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Hypoxia induces apoptosis but also triggers adaptive mechanisms to ensure cell survival. Here we show that the
prosurvival effects of hypoxia-inducible factor 1 (HIF-1) in endothelial cells are mediated by neuron-derived orphan
receptor 1 (NOR-1). The overexpression of NOR-1 decreased the rate of endothelial cells undergoing apoptosis in
cultures exposed to hypoxia, while the inhibition of NOR-1 increased cell apoptosis. Hypoxia upregulated NOR-1
mRNA levels in a time- and dose-dependent manner. Blocking antibodies against VEGF or SU5614 (a VEGF
receptor 2 inhibitor) did not prevent hypoxia-induced NOR-1 expression, suggesting that NOR-1 is not induced by
the autocrine secretion of VEGF in response to hypoxia. The reduction of HIF-1« protein levels by small interfering
RNAs, or by inhibitors of the phosphatidylinositol-3 kinase (PI3K)/Akt pathway or mTOR, significantly counter-
acted hypoxia-induced NOR-1 upregulation. Intracellular Ca*>* was involved in hypoxia-induced PI3K/Akt activa-
tion and in the downstream NOR-1 upregulation. A hypoxia response element mediated the transcriptional
activation of NOR-1 induced by hypoxia as we show by transient transfection and chromatin immunoprecipitation
assays. Finally, the attenuation of NOR-1 expression reduced both basal and hypoxia-induced cIAP2 (cellular
inhibitor of apoptosis protein 2) mRNA levels, while NOR-1 overexpression upregulated cIAP2. Therefore, NOR-1

is a downstream effector of HIF-1 signaling involved in the survival response of endothelial cells to hypoxia.

Mammalian cells require a constant supply of oxygen to
maintain their energy balance. Low oxygen (hypoxia) leads to
reduced oxidative phosphorylation and the depletion of cellu-
lar ATP that can result in cell death. To ensure cell survival
during hypoxia, cells have evolved complex adaptive mecha-
nisms (54). Indeed, hypoxia coordinately regulates a large
number of genes whose products have widespread roles, in-
cluding the regulation of vascular function, cell metabolism,
cell survival, and cell growth and motility. In response to hyp-
oxia, cells secrete vascular endothelial growth factor (VEGF),
a cytokine that modulates gene expression and elicits an array
of biologic activities such as cell survival and angiogenesis (15).
These cellular effects of VEGF are mediated by a set of tran-
scription factors, among which are cyclic AMP response ele-
ment binding protein (CREB) (35) and the subfamily 4 group
A of nuclear receptors (NR4A) (26, 50, 61). However, the
transcriptional response to hypoxia is mediated primarily by
the hypoxia-inducible factor (HIF) family of transcription fac-
tors. HIF-1, the prototype of this family, is a heterodimeric
basic helix-loop-helix transcription factor composed of HIF-13
(constitutive subunit) and HIF-la (oxygen-sensitive subunit)
(48). In normoxic conditions, HIF-1« is degraded by a mech-
anism involving the hydroxylation of two prolyl residues by
specific prolyl hydroxylases, ubiquitylation, and proteasomal
degradation through a von Hippel-Lindau-dependent pathway
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(51, 53). In hypoxic conditions, HIF-1« is stabilized and trans-
locates to the nucleus where it dimerizes with HIF-1p3, trans-
activating the hypoxia response element (HRE) present in the
promoter of many hypoxia-responsive genes (48). In the last
years, a growing number of genes regulated by hypoxia/HIF
have been identified (29); however, the regulatory network of
transcription factors that cooperates in the response of vascu-
lar endothelial cells to hypoxia is not completely understood.

The zinc finger transcription factor neuron-derived orphan
receptor 1 (NOR-1; also known as NR4A3, Minor, TEC, and
CHN) is a nuclear receptor originally identified as an early-
response gene in forebrain neurons undergoing apoptosis (42).
NOR-1, together with Nur77 and Nurrl, form the NR4A sub-
family of nuclear orphan receptors within the steroid/thyroid
receptor superfamily (30). Unlike most nuclear receptors,
whose transcriptional activity is regulated by direct modulatory
ligands, NR4A genes do not appear to require ligand binding
for activation (56), and they are immediate-early genes highly
responsive to extracellular stimuli (31). Various lines of evi-
dence have suggested a role for NOR-1 in cellular proliferation
and apoptosis. In the vascular system, NOR-1 is upregulated by
percutaneous transluminal coronary angioplasty (32), is over-
expressed in atherosclerotic lesions from patients with coro-
nary artery disease (5, 32, 39), and is induced by growth factors,
cytokines, and low-density lipoproteins (5, 12, 26, 32, 33, 39, 49,
50, 61). NOR-1 seems to be a key transcription factor involved
in vascular smooth muscle cell (12, 32, 39, 49) and endothelial
cell (33, 50) proliferation. Furthermore, NOR-1-dependent
oncogenic transformation has been described, as a result of its
fusion with various N-terminal partners (28). NOR-1 has been
implicated in the apoptosis of neural cells (42), T cells (10),
and MCF-7 breast cancer cells (41). Finally, NOR-1 has also
been involved in neuron survival in the developing murine
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FIG. 1. NOR-1 overexpression reduced hypoxia-induced apoptosis. (A) HUVEC were transfected with pIRES2-EGFP (GFP) or with pEGFP-
NOR-1 (GFP-NOR-1), a recombinant plasmid expressing GFP and NOR-1, and exposed to normoxia, hypoxia (1% O,), or 1 mM CoCl, for 16 h.
Apoptosis and cell death were evaluated quantitatively by FACS after PI/annexin V-PCS5 staining. Representative FACS profiles corresponding to one
experiment are shown. Data were gated for damaged cells (annexin V™~ and PI™; top left quadrant, purple), necrotic cells (annexin V* and PI""; top right
quadrant, red), viable cells (annexin V™ and PI"; bottom left quadrant, blue) and apoptotic cells (annexin V* and PI~; bottom right, green). (B) Bar
graph showing the percentage of apoptotic cells determined by FACS in GFP-positive cells expressing GFP or GFP-NOR-1 and treated as described
for panel A. Data represent means = SEM (n = 6). Untrans, untransfected cells; *, P < 0.05 versus cells transfected with the same construct and exposed
to normoxia; #, P < 0.05 versus cells exposed to the same treatment but transfected with pIRES2-EGFP (GFP). (C) Western blot showing NOR-1
protein levels in HUVEC exposed to normoxia, hypoxia, and CoCl, and in cells transfected with pIRES2-EGFP (GFP) or pEGFP-NOR-1 (GFP-NOR-
1). Levels of B-actin are shown as a loading control. (D) HUVEC were cultured in glass-bottom dishes, were transfected, and were exposed to hypoxia.
Cells were processed for annexin V binding and nuclear staining. Representative confocal images showing annexin V-R-PE binding (red) from cells

transfected with pIRES2-EGFP (GFP) or pEGFP-NOR-1 (GFP-NOR-1) and exposed to hypoxia. Bar = 50 wm.

hippocampus (46), and recently, it has been shown that it is
transiently and selectively induced in brain regions resistant to
transient global ischemia (22). The aim of this study was to
analyze whether NOR-1 plays a role in the adaptive response
of endothelial cells to hypoxia. We show that NOR-1 is a
downstream target of HIF-1a that could play an important role
in the regulation of endothelial cell survival under hypoxic
stress.

