chart demonstrating our integrative genomic study design.

and FKBP5), was compared in an
independent set of subjects with asthma
(n = 865) and nonasthmatic control
subjects (n = 116) using gene expression
profiles generated from whole blood as part
of the Asthma BioRepository for Integrative
Genomic Exploration (Asthma BRIDGE),
a multicenter effort to develop a well-
characterized translational genomic dataset
in asthma (16). Differential expression was
determined using linear models adjusted
for age, gender, and race. Additional details
of the genomic datasets and analytic
methodologies are available in the online
supplement.

Results

Differential Expression by
Dexamethasone Treatment in

LCLs from Subjects with Asthma
Participating in CAMP

Using LCLs from subjects with asthma
participating in CAMP, we identified 4,271
genes that were differentially expressed

between dexamethasone and sham
treatment. Gene ontology (GO) pathway
enrichment for this set of differentially
expressed genes demonstrated significant
associations with multiple biological
processes, including programmed cell death,
apoptosis, and response to DNA damage
stimulus (false discovery rate [FDR]-
adjusted P < 2 X 10~ %). These 4,271
genes were considered for inclusion in
the GCGS.

Glucocorticoid Genes Identified
through Chromatin Immunoprecipitation
and RNA Sequencing

Reddy and colleagues reported that
approximately 30% of regulated genes
had glucocorticoid receptor binding sites
within 10 kb of the promoter. In addition,
RNA sequencing revealed that 234 genes
demonstrated significant changes in
expression in response to dexamethasone
(FDR-adjusted P < 0.05) (14). Of these,
only the 209 genes that mapped to Entrez
Gene identifiers were considered for
inclusion in the GCGS.
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Gene Expression in C57BL/J6
Newborn Mice Treated with
Dexamethasone

Differential gene expression analysis
between dexamethasone-treated and control
C57BL/J6 mouse lung demonstrated
evidence of differential expression for 1,290
genes. Of these genes, 704 demonstrated
decreased and 586 demonstrated increased
gene expression after dexamethasone
treatment. These were considered for
inclusion in the GCGS.

GCGS

In total, 232 genes were significantly
differentially expressed in the same
direction in at least two of the three genomic
datasets and were thus included in the
GCGS (Figure 2 and see Table E1 in the
online supplement). Of these genes, 126
consistently demonstrated increased
expression, and 106 showed down-
regulation of gene expression after
treatment with glucocorticoids in both
datasets. In total, eight genes (BIRC3,
CEBPD, DDIT4, FKBP5, KLF9, PERI,
ENCI, and SOX4) demonstrated consistent
differential expression after dexamethasone
treatment in all three datasets.

Results of the GO pathway enrichment
analysis of the GCGS genes relative to the
human transcriptome performed using
DAVID are presented in Table 1. GO
analysis demonstrated enrichment of genes
involved in several biologic processes,
including those involved in the regulation
of phosphorylation, phosphorus metabolic
processes, and response to oxygen species
(FDR-adjusted P < 0.05). The 126
genes that demonstrated increased
gene expression after treatment with
corticosteroids in the GCGS were enriched
for genes involved in the response to
reactive oxygen species, hydrogen peroxide,
and inorganic substances (FDR-adjusted
P < 0.05). The 106 genes that consistently
demonstrated decreased gene expression
after treatment with dexamethasone were
enriched for genes involved in the mitotic
cell cycle, lymphocyte differentiation,
mitosis, and nuclear division (FDR-adjusted
P < 0.05).

The Developmental Profile of

GCGS Genes

To investigate the developmental signature
of the GCGS genes in early and late lung

development, we tested for enrichment of
this gene set in the genes involved in
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CAMP

Reddy

Figure 2. Diagram demonstrating the genes
identified by the independent genomic
methodologies used for the identification of the
GCGS. Genes shown demonstrate genes that
were differentially expressed independent of
direction. Only those genes that demonstrated
consistent expression (either increased or
decreased expression) after corticosteroid
treatment in both datasets were included in
the GCGS.

