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BACKGROUND AND PURPOSE

The COX-2/PGE2 pathway in hypoxic cancer cells has important implications for stimulation of inflammation and
tumourigenesis. However, the mechanism by which glucocorticoid receptors (GRs) inhibit COX-2 during hypoxia has not
been elucidated. Hence, we explored the mechanisms underlying glucocorticoid-mediated inhibition of hypoxia-induced
COX-2 in human distal lung epithelial A549 cells.

EXPERIMENTAL APPROACH

The expressions of COX-2 and glucocorticoid-induced leucine zipper (GILZ) in A549 cells were determined by Western blot
and/or quantitative real time-PCR respectively. The anti-invasive effect of GILZ on A549 cells was evaluated using the matrigel
invasion assay.

KEY RESULTS

The hypoxia-induced increase in COX-2 protein and mRNA levels and promoter activity were suppressed by dexamethasone,
and this effect of dexamethasone was antagonized by the GR antagonist RU486. Overexpression of GILZ in A549 cells also
inhibited hypoxia-induced COX-2 expression levels and knockdown of GILZ reduced the glucocorticoid-mediated inhibition of
hypoxia-induced COX-2 expression, indicating that the inhibitory effects of dexamethasone on hypoxia-induced COX-2 are
mediated by GILZ. GILZ suppressed the expression of hypoxia inducible factor (HIF)-1a at the protein level and affected its
signalling pathway. Hypoxia-induced cell invasion was also dramatically reduced by GILZ expression.

CONCLUSION AND IMPLICATIONS

Dexamethasone-induced upregulation of GILZ not only inhibits the hypoxic-evoked induction of COX-2 expression and cell
invasion but further blocks the HIF-1 pathway by destabilizing HIF-10. expression. Taken together, these findings suggest that
the suppression of hypoxia-induced COX-2 by glucocorticoids is mediated by GILZ. Hence, GILZ is a potential key therapeutic
target for suppression of inflammation under hypoxia.

Abbreviations
GILZ, glucocorticoid-induced leucine zipper; GR, glucocorticoid receptor; HIF, hypoxia-inducible factor
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Introduction

Hypoxia is a state of reduced overall tissue oxygen availability
and causes many pathological states, including ischaemic
disease, chronic inflammatory disease and tumour progres-
sion (Semenza, 2012). The expression of COX-2 is induced by
the hypoxic microenvironment in various systems, such as
colorectal tumours, pulmonary artery smooth muscle and
epithelial cells (Kaidi et al., 2006; Fredenburgh et al., 2009;
Lee etal., 2010; Zhao etal., 2012). This up-regulation of
COX-2 is transcriptional and is mediated by the master regu-
lator of transcription during hypoxia, hypoxia inducible
factor (HIF)-1o (Kaidi et al., 2006; Lee et al., 2010). COX-2 is
overexpressed in various cancer tissues (Kargman et al., 1995;
Ristimaki et al., 1997; Wolff etal., 1998) and this has
been linked to inflammation, inflammatory disorders and
tumourigenesis (Gilroy et al., 2001; Mantovani et al., 2008).
COX-2 and/or PGs have pleiotropic effects in tumours, pro-
moting proliferation, survival, angiogenesis, migration and
invasion (Greenhough et al., 2009).

Several studies have shown that hypoxia is associated
with glucocorticoid-mediated cellular responses. Further-
more, glucocorticoids have been used to treat many patho-
logical states where the perpetuation of hypoxia plays a
major role, such as inflammatory bowel disease and rheuma-
toid arthritis (Baschant etal., 2012; Reuter etal., 2012;
Sidoroff and Kolho, 2012). Hypoxia and glucocorticoid sig-
nalling converge to regulate the expression of the pro-
inflammatory regulator, macrophage migration inhibitory
factor (Elsby et al., 2009). Huang et al. (2009) reported that
hypoxia reduces the glucocorticoid receptor (GR) and attenu-
ates the anti-inflammatory effects of glucocorticoids, whereas
others have reported that dexamethasone impairs the func-
tion of HIF-1 (Wagner et al., 2008; Elsby et al., 2009).

