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Sasse SK, Altonsy MO, Kadiyala V, Cao G, Panettieri RA Jr,
Gerber AN. Glucocorticoid and TNF signaling converge at A20
(TNFAIP3) to repress airway smooth muscle cytokine expression. Am
J Physiol Lung Cell Mol Physiol 311: L421-1.432, 2016. First pub-
lished July 1, 2016; doi:10.1152/ajplung.00179.2016.—Airway
smooth muscle is a major target tissue for glucocorticoid (GC)-based
asthma therapies, however, molecular mechanisms through which the
GC receptor (GR) exerts therapeutic effects in this key airway cell
type have not been fully elucidated. We previously identified the
nuclear factor-kB (NF-«kB) inhibitor, A20 (TNFAIP3), as a mediator
of cytokine repression by glucocorticoids (GCs) in airway epithelial
cells and defined cooperative regulation of anti-inflammatory genes
by GR and NF-kB as a key mechanistic underpinning of airway
epithelial GR function. Here, we expand on these findings to deter-
mine whether a similar mechanism is operational in human airway
smooth muscle (HASM). Using HASM cells derived from normal and
fatal asthma samples as an in vitro model, we demonstrate that GCs
spare or augment TNF-mediated induction of A20 (TNFAIP3),
TNIP1, and NFKBIA, all implicated in negative feedback control of
NF-kB-driven inflammatory processes. We applied chromatin immu-
noprecipitation and reporter analysis to show that GR and NF-«B
directly regulate A20 expression in HASM through cooperative in-
duction of an intronic enhancer. Using overexpression, we show for
the first time that A20 and its interacting partner, TNIP1, repress TNF
signaling in HASM cells. Moreover, we applied small interfering
RNA-based gene knockdown to demonstrate that A20 is required for
maximal cytokine repression by GCs in HASM. Taken together, our
data suggest that inductive regulation of A20 by GR and NF-kB
contributes to cytokine repression in HASM.

airway smooth muscle; cytokine; glucocorticoid; NF-kB; tumor ne-
crosis factor

DYSFUNCTION IN AIRWAY SMOOTH MUSCLE (ASM) is central to
asthma pathophysiology (18, 44, 47). Alterations in ASM
contractile function have long been recognized as a major
contributor to episodic shortness of breath in asthma (35).
More recently, it has been recognized that ASM is also a rich
source of cytokines that signal to other cell types within the
airway (13), and thus contributes to asthma symptoms through
promoting inflammation (23). Glucocorticoids (GCs), which
are the centerpiece of current asthma treatment guidelines (46),
are believed to reduce airway hyperresponsiveness and repress
ASM remodeling (16, 17, 58). In addition to these effects on
ASM physiology and structure, as is the case in many cell
types, GCs potently repress ASM cytokine expression (22).
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Consequently, ASM is now viewed as a key target of GC-
based anti-inflammatory therapy in asthma and as a potential
nidus for steroid-resistant inflammation.

Across tissue types and diseases, including asthma, there is
controversy regarding the relative contributions of direct cyto-
kine repression vs. activation of anti-inflammatory genes by
GCs in mediating therapeutic effects (10). The glucocorticoid
receptor (GR) is a nuclear receptor that, upon ligand binding,
is induced to translocate to the nucleus and regulate gene
expression. GR can form homodimers that exhibit energeti-
cally favorable interactions with palindromic or semipalin-
dromic GR-binding sequences, which have been linked to
GC-mediated gene induction (41). However, typical binding
sites for dimeric GR are not always present within regulatory
regions for cytokines subject to GC-mediated repression (53),
and a mutation that disrupts GR dimerization did not appear to
substantially affect repression of a canonical nuclear factor-xB
(NF-kB)-driven reporter (6). These and other data have led to
the notion that GR dimerization and association of dimeric GR
with high-affinity GR-binding sites is not required for cytokine
repression by GCs. Instead, the dominant model for GR-
mediated repression has centered on repressive tethering inter-
actions between monomeric GR and inflammatory transcrip-
tion factors, leading to gene inactivation in association with
histone deactylation (4, 15, 57). More recently, however, it has
become clear that mutations in the GR dimerization domain do
not completely abrogate gene induction by GR, nor do mice
harboring the GR dimerization mutation exhibit normal anti-
inflammatory responses (19, 32, 54, 61). Moreover, a number
of GR-induced targets, such as DUSP1, have emerged as being
crucial for GR-mediated inflammatory repression in many
tissues, including ASM (31, 49). Thus the precise mechanisms
through which GR represses inflammation remain to be fully
elucidated in many tissues and diseases, including asthma.

Major inflammatory signaling pathways relevant to asthma
such as IL-1A, TNF, TLR4, and IL-13, induce potent negative
feedback responses that are crucial for normal termination of
inflammation (37, 64, 67). In addressing the mechanistic basis
for GR-mediated cytokine repression in airway epithelial cells,
we previously found that GR differentially regulates pro- and
anti-inflammatory targets of NF-kB, a major common down-
stream transcriptional effector of inflammatory cascades driven
by diverse stimuli. This differential regulation was due to
cooperation between GR and NF-kB at enhancers for genes
implicated in repressing inflammation, best exemplified by
combined treatment of Beas-2B cells with TNF and dexameth-
asone (dex), a potent GR agonist, resulting in synergistic
induction of an intronic enhancer for A20/TNFAIP3 (1). A20
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is a powerful negative feedback inhibitor of NF-«B that is
induced by a host of inflammatory pathways and acts through
a nondegradative ubiquitin-based mechanism to curtail NF-kB
activity (12, 38, 65). A20 dysfunction has been genetically
linked to a variety of immune-mediated diseases, including
asthma, and A20 has also been shown to limit inflammation in
models of allergic airway inflammation and tolerance (30, 56).
Moreover, we have recently shown that A20 is required for full
cytokine repression by GCs in airway epithelial cells (28),
implicating GR cooperation with NF-kB as an important con-
tributor to steroid efficacy. However, expression and function
of A20 and its interacting partner, TNIP1 (62), have not been
investigated in human airway smooth muscle (HASM).
Whether GR cooperates with NF-kB in ASM also remains to
be elucidated.

