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Abstract
Despite extensive studies have shown that increased endothelial nitric oxide synthase (NOS3)
expression in the uterine artery endothelial cells (UAEC) plays a key role in uterine vasodilatation,
the molecular mechanism controlling NOS3 expression in UAEC is unknown. According to the sheep
NOS3 promoter sequence isolated in our laboratory, we hypothesize that the activator protein-1
(AP-1) site in the proximal sheep NOS3 promoter (TGAGTCA, -682 to -676) is important for NOS3
expression. We developed a c-Jun adenoviral expression system to overexpress c-Jun protein into
UAEC to investigate the effects of c-Jun/AP-1 on NOS3 expression. Basal levels of c-Jun protein
and mRNA were detected in UAEC. C-Jun protein was overexpressed in a concentration and time-
dependent fashion in UAEC infected with sense c-Jun (S-c-Jun), but not sham and antisense c-Jun
(A-c-Jun) adenoviruses. Infection with S-c-Jun adenovirus (25 MOI, multiplicity of infection)
resulted in efficient c-Jun protein overexpression in UAEC up to 3 days. In S-c-Jun, but not sham
and A-c-Jun adenovirus infected UAEC, NOS3 mRNA and protein levels were increased (P<0.05)
compared to noninfected controls. Increased NOS3 expression was associated with increased total
NOS activity. Transient transfections showed that c-Jun overexpression augmented the
transactivation of the sheep NOS3 promoter-driven luciferase/reporter constructs with the AP-1 site
but not of deletion constructs without the AP-1 site. When the AP-1 site was mutated, c-Jun failed
to trans-activate the sheep NOS3 promoter. AP-1 DNA binding activity also increased in c-Jun
overexpressed UAEC. Lastly, the pharmacological AP-1 activator phorbol myristate acetate
increased AP-1 binding, trans-activated the wild-type but not the AP-1 mutant NOS3 promoter and
dose-dependently stimulated UAEC NOS3 and c-Jun protein expression. Hence, our data show that
c-Jun/AP-1 regulates NOS3 transcription involving the proximal AP-1 site in the 5′-regulatory region
of the sheep NOS3 gene.
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INTRODUCTION
The endothelial isoform of nitric oxide synthase (NOS3, also termed as eNOS) is one of three
NOS isoenzymes (NOS1/nNOS, NOS2/iNOS, and NOS3/eNOS) that catalyze the conversion
of L-arginine to L-citrulline for the biosynthesis of the potent vasodilator nitric oxide (NO)
(Nathan and Xie, 1994; Palmer et al., 1988). In the uterine circulation, numerous studies have
shown that NO produced locally by uterine artery endothelial cells (UAEC) is the most
important, though not the only, factor to regulate uterine vasodilatation during normal
pregnancy and the follicular phase of the estrous cycle as well as estrogen replacement therapy
(Chen et al., 2006; Magness et al., 1997; Vagnoni et al., 1998; Weiner et al., 1994). Uterine
vasodilatation as shown by dramatic rises in uterine blood flow during pregnancy is required
for delivering nutrients and oxygen to the developing fetus and thus is detrimental to fetal
development (Lang et al., 2003). The primary NOS responsible for NO/endothelium-dependent
mechanism for uterine vasodilatation is endothelial NOS3 (Byers et al., 2005; Rupnow et al.,
2001), although iNOS and nNOS may play a minor role, but none of them are expressed in the
uterine artery endothelium in vivo (Mershon et al., 2002; Rosenfeld et al., 2003). The
importance of the NOS3-NO system has been recently further emphasized to be critical for
pregnancy outcomes in the NOS3-deficient mice (van der Heijden et al., 2005).

The NOS3 protein was initially identified as a constitutively expressed enzyme in endothelial
cells (Fleming and Busse, 2003; Forstermann et al., 1998). However, many studies have also
demonstrated that the expression level of NOS3 gene can be up-regulated by many
physiological and pathophysiological factors, including estrogen (Chen et al., 2006; Vagnoni
and Magness, 1998; Weiner et al., 1994; Zheng et al., 2005), growth factors (Inoue et al.,
1995; Zheng et al., 1999), shear stress (Li et al., 2003), and protein kinase C activators (Navarro-
Antolin et al., 2000), whereas the inflammatory cytokines tumor necrosis factor-α (Yoshizumi
et al., 1993) and bacterial toxin lipopolysaccharide (Schwartz et al., 1997) down-regulates the
expression of this vasodilatory enzyme. The regulation of NOS3 expression in endothelial cells
can take place at the levels of transcription (i.e., NOS3 promoter activity) and post-transcription
(i.e., mRNA stability) (Fleming and Busse, 2003). Despite a large body of evidence
accumulated showing that increased uterine artery endothelial NOS3 protein coincides with
the pregnancy-associated and estrogen-induced uterine vasodilatation (Chen et al., 2006;
Magness et al., 1997; Vagnoni et al., 1998; Weiner et al., 1994), the mechanisms by which
NOS3 expression is controlled in the UAEC are generally unknown. Uterine artery endothelial
NOS3 mRNA is increased in ovariectomized sheep receiving estrogen replacement therapy
(Rosenfeld et al., 2003), suggesting that uterine artery endothelial NOS3 expression might be
regulated at the level of gene transcription.

The human NOS3 promoter contains consensus sequences for the binding of various
transcription factors, including activator protein (AP)-1, AP-2, nuclear factors (NF-1, IL6, NF-
κB), Ets protein polyomavirus enhancer activator 3, and CACCC-, CCAAT-, heavy metal-,
acute-phase response-, shear stress-, cAMP-response-, interferon-γ response and sterol-
regulatory cis elements, as well as several half-sites of the estrogen-responsive element (ERE)
but no bona fide EREs, etc (Zhang et al., 1995). Similarly, the bovine and canine NOS3
promoters also have an AP-1 binding site (Schwemmer and Bassenge, 1999; Venema et al.,
1994). We have recently isolated a 1305-bp sheep NOS3 promoter sequence. Sequence analysis
revealed that sheep NOS3 promoter also possesses a consensus AP-1 binding site (5′-
TGAGTCA-3′, −682 to −676) and many other cis-regulatory sequences similar to these of the
human and bovine NOS3 promoters (Venema et al., 1994; Wariishi et al., 1995; Zhang et al.,
1995).
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The AP-1 transcription factors consist of Jun (c-Jun, Jun-B, Jun-D, and v-Jun) homodimers or
heterodimers of Jun with Fos (c-Fos, Fos-B, Fra-1, and Fra-2), which is known to mediate the
induction and/or inhibition of numerous genes by the tumor promoter 12-O-
tetradecanoylphorbol-13-acetate (TPA) and hence the name TPA response element (TRE) for
their recognition sites [-TGA(C/G)TCA-] (Karin et al., 1997). Of specific interest to endothelial
cells the role of AP-1 in NOS3 expression can be stimulatory or inhibitory according to the
stimuli surveyed. For example, in cyclosporine A-treated human umbilical vein endothelial
cells (Navarro-Antolin et al., 2000) and shear stress-treated pulmonary artery endothelial cells
(Wedgwood et al., 2003), increased c-Jun/AP-1 expression and AP-1 DNA binding activity
on the NOS3 promoter AP-1 site are associated with the upregulation of NOS3 mRNA and
protein. By contrast, in high glucose-treated human aortic endothelial cells c-Jun/AP-1 binding
to NOS3 promoter is accompanied by decreased NOS3 mRNA (Srinivasan et al., 2004). In the
present study, we developed an adenoviral gene delivery system to overexpress c-Jun in UAEC
in vitro to determine if the AP-1 transcription factors play a critical role in the transcriptional
control of NOS3 expression in UAEC. Our data consistently demonstrate that c-jun/AP-1 is
involved in the transcriptional regulation of NOS3 mRNA and protein expression in UAEC.

