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Abstract

Glucocorticoids, commonly used asthma controller medications,
decrease symptoms in most patients, but some remain symptomatic
despite high-dose treatment. The physiological basis underlying
the glucocorticoid response, especially in asthmapatientswith severe,
refractory disease, is not fully understood. We sought to identify
differences between the transcriptomic response of airway
smooth muscle (ASM) cells derived from donors with fatal asthma
and donors without asthma to glucocorticoid exposure and
to compare ASM-specific changes with those observed in other cell
types. In cells derived from nine donors with fatal asthma and
eight donors without asthma, RNA sequencing was used to measure
ASM transcriptome changes after exposure to budesonide
(100 nM 24 h) or control vehicle (DMSO). Differential expression
results were obtained for this dataset, as well as 13 publicly
available glucocorticoid-response transcriptomic datasets
corresponding to seven cell types. Specific genes were differentially
expressed in response to glucocorticoid exposure (7,835 and
6,957 in ASM cells derived from donors with fatal asthma and
donors without asthma, respectively; adjusted P value, 0.05).

Transcriptomic changes in response to glucocorticoid exposure
were similar in ASM derived from donors with fatal asthma and
donors without asthma, with enriched ontological pathways
that included cytokine- and chemokine-related categories. A
comparison of glucocorticoid-induced changes in the nonasthma
ASM transcriptome with those observed in six other cell types
showed that ASM has a distinct glucocorticoid-response signature
that is also present in ASM cells from donors with fatal asthma.

Keywords: asthma; glucocorticoid response; airway smooth
muscle; RNA-Seq; integration

Clinical Relevance

Glucocorticoid treatment results in strong gene expression
changes in airway smooth muscle, some of which are cell-type
specific. Transcriptome changes in response to budesonide
treatment are similar in airway smooth muscle derived from
donors with fatal asthma versus donors without asthma.

Asthma is an episodic, inflammatory
respiratory disease that is characterized by
increased airway responsiveness to specific
environmental stimuli and affects more than

25 million Americans (1). Glucocorticoids
are medications that are commonly used to
treat asthma. Inhaled glucocorticoids that
act directly in the lung are prescribed to

most individuals with persistent asthma to
decrease symptoms and exacerbations;
however, some patients require long-term
use of oral glucocorticoids to control their
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disease (2). Individuals with severe,
refractory disease remain symptomatic
despite high-dose glucocorticoid treatment
(3), and although these patients represent a
heterogeneous group, features that are
shared by most include glucocorticoid
insensitivity and, in part, irreversible
airflow obstruction (4). A better
understanding of the physiological basis
underlying glucocorticoid responsiveness
would increase our ability to identify and
improve therapeutic options for individuals
with severe asthma, as well as to obtain
insights that apply to patients with milder
disease.

The airway smooth muscle (ASM) is
a target of glucocorticoid medications (5)
that regulates airway narrowing (6) and
contributes to the airway remodeling
observed in severe asthma by having
increased mass and cell size (7). In addition
to directly reducing inflammation (8),
glucocorticoid treatment affects other
asthma-related phenotypes involving ASM,
including bronchodilation (9), airway
hyperresponsiveness (10), and contractility
(11). Studies of primary human ASM cells
in vitro have shown retention of smooth-
muscle–specific protein expression and
agonist-induced calcium mobilization,
force generation, and relaxation responses
that are important in asthma (12, 13).
Furthermore, cells derived from individuals

with fatal asthma retain a unique
phenotype with differences in proliferative,
contractile, and transcriptomic outcomes
that are sustained over at least five passages
(13–17). Thus, in vitro studies of the
glucocorticoid response in ASM from
donors with fatal asthma and donors
without asthma offer a unique opportunity
to understand asthma-specific processes.