In this study, we used cultured ASM derived from normal
controls and from patients with fatal asthma (FA) to determine
whether GC signaling selectively spares the expression of
putative anti-inflammatory genes in ASM. We applied chro-
matin immunoprecipitation (ChIP) and reporter assays to de-
termine whether GR and NF-«kB coinduce anti-inflammatory
gene expression. We used adenoviral overexpression and small
interfering RNA (siRNA) knockdown to test whether A20 and
TNIP1 repress cytokine expression in HASM cells. Our data
implicate cooperative induction of A20 by GR and p65 as a
novel transcriptional mechanism contributing to steroid-medi-
ated cytokine repression in HASM.

MATERIALS AND METHODS

Cell culture and reagents. Primary HASM cells were derived from
two donors with normal ASM (HASM1, a 20-yr-old man; HASM2, a
54-yr-old woman) and two patients with FA (FA-HASM1, a 15-yr-old
girl; FA-HASM?2, a 48-yr-old woman) as described previously (3). No
recent corticosteroid use was noted for any of the donors. Phenotypic
characteristics of ASM were confirmed by microscopy and were
similar between the lines, although FA-HASM2 cells were somewhat
larger than the other three lines. Cells were cultured in Ham’s F-12
medium with L-glutamine (Corning) supplemented with 10% FBS
(Fisherbrand) and 1% penicillin/streptomycin (Corning), and main-
tained in 5% CO, at 37°C. Recombinant human TNFa (PHC3015L;
Life Technologies) was diluted in sterile 1X Dulbecco’s PBS con-
taining 0.2% FBS and used at a final concentration of 20 ng/ml.
Dexamethasone (dex; D1756; Sigma) was dissolved in sterile ethanol
and used at a final concentration of 100 nM. Salbutamol sulfate (salb,
S2507; Selleck Chemicals) was dissolved in sterile cell-culture grade
water and used at a final concentration of 1 WM. Adenoviral expres-
sion constructs for TNFAIP3 (Ad-TNFAIP3) and green fluorescent
protein (Ad-GFP) have been described previously (1). The TNIP1
adenoviral expression construct (Ad-TNIP1) was obtained from Wel-
gen and uses TNIP1 cDNA BC014008. siRNA-mediated knockdown
was performed using ON-TARGETplus SMARTpool siRNA against
TNFAIP3 (si-TNFAIP3, L-009919-00-0005) and a nontargeting con-
trol (si-Ctrl; D-001810-10-20) supplied by GE Healthcare/
Dharmacon. Primary antibodies for Western blotting included anti-
TNFAIP3 (ab13597), anti-TNIP1 (ab90890), anti-IL-1f (ab156791),
and anti-beta-actin (ab75186) from Abcam, and anti-GAPDH (sc-
25778) from Santa Cruz Biotechnology. Secondary antibodies were
enhanced chemiluminescence (ECL) sheep anti-mouse IgG-
horseradish peroxidase (HRP) (95017-332) and ECL donkey anti-
rabbit IgG-HRP (95017-330) supplied by VWR. Antibodies used in
ChIP experiments included anti-GR (IA-1, a generous gift from Dr.
Miles Pufall) and anti-NF-«kB p65 (sc-372x) from Santa Cruz Bio-
technology.

A20 REPRESSES CYTOKINE EXPRESSION IN AIRWAY SMOOTH MUSCLE

RNA purification and quantitative PCR analysis. For gene expres-
sion analysis, HASM and FA-HASM cells were plated in 6-well
plates at a density of approximately 4-5 X 10° cells/well. Once
confluent, cells were treated with vehicle, TNF, dex, or TNF + dex
for 4 h, after which cells were lysed in TRIzol reagent (Life Tech-
nologies), and RNA was purified using the PureLink RNA Mini Kit
(Life Technologies). Reverse transcription and quantitative PCR
(qPCR) were performed as previously described (55). Relative gene
expression was calculated by normalizing the mean Cr value for each
gene to the mean Cr value for RPL19 and is expressed on a log» scale
relative to the mean normalized Cr value of vehicle-treated samples.
Primer sequences used for qPCR are listed in Table 1.

Western blotting and ELISA. To assess protein expression by
Western blot analysis following drug treatment, adenoviral transduc-
tion, and/or siRNA-mediated knockdown, HASM2 or FA-HASM1
cells were lysed in radioimmunoprecipitation assay buffer supple-
mented with protease inhibitors, and then 20-50 pg of total protein
were separated by SDS-PAGE and transferred onto Immun-Blot
polyvinylidine difluoride membranes from Bio-Rad. Membranes were
probed with antibodies targeting proteins of interest, and bands were
visualized using the ECL Prime detection system from GE Healthcare.
To measure secreted CXCL8 protein levels, supernatants from
HASM2 and FA-HASMI cells treated for 24 h with vehicle, TNF,
dex, or TNF + dex were assayed using a Human CXCLS8/IL-8 DuoSet
ELISA and Ancillary Reagent Kit 2 (both from R&D Systems)
according to the manufacturer’s protocols.

