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Abstract

Lysophosphatidylcholine (LysoPC) has been shown to induce the expression of inflammatory proteins, including cyclooxy-
genase-2 (COX-2) and interleukin-6 (IL-6), associated with cardiac fibrosis. Here, we demonstrated that LysoPC-induced
COX-2 and IL-6 expression was inhibited by silencing NADPH oxidase 1, 2, 4, 5; p65; and FoxO1 in human cardiac fibro-
blasts (HCFs). LysoPC-induced IL-6 expression was attenuated by a COX-2 inhibitor. LysoPC-induced responses were
mediated via the NADPH oxidase-derived reactive oxygen species-dependent JNK1/2 phosphorylation pathway, leading to
NF-kB and FoxO1 activation. In addition, we demonstrated that both FoxO1 and p65 regulated COX-2 promoter activity
stimulated by LysoPC. Overexpression of wild-type FoxO1 and S256D FoxO1 enhanced COX-2 promoter activity and protein
expression in HCFs. These results were confirmed by ex vivo studies, where LysoPC-induced COX-2 and IL-6 expression was
attenuated by the inhibitors of NADPH oxidase, NF-xB, and FoxO1. Our findings demonstrate that LysoPC-induced COX-2
expression is mediated via NADPH oxidase-derived reactive oxygen species generation linked to the JNK1/2-dependent
pathway leading to FoxO1 and NF-kB activation in HCFs. LysoPC-induced COX-2-dependent IL-6 expression provided
novel insights into the therapeutic targets of the cardiac fibrotic responses.
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and remodeling of the heart during myocardial injury [2].
However, over-secretion of cytokines from CFs, such as
interleukin (IL)-1f, tumor necrosis factor (TNF)-a, IL-6,
and transforming growth factor-p (TGF-p) [3], amplifies
inflammatory cascades, contributing to cardiac fibrosis and
hypertrophy [4]. Lysophosphatidylcholine (LysoPC) is pro-
duced by phospholipase A, (PLA,) via the hydrolysis of cell
membrane-derived phosphatidylcholine (PC). It regulates
several cellular events including oxidative stress, differen-
tiation, and inflammation [5-7]. The levels of LysoPC are
also increased in ischemic and insulin-resistant hearts [8,
9], suggesting its association with cardiomyocyte apopto-
sis in fibrosis [8, 10], providing important evidence for an
association between LysoPC and pathogenesis of various
cardiovascular diseases [11]. Previous reports have indi-
cated that IL-6 is a key mediator in tissue remodeling that
promotes acute inflammation to chronic fibrotic state and
induces recurrent inflammatory cascades [4]. Induction of
IL-6 in rat CFs is associated with fibroblast proliferation
and differentiation via a TGF-p-mediated pathway [12—14].
LysoPC is a potential inducer to stimulating the release of
pro-inflammatory cytokines including IL-6 [6]. Neverthe-
less, the pathological relationship between LysoPC-induced
inflammatory cytokines and cardiac fibrosis remains unclear.

LysoPC has been shown to induce intracellular generation
of reactive oxygen species (ROS) in various cell types [15,
16]. ROS is a group of highly reactive molecules, includ-
ing hydrogen peroxide (H,0,), hydroxyl radical (OH-),
and superoxide anion (O; ). NAPDH oxidase (NOX) is a
major source of ROS generation such as H,0, and O via
an NADPH-dependent one- or two-electron reduction of
oxygen [17]. Activation of NOX is hypothesized to increase
oxidative stress, contributing to pathogenesis of cardiac
remodeling and heart failure [18, 19]. NOX-derived ROS
are recognized as major second messengers involved in acti-
vation of various signaling components leading to COX-2
expression via NF-kB [20]. Upregulation of COX-2 is linked
to the development of heart failure involving macrophage
infiltration and fibroblast proliferation [21, 22]. Brkic
et al. indicated that LysoPC induced COX-2 expression in
endothelial cells [23]. However, whether COX-2 further
induced IL-6 secretion in human cardiac fibroblasts (HCFs)
is still unknown.

Forkhead transcription factors of the O class 1 (FoxO1)
have been shown to be involved in COX-2 expression
induced by IL-1p [24], whereas FoxO1 negatively regulates
COX-2 expression by sphingosine-1-phosphate [25]. FoxO1
is a critical player in the development of physiological heart
and cardiac remodeling during heart failure [26, 27]. FoxO1
also regulates cellular energy metabolism, cell survival, and
autophagy in the heart [28—30]. Moreover, accumulation of
nuclear FoxO1 increases the expression of pro-inflammatory
cytokines, including IL-6 [31, 32]. Based on these findings,
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the functional roles of FoxO1 in physiological and patholog-
ical processes are still controversial. Therefore, we aimed to
investigate the mechanisms by which LysoPC primed NOX/
ROS-JNK1/2-dependent NF-xB and FoxO1 activation, lead-
ing to COX-2-induced IL-6 expression in HCFs.

Methods
Antibodies and reagents

CM-H,DCFDA and M-MLYV Reverse Transcriptase kit were
obtained from Invitrogen (Carlsbad, CA, USA). Human
cytokine antibody array C3 was obtained from Ray Bio-
tech (Norcross, GA, USA). Anti-phospho-FoxO1 (Ser®®)
(#9461) was obtained from Cell signaling (Danvers, MA,
USA). Anti-COX-2 (ab62331), anti-FoxO1 (ab52857), and
anti-phospho-p65 (ab86299) were obtained from Abcam
(Cambridge, UK). Anti-FoxO1 (sc-11350), anti-p65 (sc-
398442), anti-lamin A (sc-20680), and p-actin (sc-47778)
antibodies were obtained from Santa Cruz (Santa Cruz,
CA, USA). Anti-GAPDH (#MCA-1D4) was obtained from
EnCor Biotechnology (Gainesville, FL, USA). LysoPC
(L-0906) and TRIzol were obtained from Sigma-Aldrich (St.
Louis, MO, USA). LysoPC was dissolved in 50% ethanol
and filtered through a 0.22 pm syringe filter. A final con-
centration of 0.25% ethanol was used for cell culture treat-
ment. Celecoxib and diphenyleneiodonium chloride (DPI)
were obtained from Biomol (Plymouth Meeting, PA, USA).
AS1842856 was obtained from EMD Millipore (Billerica,
MA, USA). Helenalin was obtained from Cayman Chemi-
cals (Ann Arbor, MI, USA). Kapa Probe Fast qPCR Kit was
obtained from KAPA Biosystems (Wilmington, MA, USA).
GenMute™ siRNA Transfection Reagent was obtained from
SignaGen Lab (Gaithersburg, MD, USA). X-tremeGENE™
HP DNA Transfection Reagent and f-gal reporter assay kit
were obtained from Roche Applied Sciences (Indianapo-
lis, IN, USA). SDS-PAGE supplies and BSA were obtained
from MDBio Inc (Taipei, Taiwan). DMEM/F-12 medium
was obtained from Corning (Manassas, VA, USA). FBS was
obtained from Gibco (Grand Island, NY, USA).