Recently, glucocorticoid-induced leucine zipper (GILZ)
was identified (D’Adamio et al., 1997). GILZ is a member of
the leucine zipper protein family and belongs to the trans-
forming growth factor B-stimulated clone-22 family of
transcription factors (Shibanuma et al., 1992; Ayroldi et al.,
2002). GILZ has been shown to interact with and inhibit the
activities of the key inflammatory signalling mediators
NF-xB and activator protein-1 (AP-1) (Ayroldi et al., 2001;
Mittelstadt and Ashwell, 2001). Glucocorticoids strongly
suppress the expression of COX-2 induced by inflammatory
stimuli. GILZ mediates this effect of glucocorticoids, inhib-
iting inflammatory cytokine-induced expression of COX-2
(Yang et al., 2008). One of the mechanisms by which gluco-
corticoids exert their anti-inflammatory effects is by imped-
ing the MAPK signalling pathways (Ayroldi efal., 2012).
However, the mechanism by which glucocorticoids inhibit
the expression of COX-2 during hypoxia has not been elu-
cidated. Hence, in this study, we investigated the mecha-
nisms by which glucocorticoids inhibit hypoxia-induced
COX-2. We found that glucocorticoid-induced GILZ plays a
major role in the suppression of hypoxia-induced COX-2;
GILZ inhibited the expression of HIF-1, which induces
COX-2 under hypoxia. Furthermore, the expression of GILZ
was found to be effective at inhibiting hypoxia-induced cell
invasion. Our results suggest that GILZ is an important
molecular therapeutic target for the inflammatory response
and tumourigenesis in lung cancer.
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Methods

Materials

Aldosterone, spironolactone, dexamethasone, RU486 and
MG132 were purchased from Sigma (St. Louis, MO, USA). FBS,
Trizol Reagent and penicillin/streptomycin were purchased
from Gibco Invitrogen (Grand Island, NY, USA). Anti-HIF-1o
was obtained from BD Biosciences (San Jose, CA, USA). Anti-
B-actin was purchased from Sigma. Anti-COX-2 and anti-
GILZ were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA).

Cell culture and hypoxic conditions

Human pulmonary epithelial A549 cells were obtained from
the American Type Culture Collection (ATCC, Rockville, MD,
USA). The cells were maintained in DMEM containing 10%
FBS and penicillin/streptomycin. Cells were grown at 37°C in
a humidified atmosphere of 95% air/5% CO, and fed every
2-3 days. Before treatment, the cells were washed with PBS
and cultured in DMEM/5% charcoal-dextran stripped FBS
(CD-FBS) for 2 days. All treatments were done with DMEM/5%
CD-FBS. For the hypoxic condition, cells were incubated at a
CO; level of 5% with 1% O, balanced with N, using a hypoxic
chamber (Thermo Fisher Scientific, Waltham, MA, USA).

Plasmids

COX-2-Lug, a firefly luciferase reporter construct containing
the mouse COX-2 gene promoter fragment —327/+59, a firefly
luciferase reporter deletion construct of the human COX-2
promoter, were kindly provided by Dr Hiroyasu Inoue (Nara
Women'’s University, Nara, Japan). The hypoxia-response
element (HRE)-Luc reporter plasmid contains four copies of
the erythropoietin HRE, the SV40 promoter and the luciferase
gene. GFP-HIF-1a vector was kindly provided by Dr Kyu-Won
Kim (Seoul National University, Seoul, Korea). A 3x (NF-«xB)tk-
Luc, a firefly luciferase reporter construct containing three
repeated NF-kB-responsive elements, were kindly provided by
Dr Sam Okret (Karolinska University Hospital Huddinge,
Huddinge, Sweden). pcDNA3-Myc-GILZ and pSUPER-GILZ
were kindly provided by Dr Marc Pallardy (Institut National
de la Santé et de la Recherche Médicale, Paris, France).

Transfection and luciferase assays

A549 cells were transiently transfected with plasmids by
using polyethylenimine (Polysciences, Warrington, PA, USA).
Luciferase activity was determined 24 or 48 h after treatment
with an AutoLumat LB9507 luminometer (EG & G Berthold,
Bad Widbad, Germany) using the luciferase assay system
(Promega Corp., Madison, WI, USA) and expressed as relative
light units. For GILZ knockdown, pSUPER-GILZ was lin-
earized before transfection together with a pTK-Hygromycine
resistance plasmid. Hygromycine B-resistant cells were sub-
cloned and selected for their levels of GILZ expression.

