
Activation of AP-1 Transcription Factors Differentiates FGF2
and Vascular Endothelial Growth Factor Regulation of
Endothelial Nitric-oxide Synthase Expression in Placental
Artery Endothelial Cells*□S

Received for publication, December 7, 2009, and in revised form, March 18, 2010 Published, JBC Papers in Press, April 6, 2010, DOI 10.1074/jbc.M109.092791

Eugenia Mata-Greenwood‡1, Wu-xiang Liao‡§, Wen Wang§, Jing Zheng¶, and Dong-bao Chen‡§2

From the ‡Department of Reproductive Medicine, University of California San Diego, La Jolla, California 92093, the ¶Department of
Obstetrics and Gynecology, University of Wisconsin, Madison, Wisconsin 53715, and the §Department of Obstetrics and
Gynecology, University of California, Irvine, California 92697

FGF2 (fibroblast growth factor 2), but not vascular endo-
thelial growth factor (VEGF), stimulates sustained activation of
ERK2/1 for endothelial NOS3 (nitric-oxide synthase 3) protein
expression in ovine fetoplacental artery endothelial cells
(oFPAEC). We deciphered herein the downstream signaling of
ERK2/1 responsible for NOS3 expression by FGF2 in oFPAEC.
FGF2, but not VEGF, increased NOS3 mRNA levels without
altering its degradation. FGF2, but not VEGF, trans-activated
sheepNOS3 promoter, and this was dependent on ERK2/1 acti-
vation. FGF2 did not trans-activate NOS3 promoters with dele-
tions upstreamof the consensusAP-1 site (TGAGTCA,�678 to
�685). Trans-activation of wild-type NOS3 promoter by FGF2
was significantly inhibited when either the AP-1 or the cAMP-
response element (CRE)-like sequence (TGCGTCA, �752 to
�758)wasmutated andwas completely blockedwhenbothwere
mutated. EMSA analyses showed that FGF2, but not VEGF,
stimulated AP-1 and CRE DNA-protein complexes primarily
composed of JunB and Fra1. Chromatin immunoprecipitation
assays confirmed JunB/Fra1 binding to NOS3 promoter AP-1
and CRE elements in intact cells. FGF2, but not VEGF, stimu-
lated JunB and Fra1 expressions; all preceded NOS3 up-regula-
tion and were inhibited by PD98059. Down-regulation of JunB
or Fra-1, but not c-Jun, blocked FGF2 stimulation of NOS3
expression and NO production. AP-1 inhibition suppressed
FGF2 stimulation of NOS3 expression in human umbilical vein
EC and uterine artery endothelial cells. Thus, FGF2 induction of
NOS3 expression is mainly mediated by AP-1-dependent tran-
scription involving JunB and Fra1 up-regulation via sustained
ERK2/1 activation in endothelial cells.

During normal pregnancy at a time when fetal weight and
uterine and placental blood flows increase exponentially, there
are significantly increased maternal-fetal tissue expressions of

angiogenic factors, including FGF2 (fibroblast growth factor 2)
and vascular endothelial growth factor (VEGF)3 (1, 2). Con-
comitantly, production of the potent vasodilator nitric oxide
(NO) and expression of endothelial NOS3 (nitric-oxide syn-
thase 3) are markedly increased within the maternal-fetal vas-
cular beds (3, 4). Compelling evidence suggests that complex
interplays between locally produced angiogenic factors (FGF2
and VEGF) and the NOS3-NO system play a critical role in
regulating angiogenesis and vasodilatation (i.e. two key routes
for up-regulating uterine and placental blood flows that directly
correlate to fetal growth, survival, and neonatal outcomes) (1, 2,
5). Impaired placental angiogenesis and NO signaling are com-
monly associated with various pregnancy complications, such
as intrauterine fetal growth retardation and preeclampsia (1).
Increased NO production during pregnancy is derived, at

least in part, from activation of placental endothelial NOS3
by FGF2 and VEGF (6, 7). However, significant differences
exist in the effects of FGF2 and VEGF on the placental endo-
thelial NOS3-NO system. For example, in ovine fetoplacen-
tal artery endothelial cells (oFPAEC), we have shown that,
although both acutely stimulate NO production, VEGF does so
with greater potency than FGF2 (8); surprisingly, FGF2, but not
VEGF, stimulates NOS3 protein expression (6, 7). Both activate
similar signaling pathways, including phosphatidylinositol
3-kinase/AKT1 (protein kinase B) and mitogen-activated pro-
tein kinase (MAPK) members, such as extracellular-signal reg-
ulated kinase 2/1 (ERK2/1) and Jun N-terminal kinase 1/2
(JNK1/2); however, differences in intensity and temporal pat-
terns of the activation signals may explain the differential
effects of FGF2 and VEGF on NOS3 expression in oFPAEC (7).
Of note, sustained ERK2/1 activation apparently plays a key
role in differentiating why FGF2, but not VEGF, stimulates
NOS3 protein expression (7). The mechanism of such regula-

* This work was supported, in whole or in part, by National Institutes of Health
Grants RO1 HL64703 (to J. Z.) and RO1 HL74947 and HL70562 (to D.-b. C.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. S1.

1 Present address: Center for Perinatal Biology, Dept. of Pharmacology and
Physiology, Loma Linda University School of Medicine, Loma Linda, CA
92350.

2 To whom correspondence should be addressed: Dept. of Obstetrics and
Gynecology, University of California Irvine, Irvine, CA 92697. Tel.: 949-824-
2409; E-mail: dongbaoc@uci.edu.

3 The abbreviations used are: VEGF, vascular endothelial growth factor;
oFPAEC, ovine fetal placental artery endothelial cell(s); NO, nitric oxide;
CRE, cyclic AMP-response element; CREB, CRE-binding protein; ATF, acti-
vation transcription factor; MAPK, mitogen-activated protein kinase; ERK,
extracellular signal-regulated protein kinase; JNK, Jun N-terminal kinase;
EMSA, electrophoretic mobility shift assay; ChIP, chromatin immunopre-
cipitation; ODN, oligodeoxynucleotide; EC, endothelial cell(s); UAEC, uter-
ine artery endothelial cell(s); HUVEC, human umbilical vein endothelial
cell(s); Ab, antibody; IP, immunoprecipitation; NOx, total nitric oxide; PMA,
phorbol 12-myristate 13-acetate.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 23, pp. 17348 –17358, June 4, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