Mouse Lung

development using gene expression profiles
of murine and human fetal lung. Because
access to late-stage human fetal tissues is
limited, human fetal lung tissues from the
early pseudoglandular and canalicular stages
of development were used to investigate the
enrichment of GCGS genes in early human
lung development. Gene expression patterns
of the entire murine lung development
trajectory were also analyzed to identify the
role of GCGS during early and late lung
development. PCA was performed to
investigate the variance in gene expression
across the murine and human fetal lung
samples. The first three PCs (PC1-3), which
explain greater than 50% of the variance
in gene expression in murine and human
fetal lung, were significantly correlated
with postconceptional age. To visualize
the potential effects of GCGS genes in the
developing lung, we plotted the GCGS

genes against the two PCs most highly
correlated with postconceptional age to
examine the expression of these genes
during murine lung development

(Figure 3). Genes shown in green are down-
regulated by dexamethasone treatment
across the developmental timeline.
Although these genes are expressed during
early gestation and in the early postnatal
period, a larger number of genes that
demonstrate decreased gene expression
after corticosteroid exposure are associated
with early lung development. GCGS genes
that are up-regulated by dexamethasone
treatment are shown in magenta. There

is a notable increase in the expression of
genes up-regulated by corticosteroids
during the late gestational periods,
including the saccular stage of lung
development, suggesting that these genes
may be implicated in lung maturation and
provide a genomic basis for the use of
prenatal corticosteroids. Using the top 5%
greatest loading magnitude genes of the
first three PCs that were found to be
correlated with postconceptional age
(PC1-3) to represent the developing lung
time series, we found that GCGS genes
were significantly enriched in murine

lung development (odds ratio [OR], 4.51;
P =1.40 X 10~ %) and in early lung
development in the human fetal lung (OR,
3.15; P = 3.22 X 10" ). We also identified
an enrichment for GCGS genes in the set
of genes identified to be differentially
expressed using linear models in human
lung development (OR, 1.91; 95%
confidence interval [CI], 1.36-2.69).
Combined, GCGS genes were substantially
enriched in murine and human lung
development (OR; 4.23; 95% CI, 3.23-5.52)
(Table 2). The 118 GCGS genes that were
enriched in either murine (n = 81) or
human lung development (n = 70) were
included in the DGGS, including 33 genes
that were in both developmental datasets

(Figure 4; Table E1). Furthermore, of the
previously identified eight genes that
showed consistent differential expression
after dexamethasone treatment that were
common to all three initial genomic
datasets used to identify the initial GCGS,
six were included in the DGGS (CEBPD,
DDIT4, FKBP5, KLF9, ENCI, and SOX4).
GO enrichment analysis of the DGGS genes
demonstrates enrichment of genes in cell
cycle (GO:0007049, fold enrichment:
3.21; FDR P = 0.01), nuclear cell division
(GO:0000280, fold enrichment: 4.56;
FDR P = 0.026), and organelle fission
(GO:0048285, fold enrichment: 5.32; FDR
P = 0.03). The DGGS were then tested
for association with asthma disease
susceptibility and asthma treatment
response. We maintained inclusion of the
murine dataset for our disease association
studies given its more comprehensive
coverage of the developmental timeline.

