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Platelet activating factor (PAF) modulates ovine fetal pulmonary hemodynamic. PAF acts through its receptors
(PAFR) in pulmonary vascular smooth muscle cells (PVSMC) to phosphorylate and induce nuclear translocation
of NF-kB p65 leading to PVSMC proliferation. However, the interaction of NF-kB p65 and PAF in the nuclear do-
main to effect PVSMC cell growth is not clearly defined.We used siRNA-dependent translation initiation arrest to
study a mechanism by which NF-kB p65 regulates PAF stimulation of PVSMC proliferation. Our hypotheses are:
(a) PAF induces NF-kB p65 DNA binding and (b) NF-kB p65 siRNA attenuates PAF stimulation of PVSMC prolifer-
ation. For DNA binding, cells were fed 10 nM PAF with and without PAFR antagonists WEB 2170, CV 3988 or BN
52021 and incubated for 12 h. DNA binding wasmeasured by specific ELISA. For NF-kB p65 siRNA effect, starved
cells transfectedwith the siRNAwere incubated for 24 hwith andwithout 10 nMPAF. Cell proliferationwasmea-
sured by DNA synthesis while expression of NF-kB p65 and PAFR protein was measured byWestern blotting. In
both studies, the effect of 10% FBS alonewas used as the positive control. In general, PAF stimulated DNA binding
which was inhibited by PAFR antagonists. siRNAs to NF-kB p65 and PAFR significantly attenuated cell prolifera-
tion compared to 10% FBS and PAF effect. Inclusion of PAF in siRNA-treated cells did not reverse inhibitory effect
of NF-kB p65 siRNA on DNA synthesis. PAFR expression was inhibited in siRNA-treated cells. These data show
that PAF-stimulation of PVSMC proliferation occurs via a PAFR-NF-kB p65 linked pathway.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Platelet activating factor (PAF) is an endogenous phospholipid with
a diverse range of physiological and pathological activities, including
vascular reactivity, aggregation of platelets, glycogen degradation,
reproduction, brain function, blood circulation, and as a mediator of in-
flammation [1–3]. But it is primarily a mediator of intracellular interac-
tions [4]. PAF is produced by a variety of cells including smooth muscle
cells, endothelial cells, neutrophils, monocytes and macrophages. How-
ever, inflammatory cells produce PAF in much greater quantities when
required in response to cell-specific stimuli [1,2,5–9]. In fetuses, PAF
maintains a high vasomotor tone necessary for pulmonary circulation.
In the newborn, however, increased levels of PAF in the pulmonary cir-
culation can result in persistent pulmonary hypertension of the new-
born (PPHN) as a result of excessive vasoconstriction [10]. In the
pulmonary vasculature, cAMP and cGMP concentrations are regulated
in part by a specific cyclic nucleotide dependent phosphodiesterase
(PDE), such as PDE5, and other mediators of pulmonary vascular reac-
tivity which modulate perinatal pulmonary hemodynamics [10]. Nu-
clear factor-kappa beta p65 (NF-kB p65) is one of the downstream
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regulators of PAF mediated signaling in fetal ovine pulmonary vascular
smooth muscle cells (PVSMC), where it has been shown to activate cy-
clin dependent kinases (cdk) 2 and 4 leading to cell proliferation [11].
NF-kB is a family of transcription factors that modulate DNA transcrip-
tion. It plays a key role in regulating immune response to infection
and the inflammatory response [12,13]. As a primary transcription fac-
tor during inflammatory processes, NF-kB acts as first responder to
cell stimulation by cytokines such as TNF and LPS and PAF leading to
fairly rapid changes in target gene expression [14,15]. Also, following
an appropriate stimulus NF-kB is activated via phosphorylation and
proteosome dependent degradation of cytosolic IkBα [12,13]. Activated
NF-kB p65 is then translocated into thenucleus [12–13,16]. NF-kBp65 is
amember of the NF-kB family of transcription factors which is activated
by PAF receptor mediated signaling. Under normal physiological condi-
tions PAF is minimally produced, however it is abundantly produced
under inflammatory conditions associated with tissue injury [17,18].
PAF also stimulates proliferation of SMC of systemic origin [9,19–21]
via pathway involving its G-protein-coupled receptor. For instance,
PAF stimulates growth of aortic SMCs [21] and human bronchial SMCs
in culture [22]. We have reported that PAF stimulates phosphorylation
and nuclear translocation of NF-kB p65 resulting in pulmonary vascular
smooth muscle cell proliferation [11]. Persistent pulmonary hyperten-
sion of the newborn is characterized by elevated pulmonary vascular re-
sistance and pressure due to vascular remodeling and increased vessel
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Scheme of study hypothesis.
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tension secondary to chronic hypoxia during the fetal and newborn pe-
riod [23,24]. In comparison to the adult, the pulmonary vasculature of
the fetus and the newborn undergoes tremendous developmental
changes that increase susceptibility to a hypoxic insult [23]. Substantial
evidence indicates that chronic hypoxia alters the production and
responsiveness of various vasoactive agents such as endothelium-
derived nitric oxide, endothelin-1, prostanoids and PAF resulting in
sustained vasoconstriction and vascular remodeling [25]. These changes
occur in most cell types within the vascular wall, particularly endothe-
lial and smooth muscle cells that appear to be critical to the develop-
ment of hypoxic pulmonary hypertension of the newborn [25,26].
Following our previous report on the involvement of NF-kB p65 in PAF
stimulation of pulmonary vascular smooth muscle cell proliferation
[11], we wished to further investigate the intracellular mechanisms by
which PAF acts through its receptor to stimulate cell proliferation
through NF-kB p65 to induce gene expression and cell growth. Further-
more, our previous report concentrated on involvement of the MAPK
pathway in NF-kB p65 activation. In this report our goal is to further ex-
plore the mechanism by which PAF receptor activation induces nuclear
translocation of NF-kB p65 resulting in stimulation of proliferation of
ovine fetal PVSMC. Our primary hypothesis is that PAF stimulates ex-
pression and phosphorylation of IkBα, the upstream signal for NF-kB
p65 nuclear translocation, which induces expression of retinoblastoma
(Rb) protein leading to gene expression and cell proliferation.