Glucocorticoids act intracellularly by
binding to glucocorticoid receptors that
then translocate to cell nuclei and modulate
the transcription of various genes in a
tissue-dependent fashion (18–23). The
antiinflammatory action of glucocorticoids
occurs in part by 1) homodimer
glucocorticoid–glucocorticoid receptor
complexes stimulating the transcription
of antiinflammatory genes by directly
binding to DNA at glucocorticoid response
elements, and 2) glucocorticoid–
glucocorticoid receptor complexes
inhibiting proinflammatory transcription
factors such as NFkB (19–22). Other
investigators and we have described
global glucocorticoid-induced ASM gene
expression changes in cells derived from
donors without asthma or chronic disease
(15, 24–27), but differences in the
transcriptome response to glucocorticoids
in ASM from individuals with asthma
remain inadequately understood. RNA
sequencing (RNA-Seq) is a technique that

permits comprehensive and in-depth
quantification of transcriptomes in a cell or
tissue (28) and has been widely used in
respiratory research (15, 29, 30). Here, we
used RNA-Seq to identify differences in the
transcriptome response to glucocorticoid
exposure in ASM cells derived from donors
with fatal asthma and donors without
asthma, and we compared ASM-specific
changes with those observed in six other
cell types using 13 publicly available
transcriptomic datasets.

Methods

Details regarding the methods used in this
work are provided in the data supplement.

Ethics Statement
Lung tissue was obtained from the National
Disease Resource Interchange and the
International Institute for the Advancement
of Medicine, and its use was approved by the
University of Pennsylvania Institutional
Review Board and the Rutgers Institutional
Review Board. Use of the cells does
not constitute human subjects research
because all donor tissues were harvested
anonymously and deidentified.

ASM Cell Culture and Treatment
Primary ASM cells were isolated from 17
white, nonsmoking donors (nine who died
of fatal asthma and eight with no chronic
illness or medication use). ASM cells were
cultivated as described previously (13, 31).
Passages 3 and 4 cells from each donor
were exposed to 100 nM budesonide or
control vehicle (DMSO) for 24 hours.

RNA-Seq Library Construction and
Sequencing
Total RNA was extracted from cells using
the miRNAeasy mini kit (Qiagen Sciences,
Inc.). The Illumina TruSeq Stranded mRNA
LT Sample Prep Kit (Illumina, Inc.) was
used to prepare stranded RNA-Seq libraries.
Ambion External RNA Controls
Consortium RNA Spike-In Control Mix 1
(Life Technologies Corp.) was added to the
samples. Sequencing was performed on an
Illumina HiSeq 2500 at the University of
Pennsylvania Next-Generation Sequencing
Core.

RNA-Seq Data Analysis
Taffeta scripts were used to analyze
RNA-Seq data and generate HTML

Table 1. Characteristics of the ASM Donors

Fatal Asthma (n = 9) Control (n = 8)

Sex
Male 4 5
Female 5 3

Age
Mean6 SD 25.16 14.8 28.66 13.6
[Range] [9–48] [17–52]

Body mass index
Mean6 SD 23.06 6.8 27.16 8.8
[Range] [11.3–34.5] [21.5–46.9]

Cause of death
Anoxia/overdose — 2
Anoxic brain injury — 1
Cerebrovascular accident — 1
Motor vehicle accident — 4

Medication
Albuterol 7 0

Definition of abbreviation: ASM= airway smooth muscle.
All donors were white nonsmokers. There were no significant differences in sex, age, or body mass index
between donors with fatal asthma and donors without asthma. A medical examiner ruled that the cause
of death for donors with fatal asthma was “asthma attack/anoxia,” or a significant asthma event was
listed as preceding death. Medications listed as taken by donors near the time of death were provided
by family members to medical examiners. Besides albuterol as listed in the table, only two other
asthma-related entries were provided: one “fluticasone/salmeterol” and one “asthma meds (unspecified).”
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summary reports (https://github.com/
blancahimes/taffeta) (15, 16). Gene-
level differential expression analyses
comparing 1) budesonide versus control in
ASM derived from donors without asthma,
2) budesonide versus control in ASM
derived from donors with fatal asthma,
3) ASM from donors with fatal asthma
versus ASM from donors without asthma
exposed to control, and 4) ASM from
donors with fatal asthma versus ASM from
donors without asthma exposed to
budesonide were performed with DESeq2
(32). The RNA-Seq data are available
from the Gene Expression Omnibus

(https://www.ncbi.nlm.nih.gov/geo/) under
accession number GSE94335.

