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Hypoxia modulates gene expression and affects multiple
aspects of endothelial cell biology. Fibulin-5 (FBLN5) is an ex-
tracellular matrix protein essential for elastic fiber assembly
and vasculogenesis that participates in vascular remodeling
and controls endothelial cell adhesion, motility, and prolifera-
tion. In this context, we aimed to analyze FBLN5 regulation by
hypoxia in endothelial cells. Hypoxia (1% O,) increased FBLN5
mRNA levels in endothelial cells in a time-dependent manner.
Maximal induction (~2.5-fold) was achieved after 24 h of hy-
poxia. This effect paralleled an increase in both intracellular
and extracellular FBLN5 protein levels. The increase in FBLN5
mRNA levels observed in hypoxic cells was blocked by inhibi-
tors of the PI3K/Akt/mTOR pathway (LY294002 and rapamy-
cin) and mimicked by dimethyl oxal glycine, which prevents
proline hydroxylase-mediated degradation of HIF-1a. Silenc-
ing of HIF-1a completely prevented hypoxia-induced FBLN5
up-regulation. Accordingly, both hypoxia and HIF-1« overex-
pression increased FBLN5 transcriptional activity. Serial pro-
moter deletion and mutagenesis studies revealed the involve-
ment of a putative hypoxia response element (HRE) located at
—78 bp. In fact, EMSA and ChIP assays demonstrated in-
creased HIF-1 binding to this site in hypoxic cells. Interest-
ingly, the rate of endothelial cells undergoing apoptosis in cul-
tures exposed to hypoxia increased in FBLN5 knockdown cells,
suggesting that hypoxia-induced FBLN5 expression contrib-
utes to preserve cell survival. These results provide evidence
that HIF-1 signaling underlies the increase of FBLN5 expres-
sion elicited by hypoxia in endothelial cells and suggest that
FBLNS5 induction could be involved in the adaptive survival
response of endothelial cells to hypoxia.
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(Pabellén 11), Sant Antoni Maria Claret 167, 08025 Barcelona, Spain. Tel.:
34-935565897; Fax: 34-935565559; E-mail: crodriguezs@csic-iccc.org.

Endothelial cells are primary sensors to the hypoxic stress
characteristic of some physiological processes and diseases
such as cancer, ischemic disorders, chronic inflammation, and
atherosclerosis. The adaptive response of endothelial cells to
hypoxia involves a complex coordinated response affecting
multiple aspects of endothelial cell biology (1). Hypoxia is the
major driving force for neovascularization through the modu-
lation of a cascade of genes and proteins that promote endo-
thelial cell sprouting and proliferation (2). Furthermore, hy-
poxia triggers cell survival, activates DNA repair processes,
enhances glucose uptake and metabolism, alters vascular tone
and coagulant function, modulates endothelial permeability
and cell adhesive properties, and promotes extracellular ma-
trix (ECM)* remodeling (1, 3, 4).

The hypoxia-inducible factor-1 (HIF-1) is a critical media-
tor of cellular responses to hypoxia (2). HIF-1, the prototype
of this family, is a heterodimeric basic helix-loop-helix tran-
scription factor composed of HIF-1f (constitutive subunit)
and HIF-1a (oxygen-sensitive subunit). In normoxic condi-
tions, HIF-1a is degraded by a mechanism involving hydroxy-
lation of two prolyl residues by specific prolyl hydroxylases,
ubiquitylation, and proteasomal degradation through a von
Hippel-Lindau-dependent pathway. Conversely, under hy-
poxic conditions, HIF-1a hydroxylation is inhibited leading to
increased HIF-1a levels that, in turn, results in an enhance-
ment of HIF-1-dependent transcriptional responses (5-7).
HIF-1 controls multiple aspects of endothelial behavior in-
cluding cell proliferation, chemotaxis, ECM penetration, and
wound healing (8).

Fibulin 5 (FBLNS5) is a widely expressed ECM glycoprotein
that colocalizes with elastic fibers and is essential for proper
elastic fiber assembly and vasculogenesis (9—13). Altered
FBLNS5 expression has been linked to several pathological
processes, including tumor progression (14). In the vascular
wall, the up-regulation of FBLN5 observed in atherosclerotic
plaques and in neointimal thickening induced by balloon in-
jury suggests its role in vascular remodeling (10, 15, 16). In
fact, FBLN5 binds to o, 85, 85, and a3, integrins and pro-

4 The abbreviations used are: ECM, extracellular matrix; FBLN, fibulin; HIF,
hypoxia-inducible factor; BAEC, bovine aortic endothelial cells; HUVEC,
human umbilical vein endothelial cells; mTOR, mammalian target of ra-
pamycin; VEGF, vascular endothelial growth factor; HRE, hypoxia re-
sponse element; P, propidium iodide.
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motes endothelial cell adhesion via its Arg-Gly-Asp (RGD)
motif (10, 11, 15). Furthermore, it has been reported that
FBLNG5 inhibits endothelial and vascular smooth muscle cell
proliferation and migration (16 —18) and displays anti-angio-
genic properties both in vivo and in vitro (19, 20).

FBLNG5 has been associated with different vascular pro-
cesses involving ECM remodeling; however, little is known
about the mechanisms underlying its regulation in vascular
cells. This study identifies FBLN5 as a hypoxia-responsive
gene in endothelial cells, dissects the molecular mechanisms
underlying this regulation, and delineates its biological
significance.