MATERIALS AND METHODS

Cell culture. Human umbilical vein endothelial cells (HUVEC; Advancell)
and human dermal microvascular endothelial cells (HDMEC; PromoCell) were
cultured in medium M199 (Kibbutz Industries) supplemented with 20 mM
HEPES (pH 7.4; Gibco), 30 ng/ml endothelial growth factor supplement
(Sigma), 2 mM glutamine (Gibco), 1 mM pyruvate (Gibco), 100 pg/ml heparin
(Sigma), 20% fetal calf serum (Biological Industries), and antibiotics (0.1 mg/ml
streptomycin, 100 U/ml penicillin G; Gibco) as described previously (33, 50). The
cells were used between passages 2 and 5. The cells were seeded in multiwell

plates and were maintained under standard culture conditions (21% O,, 5%
CO,, 95% humidity) until subconfluence. The cells were arrested overnight in
M199 supplemented with glutamine, pyruvate, antibiotics, and fetal calf serum
(10% for HUVEC and 5% for HDMEC). Finally, the cells were stimulated with
CoCl, (0.1 to 1 mM; Sigma), deferoxamine mesylate (DFO; 100 pM; Calbio-
chem), or VEGF-A (50 ng/ml; R&D Systems) or were exposed to hypoxia (1 to
5% O,, 5% CO,, balanced with N,) in a Forma Series II hypoxic incubator
(model 3141; Thermo Electron Corp.). When needed, the cells were pretreated
with inhibitors for 30 min. The inhibitors used were SU5614 (a VEGF receptor-2
inhibitor; 10 uM; Calbiochem), 1,2-bis(2-aminophenoxy)ethano-N,N,N',N'-tetra-
acetic acid tetrakis acetoxymethyl ester (BAPTA-AM, a Ca®" chelator; 15 uM;
Sigma), bisindolylmaleimide I (GF10933X, a protein kinase C [PKC] inhibitor; 5
wM; Sigma), SB203580 (a p38 mitogen-activated protein kinase [MAPK] inhib-
itor; 5 wM; Oxford Biomedical Research, Inc.), U0128 (a mitogen-activated
protein kinase kinase [MEK1/2] inhibitor that prevents extracellular signal-reg-
ulated kinase1/2 [ERK1/2] activation; 10 pM; Calbiochem), 12-(2-cyanoethil)-
6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-indolo[2,3-a]pyrrolo[3,4-c]carbazole
(G66976, an inhibitor of calcium-dependent PKCs; 3 wM; Biomol); rapamycin (a
mammalian target of rapamycin [mTOR] inhibitor; 100 nM; Sigma), and wort-
mannin. (100 wM; Sigma) or LY294002 (25 wM; Calbiochem), two phosphati-
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FIG. 2. NOR-1 inhibition increased hypoxia-induced apoptosis. (A) HUVEC were transfected with either siRNA control silencer (siControl)
or two different siRNA against NOR-1 (siNOR-1' and siNOR-1? [see Materials and Methods]) and exposed to normoxia, hypoxia (1% O,), or 1
mM CoCl, for 16 h. Apoptosis and cell death were evaluated quantitatively by FACS after PI/annexin V-PCS5 staining. Representative FACS
profiles corresponding to one experiment using siControl and siNOR-1! are shown. Data were gated as indicated in the Fig. 1 legend. (B) Bar
graphs showing the percentages of apoptotic cells in HUVEC transfected with either siRNA control silencer (siControl) or siRNAs against NOR-1
and treated as described for panel A. Data represent means = SEM (n = 6). Untrans, untransfected cells; *, P < 0.05 versus cells transfected with
the same siRNA and exposed to normoxia; #, P < 0.05 versus cells exposed to the same treatment but transfected with siControl. (C) mRNA levels
of NOR-1, Nur77, and Nurrl from HUVEC transfected with siControl (white bars), siNOR-1" (black bars), or siNOR-1? (shaded bars). *, P <
0.05 versus cells transfected with control silencer. (D) HUVEC were cultured in glass-bottom dishes, were transfected with siRNA, and were
exposed to hypoxia. Cells were processed for annexin V binding and nuclear staining. Representative confocal images showing annexin V-R-PE
binding (red) from cells transfected with siControl or siNOR-1' and exposed to hypoxia. Bar = 50 pum.

dylinositol-3 kinase (PI3K)/Akt inhibitors. Neutralizing antibodies against
VEGF (AF-293-NA; 200 ng/ml; R&D Systems) were used to block VEGF
secreted by endothelial cells as described previously (8).

Real-time PCR. Total RNA was isolated with an RNAeasy kit (Qiagen) accord-
ing to the manufacturer’s recommendations and was reverse transcribed with a
High-Capacity cDNA archive kit (Applied Biosystems) with random hexamers (33).
Assays-on-Demand (Applied Biosystems) of TaqMan fluorescent real-time
PCR primers and probes were used for NOR-1 (Hs00175077_ml), Nur77
(Hs00172437_m1), Nurr-1 (Hs00128691_m1), VEGF-A (Hs00173626_m1), HIF-1a
(Hs00153153_m1), and cyclin D1 (Hs00277039_m1). Primers for the real-time PCR
analysis of the cellular inhibitor of apoptosis protein-1 (cIAP1, BIRC2) and -2
(cIAP2, BIRC3) using SYBR green have been described previously (13). The results
were normalized by 18S rRNA (4319413E); alternatively, TATA binding protein
(Hs99999910_m1) was also used.