MATERIALS & METHODS
Materials

Rabbit anti-c-Jun polyclonal antibody (pAb) which was raised against a peptide corresponding
to a highly conserved DNA binding domain of c-Jun p39 of mouse origin was purchased Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Mouse anti-NOS3 monoclonal antibody (mAb,
N20030) was from BD Transduction Labs (CA). Anti-β-actin mAb was from Ambion, Inc.
(Austin, TX). Fetal calf serum (FCS), medium-199 (M-199), and DMEM were from Life
Technologies Inc. (Grand Island, NY). Tissue culture plasticware was from Corning (Corning,
NY). Immobilon-p [polyvinyl difluoride (PVDF)] membrane was from Millipore (Bedford,
MA). All other reagents were from Sigma (St. Louis, MO) unless otherwise specified.

Generation of recombinant adenoviral c-Jun vectors
The E1 region-deleted recombinant adenoviral vectors carrying either sense (S-c-jun) or
antisense (A-c-jun) c-jun cDNA were constructed as described previously (Yu et al., 2001).
Briefly, a 2.6-kb-pair fragment of full-length c-jun cDNA was subcloned into the
pACCMVpLpA shuttle vector in sense or antisense orientation to yield the sense or antisense
constructs, e.g., pSR–sense-c-jun and pSR–antisense-c-jun. Both pSR-sense-c-jun and pSR-
antisense-c-jun were then independently co-transfected with pJM17 into HEK-293 cells by
calcium phosphate/DNA coprecipitation. For viral plaque assays, the co-transfected HEK-293
cells were overlaid with 0.65% agarose (prepared with 1x DMEM) every 3 to 4 days. The
growth of these E1-deleted adenoviruses was limited to the HEK-293 cells. The polymerase
chain reaction (PCR) assay was used to identify the recombinant adenoviral vectors carrying
c-Jun. The adenoviral vectors expressing sense and antisense c-jun were used to infect UAEC.
Prior to infection, the concentration of the viral particles of each viral stock were determined
and tittered according to plaque forming units per cell, also termed as multiplicity of infection
(MOI).

Cell culture, adenoviral infection, preparation of total cell extracts and total RNA
UAEC were isolated from pregnant (day 120–130) ewes under nonsurvival surgery by
collagenase digestion, cultured in growth medium (DMEM with 20% FCS, 100 U/ml
penicillin, and 100 μg/ml streptomycin), and propagated as previously described (Bird et al.,
2000; Chen et al., 2004). The animal use protocol was approved by the University of California
San Diego Animal Subjects Committee, and we followed the National Research Council’s
Guide for the Care and Use of Laboratory Animals throughout the study. Frozen UAEC aliquots

Qian et al. Page 3

Mol Cell Endocrinol. Author manuscript; available in PMC 2008 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(passage 3) were thawed and plated in 100-mm dishes to grow to about 80% confluence in
growth medium, and subcultured in DMEM containing 20% FBS, 0.1% BSA, 25 mM 4-(2-
hydroxyethyl)-piperazine-1-ethanesulfonic acid (HEPES), 1% antibiotics for experimental use
at passages 4–6. For viral infection, subconfluent (approximately 70–80%) cells were
incubated with the appropriate amounts of viral particles in M-199 containing 0.5% FBS for
18 hrs. The medium was replaced with fresh DMEM-0.5% FBS and the cells were lysed at
different time points post-infection for preparing either total protein extracts or total RNA
samples as below. For protein extraction, after rinsing twice with ice-cold PBS, the cells were
lysed with 100 μl of a nondenaturing lysis buffer (Chen et al., 2004) per well of a 6-well plate
on ice with continuous shaking for 15 min. The total cell extracts were collected using a
disposable cell scraper, vortexed, and clarified by centrifugation (13,000 × g, 15 min). The
protein content of the samples was measured by a Bio-Rad procedure using BSA as the
standard. Aliquots of the extracts were stored at −20ºC until Western blot analysis could be
performed. Total RNA samples were extracted from cells in 60-mm dishes by using the
guanidium acid-isothiocyanate-phenol-chloroform method using TriZOL reagent (Invitrogen,
San Diego, CA) following the manufacturer’s protocol. The total RNA samples were dissolved
in diethyl pyrocarbonate (DEPC)-treated water, quantified by measuring absorbance at 260
and 280 nm, and stored at −80 °C until RT-PCR assay was performed.

Quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis of NOS3, c-
Jun, and the ribosomal protein L-19 mRNAs

The steady state levels of “target” mRNAs encoding NOS3, c-Jun and L19 were analyzed by
competitive/quantitative RT-PCR developed according to a previously described method (Liao
et al., 2005). Oligonucleotides used for RT-PCR were custom-ordered from Gene Link, Inc.
(Hawthorne, NY). PCR primer pairs were designed from different exons of NOS3, c-Jun, or
L-19 to discriminate PCR products that might arise from possible chromosomal DNA
contaminants. Specifically, they were derived from the cDNA clones at the following
nucleotides positioned at: 2029–2049 and 2359–2379 for rat c-jun (Sakai et al., 1989), 409–
430 and 685–704 for sheep NOS3 (Cale et al., 2005) and 38–56 and 370–388 for sheep L19
(GenBank A# AY158223). The internal controls for NOS3 and L-19 were 171–190 and 561–
580 of the pGL3-basic vector from Promega (Madison, WI).

Prior to PCR reaction, each internal control DNA (~250 or 500 base pairs) possessing target-
specific primer pairs were generated by PCR using the pGL3-basic vector, purified by
QIAquick Gel Extraction Kit (Qiagen, TX) and quantified by OD260/280. The extracted RNA
samples (2 μg) were subjected to a RT reaction (20 μl) using 15 units of Cloned AMV Reverse
Transcriptase (Invitrogen) with random hexamer (10 ng/μl), and deoxynucleotide
triphosphates (dNTPs; 1 mM) at 45 °C for 60 min, and terminated at 70 °C for 10 min. The
resultant single strand cDNA was brought to 100 μl of volume with DEPC-water for PCR. The
linear portion of PCR amplification between each target cDNA and its corresponding internal
control DNA was determined separately for all targets. Briefly, a fixed amount (20 ng) of cDNA
derived from UAEC was mixed with a series of dilutions of the internal control DNA. The
target and the internal control DNAs were co-amplified by PCR using a specific primer set for
each individual target. PCR was performed in a reaction mixture (25 μl) containing MgCl2 (1.5
mM), dNTP (0.2 mM), and 2.5 units of Platinum Taq DNA polymerase (Invitrogen) under the
following conditions: 28 cycles for L19, 32 cycles for NOS3 and c-Jun, denaturation at 94°C
for 30s, annealing at 60°C (for L19 and NOS3), 62°C (for c-Jun), and extension at 72°C for
30s. Aliquots of PCR products were electrophoresed on 2% agarose gel, stained with GelStar
nucleic acid gel stain (BioWittaker Molecular Applications, Rockland, ME), and visualized
under a UV light. Digital images were captured and analyzed by using the FluorChem™
Imaging Systems (Alpha Innotech Crop., San Leandro, CA). The PCR products were
sequenced and analyzed using the DS-Gene 1.5 software (Accelrys, San Diego, CA). The
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relative integrated density of each band was multiplied by the absorbance of the surface area.
Finally, the logarithm (log) transformation of the ratios of the densitometric readings of the
amplified target cDNA and internal control DNA were plotted on the ordinate against the log
concentrations of internal control DNA on the abscissa. The concentrations of NOS3 and L19
target mRNAs in the UAEC were determined when the log transformation of a ratio between
target and internal control signals equals to 0.

