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Abstract 

Background:  CCAAT/Enhancer Binding Protein D (CEBPD), a pleiotropic glucocorticoid-responsive transcription 
factor, modulates inflammatory responses. Of relevance to asthma, expression of CEBPD in airway smooth muscle 
(ASM) increases with glucocorticoid exposure. We sought to characterize CEBPD-mediated transcriptomic responses 
to glucocorticoid exposure in ASM by measuring changes observed after knockdown of CEBPD and its impact on 
asthma-related ASM function.

Methods:  Primary ASM cells derived from four donors were transfected with CEBPD or non-targeting (NT) siRNA 
and exposed to vehicle control, budesonide (100 nM, 18 h), TNFα (10 ng/ml, 18 h), or both budesonide and TNFα. 
Subsequently, RNA-Seq was used to measure gene expression levels, and pairwise differential expression results 
were obtained for exposures versus vehicle and knockdown versus control conditions. Weighted gene co-expression 
analysis was performed to identify groups of genes with similar expression patterns across the various experimental 
conditions (i.e., CEBPD knockdown status, exposures).

Results:  CEBPD knockdown altered expression of 3037 genes under at least one exposure (q-value < 0.05). Co-expres‑
sion analysis identified sets of 197, 152 and 290 genes that were correlated with CEBPD knockdown status, TNFα expo‑
sure status, and both, respectively. JAK-STAT signaling pathway genes, including IL6R and SOCS3, were among those 
influenced by both TNFα and CEBPD knockdown. Immunoblot assays revealed that budesonide-induced IL-6R protein 
expression and augmented IL-6-induced STAT3 phosphorylation levels were attenuated by CEBPD knockdown in ASM.

Conclusions:  CEBPD modulates glucocorticoid responses in ASM, in part via modulation of IL-6 receptor signaling.
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Background
Asthma is a chronic inflammatory respiratory disease 
characterized by variable airflow limitation and airway 
hyperresponsiveness to specific environmental stimuli 
that affects over 22 million Americans and incurs an 

annual cost of $81.9 billion in the U.S. [1]. Treatment 
of asthma according to established guidelines includes 
use of inhaled glucocorticoids to control symptoms in 
patients with persistent asthma, and “bursts” or long-
term use of oral formulations to treat exacerbations or 
severe forms of asthma, respectively [2]. Chronic use of 
glucocorticoids elicits considerable adverse effects and 
may alter tissue sensitivity [3]. Studies to better under-
stand glucocorticoid responses have thus been under-
taken to identify mechanisms of resistance and improve 
personalized treatment strategies [3].
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Airway smooth muscle (ASM) is a prominent asthma-
related cell type that is directly involved in airway remod-
eling and airway narrowing [4, 5]. In addition to reducing 
inflammation, glucocorticoids reduce asthma symptoms 
by modulating other ASM-dependent processes, includ-
ing impaired bronchodilation [6], airway hyperrespon-
siveness [7], and increased ASM contractility [8]. In cells, 
glucocorticoids exert some of their effects via direct 
modulation of gene transcription through glucocorticoid 
receptor (GR) binding to DNA at glucocorticoid response 
elements (GREs) [3]. Some targets of glucocorticoids 
include TNFα-inducible pro-inflammatory genes whose 
expression is modulated by nuclear factor κB (NF-κB) 
and interferons [9, 10].

CCAAT/Enhancer Binding Proteins (C/EBPs) are a 
family of six transcription factors that regulate immune 
responses, as well as cell growth, arrest and differentiation 
[11]. One of these proteins, CCAAT/enhancer binding 
protein δ (CEBPD), has been linked to various conditions 
with altered inflammatory responses [12], including can-
cers [13], lipopolysaccharide-induced acute lung injury 
[14–16], pulmonary Aspergillus fumigatus conidia infec-
tion [17], atherosclerosis [18], and Alzheimer’s disease 
[19]. According to gene expression microarray and RNA-
Seq studies, CEBPD expression increases with glucocor-
ticoid exposure in ASM [20, 21]. Additionally, exposure 
to the glucocorticoid dexamethasone increases GR occu-
pancy near CEBPD in A549 cells, suggesting that CEBPD 
is a primary glucocorticoid-responsive GR target [22]. 
Activation of CEBPD by inflammatory factors, including 
interleukin-6 (IL-6) and tumor necrosis factor-α (TNFα), 
has also been observed in a variety of tissues, indicating 
that the modulation of inflammation by CEBPD involves 
complex tissue-specific signaling pathways that may have 
opposing outcomes depending on cellular context [12, 
13, 23]. Inflammatory cytokines such as IL-6, induce the 
binding of C/EBPs to promoters of acute phase genes to 
control their transcription [23], and this binding can be 
inhibited by steroids [24, 25] via the activation of GR and 
direct interaction between GR and C/EBPs [26].