17348 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 23 • JUNE 4, 2010

http://www.jbc.org/cgi/content/full/M109.092791/DC1


tion is unknown; however, it is known that activated ERK2/1
translocate into the nucleus, where they activate various tran-
scription factors to regulate gene transcription (9, 10).
Although NOS3 was initially identified as a “constitutive”
enzyme in endothelial cells (EC), its expression has been shown
to be regulated at multiple levels by both physiological and
pathological stimuli (11).NOS3 promoter trans-activation-ini-
tiated transcription is a major route for de novo NOS3 protein
synthesis; however, NOS3 expression is also associated with
mRNA stability (12).
NOS3 promoter contains various DNA elements for binding

of many transcription factors (13–15). A consensus 12-O-tet-
radecanoylphorbol-13-acetate response element ([TGA(C/
G)TCA],�678 to�685) for binding AP-1 (activator protein-1)
is critical for NOS3 expression in EC (13–15). Adjacent to the
AP-1 site, there is a conserved cAMP-responsive element (CRE,
TGACGTCA)-like sequence (TGCGTCA, �752 to �758) for
binding CRE-binding protein (CREB) that is required for pros-
tacyclin-induced NOS3 expression in bovine aortic EC (16).
AP-1 represents a family of dimeric complexes of Jun (c-Jun,
JunB, and JunD) homodimers and Jun heterodimers with Fos
(c-Fos, FosB, Fra-1, and Fra-2) or activation transcription factor
(ATF) family proteins (ATF1 to -3, Jun dimerization protein)
(17, 18). CREB homo- or heterodimerizes with Fos and ATF
members and binds to both CRE and AP-1 elements (19).
AP-1- and CREB-dependent transcriptions are critical for

endothelial NOS3 expression in response to prostacyclins,
hypoxia, insulin, erythropoietin, and shear stress (16, 20–24);
however, their role in endothelial NOS3 expression by angio-
genic growth factors has yet to be determined. FGF2 and VEGF
are capable of activating both AP-1 and CREB to initiate tran-
scription of angiogenic genes (9, 10, 25, 26). In this study, we
hypothesized that FGF2 and VEGF differentially activate AP-1
and/or CREB, thereby leading to differential control of NOS3
expression in placental artery EC.We found that up-regulation
of NOS3 mRNA and protein expression by FGF2, but not
VEGF, is associated with sustained binding of AP-1 transcrip-
tion factors to both AP-1 and CRE-like elements in the NOS3
promoter in conjunction with JunB and Fra1 protein up-regu-
lation via an ERK2/1 dependent pathway. JunB and Fra1 down-
regulation effectively inhibited the FGF2-induced NOS3
expression and NO production in oFPAEC. Thus, differential
activation of AP-1 plays a key role in the differential regulation
of NOS3 expression by FGF2 and VEGF.

EXPERIMENTAL PROCEDURES

Cell Culture, Experimental Conditions, and Total Cell
Extracts—Three primary oFPAEC lines were isolated by colla-
genase digestion from second degree placental arteries
obtained from late pregnant (day 120–130 of gestation, term
�145 days) sheep placentas and validated and were cultured
and used as described (7). Uterine artery EC (UAEC) were
prepared from the same animals as described previously
(15). The animal use protocol was approved by the Univer-
sity 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.
Human umbilical vein EC (HUVEC) were isolated from cords

of healthy term placentas using a protocol approved by the
Institutional Review Boards of the University of California San
Diego. HUVEC were cultured in EBM-2 medium containing
BulletKit supplements (Lonza Walkersville, Inc., Walkersville,
MD) and used as described previously (27). Following treatment
with FGF2 orVEGF, cell lysateswere prepared as described previ-
ously (28). The protein content was measured by a Bradford pro-
cedure using bovine serum albumin as the standard.
SDS-PAGE and Immunoblotting—Protein samples were sep-

arated on SDS-PAGE and transferred to polyvinylidene difluo-
ride membranes. Membranes were blocked in 5% nonfat dried
milk in 0.05%Tris-buffered saline (TBST) for 1 h and probed in
primary antibody overnight at 4 °C. The following antibodies
were used: mouse anti-NOS3 monoclonal antibodies (BD Bio-
sciences) at 1:1000; rabbit anti-Fra1 polyclonal antibody and
anti-JunBmonoclonal antibody at 1:500 (both from Santa Cruz
Biotechnology, Inc., (Santa Cruz, CA)); anti-�-actin mono-
clonal antibody (Ambion, Austin, TX) at 1:10,000; and anti-�-
tubulin polyclonal antibody (Cell Signaling, Danvers, MA) at
1:2000. All antibodieswere diluted inTBST containing 5%non-
fat dry milk. After washing (3 � 10 min) with TBST, the mem-
branes were incubated with peroxidase-conjugated secondary
Ab. Blots were visualized using ChemiGlow substrate (Alpha
Innotech Corp., San Leandro, CA). Digital images were cap-
tured using the Alpha Innotech ChemiImager Imaging System
with a CCD camera and quantified using the ChemiImager
4400 software.
RNA Extraction and Real-time Quantitative Reverse Tran-

scription-PCR—Total RNAwas extracted with TRIzol (Invitro-
gen), quantified, and stored at�80 °C until analysis. Total RNA
(1 �g) was reverse transcribed for quantifying NOS3mRNA by
real-time PCR exactly as described previously (29). Briefly, all
PCRs were run in triplicate with SYBR Green and a master mix
containing hot start Taq polymerase (Qiagen, San Diego, CA)
and 50 ng of total RNA equivalent/reaction. PCR was run with
denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and
extension at 72 °C for 45 s. The Bio-Rad iCycler equipped with a
real-time optical fluorescent detection system was used for SYBR
Green detection. Cyclophillinwas used as a housekeepingmRNA.
Primers used forNOS3 and cyclophillin were exactly the same as
described (29), which were designed based on bovine sequences.
An artificial 100-base single-stranded DNA standard was used to
generate a standard curve for cDNAquantification. Extrapolation
of unknowns from the standard curvewas performed using Prism
3 (GraphPad Software, San Diego, CA), predicting unknowns
from the standard curveCt values.

To determine the effects of growth factors on NOS3 mRNA
stability, actinomycin D chase studies were performed as
described previously (30). Briefly, serum-starved subconfluent
(�60%) cells were treated with or without FGF2 (10 ng/ml) for
18 h. ActinomycinD (5�g/ml) was added to stop transcription.
Total RNA samples were harvested at 0, 3, 6, 9, and 12 h for
analyzing NOS3 and cyclophillin mRNA levels.
Generation of Sheep NOS3 Promoter-Luciferase Reporter

Constructs—Wehave recently isolated a sheepNOS3 promoter
(positioned at�1283 to�22) by PCR and prepared a luciferase
reporter construct named 1283pNOS3-pGL3-Luc. This vector
was then used to prepare constructs of theNOS3promoterwith
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various deletions (15). The wild-type sheep NOS3 promoter-
driven luciferase reporter construct was used to prepare con-
structs with mutations of AP-1 and/or CRE elements by site-
directedmutagenesis as described previously (15). Themutated
AP-1 constructs were with mutations at �680, �681, �682,
and �685 (aGAtctA), and the mutated CRE constructs were
with mutations at �752, �754, and �758 (cGCGcCg). Double
AP-1/CRE-mutated constructs were with same mutations in
both AP-1 and CRE elements.
Cell Transfection and Luciferase Assays—Luciferase reporter

gene expression assays were performed as described previously
(15). Briefly, subconfluent oFPAEC were transfected with vec-
tors usingTargefect F-2 reagent (Targeting Systems, SanDiego,
CA) according to the manufacturer’s protocol. Thymidine
kinase-Renilla luciferase vector (Promega) was used as the
internal control. The transfection was carried out at 37 °C for
4 h. The cells were allowed to recover in MCD131 containing
10% fetal bovine serum for 18–20 h and then treated with star-
vation medium with or without FGF2 or VEGF (10 ng/ml) for
another 24 h. Firefly and Renilla luciferase activities were mea-
sured using a dual reporter assay kit (Promega) according to the
manufacturer’s protocol, and a ratio of the two for each sample
was calculated. Each treatment was tested in quadruplicates
and repeated three times using different cell preparations.
Nuclear Extract and Electrophoretic Mobility Shift Assay