Western blot analysis. Endothelial cells were stimulated with CoCl, or were
exposed to hypoxia in the presence or in the absence of signaling inhibitors, and
protein extracts were analyzed by Western blotting as described previously (32,
33). Briefly, cell cultures were washed twice with wash buffer (50 mM HEPES
[pH 7.4], 150 mM NaCl, 100 mM NaF, 10 mM NaPP;, 10 mM EDTA, 2 mM
Na;VO,) and lysed with lysis buffer (wash buffer containing 1 mM phenylmethyl-
sulfonyl fluoride, 5 WM leupeptin, 1% Triton X-100). The protein concentration

was determined by the bicinchoninic acid protein assay (Pierce). Proteins were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and elec-
trotransferred onto nitrocellulose membranes (Bio-Rad Laboratories). The
membranes were incubated with antibodies against CREB phosphorylated in
Ser!¥ (Sigma), total CREB (Santa Cruz Biotechnology), Akt phosphorylated in
Ser*”? (Cell Signaling), total Akt (Millipore), HIF-1a (Abcam), or NOR-1 (PP-
H7833; R&D Systems) (40). Bound antibody was detected using the appropriate
horseradish peroxidase-conjugated antibody (Dako) and a chemiluminescent
detection system (Supersignal West Dura; Pierce). The equal loading of protein
in each lane was verified by reblotting the filters with an anti-B-actin antibody
(Sigma).

siRNA transfection. Silencer predesigned small interfering RNA (siRNA;
Ambion) targeting HIF-1a (ID nos. 42840 [siHIF-1'] and S6539 [siHIF-17]),
CREB (ID no. 6690), NOR-1 (ID nos. 41668 [siNOR-1'] and S15541 [siNOR-
17]), or silencer negative control 1 siRNA (siControl; ID no. 4390843) were used
in the knockdown experiments. HUVEC and HDMEC were transfected with
siRNAs using Nucleofector (Amaxa) and the corresponding kits according to the
manufacturer’s recommendations (32). In brief, 1 X 10° cells were electropo-
rated in 100 pl buffer containing 1 pg siRNA. Afterwards, the cells were seeded
in complete medium for 24 h, were arrested, and were exposed to hypoxia or
CoCl, overnight.
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FIG. 3. Hypoxia induces NOR-1 expression in HUVEC. NOR-1 (A) and VEGF (B) mRNA levels from HUVEC cultured under normoxia
(Norm) or exposed to hypoxia (1% O,), CoCl, (1 mM), or deferoxamine mesylate (DFO; 100 uM) for 4 h. (C and D) Hypoxia induces NOR-1
expression in a dose- and time-dependent manner. (C) HUVEC were cultured under normoxia (Norm) or exposed to hypoxia or increasing
concentrations of CoCl, for 4 h. (D) Time-dependence experiments performed in cells subjected to hypoxia (1% O,) or CoCl, (1 mM) for
increasing times. (E and F) VEGF mRNA levels from cells cultured as indicated for panels C and D. Results were normalized by 18S rRNA. Data
are from three independent experiments performed in triplicate. *, P < 0.05 versus controls.

Constructs of NOR-1 promoter. The human NOR-1 promoter sequence con-
tained in the plasmid pNORa/-1703, kindly provided by N. Ohkura (National
Cancer Center Research Institute, Tokyo, Japan), was cloned into pGL3-Lucif-
erase (Promega) (pGL3-NOR/-1703), and deletions were generated by PCR.
The putative HRE site present in the NOR-1 promoter was mutated using the
QuikChange II site-directed mutagenesis kit (Stratagene) according to the man-
ufacturer’s instructions. The primers used were GTTAAGAAACCCACGCCG
TACCTcTAAAGAAATCAAACCTTATC (forward) and GATAAGGTTTGAT
TTCTTTAgAgGTACGGCGTGGGTTTCTTAAC (reverse) (the putative HRE
is underlined, and changes are indicated by lowercase letters). Mutation was
confirmed by DNA sequencing. CRE motifs were mutated as previously de-
scribed (32, 49).

Transient transfection and luciferase assays. Cells were transfected with the
luciferase reporter plasmids using Lipofectin reagent (Invitrogen) as described
previously (33). Briefly, transient transfections were performed in subconfluent
cells seeded in six-well plates using 1 pg/well of the luciferase reporter plasmid,
0.3 pg/well of pSVB-gal (Promega) as an internal control, and 3 ul of Lipofectin
(Invitrogen). The DNA-liposome complexes were added to the cells for 6 h. The
cells were washed once with arrest medium, were arrested overnight, and then
were exposed to hypoxia or CoCl,. Luciferase activity was measured in the cell
lysates using a luciferase assay kit (Promega) and a luminometer (Orion I;

Berthold Detection Systems) according to the manufacturers’ instructions. The
results were normalized by B-galactosidase activity using an enzyme assay system
(Promega). In the cotransfection assays, an expression plasmid of HIF-la
(pCDNA3-HIF-1a) kindly provided by E. Huang (Department of Health &
Human Services, NIH, Bethesda, MD) was used.

Overexpression of NOR-1. A NOR-1 full-length cDNA (32) was subcloned in
the bicistronic vector pIRES2-EGFP (Clontech) (where EGFP is enhanced
green fluorescent protein). Cells were transfected with the recombinant plasmid
expressing GFP and NOR-1 (pEGFP-NOR) using Nucleofector (Amaxa) and
the corresponding kits according to the manufacturer’s recommendations.
NOR-1 overexpression was checked by Western blotting using an antibody spe-
cific for NOR-1 (PP-H7833; R&D Systems).

Annexin V binding: FACS and confocal analysis. Annexin V binding was used
as an index of cell apoptosis. HUVEC were transfected with pIRES2-EGFP or
pEGFP-NOR, grown in complete medium for 36 h, arrested, and exposed to
hypoxia or CoCl, overnight. Finally, the cells were trypsinized, pooled with cells
present in the cell supernatants, and resuspended in 1X binding buffer (10 mM
HEPES [pH 7.4], 2.5 mM NaCl, 2.5 mM CaCl,). The cells were incubated with
annexin V conjugated with R-phycoerythrin-cyanine 5 (annexin V-PCS5; Bio-
Vision, Inc.) and propidium iodide (PI; Molecular Probes) according to the
manufacturer’s recommendations. Annexin V-PCS5 and PI binding was analyzed
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in GFP-positive cells by fluorescence-activated cell sorting (FACS) (Epics XL
flow cytometer; Beckman Coulter), and the results were expressed as a percent-
age of GFP-positive cells. Annexin V and PI binding were also analyzed in
NOR-1 knockdown experiments. Cells were transfected with siRNA (siNOR-1
or siControl), arrested, and exposed to hypoxia or CoCl, overnight. Finally, cells
were trypsinized and incubated with annexin V-PC5 and PI as indicated above.
Data were expressed as percentages of the total cell population. Annexin V-PC5
fluorescence (abscissa) was plotted versus PI uptake (ordinate). Data were gated
for damaged cells (annexin V™ and PI™), necrotic cells (annexin V* and PI™),
viable cells (annexin V™ and PI™), and apoptotic cells (annexin V* and PI").