Reverse transcription (RT)- PCR

Total RNA was extracted using Trizol Reagent according to the
manufacturer’s instruction. RNA pellets were dissolved in
diethylpyrocarbonate-treated water. The yield of RNA was
quantified by spectroscopy at 260 nm. Samples were ali-
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quoted and stored at —80°C until further processing. To syn-
thesize first strand cDNA, 3 ug total RNA was incubated at
70°C for 5 min with 0.5 pg of random hexamer and deionized
water (up to 11 pL). The RT reaction was performed using
40 U of M-MLV reverse transcriptase (Promega) in 5 x reac-
tion buffer (250 mmol 1! Tris-HCl; pH 8.3, 375 mM KClI,
15 mM MgCl,, 50 mM DTT), RNase inhibitor at 1 U uL!, and
1 mM dNTP mixtures at 37°C for 60 min. Quantitative real-
time PCR (qPCR) was performed using iQ™ SYBR Green
Supermix (Bio-Rad, Hercules, CA, USA). The primers used
were: PB-actin sense primer, 5- CAAATGCTTCTAGGCGG
ACTATG-3’; B-actin anti-sense primer, 5- TGCGCAAGT
TAGGTTTTGTCA-3’; VEGF sense primer, 5- CTGCTGTCT
TGGGTGCATTGG-3’; VEGF anti-sense primer, 5- GTTTGA
TCCGCATAATCTGCAT-3; COX-2fB sense primer, 5- TGAA
GAACTTACAGGAGAAAA-3’; COX-2 anti-sense primer, 5'-
TACCAGAAGGGCAGGATACA-3". A final volume was 25 uL,
and an iCycler iQ Real-time PCR Detection System (Bio-Rad)
was used for qPCR. The amplification data were analysed by
iQ™S5 optical system software version 2.1 and calculated
using the AAC; method. The AAC; method was used to cal-
culate relative mRNA expression.

Western blot analysis

Protein was isolated in lysis buffer (150 mM NaCl, 50 mM
Tris-HCl, 5 mM EDTA, 1% Nonidet P-40, 0.5% deoxycholate,
1% SDS) with protease inhibitor cocktail (Sigma) onice for 1 h
and then centrifuged for 20 min at 13 000 x g. Supernatant
was collected and protein concentrations were measured using
the Bradford method (Bio-Rad). Proteins were dissolved in
sample buffer and boiled for 5 min before being loaded onto
an acrylamide gel. After SDS-PAGE, proteins were transferred
to a PVDF membrane, blocked with 5% non-fat dry milk in
TBST for 60 min at room temperature. The membranes were
incubated for 2 h at room temperature with antibody. Equal
lane loading was assessed using B-actin monoclonal antibody
(Sigma). After being washed with TBST, the blots were incu-
bated with 1:5000 dilution of the HRP conjugated-secondary
antibody (Gibco Invitrogen), and washed again three times
with TBST. The transferred proteins were visualized with
an enhanced chemiluminescence detection kit (Amersham
Pharmacia Biotech, Buckinghamshire, UK).

Immunoprecipitation

Five hundred micrograms of the cell lysates were mixed with
1 pug of antibody and incubated overnight at 4°C with con-
stant rotation. To recover immunoprecipitated complexes,
50 puL of protein A-sepharose, diluted 1:1 in PBS, were then
added to the samples and incubated on ice. The beads were
pelleted by centrifugation and the bound proteins were
eluted by incubation in 2X SDS loading buffer by boiling. The
eluted proteins were analysed by immunoblot analysis.

Cell migration and invasion assays

The migration assay was performed with Transwell inserts
that have 6.5-mm polycarbonate membranes with 8.0-um
pores. Matrigel invasion assay was performed using mem-
branes coated with Matrigel matrix (BD Science, Sparks, MD,
USA). A549 cells were seeded into the upper chamber in
serum-free media. The lower chambers consisted of DMEM

media containing 10% FBS. After incubation under normoxia
or hypoxia for 48 h, non-invasive cells present on the upper
surface of the membrane were scraped with cotton swabs and
the invasive cells present on the lower side of the membrane
were fixed with ice-cold methanol, stained with 0.1% crystal
violet. The cells that migrated and invaded to the lower side
of the filter were observed using a light microscope and
counted.