EXPERIMENTAL PROCEDURES

Cell Culture—Bovine aortic endothelial cells (BAEC;
Clonetics) were cultured in RPMI 1640 (Invitrogen), supple-
mented with 10% FCS (Biological Industries), antibiotics (0.1
mg/ml streptomycin, 100 units/ml penicillin G), and 2 mm
L-glutamine (Invitrogen) as described previously (21). Human
umbilical vein endothelial cells (HUVEC) were obtained by
collagenase digestion and cultured in medium M199 (Biologi-
cal Industries) supplemented with 20 mm HEPES, pH 7.4 (In-
vitrogen), 30 ug/ml endothelial cell growth supplement (Mil-
lipore), 100 wg/ml heparin (Sigma), 20% FCS, and antibiotics
(22). Mouse lung endothelial cells were isolated from lungs of
C57BL/6 mice by collagenase A (Roche Applied Science) di-
gestion followed by selection with intercellular adhesion mol-
ecule 2-coated magnetic beads (Invitrogen) as described pre-
viously (23). Endothelial cells were used between the third
and fifth passage. The human epithelioid carcinoma HeLa cell
line was cultured in DMEM (Invitrogen) supplemented with
10% FCS and antibiotics. Cells were maintained in standard
culture conditions (21% O,, 5% CO,, 95% humidity) until sub-
confluence. Cells were exposed to hypoxia (1% O,, 5% CO,,
balanced with N,) in a Forma Series II hypoxic incubator
(model 3141; Thermo Electron Corp.). The mammalian target
of rapamycin (mTOR) inhibitor rapamycin (100 nm; Sigma)
and PI3K inhibitor LY294002 (10 um; Calbiochem) were
added 1 h prior the hypoxic stimulus. No cytotoxicity, ana-
lyzed by the trypan blue exclusion test and the XTT-based
assay for cell viability (Roche Applied Science), was observed
after the treatment with either of these compounds.

Real-time PCR—Total RNA was isolated using Ultraspec™
(Biotecx) following manufacturer’s instructions. RNA (1 png)
was reverse transcribed into cDNA using the High Capacity
c¢DNA Reverse Transcription kit (Applied Biosystems) in the
presence of random hexamers. Quantification of mRNA levels
was performed by real-time PCR using an ABI PRISM
7900HT sequence detection system (Applied Biosystems) and
specific primers and probes provided by the Assay-on-
Demand system for FBLN2 (Hs00157482_m1), FBLN3
(Hs00244575_m1), FBLN5 (Hs00197064_m1), HIF-1«
(Hs00153153_m1), HIF-2a (Hs01026149_m1), and vascular
endothelial growth factor (VEGF)-A (Hs00173626_m1).
TATA-binding protein was used as an endogenous control
(Hs99999910_m1) (24). Each sample was amplified in
duplicate.

7094 JOURNAL OF BIOLOGICAL CHEMIS B¥unioaded from http://mww.jbc.org/ at IN

Confocal Microscopy—HUVEC were plated at a density of
2 X 10* cells onto 12-mm diameter glass-bottomed dishes
(Willco Wells B.V.) coated with gelatin. Cells were main-
tained in normoxia or exposed to hypoxia as described above.
Afterward, cells were fixed with 4% paraformaldehyde and
permeabilized with 0.5% Tween® 20. The permeabilization
step was avoided in those experiments aimed to demonstrate
the extracellular localization of FBLN5. Then, cells were incu-
bated with a mouse monoclonal antibody against FBLN5 (Ab-
cam (ab36611); 1:2000) for 1 h, washed, and incubated for 1 h
with a fluorescence-conjugated secondary antibody (donkey
anti-mouse Alexa Fluor 488; Molecular Probes). Nuclei and
actin fibers were stained with Hoechst 33342 and Alexa Fluor
633-phalloidin, respectively (Molecular Probes). Fluorescence
images were acquired with a Leica DMIRE2 confocal micro-
scope using Leica Confocal Software.

FBLNS5 Promoter Constructs—A 1667-bp fragment of the
human FBLNS promoter (—1650 to +17 related to the start
codon) was amplified by PCR from genomic DNA and cloned
into the pGL3 basic luciferase reporter vector (Promega) us-
ing KpnI-Xhol restriction sites (pFBLN5-1650). Two serial
deletion constructs (—635 to +17 and —329 to +17) were
generated by PCR amplification from pFBLN5-1650
(pFBLN5-635 and pFBLN5-329, respectively). Primers used
were: pFBLN5-1650 (upper primer), 5'-TTAAGGTACC-
CCTTTGGTTGCCCCTTACTTTATT-3'; pFBLN5-635
(upper primer), 5'-GAGTTCGGTACCCTTTCCTTCCG-
GAGGCGA-3'; pFBLN5-329 (upper primer), 5'-TGTA-
ATCGGTACCAGCTGTGTCCAGACTG-3'; and the reverse
primer, 5'-TAACTCAGGTCCAAGACGCGCGAGGAG-
GAGATGCGAA-3'. (The Kpnl sites in upper primers and the
Xhol site in the reverse primer are underlined.) All constructs
were confirmed by DNA sequencing.

Transient Transfection Assays— Transient transfections of
BAEC were performed with Lipofectin™ (Invitrogen) and
the FBLN5 constructs described above together with pSV -
galactosidase as an internal control (Promega) (25). In co-
transfection experiments, performed in cells maintained
under normoxic conditions, a HIF-1« expression vector
(pHIF-1a), kindly provided by Dr. L. E. Huang (Laboratory of
Human Carcinogenesis, NCI, National Institutes of Health,
Bethesda, MD), or the corresponding empty vector
(pCDNA3) were used (26). Transient transfection assays of
subconfluent BAEC were performed in six-well plates with 1
pg/well of the indicated construct, 0.3 pug/well of pSV - ga-
lactosidase, and 3 ul of Lipofectin™., The complexes DNA/
liposome were added to the cells for 7 h. After 24 h, trans-
fected cells were exposed to hypoxia for 18 h. Luciferase
activity was measured in cell lysates using the Luciferase
assay kit (Promega) and a luminometer (Orion I, Berthold
Detection Systems) according to the manufacturer. Results
were normalized by B-galactosidase activity using the En-
zyme Assay System™ (Promega). In some EMSA experi-
ments, HeLa cells grown in 100-mm? plates were trans-
fected with 8 ug/plate of the HIF-1« expression vector
(pHIF-1) or its corresponding empty vector (pcDNA3)
and 32 ul of Lipofectamine™ (Invitrogen). Cells were incu-
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FIGURE 1. Hypoxia increases FBLN5 expression. BAEC were maintained under normoxic conditions (white bars), exposed to hypoxia (1% O,; black bars)
during different times or treated with dimethyl oxal glycine (0.5 mm, 24 h; gray bar). A, FBLN5 mRNA levels were evaluated by real-time PCR and were nor-
malized by TATA-binding protein expression levels. Data are expressed as mean = S.E. (n = 9; *, p < 0.05 versus control cells). B, HIF-1« protein levels were
evaluated in cell lysates by Western blot. Unchanged levels of B-actin are shown as a loading control (Norm, normoxia). Autoradiograms are representative
of two independent experiments performed in duplicate. Cand D, FBLN5 mRNA levels were analyzed in HUVEC (C) and Hela (D) exposed to hypoxia for