Association of DGGS Genes with
Asthma Susceptibility and Treatment
Response

Differential expression of DGGS genes in
asthma. Using publicly available genome-
wide gene expression data from LCLs
obtained from 95 unaffected and asthma-
affected sib-pairs recruited through

a proband with asthma (GSE8052),

we identified 2,732 genes that were
differentially expressed between subjects
with asthma and nonasthmatic control
subjects (P < 0.05). This set of differentially
expressed genes was enriched for genes in
our DGGS (OR, 1.92; 95% CI, 1.22-2.99)
(Table 3). Furthermore, the enrichment of
DGGS genes appears to be stronger than
that of GCGS genes alone (OR, 1.61; P =
6.38 X 1077, suggesting a possible role for
this subset of genes in the pathobiology of
asthma disease susceptibility and providing
evidence for the fetal origins of postnatal

Table 1. Gene Ontology Pathway Enrichment of Genes in the Developmental Glucocorticoid Gene Set

Representative Genes

ITGA1, BCL2, SPRY1, SPRY2
ITGA1, BCL2, ERN1, SPRY1

PRDX6, DUSP1, OLR1, TXNIP

Fold FDR-Adjusted
GO Pathway GO Term Enrichment P value
Regulation of phosphorylation G0:0042325 3.07 0.01
Regulation of phosphorus GO0:0051174 2.96 0.02
metabolic process
Response to oxygen species G0:0000302 7.69 0.03
Response to hydrogen peroxide GO0:0042542 9.16 0.04

PRDX6, DUSP1, OLR1, TXNIP,
BCL2, SOD2, SDC1

Definition of abbreviations: FDR, false discovery rate; GO, gene ontology.
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Figure 3. Graph demonstrating the first two principal components (PCs) of gene expression of
murine lung development. PC1, which explains 34.3% of mouse gene expression, is correlated with
gestational age. The gray dots represent all genes in the murine genome that are expressed in

the prenatal and postnatal periods. Genes delineated in green demonstrate decreased expression
after corticosteroid treatment; genes delineated in magenta demonstrate increased gene expression
in our DGGS. Early murine lung development is enriched for genes that are down-regulated by
corticosteroids, whereas genes that demonstrate increased expression after corticosteroid treatment

are enriched in later murine development.

disease. GO pathway enrichment analysis
of the 27 DGGS genes (Table E2) that are
associated with asthma susceptibility
includes the cell cycle pathway
(G0:0007049) and the regulation of
apoptosis (GO:0042981) (FDR-adjusted
P < 0.05).

Association of DGGS Genes in
Asthma Treatment Response

Given the integral role of inhaled
glucocorticoids in the treatment of asthma,
we next tested the hypothesis that DGGS
genes also influence asthma treatment
response. Using two publically available
genomic datasets, we assessed for

differential expression of DGGS genes
between bronchial brushings (GEO,
GSE4302) and bronchial biopsy specimens
(GEO, GSE23611) from subjects with
asthma treated with and without inhaled
fluticasone. Differential expression analysis
from 19 subjects with asthma from whom
bronchial brushing specimens were
obtained before and after treatment

with inhaled fluticasone (GSE4302)
demonstrated that DGGS genes were
more likely to be differentially expressed
by inhaled corticosteroid treatment in
bronchial brushings of subjects with asthma
(OR, 2.18;95% CI, 1.45-3.29) (Table 4). The
36 DGGS genes that are associated with

Table 2. Enrichment of Glucocorticoid Genes in Human or Murine Lung Development*

Relevance of Gene to Lung Development In DGGS Notin DGGS OR 95% CI

Involved in lung development
Not involved in lung development

118
114

3,960 4.23 3.23-5.52

16,169

Definition of abbreviations: Cl, confidence interval; DGGS, developmental glucocorticoid gene set;

OR, odds ratio.

*For gene lists, see Table E1 in the online supplement.
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asthma treatment response in bronchial
brushing specimens are shown in Table E3.
DGGS genes were also significantly
overrepresented in the set of genes that
were differentially expressed in 12 pairs of
bronchial biopsy specimens from subjects
with asthma (GSE23611) treated with and
without inhaled corticosteroids (OR, 5.58;
95% CI, 3.82-8.15) (Table 5). The 55 DGGS
genes that are associated with asthma
treatment response in bronchial biopsy
specimens are shown in Table E4. These
results support a role for DGGS genes

in early asthma treatment response. GO
pathway enrichment analysis of the DGGS
genes that are associated with asthma
treatment response in bronchial brushing
and/or bronchial biopsy specimens
includes mitotic cell cycle (GO:0000278)
(FDR, P < 0.05).