Annexin V binding was also analyzed by confocal microscopy. HUVEC were
transfected with the recombinant plasmid expressing NOR-1 or with siRNAs
against NOR-1 and were cultured in glass-bottom dishes (Willco Wells B.V.).
The cells were arrested and were exposed to hypoxia overnight. Afterwards, the
cells were washed with 1X annexin binding buffer and were processed in situ for
annexin V-R-phycoerythrin (annexin V-R-PE; Molecular Probes) binding ac-
cording to the manufacturer’s recommendations for adherent cell cultures. The
cells were fixed with a 4% paraformaldehyde solution containing a Hoechst dye
(no. 33342; Molecular Probes) for nuclear staining and finally were washed with
phosphate-buffered saline and mounted with ProLong mounting medium (Mo-
lecular Probes).

Cell cycle analysis. HUVEC transfected with the recombinant plasmid ex-
pressing NOR-1 (or a control plasmid, pIRES2-EGFP) or with siRNA against
NOR-1 (ID no. 41668; Ambion) (or silencer negative control, ID no. 4390843;
Ambion) were exposed to hypoxia overnight. Then the cells were trypsinized, and
DNA was stained with PI (Molecular Probes). The cell cycle phases were as-
sessed by flow cytometry (Epics XL flow cytometer; Beckman Coulter) as de-
scribed previously (32). A cell cycle distribution analysis was performed with
Cylchred software from the Department of Hematology of the University of
Cardiff (United Kingdom).

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
using the ExactaChIP kit (R&D Systems) according to the manufacturer’s pro-
tocol. Briefly, arrested HUVEC were cultured under normoxia or exposed to
hypoxia or CoCl, for 4 h in the presence or in the absence of the PI3K inhibitor
LY294002. Cells were cross-linked with 1% formaldehyde for 15 min. Cross-link
reactions were stopped by adding glycine to a final concentration of 0.125 mM.
Then, the cells were washed, harvested by scraping, lysed, and sonicated to shear
chromatin to DNA fragments of 0.5 to 1 kb. Lysates were centrifuged, and an
aliquot of supernatant was saved as the input DNA. Supernatants were then
immunoprecipitated with an anti-HIF-1a antibody (5 pg) or with goat immuno-
globulin G (IgG; control for nonspecific binding). Immunoprecipitates were
recovered by the addition of streptavidin agarose beads (Sigma). After extensive
washing was completed, 100 pl of chelating resin solution (R&D Systems) was
added to the beads and boiled for 10 min. Finally, DNA was purified and
concentrated using the QIAquick DNA purification system (Qiagen). The puri-
fied DNA was analyzed by conventional PCR and real-time PCR for the pres-
ence of the human NOR-1 promoter fragment (—801/—612 bp) using primers
5'-TGTTCAACACGTGTGTGTTTGT-3' (forward) and 5'-CATTTACTGGG
TGCGTGTTTC-3' (reverse). The PCR amplification of 4% of the soluble chro-
matin prior to immunoprecipitation was used as the input control. The ChIP-
precipitated DNA and input DNA were subjected to real-time PCR analyses
using the Quantifast SYBR green PCR kit (Qiagen), and samples from two
individual ChIP assays were analyzed in triplicate. The results were normalized
by input and were expressed as the n-fold increase over those of the controls
(normoxia).

Statistical analysis. The results are expressed as means * standard errors of
the means (SEM) (unless otherwise stated). A STAT VIEW II (Abacus Con-
cepts) statistical package for the Macintosh computer system was used for all
analysis. Multiple groups were compared by one-factor analysis of variance,
followed by the Fisher protected least significant difference to assess specific
group differences.

RESULTS

NOR-1 overexpression reduced hypoxia-induced apoptosis
in HUVEC. We had previously reported that VEGF-A, a key
cytokine upregulated by hypoxia involved in the proliferation
and survival of endothelial cells, is a strong inducer of NOR-1
(50). Here we analyzed whether NOR-1 plays a role in the
response of endothelial cells to hypoxia. The overexpression of
NOR-1 in endothelial cells transfected with a bicistronic vector
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FIG. 4. Pathways involved in hypoxia-induced NOR-1 expression
in HUVEC. (A) NOR-1 mRNA levels from HUVEC cultured under
normoxia (Norm) or exposed to hypoxia (1% O,) or CoCl, (1 mM) in
the presence or absence (—) of different inhibitors: BAPTA-AM (BA;
Ca®" chelator), L'Y294002 (LY; PIK3/Akt inhibitor), bisindolylmale-
imide I (BI; PKC inhibitor), G66976 (G0; inhibitor of calcium-depen-
dent PKCs), SB203580 (SB; p38 MAPK inhibitor), and U0128 (U;
ERK1/2 inhibitor). Data are from three independent experiments per-
formed in triplicate. *, P < 0.05 versus normoxia; #, P < 0.05 versus
cells exposed to hypoxia or CoCl, in the absence of inhibitors.
(B) Western blot showing the activation of Akt (phosphorylated Akt
[p-Akt]) by hypoxia (1% O,) and CoCl, (1 mM). Akt activation was
prevented by preincubation with BAPTA-AM (BA) and LY294002
(LY). Unchanged levels of total Akt (Akt) were used as loading con-
trol. A representative autoradiogram of the results from two experi-
ments performed in duplicate is shown. (C) Inhibition of VEGF or
VEGF-R does not prevent hypoxia-induced NOR-1 upregulation.
NOR-1 mRNA levels from cells cultured under normoxia (Norm) or
exposed to hypoxia (1% O,) or CoCl, (1 mM) for 4 h in the presence
or absence (—) of neutralizing antibodies against VEGF (Ab) or
SU5614 (SU, VEGEF receptor inhibitor). As a control, the inhibitory
effect of anti-VEGF antibodies and SU5614 on NOR-1 expression
induced by VEGF is shown. The absence of effect of control IgG is
shown. Data are from three independent experiments performed in
triplicate. *, P < 0.05 versus normoxia; #, P < 0.05 versus cells treated
with VEGF alone.
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FIG. 5. NOR-1 is upregulated by hypoxia in HDMEC and prevents hypoxia-induced apoptosis. (A) NOR-1 mRNA levels from HDMEC
cultured under normoxia (Norm) or exposed to hypoxia or increasing concentrations of CoCl, for 4 h. (B) Time-dependence induction of NOR-1
mRNA levels by hypoxia (1% O,) or CoCl, (1 mM). (C) Pathways involved in hypoxia-induced NOR-1 expression in HDMEC. NOR-1 mRNA
levels from HDMEC cultured under normoxia (Norm) or exposed to hypoxia (1% O,) or CoCl, (1 mM) in the presence or absence of different
inhibitors: BAPTA-AM (Ca®" chelator), L'Y294002 (PIK3/Akt inhibitor), bisindolylmaleimide I (Bisindo; PKC inhibitor), G56976 (inhibitor of
calcium-dependent PKCs), SB203580 (p38 MAPK inhibitor), U0128 (ERK1/2 inhibitor), and SU5614 (VEGF receptor inhibitor). Data are from
three independent experiments performed in triplicate. *, P < 0.05 versus normoxia; #, P < 0.05 versus cells exposed to hypoxia or CoCl, in the
absence of inhibitors. (D) Bar graph showing the percentages of apoptotic cells determined by FACS in HDMEC transfected with either siRNA
control silencer (siControl) or two different siRNA against NOR-1 (siNOR-1" and siNOR-1?) and exposed to normoxia, hypoxia (1% O,), or 1
mM CoCl, for 16 h. Data represent means = SEM (n = 6). Untrans, untransfected cells. *, P < 0.05 versus cells transfected with the same siRNA
and exposed to normoxia; #, P < 0.05 versus cells exposed to the same treatment but transfected with siControl.