Gene Set Enrichment Analysis
Gene set enrichment analysis was
performed with the fast gene set enrichment
analysis algorithm (33). Gene sets of KEGG
and Reactome pathway annotations were
downloaded from MsigDB collections
(http://software.broadinstitute.org/gsea/
msigdb/collections.jsp). P values were
assessed based on the distribution of
enrichment scores after 10,000 permutations,
and q values were obtained using the
Benjamini-Hochberg approach.

Analysis of Publicly Available
Glucocorticoid-Response
Transcriptomic Datasets
We sought publicly available transcriptomic
datasets that measured the effect of
glucocorticoid exposure on various human
cell types to determine ASM-specific
transcriptomic changes induced by
glucocorticoids. Gene Expression Omnibus
searches of terms related to glucocorticoids
yielded 13 glucocorticoid-response datasets.
Differential expression results from a
glucocorticoid versus control comparison
for individual studies were obtained
using RAVED (https://github.com/
HimesGroup/raved). Full differential
expression results for each individual study
are available from our previously developed
app, REALGAR (http://realgar.org/) (34).

Tissue-Specific Integration of
Glucocorticoid-Response
Transcriptomic Data
For cell types that had more than one
transcriptomic dataset, we obtained
integrated results using effect-size– and
rank-based approaches. Gene significance
per cell type was determined based on
having q value, 0.05 in both integration
procedures.

Hierarchical Clustering
Hierarchical clustering was performed to
compare cell-type–specific gene expression
patterns across glucocorticoid versus
control comparisons, using log2 fold
changes in expression of 56 genes that were
significant in nonasthma ASM and also had
results available in all datasets considered.

Results

Budesonide Exposure Modulates the
Transcriptome of ASM Cells Derived
from Donors with Fatal Asthma and
Donors without Asthma
The characteristics of the 17 ASM donors
are provided in Table 1. Cells from each
donor were exposed to budesonide or
control vehicle, yielding 34 RNA-Seq
samples that were deemed to be of
sufficiently high quality to include in
differential expression analyses after quality
control measures were obtained (Figure E1
and Table E1 in the data supplement).
Analyses of transcriptomic changes in
ASM that had been exposed to budesonide
versus control revealed 7,835 differentially
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Figure 1. Effects of budesonide (BUD) exposure on the transcriptome of airway smooth muscle
(ASM) derived from donors with fatal asthma and donors without asthma. (A and B) Volcano plots of
differential expression results for BUD versus control in ASM derived from donors without asthma
(A) and donors with fatal asthma (B). The y-axis corresponds to the negative log (base 10) of
Benjamini-Hochberg–corrected P values (i.e., q values) and the x-axis corresponds to the log (base 2)
of the fold change for differences in expression. Differentially expressed transcripts with q value,
0.05 are colored in red. (C) Comparison of genes with statistically significant expression changes in
BUD versus control in ASM derived from donors with fatal asthma and donors without asthma. The
number of genes without statistically significant results is shown on the bottom right. (D) Scatter plot
of negative log (base 10) of q values obtained for glucocorticoid-exposed cells from ASM derived from
donors with fatal asthma versus donors without asthma. Genes with a consistent direction of effect
sizes are in red and those with opposite directionality are in yellow.
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expressed genes in ASM derived from
donors without asthma (Figure 1A) and
6,957 in ASM derived from donors with
fatal asthma (Figure 1B), according to a 5%
false discovery rate threshold (i.e., q ,
0.05). Most of the genes that were
differentially expressed in response to
budesonide exposure (i.e., 5,664) were
statistically significant in ASM derived from
both donors with fatal asthma and donors
without asthma (Figure 1C), with a
consistent direction of effect (Figure 1D).
The top-ranked significantly differentially
expressed genes (i.e., having a q value,
10250 and an absolute log2 fold change .
3) for ASM derived from donors with fatal
asthma and donors without asthma are
provided in Tables 2 and 3, respectively.
Among these glucocorticoid-responsive
genes were well-known transcripts that
were previously identified in various
tissues (e.g., FKBP5 [35], GLUL [36],
PER1 [37, 38], and TSC22D3 [35, 39]), as
well as more recently investigated ones
(CRISPLD2 [15] and KLF15 [24, 27])
in studies of ASM. A summary of
published evidence for glucocorticoid
responsiveness–related roles of the top-
ranked genes listed in Tables 2 and 3 is

