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Abstract Increasing evidence demonstrates that Nat, K-
ATPase plays an important role in pulmonary inflammation,
but the mechanism remains largely unknown. In this study,
we used cardiotonic steroids as Nat, KT-ATPase inhibitors
to explore the possible involvement of Nat, K*-ATPase in
pulmonary epithelial inflammation. The results demon-
strated that mice after ouabain inhalation developed
cyclooxygenase-2-dependent acute lung inflammation. The
in vitro experiments further confirmed that Na™, K*-ATPase
inhibitors  significantly stimulated cyclooxygenase-2
expression in lung epithelial cells of human or murine origin,
the process of which was participated by multiple cis-ele-
ments and frans-acting factors. Most importantly, we first
described here that Nat, K™-ATPase inhibitors could evoke
a significant Hu antigen R nuclear export in lung epithelial
cells, which stabilized cyclooxygenase-2 mRNA by binding
with a proximal AU-rich element within its 3'-untranslated
region. In conclusion, HuR-mediated mRNA stabilization
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Abbreviations
Act D Actinomycin D
ALI Acute lung injury

ARDS Acute respiratory distress syndrome

ARE AU-rich elements

BALF Bronchoalveolar lavage fluid

COX-2  Cyclooxygenase-2

CTS Cardiotonic steroids

DMEM  Dulbecco’s modified Eagle’s medium

DN Dominant negative

EO Endogenous ouabain

ERK Extracellular regulated protein kinases
GAPDH Glyceraldehyde-3-phosphate dehydrogenase

HA Hemagglutinin

H&E Hematoxylin and eosin

HRP Horseradish peroxidase

HuR Hu antigen R

IxB Inhibitory subunit of nuclear factor kappa B
LPS Lipopolysaccharide

MAPK  Mitogen-activated protein kinase
MK2 MAPK-activated protein kinase 2
MPO Myeloperoxidase

NO Nitric oxide

PGE, Prostaglandin E2

ROS Reactive oxygen species

TNF Tumor necrosis factor

UTR Untranslated region

VEGF Vascular endothelial growth factor
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Introduction

Alveolar epithelial Nat, K*-ATPase plays an important
role in the pathogenesis of acute lung injury (ALI), and its
most severe manifestation acute respiratory distress syn-
drome (ARDS) [1]. The impairment of this pump normally
leads to decreased active Na™ transport across the alveolar
epithelium, and inefficient lung edema clearance [2].
Besides, disruption of membrane tight junction integrity
by Na®, K*-ATPase impairment results in altered lung
permeability, accumulation of pulmonary edema, and
hindered gas exchange. Many pathophysiologic perturba-
tions such as hypoxia, mechanic ventilation can lead to the
decreased Nat, K-ATPase function in ALI [1, 2].

Overexpression of Nat, K*-ATPase subunits in lung
epithelial cells has been proven to be an effective approach
for improving lung fluid clearance, at least in animal tests
[3, 4]. However, a recent study demonstrated that electro-
poration delivery of Nat, K*-ATPase «1 and f1 subunits
into rat’s lung not only prevented lipopolysaccharide
(LPS)-induced pulmonary edema but also reduced lung
inflammation [5]. This result suggests the possible
involvement of Na*, K*-ATPase in lung inflammation.
Cytokine-mediated inflammatory reaction in lungs is the
major characteristic of ALI and ARDS. Injured lung
epithelial, endothelial cells, or immune cells are all
responsible for the abnormal cytokine production [6].
Whether Na®, K"-ATPase engages in the pulmonary
inflammation through modulating cytokine production
from these cells constitutes intriguing questions.

To address this concern, suppression of Na®, K*-
ATPase or deletion of Na*, K*-ATPase gene in lung cells
is necessary. However, limited by the ability to develop
Nat, K*-ATPase knockout models, the use of chemical
inhibitors has become an alternative tactic in many studies.
So far, many cardiotonic steroids (CTS) are proven to be
Na*t, KT-ATPase-specific inhibitors that can bind with the
extracellular portion of Nat, K*-ATPase « subunits, and
compete for the K* binding site. The pharmacological
outcomes of CTS include intracellular [Ca2+] increase,
reactive oxygen species (ROS) generation, and Src acti-
vation [7]. Until now, digitoxin, one of the CTS isolated
from plants, is still frequently used in the clinical treatment
of congestive heart failure [8]. In addition to these exog-
enously produced cardiotonic substances, endogenous CTS
were also successfully isolated and identified from human
plasma [9, 10], which spurs the enthusiasm in exploring
their new biological roles. Notably, it is increasingly
appreciated that these materials belong to a novel class of
mammalian endocrine hormones [7].

Ouabain is a well-studied CTS with a high binding
specificity for Na*, K*-ATPase. Amazingly, ouabain was
recently identified to be identical with one of the

mammalian inhibitors of Nat, K*-ATPase, called endog-
enous ouabain (EO) [10]. Therefore, determination of the
biological activity of ouabain will have far-reaching effects
on understanding the pathophysiologic significance of Na™,
K*-ATPase. In fact, many investigations consider that
besides being a cardiotonic substance, ouabain can also act
as a potential immunomodulator [11]. For example, oua-
bain was shown to affect various immunological processes,
such as lymphocyte proliferation, apoptosis, and monocyte
function [11]. However, the most prominent role of oua-
bain involved in the immune system is its ability to
modulate cytokine production. Ouabain was found to
increase IL-1, IL-6, and tumor necrosis factor o (TNF-o)
production in mononuclear cells [12-14], or stimulate
nitric oxide (NO) production in rat peritoneal macrophages
[15]. Besides these in vitro results, ouabain was also shown
to modulate cytokine production in vivo [13, 16].

Surprisingly, although the function of ouabain in regu-
lating cytokine production has been long appreciated, the
underlying mechanism remains poorly understood. In this
study, we observed that ouabain, as well as other Nat, K*-
ATPase inhibitors, could induce acute lung inflammation
by increasing cyclooxygenase-2 (COX-2) expression in
lung epithelial cells, both in vitro and in vivo. Furthermore,
Hu antigen R (HuR) translocation is an important regula-
tory mechanism for COX-2 production elicited by the Na*,
K"-ATPase inhibitor.

Materials and methods
Reagents

Dulbecco’s modified Eagle’s medium (DMEM) and lipo-
fectamine were from Invitrogen (California, USA).
Ouabain (purity > 99%), foliandrin (purity > 99%), acti-
nomycin D (Act D) and LPS were from Sigma (St. Louis,
USA). Oleandrin (purity > 99.5%) was provided by Ron-
ghe Chemicals (Kunming, China). SP600125, SB203580,
and rofecoxib were from Calbiochem (San Diego, Cali-
fornia, USA). U0126 was from Cell Signaling Technology
(Beverly, Massachusetts, USA). [32P] ATP was from
Radioactive Materials Center of China (Beijing, China).
Nitrocellulose membranes were from Schleicher & Schuell
(Keene, New Hampshire, USA).

Cell culture

Human type II lung adenocarcinoma epithelial cells
(A549), transformed human embryonic kidney cells (HEK
293), and mouse lung epithelial cells (MLE12) were pur-
chased from American Type Culture Collection (ATCC,
Manassas, Virginia, USA), and cultured in DMEM
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supplemented with 10% FBS and 50 U/ml penicillin/
streptomycin. Cells were maintained at 37°C in a humidi-
fied atmosphere of 95% air and 5% CO,, trypsinized until
70% confluence and plated for experimental use.