encoding GFP and NOR-1 reduced the percentage of apop-
totic cells in cultures exposed to either hypoxia (from 40.3% =
3.7% to 20.4% = 4.3%) or CoCl, (from 71.9% = 3.8% to
46.4% = 5.8%), as determined by FACS analysis (Fig. 1A and
B). In cells maintained under normoxia, the effect was lower
but also significant (from 19.8% =+ 3.5% to 12.2% = 3.0%).
Figure 1C shows the levels of NOR-1 protein reached in cells
transfected with the bicistronic vector comparatively with those
from cells maintained under normoxia or exposed to hypoxia
or CoCl, Alternatively, the reduction of annexin binding in
NOR-1 overexpressing cells exposed to hypoxia was also qual-
itatively appreciated using confocal microscopy (Fig. 1D).
Conversely, two different siRNA against NOR-1 (siNOR-1*

and siNOR-1?), that efficiently inhibit NOR-1 expression with-
out affecting Nur77 or Nurrl expression (Fig. 2C), increased
the percentage of apoptotic cells in cultures exposed to hypoxia
or CoCl, as determined by FACS analysis (Fig. 2A and B). In
cells maintained under normoxia, the effect was also signifi-
cant. The increase of annexin binding by NOR-1 inhibition in
cells exposed to hypoxia was also qualitatively observed using
confocal microscopy (Fig. 2D). Therefore, NOR-1 seems to be
involved in the cell survival response to hypoxia.

Hypoxia induces NOR-1 expression in HUVEC. The expo-
sure of HUVEC to hypoxia upregulated NOR-1 expression (Fig.
3A) to an extent similar to VEGF-A expression (Fig. 3B). Two
compounds that mimic hypoxia either through competition for
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siCREB (—) indicates cells transfected with siControl. *, P < 0.05 versus cells transfected with siControl and exposed to normoxia.

(CoCl,) or chelation of (DFO) free iron, inhibiting Fe(II)-2-
oxoglutarate-dependent dioxygenases and stabilizing HIF-1a,
also upregulated NOR-1 and VEGF (Fig. 3A and B). Hypoxia
and CoCl, induced NOR-1 in a dose- and time-dependent man-
ner (Fig. 3C and D). Hypoxia and CoCl, also induced VEGF-A
(used as a positive control) in a dose- and time-dependent man-
ner (Fig. 3E and F). Interestingly, NOR-1 expression reached a
peak at 4 h (~3.2- and 6.7-fold over normoxia levels in cells
treated with hypoxia [1% O,] and 1 mM CoCl,, respectively) and
decreased 8 h after stimulus, while VEGF-A expression progres-
sively increased from 1 to 8 h.

Signaling pathways involved in NOR-1 induction by hypoxia
in HUVEC. Hypoxia is able to induce different signaling path-
ways in endothelial cells, including activation of the PKC and
MAPK pathways (ERK1/2 and p38 MAPK) and increases free
intracellular Ca®* levels (47). To address which of these path-
ways are involved in NOR-1 induction, we used specific inhib-
itors. The results shown in Fig. 4A indicate that NOR-1 up-
regulation by hypoxia (or CoCl,) is dependent on calcium
mobilization (inhibited by a calcium chelator, BAPTA-AM)
and PI3K (inhibited by LY294002) but independent of MAPK
pathways or PKC. To determine if there is a link between
calcium and the PI3K/Akt pathway, we analyzed the effect of
BAPTA-AM on the activation of Akt (phosphorylation in

Ser-473). Figure 4B shows that BAPTA-AM significantly
prevent the activation of Akt induced by hypoxia or CoCl,,
suggesting that calcium mobilization is required for PI3K/
Akt activation.

Autocrine VEGF secretion is not involved in hypoxia-in-
duced NOR-1 upregulation in HUVEC. In order to assess
whether VEGF secreted by endothelial cells in response to
hypoxia plays a role in hypoxia-induced NOR-1 expression, we
blocked either VEGF (using an anti-VEGF antibody) or
VEGFR-2 (using SU5614). Neither the anti-human VEGF
antibody nor SU5614 prevented the upregulation of NOR-1
induced by hypoxia or CoCl, (Fig. 4C). By contrast, as ex-
pected, NOR-1 expression induced by stimulation with VEGF
was abolished when VEGF or VEGFR-2 was blocked.

NOR-1 upregulation by hypoxia prevents apoptosis in
HDMEC. To determine whether NOR-1 is involved in the sur-
vival response of endothelial cells other than HUVEC to hypoxia,
we analyzed the regulation of NOR-1 by hypoxia in HDMEC
and determined the effect of NOR-1 inhibition on hypoxia-
induced apoptosis. Hypoxia and CoCl, induced NOR-1 in a
dose- and time-dependent manner in HDMEC (Fig. 5A and
B). Furthermore, the results shown in Fig. 5C indicate that
NOR-1 upregulation by hypoxia (or CoCl,) is dependent on
calcium mobilization (inhibited by calcium chelator BAPTA-
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(C) Western blot showing the increase of HIF-1a protein levels in cells transfected with siControl and exposed to CoCl, (1 mM) or hypoxia (1%
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AM) and PI3K (inhibited by L'Y294002) but is independent of
MAPK pathways or PKC. In agreement with the results for
HUVEC, SU5614 (inhibitor of VEGFR-2) did not affect
NOR-1 upregulation induced by hypoxia (or CoCl,), suggest-
ing that autocrine VEGF secretion is not involved in NOR-1
upregulation by hypoxia. Finally, the inhibition of NOR-1 up-
regulation using two specific siRNA against NOR-1 increased
the percentage of apoptotic cells in cultures exposed to hypoxia
(or CoCl,), as determined by FACS analysis (Fig. 5D).
Hypoxia-induced NOR-1 expression is not dependent on
CREB activation. Neither CoCl, nor hypoxia significantly in-
duced CREB activation in a time frame of 10 min to 2 h (Fig.
6A). In addition, the downregulation of CREB by siRNA (Fig.
6B) did not modify the hypoxia-induced expression of NOR-1
(Fig. 6C). Hypoxia-induced VEGF-A mRNA levels were not
modified either. Taken together, these results suggest that

under our experimental conditions, CREB is not involved in
hypoxia-induced NOR-1 expression.