(EMSA)—Serum-starved subconfluent (�60%) oFPAEC were
treated with FGF2 or VEGF for various times. Nuclear extracts
were prepared as described previously (15) and kept at �70 °C
until use. The sense and antisense sheep NOS3 AP-1 (5�-
CCCCAACTTGAGTCACAGGGG-3�, �678 to �685, AP-1
underlined) and “CRE-like” (5�-TGGGGAAGCATGCGT-
CACTGGATGACA-3�,�752 to�758, CRE underlined) oligo-
nucleotides were biotinylated using a biotin 3�-end DNA label-
ing kit (Pierce). The biotinylated oligonucleotides were
annealed and used as the probe. EMSAwas performed with the
Pierce LightShift Chemiluminescent EMSA kit. Briefly, nuclear
extracts (10 �g) were incubated with the labeled probe in bind-
ing buffer (10mMTris, 50mM potassium chloride, 1 mM dithio-
threitol, 1 �g of poly(dI-dC), 0.1 mM EDTA, 2.5% glycerol, 5
mM magnesium chloride, 2 �g of bovine serum albumin, total
volume of 20 �l) for 20 min at room temperature. Competition
was carried out with unlabeled probe for 20 min prior to the
addition of biotinylated probes. For supershift assays, 2 �g of
the following antibodies (all from Santa Cruz Biotechnology,
Inc.) were added in the reaction and incubated at 4 °C for 2 h:
anti-c-Jun (SC-45X), anti-JunB (SC-8051X), anti-JunD
(SC-74X), anti-c-Fos (SC-52X), anti-FosB (SC-7203X), anti
Fra-1 (SC-605X), and anti-Fra-2 (SC-604X). Anti-CREB (cata-
log no. 9197) and anti-phospho-Ser133-CREB (catalog no.
9191), both from Cell Signaling, were tested at 1 �g/reaction.
The binding complexes were separated on 6% non-denaturing
PAGE in 0.5� Tris borate/EDTA buffer, transferred to nylon
membrane. The membranes were UV cross-linked and probed
with an anti-biotin-horseradish peroxidase antibody. The bind-
ing complexes were visualized with ChemiGlow substrate and
quantified.
Chromatin Immunoprecipitation (ChIP) Assay—The ChIP

assay was performed as described previously (31). Cells (�107/

group) were grown to 70% confluence, serum-starved over-
night, and treated with growth factors for 3 h. Formaldehyde
(1%) was added for cross-linking at 37 °C for 10 min. The cells
were collected and resuspended in 0.5 ml of lysis buffer.
ShearedDNAwas diluted in dilution buffer. 10%of each sample
was stored as control input DNA, and the remaining lysates
were cleared with 50 �l of protein G-Sepharose for 4 h at 4 °C.
Immunoprecipitation (IP) was done with specific anti-JunB or
anti-Fra1 antibodies or anti-mouse and rabbit IgGs overnight at
4 °C, followed by incubation with protein G-agarose beads (50
�l) for 4 h at 4 °C. The beads were washed and extracted as
described previously (31). Eluates were reverse cross-linked at
65 °C overnight. DNA fragments were purified and analyzed by
real-time PCR using a Roche Applied Science LightCycler 1.5
analyzer. A 108-bp fragment containing ovine NOS3 AP-1 site
was amplified by using primers of 5�-CTGAATCGCAGCTTC-
CTG-3� (�722 to �705) and 5�-GTATTCCATTCCCTC-
CGG-3� (�631 to�614), and a 113-bp fragment containing the
ovine NOS3 CRE site was amplified by using primers of
5�-TGACCGCTGGGTCTATCTG (�813 to �794) and
5�-AAGGGCAGGAAGCTGCGAT-3� (�719 to �700) in
sheepNOS3 promoter. Melting curves were used to determine
appropriate annealing temperatures for AP-1 (53 °C) and CRE
(55 °C) real-time analyses. InputDNAwas used as internal con-
trol, and IgG samples were used as negative controls. Relative
levels of DNA were estimated with respect to input DNA.
Overexpression and Down-regulation of AP-1 Subunits—Re-

combinant adenoviral vectors (25 multiplicity of infection,
plaque-forming units/cell) carrying the coding region of c-Jun
or JunB in sense or antisense orientations were used to overex-
press or repress JunB or c-Jun proteins overnight as described
previously (15). Transient transfections of antisense and sense
Fra-1 mammalian cytomegalovirus vectors (kind gifts of Dr.
Colburn) were used to repress or overexpress Fra-1 as
described (32). The cells were serum-starved and then treated
with or without FGF2 (10 ng/ml) for another 24 h. Culture
media were stored at �20 °C. Cellular proteins were immuno-
blotted as above.
Determination of Total Nitric Oxide (NOx) Production—

Medium samples (100 �l) were analyzed for total NO pro-
duction (nitrite and nitrate, NOx) by chemiluminescence
using a Sievers NO analyzer as described previously (8).
Total NOx was calculated by a standard curve generated with
sodium nitrate (0.1–10 �M). Data were presented as nmol/mg
total protein/24 h.
Effects of AP-1 Decoy Oligodeoxynucleotides (ODN) on NOS3

Expression—Decoy AP-1 ODN was used to determine if FGF2
up-regulates NOS3 via AP-1 in HUVEC. ODN was designed
based on theNOS3 promoter surrounding the consensus AP-1
site. The sense sequence of the dumbbell-shaped, phosphoro-
thioated decoy AP-1 ODN (CDODN) used was as follows:
5�-CCCCACTTGAGTCATGGGGGT-3� (AP-1 isunderlined).A
scrambled ODN (sense strain 5�-GGATCCATCTCTGCGAA-
GACG-3�) was used as a control. ODN was annealed and
ligated with T4 DNA ligase to generate a covalently ligated
dumbbell-shaped ODNmolecule. HUVEC (�60% confluence)
were transfected with 100 nM decoy ODN using Fugene 6
(Roche Applied Science). Six hours post-transfection, medium
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was replaced with fresh EBM2 medium containing FGF2 (10
ng/ml) or phorbol 12-myristate 13-acetate (PMA) (100 nM).
After 24 h treatment, cellular proteins were harvested for
immunoblotting.
Statistical Analysis—Each experiment was performed three

times with cells derived from different pregnant ewes. Data are
presented asmeans� S.E. andwere analyzed by Student’s t test
or one-way analysis of variance using SigmaStat (Jandel Scien-
tific). When an F test was significant (p � 0.05), treatments
were compared with controls by LDS multiple comparisons.
Comparisons between treatments (FGF2 versus VEGF) over
time were performed using univariate analysis via two-way
analysis of variance. p � 0.05 was regarded as significant.