ChIP-qPCR. For each treatment group of a ChIP experiment,
HASM? cells were plated at a density of ~1 X 10° cells/plate on three
15-cm plates and grown to confluence. Cells were treated for 1 h with
vehicle, TNF, dex, or TNF + dex, and then fixed in 1% formaldehyde
for 5 min. Chromatin was isolated as previously described (55),
divided into five biological replicate samples per treatment group, and
then sonicated on high power for 25 cycles (1 cycle = 30 s on, 30 s
off) in a Bioruptor from Diagenode. Immunoprecipitation using anti-
bodies against GR or p65 was performed as described (55) and qPCR
was used to assay relative factor occupancy at genomic target regions,
which was calculated as the difference between the mean Cr value for
the target region and the geometric mean of the Cr values at three
nonoccupied negative control regions, and is expressed on a log
scale. Primer sequences used for ChIP-qPCR are listed in Table 1.

Plasmid transfection and reporter assays. The pTNFAIP3, pT-
NFAIP3 mut GR binding sequence (GBS), and pFKBPS5 luciferase
reporter plasmids were constructed in the pGL3-Promoter backbone
(Promega) and have been described previously (1). pSV40-mCherry
has also been previously described (20). For reporter assays, HASM2
or FA-HASMI cells were plated in 48-well plates at a density of 1 X
105 cells/well. Three days later, cells were transfected with 250 ng of
total plasmid DNA, consisting of a 10:1:1 ratio of firefly luciferase
reporter construct, Renilla luciferase control construct (pSV40-RL
from Promega), and pSV40-mCherry for visualization of transfection
efficiency using Lipofectamine 3000 and accompanying P3000 Re-
agent (Life Technologies) according to the manufacturer’s protocol.
Approximately 18 h later, cells were treated as indicated for 8 h, and
reporter activity was assayed as detailed previously (55).

Adenoviral transduction. For adenoviral transduction experiments,
HASM?2 cells were plated in 6-well plates at a density of approxi-
mately 4-5 X 10° cells/well and grown to confluence. For TNFAIP3
overexpression experiments, cells were transduced with Ad-TNFAIP3
or Ad-GFP at a multiplicity of infection (MOI) of 100. For TNIP1
transduction experiments, Ad-TNIPI and Ad-GFP were used at an
MOI of 50. Approximately 17 h following adenoviral infection, cells
were treated with vehicle, TNF, dex, or TNF + dex for 4 h, and gene
expression was assayed via qPCR.

SIRNA transfection. HASM2 cells were plated in antibiotic-free
medium for siRNA-mediated knockdown experiments in 6-well plates
at a density of 5 X 10° cells/well for qPCR analysis or in 6-cm plates
at 9 X 10° cells/plate for protein expression analysis. The next day,
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Forward Sequence (5’ to 3")

Reverse Sequence (5" to 3")

qPCR primers
ILIA
ILIB
IL6
CXCLS8
HBEGF
TNF
TNFAIP3 5°-UTR
TNFAIP3 exon 5
TNIPI1
TNIP2
NFKBIA
ChIP-qPCR primers
FKBP5
ILIA
ILIB
IL6
CXCLS8
TNFAIP3
NFKBIA
TNIP] pairl

CATCCTCCACAATAGCAGACAG
CAAAGGCGGCCAGGATATAA
TGACCCAACCACAAATGC
CTTGGCAGCCTTCCTGATTT

TCTGGACCTTTTGAGAGTCACTTTATC

AGAGGGAGAGAAGCAACTACA
AGTGTTCCCAGGTGGCCTTAGAAA
GCCCAGGAATGCTACAGATAC
AACAAGCAGTGGGACCAGCATTTC
TCTGCCTCGAACCAGTCAAATGGA
GAGTTACCTACCAGGGCTATTC

TAACCACATCAAGCGAGCTG
GTGTATGCCTGTGTCACATAAAC
GATGGAGGCTCAGGTCTAATG
CGTGCATGACTTCAGCTTTAC
GAGCACTCCATAAGGCACAA
GACCACACCCACTTGGAAA
CCTTCCTCAACTTCCAGAACA
GACCGAGCGAGGTAAACAC
ACTAATACAGGGTGGCATGTT

GAGTTTCCTGGCTATGGGATAAG
CTAGGGATTGAGTCCACATTCAG
AGGAACTCCTTAAAGCTGCG
GGGTGGAAAGGTTTGGAGTATG
CGTGCTCCTCCTTGTTTGGT
GGGTCAGTATGTGAGAGGAAGA
TCTCAGCCAAGACGATGAAGCAGT
AGTGGAACAGCTCGGATTTC
TGCTTCTGCAAATCAGCCAGCTTC
AACTTCCGGCTGGATGACAAATGC
CTCTCCTCATCCTCACTCTCT

GCATGGTTTAGGGGTTCTTG
GCATTTGCAACCACACCTAAT
CGTGTCTCAGGCTCTCATTT
AGCAGAACCACTCTTCCTTTAC
TTCCTTCCGGTGGTTTCTTC
TTTGACTAGCAATTGAGCAACAG
GTGACTCTGCTACATCAGCTAC
CAGGGAAGTCGCTCCTAGA
CCTTTGCTTCCACTTCCTTTG

TNIP] pair2
Negative controls

MYODI TGCAGGAGATGAAATACTAAGCAAGTA AGATTGGAAACTGAGGACTTTAGTTAGAG
GAPDH CGGCTACTAGCGGTTTTACG AAGAAGATGCGGCTGACTGT
OLIG3 GGCAAGGACAGAGACAATCATA CTCTGTGTTCTCGCTTTGGA