Ethics of animal experimentation

Male ICR mice (25-30 g, 8 weeks old) were purchased from
the National Laboratory Animal Centre (Taipei, Taiwan).
All animal experiments were conducted in accordance with
the Institutional Animal Care and Use Committee (IACUC)
guidelines and approved by the ITACUC committee of Chang
Gung University (CGU 16-046), and were carried out in
accordance with the guidelines of the National Institute of
Heath for the Care and Use of Laboratory Animal.
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Collection and incubation of ex vivo tissues

ICR mice were anesthetized with one injection of Zoletil
(40 mg/kg i.p.) and xylazine (10 mg/kg i.p.). After anesthe-
sia, mice were withdrawn with lined forceps on the paws,
and then the chests were opened and the hearts were quickly
removed for experiments. The slices of cardiac apexes
were pretreated with the respective inhibitors for 1 h and
then exposed to LysoPC for 6 h while in Krebs solution
(119 mM NaCl, 25 mM NaHCO;, 4.7 mM KCI, 11 mM
glucose, 2.5 mM CaCl,, 1.2 mM KH,PO,, 1.2 mM MgSO,,
pH 7.4) bubbled with 95% O, and 5% CO, at 37 °C. The
homogenates of cardiac apexes were prepared and lysed in
a lysis buffer (25 mM Tris—HCI (pH 7.4), 25 mM NaCl,
25 mM NaF, 25 mM sodium pyrophosphate, 1 mM sodium
vanadate, 2.5 mM EDTA, 2.5 mM EGTA, 0.05% (w/v) Tri-
ton X-100, 0.5% (w/v) SDS, 0.5% (w/v) deoxycholate, 0.5%
(w/v) NP-40, 10 pg/ml leupeptin, 10 pg/ml aprotinin, and
1 mM PMSF) and subjected to western blot analysis and
RT/qPCR.

Cell culture

Human cardiac fibroblasts were purchased from ScienCell
Research Laboratories (San Diego, CA, USA) and main-
tained in DMEM/F-12 medium supplemented with 10%
FBS, as previously described [33].

Preparation of samples and western blot analysis

Growth-arrested HCFs were incubated without or with
different concentrations of LysoPC at 37 °C for the indi-
cated time intervals. When pharmacological inhibitors
were used, they were added 1 h prior to the exposure of
LysoPC. After incubation, the cells were rapidly washed
with ice-cold PBS and lysed with a sample buffer contain-
ing 125 mM Tris-HC]l, 1.25% SDS, 6.25% glycerol, 3.2%
B-metacaptoethanol, and 7.5 nM bromophenol blue with pH
6.8. Samples were denatured, subjected to SDS-PAGE using
a 10% (w/v) running gel, and transferred to nitrocellulose
membrane (Biolrace™ NT membrane, Pall Life Sciences,
Ann Arbor, MI, USA). The membranes were immunoblotted
with one of the primary antibodies (1:1000 dilution) over-
night at 4 °C, followed by incubation with a peroxidase-con-
jugated secondary antibody at room temperature for 2 h. The
immunoreactive bands were visualized by enhanced chemi-
luminescence reagent (Western Lighting Plus; Perkin Elmer,
Waltham, MA, USA). The images of the immunoblots were
acquired by using a UVP BioSpectrum 500 imaging system
(Upland, CA, USA) and densitometry analysis was con-
ducted using UN-SCAN-IT gel software (Orem, UT, USA).

cDNA microarray analysis

Growth-arrested HCFs were incubated with LysoPC for
either 6 h or 12 h. Total RNA was extracted with TRIzol
(Sigma-Aldrich, St. Louis, MO, USA) which was used to
prepare aRNA amplification (Amino Allyl MessageAmp II
aRNA Amplification Kit; Ambion) and labeled with CyS5.
The labeled aRNAs were hybridized to the Human Whole
Genome OneArray™ (HOA 6.2; Phalanx Biotech Group,
Hsinchu, Taiwan) according to Phalanx OneArray™ Plus
protocol and examined using Agilent 0.1 XDR protocol
(Phalanx Biotech Group, Hsinchu, Taiwan). The raw fluo-
rescence intensities of each spot were analyzed by GenePix
software and subsequently loaded into Rosetta Resolver Sys-
tem (version 7.2, Rosetta Biosoftware, Seattle, WA, USA)
to process analyzed data. Normalized data are expressed as
log, of LysoPC-treatment relative to the control group.

Reverse-transcription PCR and qPCR analyses

Total RNA was extracted with TRIzol reagent according to
the protocol of the manufacturer.

First-strand cDNA synthesis was performed with 5 pg
of total RNA using Oligo(dT),5 as primers in a final vol-
ume of 20 pl [25 ng/pl Oligo(dT),5, 0.5 mM dNTPs, 10 mM
DTT, 2 units/pl RNase inhibitor, and 10 unit/pl of super-
script II reverse transcriptase (Invitrogen, Carlsbad, CA,
USA)]. The synthesized cDNAs were used as templates for
PCR reaction using Q-Amp™ 2x screeningFire Taq mas-
ter mix (Bio-Genesis Technologies, Taipei, Taiwan) and
primers for the target genes. qPCR was performed by using
Kapa Probe Fast qPCR Kit Master Mix Universal (KAPA
Biosystems, Wilmington, MA, USA) on a StepOnePlus™
real-time PCR system (ThermoScientific-Applied Biosys-
tems). The relative amount of the target gene was calculated
using 2(C: test gene=C, GAPDH) (= threshold cycle). The primer
sequences are given in Supplementary Tables 1 and 2.

Determination of NADPH oxidase activity
by chemiluminescence assay

Human cardiac fibroblasts were seeded in six-well plates,
reaching about 90% confluence, and then transferred to fresh
DMEM/F-12 medium for 24 h. Cells were then exposed to
LysoPC for the indicated time intervals, gently scraped, and
then centrifuged at 8000xg for 12 min at 4 °C. The cell pellet
was resuspended in 100 pl ice-cold PBS containing 150 mM
sucrose and 1 mM EGTA. To a final 200 pl volume of pre-
warmed (37 °C) PBS containing either NAD(P)H (0.1 mM)
or lucigenin (0.2 mM), 10 pl of cell suspension was added
to initiate the reaction followed by immediate measurement
of chemiluminescence using a luminometer (Synergy H1
Hybird Reader, BioTek) in an out-of-coincidence mode.
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Appropriate blanks and controls were established, and
chemiluminescence was recorded. Neither NAD(P)H nor
NADH enhanced the background chemiluminescence of
lucigenin alone (30—40 counts/min). Chemiluminescence
was continuously measured for 12 min, and the activity of
NADPH oxidase was expressed as counts per million cells.

Evaluation of ROS generation

Human cardiac fibroblasts were stimulated with LysoPC and
then incubated in DMEM/F-12 medium containing 5 pM
CM-H,DCFDA. The fluorescent intensity was detected by
using a fluorescence microplate reader (Synergy H1 Hybird
Reader, BioTek) with EX495 nm and EM529 nm.

Transient transfection with siRNAs

Human cardiac fibroblasts were plated in 12-well, 6-well
plates or 10-cm dish, reaching about 90% confluence,
and transferred to fresh DMEM/F-12 medium before
transfection. p65 siRNA (HSS109161) was obtained
from Invitrogen Life Technologies (Carlsbad, CA, USA),
and siRNAs of NOX1 (SASI_Hs02_00342845), NOX2
(SASI_Hs01_00086110, NOX4 (SASI_Hs02_00349918),
FoxO1 (SASI_Hs01_00076732), and scramble siRNA were
obtained from Sigma-Aldrich (St. Louis, MO, USA). NOX5
siRNA (1070614_8103) was obtained from MDBio Inc (Tai-
pei, Taiwan) [34]. The siRNA sequences are shown in Sup-
plementary Table 3. Transient transfection of siRNA was
carried out using GenMute™ siRNA Transfection Reagent
according to the instructions of the manufacturer (SignaGen
Lab. Gaithersburg, MD, USA). The siRNA (100 nM) was
added to each well and then incubated at 37 °C for 6 h. The
cells were transferred to DMEM/F-12 medium containing
10% FBS for an additional 6 h, washed twice with PBS,
and then maintained in serum-free DMEM/F-12 medium
for 24 h before treatment with LysoPC.