RESULTS

FGF2, but Not VEGF, Trans-activates NOS3 Promoter; Role
of ERK2/1—We have shown that FGF2, but not VEGF,
increasesNOS3 protein andmRNA levels in oFPAEC in a time-
and dose-dependent manner (6, 7). Because both de novo
mRNA synthesis via transcription and stabilization of mRNA
are involved in NOS3 mRNA expression (12), actinomycin D
chase studies were performed to test the effects of FGF2 and
VEGF on NOS3 mRNA stability. When actinomycin D was
added to block de novo NOS3 mRNA synthesis, the levels of
NOS3mRNAdecreased in both FGF2-treated and control cells
in a time-dependent manner. The half-life of NOS3 mRNA in
FGF2-treated cells (10.9� 1.2 h) did not differ from that (9.3�
0.7 h) in untreated controls (Fig. 1A).

We next determined if FGF2 and/or VEGF trans-activate a
luciferase reporter construct driven by a sheepNOS3 promoter
(1283 bp) that possesses basal and stimulated NOS3 transcrip-
tion activities in primary uterine artery EC (15). FGF2, but not
VEGF, significantly increased the activity of this reporter con-
struct transfected in oFPAEC. PD98059 dose-dependently
inhibited trans-activation of this NOS3 promoter by FGF2;
PD98059, at 10–20 �M, which effectively inhibits FGF2- and
VEGF-induced ERK2/1 activation (6, 7), completely blocked
FGF2-induced NOS3 promoter activity (Fig. 1B).
Both the Consensus AP-1 and the CRE-like Elements of NOS3

Promoter Are Necessary for FGF2 Trans-activation of NOS3
Promoter—We transiently transfected the luciferase reporter
constructs driven by the sheep NOS3 1283-bp promoter and
its various deletions (15) in oFPAEC to define potential
FGF2-inducible transcription factor DNA binding sites.
FGF2, but not VEGF, stimulated the 1283- and 757-bp sheep
NOS3 promoter activity by �2- and 1.71-fold that of controls
(p � 0.05; Figs. 1B and 2A). The 757-bp deletion construct
resulted in reduced basal NOS3 promoter activity, suggesting
that sequence between�757 and�1283 appears to be involved
in basal NOS3 expression, consistent with a previous report in
human NOS3 promoter (14). FGF2 no longer trans-activated
the �636 and �322 bp NOS3 promoter deletion constructs
(Fig. 2A). Analyses of sheep NOS3 promoter sequence (�1283
to �636 bp) sensitive to FGF2 stimulation revealed at least two
ERK2/1-sensitive sites: a consensus AP-1 site at �685 to �678
(TGAGTCA) and a CRE-like site at �758 to �751
(TGCGTCA). These sites are conserved in other mammalian
NOS3 promoters (15, 16).

To confirm that trans-activation of NOS3 AP-1- and CRE-
like elements is critical for FGF2-inducedNOS3 expression, we
compared the effects of FGF2 on the trans-activation of the
1283-bp wild-type sheep NOS3 promoter with those of the
same promoter but with mutations at the AP-1 and CRE sites.
FGF2 increased the activity of the wild-type sheep NOS3 pro-
moter by 90% (p � 0.05). This increase was reduced to 33%
when the AP-1 was mutated and to 23% when the CRE was
mutated; when bothweremutated, FGF2 did not trans-activate
the NOS3 promoter (Fig. 2B).
FGF2, but Not VEGF, Increases AP-1 Binding to NOS3

Promoter—Wethendetermined the effects of FGF2 andVEGFon
DNA-bindingcomplex formedon theconsensusovineNOS3pro-
moter AP-1 site.We first confirmed that a well known AP-1 acti-
vator PMA induced a strong NOS3 AP-1-DNA complex, which
could be blocked with excess unlabeled probe (15). FGF2, but
not VEGF, increased AP-1 DNA binding activity in a time-

FIGURE 1. FGF2, but not VEGF, trans-activates NOS3 promoter in oFPAEC.
A, quiescent cells were treated with or without FGF2 (10 ng/ml) for 18 h.
Actinomycin D (5 �g/ml) was then added into the cultures. Total RNA samples
were extracted at 0, 3, 6, 9, and 12 h postactinomycin D. NOS3 and 18 S were
analyzed using real time quantitative reverse transcription-PCR. Quantitative
data are presented as a percentage of relative NOS3 expression at time 0.
Data were summarized as mean � S.E. from three independent experiments.
B, cells were transfected with luciferase construct driven by the wild-type
sheep NOS3 promoter (�1283/�22) and co-transfected with the thymidine
kinase-Renilla luciferase vector. After treatment with FGF2 or VEGF (10 ng/ml)
for an additional 24 h in the presence of various concentrations of PD98059,
trans-activation of the NOS3 promoter was measured by luciferase reporter
gene expressions as a ratio of firefly/Renilla luciferase activities, as described
under “Experimental Procedures.” Quantitative data are expressed as
mean � S.E. from three independent experiments. *, p � 0.05 versus
untreated control.
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dependent manner. The stimulatory effect of FGF2 on AP-1
binding to the NOS3 AP-1 site maximized at 2 h and was
maintained at least up to 6 h post-FGF2 treatment (Fig. 3A).

Treatment with forskolin, presumptively activating protein
kinase A, did not increase the CRE binding activity in oFPAEC
(Fig. 3B). However, forskolin potently activated CREB within
5–60 min, whereas FGF2 only phosphorylated CREB within 5
min (Fig. 3C). Thus, the inability of forskolin of inducing CRE
DNA binding was not due to a deficiency of CREB activation in
oFPAEC. In contrast, PMAmarkedly induced DNA binding on
this site. FGF2 and, to a lesser extent, VEGF increased the for-
mation of a CRE-binding complex. FGF2 time-dependently
increased the band intensity of a CRE-binding complex, maxi-

mizing at 6 h post-FGF2 stimulation in a similar fashion as with
the consensus AP-1 site. The maximal response of FGF2-in-
ducedCREbinding activity (4.58-fold)was stronger than that of
the FGF2-induced AP-1 binding activity. VEGF also signifi-
cantly increased the CRE binding activity at 1 and 2 h post-
stimulation (86 and 98% versus time 0, respectively), which
returned to base line at 4–6 h (Fig. 3B).
FGF2, but Not VEGF, Induces JunB and Fra1 Binding to the