ChIP, chromatin immunoprecipitation; qPCR, quantitative PCR.

cells were transfected with 20 nM si-TNFAIP3 or si-Ctrl using a
modified protocol for Lipofectamine 2000. Briefly, siRNA and Lipo-
fectamine transfection reagent were first diluted and subsequently
complexed in antibiotic- and serum-free medium. Wells/plates were
then rinsed with supplement-free medium and cells were incubated
with the diluted complex for 6 h. Additional serum-containing me-
dium was then added to the transfection medium to adjust the
concentration of FBS to 10%, and cells were incubated overnight.
Medium was replaced with fresh complete medium the following
morning, and cells were given a day to recover before being treated
with vehicle, TNF, dex, or TNF + dex for an additional 24 h. Gene
and protein expression were analyzed by qPCR and Western blotting,
respectively.

Statistical analysis. A Student’s t-test was applied to make statis-
tical comparisons as indicated in figure legends. Note that compari-
sons for different treatment conditions are based on biologic replicates
within each cell line (generally four), as opposed to comparing the
data between the cell lines.

RESULTS

Glucocorticoids differentially regulate pro- and anti-inflam-
matory genes induced by TNF in ASM. To examine GC
regulation of TNF-induced pro- and anti-inflammatory
genes in ASM, cultured primary HASM cells from two
subjects with normal ASM (HASM1 and HASM2) were
treated with TNF, dex (a potent synthetic GR ligand), or
TNF + dex for 4 h. As illustrated in Figure 1, A and B (top),
TNF induction of classic proinflammatory targets such as
ILIA, ILIB, and IL6 was strongly repressed by cotreatment
with dex in both HASM lines. In contrast, induction of TNF
targets such as TNFAIP3, TNIP1, and NFKBIA, which have
documented anti-inflammatory function in other cell types
(51), was maintained or augmented by the addition of dex
(Fig. 1, A and B, bottom). The effects of dex on pro- vs.
anti-inflammatory gene expression were statistically differ-

ent in both lines on the basis of rank-sum test comparisons
of expression changes within the two gene groups (P <
0.05). Similarly statistically distinguishable outcomes of
dex cotreatment on pro- vs. anti-inflammatory gene induc-
tion by TNF were observed in HASM cells derived from two
patients with FA (FA-HASM1 and FA-HASM2) and treated
as described above (Fig. 1, C and D, respectively). Thus
consistent with our previous findings in BEAS-2B and
normal primary human airway epithelial cells (1, 28), in-
duction of proinflammatory TNF target gene expression is
suppressed by GCs, whereas induction of anti-inflammatory
targets is selectively spared or augmented in ASM.

The effects of dex on TNF-mediated gene regulation were
further assayed by Western blot analysis of TNFAIP3 and
TNIP1 both in normal (HASM2) and FA (FA-HASM1) cells.
These protein data indicate that dex also spares the expression
of anti-inflammatory TNF targets at the protein level (e.g.,
TNFAIP3 in HASM2 and TNIP1 in FA-HASMI; Fig. 1, E and
F, respectively). Secreted levels of CXCLS8 were also measured
using ELISA. This showed that TNF-induced CXCLS8 secre-
tion was reduced by dex in HASM2, but not in FA-HASMI.
These data are consistent with prior reports of abnormal
CXCLS regulation in ASM from patients with asthma (27).

GR and NF-kB co-occupancy of genomic binding sites
mediates GC regulation of both pro- and anti-inflammatory
TNF targets in ASM. GR occupancy is strongly dependent on
cellular context (21, 50), and it is possible that selective
repression of proinflammatory targets of NF-kB in ASM is due
to differential GR occupancy at regulatory elements mediating
pro- and anti-inflammatory gene expression. Therefore, to
explore the mechanistic basis for distinct outcomes of GR—
NF-kB cross-talk at pro- vs. anti-inflammatory TNF target
genes in HASM cells, we used ChIP-qPCR to analyze the
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Fig. 1. Glucocorticoids differentially regulate pro- vs. anti-inflammatory gene induction by tumor necrosis factor (TNF) in airway smooth muscle (ASM). A-D:
primary human ASM cells derived from two subjects with normal ASM (HASM; A and B) and two patients with fatal asthma (FA-HASM; C and D) were treated
with TNF, dexamethasone (dex), or TNF + dex for 4 h and expression of proinflammatory (fop) and anti-inflammatory (botfom) genes was assayed using
quantitative PCR (qPCR). Bars indicate mean normalized Cr values on a log scale (+SD) relative to vehicle-treated controls. *P = 0.05 compared with response
of same gene in TNF-treated cells. E and F: Western blots of TNFAIP3 and TNIP1 protein expression in HASM (E) and FA-HASM (F) cells treated as indicated
for 24 h. GAPDH was used as a loading control. G and H: secreted CXCLS levels in the supernatants of HASM (G) and FA-HASM1 (H) cells treated as indicated
for 24 h, as measured by ELISA. *P = 0.05 compared with response in TNF-treated cells.