24 h. Data are expressed as mean = S.E. (n = 9; *, p < 0.05 versus control cells). £, HUVEC and HeLa were maintained under normoxia or exposed to hypoxia
for 48 h. FBLN5 protein levels were analyzed by Western blot from whole-cell extracts or supernatant from cell cultures. B-Actin levels were used as a load-
ing control. A representative autoradiogram of three independent experiments performed by duplicate is shown. F, FBLN5 localization was analyzed by
immunocytochemistry in HUVEC maintained in normoxia (a and c) or exposed to hypoxia (b and d). In permeabilized cells, intracellular FBLN5 staining
(green) was detected in the perinuclear region and in cell periphery (a and b). Extracellular localization was analyzed in nonpermeabilized cells (c and d).

Cells were counterstained with Hoechst to highlight nuclei (blue) and with Alexa Fluor 633-phalloidin to visualize F-actin (red). Bar, 10 um.

bated for 3 h with the DNA-liposome complex. Plates were
processed to obtain nuclear extracts 40 h after transfection.
Site-directed Mutagenesis—The FBLNS HRE site located at
position —78 was mutated using the QuikChange II Site-di-
rected mutagenesis kit (Stratagene) according to the manu-
facturer’s instructions (27). The HRE mutation was intro-
duced with primers: 5'-CAGAGGAGGCCGtttTGCCCGAG-
CTCCTCC-3' and 5'-GGAGGAGCTCGGGCAaaaCGGCC-
TCCTCTG-3' (putative site is underlined, and changes are
indicated in lowercase letters) using the pFBLN5-329 vector
as a template. Mutation was confirmed by DNA sequencing.
SiRNA Transfection—Silencer predesigned siRNA targeting
HIF-1a (42840, Ambion), HIE-2« (54699, Ambion), FBLN5
(L-017621-00; Dharmacon) or the corresponding control
siRNAs, Silencer™ Negative Control no. 1 (Ambion) and
ON-TARGETplus siCONTROL (catalog no. D-001810-10;
Dharmacon) were transfected in HUVEC using an Amaxa
Nucleofector™ and the HUVEC Nucleofector kit according

to the manufacturer’s instructions (Amaxa) as described pre-
viously (28). Briefly, electroporation was carried out with 1 X
10° cells and 1 pg of siRNA with the U-001 program. After
electroporation, cells were resuspended in 1.5 ml of pre-
warmed cell culture medium and seeded in six-well plates
(350,000 cells/well). After 24 h, cells were subjected to hy-
poxic or normoxic conditions. Gene knockdown was verified
by real time-PCR and/or Western-blot as indicated.

Nuclear Extract Preparation—HeLa cells were grown in
100-mm dishes under normoxic or hypoxic conditions for
24 h. Alternatively, HeLa were transfected with the HIF-1«
expression vector (pHIF-1a) or its corresponding empty vec-
tor (pcDNA3) as described above. Cells were collected in ice-
cold PBS and nuclear extracts were obtained using the Nuc-
Buster Protein Extraction Kit (Novagen) according to the
manufacturer’s recommendations. Proteins were quantified
by the BCA protein assay'™ (Pierce), and nuclear extracts
were aliquoted and stored at —80 °C until used. The increase
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in nuclear levels of HIF-1« elicited by either hypoxia or
HIF-1a overexpression was verified by Western blot.

EMSA—Two double-stranded DNA probes, one containing
the putative wild-type HRE element present in the FBLNS
promoter (positions from —78 to —74) and the other mutated
at three bases of this HRE, were generated from the annealing
of single-stranded complementary oligonucleotides as follows:
FBLN5-HRE, 5'-GAGGAGGCCGACGTGCCCGAGCTCC-3’
and its complement; and FBLN5mut-HRE, 5'-GAGGAGGC-
CGTTTTGCCCGAGCTCC-3' and its complement. (Wild-
type and mutated HRE sites are underlined.) Purified probes
were end-labeled with [y-*?P]ATP (PerkinElmer Life Science)
and T4 polynucleotide kinase (Roche Applied Science) (29).
EMSA assays were performed using the Novagen’s EMSA
accessory kit. Briefly, nuclear proteins (4 ng) were incubated
for 15 min on ice with 0.01 units poly(dI-dC)-poly(dI-dC) and
500 ng of sonicated salmon sperm DNA, in 20 mm HEPES, pH
8,0.2 mm EDTA, 100 mm KCI, 20% glycerol, and 0.5 mm
DTT. Approximately 40,000 cpm of the appropriate 3*P end-
labeled probe were then added to the reaction mixture and
incubated for 30 min on ice in a final volume of 20 wl. For the
supershift assay, 2 ug of an anti-HIF-1« antibody (ab16066;
Abcam) were added to the reactions. Protein-DNA complexes
were resolved by electrophoresis at 4 °C on 5% polyacryl-
amide, 5% glycerol gels in 0.5X TBE. The gels were dried and
subjected to autoradiography using a Storage Phosphor
Screen (GE Healthcare). Shifted bands were detected using a
Typhoon 9400 scanner (Amersham Biosciences).