Construction of FoxO1 plasmid DNA

For the construction of pCMV-Tag2B, the FoxO1 pro-
tein-encoding sequence was amplified by PCR using
the following primer sequences: sense 5'-GGGGA TAT
CATGGCCGAGGCGCCTCAGGTGGTGGAGA-3' and
antisense 5'-GGGAAGCTTTCAGCCTGACACCCA
GCTATGTG-3". Ser***-to-Ala*>® FoxO1 mutant (S256A
FoxO01), Ser?®-to-Asp?*® FoxO1 mutant (S256D FoxO1),
Ser’'’-to-Ala’'® FoxO1 mutant (S319A FoxOl), and
Ser319—to—Asp319 FoxO1 mutant (S319D FoxO1) were
cloned. The Ser?® and Ser’!” residues of FoxOl were
replaced with an alanine and aspartic acid residue, respec-
tively, by priming with oligonucleotide 5'-CTCCTAGGAG
AAGAGCTGCATGCAATGGACAACAACAGTAAATTT
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GCT-3' (S256A), 5'-CTCCT AGGAGAAGAGCTGCAT
GACATGGACAACAACAGTAAATTTGCT-3' (S256D),
5'“TACTATTAGTGGGAGACTCGCACCCATTATGACC
GAACAG-3' (S319A), and 5'-TACTATTAGTGGGAGACT
CGACCCCATTATGACCGAACAG-3' (S319D). The PCR
products were cloned into the EcoRV-HindlIlI site of the
pCMV-Tag2B vector.

Transient transfection of plasmid DNA

Human cardiac fibroblasts were seeded in six-well plates
or 10-cm dishes, reaching 90% confluence, transferred to
serum-free DMEM/F-12 medium, and transiently trans-
fected with plasmid DNA using an X-tremeGENE™ HP
DNA Transfection Reagent (Roche Applied Science, Indi-
anapolis, IN, USA). Briefly, 3 pg of plasmid DNA (pCMV-
Tag2B-FoxOl1, -FoxO1 mutants, or pCMV-Tag2B) into six-
well or 15 pg of plasmid DNA into 10-cm dish was diluted
with Opti-MEM (200ul/well or 500ul/dish) (Gibco, Life
Technologies, Gaithersburg, MD, USA) and incubated at
25 °C for 15 min. The X-tremeGENE™ HP DNA Transfec-
tion Reagent was added to the DNA diluents [3:1 ratio of
reagent (pl) to DNA (pg)] and incubated at 25 °C for 20 min.
Subsequently, the transfection complex was added into each
well and incubated at 37 °C in a humidified 5% CO, atmos-
phere. After 48 h of transfection, the cells were incubated
with LysoPC and harvested.

Measurement of COX-2 promoter activity

For construction of the COX-2-luc plasmid, human COX-2
promoter, a region spanning from — 484 to + 37 was cloned
into pGL3-basic vector, as previously described [35]. HCFs
were co-transfected with pGL3b-cox-2, pCMV-Tag2B-
FoxO1, pCMV-Tag2B (as a control group), or pCMV-f-
gal plasmid (as an internal control). Promoter activities of
COX-2 were determined using a luciferase-e assay HIT kit
(BioThema, Handen, Sweden) and normalized with p-Gal
reporter gene.

Assessment of cytokine secretion

Human cardiac fibroblasts were starved and exposed to
LysoPC in the presence or absence of pharmacological
inhibitors for the indicated time durations. The media were
collected and the levels of cytokines and chemokines were
determined using a human cytokine antibody array (Ray
Biotech Inc., Norcross, GA, USA). The dot intensities of dif-
ferent cytokines were semi-quantified using UN-SCAN-IT
and normalized to the intensity of internal positive control.
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Immunofluorescence staining

Human cardiac fibroblasts were seeded on coverslips in six-
well culture plates, reaching 90% confluence, transferred
to serum-free DMEM/F-12 medium overnight, and then
stimulated with 40 pM LysoPC for the indicated time dura-
tions. After washing twice with ice-cold PBS, the cells were
fixed with 4% (w/v) paraformaldehyde in PBS for 30 min,
and then permeabilized with 0.1 % Triton X-100 in PBS for
15 min. The staining was performed by incubating with 5%
BSA for 2 h at 37 °C, followed by incubation with a primary
anti-phospho-FoxO152% polyclonal antibody (1:100 dilu-
tion) overnight in PBS with 1% BSA. The cells were washed
thrice with PBS and incubated for 2 h with a fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit antibody
(1:100 dilution; Jackson Immunoresearch) in PBS with 1%
BSA. Finally, cells were washed thrice with PBS and then
mounted with aqueous mounting medium containing DAPI
(H1200; Vector Lab, Burlingame, CA, USA). Images were
captured with a fluorescence microscope (Axiovert 200 M;
Carl Zeiss, Thornwood, NY, USA).

Chromatin immunoprecipitation assay

Human cardiac fibroblasts were transfected with FoxO1
plasmid or incubated with LysoPC. Samples were prepared
and chromatin immunoprecipitation (ChIP) assay was per-
formed. Protein-DNA complexes were fixed by 1% for-
maldehyde in DMEM/F-12 medium and the reaction was
stopped by 0.125 M glycine. The fixed cells were washed
and lysed in a lysis buffer (1% SDS, 10 mM EDTA, 1 mM
PMSF, 50 mM Tris—HCI, pH 8.1). The cell lysates were
sonicated using a Misonix Sonicator S-4000 (pulse on for
20 s and off for 15 s at amplitude 20 for 90 cycles; Farm-
ingdale, NY, USA) at 4 °C until the chromosome DNA was
broken to approximately 200-500 base pairs. The samples
were centrifuged, and the soluble chromatin was pre-cleared
by incubation with salmon sperm DNA—protein agarose A
slurry (Upstate, Billerica, MA, USA) for 30 min at 4 °C with
rotation. The samples were then centrifuged at 4000xg for
2 min and the supernatant was transferred to a new tube. The
samples were quantified and adjusted to the same protein
concentrations. One portion of the sample was used as DNA
input control. Soluble chromatin was immunoprecipitated
either without (control) or with an anti-FoxO1, anti-p65, or
anti-Flag M2 antibody for 3 h at 4 °C, and then incubated
with salmon sperm DNA—protein agarose A slurry overnight
at 4 °C with rotation. The samples were successively washed
with low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 150 mM NaCl, 20 mM Tris—HCl, pH 8.1), high-salt
buffer (same as low-salt buffer but with 500 mM NaCl), LiCl
buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, ] mM
EDTA, 10 mM Tris—HCI, pH 8.1), and Tris—EDTA (10 mM

Tris—HCI and 1 mM EDTA, pH 8.0), prior to elution (1%
SDS, 100 mM NaHCO;). The cross-linked protein-DNA
complexes were reversed by incubation at 65 °C overnight.
DNA fragments were purified by using an EasyPure PCR/
Gel Extraction kit (Bioman, Taiwan). The purified DNA was
subjected to PCR amplification. The primer sequences were
as follows—FoxO1: forward primer 5'-AAGACATCTGGC
GGAAACC-3', reverse primer 5'-ACAATTGGTCGCTAA
CCGAG-3' (—299 to +7); proximal NF-xB: forward primer
5'-GGCAAAGACTGCGAAGAAGA-3’, reverse primer
5'-AAAATCGGAAACCCAGGAAG-3'; and distal NF-xB:
forward primer 5'-CCTCGACCCTCTAAAGACGTA-3',
reverse primer 5'-AGCCAGTTCTGGACTGATCG-3',
which were specifically designed from the COX-2 promoter
region (—320 to — 171) and (—499 to —335), respectively.
PCR fragments were analyzed on 3% agarose in 1xX TAE
gel containing ethidium bromide. In addition, gPCR was
performed with KAPA SYBR FAST qPCR Kit Master Mix
Universal (KAPA Biosystems, Wilmington, MA, USA) on
a StepOnePlus™ real-time PCR system.