occupancy of GR and the p65 subunit of NF-kB at genomic
binding sites previously identified in other cell types (1, 28,
50). Schematics of the regions interrogated for occupancy of
both factors are depicted in Figure 2A. Antibodies against GR
or p65 were used to immunoprecipitate factor-bound chromatin
fragments prepared from HASM?2 cells treated for 1 h with
vehicle, TNF, dex, or TNF + dex, as indicated in Figure 2,
B-D. Factor occupancy, expressed on a log, scale, was calcu-
lated relative to the geometric mean of a panel of nonoccupied
negative control regions. We first determined GR and p65
occupancy at two control regions (Fig. 2B, top and bottom,
respectively), including MYOD1, a negative control region that
is not occupied by either factor with TNF or dex stimulation,
and FKBP5, a well-characterized site of GR recruitment fol-
lowing dex exposure. Indicative of high ChIP efficiency, nei-
ther GR nor p65 exhibited measurable occupancy at MYOD]
under any treatment conditions, whereas GR occupancy was
markedly increased at FKBP5 by dex treatment. We next

interrogated GR and p65 occupancy within a set of proinflam-
matory TNF targets, represented by classic cytokines such as
ILIB and CXCLS8 (Fig. 2C), and a set of anti-inflammatory
TNF targets, including TNFAIP3 and TNIPI (Fig. 2D). Con-
sistent with moderate mRNA levels for many TNF targets,
including cytokines such as IL-6, under basal culture condi-
tions (39), p65 occupancy was detected with vehicle treatment
at most tested sites. TNF treatment, however, led to significant
increases in p65 occupancy at most sites, which was generally
maintained with TNF + dex cotreatment (Fig. 2, C and D,
bottom). The effects of dex treatment alone on GR occupancy
were more varied (Fig. 2, C and D, top). In some cases there
was detectable GR occupancy with vehicle or TNF treatment
alone, consistent with other recent reports of nuclear localiza-
tion of so-called unliganded GR in ASM (8, 26). Regardless of
the magnitude of inductive effects of TNF or dex alone on GR
occupancy, however, TNF + dex cotreatment resulted in
generally similar patterns and levels of GR binding at interro-
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Fig. 2. Glucocorticoid regulation of both pro- and anti-inflammatory TNF target genes in ASM is associated with glucocorticoid receptor (GR) and NF-kB
occupancy of genomic binding sites. A: schematic diagram illustrating approximate genomic positions targeted by chromatin immunoprecipitation-quantitative
PCR (ChIP-qPCR) primers referred to in B—D. Large black arrows represent the transcription start site, defined as the first nucleotide of each gene’s
5'-untranslated region or first exon, and light gray opposing arrowheads show the approximate location of the primer pairs. Each locus is drawn to scale, with
adjacent numbers indicating total distance [in kilobases (kb)] relative to each TSS. Primer pairs span a region of approximately 100—-200 bp of genomic DNA.
B-D: ChIP-qPCR analysis of GR (fop, solid bars) and p65 (bottom, shaded bars) occupancy in HASM?2 cells following a 1-h incubation with vehicle (veh), TNF,
dex, or TNF + dex, as indicated. Bars represent factor occupancy on a log> scale (+SD), expressed as the mean Cr value at each target region relative to the
geometric mean of Cr values at three negative control regions. Relative GR and p65 occupancy is shown at negative (MYODI) and positive (FKBPS5, a canonical
GR target) control sites (B) and both pro- (C) and anti-inflammatory (D) loci. *P = 0.05 vs. vehicle, *P = 0.05 vs. negative controls.

gated regions within the pro- and anti-inflammatory gene sets.
Thus differential regulation of pro- and anti-inflammatory
targets in HASM cells does not appear to be a consequence of
differential factor occupancy.

GR-NF-kB cooperative induction of TNFAIP3 enhancer
activity is facilitated by the B-adrenoceptor agonist salbutamol
and requires an intact GR binding site. Although GR is widely
understood to repress NF-«kB activity, we and others have
collectively identified regulatory elements in which GR and
p65 appear to cooperatively enhance transcription in several
cell types (28, 43, 63). To test whether a similar mechanism
operates in HASM, we transfected HASM?2 and FA-HASM1
cells with a TNFAIP3 luciferase reporter (pTNFAIP3) that we
have shown exhibits cooperative regulation by GR and NF-xB
in airway epithelial cells (1). Cells were subsequently treated
with vehicle, TNF, dex, or TNF + dex for 8 h and harvested
for luciferase assays. Because [3-adrenoceptor agonists are

frequently combined with GCs in clinical treatment of airway
diseases (34), we also explored the effects of the 3-adrenocep-
tor agonist, salbutamol, on pTNFAIP3 reporter activity. As
shown in Figure 3, A and B, pTNFAIP3 showed modest
induction with TNF and dex treatments alone that was mark-
edly augmented by TNF + dex cotreatment. Moreover, addi-
tion of salbutamol to TNF + dex cotreatment resulted in
further enhancement of pTNFAIP3 activity beyond that
induced by TNF + dex. In contrast, a reporter containing the
FKBP)5 regulatory region targeted by our ChIP-qPCR prim-
ers (pFKBPS5) exhibited dex-inducible activity that was
repressed by TNF; augmentation of dex-mediated induction
by salbutamol was also repressed by TNF. Thus TNF can
augment or repress the effects of GCs in a reporter-specific
manner.