ChIP Assay—ChlP assays were performed using the HIF-1«
ExactaChIP™ kit according to the manufacturer’s protocol
(R&D Systems). Briefly, HUVEC cultured under normoxic
and hypoxic conditions were cross-linked with 1% formalde-
hyde for 15 min. The cross-linked reaction was stopped by
adding glycine to a final concentration of 125 mm. Then, cells
were washed, harvested by scraping, lysed, and sonicated to
shear chromatin to DNA fragments of 0.5-1 kb. Lysates were
centrifuged, and an aliquot of supernatant (20 ul) was saved
as input DNA. Supernatants were then immunoprecipitated
with an anti-HIF-1a antibody (5 ng) or an IgG as a control for
nonspecific binding of DNA. Immunoprecipitates were recov-
ered by addition of streptavidin-agarose beads (Sigma). After
washing, 100 ul of chelating resin solution (R&D Systems)
were added to the beads and boiled for 10 min. Finally, DNA
was purified and concentrated using the QIAquick PCR puri-
fication kit (Qiagen). Purified DNA was analyzed by conven-
tional and real-time PCR with primers designed to amplify
the human FBLNS gene from —245 to +59 (sequence posi-
tions relative to the ATG): upper primer, 5'-GCTA-
AGCAAAACCAGGTGCT-3' and lower primer, 5'-GTGC-
GAAGGCGAGAAGAAA-3'. As a positive control, a
conventional PCR analysis using VEGEF-specific oligonucleo-
tides provided by the kit was also carried out. Real-time PCR
was performed in samples from two individual ChIP assays by
triplicate with the Quantifast™ SYBR® Green PCR kit (Qia-
gen). The relative abundance of specific sequences in immu-
noprecipitated DNA was determined using the AACt method.
Quantifications were corrected to account for 4% inputs (4).
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FIGURE 2. The increase in FBLN5 expression elicited by hypoxia is medi-
ated by the PI3K/Akt/mTOR pathway. BAEC were preincubated with ra-
pamycin (Rap; 100 nm) or LY294002 (LY; 10 um) and exposed to normoxia
(Norm, controls) or hypoxia (1% O,, 24 h). A, HIF-1« protein levels were ana-
lyzed by Western blot. B-Actin levels were used as a loading control. A rep-
resentative autoradiogram of three independent experiments performed
by duplicate is shown. B, FBLN5 mRNA levels were evaluated by real-time
PCR. Data are expressed as mean = S.E. (n = 9; *and 1, p < 0.05 versus con-
trol cells and versus hypoxic cells, respectively).

Western Blot Analysis—Whole-cell extracts were obtained
from endothelial cell cultures as described (30). Briefly, cells
were washed twice with PBS and lysed with a lysis buffer con-
taining 50 mm HEPES, pH 7.4, 150 mm NaCl, 100 mm NaF, 10
mM sodium pyrophosphate, 10 mm EDTA, 2 mm Na;VO,, 1
mM PMSF, 5 uM leupeptin, and 0.5% SDS. Nuclear and whole-
cell extracts were resolved by SDS-PAGE and transferred to
0.45-pum nitrocellulose filters (Bio-Rad). In some experiments,
supernatants from HelLa cultured under normoxia or exposed
to hypoxia and concentrated using Amicon Ultra 10K filter
units (Millipore) were used. Blots were incubated with anti-
bodies directed against HIF-1a (NB100 —449A, Novus; 1:500),
HIF-2a (ab199, Abcam; 1:300), FBLN5 (sc30170; Santa Cruz
Biotechnology; 1:300); Akt (9272, Cell Signaling); phosphory-
lated-Akt (Ser*”?) (antibody no. 9271, Cell Signaling), ERK1/2
(antibody no. 9102, Cell Signaling) and phospho-ERK1/2
(Thr?°?/Tyr*°*) (antibody no. 9106, Cell Signaling). Bound
antibodies were detected after incubation with a HRP-conju-
gated goat anti-rabbit IgG and using the SuperSignal West
Dura Extended Duration Substrate (Pierce). Equal loading of
protein in each lane was verified by Ponceau staining and by
B-actin (for whole-cell extracts) or nucleolin (for nuclear ex-
tracts) signal (31, 32).

Annexin V Binding by Flow Cytometry—Annexin V binding
was used as an index of cell apoptosis. HUVEC were trans-
fected with a siRNA against FBLN5 or with a Silencer™ Neg-
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FIGURE 3. HIF-1« silencing abrogates hypoxia-induced FBLN5 up-regulation. A, HUVEC were transfected with a HIF-1« specific siRNA (siHIF-1a)
or a control siRNA (siRAND), and HIF-1a and HIF-2a mRNA levels were determined by real-time PCR. Data are expressed as mean £ S.E. (n = 6;*,p <
0.05 versus siRAND cells). B, Western blot analysis confirms the blockade of HIF-1« protein levels by siHIF-1a under hypoxic conditions, whereas

HIF-2a expression remained unchanged (Norm, normoxia; Hyp, hypoxia). C,

HIF-1a silencing prevents the hypoxia-mediated up-regulation of FBLN5

and VEGF mRNA levels evaluated by real-time PCR. Results are expressed as mean = S.E. (n = 9; * and 1, p < 0.05 versus normoxic cells transfected
with a siRAND and versus hypoxic cells transfected with a siRAND, respectively). D, FBLN5 protein levels were analyzed by Western blot in HUVEC
transfected with a siHIF-1« or a control siRNA (siRAND) under normoxic or hypoxic conditions. A representative autoradiogram of two independent

experiments is shown.

ative Control no. 1 as described above. Then, cells were ar-
rested and exposed to hypoxia for 16 h. Finally, cells were
trypsinized, resuspended in 1X annexin V binding buffer (BD
Pharmingen) and incubated with annexin V conjugated with
FITC (annexin V-FITC) (BD Pharmingen) and propidium
iodide (PI) (BD Pharmingen). Annexin V-FITC and PI bind-
ing was analyzed by FACS in an EPICS® XL™ Flow Cytome-
ter. Results were expressed as percentage of total cell popula-
tion. Annexin V-FITC fluorescence (abscissa) was plotted
versus Pl 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 (an-
nexin V" and PI7).