Of the eight genes that showed
consistent differential expression after
dexamethasone treatment in all three initial
genomic datasets used to identify the GCGS,
six genes were also enriched in lung
development and were thus included in
DGGS (CEBPD, DDIT4, FKBP5, KLF9,
ENCI, and SOX4). The two genes that were
consistently differentially expressed by
dexamethasone treatment but were not
enriched in lung development (BIRC3 and
PERI) have been shown to be associated
with asthma pathobiology (17) and
circadian rhythms (18), suggesting their
potential importance in asthma biology.
Each of these developmental glucocorticoid
genes demonstrated additional associations
with asthma susceptibility and/or inhaled
corticosteroid treatment response in
subjects with asthma (Table 6).
Furthermore, three developmental
glucocorticoid genes (CEBPD, DDIT4, and
FKBP5) were associated with asthma
susceptibility and inhaled corticosteroid
treatment in bronchial brushing and
bronchial biopsy specimens of subjects with
asthma. These three genes likely represent
an interesting and potentially important
subset of developmentally relevant
glucocorticoid genes that may be involved
in the early ontogeny of asthma.

Validation: Differential Expression of
CEBPD and DDIT4 between Subjects
with Asthma and Nonasthmatic
Control Subjects in Asthma BRIDGE
Having demonstrated that CEBPD,
DDIT4, and FKBP5 are developmental
glucocorticoid genes that are associated
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Figure 4. Diagram demonstrating the selection
of the GCGS genes that are also important in
lung development. The genes identified in these
analyses were represented in the top 5% of
genes in the first three PCs of lung
development.

with asthma in our sib-pair analysis, we
assessed whether the expression of these
genes was similarly correlated with asthma
status in an independent population of
subjects with asthma and nonasthmatic
control subjects. We assessed the
expression of these genes (CEBPD, DDIT4,
and FKBP5) in 865 subjects with asthma
and in 116 nonasthmatic control subjects
participating in Asthma BRIDGE with
available expression data in whole blood
(see Table E5 for baseline characteristics of
the cohort used for this analysis). Of the
three genes evaluated, CEBPD mRNA
expression was significantly increased

in subjects with asthma compared with
nonasthmatic control subjects (P = 0.0003).
DDIT4 expression was also modestly
increased in subjects with asthma
compared with control subjects (P =
0.02). There was no evidence of asthma-
related differential expression of FKBP5

(P =0.69).

Discussion

Corticosteroids are potent antiinflammatory
agents that enhance late fetal lung
maturation in pregnant women at risk for

premature labor. Corticosteroids decrease
the incidence of respiratory distress
syndrome of the newborn. However, their
use has been associated with asthma
susceptibility in the postnatal period. The
biologic mechanisms underlying this
association are unknown. In addition,
inhaled corticosteroids are commonly
prescribed treatments for asthma and are
associated with improved asthma outcomes
(19). Based on these observations, we
hypothesized that glucocorticoid genes are
important in lung development and that
developmentally relevant glucocorticoid
genes are associated with asthma
susceptibility and treatment response. We
used an integrative genomic approach using
multiple genomic datasets to investigate
the role of glucocorticoid response genes
in early lung development, including the
time period in which in utero airway
development occurs and whether these
genes influence asthma susceptibility and
response to asthma therapy. Our study
design focused on the gene expression
differences between untreated/sham
treatment and dexamethasone treatment
in three data sets used to develop the
GCGS. Even in the initial murine data set
(GSE51213), we focus on the strongest
differences between corticosteroid-treated
and untreated cells irrespective of their
role in development. Our methodology
stipulates that genes identified demonstrate
a consistent difference in expression after
glucocorticoid treatment in at least two of
these datasets and thus minimizes the
inclusion of genes demonstrating only

a cell- or tissue-specific response to
glucocorticoids or under a single
experimental condition. In addition, we
ultimately focus on the genes that were
identified in all three genomic datasets,
including genes that are differentially
expressed by dexamethasone in LCLs,
which is a dataset without any known
developmental implications. We then