Previously, we identified hundreds of ASM glucocorti-
coid-responsive genes, most of which were consistently 
differentially expressed in cells derived from asthma 
donors versus donors without asthma [20]. The greatest 
difference in fold change based on asthma status that we 
observed among these genes was for CEBPD, suggesting 
that it may contribute to differences in glucocorticoid 
responses in people with asthma via complex interac-
tions with signaling pathways involving pro-inflamma-
tory cytokines (e.g., TNFα), which are also differentially 
expressed in asthma. Here, we sought to characterize the 
effects of CEBPD knockdown on the ASM transcriptomic 

response to glucocorticoid and TNFα exposures, as well 
as its impact on related ASM function.

Methods
Detailed methods are provided in the Additional file 1.

ASM RNA‑Seq library construction, sequencing and data 
analysis
Total RNA was extracted from ASM cells derived from 
four non-asthma donors that were transfected with 
CEBPD or NT siRNA, and exposed to vehicle control, 
the glucocorticoid budesonide (BUD) (100  nM), TNFα 
(10 ng/ml), or BUD + TNFα for 18 h. Stranded RNA-Seq 
libraries were prepared and sequenced on an Illumina 
HiSeq 2500 instrument. RNA-Seq data are available in 
the Gene Expression Omnibus (GEO) under accession 
GSE146017.

The RAVED pipeline was used to analyze RNA-Seq 
data [27]. Differential expression analysis was performed 
for ten pairwise comparisons: CEBPD siRNA versus 
NT siRNA under the four exposure conditions (control, 
BUD, TNFα, BUD + TNFα); TNFα versus control in cells 
transfected with NT siRNA and CEBPD siRNA; and BUD 
versus control and BUD + TNFα versus TNFα in cells 
transfected with NT siRNA or CEBPD siRNA. Genes 
with Benjamini–Hochberg adjusted p-values (i.e., q-val-
ues) < 0.05 were considered significant. Results of indi-
vidual gene’s expression across samples were visualized 
as boxplots, where the line in the center represents the 
median value, the box spans the inter-quartile range, and 
the whiskers show the minimum and maximum (without 
outliers) of the normalized read counts.

Weighted gene co‑expression network analysis
Weighted gene co-expression network analysis 
(WGCNA) was performed using the WGCNA R package 
[28] to identify groups of genes with similar expression 
patterns. Correlations between the resultant groups of 
genes and 11 phenotype variables (based on transfection, 
exposure, and donor status) were obtained.

Ontological category enrichment analysis
Overall gene set enrichment analysis (GSEA) was per-
formed using the fgsea R package [29]. For select 
WGCNA co-expression groups, enrichment analysis was 
performed using modified Fisher’s exact tests [30]. Onto-
logical categories with q-values < 0.05 were considered 
significant.

ChIP‑Seq data analysis
CEBPD-binding sites were identified using the brocade 
pipeline [31] applied to ChIP-Seq data from GEO entry 
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GSE32465, which measured CEBPD binding in HepG2 
and K562 cell lines [32].

Immunoblots
ASM cells derived from 6 non-asthma donors were trans-
fected with CEBPD or NT siRNA and exposed to DMSO 
(control), IL-6 (10 ng/ml, 30 min), BUD (100 nM, 24 h), 
or BUD + IL-6. Immunoblot signals were developed for 
CEBPD, IL-6Rα, α Tubulin, STAT3, and phosphorylated 
STAT3 (pSTAT3) from protein samples and changes 
in band intensities were assessed with paired Student’s 
t-tests. The ratios of signals were visualized as barplots 
of height equivalent to the mean across donors and error 
bars representing standard errors (SEs) across replicates.