Plasmids

The COX-2 5'-untranslated region (UTR) full-length pro-
moter construct (—942/4+71) [17] was a generous gift of
Dr. Michael James (Royal Adelaide Hospital, Australia).
Primers used to amplify COX-2 promoter variants (—528/
+71, =391/+71, —262/4+71, —210/4+71, —121/+71, =51/
+71), or to amplify COX-2 full-length 3’-UTR and its
variants are listed in Table El (supplementary data). The
expression vector encoding inactive p38x MAPK (p38u«
AGF) [18] was generously gifted by Prof. Roger Davis
(University of Massachusetts, USA). The MAPK-activated
protein kinase 2 (MK2) constitutively active expression
plasmid (pMK2 AspX3), and two MK2 dominant negative
(DN) vectors (pMK2 Ala and pMK2 kin-) [19] were kindly
gifted by Prof. Chris J. Marshall (Royal Cancer Hospital,
London, UK). The sequence of N-terminal truncated form
of human IxkBa (IxkBa DN, 37-317 amino acid) was
amplified by RT-PCR using the primers as follows,
forward: 5'-cccggatccatgaaagacgaggagtacg-3’;  reverse:
5'-cgcgaagctttcataacgtcagacg ctggectee-3'. After digestion,
the PCR product was subcloned into hemagglutinin (HA)-
tagged pRKS mammalian expression vectors. By Western-
blot analysis, this IxkBa DN plasmid was confirmed to have
a high expression level in A549 cells, further, TNF-o-
induced NF-xB activation in A549 cells could be com-
pletely suppressed under the overexpression of IxkBa DN.

Transient transfection and luciferase assays

Transient transfection of cells with the human COX-2
promoter, COX-2 3’-UTR or their variants cloned into
pGL3-Basic luciferase reporter plasmid were conducted in
24-well plates as described previously [20]. The luciferase
activity in samples was measured following the manufac-
ture’s instructions (Promega, USA).

Murine model of ouabain-induced acute
lung injury [21]

All animal procedures were approved in advance by the
Animal Care Committee of Jiangsu Province of China.
Mice (ICR, 18.2 £ 1.2 g) were randomly assigned to
experimental groups. In the control group, animals inhaled
sterile 0.9% NaCl. In the LPS group, animals inhaled

aerosolized LPS to induce ALI In the ouabain group,
aerosolized ouabain was administered, whereas in the
ouabain/rofecoxib group, animals were intraperitoneally
(i.p.) injected with rofecoxib (10 mg/kg) at 60 min before
aerosolized ouabain inhalation. Animals inhaled 0.9%
NaCl, ouabain or LPS for 30 min at 2-h intervals over a 4-h
period (Fig. 1a-1). For each drug inhalation, a solution of
0.9% NaCl containing 1 mg/ml ouabain, or 500 pg/ml LPS
(pH 7.2, 295 mosmol/kg) was aerosolized in room air by an
ultrasonic nebulizer (Optineb, Nebu-Tec, Elsenfeld,
Germany).

Analysis of myeloperoxidase activity

Myeloperoxidase (MPO) activity in lung homogenates was
determined by a 3,3-5,5'-tetramethylbenzidine-based
photometric assay [22].

RNA interference

A549 cells were transfected with the small interference
RNA (siRNA) for human HuR as previously described
[23]. The siRNAs targeting the human or murine Na™,
KT-ATPase o1 subunit, or murine HuR, were purchased
from Santa Cruz Biotechnology (USA), and cell trans-
fection was performed based on the manufacturer’s
instructions.

Determination of prostaglandin E, level in culture
or bronchoalveolar lavage fluid

5 x 10* cells/well were plated in six-well dishes and
grown to 60% confluence in the growth medium. After
treatment, the medium was collected, centrifuged, and
stored at —80°C until assay. To measure prostaglandin E,
(PGE,) release in bronchoalveolar lavage fluid (BALF),
1 ml BALF was collected, centrifuged, and assayed. The
ELISA method was used to measure the level of PGE, in
the cell culture, or in BALF based on the manufacturer’s
instructions (Cayman, Ann Arbor, Michigan, USA).

Quantitative RT-PCR and conventional RT-PCR

Total RNA was isolated using TRIZOL agent and chlo-
roform extraction according to the seller’s RNA
extraction protocol. The PCR primers used to amplify
COX-2, 28S, GAPDH are listed in Table E1 (supple-
mentary data). Quantitative RT-PCR (qRT-PCR) was
performed as previously described [24]. The oligonucle-
otides used for COX-2 and GAPDH amplification by
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Fig. 1 Ouabain induces acute lung inflammation in mice.
a-1 Schematic of drug administration. a-2 Inhaled ouabain developed
COX-2-dependent acute lung inflammation. Mice challenged with
inhaled LPS, or 0.9% NaCl alone served as controls. Lung sections
were subjected to H&E staining. Representative photomicrographs
from six lung sections of mice having similar results are shown. Scale
bars: 25 pm. The black arrows indicate the thickness of lung
interstitial space, and neutrophils infiltration as well. b Inhaled
ouabain increased the MPO activity in the lung tissue of mice. MPO
activity of lung tissue from control animals was arbitrarily set at

gRT-PCR are listed in Table El1 (supplementary data).
The COX-2 and GAPDH mRNA levels were calculated
based on the standard curve, and COX-2 mRNA level
was normalized to GAPDH mRNA level in the same
sample.

Immunoprecipitation of mRNP complex and RT-PCR

To explore the interaction between COX-2 mRNA and
HuR protein, a combination of immunoprecipitation and
RT-PCR was used as previously described [23, 24]. Briefly,
A549 cells treated with ouabain were lysed, and immu-
noprecipitated with 3 pg of either a monoclonal HuR Ab,
or the same amount of control IgG overnight at 4°C. To
normalize equal input of RNA before subsequent immu-
noprecipitation step, the same amount of extract was
subjected to total RNA isolation by TRIZOL agent. Sub-
sequently, protein G-Sepharose CL-4B beads were added
and incubated for another 3 h. After centrifugation, the
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100%. ***p < 0.001, vehicle versus ouabain, ##p < 0.01, ouabain
versus ouabain + rofecoxib. ¢ Inhaled ouabain stimulated the PGE,
release in BALF of mice. PGE, content in BALF was measured by
ELISA method, and expressed as pg/ml. ***p < 0.001, vehicle versus
ouabain, ##p < 0.01, ouabain versus ouabain + rofecoxib. d Inhaled
ouabain stimulated COX-2 expression in mice lung epithelial cells, as
assessed by histological analysis. Whole lungs were fixed, sectioned,
and stained with anti-mouse COX-2 (n = 4-6 mice/group). Repre-
sentative photomicrographs having similar results are shown. Scale
bars: 20 pm

beads were successively washed with low- and high-salt
buffer before total RNA extraction, the following RT-PCR
was performed as described in the “conventional RT-
PCR”.