2. Materials and methods

2.1. Materials

The studies were approved by the Institutional Animal Care and
Use Committee of Los Angeles Biomedical Research Institute at
Harbor-UCLA Medical Center. Pregnant ewes (146–148 day gesta-
tion, term being 150 days) were purchased from Nebekar Farms,
Santa Monica, CA. Authentic standards of 1-O-hexadecyl-2-O-ace-
tyl-sn-glycero-3-phosphorylcholine [C16-PAF (PAF)] and 1-O-
hexadecyl-sn-glycero-3-phosphorylcholine (lyso-C16-PAF) as well
as NF-kB p65 were purchased from Biomol Research Plymouth
Meeting, PA. 3H-thymidine was purchased from Perkin Elmer Life
Sciences (Boston, MA). Phenylmethysulfonyl fluoride (PMSF),
leupeptin, pepstatin, bovine serum albumin (BSA), as well as anti-
body to actin were purchased from Sigma-Aldrich Company (St.
Louis, MO). Antibody to PAFR was purchased from Cayman Chemical
(Ann Arbor, MI). Studies were done with freshly made reagents.
Ecolite(+) liquid scintillation cocktail was purchased from MP Bio-
chemicals (Irvine, CA). All other reagents and chemicals were pur-
chased from Fisher Scientific Santa Clara, CA or as indicated by the
respective study reagents.

2.2. Methods

2.2.1. Preparation of pulmonary vascular smooth muscle cells (PVSMC)
Intrapulmonary vessels were isolated from freshly killed term

fetal lambs and then smooth muscle cells were harvested from the
freshly excised arteries under sterile conditions as previously re-
ported [26–27]. Cells were used at the 4th to 10th passages and the
identity of the smooth muscle cells at each passage was character-
ized with a smooth muscle cell-specific monoclonal antibody,
(Sigma-Aldrich, St. Louis, MO). The SMC were devoid of endothelial
cells and fibroblasts. Cell synthetic and proliferative phenotype did
not change from 4th to 10th passages as has been shown in our pre-
vious reports [26].

2.3. Study designs

Fig. 1 shows our study hypothesis conjectured from our previous
publications [11,27]. PAF binding to its Gq G protein coupled receptor
leads to activation of the receptor by phosphorylation (pPAFR). Subse-
quent intracellular signaling processes result in the phosphorylation
and ubiquinization of IkBα (pIkBα), which results in the nuclear trans-
location of NF-kB p65. In its nuclear domain, NF-kB p65 activates cyclin
A and cyclin B to synthesize Cdk2 and Cdk4 respectively [11]. This re-
sults in uncoupling of EF2/Rb dimer. CdK2/4 phosphorylate retinoblas-
toma (Rb) protein at specific serine residues, which activates cell cycle
from the G1 phase to S phase leading to DNA replication and cell
growth. The involvement of PAFR-mediated signaling and NF-kB p65
activation in proliferation of ovine fetal pulmonary vascular smooth
muscle cells will be studied and expression of specific proteins: PAFR,
IkBα, Cdk2, and Rb protein will be measured.

2.4. Study conditions

All studies were done in vitro on smooth muscle cells from
intrapulmonary arteries (PASMC). Adherent cells were cultured in
normoxia according to the specific experimental protocol.

2.4.1. Normoxia
Cells were studied in humidified incubator at 37 °C aerated with 5%

CO2 in air. Oxygen concentration was monitored with TED 60T percent
oxygen sensor, Teledyne Analytical Instruments (City of Industry, CA).
The incubator oxygen concentration was 21% and pO2 in culture
media was maintained at 80–100 Torr.

2.4.2. Proliferation assay
Proliferation assays were standardized as we previously reported

[11]. Briefly, cells were seeded in 6-well culture plates at 5 × 104 cells
per well and allowed to stabilize for 2–3 days. The cells were then
serum-starved by culturing in 0.1% FBS for 72 h, then cellswere cultured
in 10% FBS with or without the test agents in the presence of 5 μCi/well
of 3H-thymidine and incubated for 24 h more in normoxia according to
the specific protocol. We elected to do all our subsequent studies by in-
cubating the cells for 24 h after the 72 h starvation with 10% FBS and
assaying for DNA with 5% trichloroacetic acid followed with 0.5 N so-
dium hydroxide (NaOH). The test agents were dissolved in 10% FBS,
which was also used as the control in all culture conditions. After 24 h
treatment, the culture plates were placed on ice and the culture me-
dium was aspirated and cells were washed with ice-cold PBS, followed
with wash with ice-cold 5% trichloroacetic acid. Then cells labeled
with 3H-thymidine were extracted with 0.5 N NaOH. Radioactivity of
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cell lysate was quantified on an LKB 6500 scintillation counter
(Beckman Coulter, Fullerton CA). 3H-thymidine was not added to cell
proliferation studies quantified by cell counting. The 480 g supernatant
was decanted and then the radioactivity present in the supernatant
fraction was also determined. The nuclear pellet was extracted with
1 ml PBS. The extract and the wash were combined and transferred to
a scintillation vial and then Ecolite scintillation cocktail (MP Biochemi-
cals) was added to the nuclear fraction and the radioactivity was deter-
mined using the Beckman liquid scintillation spectrometer. Studies
were performed as described above using 10 nM concentrations of
PAF as we have determined that this concentration of PAF produced
the most reproducible effect on cell growth and protein expression
[11,27].

2.5. Specific protocols

2.5.1. Effect of lyso-PAF and PAF receptor antagonists on cell growth
The effects of inactive PAFmetabolite lyso-PAF and PAF receptor an-

tagonistWEB 2170 on cell proliferationwere tested in the presence and
in the absence of PAF. Serum-starved cells were pre-incubated for 2 h
with 10 nM lyso-PAF, 10 μM of WEB 2170, 1 μM of CV 3988 or with
10% FBS growthmedia alone, and then 10 nMPAF and 5 μCi of [3H]-thy-
midinewas added to the cells and incubated for 24 hmore. The 10% FBS
control received neither the WEB 2170 nor the 10 nm lyso-PAF.

2.5.2. Transient cell transfection
Cells were seeded in 6-well culture plates at 5 × 104 cells per well in

an antibiotic-free growth media, and allowed to stabilize for 24 h. Then
theywere treatedwith 1.5 μg/ml of each plasmid in lipofectamine trans-
fection reagent with 50 nM of specific siRNA in the PAF signaling path-
way of interest. The siRNA were, PAFR siRNA, NF-kB p65 siRNA, and
retinoblastoma (Rb) siRNA. Studies were conducted according to the
vendors' protocols: PAFR siRNA (Santa Cruz Biotechnology), NF-kB
p65 and retinoblastoma (Rb) siRNAs (Cell Signaling) and incubated
for 48 h after which the transfection-medium was replaced with fresh
10% FBS culture media, which was used to study cell proliferation or
to prepare proteins forWestern blotting. Transfection efficiencywas be-
tween 25 and 35% within 24 h of transfection as judged by the pGFP
fluorescence. The proliferative phenotype of transfected cells was com-
pared to untransfected cells. In studying cell proliferation or protein ex-
pression, transfected cells were incubated for 24 h, with and without
10 nM PAF in 10% FBS. The control for cell proliferation is 10% FBS
alone while cells transfected with scrambled siRNA (Sham siRNA)
were used as control for siRNA effect.