Isolation of subcellular fractions

Human cardiac fibroblasts were seeded in 10-cm dishes,
reaching 90% confluence, transferred to serum-free
DMEM/F-12 medium for 24 h, and then incubated with
LysoPC for the indicated time durations. The subcellular
fractions were prepared by using a NE-PER nuclear and
cytoplasmic extraction kit according to the instructions of
the manufacturer (Thermo Scientific, Rockford, IL, USA).
Cells were gently scraped and then centrifuged at 2000xg
for 12 min at 4 °C. The pellet was suspended in 300 pl CRE
1, and then vortexed for 15 s. After incubation for 10 min,
25 pl CRE II was added to the sample, sonicated for 10 s
at level of amplitude 10 (Misonix Sonicator S-4000), and
then incubated for 30 min. The samples were centrifuged at
16,000xg for 5 min. The supernatants (cytoplasmic extracts)
were transferred to new tubes. The pellets (nuclear extracts)
were lysed with 150 pl NER and sonicated for 10 s at level
of amplitude 10. All the reagents contained protease inhibi-
tor cocktails (1 mM PMSF, 10 pg/ml aprotinin, and 10 pg/
ml leupeptin) and the procedures were carried out at 4 °C.
Protein concentration was determined by a BCA assay, and
20 pg of protein from each sample was analyzed by western
blot analysis.

Co-immunoprecipitation assay

Human cardiac fibroblasts were seeded in 10-cm dishes,
reaching 90% confluence, transferred to serum-free
DMEM/F-12 medium for 24 h, and then incubated with
LysoPC for the indicated time durations. The nuclear
extracts were isolated and lysed in a RIPA buffer (20 mM
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Tris—HCI, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
1% NP40, 10 pg/ml leupeptin, 10 pg/ml aprotinin, and 1 mM
PMSF, pH 8.0). The supernatants containing 1 mg of pro-
tein were incubated without (input) or with anti-FoxO1 or
anti-p65 antibody under gentle rocking at 4 °C for 2 h, and
after addition of 50 pl of 50% protein A-agarose beads tum-
bled overnight at 4 °C. The agarose beads were extensively
washed with a lysis buffer without Triton X-100 and NP40.
The samples were added to 2x western blot loading buffer
and the western blot analysis was performed.

Data and statistical analysis

All the data were estimated using a GraphPad Prizm Pro-
gram (GraphPad, San Diego, CA, USA). Quantitative data
were expressed as the mean+ SEM of at least three indi-
vidual experiments (n>3), and analyzed with a one-way
ANOVA followed by Tukey’s post hoc test at a *p <0.01 or
#p <0.05 level of significance. Error bars were omitted when
they fell within the dimensions of the symbols.

Results

LysoPC enhances COX-2 expression and promoter
activity

To determine the effect of LysoPC on COX-2 expression, as
shown in Fig. la, LysoPC-induced COX-2 protein expres-
sion in a time- and concentration-dependent manner was
studied and a maximal response was observed within 16 h.
Next, the results of RT/qPCR analysis showed that LysoPC
induced an approximate 13.6-fold increase in cox-2 mRNA
expression within 6 h (Fig. 1b). To explore the LysoPC-reg-
ulated COX-2 transcription, LysoPC induction was studied
and an approximate 2.3-fold increase in COX-2 promoter
activity was observed within 4 h (Fig. 1b). These data sug-
gested that LysoPC regulates COX-2 expression at the tran-
scriptional level in HCFs.

LysoPC induces COX-2-mediated IL-6 expression

The expression of potential fibrotic genes in HCFs induced
by LysoPC was determined by cDNA microarray analysis.
The data showed that the pro-fibrotic cytokine genes (illa,
il1b, il6, il33, and TNF-a) and PTGS2 (encoding COX-2
protein) were upregulated in HCFs treated with LysoPC
(Supplementary Table 4). To confirm the effects of LysoPC
on the profile of cytokines, the conditioned media were sub-
jected to a human inflammatory cytokine array. The levels
of IL-1a, IL-f, and IL-6 were predominately increased in
the LysoPC-treated HCFs (Fig. 1c). Our previous study
demonstrated that sphingosine-1-phosphate induces COX-2
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expression, contributing to IL-6 production via a PGE,/
EP autocrine pathway [35]. Thus, we determined whether
LysoPC-induced IL-6 secretion shared a similar mecha-
nism in HCFs. We found that pretreatment with celecoxib
(a selective COX-2 inhibitor) attenuated LysoPC-induced
IL-6 secretion (Fig. 1c) and mRNA expression (Fig. 1d).
These results suggested that LysoPC-induced IL-6 secretion
is mediated via a COX-2-dependent mechanism in HCFs.

NADPH oxidase/ROS is involved in LysoPC-induced
COX-2 expression

Previous studies have demonstrated that LysoPC increased
intracellular ROS production in various cell types [5, 10,
15]. Thus, we explored whether LysoPC induced intracel-
lular ROS generation in HCFs. Our results showed that
the levels of ROS generation in cells induced by LysoPC
were elevated in a time-dependent manner ranging from
30 to 60 min (Fig. 2a). We further determined whether the
ROS generation was due to promotion of NOX activity by
LysoPC. As shown in Fig. 2a, LysoPC induced NOX activ-
ity in a time-dependent manner with a maximal response
within 5-60 min. Moreover, pretreatment with either
edaravone (a scavenger of ROS) or DPI (a NOX inhibitor)
inhibited the LysoPC-induced ROS generation as well as
NOX activation (Fig. 2b), suggesting that LysoPC primes
NOX activation leading to ROS generation. The family of
NOX comprises seven members: NOX1-5 and DUOX1-2,
although, DUOX1/2 is not expressed in the cardiovascular
system [36]. Previous studies have demonstrated that ROS
are involved in COX-2 expression via NOX2 activation [20].
Our results also demonstrated that pretreatment with DPI
attenuated LysoPC-induced COX-2 protein expression in a
concentration-dependent manner (Fig. 2c). Moreover, we
identified the expression of NOX isoforms in HCFs using
RT/PCR. The isoforms of NOX that expressed in HCFs were
NOX1, 2, 4, and 5 (Supplementary Fig. 1A). To ensure the
roles of NOX isoforms in COX-2 expression, specific NOX
siRNAs were used to knock down their respective mRNA
targets (Supplementary Fig. 1B-E). Transfection with
NOX1, NOX2, NOX4, or NOX5 reduced LysoPC-induced
COX-2 expression in HCFs (Fig. 2d). Although NOX/ROS-
dependent IL-6 expression has been confirmed in human
vascular smooth muscle cells [25], the role of NOX/ROS in
COX-2-mediated IL-6 expression was not well defined for
HCFs. RT/qPCR analysis showed that IL-6 mRNA expres-
sion was downregulated after transfection with NOXI,
NOX2, NOX4, or NOXS5 siRNA (Fig. 2e). These results sug-
gested that LysoPC-induced IL-6 expression is mediated via
a NOX/ROS-dependent cascade in HCFs.