Statistical Analysis—Data are expressed as mean *+ S.E.
Means were compared by one-factor analysis of variance fol-
lowed by Fisher protected least significant difference to assess
specific group differences. Differences were considered signif-
icant at p < 0.05.

RESULTS

Hypoxia Induces FBLNS5 Expression in Endothelial Cells—It
has been previously demonstrated that FBLN5 regulates en-
dothelial cell function (16 —20). Here, we tested whether hy-
poxia could modulate FBLN5 expression in endothelial cells.
We found that FBLNS expression was enhanced in a time-de-

pendent manner in BAEC exposed to hypoxia (1% O,).
FBLN5 mRNA levels progressively increased from 4 h to
reach a plateau after 24— 48 h of hypoxia (2.5-fold) (Fig. 14).
Similarly, dimethyl oxal glycine, which prevents proline hy-
droxylase-mediated proteasomal degradation of HIF-1a mim-
icking hypoxia (33), markedly up-regulated FBLNS5 expression
in endothelial cells (Fig. 14). Dimethyl oxal glycine and hy-
poxia strongly raised HIF-1a protein levels, with an increase
observed at 4 h and even after 48 h of hypoxia exposure (Fig.
1B). In these conditions, mRNA levels of VEGF, a well known
hypoxia-regulated gene were also up-regulated (data not
shown). The induction of FBLN5 expression under hypoxic
conditions was also observed in other primary endothelial
cells such as mouse lung endothelial cells (data not shown)
and HUVEC (Fig. 1C) and in the human epithelioid carci-
noma Hela cell line (Fig. 1D), indicating that such regulation
is not restricted to endothelial cells. FBLN5 protein levels
evaluated by Western blot in whole-cell lysates revealed a
marked enhancement of FBLN5 expression in both HUVEC
and HeLa exposed to hypoxia (Fig. 1E). In agreement, immu-
nocytochemistry analysis demonstrated that hypoxia mark-
edly increased intracellular FBLNS5 levels. FBLN5 staining was
mainly localized in the perinuclear region and in the cell pe-
riphery (Fig. 1F, panels a and b). Hypoxia also augmented the
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extracellular presence of FBLN5 as we showed by confocal
microscopy studies performed in nonpermeabilized cells (Fig.
1F, panels ¢ and d) and by immunoblot analysis of concen-
trated supernatants from HeLa cultures (Fig. 1E, lower panel).

PI3K/Akt/mTOR Axis Is Involved in FBLNS Induction by
Hypoxia—The PI3K/Akt/mTOR pathway has been implicated
in the regulation of HIF-1 protein levels (6). To define the role
of this signaling pathway in the induction of FBLN5 by hy-
poxia, we examined the effect of LY294002 and rapamycin,
compounds that inhibit PI3K and mTOR, respectively. West-
ern blot analysis confirmed that both inhibitors prevented the
induction of HIF-1« protein levels caused by hypoxia (Fig.
2A). Accordingly, the increase in FBLN5 mRNA levels ob-
served in hypoxic cells was completely blocked by pretreat-
ment with either LY294002 or rapamycin (Fig. 2B). These
compounds neither alter HIF-1« protein levels nor FBLNS
expression under basal conditions (normoxia; data not
shown). These results evidence the involvement of the PI3K/
Akt/mTOR pathway on FBLN5 up-regulation by hypoxia.

HIF-1a Inhibition Prevents FBLNS Induction by Hypoxia—

To further evaluate the contribution of HIF-1« in FBLN5 reg-
ulation, knockdown experiments using a specific siRNA
against HIF-1« (siHIF-1a) were performed. siHIF-1a strongly
reduced HIF-1a mRNA levels and prevented the increase of
HIF-1a protein levels elicited by hypoxia (Fig. 3, A and B). In
these conditions HIF-1a knockdown counteracted the up-
regulation of FBLN5 mRNA and protein levels triggered by
hypoxia (Fig. 3, C and D). As expected, hypoxia-induced up-
regulation of VEGF, a well established HIF-1« target gene,
was abolished by siHIF-1a (Fig. 3C). HIF-1a knockdown nei-
ther affected HIF-2ae mRNA levels (Fig. 34) nor prevented the
hypoxia-mediated induction of HIF-2« protein levels in HU-
VEC (Fig. 3B), thus confirming the specificity of our ap-
proach. It should be noted that, as described previously (34),
the up-regulation of HIF-2« expression by hypoxia in these
cells is markedly lower than that of HIF-1« (Fig. 3B), suggest-
ing a major role of HIF-1a on hypoxia-induced FBLN5 up-
regulation. In agreement, the specific silencing of HIF-2« (Fig.
4A) was not able to prevent the up-regulation of FBLN5 ob-
served under hypoxic conditions (Fig. 4, B and C).