Indirect immunofluorescence microscopy

Immunofluorescence was performed based on previously
described protocol with minor changes [25]. Briefly, cells
were fixed using 4% formaldehyde, and incubated over-
night at 4°C with a monoclonal anti-human, or anti-mouse
HuR Ab (Santa Cruz Biotechnology, USA) diluted at 1:200
in blocking buffer. The secondary Ab conjugated with
FITC (Molecular Probes, Eugene, OR) was added for 2 h at
room temperature. After rinsing, the slides were incubated
with DAPI (Molecular Probes, USA) for 5 min to stain
nuclei, and viewed through a Carl Zeiss fluorescent
microscope. Images were processed using Photoshop
software (Adobe, San Jose, CA).
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Immunohistochemical analysis

The isolated mice lung tissue samples were fixed in 4%
paraformaldehyde, embedded in paraffin, and cut into
5-mm-thick sections. The sections were stained with
COX-2 using a 1:200 dilution of purified rabbit anti-mouse
COX-2 Ab (Santa Cruz Biotechnology, USA). Signal was
developed using liquid diaminobenzidine tetrahydrochlo-
ride and counterstained with hematoxylin and eosin stain
(H&E).

Western-blot analysis

The immunoblot analysis was performed as previously
described [26]. Briefly, A549 cells after treatments were
harvested and lysed, and the cleared lysate was separated
by SDS-PAGE. After electrophoresis, proteins were
transferred to PVDF membranes. The membranes were
first hybridized with primary antibodies, and then with a
horseradish peroxidase (HRP)-conjugated anti-mouse, or
anti-rabbit IgG secondary Ab (Sigma, St. Louis, MO).
Human COX-2 monoclonal Ab was from BD Pharmingen
(San Diego, California, USA), HuR (3A2), FLAG, GAP-
DH, and tubulin Abs were from Santa Cruz Biotechnology
(Santa Cruz, California, USA). Abs to extracellular regu-
lated protein kinases 1/2 (ERK1/2), phosphor-ERK1/2, p38
MAPK, phosphor-p38 MAPK and phosphor-MK?2 were
from Cell Signaling Technology (Beverly, Massachusetts,
USA). The immune blots were developed using enhanced
chemiluminescence system (Amersham Pharmacia Biotech,
Amersham, UK).

Statistical analysis

The results were expressed as mean &= SEM. The statistical
analysis involving two groups was performed by means of
Student’s ¢ test. Analysis of variance followed by Dunnett’s
multiple comparison test was used to compare more than two
groups. All data were processed with SPSS 10.0 software.

Results

Ouabain inhalation induces acute lung inflammation
in mice

Experimental inhalation is a commonly used approach to
investigate the pathological mechanism of acute lung epi-
thelial inflammation in mice [21]. In this study, with the
purpose of examining the direct pathological effect of Na™,
K*-ATPase inhibitor on mice lung, animals were chal-
lenged with aerosolized ouabain via inhalation (Fig. la-1).
As a result, acute inflammatory response occurred in mice

lung after exposure to aerosolized ouabain, the severity of
which was evidenced by massive neutrophil infiltration
into the pulmonary interstitium and airspace (see black
arrows, Fig. 1a-2). Interestingly, these pathological
abnormalities were largely attenuated when mice were
preinjected (i.p.) with rofecoxib, a selective COX-2
inhibitor, since neutrophil recruitment was greatly reduced
in lung tissue from animals treated with ouabain plus
rofecoxib. As a positive control, inhaled LPS induced
a stronger inflammation than that of ouabain.

The improvement of ouabain-induced lung inflamma-
tion by rofecoxib was confirmed by MPO activity of lung
tissue (Fig. 1b, ##p < 0.01). PGE, is an active metabolite
of COX-2, we noted a significant increase of PGE, pro-
duction in BALF isolated from mice lung in the ouabain-
treated group (Fig. 1c, ***p < 0.001), which was largely
attenuated in the presence of rofecoxib (##p < 0.01). To
characterize the lung cells responsible for COX-2 overex-
pression, immunohistochemistry experiment by using
COX-2 antiserum was performed. The result showed the
upregulation of COX-2 expression by ouabain mostly
occurred in lung epithelial cells, especially in the type II
cells surrounding the alveolar space (see black arrows,
Fig. 1d). Notably, inhaled ouabain used in this study did
not cause lung epithelial cell death, as examined by
TUNEL staining (data not shown).

CTS stimulate Na™, K*-ATPase-dependent COX-2
expression in lung epithelial cells

To support in vivo results, we treated AS549 cells with
multiple CTS. A549 cells are a well-established alveolar
epithelial cell line, and are often used as a laboratory model
for characterizing the relationship between Na®, K*-
ATPase and ALI [27-31]. In addition, this cell line is
widely used to explore the molecular mechanisms under-
lying pulmonary epithelial inflammation induced by
various stimuli [32-35]. CTS used in this study include
ouabain, foliandrin, and oleandrin. The results, as shown in
Fig. 2a, displayed that ouabain, foliandrin, and oleandrin
time-dependently stimulated COX-2 mRNAs expression in
A549 cells. Among them, ouabain also induced COX-2
mRNA expression dose-dependently, with the minimal
concentration needed was at 10 nM (Fig.2b-1, b-2). The
elevation of COX-2 mRNA levels by CTS led to
strengthened COX-2 protein expressions (Fig. 2¢). Of note,
we performed a time-course experiment and found that
COX-2 protein expression reached a plateau after ouabain
treatment for 12 h (Fig. 2d). Consistent with in vivo
experiments (Fig. 1c), CTS also led to significant induction
of PGE, in A549 cells (Fig. E1, supplementary data). Some
reports suggest the biological activity of CTS, such as
ouabain, is sometimes Na*, K*-ATPase independent [36].
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Fig. 2 Na®, K*-ATPase inhibitors increase COX-2 expressions in
human and murine lung alveolar epithelial cells. a RT-PCR analysis
of COX-2 mRNA levels in A549 cells after treatment with Na™, K*-
ATPase inhibitors, ouabain, oleandrin, and foliandrin. Cells were
challenged with these inhibitors at a concentration of 100 nM for 0, 1,
2, 3,4, and 6 h, respectively. 28S was included as a control. b-1 RT-
PCR analysis of COX-2 mRNA level in A549 cells after treatment
with ouabain at varied concentrations. The quantification result is
shown (b-2). Cells were challenged with ouabain for 6 h at 0, 10, 25,
50, and 100 nM, respectively. **p <0.01, ***p <0.001, as
compared to the vehicle group. The mRNA expression level in the
vehicle group was arbitrarily set at 100%. ¢ Western-blot analysis of
COX-2 protein levels in A549 cells after treatment with ouabain,
oleandrin, and foliandrin. Cells were treated with these chemicals at
100 nM for 12 h. d Ouabain dose-dependently induced COX-2
protein expression in A549 cells. Cells were treated with ouabain at
100 nM for 0, 4, 8, 12, and 16 h, respectively. e, f Ouabain-induced
COX-2 protein expression and PGE, production were suppressed in
AS549 cells after knockdown of Nat, K'-ATPase ol subunit
expression. Cells were left untransfected, or transfected with the
scramble or Na™, K™-ATPase o1 siRNA for 48 h, then treated with
ouabain at 100 nM for an additional 12 h. Western-blot analysis was
performed to measure COX-2, Nat, K*-ATPase ol subunit and
GAPDH protein levels. PGE, content in the culture medium was
measured by ELISA method, and expressed as pg/ml. **p < 0.001 as
compared with Na®, K*-ATPase a1 siRNA group. All experiments
were performed at least in triplicate

In this study, we transfected A549 cells with Na™t, K'-
ATPase ol subunit siRNA to knockdown ol subunit
expression. As expected, the siRNA transfection led to a
significant decrease in Nat, K'-ATPase ol subunit
expression (Fig. 2e). Under this circumstance, ouabain-
enhanced COX-2 protein expression, as well as PGE,
production (Fig. 2f) was significantly suppressed. Of note,
in agreement with other investigations [37], most A549
cells (95% or so) remained healthy under the lessened
expression of Na®, K"-ATPase ol subunit (data not

shown). Ouabain also increased COX-2 mRNA production
in MLE cells, as that in A549 cells (Fig. E2, supplementary
data). Similarly, ouabain-induced PGE, production in MLE
cells was relieved under the lessened Na™*, K-ATPase ol
subunit expression by siRNA transfection (Fig. E3, sup-
plementary data).

