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In this study, we obtained evidence indicating that annexin 1
is anew target of the p38/MAPKAP kinase-2 pathway and that it
regulates endothelial cell migration in response to vascular
endothelial growth factor (VEGF). These conclusions are sup-
ported by a series of substantiating experiments. First, by two-
dimensional gel electrophoresis and mass spectrometry, we
identified annexin 1 as a protein whose phosphorylation is
induced by VEGF and is impaired by inhibiting p38. Second,
using in vitro kinase assays and i vivo phosphorylation assays,
we found that VEGF-mediated activation of LIM kinase 1 down-
stream of the p38 pathway triggers the phosphorylation of
annexin 1. Third, VEGF-induced cell migration and tube forma-
tion in Matrigel are inhibited following small interfering RNA-
mediated knockdown of annexin 1. Fourth, both processes are
rescued in cells expressing an annexin 1 construct insensitive to
the small interfering RNA knockdown. Finally, the VEGF/an-
nexin 1-mediated cell migration is impaired by inhibiting p38.
‘We therefore conclude that phosphorylation of annexin 1 regu-
lates the angiogenic effect that is associated with the activation
of the p38/LIM kinase 1 axis by VEGF.

Angiogenesis, the sprouting of new capillaries from pre-ex-
isting blood vessels, contributes to the expansion of the vascular
network in a number of physiological and pathological situa-
tions (1). Physiological angiogenesis is a fundamental process
that is highly regulated during development and wound repair
(2). However, persistent dysregulated angiogenesis is a com-
mon denominator and often a causal factor of several diseases,
including proliferative retinopathy, rheumatoid arthritis,
tumor progression, and metastasis (3, 4). Angiogenesis is a mul-
tistep process that involves proteolytic degradation of the
extracellular matrix, followed by migration and proliferation of
capillary endothelial cells, pericyte recruitment, and assembly
of the mature vessel (5). The angiogenic process is regulated by
a tight balance between pro- and antiangiogenic agents. For
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instance, endostatin is a typical antiangiogenic agent, whereas
vascular endothelial growth factor (VEGF)? is the major pro-
moter of both physiological and pathological angiogenesis (5).

VEGFs encompass a family of six structurally related pro-
teins: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and pla-
centa-derived growth factor (6). Human VEGF-A monomers
exist as five different isoforms, of which VEGF165, generally
referred to as VEGEF, is the most abundant and biological active
form (5, 6). VEGF-A165 (herein called VEGF) binds two tyro-
sine kinase receptors on blood vessel endothelial cells, VEGF
receptor-1 (VEGFR-1/Flt-1) and VEGF receptor-2 (VEGFR-2/
KDR/FIk-1). Knock-out of both VEGFRs are embryonic lethal,
which indicates that both receptors are essential for develop-
mental neovascularization (7, 8). VEGF also binds to neuropi-
lin, a co-receptor for VEGFR-2 that increases the binding affin-
ity of VEGF for VEGER-2 (9).

VEGER-2 is the major signaling endothelial cell receptor for
VEGEF in adults. By activating several kinase pathways, it regu-
lates all the major steps of angiogenesis including endothelial
cell proliferation and migration (5, 6). In particular, as previ-
ously reported, activation of the stress-activated protein
kinase-2/p38 MAP kinase (p38) pathway is a major regulator of
actin remodeling in response to VEGF. By contributing to the
phosphorylation of heat-shock protein 27 (HSP27), we have
suggested that this pathway mediates actin-based motility by
regulating cell contractility (10—-12). A recent study suggests
that phosphorylation of HSP27 downstream of protein kinase
D may also contribute to endothelial cell migration in response
to VEGF (13).

Annexin 1 (lipocortin 1, calpactin II herein abbreviated as
ANXALI) is one of the 13 members of the annexin superfamily,
which consists of closely related calcium- and phospholipid-
binding proteins expressed in most eukaryotic cell types (14).
The members of the annexin family are characterized by a
highly conserved protein core domain that harbors the Ca®*

3The abbreviations used are: VEGF, vascular endothelial growth factor;
ANXA1, annexin A1; EGF, epidermal growth factor; ERK, extracellular sig-
nal-regulated kinase; GAPDH, glyceraldehyde-3-phosphate-dehydroge-
nase; HSP27, Heat-shock protein 27; HA, hemagglutinin; HUVEC, human
umbilical vein endothelial cell; MAP kinase, mitogen-activated protein
kinase; rANXA1, recombinant ANXA1; VEGFR-2, vascular endothelial
growth factor receptor-2; EGFP, enhanced green fluorescent pro-
tein; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesul-
fonicacid; MALDI-TOF, matrix-assisted laser desorption time-of-flight; GST,
glutathione S-transferase; MAPKAP kinase-2, MAPK-activated protein
kinase-2; hr, human recombinant.
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and phospholipid-binding sites. ANXA1 was initially described
as a steroid-regulated protein that is involved in transducing
the glucocorticoid anti-inflammatory action by inhibiting
phospholipase A2 (15). It has also been proposed that exposure
of innate immune cells, such as neutrophils, monocytes, mac-
rophages, and mast cells to glucocorticoids induces the release
of ANXAL. The latter acts in a paracrine or autocrine manner
to maintain the level and duration of cell activation. The final
outcome is that the process could promote the resolution of the
inflammatory reaction by actively maintaining homeostatic
regulation of innate immune cell functions (16). In line with
these findings, ANXA1 /~ mice show a partial or complete
resistance to the anti-inflammatory effects of glucocorticoids
(17). ANXAL1 further regulates the inflammatory response by
mediating the responsiveness of neutrophils to fMet-Leu-Phe
(18). On the other hand, several studies have shown that
ANXALI, as a target of EGF and hepatocyte growth factor recep-
tor tyrosine kinases and through its implication in the phospho-
inositide 3-kinase and ERK MAP kinase glucocorticoid signal-
ing pathway, plays important signaling functions in cell
proliferation, differentiation, and apoptosis (14, 19 -21). A role
of “signal amplifier” has also been attributed to ANXA1 because
it promotes the release of second messengers that affect cell
proliferation and migration (21). Furthermore, there is a grow-
ing body of evidence indicating that ANXA1 may interact with
cytoskeletal proteins such as tubulin and actin (22, 23). In addi-
tion, the cell invasion potential of the intestinal epithelial cell
line SKCO-15 is increased by 2-fold in the presence of full-
length ANXA1 and the N-terminal-derived ANXA1 peptide
mimetic Ac2-26. This effect seems to be mediated via auto-
crine/paracrine signaling involving formyl peptide receptors
(24). This role of ANXAL1 in tumor invasion is consistent with
previous reports showing that ANXA1 is associated with
metastasis in several invasive malignancies (25-28).