Western blot analysis
Proteins were mixed with SDS sample buffer and boiled for 10 minutes, separated on SDS-
PAGE, and transferred to nitrocellulose membranes by using a Fisher semi-dry blotter. After
nonspecific binding were blocked in a buffer (0.1% Tween-20 in PBS, TBST) containing 5%
nonfat dry milk powder and 1%BSA, the membranes were incubated with the rabbit anti–c-
Jun pAb (1:500) or mouse anti-NOS3 (1:750) or anti-β-actin (1:20,000) mAb. The membranes
were then washed and incubated with anti-mouse or anti-rabbit horseradish peroxidase–
conjugated IgG for 1 hr at room temperature. Bound antibodies were visualized by using the
Chemi-Glow™ Chemiluminescent substrate (Alpha Innotech Corp, CA). Digital images were
captured by using the Alpha Innotech ChemiImager Imaging System with a high-resolution
CCD camera and analyzed with the ChemiImager™ 4400 software.

Total NOS activity assay
Total cell extracts in UAEC were prepared in the non-denaturing buffer and NOS activity was
measured by the ability of converting [3H]-L-arginine to [3H]citrulline. Briefly, equal amounts
of total cell extracts (>200ug/sample) were mixed with 50 μl of assay cocktail containing 1
mM nicotinamide adenine dinucleotide phosphate reduced, 3 μM tetrahydrobiopterin, 100 nM
calmodulin, 2.5 mM CaCl2, 10 μM L-arginine, and 0.2 μCi [3H]-L-arginine (40–70 Ci/mmol,
Amersham Biosciences), the reaction mixture was incubated at 37ºC for 30 min (mixed every
other 5 min). The reaction was stopped by the addition of 1 ml of cold stop buffer (20 mM
Hepes, pH 5.5, 2 mM of each EDTA and EGTA), chilled on ice for 5 min, and then centrifuged
(12,000 × g, 3 min). The supernatant was applied on 1-ml columns of Dowex AG 50WX-8
(Na+ form; preequilibrated in stop buffer). [3H]-citrulline formed was eluted with 1 ml water
and quantified by liquid scintillation spectrometry. Reactions using buffer without cellular
proteins were run in parallel and used to determine assay background. Total NOS activity was
expressed as radioactivity (DPM) of each group after subtraction of the background.

Nuclear extract preparation and electrophoretic mobility shift assay (EMSA)
EMSA was performed to determine if increased NOS3 mRNA/protein expression in c-Jun
overexpressed UAEC is associated with increased AP-1 DNA binding activity in the sheep
NOS3 promoter. EMSA was carried out by using a LightShift Chemiluminescent EMSA kit
from Pierce according to the manufacturer’s protocol. Briefly, nuclear extracts were prepared
from adenovirus infected UAEC or control cells as follows: cells were washed in cold PBS,
collected with a cell scraper into 1 ml PBS. The cells were pelleted by low speed centrifugation
(1000 rpm, 5 min) and then lysed for 15 min under constant shaking with 100 μl of 10 mM
HEPES, 0.1 mM EDTA, 0.1 mM EGTA, 10 mM KCl, 1mM DTT and 1% NP-40 containing
protease inhibitors. The DNA/protein pellet was obtained by centrifugation for 5 min at 13,000
rpm at 4°C. The nuclear pellet was resuspended in 15 μl of 20 mM HEPES, 1 mM EDTA, 0,1
mM EGTA, 420 mM NaCl, 1 mM DTT and protease inhibitors and vortexed vigorously for
15 min at 4°C to release nuclear proteins. After centrifugation (13,000 rpm, 5min) at 4°C, the
supernatants (nuclear extracts) were transferred to a tube containing 22.5 μl of Buffer D (20
mM HEPES, 1 mM EDTA, 0,1 mM EGTA, 100 mM KCl, 1% NP-40, 20 % glycerol, 1 mM
DTT and protease inhibitors). Protein content was measured using Bradford reagent (Pierce).
Nuclear extracts were kept at −70°C and used within 1 month. The sense and antisense sheep
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NOS3 promoter AP-1 oliogonucleotide probe (5′-CCCCAACTTGAGTCACAGGGG-3′, at
−690 to −670, AP-1 is underlined) were biotinylated using the Biotin 3′-end DNA labeling kit
from Pierce according to the manufacturer’s protocol. Biotinylation efficiency was calculated
using dot blotting. The probe with more than 70% labeling efficiency was used for the EMSA.
Both sense and antisense probes were labeled and then annealed in 1 mM Tris-HCl (pH 7.4),
0.5 mM EDTA and 100 mM NaCl at 65°C for 5 min and then cooled at RT before use. The
biotinylated double strand AP-1 oligonucleotide was incubated with nuclear extracts (5 μg/
reaction) in a binding buffer (10 mM Tris, 50 mM KCl, 1 mM DTT, 1 μg Poly-dIdC, 2.5%
Glycerol, 5 mM MgCl2, 2 μg BSA, 0.1 mM EDTA) for 20 min at room temperature. Binding
reactions were also performed with unlabeled NOS3 wild-type and mutant (5′-
CCCCAACTTagaTCtCAGG GG-3′, mutations are indicated in small case) AP-1
oligonucleotides to show AP-1 DNA binding specificity. Addition of anti-c-Jun antibody (1
μg) to the binding reactions of EMSA was also performed to determine the involvement of c-
Jun protein in the AP-1 complex formed.

Cloning of sheep NOS3 promoter and reconstruction of NOS3 promoter luciferase reporter
constructs

The 5′-flanking regulatory region of sheep NOS3 gene was isolated by PCR amplification.
Briefly, a primer set of 5′-GGCAGACCCCACCTTCTTGG-3′ and 5′-CCACAC
TCTTCAAGTTGCCCAT-3′, designed based on the 5′-flanking regulatory region of bovine
NOS3 gene at −1283 and + 22 (Genebank A# L27056) (Venema et al., 1994), was used for
NOS3 promoter cloning. PCR was carried out using the Expand High Fidelity PCR System
(Roche, Indianapolis, IN) in a reaction mixture (100 μl) of 0.25μg ovine genomic DNA
polymerase under extracted from UAEC, 1.5mM MgCl2, 0.2mM dNTPs and 4.5units Taq
DNA the conditions of 94°C for 2min, 30 cycles of denaturation (94°C, 15sec), annealing (60°
C, 30sec), and extension (72°C, 2min). The expected 1305 base pair (bp) sheep NOS3 promoter
PCR product was gel purified and quantified by OD260/280. The purified PCR product was
subcloned into the pCR2.1-TOPO cloning vector using the Invitrogen TOPO TA Cloning Kit.
Three clones of NOS3 promoter pCR2.1-TOPO vectors were then selected for sequencing by
using the core service at University of California San Diego Cancer Center. Sequence
comparisons and analyses were performed using the DS-Gene 1.5 software (Accelrys, San
Diego, CA).