ASM traction microscopy
Primary human ASM cells from non-asthma donors 
were transfected with CEBPD or NT siRNA. Fourier 
transfer traction microscopy (FTTM) [33] was used to 
measure traction forces in cells at baseline or exposed to 
either the contractile agonist histamine (1 μM) or the β2-
agonist isoproterenol (1  μM) for 5  min. Traction forces 
were normalized to the baseline traction and visualized 
as barplots of height equivalent to the mean across five 
donors and error bars representing SEs across replicates.

Results
RNA‑Seq data met quality control (QC) considerations
Thirty-two ASM samples corresponding to four non-
smoking donors without chronic disease, four exposure 
conditions and either CEBPD or NT siRNA transfection 
status were prepared. Expression of CEBPD in knock-
down cells compared to their donor-paired NT siRNA-
transfected cells was decreased an average of 67% 
according to RT-qPCR measurements for all but one 
sample that showed no change in CEBPD expression 
levels and thus, was excluded from RNA-Seq library 
preparation, resulting in 31 samples selected for RNA-
Seq (Additional file  1: Fig. E1). These RT-qPCR meas-
urements also showed that CXCL8 expression increased 
more than tenfold with TNFα exposure, demonstrat-
ing an expected pro-inflammatory response, and the 
increased CXCL8 expression was blunted by BUD, 
demonstrating an expected decrease in inflammatory 
response with glucocorticoid exposure. The RNA-Seq 
data for the 31 samples sequenced was deemed of high 
quality (Additional file 1: Fig. E2A, B, Table E1), and all 
samples were included in differential expression analy-
ses. Normalized CEBPD read counts decreased by 70% 
in the knockdown cells compared to NT siRNA trans-
fected cells (Additional file  1: Fig. E2C). In NT siRNA 
cells, genes differentially expressed in response to BUD 
exposure included well-known glucocorticoid-responsive 

genes (e.g., FKBP5, TSC22D3, GLUL, PER1, CRISPLD2) 
[20, 21]. Genes differentially expressed in response to 
TNFα exposure included well-known pro-inflammatory 
cytokines (e.g., IL6, CXCL8) [9, 10].

Overall ASM transcriptomic changes in response to CEBPD 
knockdown
Comparison of CEBPD siRNA versus NT siRNA sam-
ples found 1,617, 1,459, 1,330 and 1,985 differen-
tially expressed genes within control, TNFα, BUD and 
BUD + TNFα exposure conditions, respectively (Table 1). 
A total of 3037 genes were differentially expressed under 
at least one of these exposure conditions, and 588 of the 
genes were in common across the four exposure groups. 
The five top-ranked genes influenced by CEBPD knock-
down according to lowest q-value for each of the four 
exposure conditions, representing 13 unique genes, 
included TNFRSF10D, a TNF receptor gene with an 
inhibitory role in apoptosis [34], whose expression was 
increased by CEBPD knockdown, and TXNIP, an NF-κB 
inhibitor gene [35] whose expression was decreased by 
CEBPD knockdown (Table 2). GSEA found that 23 onto-
logical categories were significantly enriched in at least 
one exposure group with CEBPD knockdown (Addi-
tional file 1: Table E2, Fig. E3). Seven of these categories 
were shared across all exposures: peptide chain elonga-
tion, ribosome, 3’ UTR mediated translational regula-
tion, influenza viral RNA transcription and replication, 
nonsense mediated decay enhanced by the exon junction, 
SRP-dependent cotranslational protein targeting to mem-
brane, and influenza life cycle.