Inhibition of HIF reduces hypoxia-induced NOR-1 expres-
sion. Hypoxia and CoCl, upregulated HIF-1a protein levels in a
dose- and time-dependent manner (Fig. 7A and B). This early
upregulation of HIF-1la correlates with the early induction of
NOR-1 mRNA levels by hypoxia and CoCl, (Fig. 3D). Two dif-
ferent siRNA against HIF-1a (siHIF-1a' and siHIF-1a?) pre-
vented hypoxia- and CoCl,-induced upregulation of HIF-la
protein levels (Fig. 7C) and concomitantly inhibited hypoxia- and
CoCl,-induced NOR-1 upregulation (Fig. 7D). As expected, the
hypoxic induction of VEGF, a well-known gene regulated by HIF-
la, was also abrogated by these siRNA against HIF-1a (Fig. 7E).

The PI3K/Akt pathway is key for the upregulation of HIF-1«
and the subsequent induction of NOR-1 expression by hyp-
oxia. Inhibition of the PI3K/Akt pathway (by LY294002 or
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wortmannin) or inhibition of its downstream target mTOR (by
rapamycin) significantly reduced HIF-1a protein levels (Fig.
8A) and concomitantly decreased NOR-1 mRNA levels in-
duced by hypoxia (or CoCl,) (Fig. 8B). As expected, these
compounds also reduced hypoxia-induced VEGF mRNA lev-
els (Fig. 8C).

Hypoxia induces NOR-1 promoter activity through a HRE.
In transient transfection experiments, hypoxia and CoCl, in-
creased the transcriptional activity of a luciferase reporter plas-
mid containing 1,703 bp of the NOR-1 promoter (pGL3-
NOR/-1703) in both HUVEC (Fig. 9A) and HDMEC (data
not shown). Furthermore, in cotransfection assays, an HIF-1a
expression vector was able to increase the transcriptional ac-
tivity of the reporter plasmid under normoxic conditions (Fig.
9B). By serial deletions, we located a putative HRE 683 bp
upstream from the transcriptional start site (Fig. 9C). The
mutation of this HRE by site-directed mutagenesis abolished
hypoxia-induced NOR-1 promoter activity (Fig. 9D). By con-
trast, mutation of the three CRE sites located near the tran-
scriptional start site significantly reduced basal promoter ac-
tivity but did not affect hypoxia-induced NOR-1 transcriptional
activity. Finally, ChIP assays were performed to confirm that
HIF-1 directly binds to this putative HRE site. As shown in
Fig. 10, HIF-1 specifically binds to that HRE site. Quantitative
analysis by real-time PCR revealed that hypoxia and CoCl,
increased HIF-1 binding by 9.3- and 14.1-fold, respectively.
This binding was significantly reduced by L'Y294002 (an inhib-
itor of PI3K/Akt), consistent with this signaling cascade being
a key pathway in the upregulation of NOR-1 by hypoxia and in
cell survival. In concert, these experiments demonstrate that
HIF-1 binds to an HRE motif in the human NOR-1 promoter,
resulting in the activation of NOR-1 transcription.

Modulation of the antiapoptotic protein cIAP2 by hypoxia
and by the attenuation/overexpression of NOR-1. We subse-
quently examined the effect of hypoxia as well as NOR-1 at-
tenuation/overexpression on the expression of a set of genes
potentially involved in the prosurvival effects of hypoxia medi-
ated by NOR-1. In particular, we focused on two families of
proteins (cyclin D and IAP) involved in cell survival/apoptosis
(6, 52) because it has been suggested that they could be regu-
lated by NR4A receptors (40, 44). As shown in Fig. 11, cIAP2
was induced by hypoxia (approximately twofold over nor-
moxia). Under these conditions, the attenuation of NOR-1
expression using siRNA reduced both basal and hypoxia-in-
duced cIAP2 mRNA levels. Conversely, NOR-1 overexpres-
sion was able to upregulate cIAP2 expression. By contrast,
neither hypoxia nor NOR-1 attenuation/overexpression mod-
ulated cIAP1 or cyclin D1 mRNA levels. Therefore, the cIAP2
gene could be a NOR-1 target gene involved in endothelial cell
survival in response to hypoxia.

DISCUSSION

Experimental and clinical studies indicate that hypoxia plays
a fundamental role in the pathogenesis of a variety of diseases,
including cardiovascular, hematological, and pulmonary disor-
ders and cancer (9, 47, 48). Areas of low pO, are also present
in atherosclerotic lesions as has been shown using hypoxia
markers (7). In the vascular wall, immunoreactivity for HIF-1a
parallels arterial intimal thickening (23), and pharmacological
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FIG. 8. The PI3K/Akt pathway is involved in hypoxia-induced NOR-1
expression. HUVEC were cultured under normoxia (Norm) or exposed to
hypoxia (1% O,) or CoCl, (1 mM) for 4 h in the presence or absence (—)
of LY294002 (LY; PIK3/Akt inhibitor), wortmannin (Wor; PIK3/Akt
inhibitor), or rapamycin (Rap; mTOR inhibitor). (A) Representative
Western blot showing the increase of HIF-1a protein levels induced by
hypoxia and the significant reduction produced by LY294002, wortman-
nin, and rapamycin. Unchanged levels of B-actin are shown as a loading
control. (B) NOR-1 mRNA levels from HUVEC cultured under nor-
moxia or exposed to hypoxia or CoCl, for 4 h in the presence of the
inhibitors mentioned above. (C) VEGF mRNA levels from endothelial
cells cultured as indicated for panel B. Data from three independent
experiments performed in triplicate are shown. *, P < 0.05 versus cells
exposed to normoxia; #, P < 0.05 versus cells exposed to hypoxia (or
treated with CoCl,) in the absence of inhibitors.

treatments that reduce intimal thickening attenuate the in-
crease of HIF-la observed in atherosclerotic lesions (57).
Therefore, it has been suggested that hypoxia could be critical
for driving vascular remodeling associated with the develop-
ment of atherosclerotic lesions (17). The transcriptional re-
sponse of mammalian cells to hypoxia is largely mediated by
HIF-1 (48, 54). HIF-1 modulates a variety of genes that act in
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0.05 versus cells transfected with pcDNA3 (empty vector). (C) Schematic

representation of the NOR-1 promoter (pGL-NOR/-1703) showing the putative HRE (white triangle; from —683 to —678) and three CRE sites (black
triangles; from —83 to —42). The core consensus HRE binding site is indicated in bold, and changes in the HRE are boxed. (D) Hypoxia (black bars)
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HRE mutated (deleted white triangle) or with constructs (pNOR/-600 and
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sites in the construct pGL3-NOR/-1703 (deleted black triangles) did not prevent hypoxia-induced NOR-1 transcriptional activity. *, P < 0.05 versus cells
transfected with the same construct and exposed to normoxia. Luc, luciferase.