For the construction of NOS3 promoter luciferase reporter constructs, the NOS3 promoter in
pCR2.1-TOPO vector was released by double digestion with KpnI and XhoI, then subcloned
into the same sites of the promoter-less luciferase reporter vector pGL3-Basic (Promega, WI),
then designated the plasmid as -1305pNOS3/pGL3-Luc. Deletions of the promoter from the
5′ at positions of −779, −658, and −50 to +22 were PCR amplified by using the wild-type
1305pNOS3/pGL3-Luc vector as the template. The PCR products of promoter deletions were
confirmed by sequencing and then subcloned into the pGL3-Basic vector. The reconstructed
plasmids were designed as -779pNOS3/pGL3-Luc (+AP-1), -658pNOS3/pGL3-Luc (-AP-1),
and -50pNOS3/pGL3-Luc, respectively.

Site-directed mutagenesis of AP-1 site in sheep NOS3 promoter
To obtain a construct of the sheep NOS3 promoter with mutations in the proximal AP-1 cis-
regulatory element (-TGAGTCA-, −685 to −679), site-directed mutagenesis was carried out
by PCR using the 1305pNOS3/pGL3 plasmid as a template as described previously (Liao et
al., 2003). Briefly, a primer set derived from the sequence of pGL3-Basic vector and the primer
AP-1 sense (5′-CAACTAGATCTACAGGGGGTGGCG-3′; mutations positioned at −685,
and −682 to −680 are underlined, these mutations created a BglII site) were used to generate
the downstream PCR fragment. Primers AP-1 antisense (5′-
CCCTGTAGATCTAGTTGGGGGAC ACAAAAGG-3′, complementary of AP-1 sense) and
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a primer from pGL3-Basic were used to generate the upstream PCR fragment. After appropriate
restriction enzyme digestions, the PCR fragments were ligated into the KpnI/HindIII sites of
the pGL3-Basic vector. This AP-1 mutant construct was named as 1305pNOS3AP-1M/pGL3-
Luc and confirmed by sequencing.

Luciferase assay
UAEC were grown to 70-80% confluency in DMEM + 20% FBS + antibiotics in 24 well plates.
Transfection of NOS3 promoter-firefly luciferase constructs was carried out using Targefect
F-2 reagent (Targeting Systems, San Diego, CA) according to the manufacturer’s protocol.
Briefly, liposomes were assembled using 1.9 μg of NOS3-firefly luciferase pGL3 vectors, 0.1
μg of TK-renilla luciferase vector (internal control) and 6 μl of Targefect F-2 reagent per ml
of high glucose (4.5 g/liter) DMEM. The liposome/DNA complex was mix well by gently
flicking the tubes 12 times and incubated at 37°C for 25 min. After being washed with high
glucose DMEM, the cells were transfected with 0.15 ml medium containing the liposome/DNA
complex. The transfection was carried out at 37°C for 4 hr and then the cells were cultured in
complete UAEC culture medium to recover for 20–24 hr. Confluent and transfected UAEC
were then infected with 25 MOI adenoviruses of sham, A-c-Jun or S-c-Jun in M199 containing
25mM HEPES, 0.1% BSA and 1% FBS. After 24 hr incubation at 37°C, luciferase activities
of both firefly and renilla reporters were measured by using the Dual Luciferase Assay Kit
(Promega, Madison, WI) in a same reaction tube and recorded by using the 20/20n

Luminometer (Turner BioSystems, CA). The NOS3 promoter luciferase activity was
calculated as firefly/renilla luciferase activities. Each treatment was tested in quadruplicate and
each set of treatments was tested in three independent experiments.

Statistics
Data are presented as means ± SEM and analyzed by one-way ANOVA (SigmaStat, Jandel
Scientific, San Rafael, CA). When an F-test was significant (P<0.05), treatment responses were
compared with their corresponding controls by Student-Newman-Keuls multiple comparisons.
For some experiments, student t-test was used to compare treatment responses to untreated
controls.

RESULTS
Cloning and analysis of sheep NOS3 promoter sequence

We isolated a distinct 1305-bp DNA fragment of sheep NOS3 5′-flanking regulatory region
and deposited the sequence into Genbank with an accession # AY684193. Sequence
comparison indicated that the homology of sheep NOS3 promoter to that of bovine (Venema
et al., 1994), human (Marsden et al., 1993), and mouse (Gnanapandithen et al., 1996) is 99.0%,
67.0%, and 56.1%, respectively. The putative regulatory sequences of the sheep NOS3
promoter (see Supplemental data) are diagramed in Fig. 1A. The sheep NOS3 promoter did
not contain a TATA box, a characteristic of typical constitutively expressed gene. A number
of putative regulatory elements were identified, including a consensus sequence (TGAGTCA)
for activator protein (AP)-1 binding, 2 AP-2 binding sites (CCCCCACCC), a cAMP response
element (TGCGTCA), 7 estrogen half-palindromic motifs (TGACC or GGTCA), 3 GAGA
motifs (GATA or TATC) and 12 CACCC boxes (CACCC or GGGTG). In addition, a potential
site for the binding of the NF-1 transcription factor (TGGNNNNNNNCCA), a sterol regulatory
element (SRE-1, CACCCCAC), 3 acute-phase response (APR) elements (CTGGGA or
TCCCAG), 3 shear stress-responsive element (SSRE, GGTCTC), 26 Ets (GGAA/T or A/
TTCC, not included) were also identified. Five Sp1 binding sites (GGGCGG or CCGCCC)
were identified, 4 of which were present in the so-called “positive regulatory
domain” (Karantzoulis-Fegaras et al., 1999; Wariishi et al., 1995; Zhang et al., 1995), which
also contained a p53 half site (GGGCTAGTTC), a Ets/Elf site, 1 myc-associated zine-finger
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protein (MAZ, CCCTCCC), 1 Ying Yang (CCATT, YY1), one PAX (GTTCC), and a Ets
family transcription factor PEA3 (CCCTTCCT) (Fleming and Busse, 2003; Karantzoulis-
Fegaras et al., 1999). Of note, the AP-1 site was conserved in the NOS3 promoter of all species
surveyed (Fig. 1B).