Identification of cis-elements within the COX-2
promoter responsible for ouabain-induced COX-2 gene
transcription

Preliminary experiments demonstrated that ouabain could
stimulate COX-2 gene transcription in A549 cells (Fig. E4,
supplementary data). In an attempt to identify the cis-ele-
ments within a COX-2 promoter that are important for
mediating the inductive effect of ouabain, transient trans-
fections were performed with a series of human COX-2
5'-promoter deletion constructs (Fig. 3a-1, a-2). As a
result, we found the magnitude of induction by ouabain
remained essentially constant with all promoter deletion
constructs, except the —121/4-71 and —51/4-71 constructs.
Based on computational analysis, an NF-IL6/C/EBP bind-
ing site is present within nucleotides between —210 and
—121, and a CRE binding site is present within nucleotides
between —121 and —51. Transient transfections were thus
performed using the COX-2 promoter including the mu-
tagenized NF-IL6/C/EBP or CRE binding site. As shown in
Fig. 3b, stimulating COX-2 promoter by ouabain was
attenuated under the condition of NF-IL6/C/EBP or CRE
binding site mutation. Unexpectedly, mutagenizing of the
NF-kB site has no significant effect, and accordingly,
overexpression of IkBo DN in A549 cells failed to suppress
ouabain-induced COX-2 upregulation in protein level
(Fig. 3c). DNA-EMSA experiments further confirmed the
importance of NF-IL6/C/EBP or CRE binding site in COX-
2 gene transcription by ouabain (Fig. ES, supplementary
data).

QOuabain stabilizes COX-2 mRNA

From the above results, we noticed that ouabain-induced
COX-2 promoter activation is indeed not fully compatible
with COX-2 mRNA production. This conflict invites us to
speculate that the transcriptional upregulation is likely not
the sole mechanism underlying COX-2 mRNA production
by ouabain. As COX-2 is a short-lived protein and its
mRNA is unstable, we thus sought to examine whether
ouabain could influence the mRNA stability of COX-2.
Cells were treated with ouabain (100 nM) for 6 h to induce
COX-2 transcription, and then transcription was stopped
with the addition of Act D at 5 ng/ml (Fig. 4a-1). The total
cellular RNA was isolated at 4 and 8 h after treatment with
Act D, and subjected to real-time gRT-PCR analysis
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Fig. 3 NF-IL6/C/EBP and CRE-binding sites are cis-elements crit-
ically involved in ouabain-induced COX-2 gene transcription.
a-1 Identification of ouabain-responsive elements within the COX-2
promoter by sequential deletion analysis. Cells were transfected with
a series of COX-2 promoter variants, further treated with ouabain for
12 h. The fold increase of luciferase activity (firefly/renilla) of each
transfection group after ouabain treatment is indicated (a-2).
#¥p < 0.001, —210 to +71 vs. —121 to +71; *p < 0.01, —121 to
+71 vs. =51 to +71. b Ouabain-induced COX-2 promoter activation
was suppressed when NF-IL6/C/EBP or CRE-binding site, but not
NF-kB-binding site was mutated. Cells were transiently transfected
with the intact, or mutated human COX-2 promoter variants.
M: mutation, the mutagenesis of NF-xB, NF-IL6, or CRE-binding
sites within the COX-2 promoter were performed by PCR, and the
primers are listed in Table E1 (supplementary data). The fold increase
of luciferase activity in the cell transfection group after ouabain
treatment is indicated. ¢ Overexpression of IkBa DN failed to
suppress ouabain-induced COX-2 protein expression in A549 cells.
Cells were transiently transfected with 2 pg wild-type (WT), or IkBo
DN overexpressing plasmid, further treated with ouabain at 100 nM
for 12 h. All experiments were performed at least in triplicate

(Fig. 4a-2). The results demonstrated that ouabain treat-
ment caused a significant increase in the half-life of COX-2
mRNA (¥**p < 0.001).

COX-2 3-UTR plays an important role in regulating
mRNA stability [20], transient transfections were thus
carried out in A549 cells with COX-2 3’-UTR luciferase
reporter construct, or with luciferase 3’-UTR construct as a
control. To simplify the interpretation, the four luciferase
reporter plasmids used in the present study are pictured in
Fig. 4b-1, and abbreviated as pCL, pCC, pL, and pC,
respectively. Without ouabain stimulation, we found
COX-2 3’-UTR resulted in a significant decrease of the
basal luciferase activity (Fig. 4b-2, ***p < 0.001, pCL vs.
pCC; p < 0.01, pL vs. pC), suggesting the existence of
special cis-elements within COX-2 3’-UTR that renders the
luciferase mRNA transcripts easily degradable.

In contrast, when ouabain was present, a one-fold
increase of luciferase activity was observed in pCC trans-

fectant as compared to that in pCL transfectant
(" p < 0.001, pCC vs. pCL, Fig. 4c). Please note the only

difference between pCL and pCC is the 3'-UTR cloned
(Fig. 4b-1). Therefore, besides gene transcriptional acti-
vation, stabilization of COX-2 3’-UTR could be another
important mechanism for ouabain to increase COX-2
mRNA steady level. Similar results were also obtained in
cells transfected with pL or pC plasmid harboring an SV40
promoter (Fig. 4d, ™ p < 0.001, pL vs. pC). In this
experiment, the stimulatory effect of ouabain on luciferase
activity of pL-transfected cells was negligible, probably
because SV40 promoter is insensitive to ouabain
stimulation.

HuR is necessary for COX-2 mRNA stabilization
induced by CTS in A549 cells

Recently, three major AU-rich elements (AREs) have been
identified in the proximal end of the 3'-UTR of COX-2
mRNA, which are important for modulating COX-2
mRNA stability [38] (Fig. 5a-1). Experiments were thus
performed to determine whether they also mediate the
mRNA-stabilizing effect of ouabain. To simplify the
interpretation, three luciferase constructs, each containing a
COX-2 promoter and one of the three AREs of COX-2
3/-UTR, are pictured (Fig. 5a-1). Luciferase constructs
with full-length of COX-2 3’-UTR, or with luciferase 3'-
UTR served as controls. The abbreviations for these con-
structs are pCC, pCCSI1, pCCS2, pCCS3, and pCL,
respectively. The result demonstrated that among the COX-
2 3’-UTR wvariants used, only the luciferase activity
increase in pCCS1 was comparable to that of full-length 3'-
UTR (Fig. 5a-2). Therefore, ARE site I is mainly respon-
sible for COX-2 3’-UTR stabilization by ouabain.
Interestingly, ouabain even suppressed the luciferase
activity in pCCS3 when compared to control (pCL), sug-
gesting that AREs within COX-2 3/-UTR may have
different responsiveness to ouabain. As such, the protective
effect of ouabain on COX-2 mRNA is probably a com-
bined result of 3’-UTR stabilization and destabilization.