2.5.3. DNA binding
DNA binding assays were done with DNA assay kit, TransAM NF-kB

p65 DNA binding kit, purchased from Active Motif (Carlsbad, CA, Cata-
log #40096, and40596). Assaywas performed according to the vendor's
protocol. Briefly, cells that were serum starved for 72 h were pulsed for
6 h with 100 nM lyso-PAF, 10 nM PAF, the PAF receptor antagonists: CV
3988, 1.0 μM; WEB 2170, 10 μM; and BN 52021, 100 μM/ml. DNA was
extracted from each treatment and NF-kB p65 DNA binding was mea-
sured at absorbance of 450 nm with reference at 655 nm. The three
types of PAFR antagonist were used to authenticate PAFR-mediated
binding to DNA. The control was cells treated with 10% FBS culture
media.

2.6. Western blotting

2.6.1. Preparation of proteins for Western analysis
Western blotting was done according to our previous reports.

Briefly, after incubation in normoxia, cells were washed with PBS and
lysed with a modified 40 mM HEPES hypotonic lysis buffer, pH 7.4,
containing the following; 1 mM EGTA, 4 mM EDTA, 2 mM MgCl2,
10mMKCl, 1mMdithiothreitol (DTT), 0.1mMPMSF, 5 μg/ml leupeptin,
1 μg/ml pepstatin, 1 μM 4-(2-aminoethyl) benzene sulfonyl fluoride,
200 mM sodium fluoride, 20 mM sodium pyrophosphate, 0.2 mM so-
dium vanadate and 0.1 mg/ml trypsin inhibitor. Proteins were recov-
ered from lysed cells by centrifugation at 14,000 g for 10 min in
refrigerated Ependorff bench centrifuge and stored in 0.2 ml aliquots
at−80 °C and used for Western blotting.

2.6.2. SDS-PAGE
Studies were performed to determine optimum conditions for elec-

trophoresis of the proteins of interest. Each protein was suspended in
SDS sample buffer, pH 6.8, containing 125 mM Tris-base, 4% SDS,
0.006% bromophenol blue, 36 mM EDTA, 90 mM DTT, 10% glycerol,
10% β-mercaptoethanol, and then electrophoresed for 1–2 h at 200 V
on 4–12% Tris-glycine gradient gels (BioWhittaker Molecular Applica-
tions, Rockland, ME, USA), along with Bio-Rad kaleidoscope pre-
stained molecular weight markers and protein standards. After 2 h of
SDS-PAGE, proteins were transferred to nitrocellulose membranes by
means of Mini Trans-Blot (Bio-Rad, Redmond, CA, USA) at 70 V and
then blocked with 5% non-fat dry milk in 1% Tween-20/TBS (T-TBS)
overnight. Blots were then incubated with the appropriate dilution of
the specific antibody against: for instance, PAFR protein, NF-kB p65
and Rb proteins, after which the gels were washed with 1% T-TBS, incu-
bated for 1 h with an anti-rabbit IgG HRP-linked secondary antibody
(Amersham Pharmacia, Arlington Heights, IL, USA), and finally washed
with 1% T-TBS. The signals were developed for 1 min using Amersham
ECL Western blot detection kit and then were exposed to radiographic
film. Bands corresponding to the proteins of interest were digitized to
quantify blot density. Then, blots were stripped and re-probed for ex-
pression of beta actin or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) which, are constitutively expressed proteins which were
used as internal standards.

2.7. Data analysis

For proliferation studies, depending on the specific protocol, cell
proliferation is reported as cell number or as cell proliferation in disinte-
grations per minute (DPM) of measured 3H-thymidine permillion cells.
All protein expression data are reported as ratio of densitometry of the
protein measured to that of beta actin protein standard or that of
GAPDH. In all instances where radioisotope was used, background ra-
dioactivity was subtracted before quantifying radioactivity. All numeri-
cal data are presented as means ± SEM. Data were analyzed with two-
tailed t-test followed with ANOVA (GraphPad Prism 6, San Diego, CA).
Results were considered significant at p b 0.05.

3. Results

3.1. The inactive PAF analogue, lyso-PAF did not stimulate cell proliferation
and PAF receptor antagonist WEB 2170 inhibited PAF-induced cell
proliferation

Initial quantification of PASMCproliferation by cell counting showed
that treatment with 10 nM PAF increased number of cells in the wells.
The data means ± SEM, n = 4 are as follows. With 10% FBS control,
cell count was 15,000 ± 2500 cells/well, which increased to 33,000 ±
3000 cells/well under treatment with 10 nM PAF.

Fig. 2 shows the effect of lyso-PAF andWEB 2170 on proliferation of
the PASMC.

Treatment of cells with 10 nM PAF significantly increased cell prolif-
eration compared to the 10% FBS control. Treatment of cells with the
inactive PAFmetabolite lyso-PAF did not alter the profile of cell prolifer-
ation compared to 10% FBS alone. Thus, lyso-PAF neither inhibited nor
stimulated proliferation of the PASMC. However, treatment of the cells
with 10 μM of WEB 2170, a PAF receptor antagonist, resulted in signifi-
cant inhibition of cell proliferation.



Fig. 2. PAF but not lyso-PAF stimulates proliferation of ovine fetal PASMC. Data are
means ± SEM, n = 5. Serum deprived cells were studied as described in methods and
DNA synthesis was quantified. The statistics are: *p b 0.05, different term 10% FBS control;
#p b 0.05, different from PAF effect; and +p b 0.05, different from all other treatments.
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Fig. 3 shows the effect of PAFR siRNA on PASMC proliferation. Treat-
ment of cells with 10 nM PAF significantly increased cell proliferation
compared to 10% FBS control. Treatment of cells with 50 nM of PAFR
siRNA significantly decreased cell proliferation by 55% compared to
10 nM PAF and by 18% compared to the effect of 10% FBS. When cells
were pulsed for 2 h with the PAFR siRNA and then 10 nM PAF was
added, cell proliferation was still statistically less than the effects of
10 nM PAF alone, but no difference compared to 10% FBS alone. Also,
co-incubation of the PAFR siRNA and 10 nM PAF did not result in in-
creased cell proliferation compared to 10% FBS control. There was no
difference in cell proliferation between the Sham PAFR siRNA and effect
of 10% FBS control. However, co-incubation of the Sham siRNA and
10 nMPAF increased cell proliferation by 38% compared to 10% FBS con-
trol and 29% compared to Sham siRNA alone. On the whole, co-
incubation of the Sham siRNA with 10 nM PAF did not completely re-
verse the effect of Sham siRNA to the level of effect of 10 nM PAF
alone. There was no difference in cell proliferation caused by the Sham
PAFR siRNA alone and the 10% FBS control, but the proliferative effect
was less than the effect of PAF alone. Thus PAFR siRNA specifically
inhibited PAF stimulation of PASMC proliferation.