Overexpression of c-Jun in UAEC
To directly assess the potential requirement for AP-1 in NOS3 expression in UAEC, we
developed a c-Jun overexpression system using adenovirus carrying full-length c-Jun cDNA.
UAEC expressed basal c-Jun protein under the experimental conditions. In subconfluent
UAEC infected with 25 MOI of sham (without c-Jun cDNA), A-c-Jun and S-c-Jun
adenoviruses, significant increase (7–10 fold) in c-Jun protein expression was detected in S-
c-Jun, but not sham and A-c-Jun infected nor non-infected controls at 24, 48, and 72 hr post-
infection. In addition, c-Jun protein levels did not change significantly in the 3-day time course
studies of the S-c-Jun adenovirus infection experiments (Fig. 2). When cells were infected with
increasing concentrations of S-c-Jun adenoviruses, a concentration-dependent increase in c-
Jun protein expression were achieved at 48 hr post-infection. In cells infected with sham and
A-c-Jun adenoviruses or in uninfected controls, c-Jun protein levels were unchanged. At
concentrations of 25–75 MOI, S-c-Jun adenoviruses stimulated 7–10 fold increases in c-Jun
protein expression (Fig. 3). As an internal control, we measured β-actin protein levels, which
were not altered in any of the cells infected with any adenoviruses (lower panels in Fig. 2–3).
According to these data, it was concluded that the adenoviruses at a concentration of 25 MOI
is sufficient for overexpression of c-Jun in UAEC, which was chosen for the following
experiments.

We also measured c-Jun mRNA levels by RT-PCR in control, sham, A-c-Jun and S-c-Jun
infected UAEC to further confirm this adenoviral c-Jun overexpression system. As shown in
Fig. 4, basal c-Jun mRNA levels were detected in non-infected control and sham adenoviruses
infected cells. As expected, S-c-Jun adenoviruses induced a dramatic increase in c-Jun mRNA
in UAEC. In addition, infection with A-c-Jun adenovirus also resulted in increased c-Jun
mRNA to levels similar to that of S-c-Jun adenovirus infected cells. In this experiment, we
were able to detect both sense and antisense c-Jun mRNA derived from adenovirus infections
by RT-PCR using the same primer set. This is because after the sense and antisense mRNAs
were reverse transcribed, they were able to be amplified by PCR using the same primer set.
This was shown by the equal signal intensities of c-Jun mRNAs in both sense and antisense c-
Jun adenovirus infected cells. Thus, the antisense c-Jun mRNA was apparently induced by the
infection with the A-c-Jun adenoviruses in UAEC. However, the antisense c-Jun mRNA did
not encode the protein compared to Fig. 2.

Effects of c-Jun overexpression on UAEC NOS3 mRNA expression
To investigate the effects of c-Jun overexpression on NOS3 mRNA expression, a competitive
RT-PCR assay was developed by the addition of an exogenous competitor for the assay as
described previously (Liao et al., 2005). In these experiments, L-19 mRNA was measured
similarly as a sample loading control. The competitive RT-PCR assays for NOS3 and L-19
mRNAs are illustrated in their respective standard curves in Fig. 5A. The correlation
coefficients (r2) for both NOS3 and L-19 assays were >0.98 (P < 0.001), indicating that PCR
amplification was linear. According to a negative relationship between the competitor (Internal
control, IC) and the target cDNA concentrations in the PCR reaction, we first determined the
optimal amount of competitor added to achieve a Log [ratio, target/IC] = 0. Then a fixed amount
of competitor, i.e., NOS3 = 0.582pM and L19 = 10fM, was added into its respective PCR
reaction for measuring NOS3 or L19 mRNA levels in all the experimental samples. Based on
the standard curves, NOS3 mRNA levels in UAEC were >1000 fold less than that of L-19. By
using this assay system, NOS3 mRNA was found to be constitutively expressed in non-infected
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control, sham, A-c-Jun and S-c-Jun infected UAEC. However, significant increased NOS3 but
not L-19 mRNA levels were detected in S-c-Jun compared to non-infected control, sham and
A-c-Jun adenoviruses infected UAEC (Fig. 5B).

Effects of c-Jun overexpression on UAEC NOS3 protein expression
To this end, subconfluent UAEC were infected with or without 25 MOI of sham, A-c-Jun or
S-c-Jun adenoviruses for 48 hr, cellular proteins were extracted for examining NOS3 protein
expression by Western analysis with anti-NOS3 or β-actin antibodies. As shown in Fig. 6, the
~135-kDa NOS3 protein was detected in all samples, indicating the constitutive expression of
NOS3 protein in endothelial cells. In comparison to non-infected control, sham and A-c-Jun
infected cells, NOS3 protein levels were significantly increased (~100%) in S-c-Jun infected
UAEC. Infection with all the adenoviruses used did not result in a change in β-actin protein
levels in UAEC.

Effects of c-Jun overexpression on total NOS activity
We determined if increased NOS3 mRNA and protein expression in UAEC overexpressing
with c-Jun is associated with an increase in NOS activity. Total NOS activity was measured
by using the [3H]-L-citrulline conversion to [3H]-L-citrulline assay. Compared to non-infected
cells, total NOS activity in cells infected with 25 MOI of S-c-Jun, but not with sham or A-c-
Jun adenoviruses, was significantly increased (Fig. 7).

Effects of c-Jun overexpression on NOS3 promoter AP-1 binding activity
Since c-Jun overexpression results in an increase in NOS3 mRNA and protein expression in
UAEC as shown above, and there is a perfect AP-1 site in sheep NOS3 promoter, we then
assessed the binding activity of c-Jun/AP-1 to the AP-1 site in the sheep NOS3 promoter in
sham, A-c-Jun, S-c-Jun and non-infected UAEC by EMSA. The EMSA assay was conducted
with nuclear extracts prepared from UAEC transfected with or without sham, A-c-Jun, S-c-
Jun adenoviruses by using biotinylated double-stranded sheep NOS3 promoter oligonucleotide
containing the AP-1 site as the probe. A retarded predominant band was detected in the nuclear
extracts of UAEC infected with or without sham, A-c-Jun, S-c-Jun adenoviruses and also cells
treated with phorbol myristate acetate (PMA, 100nM for 1hr). This band was blocked by the
addition of 500x molar access of the same unlabeled oligonucleotide probe, but not by its AP-1
mutated counterpart, suggesting the specificity and formation of an AP-1 DNA binding
complex. In S-c-Jun, but not sham and A-c-Jun adenovirus infected cells, the intensity of this
band was dramatically increased compared to non-infected controls. In addition, when a
specific anti-c-Jun antibody was added into the EMSA reaction using nuclear extracts of both
A-c-Jun and S-c-Jun infected UAEC, the AP-1 binding complex was abolished, suggesting the
involvement of c-Jun protein in the formation of the AP-1 complex. Moreover, in the well-
known AP-1 activator PMA (100nM for 1hr) treated UAEC (positive control), the AP-1
binding activity was dramatically increased in comparison to the non-infected cells (Fig. 8).

Effects of c-Jun overexpression on sheep NOS3 promoter activity
By using the 1305-bp 5′-flanking regulatory region of the sheep NOS3 gene isolated as above,
we developed luciferase reporter constructs with the entire 1305bp sheep NOS3 promoter and
deletions with or without the AP-1 sequence. After being transiently transfected into UAEC
infected with or without sham, A-c-Jun, S-c-Jun adenoviruses, the activities of NOS3
promoter-driven luciferase reporter gene expression were assessed. As summarized in Fig. 9,
compared to non-infected cells, transient NOS3 reporter gene expression of the 1305-bp sheep
NOS3 promoter was increased significantly in cells infected with S-c-Jun, but not with sham
or A-c-Jun adenoviruses. The deletion of the first 526-bp of the 1305-bp sheep NOS3 promoter,
in which the AP-1 site was retained, resulted in a ~2.5-fold reduction in the 1305-bp sheep
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NOS3 promoter activity in cells with or without adenovirus infection. In addition, with this
deletion promoter/reporter construct, the NOS3 promoter luciferase activity in S-c-jun
adenovirus infected cells was nearly 1-fold greater than that in sham, A-c-jun adenovirus
infected and non-infected control cells. Further deletion of the next 121-bp, in which the AP-1
site was deleted, did not result in additional decrease in basal promoter activity. However, when
this deletion promoter/reporter construct was transfected into UAEC, no significant difference
in the promoter activity was observed among cells infected with or without S-c-Jun, and sham
or A-c-Jun adenoviruses as well as non-infected controls. Additional deletion of the next 586-
bp of the sheep NOS3 promoter resulted in complete loss of luciferase reporter gene expression.

