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Background: Annexin-A1 is an important regulator of VEGF-mediated endothelial cell migration and angiogenesis.
Results: We found that miR-196a targets Annexin-A1 to inhibit VEGF-mediated cell migration and angiogenesis. Moreover,
VEGF decreases miR-196a and increases Annexin-A1.
Conclusion: VEGF-induced decrease of miR-196a expression may participate to the angiogenic switch.
Significance:These results bring important new insights in understanding themechanisms underlying angiogenesis-associated
pathologies.

Endothelial cell migration induced in response to vascular
endothelial growth factor (VEGF) is an essential step of angio-
genesis. It depends in part on the activation of the p38/MAP-
KAP kinase-2/LIMK1/annexin-A1 (ANXA1) signaling axis. In
the present study, we obtained evidence indicating that miR-
196a specifically binds to the 3�-UTR region of ANXA1 mRNA
to repress its expression. In accordance with the role of ANXA1
in cell migration and angiogenesis, the ectopic expression of
miR-196a is associated with decreased cell migration in wound
closure assays, and the inhibitory effect of miR-196a is rescued
by overexpressing ANXA1. This finding highlights the fact that
ANXA1 is a requiredmediator of VEGF-induced cell migration.
miR-196a also reduces the formation of lamellipodia in
response to VEGF suggesting that ANXA1 regulates cell migra-
tion by securing the formation of lamellipodia at the leading
edgeof the cell. Additionally, in linewith the fact that cellmigra-
tion is an essential step of angiogenesis, the ectopic expression
ofmiR-196a impairs the formationof capillary-like structures in
a tissue-engineered model of angiogenesis. Here again, the
effect of miR-196a is rescued by overexpressing ANXA1. More-
over, the presence of miR-196a impairs the VEGF-induced in
vivo neo-vascularization in the Matrigel Plug assay. Interest-
ingly, VEGF reduces the expression of miR-196a, which is asso-
ciated with an increased level of ANXA1. Similarly, the inhibi-
tion ofmiR-196a with an antagomir results in an increased level
of ANXA1. We conclude that the VEGF-induced decrease of
miR-196a expression may participate to the angiogenic switch
by maintaining the expression of ANXA1 to levels required to

enable p38-ANXA1-dependent endothelial cell migration and
angiogenesis in response to VEGF.

Angiogenesis, the sprouting of new capillaries from pre-
formed capillaries, contributes to the expansion of the vascular
network in several normal and pathological processes (1, 2).
Physiological angiogenesis is highly regulated during develop-
ment, wound repair, and menstrual cycle progression (3). Per-
sistent dysregulation of angiogenesis is a commondenominator
associated with various pathological disorders, including age-
relatedmacular degeneration, rheumatoid arthritis, tumor pro-
gression, and metastasis (4, 5). Angiogenesis is a multistep and
multicellular process that involves proteolytic degradation of
the extracellular matrix, followed by migration and prolifera-
tion of capillary endothelial cells, pericyte recruitment, and
assembly of the mature vessel (6). The angiogenic process is
regulated by a tight balance between pro- and anti-angiogenic
agents. Endostatin is a typical antiangiogenic agent and vascu-
lar endothelial growth factor (VEGF)4 is the major promoter of
both physiological and pathological angiogenesis (6).
Members of the VEGF family contain six structurally related

proteins: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and
placenta-derived growth factor (PIGF) (7, 8). Human VEGF-A
monomers exist as 5 different isoforms, of which VEGF165,
hereafter referred to as VEGF, is themost abundant and biolog-
ical active form (6). VEGF binds two tyrosine kinase receptors
on blood vessel endothelial cells, VEGF receptor-1 (VEGFR-1/
Flt-1) and VEGF receptor-2 (VEGFR-2/KDR/Flk-1). Both
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receptors are essential for developmental neovascularization
and their knock-out is embryonic lethal (9, 10).
VEGFR-2 is the major signaling endothelial cell receptor for

VEGF in adults. Ligand binding to VEGFR-2 triggers its olig-
omerization, which activates its tyrosine kinase activity lead-
ing to phosphorylation of specific tyrosine residues located
within its cytoplasmic domain. In particular, VEGFR-2-me-
diated endothelial actin remodeling and cell migration are
triggered by the autophosphorylation of the receptor at Tyr-
1214, upstream of the activation of the p38 MAP kinase path-
way (7, 11, 12). Cellmigration downstreamofVEGFR-2has also
been shown to be mediated through Gab1, which acts as an
adaptor for Grb2, PI3-kinase and the tyrosine phosphatase
SHP2 (13, 14).
Annexin-1 (Lipocortin 1, Calpactin II herein abbreviated as