concert to facilitate the supply of oxygen and nutrients and
promote survival and growth control. However, additional
transcription factors cooperate in the complex response of cells
to hypoxia in a HIF-dependent or -independent manner (1,
25). In the last years, new genes regulated by hypoxia/HIF have
been identified (29); however, the regulatory network of tran-
scription factors that cooperates in the response of vascular
endothelial cells to hypoxia is not completely understood. In
this work, we have investigated the role of the transcription
factor NOR-1 in endothelial cell function under hypoxic con-
ditions. We report here that NOR-1 is a downstream target of

HIF-1a that could play an important role in the cell survival
response induced by hypoxia.

To assess the potential role of NOR-1 in the response of
endothelial cells to hypoxia, we overexpressed NOR-1 by a
bicistronic recombinant plasmid or specifically inhibited
NOR-1 expression with siRNA. We found that in cells exposed
to hypoxia or CoCl,, the overexpression of NOR-1 decreased
the rate of cells undergoing apoptosis, while the inhibition of
NOR-1 increased this rate. Therefore, NOR-1 could be a tran-
scription factor relevant in the survival response of endothelial
cells to hypoxia. Furthermore, data from cells cultured in ar-
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FIG. 10. Functional HIF-1 binding to the NOR-1 promoter in hy-
poxic cells. (A) The relative in vivo association of HIF-1 with the
human NOR-1 promoter was analyzed by ChIP in HUVEC incubated
under normoxia (Norm), hypoxia (1% O,), or CoCl, (1 mM) for 4 h in
the presence or in the absence (—) of the PI3K/Akt inhibitor
LY294002 (LY). Sheared chromatin was immunoprecipitated with an
anti-HIF-1a antibody or a nonspecific goat IgG. The enrichment of
HIF-1a was quantified by real-time PCR using NOR-1 promoter-
specific primers. Data were normalized to the total input DNA and are
represented as means = SEM of two independent experiments per-
formed in duplicate. *, P < 0.05 versus cells exposed to normoxia; #,
P < 0.05 versus cells exposed to hypoxia (or treated with CoCl,) in the
absence of inhibitors. (B) Agarose gel electrophoresis of PCR prod-
ucts. Equal input DNA and control IgG (CT IgG) immunoprecipita-
tions are shown.

resting medium under normoxia suggest that NOR-1 could be
involved in cell survival not only in hypoxia/cobalt chloride-
induced apoptosis but also in other circumstances, such as
apoptosis induced by serum/growth-factor deprivation. Since
NOR-1 is an early gene upregulated by different stimuli, in-
cluding VEGF, we analyzed the effect of hypoxia on NOR-1
expression. We show that in vascular endothelial cells, hypoxia
induces NOR-1. CoCl, and the iron chelator DFO, two inhib-
itors of iron-depending enzymes that are widely used to ana-
lyze the cellular response to hypoxia, also upregulate the ex-
pression of NOR-1.

The cellular response to hypoxia is mediated, at least in part,
by VEGF, which modulates gene expression, including NR4A
receptors (26, 50, 61), and elicits an array of biologic activities
(9, 15, 48). However, the incubation of endothelial cells with
blocking antibodies against VEGF or SU5614 (a VEGF-R2

MoL. CELL. BIOL.

inhibitor) did not prevent hypoxia-induced NOR-1 expression,
suggesting that NOR-1 is not induced by VEGF secreted by
endothelial cells in response to hypoxia. Although we observed
a progressive increase in VEGF mRNA levels in cells exposed
to hypoxia during 1 to 8 h, it is likely that the autocrine secre-
tion of VEGF during this time was not high enough to signif-
icantly upregulate NOR-1 expression. In fact, levels of secreted
VEGF reported in HUVEC exposed to hypoxia or CoCl, at
these times (2, 38, 45) are lower than those required to early
upregulate NOR-1 using exogenous recombinant VEGF-165
(50). In addition, under our experimental conditions, neither
hypoxia nor CoCl, significantly activates CREB, a key tran-
scription factor involved in the early upregulation of NOR-1
expression by VEGF (26, 50) and other stimuli (12, 32, 33, 49),
which is activated by longer exposures of HUVEC to hypoxia
(37). Finally, the inhibition of CREB by siRNA did not affect
hypoxia-induced NOR-1 expression. Therefore, hypoxia-in-
duced NOR-1 expression is neither mediated by the autocrine
secretion of VEGF by endothelial cells nor by CREB activa-
tion.

Hypoxia upregulates NOR-1 through pathways dependent
on intracellular calcium but independent of PKC, MAPK1/2,
or p38 MAPK activation (pathways commonly involved in
NOR-1 induction by growth factors and cytokines) (12, 32, 33,
39, 49, 50). Recent studies indicate that intracellular calcium
and the Ca?"-calmodulin protein kinase cascade are crucial in
the cellular response to hypoxia (60). Interestingly, calcium
mobilization is key in the upregulation of NOR-1 by hypoxia
and other stimuli (32, 41), and it has been shown that the
Ca?*—calmodulin-dependent protein kinase cascade also reg-
ulates the transcriptional activity of NOR-1 (21). In agreement
with previous studies (24), we show that intracellular calcium is
needed for the hypoxia-induced activation of PI3K/Akt, a path-
way involved in HIF-1a upregulation (34) and cell survival (3).
In this regard, the reduction of HIF-la protein levels by
siRNA or by inhibitors of PI3k/Akt or mTOR significantly
counteracts hypoxia-induced NOR-1 upregulation. Finally, in
transient transfection assays, the activity of the NOR-1 pro-
moter was increased by hypoxia (and CoCl,) and by cotrans-
fection with a HIF-1a expression plasmid. This effect was me-
diated by an HRE present in the NOR-1 promoter, as shown
by site-directed mutagenesis and serial deletions and by ChIP
assays. Therefore, NOR-1 is upregulated by hypoxia in a HIF-
1-dependent manner via a mechanism involving calcium and
the PI3K/Akt/mTOR pathway. On the basis of previous results
(33, 50) and those presented here, the mechanism proposed
for NOR-1 upregulation in endothelial cells by VEGF, throm-
bin, and hypoxia is summarized in Fig. 12.