The LIM kinase (Lin-11/Isl-1/Mec-3 domain-containing
protein kinase) family contains two members: LIM kinase 1
(LIMK1) and LIM kinase 2 (LIMK2). These serine/threonine
kinases are regulated by several signaling pathways down-
stream of Rho GTPases. In particular, LIMKI is a target of Rho
kinase, p21-activated kinase, and MAPKAP kinase-2 (29, 30,
31). Following its activation, LIMK1 phosphorylates cofilin and
destrin to influence the architecture of the actin cytoskeleton
(32). In accordance, LIMK1 /™ mice show a decrease of cofilin
phosphorylation and abnormalities in the actin cytoskeleton
that impairs growth cone motility (33, 34). Additionally, LIMK1
regulates the urokinase-type plasminogen activator/urokinase-
type plasminogen activator receptor system, which modulates
tumor-cell invasion and angiogenesis in breast cancer (35, 36).

In the present study, we have identified ANXA1 as a new
target that is phosphorylated downstream of p38 and LIMK1 in
endothelial cells activated by VEGF. We further found that
migration of endothelial cells and tube formation in Matrigel
are significantly inhibited following the siRNA-mediated
knockdown of ANXA1. We therefore conclude that ANXAI,
by mediating cell migration, is an important modulator of the
p38-mediated angiogenic effect of VEGF. These novel findings
are consistent with a recent study showing that ANXA1 ™/~
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mice are unable to heal the damage associated with indometha-
cin-induced gastric ulcers (37).

EXPERIMENTAL PROCEDURES

Chemicals—The p38 inhibitor SB 203580 was purchased
from Calbiochem (Mississauga, ON, Canada). Protein A-
Sepharose and protein G-Sepharose were obtained from GE
Healthcare. VEGF was obtained from Sigma-Aldrich (Saint-
Louis, MS) and R&D Systems (Minneapolis, MN).

Cells—Human umbilical vein endothelial cells (HUVECS)
were isolated by collagenase digestion of umbilical veins from
undamaged sections of fresh cords (38). Subcultures were
maintained in 199 medium containing 20% heat-inactivated
fetal bovine serum, endothelial cell growth supplement (60
pg/ml), gelatin, heparin, and antibiotics. Replicated cultures
were obtained by trypsinization and were used at passages < 4.
Treatments were done on HUVECs cultivated on gelatin and
were made quiescent by incubation for 16 —20 h in endothelial
cell growth supplement-free medium containing 5% heat-inac-
tivated fetal bovine serum.

Antibodies—Anti-ANXA1 monoclonal mouse antibody was
purchased from BD Transduction Laboratories. The anti-
mouse IgG-horseradish peroxidase was from The Jackson Lab-
oratory (Bar Harbor, ME). Monoclonal anti--tubulin, a mouse
IgG1 isotype, was purchased from Sigma. The anti-HA tag
(clone 12Cab5) is a mouse monoclonal antibody that was pur-
chased from Roche Applied Science. Anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) is a mouse monoclonal
antibody purchased from Novus Biologicals (Littleton, CO).
Anti-p38 and anti-MAP kinase-activated protein kinase-2 are
polyclonal antibodies that were raised in rabbits (38, 39). Anti-
LIMKT1 polyclonal rabbit antibody was obtained from Cell Sig-
naling Technology (Pickering, ON, Canada). Rabbit IgG
(NRS1) was obtained from Dr. Jacques Landry (Laval Univer-
sity). Mouse gamma globulin was purchased from The Jackson
Laboratory.

Plasmids, Small Interfering RNA (siRNA), and Adenovirus—
Validated ANXAI siRNA 7 and 8 were purchased from Qiagen
(Mississauga, ON, Canada), and siRNA 7 was designed to target
the mRNA of human ANXA1l (GenBank™ accession no.
NM_000700). The target sequence of ANXAI siRNA 7 is as
follows: sense, 5'-ATGCCTCACAGCTATCGTGAA-3" and
antisense, 5'-TTCACGATAGCTGTGAGGCAT-3'. Control
siRNA that targets GAPDH mRNA and siRNA that targets
mRNA of human MAP kinase-activated protein kinase-2 were
purchased from Ambion (Austin, TX). Validated LIMK1
siRNA 7 was purchased from Qiagen and was designed to target
the mRNA of human LIMK1 (GenBank™ accession no.
NM_002314). The target sequence of LIMK1 siRNA 7 is as
follows: sense, 5'-GCATCTAGGAAGTATTAAA-3' and anti-
sense, 5'-TTTAATACTTCCTAGATGC-3'. Plasmid pCMV-
SPORT6 containing human ANXA1 was obtained from ATCC.
Human recombinant ANXA1 (rANXA1) construct was created
following subcloning from pCMV-SPORT6 to pET-52b(+)
(Novagen, Gibbstown, NJ) between sacl-Xmal restriction sites.
pIRES-HA-ANXA1 was generated following subcloning from
pCMV-SPORT6 to pIRES-hr- GFP-2a between sacll-xhol
restriction sites. The pIRES-HA-ANXA1 construct was ren-
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dered insensitive to ANXA1l siRNA 7 by PCR-mediated
mutagenesis at the sites indicated in boldface type in the
mutagenic oligonucleotides: 5'-GCCTGACAGCCATAGT-
CAAGTGCGCC-3" (sense) and 5-GCACTTGACTATG-
GCTGTCAGGCATTTCTCAAT-3" (reverse). pEGFP-N3
ANXA1 wild-type was obtained following subcloning from
pCMV-SPORT6 to pEGF-N3 between SST2-bamH1 restric-
tion sites. The adenovirus expressing a dominant negative
mutant form of p38a (p38AGF) was described previously (40,
41). pCMV-p38AGF was a generous gift of Dr. Roger Davis
(University of Massachusetts). Adenovirus carrying GEP was
given by Dr. Josée N. Lavoie (Laval University, Québec, Can-
ada). Gene and siRNA transfers in HUVECs were done by elec-
troporation as reported previously (42). Co-transfection or co-
infection with vectors expressing enhanced green fluorescent
protein (EGFP) has allowed us to evaluate transfer efficiency as
30 and 90%, respectively.