Gene induction by dimeric GR is generally implicated in
mediating steroid side effects as opposed to contributing to
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Fig. 3. Synergistic induction of TNFAIP3 enhancer activity by GR and nuclear factor-kB (NF-kB) in ASM is further augmented by salbutamol (salb) and requires
an intact GR binding site. A—D: luciferase activity of reporter constructs or pGL3-Promoter empty vector control (pGL3-Pro) transiently transfected into HASM2
(A and B) or FA-HASM1 (C and D) cells prior to treatment with veh, TNF, dex, salb, or various combinations thereof, as indicated, for 8 h. Activation of each
reporter was normalized to that of a control Renilla luciferase construct and is expressed relative to its activity in vehicle-treated cells. Bars represent means
(+SD). *P = 0.05 vs. vehicle, *P = 0.05 vs. TNF, P < 0.05 vs. dex, °P = 0.05 vs. TNF + dex.

anti-inflammatory gene regulation (14). Therefore, we exam-
ined the role of a conserved semipalindromic GBS, which is
predicted to interact strongly with dimeric GR, in mediating
combinatorial induction of pTNFAIP3 by TNF, dex, and/or
salbutamol in HASM. We accomplished this by testing the
inducibility of a mutant construct, pTNFAIP3 mGBS, in which
this GBS had been disrupted as previously described (1).
Although the GBS mutant reporter maintained responsiveness
to TNF, all additional inductive effects of dex and/or salbuta-
mol cotreatment were completely lost (Fig. 3, C and D). These
results implicate GR interaction with this dimeric GBS as
being central to the molecular mechanism underlying cooper-
ative induction of TNFAIP3 by TNF + dex and its enhance-
ment by salbutamol.

Dose-response effects of dex on expression of TNFAIP3,
FKBPS5, and IL-6. The data described above indicate that GR
and p65 cooperatively induce an intronic enhancer of A20,
but do not determine a relationship between the dose of dex
and cooperation between GR and p65. We therefore per-
formed dose-response experiments examining both the reg-

ulation of the endogenous TNFAIP3 gene by qPCR and the
TNFAIP3 reporter. HASM2 (Fig. 4A) and FA-HASM1 (Fig.
4B) cells were exposed to dex doses ranging between 1 and
100 nM for 4 h with and without TNF cotreatment. Expres-
sion levels of FKBPS5, IL6, and TNFAIP3 were determined
by qPCR. Whereas regulation of both /L6 and FKBPS5
exhibited a clear dose response to dex, and repression of
TNFAIP3 by dex without TNF treatment was also dose
dependent, all tested doses of dex spared TNFAIP3 expres-
sion in both cell lines. These data are consistent with our
data in airway epithelial cells in which the effect of dex on
TNFAIP3 expression appears to integrate both cooperation
with p65 at the TNFAIP3 intronic enhancer and antagonism
of p65 activity at other enhancers within the TNFAIP3
locus. Supporting this notion, the pTNFAIP3 luciferase
reporter showed a dose-dependent increase in activity (Fig.
4, C and D), which generally mirrored the dose-dependent
response of pFKBPS5 to dex, although pTNFAIP3 appeared
to be somewhat more sensitive to lower dex doses.
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Fig. 4. Dose-response analysis of dex effects on TNF-mediated induction of TNFAIP3 and cooperation with p65. A and B: qPCR analysis of FKPBS5, IL6, and
TNFAIP3 expression in HASM2 (A) and FA-HASM1 (B) cells treated as indicated for 4 h. C and D: luciferase activity of pTNFAIP3 and pFKBP5 reporter
constructs transiently transfected into HASM2 (C) or FA-HASMI (D) and treated as shown for 8 h. Data are normalized and expressed as described in Figure 3.

TNF-mediated induction of both pro- and anti-inflammatory
ASM genes is strongly repressed by TNFAIP3 overexpression.
Whereas negative feedback control of NF-kB signaling has
been well studied in other cell types, there are no reports on
A20/TNFAIP3 function in HASM. Therefore, to explore the
effect of TNFAIP3 on NF-kB-driven inflammatory signaling in
ASM, we transduced HASM2 cells with adenoviral expression
constructs for TNFAIP3 (Ad-TNFAIP3) or GFP (Ad-GFP) and
subsequently exposed cells to 4 h of TNF, dex, or TNF + dex.
As presented in Figure 5A, TNF-mediated induction of both
pro- and anti-inflammatory genes was generally attenuated in
cells transduced with Ad-TNFAIP3 compared with Ad-GFP,
although some targets exhibited greater sensitivity than others.
Furthermore, Ad-TNFAIP3 appeared to facilitate the repressive
effects of dex on proinflammatory gene induction (Fig. 5A,
top). Ad-TNFAIP3 overexpression was verified using qPCR
primers targeting an exonic region (Fig. 5B) and at the protein
level (Fig. 5C). These data are consistent with an anti-inflam-
matory role for A20/TNFAIP3 in ASM.

TNIP1 overexpression suppresses TNF-induced transcrip-
tion in ASM. We next asked whether TNIP1, another target
of GR-NF-kB cooperation, exhibits anti-inflammatory func-

tion in ASM. By a similar approach to that described above,
HASM?2 cells were transduced with an adenoviral expres-
sion construct for TNIP1 (Ad-TNIPI) or Ad-GFP before
treatment with TNF, dex, or TNF + dex for 4 h. Figure 6A
(top) indicates that TNF-mediated induction of a subset of
proinflammatory targets (e.g., ILIB, CXCLS, and TNF) was
reduced by Ad-TNIP]. Interestingly, TNF induction of sev-
eral genes, including the anti-inflammatory genes TNFAIP3
and NFKBIA, was relatively unaffected by Ad-TNIPI (Fig.
6A, bottom). This is in contrast to Ad-TNFAIP3 (Fig. 5),
which exhibited stronger and less selective inhibitory effects
on TNF-mediated gene induction. Ad-TNIPI overexpres-
sion was confirmed at both the transcript (Fig. 6B) and
protein (Fig. 6C) levels.