NOR-1, as well as the other two closely related members of
the NR4A subfamily, Nur77 and Nurrl, has been involved in
different cell processes including apoptosis, cell differentiation
and proliferation, and inflammation (10, 31, 43, 44, 46). Al-
though these nuclear receptors are highly homologous and
could play redundant functions in some systems (10), they
exhibit significant differences, among them their ability to
dimerize and to bind to response elements (62). NOR-1 null
mice were not viable, suggesting that the role of NOR-1 could
not be undertaken by the other members (14). Interestingly,
recent results suggest that they could play opposite roles. In-
deed, NOR-1 inhibition or the genetic ablation of NOR-1
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FIG. 11. Hypoxia and NOR-1 attenuation/overexpression differen-
tially modulate genes involved in cell survival. (A to C) HUVEC
were transfected with either siRNA control silencer (siControl) or
siNOR-1' against NOR-1 (siNOR-1) and exposed to normoxia or
hypoxia (1% O,) for 24 h. mRNA levels of cIAP1, cIAP2, and cyclin
D1 were determined by real-time PCR and were expressed relative to
those of cells transfected with siControl and exposed to normoxia.
Shaded bars, HUVEC were transfected with either a plasmid (pEGFP-
NOR-1) that overexpresses NOR-1 (NOR-1) or the corresponding
control vector (pIRES2-EGFP; Control). mRNA levels of cIAPI1,
cIAP2, and cyclin D1 were determined by real-time PCR 24 h later
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reduces the proliferation of vascular cells (12, 32, 33, 39, 49,
50). In contrast, opposed results have been published regard-
ing Nur77 and vascular cell proliferation. Nur77 overexpres-
sion has been associated with either the inhibition (4, 39) or
promotion of vascular cell proliferation (61). Similarly, Nur77,
crucially involved in apoptosis in immature thymocytes and
T-cell hybridomas (27), has also been described as a survival
factor in tumor necrosis factor signaling in mouse embryonic
fibroblasts (55). Concerning modulation by hypoxia, the up-
regulation of Nurrl and Nur77 (18), and recently NOR-1 (46),
after cerebral ischemia has been described. Nur77, the best-
studied NR4A receptor, is induced by hypoxia/HIF-1 in differ-
ent cancer cell lines (11, 58, 59). Interestingly, HIF-1a is sta-
bilized by interaction with the N-terminal transactivation
domain of Nur77 (58), and the activation of Nur77 by 6-mer-
captopurine enhances the transcriptional activity of HIF-1a,
resulting in new vessel formation (59). Preliminary results in-
dicate that the inhibition of NOR-1 did not significantly affect
angiotube formation (unpublished results). Therefore, NOR-1
and Nur77 might be essential in the response of endothelial
cells to hypoxia, albeit probably playing nonequivalent roles.
Our data are in agreement with a recent report showing that
NOR-1 deficiency compromises smooth muscle cell prolifera-
tion survival in response to serum deprivation (40). Finally,
regarding the molecular mechanism by which NOR-1 pre-
serves endothelial cell survival, we show that while the atten-
uation of NOR-1 expression reduced both basal and hypoxia-
induced cIAP2 mRNA levels, NOR-1 overexpression
upregulated cIAP2. By contrast, other genes (cyclin D1 and
cIAP1 genes) involved in cell survival (6, 52) that have been
previously suggested to be targets of NR4A receptors (40, 44)
were not significantly induced by hypoxia and remained essen-
tially unaltered after NOR-1 inhibition or overexpression.
cIAP2 is a hypoxia-induced prosurvival factor (16) that belongs
to a family of genetically conserved proteins characterized by
the presence of one to three baculovirus IAP repeat motifs and
that have been shown to be potent suppressors of cell apop-
tosis (52). Interestingly, cIAP2 but not cIAP1 possesses a full
conserved consensus motif for NBRE in its proximal promoter
(located at positions —326 to —319). Further studies are
needed, however, to exhaustively analyze the functionality of
this putative site and, most importantly, to identify other
NOR-1 target genes that working in concert contribute to the
antiapoptotic effect of this nuclear receptor in endothelial
cells.

In summary, our results indicate that in endothelial cells,
NOR-1 could be regarded as a survival transcription factor
under basal conditions and a downstream effector of HIF sig-
naling involved in the survival response elicited by hypoxic
stress. The induction of different sets of transcription factors
should promote the modulation of different sets of structural

and were expressed relative to those of cells transfected with the
control vector. Data represent means = SEM (n = 6). *, P < 0.05
versus cells transfected with siControl and exposed to normoxia; #,
P < 0.05 versus cells transfected with siControl and exposed to the
same treatment (either normoxia or hypoxia); **, P < 0.05 versus cells
transfected with the control vector (Control).
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FIG. 12. Schematic representation of pathways involved in NOR-1 upregulation by thrombin and VEGF (light lines) and hypoxia (bold lines)
in endothelial cells. Thrombin and VEGF induce NOR-1 expression through a mechanism dependent on PAR-1 (protease-activated receptor-1)
and VEGF receptor-2 (VEGFR-2/KDR), respectively, and multiple signaling pathways including cytosolic Ca?*, the activation of PKC, and MAPK
pathways (both ERK1/2 and p38 MAPK) that lead to the downstream activation of CREB. VEGFR-2 can also activate Ras/Raf/MEK/ERK
signaling. An increase in intracellular Ca®" activates calcium/calmodulin-dependent kinases (Ca/CM). The potential cross talk among signaling
pathways is indicated by dashed arrows. p90RS¥, p38 MAPK, and Ca/CM are kinases potentially involved in CREB phosphorylation in Ser-133 (36).
The indicated cross talk mechanisms and kinases potentially involved in CREB phosphorylation have not been specifically analyzed in relation with
NOR upregulation. Hypoxia increases intracellular Ca>* concentration, which activates the PI3K/Akt pathway and its downstream target mTOR.
The PI3K/Akt/mTOR pathway could mediate the upregulation of HIF-1a protein levels by decreasing HIF-1a degradation and/or increasing
HIF-1a synthesis (19, 20). Agents that inhibit NOR-1 expression interfering signaling pathways are indicated (boxed). Arrows and T-bars indicate
activation and inhibition, respectively. ATAP-2, anti-PAR-1 blocking antibody; DAG, diacylglycerol; IP;, inositol-1,4,5-triphosphate; PLC, phos-

pholipase C; PTX, pertussis toxin.

genes leading to differential cell responses. Nowadays, there is
no information about genes controlled by dissimilar combina-
tions of NR4A genes, and the relative contribution of these
receptors to the transcriptional response of endothelial cells to
hypoxia is still poorly understood. Further studies are needed
to determine how NOR-1 and NOR family members cooper-
ate with HIF-1 and other hypoxia-regulated transcription fac-
tors to depict the complex network of factors involved in the
adaptive response of mammalian cells to hypoxia.
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