Immunoprecipitation and Western Blotting—After treat-
ment, cells were washed with phosphate-buffered saline and
were lysed in 250 ul of B buffer containing 150 mm NaCl, 50 mm
tris-HCI, pH 7.5, 1% Triton X-100, 0.1% sodium deoxycholate, 2
mMEDTA,2mMEGTA, 1 mMNA;VO,, 1 mMbenzamide, 1 um
leupeptin, 50 mm NaF, and 1 mm phenylmethylsulfonyl fluo-
ride. Cells were centrifuged at 13,000 rpm for 10 min, and pro-
teins were precleared with 15 ul 50% (v/v) protein G-Sepharose
for 45 min. Supernatants were incubated on ice for 16 h with
appropriate antibodies. Then, 15 ul of 50% (v/v) protein
G-Sepharose was added, and the incubation was extended for
45 min on ice with shaking. Antibody-antigen complexes were
washed three times with B buffer and then SDS-PAGE loading
buffer was added. Proteins were separated by SDS-PAGE, and
the gels were transferred onto nitrocellulose membranes for
Western blotting. After incubating nitrocellulose membranes
with the appropriate primary antibody, antigen-antibody com-
plexes were detected with an anti-IgG antibody coupled to
horseradish peroxidase and then revealed using an enhanced
chemiluminescence kit. Quantification of the immunoreactive
bands was done by densitometric scanning using the Image]
software.

Immunocomplex Kinase Assays—HUVECs were serum-
starved for 16 —20 h and then stimulated with 5 ng/ml VEGF for
5 or 15 min. Thereafter, p38 or LIMK1 were immunoprecipi-
tated and used to determine their ability to phosphorylate
human rANXA1 in a buffer that contains 50 um ATP and 4 nCi
of [y-**P]ATP (3000 Ci/mmol). Recombinant GST-ATF2 was
used as a control substrate for p38. The kinase assays were
performed for 30 min at 30 °C. The activities of p38 and LIMK1
were quantified by measuring the incorporation of radioactivity
into specific substrates after SDS-PAGE fractionation using
Phosphorlmager (GE Healthcare) (38, 43).

In Vitro Kinase Assay—Direct in vitro kinase assays of
MAPKAP kinase-2, MAPKAP kinase-3, and MAPKAP
kinase-5 (p38-regulated/activated protein kinase) were per-
formed by adding MAPKAP kinase-2/-3/-5 (Upstate) to
rANXA1 or to recombinant HSP27 (rHSP27) for 30 min at
30 °C in the presence of 4 wCi [y-32P]ATP (3000 Ci/mmol)
(42). Thereafter, proteins were run through SDS-PAGE and trans-
ferred on nitrocellulose membranes. The activity of the kinases
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was quantified by measuring the incorporation of radioactivity
into the specific substrates using Phosphorlmager. The purity of
all recombinant substrates was >80%.

In Vivo Phosphorylation Assays—HUVECs were serum-
starved for 16 —20 h before being incubated in phosphate-free
medium for 1 h. The cells were then labeled with H;**PO,
(125-200 pCi/ml) for 90 min. Cells were treated and were
extracted and immunoprecipitated in IEF buffer (7 M urea, 4%
CHAPS, 0.5% IPG buffer 3—10, 20 mm dithiothreitol) for two-
dimensional separation or in 250 ul of B buffer for one-dimen-
sional separation.

Two-dimensional Gel Electrophoresis—After in vivo phos-
phorylation, cells extracted in IEF buffer were run for 16 h with
a 18-cm Immobilon Drystrip pH 3-10 on an IPGPhor (GE
Healthcare). Thereafter, gels were incubated in 1% dithiothre-
itol/SDS equilibration buffer (50 mm Tris-HCI, pH 8.8, 6 M urea,
30% glycerol, 2% SDS, 1% dithiothreitol) for 15 min and were
incubated for another 15 min in 2.5% iodoacetamide SDS equili-
bration buffer (50 mm Tris-HCI, pH 8.8, 6 M urea, 30% glycerol,
2% SDS, 2.5% iodoacetamide). Gels were run into 11% SDS-PAGE
and then dried and exposed for imaging with PhosphorImager.
Control gels that were run similarly, but not dried, were used to
cut off the spots of interest of the exposed gels.

Mass Spectrometry Analysis—Protein extracts of cells treated
or not treated by VEGF in the presence or not of SB203580 or
p38AGF were separated by two-dimensional gel electrophore-
sis as described above. The spots of interest were excised and
digested with trypsin. Tryptic peptides were analyzed on an
Elite STR matrix-assisted laser desorption time-of-flight
(MALDI-TOF) mass spectrometer (Applied Biosystems, Foster
City, CA) with saturated a-cyanocinnamic acid as the matrix.
The mass spectrum was acquired in the reflector mode and was
internally mass calibrated. The tryptic peptide ions obtained
were scanned against the Swiss-Prot and Genpep databases by
using the MS-FIT program of Protein Prospector developed by
Karl Clauser and Peter Baker.