Maximal cytokine repression by GCs in ASM requires
TNFAIP3. Whereas overexpression data indicate that
TNFAIP3 and TNIP1 can suppress transcriptional responses to
TNF, these data do not establish whether negative feedback
control is required for GR-mediated cytokine repression.
Therefore, to examine the role of TNFAIP3 in proinflamma-
tory gene suppression by GCs in ASM, we transfected HASM?2
cells with siRNA against TNFAIP3 (si-TNFAIP3) or a nontar-
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Fig. 5. Adenoviral overexpression of TNFAIP3 potently suppresses TNF-
mediated gene induction in ASM. A: qPCR analysis of pro- (fop) and anti-
inflammatory (bottom) gene expression in HASM2 cells transduced with
adenoviral expression constructs for TNFAIP3 (Ad-TNFAIP3) or green fluo-
rescent protein (GFP) (Ad-GFP) as control ~17 h prior to treatment with TNF,
dex, or TNF + dex for 4 h. Bars indicate mean normalized Cr values on a log>
scale (+SD) relative to Ad-GFP + vehicle-treated controls. *P = 0.05 vs.
response of same gene in Ad-GFP + TNF-treated cells, “P < 0.05 vs. response
of same gene in Ad-GFP + TNF + dex-treated cells. B: qPCR analysis of
exogenous TNFAIP3 expression using primers targeting an exonic region
encoded by the Ad-TNFAIP3 construct in cells described in A. C: Western blot
analysis confirming induction of TNFAIP3 protein expression after 17 h of
exposure to Ad-TNFAIP3. Beta-actin served as a loading control.

geting control (si-Ctrl) prior to treatment with TNF, dex, or
TNF + dex for 24 h. All tested proinflammatory TNF target
genes, with the exception of HBEGF, exhibited increased
induction by TNF and decreased percent repression by dex in
si-TNFAIP3- vs. si-Ctrl-transfected cells (Fig. 7A4). We con-
firmed reduction of TNFAIP3 protein expression by si-
TNFAIP3 in lysates from similarly treated HASM2 cells and
further demonstrated reduced dex-repression of IL-13 at the
protein level with si-TNFAIP3 relative to si-Ctrl (Fig. 7B).
These results indicate that TNFAIP3 is required for maximal
repression of proinflammatory gene induction in ASM. Taken
together, our data implicate cooperation between GR and p65
at targets such as TNFAIP3 as contributing to steroid-mediated
cytokine repression in ASM.

A20 REPRESSES CYTOKINE EXPRESSION IN AIRWAY SMOOTH MUSCLE

DISCUSSION

This study demonstrates that in cultured HASM, GC signal-
ing results in selective regulation of pro- vs. anti-inflammatory
targets of TNF, a cytokine that exhibits increased expression in
asthma and chronic obstructive pulmonary disease (40). Using
ChIP and reporter assays in HASM, we also demonstrated that
GR and NF-kB directly and cooperatively regulate the TNF-
induced NF-kB repressor, A20, through an intronic enhancer
whose activity is further augmented by [3-adrenoceptor ago-
nists. Moreover, our data indicate that A20 and its interacting
factor, TNIP1, repress HASM cytokine expression, and that
A20 is required for maximal cytokine suppression by GCs in
HASM. Thus cooperative induction of A20 by GR and p65 is
a mediator of the repressive effects of steroids on HASM
cytokine expression. When viewed in the context of our similar
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Fig. 6. Ad-TNIP1 exerts repressive effects on transcriptional responses to TNF.
A: qPCR analysis of pro- (fop) and anti-inflammatory (bottom) gene expression
in HASM2 cells transduced with adenoviral expression constructs for TNIP1
(Ad-TNIPI) or Ad-GFP control prior to 4 h of treatment with TNF, dex, or
TNF + dex. Bars reflect mean normalized Cr values on a log> scale (+SD)
relative to Ad-GFP + vehicle-treated controls. *P = 0.05 vs. response of same
gene in Ad-GFP + TNF-treated cells, *P < 0.05 vs. response of same gene in
Ad-GFP + TNF + dex-treated cells. B: analysis of exogenous 7TN/P/ mRNA
expression in cells treated as in A. C: verification of TNIP1 protein induction
by Western blotting following 17 h of exposure to Ad-TNIPI, with GAPDH as
a loading control.
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Fig. 7. TNFAIP3 is required for maximal ASM cytokine suppression by glucocorticoids. A: HASM2 cells were transfected with small interfering RNA (siRNA)
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response of the same gene to si-Ctrl + TNF + dex-treated cells. Percent repression relative to TNF response within respective siRNA treatment groups is
indicated. B: Western blots of HASM2 lysates from the experiment described in A verifying reduction of TNFAIP3 protein expression with si-TNFAIP3 and
indicating the effect of TNFAIP3 knockdown on basal and induced expression of the proinflammatory cytokine IL-13. GAPDH served as a loading control.

findings and proposed model in human airway epithelial cells
(28), our data provide support for a general paradigm in which
GR and NF-«kB cooperation contribute mechanistically to in-
flammatory repression by steroid-based therapies in airway
disease.