Statistical analysis

Data are expressed as means + SD, and statistical analysis for
single comparison was performed using the Student’s f-test.
The criterion for statistical significance was P < 0.05.

Results

Hypoxia induces COX-2 expression and GR
inhibits hypoxia induction of COX-2
expression in A549 cells

COX-2 is transcriptionally induced by hypoxia and has been
implicated in tumour progression and angiogenesis in colo-
rectal tumour cells (Kaidi et al., 2006). However, no report has
shown COX-2 behaviour in response to glucocorticoids
under hypoxia in lung cancer cells, where COX-2 is also
strongly implicated in tumourigenesis. Therefore, we first
determined the effects of hypoxia on COX-2 expression in
A549 cells. A549 cells were exposed to hypoxia for 0, 2, 6, 12
or 24 h. VEGF mRNA was examined in parallel as a control.
COX-2 mRNA was increased at 2 h and continued to accu-
mulate until 24 h, the latest time examined (Figure 1A). To
assess the role of the GR in the hypoxia induction of COX-2
in A549 cells, we pre-incubated cells with dexamethasone
and/or the GR antagonist RU486 for 1 h and co-treated
with hypoxia. Ten nanomolar dexamethasone blocked the
hypoxia-induced increase in COX-2 mRNA (Figure 1B) and
protein (Figure 1C) expression and COX-2 promoter activity
(Figure 1D). This suppressive effect of dexamethasone was
antagonized by the GR antagonist RU486 (Figure 1C,D), sug-
gesting that the response is mediated by GRs. To further
determine the specificity of the inhibitory effect of dexam-
ethasone on hypoxia-induced COX-2 regulation, we deter-
mined whether aldosterone exhibits a similar suppressive
effects. Cells were pre-incubated with aldosterone and/or the
mineralocorticoid receptor antagonist spironolactone for 1 h
and were co-treated with hypoxia for 24 h. As shown in
Figure 1E, aldosterone did not suppress the hypoxia-
mediated induction of COX-2 protein expression and
spironolactone failed to antagonize the dexamethasone-
induced suppression of COX-2 in A549 cells. These results
indicate that dexamethasone specifically inhibits hypoxia-
induced COX-2 regulation through the GR in A549 cells.

GILZ inhibits hypoxia-induced

COX-2 expression

To test the hypothesis that glucocorticoid inhibition of
hypoxia-induced COX-2 is mediated by GILZ, we first
determined whether glucocorticoid induces GILZ expression
in A549 cells. As shown in Figure 2A, dexamethasone
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Figure 1

Hypoxia induces COX-2 expression and the GR inhibits hypoxia induction of COX-2 expression in A549 cells. (A,B) A549 cells were treated with
hypoxia as indicated for 24 h and analysed by qPCR. (C) A549 cells were pretreated with dexamethasone (0.1 uM) and/or RU486 (1 uM) for 1 h
before treatment with hypoxia for 24 h and analysed by Western blot. (D) A549 cells were transfected with COX-2-Luc and treated as indicated.
After treatment, luciferase expression was determined. (E) A549 cells were pretreated with aldosterone (0.1 M) and/or spironolactone (1 pM) for
1 h before treatment with hypoxia for 24 h. Immunoblots were probed with a COX-2 antibody and reprobed with a B-actin antibody. Dex,
dexamethasone; Aldo, aldosterone. Spiro, spironolactone. Values represent the mean = SD (n = 3). *P < 0.05. All experiments were repeated at

least three times.