Consensus AP-1 Site on Sheep NOS3 Promoter—We analyzed
the composition of the AP-1-binding complex by EMSA using
sheep NOS3 promoter AP-1 probe co-incubated with antibod-
ies against the AP-1 familymembers of proteins.When specific
antibodies against the Jun (c-Jun, JunB, and JunD) or Fos (c-Fos,
FosB, Fra-1, and Fra2) family of proteins were added into the
EMSA binding reactions of control cells, we observed a “super-
shift” band co-incubated with either c-Jun, JunB, JunD, or
Fra-1, but not with c-Fos, FosB, or Fra-2 antibodies. Treatment
with FGF2, but not VEGF, increased the intensity of the super-
shift band caused by anti-JunB or anti-Fra-1 polyclonal anti-
bodies, indicating that FGF2-induced AP-1 complex contains
JunB and Fra-1. More than half of the AP-1-binding complex
was supershifted by anti-JunBAb, indicating JunB to be amajor
subunit of the AP-1 complex formed under basal conditions
and by FGF2 stimulation (Fig. 4A).
ChIP assays were performed with anti-JunB or anti-Fra-1

antibody to test if FGF2 induced direct AP-1 binding to the

FIGURE 2. Effects of FGF2 and VEGF on NOS3 promoter trans-activation
potential; role of AP-1 and CRE sites. A, deletion analyses. Cells were trans-
fected with luciferase reporter constructs driven by the wild-type sheep NOS3
promoter (�1283/�22) or its deletions. B, site-directed mutagenesis study.
Cells were transfected with the luciferase reporter construct driven by the
1305-bp NOS3 promoter of either wild type (WT) or of mutations in the AP-1,
CRE, or both sites. In both panels, cells were also co-transfected with a thymi-
dine kinase-Renilla luciferase vector as internal control. After treatment with
FGF2 or VEGF (10 ng/ml) for an additional 24 h, trans-activation of NOS3 pro-
moter was measured. Quantitative data are expressed as mean � S.E. (error
bars) (n � 3) of the ratio of firefly/Renilla luciferase activities from three inde-
pendent experiments. *, p � 0.05 versus untreated control.

FIGURE 3. Effects of FGF2 and VEGF on DNA-protein complex formation
at AP-1- and CRE-like sites. Quiescent cells were treated with VEGF or FGF2
(10 ng/ml) for 0, 1, 2, 4, and 6 h, and nuclear extracts were prepared. EMSAs
were performed as described under “Experimental Procedures.” Representa-
tive EMSA images shown depict one typical experiment for the consensus
AP-1 site (A) and the CRE-like site (B). Quantitative data are expressed as the
mean � S.E. (error bars) (n � 3) of -fold untreated (time 0) controls. *, p � 0.05
versus control (time 0). C, quiescent cells were stimulated with forskolin or
FGF2 for various times. Total protein samples were analyzed for phosphory-
lated and total CREB protein levels by immunoblotting.
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proximal sheep NOS3 promoter in intact oFPAEC in situ. In
control cells, we observed basal association of JunB and Fra-1
AP-1 with a 108-bp sheepNOS3 promoter PCR product ampli-
fied by real-time PCR, which contains the consensus AP-1 site.
FGF2, but not VEGF, increased JunB/Fra1 AP-1 binding to the
NOS3promoter region.ThePCRproductwasnot amplified in the
IgG-immunoprecipitated DNA (Fig. 4B). Of note, NOS3 DNA
bound to JunB was significantly greater than that to Fra1.
FGF2, butNotVEGF, Induces JunBandFra1Binding to Sheep

NOS3 Promoter CRE-like Site—PMA, but not forskolin, trans-
activated the sheep NOS3 promoter CRE element, suggesting
that it functionsmore likely as anAP-1 site in oFPAEC (Fig. 3B).
We investigated the subunit composition of the transcription
factors binding to this element. EMSA with various antibodies
against theAP-1 andCREB families of transcription factors was
first performed.When specific JunB and Fra-1 Abs were added,
we observed a supershift EMSA band in all samples. FGF2, but
not VEGF, increased the supershift band caused by co-incuba-
tion with antibodies of JunB and Fra-1 but not c-Jun (Fig. 5A).
No apparent supershift band was observed with antibodies of
other Jun or Fos family proteins (data not shown). These data
are consistentwith those in Fig. 4A showing that JunB andFra-1
are the major components of the AP-1 complex induced by
FGF2 on the NOS3 promoter AP-1 site. Also of note was that

more than half of the complex was supershifted by anti-JunB
antibody in all samples, indicating JunB to be a major compo-
nent of the binding complex formed in oFPAEC under basal
conditions and in response to FGF2 stimulation. The addition
of either CREB or phospho-CREB antibodies did not result in
supershift bands of the CRE-binding complex in EMSA
using nuclear proteins from either control or FGF2-, VEGF-,
or forskolin-treated oFPAEC (Fig. 5A), consistent with the
finding that forskolin did not increase the CRE-binding com-
plex in oFPAEC (Fig. 3B). Thus, the NOS3 promoter CRE-
like site preferentially binds JunB and Fra1 in response to
FGF2 stimulation.
ChIP analyses with anti-JunB and anti-Fra1 antibodies were

then performed to solidify this notion. Basal binding of JunB
and Fra-1 proteins to a 113-bp real-time PCR product of the
proximal sheep NOS3 promoter containing the CRE-like site
was found in control cells. FGF2, but not VEGF, increased JunB
and Fra1 association with this element (Fig. 5B). CREB or phos-
pho-CREB binding to this site was not found in intact oFPAEC
by ChIP assays (data not shown). In contrast to the AP-1 ele-
ment, FGF2 stimulated the binding of JunB and Fra-1 to the
CRE-like element with comparable intensities. Increased Fra-1
binding toCRE-like elementsmany cause increasedAP-1 bind-
ing to the NOS3 CRE elements, as shown in Fig. 3B.

FIGURE 4. FGF2, but not VEGF, increases JunB/Fra1 binding to the con-
sensus AP-1 site. A, oFPAEC were treated with or without 10 ng/ml FGF2 (F)
or VEGF (V) for 3 h, and nuclear extracts were prepared. Supershift assays for
AP-1 subunit members using an oligonucleotide probe containing the sheep
NOS3 consensus AP-1 element were performed as described under “Experi-
mental Procedures.” Representative “supershift” EMSA images shown depict
similar results from three independent experiments. B, oFPAEC were treated
with or without 10 ng/ml FGF2 (F) or VEGF (V) for 3 h and then used for ChIP
assays. The real-time PCR signals obtained for IP with specific JunB/Fra1 anti-
bodies were estimated with respect to input DNA, and results are expressed
as mean � S.E. (n � 3) of -fold changes over controls. *, p � 0.05 versus control.
#, p � 0.05, JunB versus Fra1.