provided in Table E2. A comparison of
ASM from donors with fatal asthma
versus donors without asthma yielded
no statistically significant differences
in gene expression among cells with
control exposure (Figure E2A), and two
differentially expressed genes (i.e., CCK
and PMEL) among cells that had been
exposed to budesonide (Figure E2B and
Table E3).

To gain a sense of the biological
pathways represented by the large number
of genes that were differentially expressed in
ASM exposed to budesonide, we performed
a gene set enrichment analysis of results for
1) ASM from donors with fatal asthma and
2) ASM from donors without asthma.
Seventeen ontological categories were
overrepresented in fatal asthma, and 14
were overrepresented in nonasthma,
based on having a q value, 0.05. These
enriched categories were similar in both
fatal asthma and nonasthma, according to
the enrichment scores and direction of
the genes’ differential expression
(Figure 2). Twelve of 17 significant
ontological categories in fatal asthma, and
nine of 14 significant ontological categories
in nonasthma were enriched by genes with

decreased expression in response to
glucocorticoid exposure (i.e., had a
normalized enrichment score (NES)
, 0), including categories related to
cytokines, chemokines, and nitric oxide.
Pathways enriched by genes with
increased expression in response to
glucocorticoid exposure (i.e., with NES
. 0) included metabolic pathways
of lipids and lipoproteins and amino
acid metabolism. Complete lists of
the genes in the leading-edge subsets
of these categories are provided in
Table E4.

Global Transcriptome Response to
Glucocorticoid Exposure across
Multiple Cell Types
We analyzed 13 publicly available
transcriptomic studies of various cell types
that compared glucocorticoid versus control
exposure in vitro (Table E5). For cell types
with more than one available study, we
obtained integrated differential expression
results. Specifically, integration results were
obtained for four ASM studies (including
the results for ASM derived from donors
without asthma presented above) consisting
of 18 pairs of donors, three childhood acute

fatal asthma BUD response non-asthma BUD response

KEGG: cytokine cytokine receptor interaction *
*

*
*
*

*
*
*
*

*
*
*
*
*
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Reactome: chemokine receptors bind chemokines
Reactome: phospholipase C mediated cascade
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KEGG: gap junction
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KEGG: TGF beta signaling pathway
Reactome: transport of bile salts

Reactome: cytosolic trna aminoacylation
Reactome: antigen presentation class I MHC

Reactome: neurotransmitter receptors
KEGG: protein export

Reactome: GPCR ligand binding
KEGG: calcium signaling pathway
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*
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*
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Figure 2. Gene set enrichment analysis results corresponding to differential expression results of a BUD versus control comparison of ASM derived from
donors with fatal asthma and donors without asthma. Pathways are sorted by normalized enrichment scores from results for ASM from donors with fatal
asthma, and those with a q value, 0.05 are marked with an asterisk (*). GPCR = G protein–coupled receptor; KEGG= Kyoto Encyclopedia of Genes and
Genomes; MHC = major histocompatibility complex; TGF = transforming growth factor

ORIGINAL RESEARCH

Kan, Koziol-White, Shumyatcher, et al.: ASM Transcriptome Response to Glucocorticoids 115



lymphoblastic leukemia (chALL) studies
consisting of 12 pairs of donors, and three
macrophage studies consisting of 13 pairs
of donors. These integrated analyses
identified 154, 8, and 78 significant
glucocorticoid-responsive genes in ASM,
chALL, and macrophages, respectively
(Tables E6–E8).