Cell Migration Assays—HUVECs were electroporated with
an siRNA that targets LIMK1 mRNA or with siRNA 7 or 8 that
target ANXA1 mRNA in the presence or not in the presence of
HA-tagged wild-type ANXAL1 not targeted by ANXA1 siRNAs.
An siRNA that specifically targets human GAPDH mRNA was
used as a control. Co-electroporation of EGFP-expressing plas-
mid has also been done to evaluate migration of electroporated
cells. Forty-eight h later, the cells were made quiescent by
serum starvation before use a day later. Then, cells were har-
vested with trypsin, counted, centrifuged, and resuspended at
1.5 X 10° cells/ml in migration buffer (199 medium, 10 mm
HEPES, pH 7.4, 1 mm MgCl,, 0.5% bovine serum albumin).
Cells (1.5 X 10°) were added on the upper part of 8.0-um pore
size gelatin-coated FluoroBlock migration chambers (Becton
Dickinson Labware, Franklin Lakes, NJ), separating the upper
and lower chambers of a 6.5-mm transwell as described previ-
ously (44). Cells were left to adhere for 1 h. Then, 5 ng/ml VEGF
was added in the lower chamber, whereas 1 um of SB203580
was added or not in the lower and the upper chambers. Four h
later, the sum of fluorescent cells that crossed the membrane of
a Boyden chamber was calculated from five fields and was used
as the measure of migration. All experiments were performed at
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FIGURE 1. MALDI-TOF identification of annexin 1 as a downstream target of p38 activated in response to
VEGF. A, HUVECs from exponentially growing cultures were plated in gelatin-coated Petri dishes before being
infected with adenovirus (Adeno) carrying GFP or with adenovirus carrying the dominant negative form of p38
(p38AGF). Forty-eight h later, the quiescent cells were incubated in phosphate-free culture medium in the
presence of H;*?PO, and were treated or not treated with 5 ng/ml of VEGF for 15 min. Then, proteins were
extracted and run into IEF (pH 3-10) gels and in a second dimension into 11% SDS-PAGE prior to analysis by
Phosphorlmager. B, quiescent HUVECs were labeled with H;*?PO, as in A and were pretreated for 15 min with
vehicle (dimethyl sulfoxide, 0.01%) or with the p38 inhibitor SB203580 (SB, 1 um). HUVECs were then treated or
not with 5 ng/ml of VEGF for 15 min. Proteins were extracted and separated by two-dimensional gel electro-
phoresis as described in A. Representative autoradiograms from four separate experiments are shown. The
regions from 31 kDa to 45 kDa and from pl ~ 5.0 to 7.0 in A and B are enlarged below each panel to facilitate
visualization of the phosphorylated spot. Representative autoradiograms from four separate experiments are
shown. C, in three separate experiments, spot circled in A or B was excised and processed for MALDI-TOF
analysis. Data base searching identified the protein as ANXA1 with 12 matching peptides that represent 36%
sequence coverage and a total ion score of 102. The identified peptides within ANXA1 sequence are in boldface
black letters.
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least three times in duplicates. In
each experiment, the log2 of the
sum of migrating cells in each con-
dition was divided by the sum of
migrating cells in the control condi-
tion without VEGF. Student’s ¢ test
was performed on all of the log2
ratios, and a p value < 0.05 was con-
sidered significant. All statistical
analyses were performed using R
software.

Tubulogenesis in Matrigel—Tube
formation assays were performed
with commercial growth factor
reduced (GFR) Matrigel Matrix
obtained from BD Biosciences.
HUVECs were electroporated with
or without 20 ug HA-tagged wild-
type ANXA1l not targeted by
ANXAI siRNA 7 together with 400
pmol of siRNAs that specifically tar-
get human GAPDH mRNA or
human ANXAI mRNA (siRNA
7; Qiagen). Co-electroporation of
EGFP-expressing plasmid has also
been done to evaluate migration of
control electroporated cells. Thirty-
six h later, the cells were serum-
starved for 8 h before being evalu-
ated in the tube formation assay.
Briefly, 24-well plates were coated
with 200 ul of GFR Matrigel and
incubated at 37 °C for 30 min to pro-
mote polymerization. Quiescent
HUVECs in serum-starved me-
dium, without or without VEGF (5
ng/ml), were added to each well
(5 X 10* cells/well). After 8 h of
incubation, a wide field, represent-
ing an area of 9.4 mm?, was exam-
ined for each sample and photo-
graphed using contrast microscopy
with a 4X objective. Pictures were
captured as 16-bit TIFF files
and were processed using Image]
software.

Live Cell Microscopy—HUVECs
were electroporated with EGFP-
ANXA1 wild-type and were plated
on gelatin-coated 35-mm glass bot-
tom microwell dishes (MatTek
Corp., Ashland, MA). Twenty-four
h later, the cells were made quies-
cent by serum starvation for 16 h.
They were then placed in an incuba-
tor of the VivaView LCV110U.
Images of green cells were taken
every 4 min during 6 h using
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the time-lapse imaging VivaView LCV110U system equipped
with a 40X objective UPLSAPO40X (NA0.95,WD0.18 mm). At
the beginning, cells were left untreated for 3 h before the addi-
tion of 5 ng/ml VEGF. Images were captured as 16-bit TIFF
files, and the supplemental Movie was created using Meta-
Morph software.