Influence of CEBPD knockdown on ASM transcriptomic 
response to TNFα exposure
When comparing TNFα versus control exposure, there 
were 2315 and 1953 differentially expressed genes in NT 
siRNA and CEBPD siRNA cells, respectively, 1515 of 
which were in common (Table 1). The log2 fold changes 
corresponding to the differentially expressed genes were 
broadly similar in NT siRNA and CEBPD siRNA cells 
(Additional file  1: Fig.  E4A). The five top-ranked genes 
according to lowest q-value whose expression was altered 
by TNFα in each of the two transfection status condi-
tions, representing seven unique genes, are shown in 
Table 3. Although these seven genes, which included the 
cytokines IL32 and IL6, were significantly differentially 
expressed regardless of CEBPD knockdown status, genes 
such as IER3 and ICAM1 had reduced levels of expres-
sion with CEBPD knockdown and were significantly 
differentially expressed when comparing CEBPD knock-
down versus NT siRNA status within TNFα-exposed 
cells (q-value = 7.73 × 10–5 for IER3 and 5.47 × 10–4 for 
ICAM1). GSEA found that the ontological categories 
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overrepresented by genes in response to TNFα exposure 
were the same regardless of knockdown status (Addi-
tional file 1: Table E3, Fig. E5). In contrast, the ontologi-
cal categories obtained for the CEBPD siRNA versus NT 
siRNA comparison among TNFα-exposed cells found 
that the categories smooth muscle contraction and nitric 
oxide stimulates guanylate cyclase were affected by 
CEBPD knockdown (Additional file 1: Table E2, Fig. E3). 
Individual genes that drove these differences in onto-
logical category overrepresentation included ITGA1 and 
MYL9 for smooth muscle contraction (CEBPD siRNA 
versus NT siRNA q-value = 2.24 × 10–17 and 3.95 × 10–8, 
respectively) and GUCY1B3 and MRVI1 for nitric oxide 
stimulates guanylate cyclase (CEBPD siRNA versus NT 
siRNA q-value = 6.92 × 10–3 and 1.08 × 10–14, respec-
tively) (Additional file 1: Fig. E6).

Influence of CEBPD knockdown on ASM transcriptomic 
response to budesonide exposure
When comparing BUD versus control exposure, there 
were 470 and 421 differentially expressed genes among 
NT siRNA and CEBPD siRNA samples, respectively, 
276 of which were in common (Table  1). When com-
paring BUD + TNFα versus TNFα exposure, there were 
535 and 474 differentially expressed genes in NT siRNA 
and CEBPD siRNA, respectively, 264 of which over-
lapped. Table 4 lists the five top-ranked genes according 
to q-value for BUD versus control or BUD + TNFα versus 
TNFα in either transfection condition, yielding 15 unique 
genes, which include the well-known glucocorticoid-
responsive genes GLUL and DUSP1 [20, 21]. Some top-
ranked genes, such as IL1B and PTGS2, had expression 
levels that were highly induced by TNFα exposure (TNFα 
versus control q-values < 10–10) and therefore, had greater 
observed differences in expression with glucocorticoid 
exposure in the BUD + TNFα co-stimulation than the 
BUD condition. Overall, however, the log2 fold changes 
of the differentially expressed genes in BUD versus con-
trol and BUD + TNFα versus TNFα were broadly similar 
by transfection status (Additional file 1: Fig. E4B, C).

We found that 23 ontological categories were sig-
nificantly enriched in at least one of the four compari-
sons involving BUD (i.e., BUD versus control in: (1) NT 
siRNA, and (2) CEBPD siRNA samples; and BUD + TNFα 
versus TNFα in: (3) NT siRNA, and (4) CEBPD siRNA 
samples; Additional file  1: Table  E4 and Fig. E7). Six of 
these categories were shared across the four compari-
sons, including smooth muscle contraction, suggesting 
that contraction-related gene expression changes were 
influenced by BUD regardless of transfection or TNFα 
co-stimulation status. In contrast, some categories were 
enriched only under conditions that also involved CEBPD 
knockdown and/or TNFα exposure. For example, the 

cytokine-cytokine receptor interaction category was not 
enriched in the BUD versus control within NT siRNA 
condition, but it was enriched in the BUD versus control 
within CEBPD knockdown and/or TNFα exposure con-
ditions due to the differential expression of genes such 
as IL6, IL1A, and IL1B observed under the latter condi-
tions. An example of a category that was enriched only 
with co-stimulation of TNFα was extracellular matrix 
organization, which was driven by the collagen-related 
genes COL12A1, COL7A1, COL5A3 and COL13A1 that 
were differentially expressed with TNFα + BUD exposure 
but not BUD alone.