FIGURE 5. FGF2, but not VEGF, increases JunB/FRA1 binding to the CRE-
like site. A, oFPAEC were treated with or without 10 ng/ml FGF2 (F) or VEGF
(V) for 3 h. Supershift using an oligonucleotide probe containing the sheep
NOS3 promoter CRE-like element was performed as described under “Exper-
imental Procedures.” Representative supershift EMSA images shown depict
similar results from three independent experiments for binding of members
of the Jun/Fos families and of CREB and phospho-CREB to the CRE-like ele-
ment. B, oFPAEC were treated with or without 10 ng/ml FGF2 or VEGF for 2 h
and then used for ChIP assays. The real-time PCR signals obtained for IP with
specific JunB/Fra1 antibodies were estimated with respect to input DNA, and
results are expressed as mean � S.E. (error bars) (n � 3) of -fold changes over
controls (Ctl). *, p � 0.05 versus control.
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FGF2, but Not VEGF, Up-regulates c-Jun, JunB, and Fra1
Expression in oFPAEC; Role of ERK2/1—AP-1 mediated trans-
activation of gene expression occurs via de novo synthesis of
AP-1 proteins or post-transcriptional modifications of the pre-
existing AP-1 components (17, 18). We recently showed that
FGF2 induces potent and sustained (up to 12 h) activation of
ERK2/1 in oFPAEC (7), raising a question as to whether sus-
tained ERK2/1 activation up-regulates AP-1 protein expres-
sion, which in turn trans-activates the NOS3 promoter AP-1
site. High levels of basal c-Jun, JunB, and JunD proteins and
lower levels of basal c-Fos and Fra-1 proteins, but not Fos-B and
Fra-2, were readily detectable in oFPAEC. FGF2, but not VEGF,
significantly increased the levels of c-Jun, JunB, and Fra-1 pro-
teins in a time-dependent manner. JunB, c-Jun, and Fra-1 pro-
teins were significantly increased at 2 h and sustained up to
24 h; however, significant differences exist in their time courses.
JunB and c-Jun proteins peaked between 4 and 8 h, whereas
Fra-1 expression increased constantly over time with the high-
est at 24 h. JunB protein expression was mostly responsive to
FGF2, with a �5-fold increase above base line at 4–8 h, main-
tained at high levels up to 24 h. VEGF only modestly increased
c-Jun and JunB proteins at early times, and the effects were not
significant (Fig. 6).
Activation of MAPK, including ERK2/1 and JNK1/2, plays a

key role in up-regulating AP-1 proteins by a variety of extracel-

lular stimuli (17). Because the time courses of FGF2 induction
of c-Jun, JunB, and Fra-1 proteins were similar to that of
ERK2/1 activation by FGF2 and sustained ERK2/1 activation
was required for FGF2-induced NOS3 protein expression (7),
we studied the effects of ERK2/1 inhibition on FGF2 induction
of JunB, c-Jun, and Fra-1 protein expression. Blockade of
ERK2/1 activation by PD98059 inhibited FGF2-induced JunB
and Fra-1, but not c-Jun, protein expression (p � 0.05). How-
ever, when PD98059 was given 30 min or 1 h after FGF2 stim-
ulation, only JunB inductionwas attenuated. FGF2 induction of
Fra-1 was only partially blocked by PD98059 when given 1 h
post-FGF2 stimulation (Fig. 7). Thus, JunB was the FGF2-in-

FIGURE 6. Effects of FGF2 and VEGF on c-Jun, JunB, and Fra-1 protein
expression in oFPAEC. Cells were treated with each growth factor (10 ng/ml)
for 0, 2, 4, 8, 12, and 24 h and then harvested for immunoblotting of c-Jun (A),
JunB (B), and Fra-1 (C) proteins. Representative blots shown depict one typical
experiment. Quantitative data are expressed as the mean � S.E. (error bars)
(n � 3) of -fold control (untreated) value. *, p � 0.05 versus control.

FIGURE 7. Role of ERK2/1 in FGF2 induction of AP-1 components in
oFPAEC. Serum-starved cells were either pretreated with PD98058 (10 �M)
for 30 min followed by FGF2 (10 ng/ml) or treated first with FGF2 and then
with PD98058 at 5, 30, and 60 min post-FGF2 treatment. Protein samples were
harvested 2 h after FGF2 stimulation and analyzed for c-Jun, JunB, and Fra-1
proteins. Representative blots shown depict one typical experiment. Bar
graphs summarize data (means � S.E. (error bars)) of -fold control values from
three independent experiments. Bars with different letters (a versus b versus c)
differ significantly (p � 0.05), and bars with two letters do not differ from bars
with either letter.
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duced AP-1 component most sensitive to inhibition of sus-
tained ERK2/1 activation. Fra-1 protein expression by FGF2 is
possibly mediated by acute ERK2/1 activation. FGF2 induction
of c-Jun protein was not affected by inhibition of ERK2/1 acti-
vation alone, suggesting that other pathways activated by FGF2,
such as JNK1/2 andAKT1 (7),may be involved in this process in
oFPAEC.
FGF2 Stimulation of NOS3 Expression Requires JunB and

Fra1 in oFPAEC—Infection with sense JunB adenovirus
increased JunB protein levels by 	10-fold over base line,
whereas infection with the antisense JunB adenovirus
decreased JunB protein by�50% compared to that of base line
and also blocked FGF2-induced increases in JunB protein
levels. Infection with the empty adenovirus did not alter
JunB expression. Compared with controls, infection with sense
JunB adenovirus significantly increased the levels of NOS3 pro-
tein. JunB overexpression did not further increase NOS3
expression in FGF2-treated cells. However, infection of anti-
sense JunB adenovirus decreased the FGF2-inducedNOS3 pro-
tein by 45% (p � 0.05). Concomitant infection with sense and
antisense JunB adenoviruses blocked FGF2-induced NOS3
protein expression (Fig. 8A). Infectionwith antisense c-Jun ade-
novirus did not inhibit basal or FGF2-induced NOS3 protein
expression. Infection with sense c-Jun adenovirus increased
basal NOS3 protein expression by 197% compared with con-
trols (p � 0.05). Moreover, FGF2 induced 170% increase in
NOS3 protein expression, which was further significantly
increased to 373% of basal level by c-Jun overexpression (Fig.
8B).
Transfection of antisense Fra1 vector decreased Fra1 expres-

sion by 40% of basal levels, whereas sense Fra1 vector increased
Fra1 protein by 2-fold. Contrasting to c-Jun/JunB overexpres-
sion, increased Fra1 expression did not alter basal NOS3 levels
(Fig. 8C). However, transfection of antisense Fra1 without
or with sense Fra1 decreased FGF2 induction of NOS3
expression by 20 and 35%, respectively (p � 0.05). Thus, sim-
ilar to antisense JunB, antisense Fra1 can inhibit NOS3 expres-
sion, although the former had a stronger inhibitory effect on
FGF2 induction of NOS3 in oFPAEC.
In comparison with empty adenovirus infections, co-infec-

tions of sense and antisense Jun adenoviruses led to 	80%
reduction of Jun overexpression by sense Jun adenoviruses
alone; co-infections still resulted in greater Jun protein levels,
similar to those of FGF2 stimulation. However, co-infection of
sense/antisense Jun adenoviruses did not enhance endothelial
nitric-oxide synthase protein expression similarly as did FGF2.
These data indicate that additional mechanisms other than
Jun/AP-1 expression, possibly linked to protein kinase-depen-
dent Jun phosphorylation/activation by FGF2 (33), might be
involved in FGF2 induction of endothelial nitric-oxide synthase
protein expression.
FGF2 Increases NO Production in oFPAEC; Role of JunB,