Various trans-acting factors binding on the AREs
facilitate the post-transcriptional regulation mediated by
AREs [39]. Among these factors, HuR was a key RNA-
binding protein responsible for increased COX-2 mRNA
stability by CTS. The reasons are as follows, when in vivo
RNA pull down experiment was performed, HuR co-
immunoprecipitated with COX-2 mRNA in A549 cells
after challenge of ouabain (Fig. 5b). In contrast, normal
IgG did not pull down COX-2 mRNA. Further, transfection
with HuR siRNA in A549 cells resulted in a lessened HuR,
and consequently suppressed the ouabain-induced COX-2
protein upregulation (Fig. 5c). Comparable results were
also obtained in A549 cells after foliandrin or oleandrin
treatment (Fig. E6, supplementary data).
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Fig. 4 Ouabain prevents COX-2 mRNA decay by stabilization of
COX-2 3’-UTR. a-1 COX-2 mRNA decay was prevented by ouabain
treatment. A549 cells were stimulated with ouabain (100 nM) for 6 h,
and washed twice before 5 pg/ml Act D was added. After a short
preincubation with Act D for 30 min, cells were additionally treated
for the indicated times (4 and 8 h) with vehicle or with 100 nM
ouabain before being harvested and extracted for total cellular RNA.
At the indicated time, COX-2 mRNA levels were quantified by qRT-
PCR by using GAPDH as normalization control (a-2). ***p < 0.001,
ouabain + Act D versus-ouabain + Act D. b-1 COX-2 3-UTR
decreased the basal level of luciferase activity without ouabain
treatment. Construction of firefly luciferase reporter plasmid harbor-
ing COX-2 or luciferase 3’-UTR, and the abbreviations for these

CTS regulate the nucleo-cytoplasmic shuttling of HuR

HuR is a nuclear-to-cytoplasmic shuttling protein [39, 40].
In this study, HuR remained exclusively nuclear in control
cells, as examined by indirect immunofluorescence analy-
sis (Fig. 6a). However, after ouabain treatment, HuR
altered its cellular distribution, and was predominantly
present in the cytoplasm. Ouabain-induced HuR translo-
cation was specific, because HnRNP Al or AUFI, two
other nuclear RNA-binding proteins, failed to alter their
subcellular distribution after ouabain treatment (Fig. E7,
supplementary data). CTS also time-dependently triggered
the HuR translocation (Fig. 6b-1). To biochemically con-
firm the stimulated HuR redistribution, cytoplasmic
fractions were carefully separated, and subjected to a
Western-blot  analysis.  Ouabain  time-dependently
increased the HuR content in cytoplasmic extracts, with the
minimal induction time was 2 h (Fig. 6b-2).

Given the above results, whether the translocated cyto-
plasmic HuR by ouabain is functional to bind with ARE
site I of COX-2 3’-UTR remains unsolved. We therefore

constructs are indicated. COX2P: COX-2 promoter; SV40P, SV40
promoter. A549 cells were transiently transfected with 1 pg firefly
luciferase plasmids (pCL, pCC, pL, and pC) and 50 ng pRL-TK. The
luciferase activity (firefly/renilla) of each transfection group is
indicated (b-2). **#*p < 0.001, pCL versus pCC, *p < 0.001, pL
versus pC. ¢, d Ouabain treatment led to enhanced luciferase activity
in A549 cells after transfection with reporter plasmids containing
COX-2 3’-UTR. The plasmids used in C are driven by a COX-2
promoter, used in D are driven by an SV40 promoter. After
transfection, A549 cells were treated with ouabain (100 nM) for an
additional 12 h. The luciferase activity of A549 cells without ouabain
treatment was arbitrarily set at 1.0. All experiments were performed at
least in triplicate

incubated cytoplasmic lysates with biotin-labeled RNA
containing the COX-2 ARE site I. The results demonstrated
that CTS increased the binding of cytoplasmic proteins to
COX-2 ARE site I, the intensity of which well correlated
with cytoplasmic HuR (Fig. E8, supplementary data).
Supershift analysis revealed that HuR was present in the
binding complex (data not shown). The increased binding
of cytoplasmic extracts to COX-2 ARE site I was competed
by an excess of cold ARE site I (1,000 fold), which con-
firmed the specificity of the protein binding. Of note, the
stabilizing effect of ouabain on COX-2 mRNA by HuR was
cell-type-specific, because ouabain failed to trigger nuclear
export of HuR in HEK293 cells, an epithelial cells line
originally derived from human embryonic kidney (Fig. 6¢-1).
As a result, ouabain time-dependently decreased, but did
not increase the steady level of COX-2 mRNA (Fig. 6¢c-2).
This result is similar to previous findings that COX-2
3’-UTR alone was found to destabilize luciferase mRNA
without ouabain (Fig. 4b-2). Taken together, HuR is both
sufficient and necessary for COX-2 mRNA stabilization by
ouabain. Ouabain also significantly induced the HuR
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Fig. 5 HuR silencing prevents ouabain-induced COX-2 upregulation.
a-1 ARE site I within COX-2 3’-UTR was mainly responsible for
ouabain-induced stabilization of COX-2 mRNA. Three major AREs
within human COX-2 3/-UTR are indicated. Construction of lucif-
erase reporter plasmids harboring a COX-2 promoter and ARE site of
COX-2 3’-UTR, and the abbreviations for these constructs are shown
in the lower panel. A549 cells were transiently transfected with 1 pg
of the indicated firefly luciferase reporter plasmid and 50 ng pRL-TK,
further treated with ouabain at 100 nM for 12 h. The fold increase of
luciferase activity in cells after ouabain treatment is shown (a-2).
**p < 0.01, ***p <0.001, as compared to pCL transfectant.

nuclear export in MLE cells (Fig. E9, supplementary data),
meanwhile, ouabain-induced PGE, production in MLE
cells was abrogated under the lessened HuR expression by
siRNA (**p < 0.01, Fig. 6d).

Differential effects of ERK and p38 MAPKs
on CTS-induced COX-2 upregulation

To sketch the signaling mechanisms, we found that
ouabain time-dependently stimulated the phosphorylation
of ERK1/2 and p38 MAPKs in A549 cells (Fig. 7a-1,
a-2). In an attempt to determine whether the increased
MAPKSs activity is associated with COX-2 upregula-
tion in ouabain-treated cells, U0126, SP600125, and
SB203580 were used to suppress ERK1/2, JNK, and p38
MAPK activation, respectively. As a result, ouabain-
mediated induction of COX-2 mRNA (Fig. 7b), or pro-
tein level (Fig. 7c) was suppressed by UO0126 or
SB203580, but not SP600125. Unexpectedly, U0126 was
effective in suppressing ouabain-mediated activation of
COX-2 promoter (**p < 0.001, Fig. 7d), but not COX-2

b Ouabain increased the intracellular binding of HuR to COX-2
mRNA. The immunoprecipitation of mRNP complex was performed
as described in the “Materials and methods” section. Representative
RT-PCR results of three independent experiments showing similar
results are shown. GAPDH was used to normalize the total RNA
input. ¢ HuR silencing suppressed Na®, KT-ATPase inhibitors-
induced COX-2 protein expression in A549 cells. Cells were left
untransfected, or transfected with HuR siRNA or scramble siRNA
(100 pmol) for 36 h, treated with ouabain (c¢) at 100 nM for an
additional 12 h. GAPDH was included as a control. All experiments
were performed at least in triplicate

3’-UTR stabilization (Fig. E10, supplementary data). By
contrast, SB203580 abrogated the protective effect of
ouabain on COX-2 mRNA stability (***p < 0.001,
Fig. 7e-1, e-2), while having a weak effect on the acti-
vation of the COX-2 promoter (Fig. 7d). Notably, neither
COX-2 transcription nor 3’-UTR stabilization was influ-
enced by JNK inhibitor.