Hypoxia Increases FBLNS Transcriptional Activity through
an HRE—Data described above suggest that under hypoxic
conditions HIF-1a could increase FBLNS transcriptional ac-
tivity. To examine this hypothesis, a pGL3 luciferase reporter
construct harboring 1650 bp of the FBLNS promoter (up-
stream ATQG) was generated and used in transient transfec-
tion studies. As shown in Fig. 54, hypoxia induced FBLN5
transcriptional activity ~2-fold. Similarly, cotransfection with
a HIF-1a expression vector (pHIF-1«) increased FBLNS pro-
moter activity as compared with empty vector-transduced
cells (Fig. 5B). A serial promoter deletion analysis determined
that the proximal 329-bp region retains hypoxia and HIF-1«
responsiveness (Fig. 5D). Of note, further deletions com-
pletely abolished transcriptional activity (data not shown) in
agreement with a previous report that describes the require-
ment of sequences between —392 and —315 for basal pro-
moter activity (35). In silico studies using MatInspector soft-
ware for the analysis of transcription binding sites identified a
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FIGURE 4. HIF-2« silencing does not alter hypoxia-induced FBLN5 up-
regulation. A, HIF-1«a and HIF-2a mRNA levels, determined by real-time
PCR, were analyzed in HUVEC transfected with a HIF-2a-specific siRNA (si-
HIF-2a) or a control siRNA (siRAND). Data are expressed as mean = S.E. (n =
6;*, p < 0.05 versus siRAND cells). HIF-2«a knockdown did not affect the up-
regulation of FBLN5 mRNA (B) and protein levels (C) triggered by hypoxia
(Norm, normoxia; Hyp, hypoxia). Results are expressed as mean = S.E. (n =
6;*, p < 0.05 versus normoxic cells transfected with a siRAND).
putative HRE located at —78 bp (Fig. 5C). To test the func-
tionality of this motif, we used a site-directed mutagenesis
approach. Fig. 5D shows that mutation of this HRE sequence
completely abrogated the induction of FBLNS5 promoter activ-
ity elicited by both hypoxia and HIF-1« overexpression. Thus,
these data suggest that the HRE site identified in our analysis
confers FBLN5 hypoxia responsiveness.

HIF-1« Binds to FBLN5 HRE Motif—To characterize the

functionality of the putative HRE element described above,
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FIGURE 5. Hypoxia up-regulates FBLN5 transcriptional activity through an HRE. A, BAEC transfected with the pFBLN5-1650 luciferase (Luc) construct
were exposed to normoxia (white bars) or hypoxia (black bars) for 18 h. B, alternatively, cells maintained under normoxic conditions were co-transfected
with an HIF-1« expression vector (pHIF-1q; dark gray bars) or the corresponding empty vector (pcDNA3; light gray bars). Luciferase and B-galactosidase ac-
tivities were determined as described under “Experimental Procedures.” Results are expressed as mean = S.E. (n = 9). C, scheme corresponding to the
FBLN5 promoter region analyzed in transient transfection studies. The location of two Smad binding sites (SBE) and the sequence of the putative HRE motif
are shown. Changes introduced by mutagenesis are indicated in boldface. D, a promoter serial deletion study was performed using the wild-type pFBLN5-
1650, pFBLN5-635, and pFBLN5-329 luciferase constructs or the HRE-mutated vector pFBLN5-329/mut. Position of the wild-type HRE motif (indicated as a
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change using pFBLN5-1650 (in normoxia) as a reference value. Results are expressed as mean = S.E. (n = 9; *, p < 0.05 versus normoxic or

pcDNA3-transfected cells).

we performed EMSA assays. HeLa cells, rather than HUVEC,
were used in these experiments because of their higher trans-
fection efficiency by the liposome system used. HeLa cells
were either subjected to hypoxia or transfected with a HIF-1«
expression vector (pHIF-1) or the corresponding empty vec-
tor (pcDNA3), and nuclear extracts were obtained. These ex-
tracts were used in binding reactions with **P end-labeled
probes corresponding to the wild-type HRE (FBLN5-HRE) or
its mutated form (FBLN5mut-HRE). Western blot assays veri-
fied that both hypoxia and HIF-1a overexpression increased
nuclear HIF-1a protein levels (Fig. 6A4). As shown in Fig. 6B,
EMSA assays conducted with the wild-type HRE probe evi-
denced a pattern of two main retarded bands. Both hypoxia

and HIF-1a overexpression enhanced the intensity of the up-
per-shifted band. In fact, the intensity of the upper retarded
band in cells exposed to hypoxia or transduced with pHIF-1«
correlated with levels of HIF-1a detected in these cells by
Western blot (Fig. 64). Conversely, mutation of the putative
HRE element changed the pattern of shifted bands and abro-
gated the regulation caused by either hypoxia or HIF-1a over-
expression The altered pattern of bands when mutated probes
are used has been described previously with both HRE and
non-HRE probes (36, 37) and could be derived from the par-
tial and unspecific recognition of these sequences by nuclear
proteins. Finally, an antibody against HIF-1a strongly reduced
the intensity of the upper shifted band suggesting the interac-
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FIGURE 6. Hypoxia induces the binding of HIF-1 to an HRE in the FBLN5
promoter. Hela cells were subjected to hypoxic or normoxic conditions or
co-transfected with a HIF-1« expression vector (pHIF-1a) or the empty vec-
tor (pcDNA3) and nuclear extracts were obtained. A, nuclear levels of HIF-1a
were determined by Western blot. Nucleolin levels were used as a loading
control. B, the DNA binding activity of HIF-1« was evaluated by EMSA using
an oligonucleotide probe corresponding to the putative HRE binding site in
the FBLN5 promoter (FBLN5-HRE). The binding to this motif was prevented
when the HRE site was mutated (FBLN5mut-HRE). Upon addition of a spe-
cific antibody against HIF-1« (Ab-HIF-1a), the intensity of the shifted band
was strongly reduced. A nonspecific IgG was used as a control. The arrow-
heads indicate the position of the specific retarded band and the excess of
free probe. A representative autoradiogram of two independent experi-
ments is shown. NE, nuclear extracts.

tion of HIF-1« with this sequence. These data indicate that
hypoxia promotes the binding of HIF-1 to the HRE sequence
present in the FBLNS promoter.