Identification of gene co‑expression groups and their 
association with CEBPD knockdown and TNFα exposure 
status
We selected the 1,365 genes that were differentially 
expressed with CEBPD knockdown in any exposure con-
dition for WGCNA analysis. Soft-thresholding power 
(β) of 18 was chosen to generate an unsigned weighted 
co-expression network (Additional file  1: Fig. E8). Of 
eight groups of co-expressed genes identified, three that 
were significantly correlated with CEBPD knockdown or 
exposure status, but not donor status, were considered 
further (Additional file  1: Fig. E9). Correlation coeffi-
cients showed that Group 1 (composed of 197 genes) was 
correlated with CEBPD knockdown status only, Group 
2 (composed of 152 genes) was correlated with TNFα 
exposure status, and Group 3 (composed of 290 genes) 
was correlated with both CEBPD knockdown and TNFα 
exposure status (Fig.  1A). To a lesser extent, Groups 2 
and 3 were correlated with BUD exposure (p < 0.05). 
Hierarchical clustering using gene expression levels (i.e., 
log2(normalized counts + 1)) of the genes in each co-
expression group clustered the 31 samples according to 
their transfection and/or TNFα exposure status, con-
sistent with phenotypes that they were associated with 
(Fig. 1B). Group 3 subjects were not perfectly clustered, 
which may be due to the slight correlation between their 
eigengenes and donor status. In terms of ontological cat-
egories overrepresented by the eigengenes, Group 1 con-
tained genes involved in regulation of actin cytoskeleton; 
Group 2 contained genes involved in interferon, cytokine-
cytokine, and JAK-STAT signaling; and Group 3 contained 
genes involved in translation, influenza viral RNA tran-
scription and replication, and JAK-STAT signaling (Addi-
tional file 1: Table E5).

JAK‑STAT signaling pathway genes co‑expressed 
in response to both CEBPD knockdown and TNFα exposure
The Group 2 (TNFα exposure-associated) JAK-STAT 
signaling pathway genes that were overrepresented 
included IL10RB, IL13RA2, IL15RA, IL7R, LEP, STAT1, 
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Fig. 1  Gene co-expression groups associated with various exposures. A Heatmap of correlations between eigengenes and 13 experimental 
conditions in three gene co-expression groups. B Heatmaps of gene expression represented by log2(normalized count + 1) for all 31 samples in 
three gene co-expression groups. Samples in these group can be distinguished based on CEBPD siRNA status, TNFα exposure status and both. BUD 
budesonide, NT non-targeting
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STAT4, while the Group 3 (CEBPD knockdown- and 
TNFα exposure-associated) JAK-STAT signaling pathway 
genes included CCND3, IL24, IL6R, LIF, PIM1, SOCS1, 
SOCS2, SOCS3, SPRY4. We focused further on the JAK-
STAT signaling pathway genes in Group 3 because its 
co-expression patterns were associated with a combined 
phenotype that most relates to the influence of CEBPD 
on asthma glucocorticoid responses. RNA-Seq results for 
IL6R, SOCS3, SOCS1 and SOCS2—genes known to par-
ticipate in IL-6 signaling pathways—across all conditions 
showed that their expression levels differed with TNFα 
exposure versus control within the NT siRNA samples 
differently than within the CEBPD siRNA samples, con-
sistent with the Group 3 phenotype (Fig.  2; Additional 
file  1: Table  E6). Analysis of a ChIP-Seq dataset involv-
ing HepG2 and K562 cells found putative CEBPD-bind-
ing sites near the transcription start sites (TSS) of each 
of these four genes, suggesting that CEBPD can directly 
modulate their transcription (Additional file 1: Fig. E10).

CEBPD knockdown blunted IL6‑induced IL‑6R signaling 
in ASM
Given that IL-6R had the strongest effect among the 
IL-6 signaling genes with CEBPD knockdown accord-
ing to RNA-Seq data, we sought to determine the role 
of CEBPD knockdown on IL-6-induced IL-6R signaling 
pathways by measuring changes of IL-6R protein levels 
and downstream phosphorylation of STAT3 (Fig.  2B). 
The CEBPD siRNA-transfected cells had decreased lev-
els of CEBPD under control exposure relative to NT 
siRNA samples, a difference that was starker with the 
BUD exposure induction of CEPBD, suggesting that the 
knockdown effectively reduced CEBPD protein levels 
(Additional file 1: Fig. E11). The increase in CEBPD that 
was elicited with BUD exposure in NT siRNA-trans-
fected cells (p < 0.05) was substantially diminished with 

CEBPD knockdown (Fig. 3A). In NT siRNA-transfected 
cells, IL-6R protein levels were significantly increased 
with BUD versus control exposure (p < 0.001), a change 
that was abrogated with CEBPD knockdown (Fig.  3B). 
The expected IL-6R-mediated induction of pSTAT3 by 
IL-6 was observed in both NT and CEBPD siRNA trans-
fected cells (p-value < 0.005), and while BUD exposure 
further augmented pSTAT3 levels in NT siRNA trans-
fected cells (p-value < 0.05), this effect was reduced with 
CEBPD knockdown (Fig. 3C).