To further evaluate the role of the AP-1 site in the transcriptional up-regulation of NOS3 by c-
Jun overexpression, we then used site-directed mutagenesis to generate a mutated sheep NOS3
promoter luciferase reporter construct in which four of the seven nucleotides of the proximal
AP-1 site in the wild-type sheep 1305-bp NOS3 promoter were substituted. The mutations of
the AP-1 site did not change the basal luciferase activity of the wild-type sheep NOS3 promoter.
The luciferase reporter gene expression in transient transfections of the constructs with either
the wild-type or the AP-1 mutated sheep 1305-bp NOS3 promoters also did not differ among
UAEC transfected with sham and A-c-jun adenoviruses or non-infected controls. However,
the significantly increased luciferase reporter gene expression in UAEC infected with S-c-jun
adenovirus only occurred in UAEC transiently transfected with the wild-type, but not with the
AP-1 mutated sheep 1305-bp NOS3 promoter (Fig. 10).

Effects of phorbol myristae acetate (PMA) on trans-activation of eNOS promoter and eNOS
and c-Jun protein expression

Lastly, we determined the effects of a well-known AP-1 activator PMA on the trans-activation
of sheep eNOS promoter and eNOS and c-Jun protein expressions in UAEC. As shown in Fig.
11A, transient transfection experiments showed that treatment with PMA (20 nM, 24 hr)
significantly trans-activated the full-length sheep eNOS promoter but failed to do so when the
promoter AP-1 site was mutated. When UAEC was treated with increasing concentrations of
PMA (0, 1, 10, 25, 50, 100 nM) for 24 hr, eNOS and c-Jun protein expressions were both dose-
dependently increased. It is of note that in comparison to untreated controls as little as 1 nM
PMA stimulated eNOS and c-Jun protein expressions with similar potency to those up to 50
nM. However, PMA at 100 nM failed to stimulate eNOS and c-Jun protein expressions,
possibly due to the fact that chronic treatment with high concentration PMA down-regulates
protein kinase C (Chen et. al., 2001;Chen & Davis, 2003).

DISSCUSSION
Nitric oxide produced locally by the uterine artery endothelium via NOS3 plays a crucial role
in the regulation of uterine vasodilatation essential for the delivery of nutrients and oxygen
supplies to the growing fetus during pregnancy (Sladek et al., 1997). The importance of the
NOS3-NO system during pregnancy has recently been reinforced by the findings that uterine
artery remodeling is impaired and litter size is reduced in NOS3-null compared to wild-type
mice (van der Heijden et al., 2005). In vivo, there is solid evidence showing that uterine artery
endothelial NOS3 protein is increased during pregnancy (Magness et al., 1997; Magness et al.,
2001) and in the follicular phase of the estrous cycle or by estrogen replacement therapy in
association with elevated circulating estrogen levels (Chen et al., 2006; Rosenfeld et al.,
2003; Rupnow et al., 2001; Vagnoni et al., 1998). Available data also suggest that uterine artery
endothelial NOS3 expression can be regulated at the level of transcription (Rosenfeld et al.,
2003). Despite significant efforts have been paid to the regulation of NOS3 expression in the
uterine and placental circulations, the mechanism(s) controlling uterine and placental artery
endothelial NOS3 expression currently remains unknown.
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Similar to the human (Karantzoulis-Fegaras et al., 1999) and mouse (Gnanapandithen et al.,
1996) NOS3 promoters, the sheep NOS3 promoter isolated herein lacks a TATA-box, but
possesses proximal elements such as Sp-1 and GATA motifs that features the NOS3 gene
typically as a constitutively expressed gene (Forstermann et al., 1998). This is best exemplified
by the fact that NOS3 mRNA and protein expression can be detected in various endothelial
cells in vivo and in vitro under non-stimulated or stimulated conditions regardless of the origin
of the cells. However, the NOS3 promoters of all species isolated so far, including sheep, also
contain binding sites for multiple additional transcription factors participating in the complex
regulation of NOS3 transcription in endothelial cells in a tissue/cell, and possibly species
specific manner (Chan et al., 2004). Moreover, tissue and cell-specific transcriptional
regulation of NOS3 expression is controlled by methylation (Chan et al., 2004) and histone
acetylation (Fish et al., 2005; Gan et al., 2005) of the NOS3 promoter. In the present study,
according to the sequence information of the 5′-flanking region of the sheep NOS3 gene, we
hypothesized that the proximal consensus AP-1 (TGAGTCA) site positioned at the −682 to
−676 upstream the ATG start codon in the sheep NOS3 gene plays an important role in the
regulation of uterine artery endothelial NOS3 expression. We developed an adenoviral gene
delivery system for overexpressing c-Jun, an AP-1 component, into sheep UAEC. Our data
demonstrated in sheep UAEC that: 1) c-Jun overexpression is able to induce NOS3 promoter-
driven luciferase reporter gene expression; 2) The stimulatory effects of c-Jun on NOS3
promoter activity is retained in a luciferase/reporter construct with progressive deletion
upstream the proximal AP-1 site, but not in a construct with deletion downstream the proximal
AP-1 site; 3) c-Jun overexpression is no longer able to stimulate the transient gene expression
of a luciferase/reporter construct driven by the sheep 1305-bp NOS3 promoter in which the
AP-1 site is mutated; 4) c-Jun overexpression increases the sheep NOS3 promoter c-Jun/AP-1
binding activity; 5) c-Jun increases NOS3 mRNA and protein expression. Thus, our data
demonstrate that the c-Jun/AP-1 transcription factor regulates NOS3 expression at the level of
transcription.

We also found that progressive deletions of the sheep NOS3 promoter results in significant
reduction in its activity by using luciferase reporter assays. Deletion of the first 526 bases of
the sheep 1305-bp NOS3 promoter resulted in a 2.5-fold reduction in the transient promoter
reporter gene expression. Further deletion of the next 121 bases containing the AP-1 site did
not result in additional decrease in the promoter activity. However, the deletion of two tightly
clustered so called “positive regulatory domains” I and II proximal to the promoter (−104/−95
and −144/−115 relative to the transcription initiation) characterized in the human NOS3
promoter (Wariishi et al., 1995; Zhang et al., 1995) resulted in complete loss of the promoter
activity. Thus, it is apparent that common mechanisms in the basal transcriptional control of
NOS3 expression exist in the UAEC. Interestingly, we have found that a region between −613
to −268 upstream of the ATG start codon of sheep NOS3 gene possibly contains inhibitory
cis-elements for NOS3 transcription because the luciferase/reporter gene expression of a
deletion construct containing only −268 to +22 of the promoter was ~2-fold greater of that of
a deletion construct containing −613 to +22 of the promoter (data not shown). To the best of
our knowledge, this has not been reported previously, which is under further investigation in
our laboratory.