3.2. Platelet activating factor receptor antagonistWEB2170 inhibits expres-
sion of PAFR, expression and phosphorylation of IkBα, NF-kB p65, and Rb
proteins by PASMC

Fig. 4 illustrates the effects of the PAFR antagonist WEB 2170 on
expression of non-phosphorylated (Fig. 4a) and phosphorylated IkBα
Fig. 3. PAF receptor (PAFR) siRNA attenuated PAF stimulation of PASMC proliferation. Data
aremeans± SEM, n=6. Sub-confluent cells were transfectedwith siRNA to PAFR and ef-
fect on PAF-stimulation of cell proliferation was examined. PAF treatment augmented cell
proliferationwhereas PAFR siRNAattenuated PAF stimulation of cell proliferation. The sta-
tistics are: *p b 0.05, different from 10% FBS control; **p b 0.05, different from PAF treat-
ment and 10% FBS control; #p b 0.05, different from 10% FBS control and Sham siRNA
alone.

Fig. 4. PAFR antagonist WEB 2170 inhibits expression, panel a, and phosphorylation, Fig.
4b, of IkBα as well as expression of PAFR protein, panel c. Data are means ± SEM, n =
4. Sub-confluent cells were incubated for 24 h with 10 nM PAF, or 10 μM WEB 2170 and
proteins were isolated and probed for expression of non-phosphorylated IkBα,
phophorylated IkBα (ph-IkBα) and PAFR proteins. WEB 2170 inhibited expression and
phosphorylation of IkBα and PAFR proteins. The statistics for panels a, b and c are:
*p b 0.05, different from 10% FBS control; #p b 0.05, different from PAF treatment and
10% FBS control.
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(Fig. 4b), and PAFR (Fig. 4c) proteins. In all three figures, PAF treatment
significantly increased PAFR protein expression. However, WEB 2170
treatment significantly attenuated expression of total (non-phosphory-
lated) IkBα, phosphorylated IkBα (ph-IkBα), and PAFR proteins. The ra-
tios of phosphorylated to non-phosphorylated IkBαwere: control, 0.71;
+PAF, 0.83; and +WEB 2170 (+WEB), 0.42.
10%FBS PAF L-PAF BN 52021 CV3988 WEB 2170
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Fig. 6. PAFR antagonists inhibit NF-kB p65 DNA binding to PASMC. Data aremeans± SEM,
n=6. DNAwas isolated from PASMC and subjected to NF-kB p65 DNA binding assay. PAF
increased NF-kB p65 DNA binding, lyso-PAF (L-PAF) had no effect on DNA binding com-
pared to effect of 10% FBS control, but three different PAFR antagonists inhibited the
DNA binding in a comparable profile. The statistics are: *p b 0.05, different from 10% FBS
control; #p b 0.05, different from PAF treatment alone; **p b 0.05, different from PAF treat-
ment, 10% FBS or lyso-PAF treatment.
3.3. NF-kB p65 siRNA inhibits PAF stimulation of PASMC proliferation

Fig. 5 shows the effect of NF-kB p65 siRNA on the proliferation of
PASMC. Treatment of cells with 10 nM PAF alone caused a 2-fold in-
crease in cell proliferation compared to 10% FBS alone. When cells
were treated with 50 nM of NF-kB p65 siRNA alone, cell proliferation
was inhibited by 50% compared to the effect of 10% FBS alone and 68%
inhibition compared to the effect of 10 nM PAF alone. When the cells
were pulsed for 2 h with NF-kB p65 siRNA and then stimulated with
10 nM PAF, the inhibitory effect of NF-kB p65 siRNA was not reversed,
proliferation was still 39% of the effect of 10% FBS alone, and 65% inhibi-
tion compared to the effect of 10 nM PAF alone, and no significant
(b1.0%) change compared to NF-kB p65 siRNA alone. Treatment of
cellswith ShamNF-kBp65 siRNA aloneproduced no significant increase
(5%) in cell proliferation compared to 10% FBS alone. Co-incubation of
Sham NF-kB p65 siRNA and 10 nM PAF produced 33% increase in cell
proliferation compared to 10% FBS control, but did not reverse the effect
the ShamNF-kB p65 siRNA to the level of PAF treatment alone. Thus the
NF-kB p65 siRNA specifically inhibited the ability PAF to induce PASMC
proliferation.
3.4. PAFR antagonists inhibit NF-kB p65-DNA binding in PASMC

Fig. 6 shows the effect of PAF on NF-kB-p65 DNA binding. Treatment
of cells with 10 nM PAF significantly increased NF-kB p65 DNA binding
compared to the effect of 10% FBS alone. NF-kB p65 DNA binding in the
presence 100 nM lyso-PAF was not different from the effect of 10% FBS,
but significantly less than the effect of 10 nM PAF. On the other hand,
when cells were incubated with three different known PAFR antago-
nists: BN 52021; CV 3988, and WEB 2170, NF-kB p65 DNA binding
was significantly inhibited compared to the effect of 10% FBS, 10 nM
PAF and 100 nM lyso-PAF. Thus NF-kB p65 DNA binding occurred
through a PAFR-linked pathway.
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Fig. 5. NF-kB p65 siRNA attenuated PAF stimulation of PASMC proliferation. Data are
means ± SEM, n = 6. Sub-confluent cells were transfected with siRNA to NF-kB p65
and effect on PAF-stimulation of cell proliferation was examined. PAF treatment signifi-
cantly augmented cell proliferation whereas NF-kB p65 siRNA attenuated PAF stimulation
of cell proliferation. The statistics are: *p b 0.05, different from 10% FBS control; @p b 0.05,
different from 10% FBS and PAF treatment alone; &p b 0.05, different from Sham siRNA
alone and 10% FBS control; #p b 0.05, different from 10% FBS control, PAF treatment and
NF-kB p65 siRNA treated cells.
3.5. PAF modulates activity of retinoblastoma (Rb) protein in PASMC

Fig. 7 shows the effect of siRNA toRb protein on PASMCproliferation.
Retinoblastoma protein is another nuclear mitogenic protein that acts
via PAFR-mediated signaling. Treatment of cells with 10 nM PAF alone
caused a 2-fold increase in cell proliferation compared to 10% FBS
alone. When cells were treated with 50 nM of the Rb siRNA alone, cell
proliferation was significantly inhibited by 35% compared to the effect
of 10% FBS alone, 3-fold decrease compared to10 nM PAF alone. When
the cells were pulsed for 2 h with Rb siRNA and then stimulated with
10 nM PAF, the inhibitory effect of Rb siRNAwas not reversed. Cell pro-
liferation in the presence of 10 nM PAF and 50 nM Rb siRNA increased
by 35% compared to the effect of Rb siRNA alone. This was still less
than the effect of 10% FBS or10 nM PAF alone. Treatment of cells with
the Sham Rb siRNA control alone produced no change in proliferation
compared to the effect 10% FBS control. Co-incubation of Sham Rb
siRNA and 10 nM PAF increased cell proliferation by 47% compared to
sham siRNA alone, but the increase was still below the level of prolifer-
ation caused by 10 nM PAF alone. Compared to 10% FBS, co-incubation
of 10 nM PAF and the Sham Rb siRNA caused 28% increase in cell prolif-
eration. Thus the Rb siRNA specifically inhibited PAF's ability to induce
PASMC proliferation.
0