HIF-1a Binds to FBLNS Promoter—To confirm that hy-
poxia promotes HIF-1 recruitment to the FBLNS promoter,
ChIP assays were carried out. HUVEC were subjected to nor-
moxic or hypoxic conditions, and chromatin immunoprecipi-
tations were performed with a specific HIF-1« antibody. Con-
sistent with data from EMSA studies, results of ChIP analysis
using primers flanking the FBLN5 HRE site (—245/+59) re-
vealed that hypoxia induced the recruitment of HIF-1a to the
FBLNS5 proximal promoter (Fig. 7A). The specificity of chro-
matin immunoprecipitation was confirmed by the absence of
signal in the IgG control. Furthermore, preimmunoprecipita-
tion samples evidenced equivalent DNA input (Fig. 7B). As a
positive control, an increase in HIF-1a recruitment to the
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FIGURE 7. HIF-1« binds to the FBLN5 promoter in hypoxic cells. The rela-
tive in vivo association of HIF-1a with the human FBLN5 promoter was ana-
lyzed by ChIP in HUVEC incubated under normoxic or hypoxic conditions.
Chromatin was sheared by sonication, and immunoprecipitations were per-
formed with an anti-HIF-1« antibody or a nonspecific goat IgG. A, the en-
richment of HIF-1a was quantified by real-time PCR using FBLN5 promoter-
specific primers. PCR reactions using total input DNA saved before
immunoprecipitation and H,O were also carried out. Data were normalized
to the total input DNA and represented as mean = S.E. of two independent
experiments performed in duplicate (¥, p < 0.05 versus control cells). B, aga-
rose gel electrophoresis of PCR products amplified using specific primers
for both FBLN5 and VEGF promoters. Equal input DNA and control IgG im-
munoprecipitations are shown.

VEGF promoter, a well known HIF-1« target gene, was also
observed in cells under hypoxic conditions (Fig. 7B). Overall,
these results provide convincing evidence that the —78 se-
quence within the FBLNS proximal promoter functions as a
HRE and is capable of conferring hypoxia-mediated regula-
tion of FBLNS5 expression.

FBLNS Knockdown Potentiates Hypoxia-induced Apoptosis
in Endothelial Cells—We aimed to establish whether hypoxia-
induced FBLNS5 up-regulation could be related to the survival
response triggered by hypoxia in endothelial cells. HUVEC
transfected with a siRNA against FBLN5 (siFBLN5) or with a
control siRNA (siRAND) were maintained under normoxic or
hypoxic conditions and cells were stained with annexin V-
FITC and PI to identify apoptotic cells. As we and others (4,
38) had described previously, HUVEC subjected to hypoxia
show an increased apoptotic rate (evaluated by annexin V*
and PI staining) compared with normoxic cells. FACS analysis
showed that the rate of endothelial cells undergoing apoptosis
in cultures exposed to hypoxia increased in FBLN5 knock-
down cells (from 19.33 = 0.86% to 34.63 * 5.68%) (Fig. 8, A
and B). A slight increase in apoptosis in cells maintained un-
der normoxia was also observed. siFBLNG5 efficiently inhibited
FBLNS5 expression as confirmed by Western blot (Fig. 8C),
immunofluorescence (Fig. 8D), and real-time PCR (Fig. 8F)
without affecting FBLN2 or FBLN3 expression (Fig. 8F). The
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FIGURE 8. FBLN5 knockdown potentiates apoptosis under hypoxia. HUVEC were transfected with a FBLN5-specific siRNA (siFBLN5) or a control siRNA
(siRAND) and exposed to normoxia or hypoxia during 24 h. Apoptosis was assessed by annexin V/propidium iodide staining and FACS analysis. A, represen-
tative FACS analyses corresponding to one experiment are shown. B, graphical representation showing the percentage of apoptotic cells under each exper-
imental condition. Data are reported as mean = S.E. (n = 9; ¥, p < 0.05 versus cells transfected with the same siRNA and maintained in normoxia; t, versus
cells transfected with siRAND and maintained under the same experimental condition). C, Western blot analysis demonstrate the efficiency of FBLN5 knock-
down in both cells maintained under normoxia or exposed to hypoxia. D, representative confocal images showing FBLNS5 staining (in green) from cells
transfected with either siRAND or siFBLN5 and exposed to hypoxia. Nuclei were stained with Hoechst (blue), and F-actin is visualized in red. Bar, 10 um.

E, HUVEC were transfected with siRAND or siFBLN5 for 48 h and were exposed to hypoxia for the indicated times. The effect of FBLN5 silencing on total Akt
(t-Akt) and on the activation of Akt (p-Akt) and ERK1/2 (p-ERK1/2) was evaluated by Western blot. F, mRNA levels corresponding to FBLN2, FBLN3, and
FBLNS5 in HUVEC transfected with siRAND (white bars) or siFBLN5 (black bars) were analyzed by real-time PCR (n = 9; *, p < 0.05 versus cells transfected with
siRAND.).

reduced survival response observed after FBLN5 knockdown tion (11, 15, 17, 46 —48), as well as for vascular redox state (49,

was associated to a decrease in basal levels of both total and 50) and synthesis of ECM proteases (51, 52). Our current
phosphorylated Akt and to a lesser activation of Akt under work demonstrates that hypoxic stress induces FBLN5 ex-
hypoxia. In these conditions, ERK1/2 activation remained pression in vascular endothelial cells (human, bovine, or
unchanged (Fig. 8E). Altogether, our results indicate that hy- ~ mouse endothelial cells), an effect that is extensive to other
poxia-induced FBLN5 expression seems to contribute to pre-  cell types. Furthermore, our results point to HIF-1 as respon-
serve endothelial cell survival. sible for FBLN5 regulation by hypoxia and identify FBLNS as