The AP-1 transcription factors are Jun/Jun homodimer or Jun/Fos heterodimers (Karin et al.,
1997). In this study, we have focused on c-Jun because UAEC expressed basal levels c-Jun,
but not c-Fos, protein under the culture conditions. However, whether other members of the
AP-1 transcription factors play a role in the regulation of NOS3 expression in UAEC also needs
to be investigated. Furthermore, the AP-1 family oncogene products can be rapidly induced
by a variety of physiological and pathophysiological stimuli important for cell function,
including hormones such as estrogen (Shiozawa et al., 2004), growth factors (Inoue et al.,
1995; Zheng et al., 1999), shear stress (Li et al., 2003), protein kinase C activators (Navarro-
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Antolin et al., 2000), tumor necrosis factor-α (Hanazawa et al., 1994), lipopolysaccharide
(Schwartz et al., 1997; Wong et al., 2004), and angiotensin II (Clark et al., 1992). In the uterine
and placental circulations, the role of AP-1 in estrogen (Chen et al., 2006; Vagnoni et al.,
1998; Weiner et al., 1994) and angiogenic growth factors such as basic fibroblast growth factor
(Zheng et al., 1999) as well as angiotensin II (Zheng et al., 2005) stimulation of endothelial
NOS3 expression is currently unknown, which will be important to be investigated because of
the key role(s) that these factors play in the regulation of uterine and placental vascular activity
and reactivity during pregnancy.

It is also noteworthy that the regulation of endothelial NOS3 expression is complex. At the
level of transcription, this is exemplified by the numerous cis-elements for binding of various
transcription factors in the human NOS3 promoter. It is apparent that, similar to the human
one (Wariishi et al., 1995; Zhang et al., 1995), the sheep NOS3 promoter also contains a
consensus AP-1 site and seven half-estrogen receptor binding sites as well as many others (Fig.
1). Of note is that liganded steroid receptors can bind to the transcription factors, specificity
protein 1 (Sp1) and Sp3, to be directed to GC rich regions of a given target gene promoter
containing Sp1/Sp3 response elements (DeNardo et al., 2005). This mechanism may be
implicated in estrogen regulation of NOS3 expression in UAEC since the so-called positive
regulatory domains I and II proximal to the NOS3 promoter are GC-rich and contain multiple
Sp1 sites (present study, (Fleming and Busse, 2003; Zhang et al., 1995)). Regardless, of specific
interest to the uterine circulation, it would be interesting to test whether AP-1 plays a role in
mediating estrogen stimulation of NOS3 expression by interacting with nuclear estrogen
receptors, a pathway which has been demonstrated in other cell systems (Paech et al., 1997;
Webb et al., 1999). Moreover, the regulation of NOS3 expression by a given physiological or
pathophysiological extracellular stimulus involves ligand-receptor activation leading to
specific downstream intracellular signaling towards coordinated interaction between nuclear
transcription factors with one or more promoter regulatory cis-elements. Activation of
extracellular-signal regulated protein kinases (ERK2/1) by physiological stimuli of uterine and
placental endothelial cell functions such as estrogen (Chen et al, 2004) and angiogenic growth
factors (Zheng et al, 1999) as well as enhanced activation of this pathway during pregnancy
(Bird et al, 2003) is of critical interest since ERK2/1 is a well-known direct upstream kinase
pathway for AP-1 activation and/or expression (Karin, 1997).