20

40

60

80

100

120
10% FBS
+PAF
Rb siRNA

siRNA+PAF
Sham siRNA
Sham+PAF

* #

&

3 H
-t

h
ym

id
in

e 
D

P
M

 (
x1

03 )

+

Fig. 7. Retinoblastoma (Rb) siRNA attenuated PAF stimulation of PASMC proliferation.
Data aremeans± SEM, n=6. Sub-confluent cells were transfectedwith siRNA to Rb pro-
tein and effect on PAF-stimulation of cell proliferation was examined. PAF treatment aug-
mented cell proliferation whereas Rb siRNA attenuated PAF stimulation of cell
proliferation. The statistics are: *p b 0.05, different from 10% FBS control; &p b 0.05, differ-
ent fromPAF treatment and10% FBS control; #p b 0.05, different from10% FBS control, PAF
treatment and Rb siRNA treated cells.
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Fig. 8. PAF increases expression of total and phosphorylated Rb protein in PASMC, panel a,
and PAFR antagonistWEB 2170decreased phosphorylation of theRb protein, panel b. Data
are means ± SEM, n = 4 different cell preparations. Sub-confluent cells were pulsed for
24 hwith either PAF orWEB 2170 andproteinswere isolated and probed for total or phos-
phorylated Rb proteins. In panel a, PAF increased expression and phosphorylation of Rb
protein. In panel b, WEB 2170 decreased phosphorylation of Rb protein. The statistics
are: *p b 0.05, different from 10% FBS (Control); #p b 0.05, different from PAF or control.

Fig. 9. siRNA to NF-kB p65 and Rb proteins inhibit expression of PAF receptor protein. Data
are means ± SEM, n = 4. Sub-confluent cells were incubated for 24 h with 10 nM PAF,
50 nM each of siRNA to NF-kB p65 or siRNA to RB protein. Proteins were isolated and
probed for expression of PAFR protein expression. NF-kB p65 siRNA and Rb siRNA
inhibited expression of PAFR protein. The statistics are: *p b 0.05, different from 10% FBS
control; #p b 0.05, different from PAF treatment and 10% FBS control.
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Fig. 8 shows the effect of PAF on expression and phosphorylation of
Rb protein. Rb protein was expressed under control conditions. Treat-
ment of cells with 10 nM PAF resulted in a 75% increase in total Rb
protein expression. The membrane was stripped and probed for phos-
phorylated Rb protein. Phosphorylation of Rb protein increased both
in control conditions and stimulation with 10 nM PAF and then treat-
ment with PAF increased phosphorylation of Rb protein by 27%. Ratio
of phosphorylated to total Rb protein expression following 10 nM PAF
treatment was: 2.74 for control conditions versus 2.06 following PAF
treatment. In Fig. 8b, treatment of cells with 10 nM PAF alone increased
ph–Rb protein expression by 65% compared to control conditions. In the
presence ofWEB 2170, phosphorylation of Rb significantly decreased by
50% compared to the effect of PAF alone, and by 15% compared to the ef-
fect of 10% FBS alone.

Fig. 9 shows the effect of 10 nM PAF, 50 nM NF-kB p65 siRNA, and
50 nM Rb siRNA on PAFR protein expression by PASMC. 10 nM PAF sig-
nificantly stimulated PAFR protein expression compared to 10% FBS
control, but NF-kB p65 siRNA and Rb siRNA significantly blunted PAFR
protein expression by PASMC.

4. Discussion

During physiological growth and development, proliferation of pul-
monary vascular smoothmuscle cells plays an important role in normal
growth of the vascular system [28,29]. Proliferation of vascular smooth
muscle cells is initiated by endogenous and exogenous stimuli, which
may involve autocrine or paracrine mechanisms [30]. Induction of cell
proliferation by an agentwill entail activation of specific signals control-
ling cell division and cell growth. Platelet activating factor, an endoge-
nous lipid mediator, activates cell growth by autocrine and paracrine
mechanisms [30]. We employed pharmacological manipulations in an
in vitro setting to examine a possible mechanism by which NF-kB p65
augments PAF-induced pulmonary vascular smooth muscle cell prolif-
eration. The major finding in this study is that siRNAs to PAFR, NF-kB
p65 and Rb proteins attenuated PAF stimulation of PASMC proliferation
implicating these proteins as endogenous downstream modulators of
PAF-induced cell proliferation. Our data show that: a) PAF stimulation
of cell proliferation was inhibited by the PAF receptor antagonist, WEB
2170, and by siRNA to PAFR showing that PAF-induced cell proliferation
occurred via the PAFR-linked pathway. b) PAF induced nuclear translo-
cation and nuclear DNAbinding of NF-kB p65 andNF-kBp65 effectwere
inhibited by PAFR antagonists showing that NF-kB-p65 effect on cell
proliferation is linked to PAFR. c) NF-kB p65 siRNA inhibited cell prolif-
eration and PAFR protein expression, indicating that PAF-induced cell
proliferation occurs via NF-kB p65 as the downstream signaling protein.
d) siRNA to retinoblastoma protein also inhibited cell proliferation and
PAFR protein expression indicating that PAF-induced cell proliferation
occurs via Rb protein as a downstream signaling protein linked to NF-
kB p65 signaling. Our findings with WEB 2170 together with the effect
of CV-3988 and BN 52021 on cell growth and NF-kB p65 DNA binding
demonstrate that the effect of PAF on these cells is occurring via PAFR-
mediated mechanisms and that the inhibition of PAF stimulation of
cell proliferation and PAFR protein expression suggests that the NF-kB
p65 siRNA inhibited PAF stimulation of PASMC proliferation by a spe-
cific inhibition of PAFR-NF-kB p65 linked signaling.