a novel HIF-1 target gene. Interestingly, FBLN5 up-regulation

DISCUSSION seems to be part of the adaptive response of endothelial cells
FBLNG5 is an ECM protein crucial for elastic fiber assembly.  to survive to hypoxia.
It serves as an organizer of elastogenesis that scaffolds elastic The transcriptional response to hypoxia is primarily medi-
fiber components in the proximity of cell surface (11, 13,39).  ated by HIF transcription factors. Accordingly, our data show
This protein plays a key role in physiological processes such that inhibition of HIF prolyl hydroxylases (by dimethyl oxal
as tissue development, remodeling, and repair (10, 16, 40— glycine) and the consequent HIF-1« stabilization (33), reca-
42). Conversely, aberrant FBLN5 expression has been associ- pitulates the increase in FBLN5 expression elicited by hypoxia
ated with several types of tumors (14) and pelvic organ pro- in endothelial cells. The role of HIF-1 on FBLNS5 regulation is
lapse (43). In addition, mutations in the FBLN5 gene are further supported by data from HIF-1a knockdown experi-
related with macular degeneration and severe forms of cutis ments and by the induction of FBLNS5 transcriptional activity
laxa (44, 45). Interestingly, FBLN5 acts as a multifunctional elicited by HIF-1a overexpression, which mimics that
protein involved in cell-cell and matrix-cell signaling path- achieved by hypoxia. In addition, the inhibition of the PI3K/
ways key for vascular cell proliferation, adhesion, and migra- Akt/mTOR pathway, which is involved in the regulation of
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HIF-1 (6), prevented the induction of FBLN5 by hypoxia. Al-
though HIF-2« also mediates the adaptive response to hy-
poxia, its marginal induction in HUVEC exposed to hypoxia
(see Fig. 3B) (34) and the fact that HIF-2« silencing did not
affect the hypoxia-mediated increase of FBLN5 expression
support a major role of HIF-1a on FBLN5 regulation.

Our serial deletion studies delimited hypoxia responsive-
ness to a proximal promoter region of 329 bp. In silico analy-
sis of this sequence evidenced the presence of two Smad re-
sponse elements reported previously (35) and, more
interestingly, a putative HRE located at —78. Although Smad
proteins have been involved in the cellular response to hy-
poxia (53), mutation of the HRE site totally abrogated hypoxic
FBLNS5 induction. Accordingly, EMSA and ChIP data further
support that this HRE motif located in the proximal FBLNS5
promoter confers hypoxia sensitivity. As few studies have
been focused on the characterization of the FBLNS promoter,
the HRE motif identified in our study is one of the few FBLN5
regulatory elements described so far.

FBLNG5 is able to regulate processes in a tissue- and cell
type-specific manner (47). Indeed, in vascular cells, FBLN5
differentially regulates cell proliferation and motility and
ECM protease activity compared with other cells such as fi-
broblasts or fibrosarcoma cells (51, 52). The mechanism un-
derlying these disparate effects is unknown, but it could be
related with differences in the ECM environment or in the
binding of FBLNG5 to integrins. It should be noted that, al-
though FBLN5 supports VSMC adhesion through integrins
(15), it fails to activate integrin signaling (46). In fact, it has
been recently proposed that FBLN5 could act as an “integrin
antagonist,” a concept that opens up new expectations for
FBLNS5 as a critical regulator of cell homeostasis.

As described above, FBLN5 favors endothelial cell attach-
ment to the ECM, contributing to preserve structural and
functional characteristics of the endothelial cell monolayer
(48). Furthermore, FBLN5 cooperates with FBLN2 to main-
tain the integrity of the adult vessel wall after injury and to
avoid abnormal remodeling (54). Although hypoxia is a well
established proangiogenic stimulus, FBLN5 exhibits antian-
giogenic activities both in vitro and in vivo (18 =20, 52). How-
ever, hypoxia should not be considered as a mere regulator of
angiogenesis. Preliminary data suggest that FBLN5 could con-
tribute to the hypoxia-induced increase in endothelial cell
adhesion (data not shown) in agreement with previous reports
(17). More interestingly, our data indicate that the up-regula-
tion of FBLN5 expression in ischemic conditions is associated
with the survival response of endothelial cells to hypoxia.
Accordingly, fibroblasts harboring a defective FBLN5 form
reported in recessive cutis laxa disease showed increased apo-
ptosis compared with cells that express the wild-type FBLN5
form (55). The observation that prolonged blockade of FBLN5
results in a reduction of both total and hypoxia-induced phos-
phorylated Akt is consistent with a role of FBLN5 in cell sur-
vival, as activation of Akt is critical for cell survival to hypoxia
(4, 56). The mechanisms underlying the prosurvival proper-
ties of FBLN5 remain complex and not well understood. Re-
cently, it has been described that FBLN5 regulates reactive
oxygen species production in endothelial cells (50). Further-
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more, FBLN5 is able to activate integrin signaling, involved in
cell survival (57, 58), although, as we mentioned above, in
some scenarios, it has been postulated as an integrin antago-
nist. The reported antiapoptotic effect of FBLN5 could in-
volve specific cell-type mechanisms, and the alteration of in-
tegrin expression and ECM composition elicited by hypoxia
adds further complexity to ECM-cell signaling (59—-61). As an
integrin-binding ECM component, it is commonly accepted
that the biological activity of FBLN5, is derived from its extra-
cellular location. Zhou et al. (62) have recently described that
FBLNS5 binds and colocalizes with Nogo-B in both the cytosol
and the cell surface of HeLa, thereby facilitating FBLN5 secre-
tion; however, they neither analyzed whether FBLN5 could
affect Nogo-B function nor attributed an “intracellular func-
tion” for FBLN5. Therefore, there is no evidence supporting a
functional role for intracellular FBLN5. However, taking into
account that the molecular mechanisms underlying the biol-
ogy of FBLN5 remain to be fully elucidated and that hypoxia
increases both intracellular and extracellular FBLN5 levels, we
cannot rule out a role for intracellular FBLN5 in cell survival.
Therefore, further studies will be necessary to clarify the
mechanisms by which FBLN5 regulates endothelial cell sur-
vival. In summary, our study identifies FBLN5 as a new HIF-1
target gene involved in the orchestrated adaptive response of
endothelial cells to hypoxic stress.
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