RESULTS

Mass Spectrometry Identification of Annexin 1 (ANXAI) as a
Downstream Target of p38 Activated by VEGF—Phosphoryla-
tion of HSP27 downstream of the VEGFR2-p38-MAPKAP
kinase-2 axis triggers actin polymerization and is an important
determinant of cytoskeletal remodeling in endothelial cells (10,
44). To examine whether other targets of this axis contribute to
modulating actin remodeling and actin-based motility in endo-
thelial cells, we decided to identify the proteins that were phos-
phorylated downstream of p38 following activation of primary
cultures of HUVECs by VEGF. HUVECs labeled with H;**PO,
were pretreated with or without SB203580 (1 um for 15 min) or
infected with adenovirus carrying a dominant negative form of
p38a (p38AGF) to inhibit p38 activity and were treated with or
without VEGF (5 ng/ml for 15 min). Following two-dimen-
sional gel separation of [*?P]-labeled proteins, gels were stained
to visualize the spots and were dried and exposed for autora-
diography or excised for mass spectrometry analysis. Six pro-
teins were phosphorylated by VEGF in a p38-dependent man-
ner. One protein, with a pI of ~6.6 and an M, of ~38,000, shows
a marked increase in phosphorylation level (Fig. 1, A and B).
This spot was analyzed by mass spectrometry. Sequence analy-
sis and data base searching identified this protein as ANXA1
with 12 matching peptides representing 36% of the sequence
coverage with a total ion score of 102 (Fig. 1C). Interestingly,
the inhibition of the ERK pathway was not associated with an
inhibition of ANXA1 phosphorylation in response to VEGF
(data not shown).

We next proceeded to transfection experiments to further
ascertain that ANXA1 was phosphorylated downstream of p38.
HUVECs expressing or not expressing wild-type HA-tagged
ANXA1 (HA-ANXA1) were incubated with H;*>*PO, and were
either pretreated or not pretreated with SB203580 (1 uM for 15
min) or transfected with p38AGF before being treated by VEGF
(5 ng/ml for 15 min). Thereafter, HA-ANXA1 was immunopre-
cipitated from the [**P]-labeled protein extracts before being
run through SDS-PAGE. Results showed that VEGF induced
the phosphorylation of HA-ANXA1. Incidentally, we found in
five different experiments that VEGF increased the phosphor-
ylation level of ANXA1 by an average of 1.8-fold. The phos-
phorylation was sensitive to p38 inhibition by SB203580 and by
p38AGF, thereby further confirming that ANXA1 was phos-
phorylated downstream of p38 (Fig. 2, A and B). Interestingly,
HA-ANXA1 was not immunoprecipitated by irrelevant anti-
bodies, which supports the specificity of the ANXA1 immuno-
precipitation experiments. Overall, these results indicate that
ANXAL1 is phosphorylated by VEGF downstream of p38 MAP
kinase.

LIM Kinase 1 Phosphorylates Annexin 1 in Response to VEGF—
To determine whether ANXA1 was phosphorylated by p38,
HUVEC:s treated or not treated with 5 ng/ml of VEGF for 5 min
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FIGURE 2. Annexin 1 is phosphorylated via the p38 pathway in response
to VEGF. A, HUVECs were co-electroporated with pIRES-hrGFP-2a containing
HA-tagged wild-type ANXA1 together with empty vector (EV) or pCMV carry-
ing p38AGF. After 24 h, cells were serum-starved for 16-20 h. Then, quiescent
HUVECs were treated or not treated with 5 ng/ml of VEGF for 15 min. Cells
were extracted as described under “Experimental Procedures”. The HA-
tagged proteins were immunoprecipitated (/P) using anti-HA mouse anti-
body. Immunoprecipitation using a mouse vy globulin irrelevant antibody (irr
Ab) shows the specificity of the anti-HA antibody. Proteins were separated by
SDS-PAGE and transferred to a nitrocellulose membrane, and the HA-ANXA1
band was analyzed using Phosphorlmager. Thereafter, the membrane was
processed for immunodetection of immunoprecipitated HA-ANXA1. Total
proteins were kept before immunoprecipitation to monitor p38AGF expres-
sion. Tubulin « is also shown as a loading control. B, quiescent HUVECs tran-
siently expressing an empty vector (EV) or HA-tagged wild-type ANXA1 were
processed and treated as described in Fig. 1B. Cells were extracted as
described under “Experimental Procedures.” After extraction, the HA-tagged
proteins were immunoprecipitated using anti-HA mouse antibody. Pro-
teins were separated by SDS-PAGE and transferred to a nitrocellulose
membrane. The membrane was then exposed for autoradiography, ana-
lyzed using Phosphorlmager, and processed for immunodetection of
immunoprecipitated HA-ANXA1. Representative blots of at least two sep-
arate experiments are shown in A and B. SB, SB203580. TE, total extract.

were extracted. Thereafter, p38 was immunoprecipitated and
incubated in vitro with [y->?P]ATP in the presence of rANXA1
or of GST-ATF2, a known substrate of p38 (38, 45) (Fig. 3A).
Results showed that p38 immunoprecipitated from VEGE-
stimulated cells did phosphorylate GST-ATF2 but not
rANXAL. These results suggest that p38 does not phosphory-
late rANXA1 directly. To search for the ANXA1 kinase down-
stream of p38, we investigated the potential of MAPKAP
kinase-2, MAPKAP kinase-3, and p38-regulated/activated pro-
tein kinase (MAPKAP kinase-5), three p38-targeted kinases, to
phosphorylate rANXA1. rANXA1 and rHSP27 were incubated
with [y->?P]ATP in the presence or not of purified recombinant
active form of the three kinases. As expected, we found that no
[32P] was incorporated in rHSP27 or rANXA in the absence of
the kinases. However, we found that [**P] incorporation into
rHSP27 was induced in the presence of the three kinases (Fig.
3B). In contrast, none of the kinases induced the [>*P] incorpo-
ration into rANXAI indicating that they are not ANXA1
kinases (Fig. 3B). Given that LIMK1 has been reported to be a
target of MAPKAP kinase-2 in response to VEGF (31), we next
investigated whether LIMK1 could phosphorylate ANXAI.
HUVECs were treated or not treated with VEGF in the presence
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FIGURE 3. p38 and its downstream kinases, MAPKAP kinase-2, MAPKAP
kinase-3, and MAPKAP kinase-5, do not phosphorylate annexin 1 in
response to VEGF. A, quiescent HUVECs were left untreated or stimulated
with VEGF (5 ng/ml for 5 min). After treatments, cells were lysed, and p38 was
immunoprecipitated (/P) using rabbit polyclonal antibody and subjected to
an in vitro kinase assay. Reaction mixtures for kinase assay were put in the
presence of [y->?P]JATP. p38 activity was determined in immunocomplex
assays using 2 ug recombinant GST-ATF2 as control substrate or 5 ug
rANXA1. Protein mixtures were separated through SDS-PAGE and were trans-
ferred to a nitrocellulose membrane. Kinase activity was then quantified by
autoradiography using the Phosphorimager system by measuring [*2P] incor-
poration into the specific substrates. Membrane was also processed for
immunodetection of immunoprecipitated p38. Representative results from
three distinct experiments, each realized in duplicates, are shown. Total
recombinant GST-ATF2 and total rANXA1 are shown as internal controls for
the amount of added substrates. B, commercial purified and activated recom-
binant MAPKAP kinase-2 (rMK2), MAPKAP kinase-3 (rMK3) and MAPKAP
kinase-5 (rMK5) were used in an in vitro kinase assay. As in A, reaction mixtures
for kinase assays were put in the presence of [y->?P]ATP, and kinase activities
were determined using 1 ug of rHSP27 as a control substrate and 5 ug
rANXA1. Protein mixtures were separated through SDS-PAGE. Kinase activi-
ties were then quantified by autoradiography using Phosphorlmager. Total
rHSP27 and total rANXA1 are shown as internal controls for the amount of
added substrates. Control tracks containing all kinase assay compounds,
except activated kinases, are also shown. Representative results of three sep-
arate experiments are shown.