Lines of evidence suggest that MK2 is a substrate for
p38 MAPK [41]. In this study, we found that ouabain
treatment led to MK2 phosphorylation (Fig. 8a). MK2 was
also critically involved in COX-2 mRNA stabilization and
protein expression by ouabain, because overexpression of
two MK2 DN plasmids (MK2 kin- and MK2 Ala) sup-
pressed ouabain-induced stabilization of COX-2 3'-UTR
(Fig. 8b), and protein upregulation (Fig. 8c). MK2AspX3
is the permanent active form of MK2 [19]. In contrast to
MK2 DNs, ouabain-induced COX-2 protein expression
was strengthened under the forced expression of MK2
AspX3 (*p < 0.01, Fig. 8c), suggesting a combined effect
between ouabain and MK2 AspX3 on COX-2 protein
upregulation.
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Fig. 6 Ouabain induces HuR nuclear export specifically involved in
COX-2 upregulation. a Immunofluorescence analysis of the cellular
distribution of HuR in A549 cells before or after ouabain treatment.
Cells were challenged with either vehicle or ouabain (100 nM) for
12 h. Representative fluorescent images of six independent experi-
ments showing similar results are shown. Scale bars: 20 pm.
b-1 Na', K"-ATPase inhibitors time-dependently induced HuR
nuclear export in A549 cells. Cells were treated with 100 nM ouabain,
oleandrin, and foliandrin for 0, 4, 8, and 12 h, respectively.
Representative fluorescent images of three independent experiments
showing similar results are shown. Scale bars: 20 um. b-2 Western-
blot analysis of cytosolic HuR in A549 cells after exposure to ouabain
at 100 nM for 1, 2, 3, 4, and 6 h, respectively, tubulin and lamin B
were used to distinguish cytoplasmic and nuclear protein. ¢-1 Ouabain
induced HuR nuclear export in A549, but not in HEK 293 cells. Scale
bars: 20 pm. ¢-2 RT-PCR analysis of COX-2 mRNA level in
HEK?293 cells after exposure to ouabain at 100 nM for the indicated
time. Representative semi-quantitative RT-PCR results of three
independent experiments with similar results are shown. d Ouabain-
induced PGE, release in MLE 12 cells was prevented by HuR
silencing. Cells were left untransfected, or transfected with HuR
siRNA for 48 h, treated with ouabain at 50 nM for an additional 12 h.
PGE, content in the culture medium was measured by the ELISA
method, and expressed as pg/ml. **p < 0.01, as compared with the
control group. All experiments were performed at least in triplicate

To further understand the mechanism by which ouabain
stabilized COX-2 mRNA via p38 MAPK signaling, we
transfected A549 cells with p38a¢ MAPK DN plasmid
(p38« MAPK AGF, Fig. 9a). Consistently, ouabain-
induced COX-2 protein expression was largely suppressed
by p38 MAPK DN transfection (Fig. 9a). Notably, p38
MAPK DN overexpression failed to influence the total
HuR content, but led to a significant decrease of cytosolic
HuR in both the control and ouabain-treated cells. These
results suggest that HuR translocation in A549 cells is
regulated by p38 MAPK. In support of this notion,

ouabain-induced HuR translocation was partially sup-
pressed in the presence of p38 MAPK inhibitor, SB203580,
as viewed by immunofluorescence analysis (Fig. 9b).
Similar results were also obtained in A549 cells under the
treatment with foliandrin (Fig. E11, supplementary data).

Ca®" signaling is involved in ouabain-induced COX-2
gene transcription, but not in mRNA stabilization

An important feature of CTS-mediated signaling is Ca®"
increase [37]. To examine whether Ca®" signaling is
involved in CTS-induced COX-2 upregulation, A549 cells
were preincubated with BAPTA/AM to chelate intracellu-
lar Ca*". The results displayed that ouabain-induced
COX-2 mRNA upregulation was significantly, but not
completely suppressed in the presence of BAPTA/AM
(Fig. 10a). Accordingly, ouabain-induced PGE, increase in
either A549 cells (**p < 0.001, Fig. 10b-1), or MLE cells
(" p < 0.001, Fig. 10b-2) was also partially abrogated by
BAPTA/AM. Notably, the stimulatory effect of ouabain on
COX-2 mRNA was mimicked by the sodium ionophore
monensin, or calcium ionophore A23187 [14] (data not
shown). To examine the concrete role of Ca®" in COX-2
upregulation by ouabain, cells transected with luciferase
construct harboring full-length COX-2 promoter, or COX-2
3/-UTR were used. The results demonstrated that ouabain-
induced COX-2 transcriptional activation (Fig. 10c), but
not COX-2 mRNA stabilization (Fig. 10d) was blocked in
the presence of BAPTA/AM, suggesting that Ca®" is spe-
cifically involved in COX-2 gene transcription. A previous
study demonstrated that ERK1/2 and p38 MAPKs were
differentially involved in COX-2 gene transcription and
mRNA stabilization (Fig. 7d, e-1, e-2). Consistently,
BAPTA/AM inhibited ouabain-induced ERK1/2, but not
p38 MAPK phosphorylation (Fig. E12 supplementary
data). Finally, ouabain-induced HuR nuclear export in
A549 cells remained unaffected in the presence of BAPTA/
AM (Fig. 10e).

Discussion

In the present study, we performed a series of experiments
to show that inhaled ouabain could induce acute lung
inflammation in mice, which was accompanied by COX-2
overexpression in lung epithelial cells. Further analysis
revealed that after binding with Na®, KT-ATPase, CTS
such as ouabain were able to activate Ca’"-dependent
ERK1/2 phosphorylation leading to COX-2 gene tran-
scription. However, more importantly, CTS were also able
to trigger p38 MAPK-mediated HuR nuclear export, which
stabilized COX-2 mRNA after binding with ARE site I
within COX-2 3’-UTR (Fig. 11). To the best of our
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Fig. 7 Differential effects of ERK1/2 and p38 MAPKSs on ouabain-
induced COX-2 gene transcription and mRNA stabilization.
a-1 Ouabain time-dependently increased ERK1/2 and p38 MAPK
phosphorylation in A549 cells. p-ERK: phosphorylated ERK; t-ERK:
total ERK; p-p38: phosphorylated p38; t-p38: total p38. The
quantitative analysis of ERK1/2 and p38 MAPK phosphorylation is
provided (a-2). ***p < 0.001, as compared to the control group.
Ouabain-induced COX-2 mRNA (b), and protein (c) expressions were
attenuated in the presence of ERK1/2 and p38 MAPK inhibitors, but
not JNK inhibitor. d Differential effects of ERK1/2 and p38 MAPK
inhibitors on ouabain-induced COX-2 promoter activity. The lucif-
erase activity of A549 cells without ouabain treatment was arbitrarily

knowledge, CTS regulate cytokine production by HuR-
mediated mRNA stabilization is first reported here.