CEBPD influenced baseline ASM contractility
CEBPD siRNA transfection efficiency in ASM cells 
was confirmed to be 58% for this experiment (Fig.  4A). 
At baseline, the average cell traction force was signifi-
cantly higher (p-value < 0.05) in CEBPD knockdown 
cells (224.4 ± 31.6  Pa, mean ± standard error here-
after) compared to cells transfected with NT siRNA 
(176.1 ± 30.3  Pa) (Fig.  4B). ASM traction was increased 
by histamine (contractile agonist) and decreased by iso-
proterenol (β2 agonist) relative to baseline levels, but 
these responses did not significantly differ with CEBPD 
knockdown (Fig. 4C, D).

Discussion
We and others have observed a large number of gluco-
corticoid-responsive genes in ASM cells [20, 21, 36, 37]. 
Our most recent study found that CEBPD had the larg-
est difference in glucocorticoid-induced expression 
changes in ASM from non-asthma donors versus fatal 
asthma donors (log2 fold change of 1.43 versus 0.48 with 
budesonide exposure) [20], suggesting that differing 
levels of CEBPD expression may influence glucocorti-
coid responsiveness in people with asthma. Our present 
study characterized the ASM transcriptomic responses 
to glucocorticoid and TNFα exposures in the context of 

Table 1  Number of significantly differentially expressed genes in various comparisons

BUD budesonide

Genes with q-value < 0.05 are considered significant

Genes whose expression differed with CEBPD knockdown

CEBPD siRNA versus NT siRNA across various exposures

Control TNFα BUD BUD + TNFα Overlap Total

1617 1459 1330 1985 588 3037

Genes whose expression differed with TNFα and/or budesonide exposure

NT siRNA CEBPD siRNA Overlap Total

TNFα versus control 2315 1953 1515 2753

BUD versus control 470 421 276 615

BUD + TNFα versus TNFα 535 474 264 745
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CEBPD knockdown, which involved performing 10 pair-
wise differential expression comparisons. Due to the large 
number of differentially expressed genes observed among 
these many comparisons, we performed a weighted gene 
co-expression analysis to identify the groups of genes 
specifically changed in response to CEBPD knockdown 
in the context of other relevant exposures, thereby facili-
tating the identification of individual genes and pathways 
for validation studies of our main trait of interest.

Pairwise differential expression results revealed many 
changes in ASM with CEBPD knockdown, a large pro-
portion of which were specific to exposure conditions. 
Our pathway-level results of these exposures recapitu-
lated known pathways, including that TNFα is involved 
in innate immunity and interferon signaling, and that 
glucocorticoids alter cytokine-cytokine receptor signal-
ing and smooth muscle contraction. The large number of 
differentially expressed genes observed in CEBPD siRNA 
versus NT siRNA transfected samples under glucocor-
ticoid and/or TNFα exposures included expected find-
ings, such as changes in genes related to the ontological 
categories interferon signaling and downstream signaling 
events of B cell receptor, as well as novel findings of rel-
evance to asthma, such as the alteration of genes involved 
in smooth muscle contraction and nitric oxide stimulates 
guanylate cyclase. Although many genes from among 
these comparisons are of interest to better understand 
asthma, we proceeded with WGCNA to focus on groups 
of genes with similar changes across exposures and trans-
fection status.

WGCNA identifies gene co-expression groups based 
on their topological similarity across samples, and it 
is able to identify relationships of these co-expression 
groups with multiple phenotypes under consideration 