Once transcribed, the stability of NOS3 mRNA also is subjected to complex post-
transcriptional regulation via the 3′-untranslational regulatory sequences interacting with RNA
binding proteins (Fleming and Busse, 2003; McQuillan et al., 1994; Yoshizumi et al., 1993).
Furthermore, NOS3 protein is very stable and with a half-life of 20 hr (Liu et al., 1995) and its
enzymatic activity is controlled extensively by post-translational modifications of the protein
(Michel and Feron, 1997; Shaul, 2002). Our primary focus in this study was on NOS3
transcription. Our results consistently support a concept that c-Jun/AP-1 plays an important
role in regulating NOS3 transcription in endothelial cells. However, whether c-Jun
overexpression has regulatory effects on other aspects of the NOS3-NO system, i.e., mRNA
stability and post-transcriptional modifications awaits further investigation. In addition, we
also have shown that total NOS activity is increased in c-Jun overexpressing UAEC. One
possibility of the increased NOS activity is due to increased NOS3 protein expression as shown
herein. However, protein expression and enzymatic activity are two different aspects of NOS3
regulation. For example, our data show different amplitudes of responses in NOS3 mRNA/
protein expression and total NOS activity in c-Jun overexpressing cells. To this end, mechanism
(s) involving calcium homeostasis might play a critical role in the regulation of NOS activity
in UAEC by c-Jun/AP-1. This speculation is based on several lines of evidence: 1) NOS3 is a
calcium-dependent enzyme (Fleming and Busse, 2003; Nathan and Xie, 1994); 2) in UAEC
several recent reports have shown that intracellular calcium is important for pregnancy specific
regulation of NO production by adenosine 5′-triphosphate (Yi and Bird, 2005; Yi et al.,
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2005); 3) Pregnancy-enhanced store-operated calcium channel function is associated with
transient receptor potential channels (Gifford et al., 2006a), and calcium responses to adenosine
5′-triphosphate is due to greater capacitive calcium entry activity that might be originated from
transient receptor potential channels (Gifford et al, 2006b); 4) We have recently found that c-
Jun overexpression stimulated capacitive calcium entry activity in UAEC (Chen, et. al.,
unpublished data). However, additional in-depth studies are needed for deciphering the role of
calcium homeostasis in the regulation of NOS activity by AP-1.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Diagram of the putative -acting elements within the sheep endothelial nitric oxide (NOS3)
promoter
A: A 1283-bp 5′flanking region of NOS3 gene plus the beginning of the coding region (22-bp)
was isolated and sequenced, then deposited to GenBank with an accession number AY684193.
The ATG initiation codon is numbered as +1. Potential cis-regulatory elements are indicated.
Abbreviations for cis-elements are as follows: AP-1, activator protein 1; SRE-1, sterol
regulatory element-1; AP-2, activator protein 2; SSRE, shear stress response element; NF-1,
nuclear factor-1; and CRE, cAMP response element; ER half: estrogen half-palindromic motif;
SRE: sterol regulatory element; APR: acute-phase response; MAZ: myc-associated zine-finger
protein; YY: Ying-yang; PAX: paired box containing genes; and PEA3: Ets family transcription
factor. B: Alignment of the sheep, human, bovine, and mouse NOS3 promoter regions
surrounding the AP-1 binding site. The AP-1 consensus element is boxed and shade indicated.
The ATG initiation codon is numbered as +1.
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Fig. 2. Time-dependent adenoviral delivery of c-Jun into UAEC
Subconfluent UAEC were infected with 25 plaque forming units/cell (multiplicity of infection,
MOI) of sham, A-c-Jun and S-c-Jun adenoviral particles for 4hr in M-199 containing 0.5%
FCS, 0.1%BSA, 25 mM HEPES. The medium was replaced with DMEM with 0.5%FCS, 0.1%
BSA, 25 mM HEPES and the cells were cultured for up to 3 days. Cellular proteins (40ug/
sample) were extracted for size fractionation on 10% SDS-PAGE and the proteins were
transferred to PVDF membrane. c-Jun protein was determined by Western blotting by using a
rabbit anti-c-Jun polyclonal antibody. *P<0.05 vs. noninfected control.
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Fig. 3. Dose dependency of adenoviral delivery of c-Jun into UAEC
Subconfluent UAEC were infected with increasing concentrations of S-c-Jun adenoviral
particles for 4hr in M-199 containing 0.5%FCS, 0.1% BSA, 25 mM HEPES. The medium was
replaced with DMEM containing 0.5%FCS, 0.1%BSA, 25 mM HEPES and the cells were
cultured for 24hr. Cellular proteins were extracted and c-Jun protein levels were measured as
described in Fig. 2. *P<0.05; ***P<0.001 vs. noninfected control.
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Fig. 4. Reverse transcription-polymerase chain reaction (RT-PCR) detection of c-Jun mRNA in
UAEC infected with or without adenoviruses
Subconfluent UAEC were infected with or without sham, A-c-Jun, or S-c-Jun adenoviruses
(25 MOI) for 4hr. After 24hr incubation, total RNA samples were extracted and c-Jun mRNA
levels were measured by RT-PCR. The ribosomal protein L-19 mRNA levels were also
measured by using a quantitative RT-PCR assay ascribed in Fig. 5 for monitoring sample
loading in the RT-PCR reaction. Letters of different superscripts differ significantly (P<0.05).
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Fig. 5. Competitive reverse transcription-polymerase chain reaction (RT-PCR) analysis of NOS3
and the ribosomal protein L19 mRNAs mRNAs in UAEC infected with or without adenoviruses
Subconfluent UAEC were infected with or without sham, A-c-Jun, or S-c-Jun adenoviruses
(25 MOI) for 4hr. After 24hr incubation, total RNA samples were extracted and NOS3 and the
ribosomal protein L-19 mRNA levels were measured by competitive RT-PCR. (A) Increasing
concentrations of respective internal control (IC) were added to compete with the target (NOS3
or L-19) molecules the PCR reactions. The signal intensities of NOS3 or L-19 PCR product
and its corresponding IC were both Log transformed for the generation of standard curves. The
optimal concentrations of NOS3 and L-19 ICs were determined at which the Log-Log
transformation of the ratio in PCR product signal intensity versus each target and its
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corresponding internal control equals to 0. (B) The optimal concentration of the IC for NOS3
and L-19 determined in (A) was added to respective RT-PCR assays for determine the relative
changes in NOS3 and L-19 mRNA levels in UAEC infected with or without sham, A-c-Jun,
or S-c-Jun adenoviruses. Results represent data (mean ± SEM) using different cell preparations
derived from three pregnant ewes. *P<0.05 vs. noninfected control.
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Fig. 6. NOS3 protein expression in UAEC infected with or without adenoviruses
Subconfluent UAEC were infected with or without sham, A-c-Jun, or S-c-Jun adenoviruses
(25 MOI) for 4hr. After 24hr incubation, total protein samples were extracted and NOS3 and
β-actin protein levels were measured by Western blot analysis with their corresponding specific
antibody. Results represent data (mean ± SEM) using different cell preparations derived from
three pregnant ewes. *P<0.05 vs. controls.
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Fig. 7. Total NOS activity in UAEC infected with or without adenoviruses
Subconfluent UAEC were infected with or without sham, A-c-Jun, or S-c-Jun adenoviruses
(25 MOI) for 4hr. After 24hr incubation, total cell extracts were prepared. Total NOS activity
were measured by the ability of total extracts to convert [3H]-L-arginine to [3H]-citrulline as
described in Materials and Methods. Reactions using buffer without cellular proteins were run
in parallel and used as assay background. Total NOS activity was expressed as [3H]-citrulline
formed (DPM) of each group after subtraction of the background. Results represent data (mean
± SEM) run in duplicate using different cell preparations derived from three pregnant ewes.
*P<0.05 vs. controls.
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Fig. 8. AP-1 DNA binding complex in UAEC treated with PMA or infected with or without
adenoviruses
Subconfluent UAEC were infected with or without sham, A-c-Jun, or S-c-Jun adenoviruses
(25 MOI) for 4hr. After 24hr incubation, nuclear protein samples were extracted. Nuclear
protein extracts were also prepared from UAEC treated with PMA (100 nM) for 30min. The
AP-1 DNA binding activity was measured by eletrophoretic mobility shift assay (EMSA) as
described in Materials & Methods, using an oligonucleotide including the AP-1 site of sheep
NOS3 promoter. Competition experiments were done with the same oligonucleotide but with
mutations in the AP-1 site. -Jun is an antibody directed against the DNA binding domain of
the c-Jun subunit of AP-1.
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Fig. 9. Effects of c-Jun overexpression on sheep NOS3 promoter/luciferase reporter gene expression
in transiently transfected into UAEC
Subconfluent UAEC in 24-well plates were transiently transfected with pGL3-Luc,
-1305pNOS3/pGL3-Luc (with an AP-1 site), -779pNOS3/pGL3-Luc (with an AP-1 site),
-636pNOS3/pGL3-Luc (without an AP-1 site), and -50pNOS3/pGL3-Luc (without an AP-1
site) promoter-firefly luciferase gene constructs. The TK-Renilla luciferase vector (0.1μg/well)
was co-transfected as an internal control. The cells were allowed to reach confluence in 24 hr
and then infected with or without sham, A-c-Jun, or S-c-Jun adenoviruses (25 MOI) for an
additional 24hr. The cells were then lysed and Firefly/Renilla luciferase activities in the extracts
were measured by using the Promega Dual-Luciferase assay kit. Firefly luciferase activity was
corrected by the renilla luciferase activity and expressed as a ratio. Results represent data (mean
± SEM) run in quadruple using different cell preparations derived from three pregnant ewes.
*P<0.05 vs. controls.
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Fig. 10. Effect of c-Jun overexpression on the activity of the human promoter mutated at its
proximal AP-1 site
UAEC transiently transfected with the 1305-kb sheep NOS3 promoter-luciferase reporter, wild
type (wt) or proximal AP-1 mutant (mt, mutated nucleotides were underlined), were infected
with or without sham, A-c-jun, S-c-Jun adenoviruses (25 MOI). Luciferase activity was
corrected and determined as in Fig. 8. Results represent data from three independent
experiments (mean ± SEM). *P<0.05 vs. controls.
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Fig. 11. Effect of phorbol myristate acetate (PMA) on the -activation of sheep promoter and c-Jun
and NOS3 protein expression
A: UAEC transiently transfected with the 1305-kb sheep NOS3 promoter-luciferase reporter,
wild type (wt-AP-1) or proximal AP-1 mutant (mt-AP-1), as described in Fig. 10. After treated
with 20 nM PMA for 24 hr, luciferase activity was determined as described in Fig. 9. B: UAEC
were treated with increase concentrations of PMA for 24 hr, total protein lysates were prepared
and protein levels of NOS3, c-Jun, and β-actin were measured by immunoblotting with their
respective specific antibody. Results represent data (mean ± SEM) from four independent
experiments using cells from different ewes. Bars with different superscripts differ
significantly (p<0.05). * p<0.05 vs. controls in panel B.
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