significantly increased GILZ mRNA expression in A549 cells.
Next, to determine whether hypoxia-induced COX-2 expres-
sion is inhibited by GILZ, A549 cells were transfected with a
GILZ expression vector and exposed to hypoxia. As shown in
Figure 2B, transfection of GILZ significantly reduced the
hypoxia-induced increase in COX-2 mRNA expression. The
hypoxia-induced increase in COX-2 protein expression
was also completely eliminated by overexpression of GILZ
(Figure 2C). Then, to determine whether the regulation of
COX-2 is mediated by HIF-1o. and GILZ, we examined the
effect of HIF-1o. and GILZ on COX-2 promoter activity. The
expression of GILZ effectively inhibited COX-2 promoter
activity both during hypoxia and when HIF-1o. was overex-
pressed under normoxia (Figure 2D). These results demon-
strate that the mere expression of GILZ blocked hypoxia-
induced COX-2 expression and had an effect equivalent to
that of dexamethasone treatment. The transcription of
COX-2 depends on NF-xB binding to the COX-2 promoter
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(Ayroldi et al., 2012). We next investigated the effects of GILZ
expression on NF-xkB mediated gene transcription using a
NF-«xB responsive reporter gene. GILZ significantly decreased
the hypoxia-induced transcriptional activity of NF-xB in a
dose-dependent manner (Figure 2E).

GILZ knockdown reduces glucocorticoid
inhibition of hypoxia-induced

COX-2 expression

To confirm that glucocorticoid inhibition of hypoxia-induced
COX-2 expression is mediated by GILZ, we examined
whether the expression of COX-2 was affected by knockdown
of GILZ. As shown in Figure 3A, shGILZ significantly reduced
dexamethasone-induced GILZ mRNA expression. The inhibi-
tory effect of dexamethasone on COX-2 protein expression
was impaired in GILZ-depleted cells (Figure 3A). Also, GILZ
depletion completely blocked glucocorticoid inhibition of
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Figure 2

GILZ inhibits hypoxia-induced COX-2 expression. (A) A549 cells were pretreated with dexamethasone (0.1 uM) and/or RU486 (1 uM) for 1 h
before treatment with hypoxia for 24 h and analysed by qPCR. (B) A549 cells were transfected with pcDNA-GILZ expression plasmids as indicated.
At 24 h post-transfection, cells were incubated for 24 h under normoxic or hypoxic conditions and analysed by gPCR. (C) A549 cells were
transfected with 2 ug of pcDNA-GILZ expression plasmids, treated as indicated and analysed by Western blot. (D) A549 cells were cotransfected
with COX-2-Luc along with pcDNA-GILZ expression plasmids and/or HIF-1o plasmids. At 24 h post-transfection, cells were incubated for 24 h
under normoxic or hypoxic conditions and luciferase activity was analysed. (E) A549 cells were transfected with pNF-kB-Luc reporter with or
without pcDNA-GILZ expression plasmids. At 24 h post-transfection, cells were incubated for 24 h under normoxic or hypoxic conditions and
analysed. Values represent the mean = SD (n = 3). *P < 0.05. All experiments were repeated at least three times.

hypoxia-induced COX-2 promoter activity (Figure 3B), which
confirms that GILZ mediates the inhibitory effects of gluco-
corticoids on the hypoxia-induced increase in COX-2.

GILZ physically interacts with HIF-1o and
serves as a negative regulator of HIF-1¢

A few studies have demonstrated the existence of cross-talk
between GRs and hypoxia. Dexamethasone impairs HIF-1
function in liver cells (Wagner et al., 2008). In contrast, HIF-1
was induced by dexamethasone in rat cardiac tissues (Roy
etal., 2009). Conversely, hypoxia has been also shown to
attenuate the effects of dexamethasone (Huang et al., 2009).
However, the influence of GILZ on the HIF-1 pathway has
not yet been elucidated. Therefore, we assessed the effects
of glucocorticoids and GILZ on HIF-1 activity. Firstly, we

determined whether GILZ expression influences HIF-1o
expression. HIF-1a. protein levels were decreased by the
overexpression of GILZ as well as by dexamethasone treat-
ment (Figure 4A). To investigate the involvement of the
ubiquitin-proteasome pathway in GILZ-induced degradation
of HIF-1oa, A549 cells were transfected with GILZ and treated
with or without the proteasome inhibitor MG132 for 24 h. As
shown in Figure 4B, MG132 significantly reduced HIF-1a deg-
radation by GILZ, suggesting that GILZ degrades HIF-1oa via
the proteasomal pathway. To assess the ubiquitination of
HIF-1o. by GILZ, we performed a ubiquitination assay in A549
cells transfected with Ubi and GILZ. As shown in Figure 4C,
ubiquitination of the HIF-1a protein was enhanced by GILZ
expression, indicating that this process is mediated through
the ubiquitin-proteasome pathway. The GILZ-induced degra-
dation of HIF-1o prompted us to investigate the possibility
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times.