Numerous studies using cultured HASM have defined im-
portant targets through which GCs exert potentially beneficial
effects on ASM in asthma (22, 42). These include genes that
primarily affect noninflammatory pathways such as CD38, an
NF-kB target that increases ASM contractility and is repressed
by GCs (25, 29, 59), and RGS2 (66), whose induction by GR
is similarly implicated in modulating ASM contraction (25). In
addition, a host of genes with presumptive proinflammatory
activity such as IL6, CCL2, and RANTES, among others, are
potently repressed in ASM by steroid treatment (2, 45). Teth-
ering-based interactions between GR and inflammatory tran-
scription factors such as NF-«kB, resulting in GR-mediated
recruitment of repressive complexes, are frequently viewed as
contributing to transcriptional repression by GCs in HASM (4).
However, there is relatively scant mechanistic data in direct
support of this contention, and studies unambiguously demon-
strating that GR directly recruits putative repressors, such as
HDAC?2, to inflammatory promoters do not appear to have
been performed in ASM. In contrast, several directly induced
transcriptional targets of GR (52), most notably DUSP1 (31,
49), have been shown to mediate cytokine repression. Our
work extends these prior findings on transcriptional activation

by GR and implicates an important role for GC-mediated
induction of negative feedback controllers of NF-kB, such as
A20, in steroid efficacy. Intriguingly, another GR-induced
target that represses cytokine expression in ASM, CRISPLD?2,
is induced by IL-13 in ASM (24), suggesting that it may also
function in negative feedback responses to inflammatory stim-
uli. It will be intriguing in the future to determine the mecha-
nistic basis for GR-p65 cooperative induction of genes such as
A20, and the general role of negative feedback controllers of
inflammation in mediating steroid responses to diverse inflam-
matory stimuli.

In our analysis of a limited number of patient-derived ASM
samples, although there was a clear distinction between the
effects of dex on mRNA levels of pro- and anti-inflammatory
targets of TNF across the sample set, we did not observe
obvious differences in steroid responses between cultured
ASM cell samples, which included two primary cell lines from
patients with normal ASM and two from patients with FA. It is
nevertheless intriguing to consider our results within the gen-
eral context of steroid resistance in ASM. Although the term
“steroid resistance” is linked to a range of possible meanings in
the literature (5, 7, 11, 60), one reasonable molecular definition
of steroid resistance is a reduced capacity of ligand-activated
GR to regulate transcription. In many cell types, including
ASM, cytokines are implicated as causing steroid resistance
that corresponds to this definition (52, 60). Compatible with
this notion, our data for induction of the FKBPS reporter by
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GR (Fig. 3) shows that TNF treatment results in reduced
dex-mediated activation. However, TNF treatment clearly en-
hanced dex-mediated induction of the TNFAIP3 luciferase
reporter. Thus the assignment of steroid resistance caused by
TNF treatment based on analysis of a single reporter fails to
capture the complexity of cross-talk between GR and NF-kB.
In addition, although our data clearly establish the importance
of A20 in steroid action in ASM, analysis of a broader set of
samples from severe asthma is needed to determine whether
dysfunctional negative feedback control contributes to reduced
steroid sensitivity or elevated basal cytokine expression and
secretion in severe asthma. Indeed, it appeared that compared
with A20, TNIP1 expression may have been preferentially
elevated at the protein level by dex + TNF in the fatal HASM
line we examined (Fig. 1, E and F), and secreted levels of
CXCLS8 were not reduced by dex at 24 h. These data suggest
possible heterogeneity in the negative feedback control of
NF-kB in ASM that requires additional investigation.

A number of studies, including our own data on airway
epithelial cells (28) and in vivo studies of GR in murine liver
(36), have suggested that a subset of cellular GR is localized to
the nucleus and can interact with DNA in the absence of
supplemental ligand. The data presented here extend on prior
findings of “unliganded” GR in ASM to establish that under
basal culture conditions, GR interacts directly with regulatory
regions in genes such as TNFAIP3 and IL6 (see Fig. 2) that
exhibit changes in expression upon exposure to exogenous
GCs (see Fig. 1). Moreover, aligned with prior ASM studies (8,
26), this process appears to be enhanced at certain loci by TNF.
For example, GR occupancy levels were markedly increased
by TNF treatment compared with vehicle at several tested loci,
including /LIA and CXCLS (see Fig. 2). It appears, however,
that TNF-driven GR occupancy in the absence of supplemental
ligand does not efficiently enable the dominant effect of sup-
plemental GC treatment on gene expression at individual loci.
Indeed, the addition of dex resulted in repression of /L/A and
CXCL8 mRNA expression (Fig. 1), without a substantial
change in TNF-induced GR occupancy (Fig. 2). Thus the
biologic significance of unliganded GR and the mechanistic
basis for GR nuclear localization in the absence of supplemen-
tal ligand are not yet clear. Despite these uncertainties, we are
confident in the methodology we have applied to determine GR
occupancy at these loci, which is based on comparing the test
regions to unoccupied negative control regions within the same
sample. Applying this approach has led to us generating robust
and reproducible ChIP-seq data for GR occupancy in airway
epithelial cells (28), including evidence for GR occupancy in
the absence of ligand, suggesting that our ChIP-qPCR findings
here are unlikely to be artifactual.

The identification of new targets and pathways for steroid
action in ASM is important for understanding mechanisms of
steroid resistance in severe asthma and developing improved
therapies. Our work presented here substantially expands on
our understanding of GC action in ASM by defining A20/
TNFAIP3 as an induced target of GCs that contributes to
steroid-mediated cytokine repression. In the context of work
from others implicating A20 in mediating aspects of allergic
airway inflammation (56), A20 now emerges as a potential
therapeutic target in asthma. More generally, our data also
highlight the importance of negative feedback control of in-
flammation in ASM and suggest that selective cross-talk be-

A20 REPRESSES CYTOKINE EXPRESSION IN AIRWAY SMOOTH MUSCLE

tween GCs and NF-kB may underpin steroid-mediated repres-
sion of TNF signaling. In that regard, whereas induction of
NF-kB is associated with asthma exacerbations, asthmatic
inflammation is heterogeneous and integrates diverse signals
from a diverse array of cytokines and cell types (9, 18, 33, 48).
It will be of significant future interest to determine whether
GCs augment negative feedback mechanisms in the complex
inflammatory milieu of the asthmatic airway.
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