LysoPC has been shown to stimulate phosphorylation of
MAPKSs, including JNK1/2 [10, 37]. Therefore, we tested
the role of INK1/2 in COX-2 expression using the inhibitor
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Fig.1 LysoPC induces COX-2-mediated IL-6 expression. a HCFs
were treated with various concentrations of LysoPC for the indicated
time intervals. The levels of COX-2 and GAPDH proteins were deter-
mined by western blot (n=6). b HCFs were incubated with LysoPC
(40 pM) for the indicated time points. The levels of COX-2 and
GAPDH mRNA were determined by RT/qPCR (open bars; n=7).
Cells were co-transfected with a pGL3b-COX-2-luc and pCMV-f-
gal plasmids with LysoPC (40 pM) for the indicated time intervals
(black bars; n=5). ¢ HCFs were pretreated with celecoxib (10 pM)

of JNK1/2 (SP600125) which attenuated LysoPC-induced
COX-2 expression in a concentration-dependent manner
(Supplementary Fig. 2A). We further examined whether
NOX/ROS played a role in LysoPC-mediated JNK1/2 acti-
vation. The results showed that pretreatment with either

for 1 h and then incubated with or without LysoPC (40 pM) for 48 h.
The conditioned media were analyzed by cytokine antibody arrays.
(1) IL-1a, (2) IL-1, (3) IL-6, (4) TGF-B, (5) TNF-a, (6) TNF-p. d
HCFs were incubated with LysoPC for the indicated time intervals in
the absence or presence of celecoxib (10 pM). The levels of IL-6 and
GAPDH mRNA expression were determined by RT/qPCR (n=6).
Data are presented with mean+SEM, and analyzed by one-way
ANOVA with Tukey’s post hoc tests. *p <0.05; #p <0.01

DPI or SP600125 attenuated JNK1/2 phosphorylation
stimulated by LysoPC (Fig. 2f; Supplementary Fig. 2B and
C), suggesting that LysoPC-induced COX-2 expression is
mediated via activation of NOX/ROS-dependent JNK1/2
pathway in HCFs.
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dase activity (black bars; n=7). ¢ HCFs were pretreated with DPI for
1 h and then incubated with LysoPC for 6 h. The levels of COX-2
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and GAPDH protein were determined by western blot (n=6). d,
e HCFs were transfected with siRNA of scramble, NOX1, NOX2,
NOX4, or NOXS5 and then incubated with LysoPC for 6 h. The levels
of COX-2, IL-6, and GAPDH mRNA were determined by RT/qPCR
(d, n=5; e, n=5). f HCFs were pretreated with either DPI (100 nM)
or SP600125 (1 pM) for 1 h and then treated with LysoPC for the
indicated time intervals. The levels of INK1/2, phospho-JNK1/2, and
GAPDH protein were determined by western blot (n=>5). The densi-
tometry measurements are presented in Supplementary Fig. 2B and
C. Data are presented with mean+SEM and analyzed by one-way
ANOVA with Tukey’s post hoc tests. *p <0.05; #p <0.01
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NF-kB is involved in LysoPC-mediated COX-2
and IL-6 expression

Previous studies have demonstrated that activation of NF-xB
leads to expression of pro-inflammatory cytokines and
COX-2 induced by LysoPC [23, 38]. To investigate the role
of NF-«xB in LysoPC-mediated COX-2 expression, the HCFs
were transfected with p65 siRNA, which knocked down p65
protein and attenuated LysoPC-induced COX-2 protein and
mRNA expression (Fig. 3a, b). In addition, LysoPC-stim-
ulated p65 phosphorylation, with a maximal response at
60 min, was reduced after p65 siRNA transfection (Fig. 3c;
Supplementary Fig. 3A). While investigating NOX/ROS-
mediated p65 activation, our data indicated that LysoPC-
stimulated p65 phosphorylation was attenuated by DPI,
SP600125, or helenalin (an inhibitor of NF-xB) (Fig. 3d;
Supplementary Fig. 3B-D), suggesting that LysoPC-induced
COX-2 expression is mediated via NOX/ROS-JNK1/2-
dependent NF-xB p65 activation in HCFs.

COX-2 contains two NF-«B binding elements in its pro-
moter regions, specifically at —449 to —437 and — 225 to
—214 [39]. Thus, we determined which NF-xB binding ele-
ments of the COX-2 promoter was manipulated by LysoPC,
which led to COX-2 expression. The results of ChIP revealed
that the binding activity of p65 was increased after flanking
of proximal NF-«B elements using an anti-p65 or anti-phos-
pho-p65 antibody (Supplementary Fig. 4B and C). Moreo-
ver, we investigated the interaction between activated NF-xB
and COX-2 promoter stimulated by LysoPC via NOX/ROS
pathways. Our results showed that LysoPC-stimulated
binding of p65 to the proximal NF-kB-binding element on
COX-2 promoters was attenuated by either DPI or helenalin
(Fig. 3e). These results suggested that NOX/ROS-stimulated
phosphorylated p65 binds to a proximal NF-kB-binding
element, leading to COX-2 expression in HCFs. While
determining whether LysoPC-activated p65 affected IL-6
expression in HCFs, we found that transfection with p65
siRNA knocked down p65 protein expression and markedly
suppressed LysoPC-induced IL-6 gene expression (Fig. 3f).
Together, these results suggested that LysoPC-primed NOX/
ROS signaling regulates NF-kB activation, leading to COX-
2-dependent IL-6 expression in HCFs.

FoxO1 is involved in LysoPC-mediated COX-2
and IL-6 expression

While determining the role of FoxO1 in the LysoPC-induced
COX-2 expression, we found that knockdown of FoxO1 pro-
tein after transfection with FoxO1 siRNA reduced LysoPC-
induced COX-2 protein and mRNA expression in HCFs
(Fig. 4a, b). Next, we determined whether FoxO1 bound to
COX-2 promoter in HCFs treated with LysoPC. ChIP analysis
showed that LysoPC stimulated the binding of FoxOl1 to the

COX-2 promoter in a time-dependent manner, with a maximal
response within 30-60 min (Fig. 4c). Furthermore, transfec-
tion with FoxO1 siRNA attenuated the LysoPC-induced IL-6
mRNA expression (Fig. 4d). These results suggested that
LysoPC-mediated FoxO1-dependent COX-2 induction leads
to IL-6 expression in HCFs.