4.1. NF-kB and PAFR-mediated responses

Physiological and pathological effects of PAF aremediated by its spe-
cific G protein coupled receptor reported to be Gq [31]. It has been
shown, in previous reports, that PAF induces expression of its own re-
ceptors in vivo and in vitro suggesting that PAF activates intracellular
molecules that regulate gene expression and cell growth [32–34].
Although hypoxia-inducible factor-1α (HIF-1α) regulates vascular
smooth muscle cell proliferation, some other mitogens such as platelet
derived growth factor (PDGF), and epidermal growth factor (EGF) also
stimulate smooth muscle cell proliferation [11,35]. NF-kB activation
can proceed by two different pathways, the canonical pathwaywhereby
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NF-kB activity can be stimulated by upstream effector proteins linked to
Ikappa kinase (IKK) proteins, and the non-canonical pathway requiring
only Ikkα [36,37]. In a previous report, we showed that NF-kB p65 and
cyclin dependent kinases (Cdks) are downstream effectors of PAF-
induced pulmonary vascular smooth muscle cell proliferation, with
NF-kB p65 presenting an important link between cytosolic and nuclear
responses following PAF stimulation of cells [11]. In the present report,
we show further evidence to support a role of PAF in nuclear transloca-
tion of NF-kB p65 and subsequent activation of nuclear proteins. We
show that PAF activates IkBα and its phosphorylation and subsequent
induction of nuclear translocation of NF-kB p65 after which NF-kB p65
activates retinoblastoma (Rb) protein and the downstream effectors of
PAF-induced PASMC proliferation. The foregoing discussion portends
that PAF activation of its membrane receptor induces intracellular sig-
naling pathways that result in PASMC growth and that interruption of
this intracellular signal by an endogenous or exogenous molecule
should interfere with normal PAF-mediated responses. Our previous
findings suggest that Rho kinase may be another protein that acts in
the PAFR-mediated signaling pathway to transduce protein activation
signals to, perhaps, effect NF-kB p65 translocation into the nucleus
[38]. The small GTPase, RhoA, and its effector protein, Rho kinase, are
important regulators of vascular reactivity and general pulmonary
physiology and pathophysiology [38,39]. In normoxia study involving
ROCK effects in pulmonary artery endothelium (PAEC) and PASMC of
fetal sheep [39], inhibition of ROCK with Y-27632 led to pulmonary va-
sodilation evenwhen nitric oxide productionwas blocked by treatment
with NG-nitro-L-arginine (L-NNA) an enthelium-dependent nitric oxide
synthase inhibitor. This suggests that ROCK directly modulates the con-
traction of fetal PASMC independent of effect of ROCK on PAEC. In an-
other study also involving Rho kinase-ROCK effect on pulmonary
vascular smooth muscle cells [38], the ROCK inhibitors Y-27632 and
HA-1077 each inhibited PAF stimulation of PASMC proliferation in a
similar manner as quantified by either direct assessment of DNA syn-
thesis or by immunocytochemistry. RhoA regulates various cell func-
tions including cell growth and gene expression [40]. Inhibition of
PAF-stimulation by ROCK in PASMC suggests that in an in vivo condition
in fetal lungs the needed pulmonary vascular hyperplasia may not
occur, whereas in newborn lungs this will be a desirable condition as
it will mitigate cell growth thereby preventing hyperplasia which will
ultimately result in PPHN.

We have shown that in ovine fetus, PAF acts through its receptors in
the lung to maintain a high pulmonary vasomotor tone in ovine fetal
hypoxic lung environment in vivo and inhibition of the PAFR-
mediated effect resulted in decreased pulmonary artery pressure with
concomitant increase in pulmonary blood flow [10]. We have also
shown that, in vitro, PAF acts through its receptors to increase ovine
fetal pulmonary vascular smooth muscle cell proliferation and calcium
release [11,41]. Thus a high PAFR-mediated activity is necessary to
maintain a high pulmonary vasomotor tone in fetal lungs. This will
mean that inhibition of PAFR-mediated effects in ovine fetal smooth
muscle in vivo, even in a nonspecificmechanism, presents a detrimental
condition for ovine fetal lung function and development [10,42,43]. Our
findings that NF-kB p65 and PAF inhibitors decrease PAFR protein ex-
pression and PAFR-mediated responses, suggest the existence of a
PAF–PAFR–NF-kB p65 interaction in fetal pulmonary circulation. A dis-
ruption of this congenial interaction will result in adverse fetal pulmo-
nary circulatory conditions. Abnormal regulation of the functions of
pulmonary vascular smooth muscle and endothelium, for example in-
ability to down-regulate production of vasoconstrictors by the vascular
smooth muscle and endothelial cells and up-regulate endothelium-
derived vasodilators, in the perinatal period is implicated in the patho-
genesis of persistent pulmonary hypertension of the newborn [PPHN].
Therefore down-regulation of PAFR-mediated responses postnatally,
by inhibition of NF-kB p65 activity, may be one mechanism to prevent
the pulmonary vascular abnormalities of PPHN. Persistent pulmonary
hypertension of the newborn is a pathological condition with different
etiologies [5,23,24,44,45]. Neonates with PPHN have high PAF levels,
showing that persistence of high PAF levels postnatally leads to abnor-
mal perinatal pulmonary adaptation. We speculate that in vivo, in the
hypoxic environment of fetal lungs where PAF level is high, PAF will
act via its receptor in conjunctionwith the activities of Rho kinase, to in-
duce proliferation of smooth muscle cells, an important role in the
maintenance and remodeling of the fetal pulmonary vascular system
during the development and physiological growth in utero. We also
speculate that uncontrolled cell growth, postnatally, via inability to
down-regulate PAF receptor-mediated effects may lead to hyperplasia
of pulmonary vascular smooth muscle resulting in incidence of PPHN.
We further speculate that RNAi to PAFR and its downstream signaling
proteins may offer a means to prevent or manage pulmonary vascular
abnormality such as pulmonary vascular hyperplasia in some lung dis-
eases and PPHN where PAFR-mediator signaling is implicated. This
can be achieved, in vivo, by administeringPAFR siRNA,which should de-
crease or abolish PAFR-linked signaling and thereby decrease the inci-
dence of PPHN.

Acknowledgments

This workwas supported in part by grant 513292 by the Los Angeles
Biomedical Research Institute, Torrance, CA.

References

[1] D.M. Stafforini, T.M. McIntyre, G.A. Zimmerman, S.M. Prescott, Platelet-activating
factor, a pleiotrophic mediator of physiological and pathological processes, Crit.
Rev. Clin. Lab. Sci. 40 (2003) 643–672.

[2] L.-R. Liu, S.-H. Xia, Role of platelet-activating factor in pathogenesis of acute pancre-
atitis, World J. Gastroenterol. 12 (2006) 539–545.

[3] C. O'Neill, The role of PAF in embryo physiology, Hum. Reprod. Update 11 (2005)
215–228.

[4] Y. Gao, J.U. Raj, Regulation of the pulmonary circulation in the fetus and the new-
born, Physiol. Rev. 90 (2010) 1291–1335.

[5] V. Melnikova, M. Bar-Eli, Inflammation and melanoma growth and metastasis: the
role of platelet-activating factor (PAF) and its receptor, Cancer Metastasis Rev. 26
(2007) 359–371.