A single study of MCF10A-Myc
(immortalized human mammary epithelial
cell line MCF10A overexpressing c-Myc)
cells showed no statistically significant
genes, and a bronchial epithelium cell
study showed two significant genes
(CAPN15 and CCL20). A comparison of
significant genes across all other cell
types (Figure E3) revealed that only two
well-known glucocorticoid-induced
genes, TSC22D3 and FKBP5, had

statistically significant changes in
ASM, chALL, macrophages, U2OS
(human bone osteosarcoma epithelial
cell line) cells, and lymphoblastoid cell
lines (LCLs), whereas other previously
reported glucocorticoid-responsive
genes differed according to cell type
(GLUL and PER1 had increased
expression in ASM and macrophages;
CRISPLD2 and KLF15 had increased
expression in ASM and U2OS cells)
(Figure 3).

ASM-Specific Transcriptome
Response to Glucocorticoid Exposure
We reasoned that the set of genes that
were responsive to glucocorticoid exposure
across four ASM datasets would be more
generalizable than that observed in any

individual ASM study, and therefore we
focused on the set of 56 genes that were
significantly differentially expressed in
response to glucocorticoid exposure in
nonasthma ASM and also had results
available in the glucocorticoid-response
datasets of other cell types to create an
ASM-specific gene expression signature.
Hierarchical clustering using the log2 fold
change in expression for these 56 genes
tended to be similar according to cell
type (Figure 4). Of note, the five ASM
comparisons were distinct from other cell
types, including the cells from donors with
fatal asthma that were not used to identify
the glucocorticoid-response signature. The
three chALL and three macrophage studies
clustered according to cell type, with LCLs
most closely resembling chALL cells, cell
types with shared origin.

Although overall glucocorticoid-
induced gene expression changes were
similar in ASM derived from donors with
fatal asthma and donors without asthma, we
searched for the greatest differences in effect
sizes between cells from donors with fatal
asthma and donors without asthma among
the 154 genes obtained via an integrated
analysis of all nonasthma ASM studies. The
greatest difference was observed in CEBPD,
which had a log2 fold change of 0.48 in
ASM from donors with fatal asthma versus
a log2 fold change of 0.93 in ASM derived
from donors without asthma in the present
study or 1.43 across the four integrated
nonasthma ASM studies (Figure E4 and
Table E9).

Discussion

Glucocorticoids are a mainstay of asthma
therapy that modulate the transcription of
genes in a tissue-dependent fashion (18–23).
Previous studies have sought to elucidate
their mechanisms of action in prominent
asthma tissues, including ASM (15, 24, 25).
Because primary ASM cells derived from
individuals with fatal asthma retain a
unique phenotype that exhibits differences
in proliferative and contractile outcomes
compared with ASM cells from individuals
without asthma, we hypothesized that the
transcriptomic response to glucocorticoids
would differ between ASM cells from
donors with fatal asthma and those
obtained from donors without asthma.
Although we found strong gene expression
changes in ASM cells due to glucocorticoid
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Figure 3. Cell-type–specific differential expression results for known glucocorticoid-responsive
genes (TSC22D3, FKBP5, GLUL, PER1, CRISPLD2, and KLF15). Differentially expressed genes with
q-value, 0.05 in corresponding tissues are marked with an asterisk (*). BE = bronchial epithelium;
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exposure, the changes observed were
similar in cells derived from donors with
fatal asthma and donors without asthma in
terms of both statistical significance and
direction of effect. Consistent with this,
a comparison of the transcriptomes of

ASM cells from donors with fatal asthma
versus donors without asthma under
control exposure yielded no statistically
significant gene expression changes, and
under budesonide exposure, only two
differentially expressed genes (CCK and