LysoPC-mediated phosphorylation of FoxO1

at Ser?*® enhances nuclear localization and binding
activity with COX-2 promoter

Phosphorylation at Ser>>® of human FoxO1 results in differ-
ential transcriptional activities [40], including, increase in
transcriptional activity of nuclear FoxO1, leading to expres-
sion of pro-inflammatory genes [31, 32, 41]. While investigat-
ing whether LysoPC stimulated phosphorylation at Ser®>® of
FoxOl1, the immunofluorescence images showed that LysoPC
induced FoxO1 phosphorylation at Ser®® residue and its
nuclear accumulation (Fig. 5a). The nuclear accumulation of
phosphorylated FoxO15%% was also confirmed by western blot
(Fig. 5b), and was attenuated after transfection with FoxO1
siRNA (Fig. 5c; Supplementary Fig. 5A). Indeed, nuclear
accumulation of FoxOl increases transcriptional activity in
response to oxidative stresses [42]. Thus, we investigated
whether LysoPC-stimulated phosphorylation of FoxOQ152%
was mediated through NOX/ROS signaling. LysoPC-stimu-
lated phosphorylation of FoxO13%¢ was attenuated by DPI,
SP600125, or AS1842856 (an inhibitor of FoxO1) (Fig. 5d;
Supplementary Fig. 5SB-D). To further validate the binding
between JNK1/2 and FoxO1, the cell lysates were immunopre-
cipitated with an anti-FoxO1 antibody after LysoPC stimula-
tion and then analyzed by western blot using an antibody as
indicated. The results showed that the levels of INK1/2 and
phosphorylation of FoxO15°® were increased after treatment
with LysoPC within 30-60 min (Fig. 5e), suggesting that phos-
phorylation of FoxOl1 is regulated by a NOX/ROS-JINK1/2
pathway. Moreover, we investigated whether phosphorylation
of FoxO15%¢ was associated with LysoPC-induced COX-2
gene expression. The interaction between FoxO1 and COX-2
promoter was determined by a ChIP analysis. As shown in
Fig. 5f, LysoPC-induced phosphorylation of FoxQ152%¢
enhanced the binding activity of FoxO1 with COX-2 pro-
moter, which was attenuated by either DPI or AS1842856.
These results suggested that LysoPC-stimulated phosphoryl-
ated FoxO15%%¢ interacts with COX-2 promoter, contributing to
increase in the transcriptional activity via NOX/ROS-JNK1/2
pathways in HCFs.

Fox01 coordinates with NF-kB in regulating COX-2
promoter activity

While investigating the association of FoxO1 with
p65 in response to LysoPC in HCFs, the results of
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Fig.4 FoxOl is involved in LysoPC-mediated COX-2 expression and
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(n=06). b The levels of COX-2 and GAPDH mRNA expression were
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co-immunoprecipitation showed that LysoPC enhanced
p65 translocation and its interaction with FoxO1 (Fig. 6a).
Similarly, the nuclear FoxO1 enhanced p65 activity upon
LysoPC stimulation in a time-dependent manner (Fig. 6b).
Next, we examined whether activation of FoxO1 enhanced
p65 binding to COX-2 promoters. The ChIP results
showed that knockdown of either FoxO1 or p65 expression
by FoxO1 or p65 siRNA, respectively (Fig. 6¢), attenu-
ated immunoprecipitated DNA with an anti-p65 or anti-
phospho-Fox015%3¢ antibody (Fig. 6d). These findings
suggested that LysoPC-induced FoxOl1 interacts with p65
and coordinately enhances its binding to COX-2 promot-
ers, leading to COX-2 gene expression in HCFs.

determined by a ChIP assay. Quantification of data was performed
by an SYBR system for qPCR, and the results are shown as the fold
change normalized to input control (n=5). d HCFs were transfected
with siRNA of scramble or FoxO1 and then treated with LysoPC for
6 h. The levels of IL-6 and GAPDH mRNA were determined by RT/
qPCR (n=6). Data are presented as mean+SEM, and analyzed by
one-way ANOVA with Tukey’s post hoc tests. *p <0.05; #p <0.01

Overexpression of wild-type or $256D FoxO1
enhances COX-2 promoter activity

To corroborate our findings above, we explored the effects
of overexpression of FoxO1 on COX-2 expression. Exposure
of HCFs to LysoPC induced approximately 2.3-fold increase
in the COX-2 promoter activity (Fig. 7a). Co-transfection
of pCMV Tag-2B FoxO1 (wild-type) further increased
the COX-2 promoter activity by approximately 2.7-fold as
compared to that of empty vector alone (Fig. 7a). The ChIP
results showed that overexpression of FoxO1 or treatment
with LysoPC significantly increased the binding activity
of FoxO1 on COX-2 promoters (Fig. 7b). FoxOl1 is also
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«Fig.5 LysoPC-mediated phosphorylation at Ser256 of FoxOl
increases nuclear localization and DNA binding activity on COX-2
promoter. a, b HCFs were incubated with LysoPC (40 pM) for the
indicated time points. a Immunofluorescence staining was performed
with an anti-phospho-Fox0152%¢ antibody, labeled with FITC (green)
and DAPI (blue), and observed by using a fluorescence microscope
(scale bar, 100 pm). b The cytosolic and nuclear fractions were pre-
pared and subjected to western blot analysis. Lamin A and GAPDH
were used as a marker protein for the nuclear and cytosolic fractions,
respectively. Quantification data of nuclear phospho-FoxO152%¢ data
is presented in the bottom panel (n=6). ¢ HCFs were transfected with
siRNA of scramble or FoxO1 and then treated with LysoPC for the
indicated time intervals. The levels of FoxOl, phospho-FoxQ152%,
and GAPDH protein were determined by western blot (n=7). The
densitometry measurements of phospho-FoxO15%° are presented in
Supplementary Fig. SA. d HCFs were pretreated with DPI (100 nM;
n=7), SP600125 (1 pM; n=5), or AS1842856 (AS, 100 nM; n=7)
for 1 h, and then treated with LysoPC for the indicated time inter-
vals. The levels of phospho-FoxO15%¢, FoxO1, and GAPDH protein
were determined by western blot. The densitometry measurements
of phospho-FoxO15%% are presented in Supplementary Fig. 5B-D. e
HCFs were treated with LysoPC for the indicated time intervals and
subjected to immunoprecipitation assay using an anti-FoxOl anti-
body. The immunoprecipitates were analyzed by western blot using
an anti-JNK1/2, anti—phospho—FoxOlS256, or anti-FoxOl1 (as an inter-
nal control) antibody. Data are representative of three independent
experiments (n=3). f HCFs were pretreated with DPI (100 nM) or
AS1842856 (100 nM) for 1 h and then incubated with LysoPC for
1 h. The DNA binding activity of phospho-FoxO15%%¢ was deter-
mined by a ChIP assay. Quantification of data was performed by
an SYBR system for qPCR, and the results are shown as the fold
change normalized to input control (n=35). Data are presented as
mean=+ SEM, and analyzed by one-way ANOVA with Tukey’s post
hoc tests. *p<0.05; #p<0.01. NE nuclear extract, CE cytosolic
extract

phosphorylated by Akt at Tyr>*, Ser®®, or Ser*'’, while post-
transcriptional modification independently regulates FoxO1
transcriptional activity [27, 40, 43]. To directly assess the
impact of FoxO1 phosphorylation on COX-2 expression,
we modified the Flag-tagged FoxOl1 to encode phospho-
silencing mutants (S256A and S319A FoxO1) and phospho-
mimic mutants (S256D and S319D FoxO1). Overexpression
of wild-type FoxO1 and S256D FoxO1 was associated with
a 1.6- and 1.7-fold increase in COX-2 expression, respec-
tively (Fig. 7¢). The levels of chimeric Flag-FoxO1 were
expressed as the levels of mRNA, determined by RT/PCR
analysis. However, overexpression of S256D FoxOl1 signifi-
cantly enhanced COX-2 expression as compared with that of
S256A FoxOl. In contrast, neither S319A nor S319D FoxO1
mutant affected COX-2 expression. Immunoprecipitation of
Flag was used to determine the DNA binding activity of
FoxO1 mutants on COX-2 promoter. Consistently, ChIP
analysis demonstrated that the interaction of FoxO1 with
the COX-2 promoter was enhanced in HCFs overexpressing
either wild-type FoxO1 or S256D FoxO1 (Fig. 7d). These
results suggested that phosphorylation at Ser*® residue of
FoxOl is sufficient to upregulate COX-2 gene expression
in HCFs.