or not of SB203580 to inhibit p38 activity. Thereafter, LIMK1
was immunoprecipitated and allowed to react with rANXA1 in
the presence of [y->P]-ATP. We found that LIMK1 immuno-
precipitated from VEGF-treated cells phosphorylates rANXA1
in an SB203580-sensitive manner, suggesting that it was an
ANXA1 kinase downstream of p38 (Fig. 44, left and right pan-
els). Of note, an isotypic irrelevant antibody fails to precipitate
LIMK1, which supports the specificity of the anti-LIMK anti-
body used to precipitate LIMK1 (Fig. 44, left panel). We next
confirmed the role of LIMK1 as an ANXA1 kinase in vivo by
showing that the siRNA-mediated knockdown of the kinase
(40%) was associated with an inhibition of ANXA1 phosphory-
lation in response to VEGF (Fig. 4B). As expected, the siRNA-
mediated knockdown of MAPKAP kinase-2, which activates
LIMK1 in response to VEGF, also inhibits ANXA1 phosphory-
lation (Fig. 4C) (31). Overall, these findings suggest that LIMK1
phosphorylates ANXAL1 in response to VEGF and suggest that
the phosphorylation is downstream of the p38/MAPKAP-ki-
nase-2 axis.

Phosphorylation of Annexin 1 Regulates Endothelial Cell
Migration and Tubulogenesis in Matrigel—Given the determi-
nant role played by the p38 pathway in VEGF-induced endo-
thelial cell migration, we next examined the role of ANXAI in
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FIGURE 4. Immunoprecipitated LIMK1, activated in response to VEGF,
phosphorylates annexin 1 downstream of MAPKAP kinase-2. A, quies-
cent HUVECs were pretreated or not pretreated for 1 h with the p38 inhibitor
SB203580 (SB, 1 um). HUVECs were then treated or not treated with VEGF (5
ng/ml for 15 min). After treatments, cells were lysed, and LIMK1 was immu-
noprecipitated (/P) using rabbit polyclonal antibody and was subjected to an
in vitro kinase assay. Reaction mixtures for kinase assays were put in the pres-
ence of [y->2P]ATP, and LIMK1 activity was determined in immunocomplex
assays using 5 pg rANXAT. Protein mixtures were separated through SDS-
PAGE and were transferred to a nitrocellulose membrane. Kinase activity was
then quantified by autoradiography using the Phosphorlmager system by
measuring [*2P] incorporation into rANXAT1. Membrane was also processed
for immunodetection of immunoprecipitated LIMK1. Total rANXA1 is shown
as an internal control for the amount of added substrate. A control track
containing all kinase assay compounds except immunoprecipitated kinase is
shown (Control). Immunoprecipitation using a rabbit isotype irrelevant anti-
body (Irr Ab) shows the specificity of the anti-LIMK1 antibody. In vitro phos-
phorylation of ANXA1 by LIMK1 was obtained in five distinct experiments.
Representative results of those experiments are shown. In B, HUVECs were
co-electroporated with siRNAs that target human GAPDH or LIMKT mRNAs
(200 pmol of siRNA) together with pIRES-hrGFP-2a containing HA-tagged
wild-type ANXAT1 construct. In C, HUVECs were co-electroporated with siRNAs
that target human GAPDH or MAPKAP kinase-2 (MK2) mRNAs (80 pmol of
siRNA) along with pIRES-hrGFP-2a containing HA-tagged wild-type ANXA1
construct. After 48 h, in B and C, cells were serum-starved for 16 -20 h before
being assayed for in vivo phosphorylation, as described under “Experimental
Procedures.” Cells were treated or not treated with VEGF (5 ng/ml for 15 min).
Thereafter, proteins were extracted, and the HA-tagged proteins were immu-
noprecipitated and processed as described in Fig. 2B. Incorporation of [>2P]
into HA-ANXA1 (upper panel) and immunoprecipitated HA-ANXA1 (second
panel) are shown. The efficiency of the siRNA knockdown of LIMK1 and
GAPDH (B) or MAPKAP kinase-2 and GAPDH (C) was determined (lower two
panels) in Western blotting as described above using the total cell extracts.
Representative results of at least three separate experiments are shown in B
and C. MK2, MAPKAP kinase-2.