PMEL) were observed. CCK and its
receptor (CCKAR), which are known to
influence gallbladder contraction (40),
were recently implicated in ASM
contraction and obesity-induced airway
hyperresponsiveness in mice (41), lending
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Figure 4. Heatmap comparing ASM-specific differentially expressed genes across seven cell types. A total of 56 significantly differentially expressed
genes were identified from the integration of four nonasthma ASM studies that also had results available in the 13 publicly available datasets considered.
Dendrograms correspond to hierarchical clustering based on the Euclidean distance between the log2 fold change in expression.
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further support for the involvement of CCK
in asthma. PMEL is known to play a role in
pigmentation and has been linked to
amyloid formation, with less evidence
for a direct role in asthma (42). Further
experimental studies are needed to verify
the potential role of these two genes in
modulating glucocorticoid response in
persons with asthma.

Several of the glucocorticoid-
responsive genes identified were consistent
with those observed in previous studies,
including FKBP5 (35), GLUL (36), PER1
(37, 38), TSC22D3 (35, 39), CRISPLD2 (15),
and KLF15 (24, 27). Due in part to the
larger sample size in the current study
compared with previous ones, we identified
many more statistically significant genes
than previous ASM glucocorticoid-
response transcriptomic studies (15, 24,
25). The large number of genes identified
underscores the difficulty of understanding
glucocorticoid responsiveness via
mechanistic studies of individual genes. To
identify biological functions represented by
the more than 6,000 genes that were
differentially expressed in response to
glucocorticoid exposure, an ontological
enrichment analysis was performed with
the gene set enrichment algorithm, a
method that does not require filtering of
genes to a small subset, but rather ranks all
genes within a dataset. Consistent with the
similarities at the level of differentially
expressed genes, many ontological
categories were similarly enriched in ASM
cells derived from both donors with fatal
asthma and donors without asthma that
were exposed to glucocorticoids. For
example, categories that were significant in
fatal asthma and nonasthma included
Reactome: chemokine receptors bind
chemokines driven by decreased expression
of proinflammatory genes (e.g., CCL2,
CX3CL1, CCL11) and KEGG: cytokine–
cytokine receptor interaction driven by
decreased expression of many cytokine
and TNF-related genes, as well as the
Reactome: nitric oxide stimulates guanylate
cyclase category, consistent with the
known role of glucocorticoids in decreasing
inflammation (8) and influencing the
nitric oxide pathway (43, 44). Although
the NES values were similar for categories
enriched among the differentially
expressed genes in both fatal asthma and
nonasthma, there were categories that were
only statistically significant in one group.
For example, there was negative

enrichment of the categories Reactome:
signaling by GPCR, Reactome: G alpha
(i) signaling events, and Reactome: voltage
gated potassium channels among the fatal
asthma, but not the nonasthma, results.
Whether these shifts between statistically
significant categories represent biologically
meaningful changes in gene expression
remains to be determined by additional
functional studies of genes in these
pathways.

Limitations of our study could have
hindered our ability to detect statistically
significant gene expression changes between
transcriptomes of ASM derived from donors
with fatal asthma and donors without
asthma either when exposed to vehicle
control or budesonide. First, although our
sample size was large enough for us to detect
the strong effects of glucocorticoid exposure,
detecting interindividual variability among
donors with fatal asthma may require a
considerably larger sample size than nine
patients and eight control subjects. As
previous studies of whole-blood and
bronchial epithelium expression signatures
in people with asthma have shown, asthma
endotypes can be detected among hundreds
of subjects (45, 46). Second, because we
lacked clinical data on donors with fatal
asthma beyond what was provided in
medical examiners’ reports, we were unable
to establish some important characteristics
for each subject. For example, the only
medication information available was
provided by families to medical examiners
in response to a query regarding known
medications the deceased individuals were
taking near the time of death. Seven of the
nine donors with fatal asthma were
reported to have taken albuterol, one took
fluticasone/salmeterol, and one took
unspecified asthma medications. Although
we assumed that these medication reports
were accurate, we were unable to determine
the completeness, dosages, or history of
medication use. Thus, even though the
medical examiners’ reports are likely to be
accurate in stating that asthma was the
cause of death, and previous studies
have shown that ASM cells derived
from donors with fatal asthma have
different proliferative and contractility
characteristics compared with those
obtained from donors without asthma,
there was a clinical heterogeneity among
the subjects beyond the demographic
characteristics used to match patients and
control subjects that we were unable to

account for. Studies involving a larger
number of subjects, as well as subjects with
confirmed severe, steroid-resistant asthma,
would be helpful to verify that ASM gene
transcription changes are similar in people
with and without asthma.