Na*, K*-ATPase and its inhibitors in pulmonary
epithelial inflammation

Pulmonary inflammation is one of the common character-
istics of a variety of respiratory disorders [42]. In this

set at 1.0. ***p < 0.001, as compared to control cells; **p < 0.001,
ouabain versus ouabain + U0126. Cells were transfected with 1 pg
full-length COX-2 promoter and 50 ng pRL-TK. Cells were prein-
cubated with 20 uM SP600125, U0126, and SB203580 for 1 h
(b, ¢, and d), further treated with ouabain at 100 nM for 6 h (b), or
12 h (¢, d). e-1 Ouabain-induced COX-2 mRNA stabilization was
abrogated in the presence of p38 MAPK inhibitor, SB203580. The
experimental procedure was the same as that described in Fig. 4a-1.
The quantitative analysis of mRNA content by qRT-PCR is shown
(e-2). ***p < 0.001, ouabain + Act D versus ouabain + ActD +
SB203580. All experiments were performed at least in triplicate

study, we found that Nat, KT-ATPase and its inhibitors
were involved in lung epithelial inflammation. The reasons
are as follows. First, ouabain induced acute lung epithelial
inflammation in vivo. Second, multiple Nat, K*-ATPase
inhibitors (but not ouabain alone) strongly induced COX-2
expression in lung epithelial cell line of human or murine
origin. Third, the stimulatory effect of ouabain on COX-2
expression was critically dependent on Nat, K*-ATPase
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Fig. 8 MK?2 is involved in ouabain-induced COX-2 expression in
A549 cells. a Ouabain-induced phosphorylation of MK2 in A549
cells. Cells were treated with ouabain at 100 nM for 0, 0.5, and 1 h,
respectively. b Overexpression of MK2 DNs suppressed ouabain-
induced stabilization of COX-2 3/-UTR. A549 cells were transfected
with 2 pg mock, MK2 Ala, or MK2 Kin- plasmid for 12 h, then co-
transfected with 1 pg COX-2 3/-UTR firefly luciferase reporter
plasmid and 0.5 pg pRL-TK. After transfection, cells were treated
with ouabain at 100 nM for an additional 12 h. The luciferase activity
of A549 cells without ouabain treatment was arbitrarily set at 1.0.
##¥p < 0.001, as compared to cells transfected with mock plasmid.
c Effect of ouabain on COX-2 protein expression in A549 cells
overexpressing MK2 DNs or MK2AspX3. MK2AspX3 is the
permanent active form of MK2. Western-blot analysis was performed
to determine COX-2 protein expression. GAPDH was included as a
control. The quantitative analysis of COX-2 protein expression is
shown in the bottom panel. The COX-2 expression in control cells

was arbitrarily set at 1.0. #p < 0.01, #*p < 0.001, as compared to

cells transfected with mock plasmid. All experiments were performed
at least in triplicate

ol expression. To conclude, we describe here a novel role
of Na*, K*-ATPase, as well as its inhibitors in pulmonary
disease. However, it is noteworthy to mention that although
the rofecoxib used in this study was able to suppress
ouabain-induced lung inflammation in mice, the additional
or indirect effect of this chemical inhibitor in mice model
can not yet be ruled out. As such, to further confirm the
requirement of COX-2 in ouabain-induced lung inflam-
mation, other in vivo evidence by using COX-2 knockout
mouse model is absolutely needed in future studies.

Because of ROS generation and inadequate ATP supply,
Na™, K*-ATPase subunits in lung epithelial cells are prone
to internalization, and degradation under the condition of
hypoxia [28]. However, other in vivo evidence revealed
that hypoxia or hypoxemia could stimulate the release of
EO from the midbrain and adrenal into plasma [43], the
outcome of which is relevant to pulmonary hypertension
[43, 44]. Based on our study findings, it seems reasonable
to raise the possibility that hypoxia-induced EO release
may also aggravate the lung injury by inflammatory cyto-
kine production from lung epithelial cells.
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Fig. 9 p38 MAPK regulates the HuR translocation in A549 cells
challenged with Na™, K*-ATPase inhibitors. a Ouabain-induced HuR
nuclear export in AS549 cells was attenuated under the forced
expression of p38x MAPK DN. Cells were transiently transfected
with 2 pg mock plasmid or p38a MAPK AGF (DN) plasmid. After
transfection and subsequent treatment with ouabain at 100 nM for
12 h, whole cells protein extracts or cytoplasmic extracts were
subjected to the Western-blot analysis for measurement of COX-2 and
HuR protein expressions. Total tubulin and cytosolic tubulin were
used to normalize protein loading of whole cell extracts and
cytoplasmic extracts, respectively. Representative Western-blot
images of three independent experiments with similar results are
shown. b Ouabain-induced HuR nuclear export was attenuated in the
presence of SB203580. A549 cells were preincubated with SB203580
at 20 pM for 1 h, treated with ouabain (100 nM) for an additional
12 h. HuR cellular distribution was examined by indirect immuno-
fluorescence analysis, as described in the “Materials and methods”.
The white arrows indicate the absence of HuR protein in the nucleus
of A549 cells after ouabain treatment, and HuR build-up in the
nucleus of A549 cells after challenge of ouabain and SB203580. Cells
treated with SB203580 alone served as a control. Representative
fluorescent images of three independent experiments with similar
results are shown. Scale bars: 20 pm
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The synergy between Na*, K"-ATPase ionic
and receptor-mediated signaling mechanisms in COX-2
upregulation

Recently, the understanding of Na®, K*-ATPase has
shifted from its classical pump and enzyme activities to the
receptor for CTS. The Na™, K*-ATPase-mediated signal-
ing pathways, or alternative pathways, as they are called,
offer a reasonable explanation to many, but not all the
effects of CTS [7]. In the present study, we found that Ca®"
signaling controlled the ouabain-induced COX-2 tran-
scriptional upregulation. Moreover, the stimulatory effect
of ouabain on COX-2 mRNA was mimickable by the
sodium ionophore, or calcium ionophore (data not shown).
These results suggest the classical ionic mechanism of
Na®*, K™-ATPase contributes to inflammatory cytokine
production. By contrast, HuR nuclear export, as well as the
resultant COX-2 mRNA stabilization by ouabain, was
Ca”" irrelevant, suggesting that the signaling role of Na™,
K*-ATPase may also be involved in CTS-induced cytokine
production. Collectively, we propose that the classical and
the alternative pathways may act in cooperation to affect
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Fig. 10 Ca®" is involved in ouabain-induced COX-2 upregulation in
lung epithelial cells. a Ouabain-induced COX-2 mRNA upregulation
was suppressed in the presence of BAPTA/AM. RT-PCR analysis was
applied to measure the COX-2 mRNA level in A549 cells after
treatment of ouabain at 100 nM for 6 h, 28S was used as a control.
Ouabain-induced PGE, increase in A549 cells (b-1), or in MLE 12
cells (b-2) was partially suppressed by BAPTA/AM. The PGE,
content in the culture medium was measured by the ELISA method,
and expressed as pg/ml. #p < 0.01, #*p < 0.001 ouabain versus
ouabain + BAPTA/AM. ¢ Ouabain-induced COX-2 transcriptional
activation was abrogated by BAPTA/AM. A549 cells were transfec-
ted with 1 pg full-length COX-2 promoter and 50 ng pRL-TK. The
luciferase activity of control samples was arbitrarily set at 1.0.
**%p < 0.001, ouabain versus ouabain + BAPTA/AM. d BAPTA/
AM failed to decrease the ouabain-induced human COX-2 3’-UTR
stabilization. A549 cells were transfected with 1 pg human COX-2
3’-UTR reporter plasmid and 50 ng pRL-TK. The luciferase activity
of control samples was arbitrarily set at 1.0. e BAPTA/AM failed to
block ouabain-induced HuR nuclear export in A549 cells. HuR
cellular distribution was examined by indirect immunofluorescence
analysis, as described in the “Materials and methods” section. Scale
bars: 20 pm. Representative fluorescent images of three independent
experiments with similar results are shown. In the above experimental
settings, cells were pre-incubated with BAPTA/AM at 20 uM for 1 h
(a—e), further incubated with ouabain at 100 nM for 6 h (a), or 12 h
(b—e)