[6] S. Sur, D.K. Agrawal, Transactivation of EGFR by G protein-coupled receptor in the
pathophysiology of intimal hyperplasia, Curr. Vasc. Pharmacol. 12 (2014) 190–201.

[7] T. Zhu, F. Gobell, A. Vazguez-Tello, M. Luduc, L. Rihakova, M. Bossolasco, G. Bkaily, K.
Peri, D.R. Varma, R. Orvoine, S. Chemtob, Intracrine signaling through lipid media-
tors and their cognate nuclear G-protein coupled receptors: a paradigm based on
PGE2, PAF, and LPA1 receptors, Can. J. Physiol. Pharmacol. 84 (2006) 377–391.

[8] A.B. Tsoupras, C. Latrou, C. Frangia, C.A. Demopoulos, The implication of platelet ac-
tivating factor in cancer growth and metastasis: potent beneficial role of PAF-
inhibitors and antioxidants, Infect. Disord. Drug Targets 9 (2009) 590–599.

[9] F. Gaumond, D. Fortin, J. Stankova, M. Rola-Pleszczynski, Differential signaling path-
ways in platelet-activating factor-induced proliferation and interleukin production
by rat vascular smooth muscle cells, J. Cardiovasc. Pharmacol. 30 (1997) 169–175.

[10] B.O. Ibe, S. Hibler, J.U. Raj, Platelet-activating factor modulates pulmonary vasomo-
tor tone in the perinatal lamb, J. Appl. Physiol. 85 (1998) 1079–1085.

[11] B.O. Ibe, M.F. Abdallah, A.M. Portugal, J.U. Raj, Platelet-activating factor stimulates
ovine foetal pulmonary vascular smooth muscle cell proliferation. Role of nuclear
factor-kappa B and cyclin-dependent kinases, Cell Prolif. 41 (2008) 208–229.

[12] K.R. Aupperle, et al., NF-kB regulation by IkB kinase in primary fibroblast-like
synoviocytes, J. Immunol. 163 (1999) 427–433.

[13] P.A. Baeuerle, D. Baltimore, Activation of DNA-binding activity in a apparently cyto-
plasmic precursor of the NF-κB transcription factor, Cell 53 (1988) 211–217.

[14] A. Volk, J. Li, J. Xin, D. You, J. Zhang, et al., Co-incubation of NF-kB and JNK is syner-
gistic in TNF-expressing human AML, J Exp Med 211 (2014) 1093–1108.

[15] B. Chaqour, P.S. Howard, C.F. Richards, E.J. Macarak, Mechanical stretch induces
platelet-activating factor receptor gene expression through the NF-kappaB tran-
scription factor, J. Mol. Cell. Cardiol. 31 (1999) 1345–1355.

[16] E. Kopp, S. Ghosh, NF-κB and Rel proteins in innate immunity, Adv. Immunol. 58
(1995) 1–27.

[17] L.C. Price, G. Caramori, F. Perros, C. Meng, N. Gambaryan, P. Dorfmuller, D. Montani,
P. Casolari, et al., Nuclear factor k-B is activated in the pulmonary vessels of patients
with end-stage idiopathic pulmonary arterial hypertension, PLoS One 8 (2013)
http://dx.doi.org/10.1371/journal.pone.0075415 e75415.

[18] B.M. Altura, N.C. Shah,G.J. Shah, A. Zhang,W. Li, T. Zheng, J.L. Perez-Albela, B.T. Altura,
Short-term Mg deficiency upregulates protein kinase C isoforms in cardiovascular
tissues and cells; relation to NF-kB, cytokines, ceramide salvage sphingolipid path-
way and PKC-zeta: hypothesis and review, Int. J Clin. Exp. Med. 15 (2014) 1–21.

[19] A. Fischer, D. Müller, M. Zimmermann-Kordmann, B. Kleuser, M. Mickeleit, S. Laabs,
W.Werner Löwe, F. Cantagrel,W. Reutter, K. Danker, The ether lipid inositol-C2-PAF
is a potent inhibitor of cell proliferation in HaCaT cells, Chembiochem 7 (2006)
441–449.

http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0005
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0005
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0005
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0010
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0010
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0015
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0015
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0020
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0020
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0025
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0025
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0025
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0030
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0030
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0035
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0035
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0035
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0035
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0040
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0040
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0040
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0045
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0045
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0045
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0050
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0050
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0055
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0055
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0055
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0060
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0060
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0065
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0065
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0070
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0070
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0075
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0075
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0075
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0080
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0080
http://dx.doi.org/10.1371/journal.pone.0075415
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0090
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0090
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0090
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0090
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0095
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0095
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0095
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0095


18 U.D. Ogbozor et al. / Molecular Genetics and Metabolism Reports 4 (2015) 11–18
[20] E. Ninio, Phospholip mediators in the vessel wall: involvement in atherosclerosis,
Curr. Opin. Clin. Nutr. Metab.Care 8 (2006) 123–131.

[21] A. Raisanen, A. Mennander, J. Ustinov, T. Paavonen, Effect of platelet-activating fac-
tor (PAF) receptor blockers on smooth muscle cell replication in vitro and allograft
arteriosclerosis in vivo, Transpl. Int. 6 (1993) 251–257.

[22] B.O. Ibe, A.M. Portugal, J.U. Raj, Levalbuterol inhibits human airway smooth muscle
cell proliferation: therapeutic implications in the management of asthma, Int. Arch.
Allergy Immunol. 139 (2006) 225–236.

[23] Tiwary S, Geethanath RM, Abu-HerbM. (2013) Vein of Galenmalformation present-
ing as persistent pulmonary hypertension of newborn (PPHN). BMJ Case Rep. pil:
bcr2013200425. http://dx.doi.org/10.1136/bcr-2013200425.

[24] D.D. Ivy, S.H. Abman, R.J. Barst, R.M. Berger, D. Bonnet, T.R. Fleming, S.G. Haworth,
J.U. Raj, E.B. Rosenzweig, I. Schulze Neick, R.H. Steinhorn, M. Beghetti, Pediatric pul-
monary hypertension, J. Am. Coll. Cardiol. 62 (25 Suppl) (2013) D117–D126.

[25] Y. Gao, J.U. Raj, Regulation of the pulmonary circulation in the fetus and newborn,
Physiol. Rev. 90 (2010) 1291–1335.

[26] W. Zhou, C. Dasgupta, S. Negash, J.U. Raj, Modulation of pulmonary vascular smooth
muscle cell phenotype in hypoxia: role of cGMP-dependent protein kinase, Am J
Physiol Lung Cell Mol Physiol. 292 (2007) L1459–L1466.

[27] W. Zhou, B.O. Ibe, J.U. Raj, Platelet-activating factor induces ovine fetal pulmonary
venous smooth muscle cell proliferation: role of epidermal growth factor receptor
transactivation, Am J Physiol Heart Circ Physiol. 2007 (292) (2007) H2773–H2781.