[28]. We tailored WGCNA to our study goals by (1) 
including differentially expressed genes from the 
CEBPD siRNA versus NT siRNA across the four expo-
sure comparisons, and (2) constructing networks that 
included connections regardless of the direction of 
expression changed by CEBPD knockdown (i.e., we 
used an unsigned correlation network). Although use 
of a selected set of genes biases the identification of 
gene co-expression groups, in this case, it allowed us 
to identify three salient gene co-expression groups with 
expression patterns corresponding to CEBPD knock-
down and/or TNFα exposure status. We verified that 
individual genes within the groups had results consist-
ent with their grouping: CEBPD was among the genes 
in Group 1 (CEBPD knockdown-associated) and many 
cytokine-related genes were among the genes in Group 
2 (TNFα exposure-associated). Interestingly, TNFα 
exposure and CEBPD knockdown resulted in greater 
transcriptomic effects than budesonide: (1) there were 
substantially more differentially expressed genes iden-
tified in the pairwise TNFα versus control or CEBPD 
siRNA versus NT siRNA, than BUD versus control con-
ditions, and (2) none of the gene co-expression groups 
were highly correlated with budesonide exposure sta-
tus. Therefore, Group 3 was deemed most relevant to 
our question of understanding the impact of CEBPD on 
asthma-related gene expression changes. The Group 3 
(CEBPD knockdown- and TNFα exposure-associated) 
JAK-STAT pathway genes included some whose expres-
sion was decreased with CEBPD knockdown (e.g., IL6R, 
SOCS3, SOCS1) and some whose expression changed 
in the opposite direction (e.g., SOCS2), demonstrat-
ing that WGCNA was helpful to identify sets of genes 
that changed under specific conditions, regardless of 

Table 3  Top differentially expressed genes in TNFα versus control in NT siRNA or CEBPD siRNA cells

Top five genes with smallest q-values were selected from each comparison yielding seven genes in total

Gene symbol (gene name) Ensembl ID NT siRNA CEBPD siRNA

log2FC Q-value Mean 
normalized 
counts

log2FC Q-value Mean 
normalized 
counts

no TNFα TNFα no TNF TNFα

IL32 (interleukin 32) ENSG00000008517 3.04 6.50E−118 284 2213 3.27 5.20E−189 237 2306

IL6 (interleukin 6) ENSG00000136244 3.57 3.10E−80 892 11,217 3.56 8.50E−97 878 10,187

TNFAIP3 (TNF alpha induced protein 3) ENSG00000118503 3.40 5.30E−79 901 9453 3.36 5.50E−27 916 9196

COL7A1 (collagen, type VII, alpha 1) ENSG00000114270 1.40 1.90E−75 3896 10,229 1.60 7.70E−58 3237 9913

NFKB2 (nuclear factor of kappa light poly‑
peptide gene enhancer in B-cells 2 (p49/
p100))

ENSG00000077150 2.13 2.70E−70 666 2909 2.26 1.90E−86 515 2463

IER3 (immediate early response 3) ENSG00000137331 1.95 1.70E−50 1141 4313 1.89 3.50E−83 797 2903

ICAM1 (intercellular adhesion molecule 1) ENSG00000090339 3.20 2.20E−24 490 4243 3.45 1.00E−68 268 2715
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the direction of this change. Comparison of JAK-STAT 
pathway genes in Group 3 versus Group 2 was helpful 
to identify the TNFα-modulated ones that were also 
changed by CEBPD knockdown, which led us to select 
the IL-6R pathway for further study.

Consistent with RNA-Seq results showing that IL-6R 
transcript levels were substantially reduced with CEBPD 
knockdown in the BUD versus control exposure com-
parison, immunoblot results showed that CEBPD knock-
down resulted in decreased IL-6R protein expression 

Fig. 2  CEBPD knockdown influenced ASM expression of genes in the IL-6 receptor signaling pathway. A Expression levels of IL6R, SOCS3, SOCS1, 
and SOCS2 in response to control, BUD, TNFα, and BUD + TNFα exposures in NT siRNA and CEBPD siRNA transfected cells obtained with RNA-Seq 
data show that CEBPD knockdown altered their response to BUD, TNFα and/or BUD + TNFα exposure. Boxplots show the median value at the 
center line, the box spans the inter-quartile range, and the whiskers span the minimum and maximum (without outliers) of normalized read counts 
(N = 3–4 donors per condition). Individual read count values are displayed as points. B IL-6 receptor signaling pathway diagram indicating known 
relationships among IL-6R, SOCS and STAT3 proteins. BUD budesonide, NT non-targeting
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when comparing BUD versus control exposures. Exten-
sion of RNA-Seq results to the protein level also revealed 
that IL-6 receptor signaling vis-à-vis IL-6-induced 
pSTAT3 expression remained intact, although the fold-
change of pSTAT3 induced with BUD + IL-6 versus IL-6 
alone was only statistically significantly different among 
NT siRNA-transfected cells, suggesting an overall reduc-
tion of IL-6R signaling with CEBPD knockdown. Future 

studies are needed to investigate more detailed mecha-
nisms whereby altered CEBPD expression and its post-
translational modifications affect IL-6R signaling in ASM 
to influence glucocorticoid responses in asthma.