Considerations regarding the
experimental design that may have
influenced our results include 1) the
provenance of the ASM and 2) additional
factors that influence the glucocorticoid
response at a cellular level. The ASM cells
used in the present study were obtained
from tracheae and large bronchi, and
thus our results may not reflect the
transcriptomic glucocorticoid response in
distal airways. Glucocorticoid receptor
number and glucocorticoid receptor gene
isoforms influence glucocorticoid sensitivity
(23, 47, 48). Because we did not measure
glucocorticoid receptor number or
characterize the levels of a and b receptor
isoforms in individual donors, our results
reflect only the overall downstream
transcriptomic changes. Future studies to
address these issues may shed further
light on the mechanisms underlying the
differential glucocorticoid response
between persons with and without asthma.

We compared glucocorticoid-
response gene expression signatures
obtained in four studies of nonasthma
ASM with those obtained in six other
cell types using 13 publicly available
glucocorticoid-response studies. Among
the four ASM studies consisting of a total
of 18 pairs of cells derived from donors
without asthma, the present study
contributed the largest sample size
(n = 8 donors), and thus the overall
results for ASM are driven by the current
results. Nonetheless, selection of genes
based on all available studies was likely
to select a generalizable expression
signature. The hierarchical clustering
results based on the 56-gene signature
showed that there were cell-type–specific
gene expression patterns across various
cell types, with some expected similarities
(e.g., all ASM studies clustered together,
and chALL and LCL clustered together).
Surprisingly, only two genes (TSC22D3
and FKBP5) had statistically significant
results across all cell types. Several other
well-known glucocorticoid-responsive
genes were selectively expressed across
cell types in a differential manner.
Although the integrated results
were biased according to the
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current availability of publicly
available transcriptomic data, which do
not evenly represent all cell and tissue
types or involve treatment with the same
type of glucocorticoid or time frame,
integration of publicly available data
offers a cost-effective avenue to identify
the most robust gene signatures possible,
as well as cell-type–specific ones. Future
efforts to perform integrative analyses
with an increased number of datasets may
reveal more cell-type–specific signatures
of glucocorticoid responsiveness.
Additionally, such signatures may be
linked to glucocorticoid responsiveness
among patients with asthma. For
example, we found that CEBPD was
differentially expressed in response to
glucocorticoid exposure in ASM derived
from both donors with fatal asthma and

donors without asthma in the current study
(q = 2.713 1025 and 0.032, respectively),
but its overall ranking did not make it a
high priority for further study. The
evidence provided by integrated studies
(Figure E4 and Table E9) and published
functional evidence for CEBPD (Table
E10), however, suggest that it should be
prioritized for further study. Thus,
integration results offer a complementary
approach to prioritize individual genes
for functional studies.

In summary, we have expanded
studies of the glucocorticoid response in
ASM to include donors with fatal asthma
and a greater number of subjects. We
identified more differentially expressed
genes than previous studies and an ASM-
specific expression signature that
distinguished the ASM glucocorticoid

response from that of six other cell types.
The similarity of glucocorticoid-response
expression between ASM cells derived
from donors with fatal asthma and
donors without asthma suggests
that differences in glucocorticoid
responsiveness among asthma patients
are not mediated by striking changes in
ASM transcript expression signatures.
Further studies are necessary to confirm
this observation, determine whether it
applies to ASM obtained from distal
airways, and identify other mechanisms
that may confer differences in
glucocorticoid response, such as poor
delivery of glucocorticoids to target
tissues. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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