Total Total

mediating endothelial cell migration in response to VEGF.
HUVECs were electroporated or not with siRNAs (7 and 8 from
Qiagen) that knock down the expression of ANXA1 and with or
without a HA-tagged ANXAI1 construct insensitive to the
siRNA (Fig. 5). Thereafter, cells were put in the upper part of a
Boyden chamber, and VEGF was added to the lower part. In
some experiments, SB203580 was added to both chambers to
inhibit p38 activity. After 4 h, the number of electroporated
cells that have migrated across the polycarbonate membranes
separating the two chambers was counted. Results showed that
VEGF increased by 2.5-fold the migration of control HUVECs.
This increase was completely abolished in cells in which the
expression of ANXA1 had been knocked down (Fig. 5),
indicating that ANXA1 was instrumental in regulating endo-
thelial cell migration. In accordance, the VEGEF-induced
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FIGURE 5. Annexin 1 is required for p38-mediated endothelial cell migration in response to VEGF.
HUVECs were co-electroporated, with siRNA to knock down human GAPDH or ANXAT mRNAs (400 pmol of
siRNA) along with pEGFP-C1 and pIRES-hrGFP-2a containing HA-tagged wild-type ANXA1 not targeted by
ANXAT1 siRNA. After 48 h, cells were serum-starved for 16-20 h before being treated or not treated with
SB203580 (1 wM) and treated or not treated with VEGF (5 ng/ml for 4 h) Thereafter, cell migration was assayed
in a modified Boyden chamber, as described under “Experimental Procedures.” The efficiency of siRNA knock-
down was determined in Western blotting of the total cell extract (three right panels). The results of cell
migration are expressed as the ratio of the number of fluorescent endothelial cells that have crossed the
membrane in each experimental condition over the number of fluorescent cells that have crossed the mem-
brane in untreated conditions (mean number = 23 cells). Data points represent the mean ratio with 95%
confidence intervals. p was determined by Student’s t test. Representative results of three separate experi-

ments are shown. SB, SB203580.
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FIGURE 6. LIMKT1 is required for p38-mediated endothelial cell migration
in response to VEGF. HUVECs were co-electroporated, with siRNA to knock
down human GAPDH or LIMKT mRNAs (200 pmol of siRNA) along with pEGFP-
C1. After 48 h, cells were serum-starved for 16-20 h before being treated or
not treated with VEGF (5 ng/ml for 4 h) and being assayed for migration in a
modified Boyden chamber, as described under “Experimental Procedures.”
The efficiency of siRNA knockdown was determined in Western blotting using
the total cell extracts (lower two panels).The results of cell migration are
expressed as the ratio of the number of fluorescent endothelial cells that have
crossed the membrane in each experimental condition over the number of
fluorescent cells that have crossed the membrane in untreated conditions
(mean number = 12 cells). Data points represent the mean ratio with 95%
confidence intervals. p was determined by Student’s t test. Representative
results of three separate experiments are shown.
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LIMKI1. Thereafter, cell migration
was evaluated in a Boyden chamber
as above. Consistent with our result
showing that LIMK1 is an ANXA1
kinase, we found that VEGF-induced
cell migration was abolished in cells in
which the expression of LIMK1 has
been knocked down by siRNA (Fig. 6).

To further ascertain the involve-
ment of ANXALI in endothelial cell
migration and angiogenesis, we examined its role in the forma-
tion of capillary-like tubes by endothelial cells in Matrigel (5).
HUVECs were electroporated or not with siRNA that knocks
down the expression of ANXA1 and with or without an HA-
tagged ANXA-1 construct insensitive to the siRNA. Thirty-six
h later, the cells were serum-starved for 8 h. Then, the quiescent
cells were embedded in Matrigel and were treated or not
treated for 8 h with VEGF. Thereafter, the formation of tubes
was examined under phase contrast microscopy. Results show
that VEGF triggers the formation of a dense network of tubules
when added to control HUVEC in Matrigel (Fig. 7, A and B).
This effect was markedly repressed in cells in which the
expression of ANXA1 has been knocked down (Fig. 7, C and
D). Importantly, the increase in tube formation was maintained
in cells that expressed an ANXA1 construct insensitive to siRNA
knockdown (Fig. 7, E and F). Incidentally, in line with the role of
LIMKI1 as an ANXA1 kinase, it has previously been reported that
inhibiting LIMK1 with a dominant negative form impairs VEGF-
induced tube formation (31). Taken together, these results suggest
that phosphorylation of ANXA1 is required to sustain endothelial
cell migration and angiogenesis.

DISCUSSION

Chemotactic endothelial cell migration is a major process by
which VEGF regulates angiogenesis. It involves the binding of
VEGF to VEGFR-2 and the downstream activation of several
signaling pathways that converge on actin remodeling (5). In
the present study, we show for the first time that ANXA1 is
phosphorylated downstream of the VEGFR-2/p38/MAPKAP
kinase-2/LIMKI1 pathway, which in turn is required to sustain
endothelial cell migration and capillary-like tube formation.

The identification of ANXAI as a target of the p38 pathway
has been obtained by mass spectrometry analysis of two-di-
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FIGURE 7. Expression of annexin 1 is required for tubulogenesis in Matri-
gel. Tube formation assays were performed with commercial growth factor-
reduced (GFR) Matrigel Matrix. HUVECs were electroporated with 400 pmol
siRNAs that specifically target human GAPDH mRNA (A and B) or with 400
pmol siRNAs that specifically target human ANXA1 mRNA (Cand D). In Eand
F, HUVECs were co-electroporated with 20 ng HA-tagged wild-type (WT)
ANXA1 insensitive to ANXA1 siRNA together with siRNAs that specifically tar-
get human ANXAT mRNA. A schematic representation of the formed tubules
is shown in the middle panels to facilitate interpretation. Tubulogenesis
assays were performed as described under “Experimental Procedures.” Fields
from each sample were photographed using a contrast microscopy with a4 x
objective. Representative results of three separate experiments are shown.