Table 3. Enrichment of the Developmental Glucocorticoid Gene Set in Subjects with
Asthma Compared with Nonasthmatic Control Subjects (GSE8052)*

Asthma Status In DGGS
Subjects with asthma 27
Nonasthmatic control subjects 91

Not in DGGS OR 95% CI
2,705 1.92 1.22-2.99
17,538

*For gene list, see Table E2 in the online supplement.
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demonstrate the enrichment of
glucocorticoid genes in lung development
throughout the developmental timeframe
(DGGS). Although glucocorticoid receptor
signaling has been clearly shown to be
active in the developing lung, it has

been associated with the later stages of
development in previously published
studies. Our study demonstrates the
relevance of these genes in early-stage lung
development. Furthermore, using several
publicly available genomic datasets, we
have demonstrated that the identified
developmentally relevant DGGS genes are
associated with differences in expression
between patients with asthma and
nonasthmatic control subjects and are
correlated with the response to inhaled
corticosteroids in subjects with asthma later
in life. In addition, we have demonstrated
consistent differential expression of
CEBPD and DDIT4 between subjects with
asthma and nonasthmatic control
subjects in two independent data sets.
These results support a possible role of
glucocorticoid genes in the developmental
origins of asthma susceptibility and
asthma treatment response and provide
motivation for future investigation of
these genes.

The importance of glucocorticoids in
normal fetal lung maturation has been
established by the glucocorticoid receptor
knockout mouse, which dies at birth due to
abnormal lung development (20). Although
animal models suggest that antenatal
corticosteroids enhance late fetal lung
maturation by stimulating the production
of pulmonary surfactants (21), the
underlying biologic mechanisms to explain
their associations with the development of
postnatal chronic respiratory diseases like
asthma have yet to be fully elucidated.
Recent evidence suggests that the ethnicity
of the pregnant woman influences the
infant’s risk of developing neonatal
respiratory distress after antenatal
corticosteroid use, suggesting a role for
genetics in addition to in utero exposures in
the development of respiratory disease (22).
Using genomic approaches to investigate
glucocorticoid response, we have identified
a set of genes that demonstrate consistent
differential expression after dexamethasone
treatment in at least two genomic datasets,
have shown that these genes are expressed
during normal murine and early human
lung development, and have shown an
association of these developmentally
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Table 4. Enrichment of the Developmental Glucocorticoid Gene Set in Pretreated
versus Inhaled Corticosteroid-Treated Bronchial Brushing Specimens of Subjects with

Asthma (GSE4302)

Asthma Treatment

Inhaled corticosteroid treatment
No inhaled corticosteroid treatment

In DGGS

Not in DGGS OR 95% CI
3,387 218 1.45-3.29
16,856

For gene list, see Table E3 in the online supplement.

relevant glucocorticoid genes with asthma
susceptibility and inhaled corticosteroid
treatment response in subjects with
asthma. These results suggest that
intrauterine steroid deficiency may result
in a genomic signature that reflects a more
immature lung, which may be a possible
mechanism for the role of developmental
glucocorticoid genes in the predisposition
to postnatal disease. Furthermore, these
developmental glucocorticoid genes may
provide further insight into novel
therapeutic targets for inflammatory
diseases like asthma.

Murine models of lung development
have demonstrated that antenatal
corticosteroids are associated with gene
expression changes that result in abnormal
alveolarization at birth (23). Furthermore,
in preterm animal models of lung
development, antenatal corticosteroid
treatment has been shown to increase
surfactant protein expression, to decrease
vascular permeability, and to enhance
clearance of extracellular fluid (24).