ANXA1) is one of the 13 members of the annexin superfamily.
The members of the annexin family are characterized by a
highly conserved protein core domain that harbors Ca2� and
phospholipid-binding sites (15). ANXA1 is a steroid-regulated
protein that transduces the glucocorticoid anti-inflammatory
action by inhibiting phospholipase A2 (16). In line with this,
ANXA1�/� mice show a partial or complete resistance to the
anti-inflammatory effects of glucocorticoids (17). ANXA1 fur-
ther regulates the inflammatory response bymediating the neu-
trophil responsiveness to fMetLeuPhe (18). On the other hand,
many studies have shown that ANXA1 is phosphorylated on
tyrosine residues following the activation of EGF and HGF
receptor-tyrosine kinases or on serine residues by protein
kinase c (19, 20). In both cases, these phosphorylation events
target the PI3 kinase and ERK MAP kinase glucocorticoid sig-
naling pathways and play important signaling functions in cell
proliferation, differentiation and apoptosis (21, 22). A role of
“signal amplifier” has also been attributed toANXA1, because it
promotes the release of second messengers that affect cell pro-
liferation andmigration (19). In this context, there is a growing
body of evidence indicating that ANXA1 may interact with
motile cytoskeletal proteins such as tubulin and actin (23–25).
Along these lines, we recently reported that phosphorylation of
ANXA1 by LIM kinase downstream of the p38 MAP kinase
pathway is an important regulator of endothelial cell migration
in response to VEGF (7). Moreover, the cell invasion potential
of intestinal epithelial cell line SKCO-15 is increased by 2-fold
in the presence of extracellularly added full-length rANXA1
(26). This effect seems to be mediated via autocrine/paracrine
signaling involving formyl peptide receptors. This role of
ANXA1 in tumor invasion is consistent with previous reports
showing that ANXA1 is associated with metastasis in several
invasive malignancies (26–28). Accordingly, ANXA1 null mice
present defects in tumor growth, metastasis, angiogenesis, and
wound healing suggesting the importance of ANXA1 in regu-
lating tumor progression (29, 30).
miRNAs are single-stranded, evolutionarily conserved, small

(21–23 nucleotides) non-coding RNAs. They are generated
from sequential processing of primary miRNAs (pri-miR) into
mature miRNAs from the nucleus to the cytoplasm (31).
miRNAs are transcribed at first as pri-miRNAs from mainly
intergenic or intronic regions by the RNA polymerase II. The
pri-miRs are then processed by the ribonuclease III DROSHA

in the nucleus to form the precursor miRNAs (pre-miRs).
These pre-miRs are exported to the cytoplasm by exportin-5
where the ribonuclease III DICER processes them again to give
the mature microRNAs that will be loaded onto the RNA-in-
duced silencing complex (RISC) (32). It is as part of the RISC
complex that these small RNAs regulate gene expression by
binding to a target messenger RNA in its 3�-UTR region,
thereby repressing translation and/or degrading mRNA (33,
34). Functional miRNAs should be associated with several pro-
teins including members of the Argonaute (Agos) family that
are part of an active RISC complex and are considered as major
regulators of silencing (35). A large body of evidence suggests
that the multigene regulatory capacity of miRNAs is dysregu-
lated in cancer. In most cases, a global reduction of miRNA
abundance appears as a general trait of human cancers (36–38).
Yet, little is known on the underlying mechanisms or the phe-
notypic advantages afforded to cells by reducedmiRNAexpres-
sion, and on the clinical relevance of this phenomenon. Over
the past 3 years, miR-196a was implicated in numerous types of
cancers (39). In particular, miR-196a showed a significant
inverse correlation with ANXA1mRNA levels in 12 cancer cell
lines of esophageal, breast and endometrial origin (40). These
findings support the potential role of miR-196a in the regula-
tion of ANXA1 expression. In the present study, we show that
ANXA1 is post-transcriptionally regulated by miR-196a in
response to VEGF, which contributes to regulate endothelial
cell migration.

EXPERIMENTAL PROCEDURES

Chemicals

All treatments were done using recombinant human VEGF-
A165 (herein named VEGF) produced by R&D Systems (Min-
neapolis, MN) and kindly provided by the NCI Biological
Resources Branch (Rockville, MD).