[28] B.C. Berk, Vascular smooth muscle cell growth: autocrine growth mechanisms,
Physiol. Rev. 81 (2001) 999–1032.

[29] P. Carmeliet, Mechanism of angiogenesis and artriogenesis, Nat. Med. 6 (2000)
389–395.

[30] L.M. McManus, R.N. Pinkard, PAF, a putativemediator of oral inflammation, Crit. Rev.
Oral Biol. Med. 11 (2000) 240–258.

[31] W. Chang, J. Chen, C.F. Schlueter, G.W. Hoyle, Common pathways for activation of
proinflammatory gene expression by G protein-coupled receptors in primary lung
epithelial and endothelial cells, Exp. Lung Res. 35 (2009) 324–343.

[32] B.O. Ibe, A. Ameer, A.M. Portugal, L. Renteria, J.U. Raj, Platelet-activating factor mod-
ulates activity of cyclic nucleotides in fetal ovine pulmonary vascular smooth mus-
cle, J. Pharmacol. Exp. Ther. 320 (2007) 728–737.

[33] D.J. Dupre, M. Rola-Pleszcynski, J. Stankova, Rescue of internalization-defective
platelet-activating factor receptor function by EB50/NHERF1, J. Cell Commun. Signal.
6 (2012) 205–216.
[34] H. Wang, X.-D. Tan, H. Chang, F. Gonzales-Crussi, D.G. Remik, W. Hsueh, Regulation
of platelet-activator receptor gene expression in vivo by endotoxins, platelet-acti-
vating factor and endogenous tumor necrosis factor, Biochem. J. 322 (1997)
603–608.

[35] L. Sheg, W. Zhou, A.A. Hislop, B.O. Ibe, L.D. Longo, J.U. Raj, Role of epidermal growth
factor receptor in ovine fetal pulmonary vascular remodeling following exposure to
high altitude long-term hypoxia, High Alt. Med. Biol. 10 (2009) 365–372.

[36] K.J. Campbell, N.D. Perkins, Regulation of NF-kappaB function, Biochem. Soc. Symp.
73 (2006) 165–180.

[37] N.D. Perkins, Post-translational modifications regulating the activity and function of
the nuclear factor kappa B pathway, Oncogene 25 (2006) 6717–6730.

[38] L.S. Renteria, M. Austin, M. Lazaro, M.A. Andrews, J. Lustina, J.U. Raj, B.O. Ibe, RhoA-
Rho kinase and platelet-activating factor stimulation of ovine foetal pulmonary vas-
cular smooth muscle cell proliferation, Cell Prolif. 46 (2013) 563–575.

[39] C.M. Alvira, D.J. Sukovich, S.-C. Lyu, D.N. Cornfield, Rho kinase modulates postnatal
adaptation of the pulmonary circulation through separate effects on pulmonary ar-
tery and smooth muscle cells, Am. J. Physiol. Lung Cell Mol. Physiol. 299 (2010)
L872–L878.

[40] S. Etienne-Manneville, A. Hall, Rho GTPAses in cell biology, Nature 420 (2002)
635–639.

[41] L.S. Renteria, J.U. Raj, B.O. Ibe, Prolonged hypoxiamodulates platelet activating factor
receptor-mediated responses by fetal ovine pulmonary vascular smooth muscle
cells, Mol. Genet. Metab. 101 (2010) 400–408.

[42] C.E. Bixby, B.O. Ibe, M.F. Abdallah, W. Zhou, A.A. Hislop, L.D. Longo, J.U. Raj, Role of
platelet-activating factor in pulmonary vascular remodeling associated with chronic
high altitude hypoxia in ovine fetal lambs, Am. J. Physiol. Lung Cell Mol. Physiol. 293
(2007) L1475–L1482.

[43] L.S. Renteria, E. Cruz, B.O. Ibe, Platelet-activating factor synthesis and receptor-
mediated signaling are downregulated in ovine newborn lungs: relevance in post-
natal pulmonary adaptation and persistent pulmonary hypertension of the new-
born, J.Dev. Origins Hlth. Dis. 4 (2013) 458–469.

[44] G. Simonneau, M.A. Gatzoulis, I. Adatia, D. Celermaier, C. Denton, A. Ghofrani, M.A.
Gomez-Sanchez, R. Krishna Kmar, et al., Updated clinical classification of pulmonary
hypertension, J. Am. Coll. Cardiol. 62 (25 Suppl) (2014) D34–D41.

[45] M. Puthiyachirakkal, M.J. Mhanna, Pathophysiology,management, and outcome of
persistent pulmonary hypertension of the newborn: a clinical review, Front. Pediatr.
1 (2013) 23.

http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0100
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0100
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0105
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0105
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0105
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0110
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0110
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0110
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0115
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0115
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0115
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0120
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0120
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0125
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0125
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0125
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0130
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0130
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0130
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0135
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0135
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0140
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0140
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0145
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0145
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0150
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0150
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0150
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0155
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0155
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0155
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0160
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0160
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0160
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0165
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0165
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0165
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0165
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0170
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0170
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0170
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0175
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0175
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0180
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0180
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0185
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0185
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0185
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0190
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0190
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0190
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0190
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0195
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0195
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0200
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0200
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0200
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0205
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0205
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0205
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0205
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0210
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0210
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0210
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0210
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0215
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0215
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0215
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0220
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0220
http://refhub.elsevier.com/S2214-4269(15)30011-2/rf0220

	Mechanism by which nuclear factor-�kappa beta (NF-�kB) regulates ovine fetal pulmonary vascular smooth muscle cell proliferation
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Methods
	2.2.1. Preparation of pulmonary vascular smooth muscle cells (PVSMC)

	2.3. Study designs
	2.4. Study conditions
	2.4.1. Normoxia
	2.4.2. Proliferation assay

	2.5. Specific protocols
	2.5.1. Effect of lyso-PAF and PAF receptor antagonists on cell growth
	2.5.2. Transient cell transfection
	2.5.3. DNA binding

	2.6. Western blotting
	2.6.1. Preparation of proteins for Western analysis
	2.6.2. SDS-PAGE

	2.7. Data analysis

	3. Results
	3.1. The inactive PAF analogue, lyso-PAF did not stimulate cell proliferation and PAF receptor antagonist WEB 2170 inhibite...
	3.2. Platelet activating factor receptor antagonist WEB 2170 inhibits expression of PAFR, expression and phosphorylation of...
	3.3. NF-kB p65 siRNA inhibits PAF stimulation of PASMC proliferation
	3.4. PAFR antagonists inhibit NF-kB p65-DNA binding in PASMC
	3.5. PAF modulates activity of retinoblastoma (Rb) protein in PASMC

	4. Discussion
	4.1. NF-kB and PAFR-mediated responses

	Acknowledgments
	References