that GILZ may interact with HIF-1a. To test this hypothesis,
co-immunoprecipitation assays were performed in A549 cells.
GILZ was specifically precipitated by anti-HIF-1o. antibody,
but not by control IgG (Figure 4D). To further characterize
GILZ inhibition of hypoxia-induced transcription activation,
we investigated the effect of GILZ expression on HIF-1lo-
mediated gene transcription using an HRE-driven reporter
gene. As shown in Figure 4E, GILZ significantly inhibited this
hypoxic activation of HRE-luciferase reporter gene in a dose-
dependent manner, indicating that the expression of GILZ
significantly decreased HIF-1o transcriptional activity. Then,
we investigated the effect of GILZ overexpression on an
endogenous HIF-1o target, VEGF gene transcription. As
shown in Figure 4F, the expression of GILZ significantly
decreased VEGF steady-state mRNA levels under hypoxic con-
ditions. As a positive control, COX-2 levels were examined
simultaneously. This shows that GILZ physically interacts
with HIF-1o and is a negative regulator of HIF-1.

The GR suppresses hypoxia-mediated
induction of COX-2 via effects on CREB
binding protein (CBP)

Glucocorticoid-mediated transrepression has been reported
to be regulated by histone acetylation (Kagoshima etal.,
2001). Deacetylation of the GR induces its association with
NF-xB and the attenuation of pro-inflammatory gene tran-

740 British Journal of Pharmacology (2014) 171 735-745

scription (Ito et al., 2006). Increased levels of CBP, which
possesses an intrinsic histone acetylase function, prevent
the inhibition of glucocorticoid-mediated supression of
NF-«xB activity (Sheppard et al., 1998). We therefore investi-
gated whether acetylation affected glucocorticoid-mediated
inhibition of hypoxia-induced COX-2. As shown in
Figure 5A, the ability of dexamethasone to inhibit the
hypoxic induction of COX-2 was attenuated by the histone
deacetylase inhibitor trichostatin A (TSA). In addition, TSA
in the absence of hypoxia significantly increased the COX-2
protein level and luciferase activity of the full-length COX-2
promoter in A549 cells (Figure 5B). Furthermore, the ability
of dexamethasone to inhibit the hypoxic induction of
COX-2 was markedly attenuated in CBP-overexpressing cells
(Figure 5C). These results suggest that deacetylation plays an
important role in GR-mediated inhibition of hypoxia-
induced COX-2 and controls the GR-GILZ-mediated signal-
ling pathway.

GILZ inhibits cellular migration and invasion
of A549 cells under hypoxia

The hypoxic microenvironment within solid tumours has
been increasingly recognized as an important driver of local
invasion and metastasis (Arsenault et al., 2013). To evaluate
the biological relevance of the reduced COX-2 expression
induced by GILZ in A549 cells, we examined the effect of
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GILZ physically interacts with HIF-1a and serves as a negative regulator of HIF-1. (A,B) A549 cells were transfected with pcDNA-GILZ expression
plasmids. At 24 h post-transfection, cells were pretreated with dexamethasone (0.1 uM) for 1 h before treatment with hypoxia for 24 h and
analysed by Western blot (WB). (C) A549 cells were transfected with Ubi or pcDNA-GILZ plasmid as indicated. At 36 h post-transfection, cells were
treated with 10 uM MG132 for 12 h. Ubi-conjugated HIF-1 was detected using anti-ubiquitin antibody. Arrows indicate the ubiquitinated HIF-1
protein bands. (D) After transfection with pcDNA-GILZ and HIF-1¢, the whole cell lysates were immunoprecipitated (IP) with GILZ or HIF-1o
antibody, and WB was performed with GILZ or HIF-10 antibody after immunoprecipitation. The expression of proteins was analysed by WB using
GILZ or HIF-10. antibody as input. (E) A549 cells were transfected with HRE-Luc reporter with or without pcDNA-GILZ expression plasmids, treated
as indicated, and luciferase activity was assayed. (F) A549 cells were transfected with pcDNA-GILZ expression plasmids and treated as indicated.
COX-2 and VEGF mRNA expression was quantified by qPCR. Values represent the mean + SD (n = 3). *P < 0.05. All experiments were repeated

at least three times.