COX-2 expression by CTS [7]. In support of this pre-
sumption, recent reports have displayed that there is a
“pool” of plasmalemmal Na™, K*-ATPases residing in the

Na+,K+-ATPase inhibitors (Cardiotonic steroids)
O8® Na+ K+-ATPase
i

A )

Ca2+ p38 — MK2
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ERK1/2 HuR translocation
CRE, NF-IL6  mRNA stability }

transcription 1‘ —
release

f

? COX-2 mRNA — COX-2 protein

\ | %

Inflammation in lung epithelium

Fig. 11 The signaling pathway underlying Nat, K™-ATPase inhib-
itors-induced inflammation in lung epithelial cells

caveolae of cells that do not actively “pump” sodium, but
function as noncanonical ouabain-binding receptors [45].

Pathological significance of HuR-mediated cytokine
mRNA stabilization in diseases involving Na*,
K*-ATPase and its inhibitors

Hu antigen R is originally identified as a member of the
embryonic lethal abnormal vision (ELAV) family proteins,
but increasing evidence demonstrates that it can also act as
a trans-acting factor that stabilizes mRNA containing
AREs [39, 40, 46—49]. In this study, we found ouabain
stabilized COX-2 mRNA by enhancing binding of HuR to
a proximal ARE (site I) within COX-2 3/-UTR. HuR can
stabilize mRNAs encoding various other proteins impli-
cated in inflammation, such as c-fos, TNF-o and vascular
endothelial growth factor (VEGF) [50, 51]. The results of
the current experiments suggest that it will be worthwhile
to determine whether CTS regulate the expressions of these
or other AREs containing messages. In addition, what is
the relevant biological significance? Indeed, previous study
has demonstrated that TNF-a secretion was dramatically
upregulated in mononuclear cells after ouabain treatment,
which contributed to the chronic inflammation in patients
with theumatoid arthritis [14]. Consistent with this finding,
we found that ouabain was also able to increase TNF-o
expression in lung epithelial cells (data not shown), which
was suppressed by HuR silencing. We presume that this
increase in TNF-o production by ouabain may have the
similar pathological effect on lung epithelium as that of
COX-2, because rofecoxib failed to completely suppress
the inflammatory reactions in mice lung by inhaled ouabain
(Fig. 1b).

On the other hand, ouabain at 100 nM time-dependently
increased p21°P! expression in breast cancer cells that
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resulted in cell growth arrest [52]. p21Cipl is a short-lived
protein as that of COX-2, the 3’-UTR of p21 “P' mRNA
contains many AREs that can be recognized by HuR [53].
We did not further examine whether ouabain-induced
p21¢P! upregulation was also relevant to HuR-mediated
mRNA stabilization, because similar results have been
obtained in a recent investigation [54]. Taken together,
these results suggest the stabilization of ARE-containing
mRNAs by HuR is likely a general mechanism for CTS in
regulating cytokine production, at least in lung epithelial
cells.

p38 MAPK phosphorylation induced by ouabain
in lung epithelial cells

Several lines of evidence have demonstrated that the effect
of ouabain on p38 MAPK phosphorylation is cell-type
specific [36, 55]. We observed here that ouabain was able
to induce p38 MAPK activation in lung epithelial cells.
Further, p38 MAPK-MK?2 signaling regulated the COX-2
mRNA stabilization induced by ouabain, probably through
modulating HuR nuclear export. Concerning p38 MAPK
and HuR translocation, a recent report has suggested that
p38 MAPK may phosphorylate HuR on Thr118 [54], and
lead to cytoplasmic build-up of HuR. Other reports suggest
that MK2 is able to promote the interaction between TTP
and 14-3-3 complexes, and thus inhibits TTP-dependent
degradation of ARE-containing transcript [56]. Whether
these mechanisms are also applicable to CTS-induced
COX-2 mRNA stabilization warrants further investigation.
Of note, p38 MAPK phosphorylation occurred inde-
pendent of Ca®" signaling in this study, suggesting that the
signaling function of Na®*, K*-ATPase may account for
this effect. This phenomena is indeed not uniquely hap-
pening here, because ouabain-induced p38 MAPK
phosphorylation in renal epithelial cells was also irrelevant
to the inhibition of Nat, K*-ATPase enzyme activity [36].
To understand the signaling mechanism, reports have
suggested that the interaction between CTS with Na™, K*-
ATPase may lead to the formation of a signaling complex
in a manner analogous to that for classical receptor tyrosine
kinases [57, 58]. As a result, Src kinase activity is acti-
vated. Several lines of evidence have implicated p38
MAPK as a downstream molecule of Src activation in
tyrosine kinases-mediated signaling pathway [59]. There-
fore, CTS may stimulate p38 MAPK phosphorylation by
Na*t, KT-ATPase-mediated Src activation, obviously, more
experiments are needed to address this hypothesis.
Finally, we have to reiterate that under conditions when
COX-2 mRNA expression was initiated by CTS, neither
cell apoptosis nor necrosis was detectable. Further, no
significant cell death was observed in the lung section of
mice after ouabain inhalation, as examined by TUNEL

staining (data not shown). Therefore, COX-2 upregulation
in lung epithelial cells in vitro, as well as the inflammatory
reaction in vivo is obviously irrelevant to the cytotoxic
effects by CTS.

On the other hand, ouabain-induced COX-2 upregula-
tion, at least in this study, is lung epithelial cell-specific,
because ouabain was able to induce COX-2 upregulation
in lung epithelial cells both in vivo and in vitro. Further,
ouabain failed to trigger a significant increase of COX-2
protein expression in a variety of transformed, or non-
transformed cells including primary T cells, Jurkat T
cells, breast carcinoma cells MCF-7 and MDA231,
hepatocellular carcinoma cells HepG2 and Bel7402 (data
not shown). In HEK293 cells, ouabain even decreased the
basal level of COX-2, the result of which was probably
due to the lack of HuR nuclear export (Fig. 6¢c-1, c-2).
Therefore, HuR nuclear export is indeed a critical cellular
event to determine the cells’ sensitivity towards ouabain-
induced COX-2 production. CTS-Na*, K"-ATPase-med-
iated signaling in lung epithelial cells may specifically
favor the HuR nuclear export, thereby rendering lung
epithelial cells more sensitive to CTS treatment for
COX-2 production than other types of cells. Undoubtedly,
further clarification of upstream signaling events in
CTS-induced HuR nuclear export would be very helpful
to support this hypothesis.
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