Fra1, and ERK2/1—We tested whether changes observed in
NOS3 expression by FGF2 affect NO production in oFPAEC.
Treatment with FGF2 for 24 h stimulated a 2-fold increase in
NOx production compared with controls (Fig. 9). JunB down-
regulation inhibited FGF2 stimulation of NOx production by
95% (p� 0.05), and JunB overexpression increasedNOproduc-

tion by 2.07-fold (p � 0.05). However, JunB overexpression did
not further increase FGF2-stimulated NO production. Fra1
down-regulation decreased FGF2-induced NOx production by
30% (p� 0.05). Fra1 overexpression did not alter basal or FGF2-
induced NOx production. PD98059 inhibited basal and FGF2-
inducedNOx production by 46% (p� 0.05) and 94% (p� 0.05),
respectively (Fig. 9).
Effects of AP-1 Inhibition on FGF2 Induction of NOS3 in

HUVEC and UAEC—We investigated if FGF2 stimulates
NOS3 protein expression and if AP-1 has a role in this process
in other EC. Similarly to oFPAEC, FGF2 and the AP-1 activator
PMA stimulated NOS3 protein expression in HUVEC (Fig. 10)
and UAEC (15). When transfected with the AP-1 CDODN, but
not the scrambled ODN, presumptively “trapping” the AP-1
proteins (34), FGF2 and PMA did not stimulate NOS3 protein
expression in HUVEC (Fig. 10). FGF2 also stimulated NOS3
protein expression in UAEC. Treatment with a selective phar-
macological AP-1 inhibitor curcumin dose-dependently inhib-

FIGURE 8. FGF2-increased NOS3 up-regulation requires JunB and Fra1
but not c-Jun. A, cells were infected with or without empty, antisense (AS), or
sense (S) JunB adenoviruses for 18 h. After recovery in complete culture
medium, cells were starved in the presence or absence of FGF2 (10 ng/ml) for
24 h. B, cells were treated similarly to A but with sense and/or antisense c-Jun
adenoviruses. C, cells were treated similarly to A but with sense and/or anti-
sense Fra1-expressing cytomegalovirus constructs. For all treatments, total
protein samples were analyzed for JunB, c-Jun, Fra1, NOS3, and �-actin levels.
Representative blots shown depict a typical experiment for each panel. Bar
graphs summarize data (means � S.E. (error bars)) of -fold control values from
three independent experiments. Bars with different letters (a versus b versus c)
differ significantly (p � 0.05), and bars with two letters do not differ from bars
with either letter.
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ited FGF2-induction of NOS3 protein expression in oFPAEC,
HUVEC, and UAEC (supplemental Fig. S1).

DISCUSSION

Wehave shown that FGF2 stimulation of NOS3mRNA/protein
expression is associated with potent trans-activation of the
NOS3 promoter without significant mRNA degradation in
oFPAEC. These data suggest that de novomRNA synthesis via

activation of transcription largely accounts for FGF2-induced
NOS3 expression. Expression analyses of luciferase reporter
constructs driven by sheep 1283-bp NOS3 promoter and its
various deletions reveal that the proximal AP-1 and CRE-like
elements are the primary cis-elements responsible for NOS3
expression by FGF2 in oFPAEC. This notion is strongly sup-
ported by the findings that trans-activation of the wild-type
NOS3 promoter-driven luciferase construct by FGF2 was lost
when both sites were deleted or mutated.
Our current study has established a critical role of AP-1 in

mediating FGF2 induction of NOS3 expression in EC as evi-
denced by the following: 1) FGF2 stimulates endothelial nitric-
oxide synthase expression in various types of EC, which is
attenuated by AP-1 inhibition; 2) FGF2 stimulates time-depen-
dent increases in NOS3 promoter AP-1 DNA binding activity;
3) FGF2-induced AP-1-DNA complex consists of JunB and
Fra1; and 4) FGF2 stimulates JunB/AP-1 binding toNOS3 pro-
moter in intact oFPAEC in situ. Other AP-1 subunits, such as
c-Jun, JunD, c-Fos, FosB, and Fra2, seem not to play a major
role. These data further solidify a critical role of AP-1 in regu-
lating NOS3 expression, as reported in uterine artery EC
expressing c-Jun (15) and in other EC stimulated by various
extracellular stimuli (21–23).
Adjacent to the AP-1, a CRE-like element (-TGCGTCA-,

�752 to �758) in the NOS3 promoter is identified as a CREB
binding site for mediating NOS3 expression by prostacyclin
(16) and hypoxia (24) in bovine aortic EC. This site is also
involved in FGF2 induction of NOS3 expression in oFPAEC;
however, it seems not to function as a classical CREB but rather
an AP-1 site in mediating FGF2 induction of NOS3 transcrip-
tion due to the following reasons. First, the CRE differs by only
one base pair from AP-1, providing a structural base for it as
AP-1. Second, forskolin dramatically activates CREB; however,
it does not increase the NOS3 CRE DNA binding. Third, PMA
markedly increases the CRE DNA binding. Fourth, FGF2
increases theCREDNAbinding; however, the binding complex
does not contain CREB but instead contains JunB and Fra1.
Interestingly, VEGF stimulates the CRE DNA binding; how-
ever, the response is relatively short (�1 h). This does not suf-
fice to initiate NOS3 transcription in intact cells because of the
following. 1) VEGF does not stimulate the direct association of
JunB and/or Fra1 at the CRE site asmeasured byChIP assays. 2)
VEGF does not stimulate the DNA binding on the consensus
AP-1, nor does it increaseNOS3mRNAand protein expression
in oFPAEC.
The role of ERK2/1 inNOS3 expression seems to vary among

the stimuli and EC surveyed. In oFPAEC, FGF2 and angiotensin
II up-regulate NOS3 via ERK2/1 activation (6, 35); however,
shear stress-induced NOS3 does require ERK2/1 activation
(36). Of specific interest to angiogenic growth factors, we have
shown previously that FGF2 and VEGF activate ERK2/1; how-
ever, different signal intensities and duration of FGF2 and
VEGF-induced ERK2/1 activation may differentiate the effects
of the two growth factors on NOS3 expression in oFPAEC
(6–8). FGF2 and VEGF rapidly stimulate ERK2/1 nuclear
translocation (6). FGF2, but not VEGF, trans-activates the
NOS3 promoter via an AP-1-dependent mechanism, which is
attenuated by PD98059. Collectively, these data have shown a

FIGURE 9. FGF2 increases total NOx levels in oFPAEC via JunB and ERK.
Subconfluent and quiescent oFPAEC were pretreated with or without JunB
adenoviruses, as shown in Fig. 8A, and Fra-1 vectors, as in Fig. 8C, or in the
presence or absence of PD98059 (10 �M). The cells were then treated with
FGF2 (10 ng/ml) for 24 h. Culture media were sampled for analyses of NOx
production by chemiluminescence using an NO Sievers analyzer. Data were
calculated by a standard curve generated by sodium nitrate. Bars with differ-
ent letters (a versus b versus c versus d) differ significantly (p � 0.05), and bars
with two letters do not differ from bars with either letter. Error bars, S.E.