mensional gel electrophoresis spots that were phosphorylated
by VEGF in control HUVECs but not in HUVECs treated with
SB203580 or infected with adenovirus carrying p38AGF to
inhibit p38« activity. Thereafter, we obtained further experi-
mental evidence supporting the point that ANXA1 was phos-
phorylated downstream of p38 by showing that the in vivo
phosphorylation of transfected HA-tagged ANXAL1 in response
to VEGF was inhibited by blocking the activity of p38 with
SB203580 or p38AGF. Interestingly, previous studies have indi-
cated that ANXAI is phosphorylated on Tyr and Ser/Thr resi-
dues by a variety of kinases including EGF and hepatocyte
growth factor receptor tyrosine kinases and protein kinase C
(14, 19-21). The involvement of p38 as an ANXA1 kinase has
also been suggested because SB203580 inhibits the protective
function of the N-terminal fragment of ANXA1 (Anx-1-(2—
26)) against metabolic injury (46). However, we found that
immunoprecipitated p38 from VEGF-activated HUVECs does
not phosphorylate ANXA1 in vitro in contrast to ATF2. Hence,
this indicates that p38 is not the kinase that directly phosphor-
ylates ANXAL1 in response to VEGF in vivo.

One of the major finding of our study is the evidence we have
provided indicating that LIMK1 is an ANXA1 kinase downstream
of p38. It is supported by key experimental observations. First,
none of the direct p38 targets (MAPKAP kinase-2/-3/-5) could
directly phosphorylate rANXA1 in vitro, whereas they all phos-
phorylated their known substrate HSP27 (38, 47, 48). Conversely,
immunoprecipitated LIMK1 from VEGF-treated-HUVECs phos-
phorylates rANXA1, and the activation is sensitive to
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SB203580. Second, in vivo phosphorylation of ANXALI is
abolished in cells in which the expression of LIMKI1 is
knocked down by siRNA directed against human LIMK1
mRNA. Incidentally, this proves the in vivo relevance of
LIMK]1 in phosphorylating ANXA1. Third, phosphorylation
of ANXA1 is inhibited by knocking down MAPKAP
kinase-2, a known activator of LIMK1 (31).

Very little is known concerning the role of phosphorylated
ANXA1. However, previous studies have shown that its phosphor-
ylation by the tyrosine kinase activity of EGER regulates ERK acti-
vation and cell proliferation (19). Phosphorylation of ANXA1 has
also been proposed to regulate the G,/M transition (49). In addi-
tion, its phosphorylation by kinases, including protein kinase C, is
essential for its role in regulating the anti-inflammatory effects of
glucocorticoids (14). Moreover, as reported above, the phosphor-
ylation of ANXA1 within its N-terminal domain confers protec-
tive functions against metabolic injury in cardiomyocytes (46).
Interestingly, EGF-induced phosphorylation of ANXAI triggers
its colocalization with F-actin in the lamellipodia (50). Given the
important role that lamellipodia play in conferring forward move-
ments to endothelial cells during their migration (5), this observa-
tion is consistent with our finding that ANXA1 mediates VEGF-
induced endothelial cell migration. Incidentally, we also found
that, in both immunofluorescence and live cell microscopy,
ANXAL1 colocalized with F-actin in the lamellipodia in basal and
VEGEF-induced conditions (data not shown and supplemental
data). On the other hand, the inhibition of cell migration associ-
ated with the knockdown of ANXAT1 can be rescued in a p38-de-
pendent manner by expressing an ANXA1 form insensitive to the
knockdown. Taken together, these findings are consistent with the
interpretation that ANXA1 should be present in the lamellipodia
to sustain cell migration but that the triggering event is induced by
its phosphorylation. The identification of the serine/threonine
sites phosphorylated by LIMK1 within ANXA1 should allow us to
address this question by using an Ala mutant of the site(s).

Intriguingly, we previously reported that p38-MAPKAP
kinase-2 may regulate VEGF-induced endothelial cell migra-
tion by stimulating HSP27 phosphorylation and formation of
stress fibers necessary to throw the rear of the cells toward its
front (5, 42—44). Our present findings thus suggest that p38
has a dual complementary function in endothelial cell migra-
tion. By contributing to the phosphorylation of HSP27 via
MAPKAP-kinase 2, p38 mediates the formation of stress fibers
and cell contractility that throws the rear of the cell to the front.
By contributing to the phosphorylation of ANXA1 via LIMK1,
p38 allows lamellipodia-dependent swimming of the cell for-
ward. Interestingly, a recent study has identified ANXA1 as a
possible target of hypoxia-inducible factor-1 that confers
migration and invasion to cancer cells (51). Consistent with the
role of ANXA1 in endothelial cell migration, we obtained evi-
dence indicating that the expression of ANXA1 is required for
tubulogenesis in Matrigel because the knockdown of ANXA1 is
associated with a decrease in tube formation in response to
VEGE. This finding is further strengthened by the fact that the
siRNA used to target ANXA1 mRNA does not inhibit the for-
mation of tubes when expressed together with an HA-ANXA1
construct that is insensitive to its action. It has been demon-
strated that the tubular structures formed by endothelial cells in
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this model are vascular-like structures containing lumens (52).
Hence, our findings suggest that LIMK1-mediated phosphory-
lation of ANXAT1 is an important determinant of angiogenesis.
Intriguingly, null mice for MAPKAP kinases-2/-3/-5 and
ANXA1 develop normally and do not show apparent defect in
vasculature (17, 53). This indicate that the p38 pathway may not
be required for developmental angiogenesis. Yet, our results
suggest that phosphorylation of ANXA1 by LIMK1 may regu-
late pathological angiogenesis. This possibility is consistent
with a recent study showing that ANXA1 ™/~ mice are unable to
heal the damage associated with indomethacin-induced gastric
ulcers (37).

Overall, we report in this study that ANXA1 is a new target of
the p38/MAPKAP kinase-2/LIMKI1 axis activated in response
to VEGF and that its phosphorylation triggers endothelial cell
migration and tubulogenesis in Matrigel. These findings are
important because they highlight a novel function of ANXAT1 as
a potential regulator of pathological angiogenesis.
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