LysoPC induces COX-2 and IL-6 expression in ex vivo
mouse heart tissue

We investigated whether LysoPC induced COX-2 expression
in ex vivo mouse heart tissues. LysoPC-induced COX-2 pro-
tein and mRNA expressions were reduced by DPI, helenalin,
or AS1842856 (Fig. 8a, b). Moreover, our results demon-
strated that LysoPC-induced IL-6 expression was inhibited
by DPI, helenalin, AS1842856, or celecoxib, as determined
by RT/qPCR analysis (Fig. 8c). These results suggested
that induction of COX-2 by LysoPC is associated with IL-6
expression in ex vivo mouse heart tissues and is mediated
through NOX/ROS, FoxO1, and NF-«B in the heart.

Discussion

LysoPC induced COX-2-dependent IL-6 expression in
HCFs, which may be associated with pro-fibrotic responses.
Our findings showed that LysoPC-induced COX-2-depend-
ent IL-6 expression is mediated through NOX/ROS/INK1/2
leading to FoxO15%¢ and NF-«B activation (Fig. 8d). These
results were confirmed by ex vivo studies, indicating the
involvement of NOX, NF-kB, or FoxOl1 in LysoPC-mediated
responses. We found that nuclear accumulation of phospho-
FoxO15%%¢ was significantly increased and it was bound to
the COX-2 promoter. In contrast with previous reports, the
phosphorylation of FoxO1 at Ser256 strongly promoted
nuclear exclusion [43]. Moreover, overexpression of S256D
FoxO1, but not of S256A FoxOl1, promoted DNA binding
activity and turned on COX-2 expression in HCFs. These
data suggested that interaction between FoxO1 and p65 may
coordinately regulate COX-2 gene expression in HCFs. Our
findings provided new insights into the mechanisms under-
lying LysoPC-induced COX-2-dependent IL-6 expression
through phosphorylated p65 and FoxO13%%-mediated tran-
scriptional activation in HCFs.

Induction of COX-2 could enhance macrophage infiltra-
tion and fibroblast activation during myocardial infarction in
patients and experimental animals [21, 22]. COX-2 catalyzes
the conversion of arachidonic acid into PGs, which activate
their specific receptors. For example, PGE, enhances IL-6
production through EP1, EP2, or EP4 in various cell types
[44, 45]. Our previous study also demonstrated that S1P
induces COX-2 expression associated with PGE,/IL-6 pro-
duction in human tracheal smooth muscle cells [25, 35].
In this study, we found that inhibition of COX-2 activity
attenuated LysoPC-induced IL-6 expression in HCFs and
ex vivo mouse heart tissues. IL-6 has been shown to either
enhance collagen synthesis leading to cardiac fibrosis via
activation of CFs [13] or induce TGF-f expression lead-
ing to tissue remodeling via TGF-p/smad3 activation [12,
14]. Therefore, we speculated that activation of the COX-2/
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Fig.6 FoxOl coordinates with NF-«B in regulating COX-2 promoter
activity. a, b HCFs were treated with LysoPC for the indicated time
intervals, and then the nuclear fraction was prepared. Nuclear frac-
tions were subjected to immunoprecipitation assay using the indi-
cated antibodies. Immunoprecipitates were analyzed by western blot
using an anti-p65, anti-FoxO1, or anti-laminA (as an internal control)
antibody. /P immunoprecipitation, /B immunoblotting, WNE whole
nuclear extract. Data are representative of three independent experi-

PG axis promotes IL-6 production and further triggers pro-
fibrotic responses in CFs, which is an important issue to be
considered for future studies.

LysoPC stimulates NOX-derived ROS generation in vari-
ous types of cells [15, 16]. Consistent with these findings,
LysoPC stimulated NOX activation and increased ROS gen-
eration in HCFs. ROS are believed to activate various signal-
ing molecules, leading to COX-2 expression [20, 25]. Our
findings confirmed that LysoPC-induced COX-2 expression
was dependent on NOX/ROS generation. NOX1, 2, 4, and 5
were involved in LysoPC-mediated responses as confirmed
after transfection of cells with their respective siRNAs. In
mouse heart, knockout of either NOX2 or NOX4 reduces
ROS production, hypertrophy, interstitial fibrosis, and apop-
tosis [18, 19]. Moreover, JNK1/2 can be activated by ROS
signaling [46]. Our results supported the NOX-derived ROS
generation mediated JNK1/2 activation, contributing to
LysoPC-induced COX-2 expression in HCFs.

NF-kB is a key player in the regulation of COX-2 tran-
scription [39]. LysoPC has been shown to mediate phos-
phorylation and degradation of kB, resulting in the nuclear
translocation of NF-kB p65 in endothelial cells [38].
LysoPC-activated NF-«B is also involved in the expression
of endothelial adhesion molecules and COX-2 expression
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ments. ¢, d HCFs were transfected with siRNA of scramble, FoxOl1,
or p65 and then treated with LysoPC for 1 h. The cells lysates were
subjected to western blot analysis (c) and a ChIP analysis (d). The
DNA binding activity of FoxOl and NF-kB was determined by a
ChIP assay, using an anti-phospho-FoxO15%¢ or anti-p65 antibody.
Quantification of data is shown as fold change after normalizing to
input control (n=5). Data are presented as mean + SEM and analyzed
by one-way ANOVA with Tukey’s post hoc tests. *p <0.05; #p <0.01

[5, 23]. Consistent with these findings, our results sup-
ported that LysoPC-induced COX-2 and IL-6 expressions
were mediated through NF-kB activation. kB sites are
highly conserved among species [39]. The human COX-2
promoter contains two NF-xB binding elements, which are
different from those of rodents [39]. The rodent COX-2 pro-
moter lacks the proximal NF-kB binding element, whereas
the proximal NF-kB-binding element of the human COX-2
promoter is a major regulatory element, contributing to
COX-2 promoter activation upon treatment with LysoPC
in HCFs. Nguyen et al. mentioned that the COX-2 pro-
moter is differentially regulated between mice and humans
[39]. We found that LysoPC regulated COX-2-dependent
IL-6 expression via the proximal NF-kB-binding element
in the COX-2 promoter. Redox signaling has been shown
to activate NF-kB through various signaling pathways and
thereby enhance the expression of its targeted proteins [5].
Our previous results demonstrated that ATPyS-induced
COX-2 expression is mediated via NOX/ROS generation-
dependent NF-kB activation in human pulmonary alveolar
epithelial cells [20]. Here, we demonstrated that activated
p65 interacted with the COX-2 promoter and initiated its
gene transcription, which was inhibited by DPI, or helenalin
in HCFs. In addition, increase in NF-kB activity is mediated
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Fig.7 Overexpression of wild-type FoxOl and S256D FoxOl1
enhances DNA binding activity on COX-2 promoter. a HCFs were
co-transfected with pGL3b, pGL3b-cox-2-luc, pCMV-f-gal, pCMV-
Tag2B, or pCMV-Tag2B-FoxO1 (WT) plasmid for 48 h and treated
with LysoPC (40 pM) for 6 h. The luciferase activity was determined
and normalized to the respective p-gal activity (n=4). b HCFs were
transfected with pCMV-Tag2B or pCMV-Tag2B-FoxOl1 (WT) for
48 h and then treated with LysoPC (40 uM) for 1 h. Quantification of
data were determined by an SYBR system for qPCR, and the results
are shown as the fold change normalized to input control (n=5).
¢, d HCFs were transfected with pCMV-Tag2B-FoxO1, S256A

via JNK1/2-dependent phosphorylation at Ser!’ of IKKa,
contributing to IxB degradation and subsequent NF-xB acti-
vation [47]. Consistent with previous reports, inhibition of
JNK1/2 by SP600125 attenuated LysoPC-stimulated p65
phosphorylation. Thus, we concluded that NOX-derived
ROS resulted in an increase of NF-kB activity and upregu-
lation of COX-2 and IL-6 gene expression via a NOX/ROS-
JNK1/2-dependent pathway in HCFs.