FIGURE 10. FGF2 up-regulates NOS3 expression in HUVEC via AP-1. Sub-
confluent HUVEC were transfected with a decoy AP-1 CDODN or scrambled
ODN and then treated without (C) or with FGF2 (10 ng/ml; F) or PMA (100 nM;
P) for 24 h. Cellular proteins were harvested for immunoblotting of NOS3 and
�-actin. Representative blots of one typical experiment shown depict three
independent experiments using HUVEC from different placentas. Quantita-
tive data are expressed as the mean � S.E. (n � 3) of -fold control (Ctl)
(untreated) value. *, p � 0.05 versus controls. Error bars, S.E.
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critical role of the ERK2/1-AP-1 pathway in the FGF2-induced
NOS3 transcription in placental EC. This concept is well in line
with previous studies showing a critical role of AP-1 in NOS3
up-regulation by insulin in bovine aortic EC (22) and by shear
stress in fetal pulmonary artery EC (23) and that in both cases
NOS3up-regulation is sensitive to ERK2/1 inhibition.Our con-
clusion is further solidified by the following findings. First,
FGF2 increased JunB/Fra1 AP-1-binding complexes to NOS3
promoter AP-1- and CRE-like sites. Second, FGF2 stimulates
JunB and Fra1 expressions, which are sensitive to PD98059.
Third, JunB or c-Jun overexpression increases NOS3 expres-
sion. Fourth, down-regulation of JunB and Fra1 significantly
lowers FGF2-induced NOS3 expression.
In keeping with our recent findings that FGF2 induces sus-

tained activation of ERK2/1 in oFPAEC (17, 18, 33), FGF2 rap-
idly initiates and induces sustained up-regulation of AP-1 pro-
teins. Different AP-1 subunits undergo similar but not identical
regulation by angiogenic growth factors. JunB expression is
most sensitive to FGF2 stimulation, followed by c-Jun, and
JunD does not respond to FGF2. The expression of the Fos
family members is also differentially modulated by FGF2. FGF2
rapidly increases Fra1 expression but does not stimulate c-Fos
expression. Fra1 expression by FGF2 lasts for at least 24 h and is
sensitive to ERK2/1 inhibition. These data agree with previous
studies showing that Fra-1 is highly inducible by ERK2/1 acti-
vation as compared with c-Fos (32, 37) and that insulin stimu-
lates sustained (up to 24 h) activation of AP-1 factors, which
contain mainly Fra-1 in CHO cells (32, 38). In addition to
increased expression of AP-1 proteins, post-transcriptional
regulation of preexisting AP-1 proteins, such as phosphoryla-
tion by ERK2/1, JNK1/2, and phosphatidylinositol 3-kinase/
Akt (32, 33), also plays a critical role in AP-1 dependent tran-
scription (17, 18). In addition to ERK2/1, activation of JNK1/2
and phosphatidylinositol 3-kinase/Akt is also required for
NOS3 expression by FGF2 (7). Further studies are needed to
delineate whether these pathways are involved in NOS3
expression in EC.
Up-regulation ofmultipleAP-1 subunits by FGF2 in oFPAEC

also raises the following critical question. What is the specific
role that each AP-1 component plays in FGF2-induced placen-
tal endothelial NOS3 expression? FGF2 stimulation of JunB
seems necessary and sufficient for subsequent NOS3 up-regu-
lation andNOproduction in oFPAECbecause they are reversed
by JunB down-regulation. The inability of c-Jun down-regu-
lation to inhibit FGF2-induced NOS3 expression may also
support the importance and specificity of JunB in FGF2-in-
duced NOS3 expression. However, c-Jun overexpression
results in greater NOS3 protein level than that of JunB overex-
pression. Only overexpression of c-Jun, and not of Jun-B or
Fra1, enhanced FGF2-inducedNOS3 protein expression. Thus,
c-Jun and JunB may both up-regulate basal NOS3 expression,
but only c-Jun mediates FGF2 effects. These findings confirm
both redundancy and specific activities of c-Jun and JunB as
described in other systems (17, 36). For example, c-Jun deletion
leads to liver and heart defects inmice; “knock-in” of JunB alone
rescues c-Jun-null mice from embryonic death and liver failure
(39). It is speculated that embryonic lethality of c-Jun-null mice
is due to the inability of c-Jun target tissues to express sufficient

quantities of other AP-1members capable of regulating similar
sets of genes (39). Similarly, it is possible that a clear role of JunB
and a minor role of Fra1 in FGF2 up-regulation of NOS3 prob-
ably originated from JunB and Fra1 being the most highly
inducible AP-1 subunits by FGF2 in oFPAEC.
JunB functions as either trans-activator or trans-repressor,

depending on the promoter of a given target gene (18, 33). JunB
antagonizes c-Jun trans-activation in promoters that express
one single AP-1 element like cyclin D1, whereas it trans-acti-
vates promoters that possess multiple AP-1 sites (40, 41). In
oFPAEC, we have shown that JunB binds to both AP-1 and
CRE-like elements, consistent with the fact that JunB trans-
activates promoters with more than one element for binding
JunB. The trans-activation potential of c-Jun and JunB also
depends on the AP-1 and CRE flanking sequences and its
dimerization partner (33, 42). For instance, c-Jun/ATF2 dimers
strongly activate the c-Jun promoter containing two CRE sites
while weakly activating cyclin D promoter that contains an
AP-1 and a CRE site, and the contrary is true for a tethered
c-Jun/c-Fos dimer (43).
Fra1 seems to play a supportive role in FGF2 up-regulation of

oFPAE cell NOS3. FGF2 induced only Fra1, and not c-Fos, in
oFPAEC. Fra1 and Fra2 do not possess a trans-activation
domain, and they presumptively repress the transcriptional
activity of c-Fos and Fos-B (37). However, they bind to Jun
proteins and stabilize the heterodimer to prevent the degrada-
tion of Jun members (37). Fra1 overexpression did not increase
basal levels of NOS3, as did JunB and c-Jun overexpressions in
oFPAEC. Fra1 requires stronger ERK2/1 activation to activate
gene expression (32). Fra1 overexpression does not increase
basal NOS3 expression, potentially because basal ERK2/1 acti-
vation does not suffice to activate Fra1.
In sum, JunB and Fra1/AP-1 play a major role in FGF2 up-

regulation ofNOS3 in oFPAEC, and sustained ERK activation is
a key upstream route in the differential up-regulation of NOS3
by FGF2 and VEGF.We conclude that differential activation of
AP-1 plays a key role in the differential regulation of NOS3
expression by FGF2 and VEGF in endothelial cells.
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