Cells

Human umbilical vein endothelial cells (HUVECs) were iso-
lated by collagenase digestion of umbilical veins from undam-
aged sections of fresh cords (41). The cords have been obtained
after approbation of the CRCHUQ Ethic Committee. Subcul-
tures were maintained in EGM2 media (LONZA, Allendale,
NJ). Replicated cultures were obtained by trypsination and
were used at passages �5. Treatments were done on HUVECs
cultivated on gelatin and made quiescent by serum-starvation
using M199 media containing 5% heat-inactivated fetal bovine
serum (FBS), L-glutamine, and antibiotics. Normal Human
Dermal Fibroblasts (NHDFs) were obtained from LONZA and
maintained in DMEM supplemented with 10% FBS and antibi-
otics. Human embryonic kidney cells (HEK293T) were culti-
vated in DMEM containing 10% FBS and antibiotics.

Antibodies

Anti-ANXA1 monoclonal mouse antibody was purchased
from BD Transduction Laboratories (Mississauga, ON, Can-
ada). Anti-�-tubulin monoclonal antibody was obtained from
Sigma-Aldrich. The anti-mouse-IgG-horseradish peroxidase
(HRP) was from The Jackson Laboratory (Bar Harbor, ME).
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Anti-IgG antibody coupled to IRDye800 or IRDye680 were
obtained from Rockland Immunochemicals (Gilbertsville, PA)
or from Invitrogen (Carlsbad, CA). A mouse �-globulin was
purchased from The Jackson Laboratory.

Plasmids, siRNA, miRNA Mimics, and Antagomirs

The pmiR-196a expressing plasmid was obtained from Sys-
tem Biosciences (Mountain View, CA). GFP expressing vector
(pmiR-empty) and plasmids necessary for lentiviral particles
production were a kind gift of Dr. Manuel Caruso (Laval Uni-
versity, QC, Canada), and CSII-EF-MCS-IRES2-Venus (CSII-
Venus) vector was a kind gift of Dr. Hiroyuki Miyoshi (RIKEN
Tsukuba Institute, Japan). ANXA1 cDNA without 3�-UTR
region was subcloned in CSII-Venus vector using NotI and
BamHI restriction sites (CSII-Venus-ANXA1). psiCHECK-2
vector was obtained from Promega (Madison, WI). ANXA1
coding sequence and 3�-UTR region was amplified from
HUVECs total RNA following cDNA production using the fol-
lowing primers: Forward primer 5�-CTTTGCAAGAAGGTA-
GAGATAAAGACAC-3�; Reverse primer 5�-CTTGTGACGT-
CATTTTATTTTCAGCTACATAG-3� and KOD Hot Start
DNA polymerase according to the manufacturer protocol
(EMD, Philadelphia, PA). Then, ANXA1 3�-UTR was cloned
downstream of the Renilla luciferase stop codon on psi-
CHECK-2 vector using XhoI/NotI restriction sites (Forward
primer: 5�-CACTCGAGACATTCCCTTGATGGTCTC-3�;
Reverse primer: 5�-CTGCGGCCGCTCATTTTATTTTCAG-
CTACATAG-3�). After sequencing, the resultant vector (psi-
CHECK-2-ANXA1–3�UTR-wt) containing Renilla luciferase
under the control of ANXA1 3�-UTR and firefly luciferase as a
control were used to produce psiCHECK-2-ANXA1–3�UTR-
mutated by directed mutagenesis using the following primers:
Forward primer: 5�-CAGTGTAGGTTCGTACATGCTGAAA-
AATAT-3�; Reverse primer: 5�-CATGTACGAACCTACACT-
GTAATCCTG-3�). Validated ANXA1 siRNA 7 was purchased
fromQiagen (Mississauga,ON,Canada). siRNA7was designed
to target the mRNA of human ANXA1 (GenBankTM accession
no. NM_000700). The target sequence of ANXA1 siRNA 7 is as
follows: sense, 5�-ATGCCTCACAGCTATCGTGAA-3� and
antisense, 5�-TTCACGATAGCTGTGAGGCAT-3�. Mature
miR-196a mimic or antagomir and control were obtained from
Dharmacon (Lafayette, CO).