Smooth muscle contraction pathway genes were 
enriched in (1) genes differentially expressed with 
CEBPD knockdown under the condition of TNFα expo-
sure and (2) genes differentially expressed with bude-
sonide exposure regardless of CEBPD knockdown status. 
The traction microscopy results support a potential mod-
est effect of CEBPD knockdown on ASM contractile 
force at baseline, however, CEBPD had little effect on 
ASM excitation–contraction coupling. Together, these 
results suggest that CEBPD alone is not likely to directly 
regulate ASM contractility in response to glucocorticoid 
exposure.

Several limitations of our study are worth noting. First, 
we did not determine whether CEBPD modulated IL6 
signaling via membrane-bound IL-6R or trans-signal-
ing of its soluble form. Because prior studies found that 
membrane-bound IL-6R was not present in ASM, while 
its soluble form was [38], it is likely that CEBPD influ-
ences the IL-6 pathway via trans-signaling. Of note, a 
specific asthma phenotype has been proposed to corre-
spond to IL-6 trans-signaling, as patients with increased 
IL-6 trans-signaling had more exacerbations, eosino-
philia, and submucosal T cells and macrophages [39], and 
a coding genetic polymorphism in the IL-6R gene that 
promotes trans-signaling has been linked to lung func-
tion differences in people with severe asthma [40]. Sec-
ond, additional experiments are necessary to determine 
whether some of the transcriptomic effects observed 
may have resulted from direct protein–protein interac-
tions among CEBPD, NF-κB and GR. Third, our statis-
tically significant findings for the effect of CEBPD on 
IL-6R and pSTAT3 had modest effect sizes, which may be 
due to relatively long exposure times and resulting com-
pensation by other C/EBP family members. Additional 
experiments are necessary to determine the time courses 
of CEBPD effects, as well as the concomitant role of 
CEBPA, CEBPB, and related proteins on IL-6 signaling.

In summary, we found that CEBPD knockdown 
resulted in many ASM transcriptomic changes in 
response to glucocorticoid and TNFα exposures. Among 
these, CEBPD knockdown influenced expression of sev-
eral TNFα-induced JAK-STAT pathway genes, including 
the IL-6 receptor. Further mechanistic insights regard-
ing these CEBPD-mediated ASM transcriptomic changes 
may lead to an improved understanding of glucocorticoid 
responses in patients with asthma.

Fig. 3  CEBPD knockdown blunted IL-6 receptor protein expression 
and signaling in ASM. A Representative immunoblot lanes for tubulin 
and CEBPD expression. Immunoblot band density quantification 
results for CEBPD (normalized to tubulin under NT siRNA control or 
CEBPD siRNA control within groups) show that its levels were induced 
by BUD exposure among NT siRNA-transfected samples, an effect 
that was substantially reduced with CEBPD siRNA transfection. B 
Representative immunoblot lanes for tubulin and IL-6R expression. 
Immunoblot band density quantification results for IL-6R (normalized 
to tubulin under NT siRNA control or CEBPD siRNA control within 
groups) were significantly increased with BUD versus control 
exposure among NT siRNA-transfected cells, an effect that not was 
significant for BUD versus control exposures with CEBPD knockdown. 
C Representative immunoblot results examining pSTAT3 normalized 
to total STAT3 expression under NT siRNA control or CEBPD siRNA 
control within groups. pSTAT3 was induced with IL-6 exposure and 
further augmented with addition of BUD exposure in NT siRNA 
transfected cells. The augmented pSTAT3 induced by BUD + IL-6 
versus IL-6 was no longer significant with CEBPD knockdown. 
Barplots of signal ratios are of height equivalent to the mean across 
donors, and the error bars represent standard errors (SEs) across 
replicates with N = 6 donors per condition. Intact immunoblot 
bands are provided in Additional file 1: Fig. E11. BUD budesonide, NT 
non-targeting, pSTAT3 phosphorylated STAT3
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