GILZ overexpression on A549 cell migration and invasion
capacity during hypoxia. As shown in Figure 6, the migration
and invasion capacities of A549 cells were increased under
hypoxic conditions as compared with those under normoxic
conditions (Figure 6A,B). The expression of GILZ significantly
decreased the migratory potential of A549 cells under
hypoxic conditions by 40% (Figure 6A). Similarly, GILZ also
inhibited the invasion of A549 cells under hypoxic condi-
tions by 25% (Figure 6B). Although, GILZ overexpression did
show a dramatic induction of GILZ mRNA (Figure 6C), it was
not as effective as dexamethasone at reducing the migratory
potential and invasion of these cells, suggesting that other
dexamethasone-induced factors may influence cell migration
and invasion. These findings indicate that GILZ has

anti-invasive and antimigratory properties under a hypoxic
microenvironment.

Discussion

In this study, we sought to understand the mechanism by
which glucocorticoids suppress hypoxia-induced COX-2. Our
data showed that dexamethasone-induced the expression of
GILZ, which supressed both hypoxia-induced COX-2 and
HIF-1a expression. Also the overexpression of GILZ was suf-
ficient to mimic the inhibitory effects of glucocorticoids on
COX-2 and on hypoxia-induced invasion. Furthermore, GILZ
degraded the hypoxia-stabilized HIF-1o. via an effect on the
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proteasome pathway, which interrupts the initial stimuli
inducing COX-2 under hypoxia. Glucocorticoids play a key
role in the suppression of inflammation by inhibiting the
transcription of the cytokines through binding to the GR and
the activated GR interacts with transcription factors, such as
AP-1, NF-xB and CCAAT/enhancer-binding protein-f (De
Bosscher et al., 2003). Induction of GILZ under hypoxia has
been shown to play an important role in hypoxic adaptation
and inhibition of IL-1f and IL-6 secretions (Wang et al.,
2012). Yang et al. (2008) reported that GILZ inhibits cytokine-
induced COX-2 expression in bone marrow mesenchymal
stem cells by blocking NF-kB nuclear translocation. However,
the interaction between hypoxia and GR- and GILZ-mediated
anti-inflammatory actions is not fully understood. Our data
clearly demonstrated that the induction of GILZ is a key
event in the inhibitory effect of glucocorticoids on hypoxia-
induced COX-2, which is an indirect result of GR activation,
through synthesis of new proteins. These data suggest that
the regulation of GILZ has a significant effect on the hypoxia
and glucocorticoid signalling pathways.