FoxO1 is a multifunctional transcription factor [24, 25,
31, 32]. Knockdown of FoxO1 attenuates the IL-1p-induced
COX-2 expression in primary human myometrial cells [24].
In contrast, IL-1p-induced COX-2 expression is not altered

FoxO1, S256D FoxO1, S319A FoxO1 or S319D FoxOl1 for 48 h and
then treated with LysoPC (40 pM) for 6 h. ¢ The levels of COX-2,
FoxO1 and GAPDH protein were analyzed by western blot. Expres-
sions of chimeric Flag-FoxO1 and p-actin were determined by RT/
PCR. Quantification of data is shown in the bottom panel (n=7). d
DNA binding activity of FoxO1 constructs on COX-2 promoter was
determined by a ChIP assay using an anti-Flag M2 antibody and
analyzed by an SYBR system for qPCR (n=7). Data are presented
as mean+ SEM and analyzed by one-way ANOVA with Tukey’s post
hoc tests. *p <0.05; *p <0.01

by knockdown of either FoxO1 or FoxO3 in human chondro-
cytes [48]. However, regulation of FoxOs’ downstream tar-
gets is highly cell lineage dependent in response to oxidative
stress [49]. In this study, we found the involvement of FoxO1
in COX-2 expression by transfection of cells with FoxOl1
siRNA. The interaction between FoxO1 and COX-2 pro-
moter was confirmed using a ChIP assay, demonstrating that
induction of COX-2 by LysoPC was mediated via an increase
in the binding activity of FoxO1 on the COX-2 promoters. In
particular, overexpression of FoxO1 enhanced either COX-2
promoter activity or FoxO1 DNA association. We found that
the FoxO1 binding element of the COX-2 promoter was
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Fig.8 LysoPC induces COX-2 and IL-6 expression in ex vivo mouse
heart tissue. a—¢ Mouse heart segments were pretreated with DPI
(100 nM), AS1842856 (100 nM), helenalin (I pM), or celecoxib
(10 pM) for 1 h and then exposed to LysoPC (40 pM) for 6 h while in
Krebs solution bubbled with 95% O, and 5% CO, at 37 °C. The heart
tissues were homogenized and subjected to western blot analysis or
RT/qPCR to determine the levels of COX-2 protein (a; n=6) and

located between positions —299 and + 7. FoxO1 has been
shown to be involved in IL-6 expression induced by IL-1f,
LPS, and TNF-« [24, 31, 32]. In this study, knockdown of
FoxO1 attenuated LysoPC-induced COX-2-dependent IL-6
expression in HCFs. These results suggested that FoxOl1 is
involved in LysoPC-induced COX-2-dependent IL-6 expres-
sion associated with cardiac inflammation.

On the basis of previous studies, cooperative regulation
of inflammatory genes by NF-kB and FoxOl1 is controver-
sial. Several genes such as the IL-1f promoter contain both
FoxO1 and NF-kB response elements [31, 50]. Fan et al.
mentioned that NF-kB potentially interacted with FoxO1
because response motifs of NF-kB were significantly
enriched across the FoxO1 cistrome [31]. For the chemo-
tactic ligand CCL20, overexpression of FoxO1 increased
the binding of the active NF-kB dimer, whereas FoxO1
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mRNA (b; n=7) or the levels of IL-6 mRNA (c¢; n=7). d Schematic
diagram illustrates that LysoPC activated FoxO1 and NF-kB medi-
ated a COX-2-dependent IL-6 expression via NOX/ROS-JNK1/2-
dependent pathway in HCFs. Data are presented as mean+ SEM and
analyzed by one-way ANOVA with Tukey’s post hoc tests. *p <0.05;
#p<0.01

silencing decreased NF-«B binding to its response element.
Since FoxO1 does not directly bind to the CCL20 promoter,
FoxO1 may serve as a coactivator of NF-kB in the nucleus
to amplify NF-xB signaling [51]. Thus, in some cases such
as IL-1p, FoxO1 binds to a response element nearby the
NF-xB binding element to enhance transcription, whereas,
in CCL20, FoxOl1 is speculated to physically interact with
NF-kB and enhance NF-kB-mediated CCL20 transcription.
Our data revealed that FoxO1 can associate with nuclear
p65, a component of NF-xB, and knockdown of FoxOl1
attenuated p65 binding to the proximal NF-xB binding ele-
ment of the COX-2 promoter in HCFs. We speculated that
the spatial conformation of proximal NF-kB binding element
is close to the FoxO1 binding element, inferring that p65
and FoxO1 coordinately regulated COX-2 gene expression
in HCFs.
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The transcriptional activity of FoxO1 is dependent on
its phosphorylation status and subcellular localization.
Akt-mediated FoxO1 activation has been shown to pro-
mote nuclear exclusion of FoxO1 and negatively regulate
IRS-dependent gene expression in response to IGF sign-
aling [43]. Therefore, nuclear accumulation of FoxOl1
increases DNA binding activity and results in CCL20
induction in keratinocytes and mouse models [41]. Kinase-
dead mutation of Akt blocks FoxO1 phosphorylation at
Tyr?**, Ser*®, and Ser®!'?, which restricts FoxO1 expression
in the cytoplasm [27] and enhances the expression of pro-
inflammatory genes including TNF-a, IL-1p, and IL-6 [31,
32]. Our novel findings indicated that LysoPC-stimulated
FoxO152% phosphorylation increased the nuclear accumu-
lation of FoxO1 and its binding activity on COX-2 pro-
moter. Previous reports have indicated that under oxidative
stress, phosphorylated JNK1/2 accelerates FoxO1 nuclear
localization, leading to its target gene expression [42].
Here, we demonstrated that blocking of NOXs and JNK1/2
activity attenuated LysoPC-stimulated phosphorylation of
FoxO152°¢_ In addition, our data also demonstrated that
overexpression of S256D FoxO1 enhanced COX-2 induc-
tion, whereas S256A, S319D, and S319A FoxO failed to
alter COX-2 gene expression. These results suggested that
phosphorylation of FoxO1 at Ser®* is required for COX-2
expression in HCFs, leading to cardiac inflammation.

With respect to the limitations of the present study, we
recognized the inhibition of COX-2 activity as a target
may also incur side effects on the cardiovascular system.
Increase in COX-2 activation leads to metabolism and pro-
duction of various prostanoids by cell-dependent isomer-
ases of different tissues, which may also be involved in
pathological and physiological regulation. It is crucial to
further investigate the modulation of these prostanoids and
their receptors in response to LysoPC. Nevertheless, our
results provide new insights into COX-2 gene expression,
involving a synergistic regulation of FoxO1 and p65 in
HCFs. In fact, our previous data demonstrated FoxOl1 as
a transcription repressor for COX-2 gene expression in
human tracheal smooth muscle cells [25]. We suggest that
FoxOl-mediated COX-2 regulation is a key mechanism
and represents different patterns in various tissues exposed
to different stimuli.
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