Our genomic analysis in murine lung
development confirms the up-regulation
of these genes in the later stages of lung
development. In addition, using genome-
wide gene expression profiles of early
human lung development, we have shown
that glucocorticoid genes are enriched
during early development, including the
histologic stages during which airway

branching morphogenesis occurs. Although
our results corroborate the findings of

late murine development, we extend
previous knowledge about these genes by
demonstrating their importance during
the early stages of human lung
development.

Given the importance of
glucocorticoids in the treatment of airway
inflammation associated with asthma,
we also sought to determine whether
developmental glucocorticoid genes
influence postnatal respiratory disease
susceptibility. By demonstrating enrichment
for the DGGS genes in the set of genes
that demonstrate differential expression
between subjects with asthma and
nonasthmatic control subjects, we provide
some evidence for the developmental origin
of asthma.

Animal models demonstrate changes
in lung structure due to antenatal
corticosteroid use, which results in
improved lung mechanics and decreased
airways resistance at 28 days (25). Human
data corroborate these findings: antenatal
corticosteroid therapy has been shown to
increase functional residual capacity in
preterm neonates (26) and to result in
overall improved respiratory system
compliance (27). Although these findings
suggest that antenatal corticosteroids may
decrease the risk of the development of
asthma, epidemiologic data demonstrate

Table 5. Enrichment of the Developmental Glucocorticoid Gene Set in Pretreated
versus Inhaled Corticosteroid-Treated Bronchial Biopsy Specimens of Subjects with

Asthma (GSE23611)

Asthma Treatment

Inhaled corticosteroid treatment
No inhaled corticosteroid treatment

In DGGS

Notin DGGS OR 95% CI
2,739 558 3.82-8.15
17,504

For gene lists, see Table E4 in the online supplement.
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an increased risk of early childhood asthma
between 3 and 5 years of age in individuals
with in utero exposure to corticosteroids
(8, 28). This may partially be explained by
animal studies that show that antenatal
corticosteroids result in early suppression
of inflammation but a subsequent
augmentation of inflammation with
increased alveolar neutrophils and
expression of proinflammatory cytokines

5 days after endotoxin exposure, suggesting
that glucocorticoids may impair the ability
of the preterm lung to down-regulate
inflammation even after fetal clearance

of the glucocorticoids (29). However,
treatment with betamethasone 7 days

after LPS exposure resulted in increased
surfactant protein expression in a similar
lamb model of development (30),
suggesting that, in the setting of antenatal
corticosteroid use, the timing of LPS
exposure and other potential in utero
exposures may have implications in

terms of overall lung development and

the possibility of subsequent respiratory
disease.

Our work identified three
developmental glucocorticoid genes
(CEBPD, DDIT4, and FKBP5) that are
of particular interest because of their
association with asthma susceptibility and
inhaled corticosteroid treatment response
in bronchial brushing and bronchial biopsy
specimens of subjects with asthma treated
with inhaled corticosteroids.

Of the three candidate genes identified,
the most biologic data supporting a role
in lung development and for establishing
a potential biologic link to asthma are
available for CCAAT/enhancer-binding
protein & (C/EBPD). C/EBPD expression
has been shown to be the highest in the
lung tissue and increases in response to
dexamethasone treatment (31). C/EBPD is
involved in surfactant protein synthesis and
is expressed at a low level in fetal type II
cells of the alveolar epithelium (32).
Pulmonary surfactant, a phospholipid-rich
lipoprotein that is synthesized by alveolar
type II cells, reduces surface tension at the
alveolar air-liquid interface. In a rabbit
model of lung development, C/EBPD
expression has been demonstrated as early
as Day 19 of gestation and has been shown
to increase approximately 3.7-fold to reach
its peak expression level by Day 28 of
gestation (33). The transcriptomic profile of
C/EBPD mirrors the developmental time
course of surfactant protein production.
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Table 6. Association of Eight Common Glucocorticoid Gene Set Genes with Lung
Development, Asthma, and Asthma Treatment Response