Studies have shown the existence of cross-talk between
hypoxia and steroid hormone receptor pathways, including
the GR. Hypoxia causes a down-regulation of GRs, which
attenuates the anti-inflammatory actions in A549 cells and
contributes to the glucocorticoid insensitivity observed in
some respiratory diseases associated with hypoxia (Huang
etal., 2009). In contrast, Leonard et al. (2005) reported a
potentiation of glucocorticoid effects due to hypoxia through
the induction of GR, increasing glucocorticoid sensitivity.
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Dexamethasone has also been shown to attenuate HIF activ-
ity in a GR-dependent manner (Wagner et al., 2008), but the
function of GILZ was not investigated in this study. Others
have shown that HIF-1o interacts with the GR, by using an
artificial approach with GAL4-fusion reporter assays (Kodama
etal., 2003), and that GR activation is associated with
enhanced HIF-1 activity, which is partly in contrast to our
findings (Kodama et al., 2003). Our data showed that dexam-
ethasone treatment led to a marked dose-dependent and
rapid inhibition of HIF-1o expression and affected HIF-1o-
mediated target gene expression, suggesting that targeting
HIF-1o. may promote antitumor immune responses. Further-
more, we demonstrated that GILZ is responsible for the
GR-mediated downregulation of HIF-1o establishing an
inhibitory loop for COX-2 inhibition. Our results suggest that
the cross-talk between the GR and HIF-1a involves an inter-
action between GILZ and HIF-1o. In addition, it is possible
that cross-talk between HIF-1 and steroid hormone receptors,
such as the oestrogen and androgen receptor, is mediated by
a common regulator rather than direct interaction of HIF-1o.
with a nuclear hormone receptor. The interplay between
pro-inflammatory transcription factors and GR may reflect
differing effects on histone acetylation. Hypoxia alters
global histone H3 lysine 9 acetylation and methylation in
A549 cells, and dexamethasone suppresses IL-1B-stimulated
histone acetylation by direct inhibition of CBP-associated
histone acetyltransferase activity (Ito et al., 2000; Chen et al.,
2006). The dynamic pattern of histone H4 acetylation has
been demonstrated to be associated with the induction of
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GILZ inhibits cellular migration and invasion of A549 cells under hypoxia. A549 cells were transfected with pcDNA-GILZ and treated as indicated.
Transwell migration assays (A) and matrigel invasion assays (B) were done under normoxia or hypoxia. The cells that migrated and invaded were
counted and are shown in the graph below. (C) A549 cells were transfected with 2 ug of pcDNA-GILZ expression plasmids, treated as indicated.

GILZ mRNA expression was quantified by qPCR. Values represent the means £ SD (n = 3). *P < 0.05. All experiments were repeated at least three
times.
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COX-2 transcription by bradykinin and IL-1B (Nie etal.,
2003). Indeed, we found that TSA and CBP overexpression
significantly reduced the glucocorticoid-mediated inhibition
of hypoxia-induced COX-2 protein expression and COX-2
promoter activity. Thus, histone modification by hypoxia
may result in conformational changes in chromatin and
selective association of the transcription factor with the
COX-2 promoter, leading to enhanced expression of the
COX-2 gene. Moreover, the GR may modulate hypoxia-
induced COX-2 expression through histone acetylation. Our
data suggest that acetylation overcomes the necessity for
GILZ induction by glucocorticoid. Additional studies are
required to elucidate the exact mechanisms underlying the
hypoxia-induced alterations in glucocorticoid-GR interac-
tions at multiple levels.

Hypoxia is a hallmark of solid tumours that leads to cell
invasion and metastasis (Arsenault et al., 2013). HIF-1 tran-
scriptional activity was proposed to be in part responsible
for the enhanced invasive properties of cancer cell
(Krishnamachary et al., 2003; McMahon et al., 2005). Most
solid tumours exhibit inflammatory properties characterized
by increased levels of prostaglandins (Stasinopoulos et al.,
2013). Hypoxia has been shown to induce the expression of
COX-2 (Bradbury et al., 2002). COX-2 increases the meta-
static potential of cancer cells and silencing of COX-2 inhibits
metastasis and delays tumour onset of poorly differentiated
metastatic cancer cells (Tsujii et al., 1997; Stasinopoulos et al.,
2013). These observations indicate the importance of inhib-
iting COX-2 to prevent hypoxia-induced cell invasion. Only
a few previous studies have demonstrated the effect of gluco-
corticoids on cell invasion but no direct observations have
been made under hypoxia (Zheng et al., 2012). Hence, the
results of the present study are the first to demonstrate that
GILZ inhibits cell invasion most likely through the destabili-
zation of HIF-1o. and the induction of GILZ could be crucial
for inhibition of HIF-lo-mediated metastasis and cancer
progression.

Until now, not much attention has been paid to the role
of GILZ in hypoxia-induced inflammatory responses and cell
metastasis. The results of the present study clearly show that
GILZ is a major player in glucocorticoid suppression of
hypoxia-induced COX-2 in A549 cells and provide mechanis-
tic evidence for the anti-inflammatory effect of GILZ under
hypoxia. We suggest that the induction of GILZ has potential
therapeutic value and could be a key therapeutic target for
suppression of inflammation and cancer therapy under
hypoxic conditions.
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