Developmental Asthma

Gene* Gene
BIRC3 No No
CEBPD Yes Yes
DDIT4 Yes Yes
ENC1 Yes No
FKBP5 Yes Yes
KLF9 Yes No
PERT1 No No
SOX4 Yes No

Association with Association with

Asthma Treatment in Asthma Treatment in
Association Bronchial Brushings

Bronchial Biopsies

No No
Yes Yes
Yes Yes

No Yes
Yes Yes
Yes Yes

No No

No Yes

*The eight common glucocorticoid gene set (GCGS) genes demonstrated the same direction of
gene expression in each of the three GCGS genomic datasets: lymphoblastoid cell lines of
participants in the Childhood Asthma Management Program, a glucocorticoid chromatin
immunoprecipitation/RNA sequencing experiment, and a murine model of lung development.

Furthermore, C/EBPD expression has

been shown to increase after 12 hours

of organ culture and demonstrates an
additional increase after treatment with
dexamethasone and cAMP (33). These
results suggest that C/EBPD may mediate
the hormone regulation of surfactant
protein synthesis and type II pneumocyte
differentiation (34, 35). Furthermore, recent
work has demonstrated a greater induction
of C/EBPD expression in fetal versus adult
alveolar type II cells upon treatment with
dexamethasone and cAMP (36). Treated
fetal cells have up-regulated expression of
surfactant proteins, an increased rate of
phosphatidylcholine synthesis, and altered
phospholipid concentrations, suggesting
that the expression of these genes in the
context of fetal development are hormone
induced (37).

Although there is no direct evidence
implicating C/EBPD in the pathogenesis
of asthma, there is increasing support for
a role for its family of transcription factors
in the abnormal response of the asthmatic
airway epithelium to infection. Several
studies have demonstrated an exaggerated
response of human airway smooth muscle
(HASM) cells of patients with asthma
to rhinovirus infection (38, 39). These
differences appear to be related in part to
rhinovirus-induced IL-6 secretion in the
HASM cells in subjects with asthma.

The transcriptional regulation of IL-6,

a proinflammatory cytokine, involves the
binding of transcription factors to the
C/EBP binding site, which has been shown
to increase transcription of IL-6 and other
inflammatory cytokines (39). Furthermore,
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C/EBPa, a protein that is essential for

the suppression of inflammation and
proliferative responses, has been found to
be deficient in HASM cells of subjects with
asthma, suggesting that the disruption

of the balance between excitatory and
inhibitory CEBPs may play a role in the
differential response of the HASM cells

to rhinovirus infection compared with
nonasthmatic control subjects (39).

Based on our results and the additional
supporting evidence of its importance,
further investigation of the role of C/EBPD
in asthma susceptibility and asthma
treatment response is warranted.

We have also shown that DNA
damage-inducible transcript 4 (DDIT4) is
a DGGS gene that is associated with asthma
susceptibility and treatment response.
DDIT4, which encodes development and
DNA damage responses 1 (REDD1), is
a stress-response gene that decreases
protein synthesis by repressing the mTOR
pathway (40). We have shown that DDIT4
expression is consistently increased after
treatment with dexamethasone in our three
initial genomic datasets and that it is
involved in lung development (Table E1).
These results are similar to those reported
in rat fetal lung fibroblast cultures in which
there is a significant increase in DDIT4
expression after 48 hours of treatment
with 50 nM of dexamethasone (41).

We have also shown that DDIT4
expression is increased in subjects with
asthma compared with nonasthmatic
control with asthma in two populations and
in bronchial brush and bronchial biopsy
specimens of subjects with asthma after

treatment with inhaled corticosteroids.
Although DDIT4 has yet to be implicated in
the pathobiology of asthma, Yoshida and
colleagues have shown that the protein
coded by DDIT4 (REDD1) is increased

in individuals with advanced emphysema
(42). Furthermore, murine models
investigating oxidative stress have shown
that this protein mediates the effects of
cigarette smoke-induced pulmonary
pathology by demonstrating complete
protection against cigarette smoke-induced
acute inflammation in its knockout mouse
(42). Their work demonstrates that this
protein plays an important role in
amplifying inflammation and cell death
by negatively regulating mTOR signaling
and activating NF-kB (42). These same
mechanisms may provide a potential
biologic basis for the association of
DDIT4 with asthma and asthma
treatment response.

We also identified FK506-binding
protein 5 (FKBP5) as a developmentally
relevant glucocorticoid gene, whose
expression was induced in bronchial
brushings and bronchial biopsy specimens
of subjects with asthma treated with inhaled
corticosteroids, suggesting a possible role
for it in the developmental origin of asthma
and inhaled corticosteroid treatment
response. This gene has been previously
associated with the subcellular localization
of the glucocorticoid receptor (43). The
glucocorticoid receptor is a hormone-
activated transcription factor that requires
hormone-initiated transport to its site of
action in the nucleus. Davies and colleagues
identified that a substitution of FKBP5 for
another immunophilin is one of the earliest
events in steroid receptor signaling and
controls subcellular localization and
transport of the steroid receptor (43).
Previous studies have also shown that
FKBP5 is one of the most highly induced
genes in a several pulmonary epithelial cell
lines treated with dexamethasone (44, 45).
Based on its role in glucocorticoid
signaling, FKBP5 expression has been
previously studied in bronchial biopsy
specimens in subjects with asthma. Similar
to our findings in bronchial brushing and
biopsy specimens, inhaled budesonide
treatment has previously been shown to
increase FKBP5 expression in bronchial
biopsy specimens of subjects with asthma
(46). However, in a previous genetic
association study, there was no association
of genetic polymorphisms in FKBP5 with
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improved lung function in subjects with
asthma treated with inhaled corticosteroids
(47). Given its role in glucocorticoid
signaling and its reproducible
demonstration of induction of expression
after inhaled corticosteroid treatment in
subjects with asthma, FKBP5 warrants
further investigation for its involvement
in asthma pathogenesis and treatment
response.

Although we undertook
a comprehensive analysis of the
developmental signature of glucocorticoid
genes, several limitations of our analysis
exist. Our gene expression analysis of
human lung development was limited to
fetal lung tissue samples from the early
stages of development. Therefore, we only
investigated the transcriptomic profile of
corticosteroid genes during early human
lung development. Although our
investigation of gene expression during the
later stages of human lung development
may allow us to gain further insights into the
pathogenesis of respiratory disease, the
availability of this data is limited. Therefore,
the use of publically available murine
developmental data allows us to investigate
the entire developmental timeline by
evaluating the transcriptomic changes that
occur during later stages of gestation and
into the postnatal period. Furthermore, we
recognize that demonstration of differential
expression of corticosteroid genes between
subjects with asthma and nonasthmatic
control subjects does not confirm that
these genes are causally related to the
development of asthma. However, these
results do suggest that further investigation
of these genes in asthma susceptibility and
asthma treatment response is warranted.

In this study we identified a set of
glucocorticoid genes that are involved in
early and late lung development and
demonstrated that these genes are associated
with asthma and treatment response in
patients with asthma. Our results provide
preliminary evidence for a role for
developmental glucocorticoid genes in the
fetal origins of asthma and treatment

response. Although our work focused on
a subset of developmental glucocorticoid
genes, additional insights regarding the
complex biology underlying asthma
susceptibility may be gleaned from further
investigation of additional genes identified
herein. Furthermore, this work should
motivate future investigations of the role of
these genes in the pathogenesis of asthma
and in other respiratory diseases in which
corticosteroids have been shown to have
therapeutic implications. ll
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