Lentiviral Particle Preparation

HEK293Twere plated at 3� 106 per 100mmPetri dish in 10
ml DMEM supplemented with 10% FBS. Co-transfection was
perfomed by Ca2� phosphate-mediated transfection using 2.5
�g of pRSV-Rev, 6.5 �g of pMDLg-pRRE, 3.5 �g of pMD2.G
togetherwith 10�g of transgene expressing vectors (pmiR-196,
pmiR-empty, CSII-Venus or CSII-Venus-ANXA1 vectors).
After overnight incubation, media were replaced with 5 ml of
lentiviral particle collection media (M199 medium containing
20% heat-inactivated FBS, ECGS (60 �g/ml) (Sigma-Aldrich),
L-glutamine, heparin, and antibiotics). After 24 h, the media
were collected and centrifuged at 4 °C, 1200 rpm, for 5min. The
supernatant was stored in aliquots at �80 °C. The Multiplicity
of Infection (MOI) known as the ratio of infectious virus parti-
cles per cell, was determined by a 48 h transduction ofHUVECs

in a cascade dilution experiment. The percentage of GFP-pos-
itive cells was determined by FACS using EPICS-XL-MCL flow
cytometer (Beckman-Coulter, Ramsey, MN).

Transfection and Transduction

HUVECswere transfected withmiRNAmimics, antagomirs,
siRNA, or plasmid vectors using X-tremeGene HP Transfec-
tion Reagent obtained fromRoche (Laval, QC, Canada) accord-
ing to the manufacturer’s protocol or by electroporation.
HUVECswere transducedwithmiR-196a precursor expressing
vector (pmiR-196a) or with empty vector (pmiR-empty)
together or not with CSII-Venus or CSII-Venus-ANXA1 using
lentivirus-mediated infection in the presence of 8 �g/ml
hexadimethrine bromide (Sigma-Aldrich).

RNA Extraction and RT-qPCR

RNA Extraction—Total RNAs were extracted using Mirvana
Isolation kit (Ambion Applied Biosystems Streetville On Can-
ada). Total RNA concentration was determined using Nano-
drop 1000 spectophometer (Thermo Fisher Scientific) and
quality was assessed using a 1% agarose gel before its utilization
for cDNA production.
TaqMan RT-qPCR—For miRNA expression quantification,

reverse transcriptionwas performedusingTaqManMicroRNA
Reverse Transcription Kit following the manufacturer’s proce-
dure and using specific microRNAs primers for reverse tran-
scription from microRNA assays (hsa-miR-196a :241070 and
the housekeeping short non-coding RNA U6 snRNA : 001973)
(Invitrogen). microRNA level of expression was determined
using Universal PCR Master Mix, No AmpErase UNG accord-
ing to the manufacturer protocol (Invitrogen, AB 7900). The
2��Ct method was used to determine the Fold Changes (FC).

Immunoprecipitation

After treatments, cells werewashedwith phosphate-buffered
saline and were lysed in B buffer containing 150 mM NaCl, 50
mM Tris-HCl, pH 7.5, 0.5% Triton X-100, 0.1% sodium deoxy-
cholate, 2 mM EDTA, 2 mM EGTA, 1 mMNA3VO4, 1 mM benz-
amide, 1 �M leupeptin, 50 mM NaF, and 1 mM phenylmethyl-
sulfonyl fluoride. Cells were centrifuged at 13,000 rpm for 10
min and proteins were precleared with 15 �l 50% (v/v) protein
G-Sepharose for 45 min. Supernatants were incubated on ice
for 16 h with appropriate antibody. Then, 15 �l of 50% (v/v)
protein G-Sepharose were 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.

Western Blotting

After treatments, cells were lysed using SDS-PAGE loading
buffer. Equal amounts per well (30 �g) of total proteins were
separated by SDS-PAGE, and the gels were transferred onto
nitrocellulose membranes for Western blotting. After incubat-
ing nitrocellulose membranes with the appropriate primary
antibodies, antigen-antibody complexes were detected with an
anti-IgG antibody coupled to horseradish peroxidase and then
revealed using an enhanced chemiluminescence kit. Alterna-
tively, antigen-antibody complexes were detected with an anti-
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IgG antibody coupled to IRDye800 or IRDye680 and revealed
using an infrared imaging system (Li-Cor, Lincoln, NE). Quan-
tification of the immunoreactive bands was done by densito-
metric scanning using the Image J software.

Luciferase Reporter Assay

HUVECs (2.5 � 105 cells) were electropored with psiCHECK-
2-ANXA1–3�UTR-wt or psiCHECK-ANXA1–3�-UTR-mu-
tated (4 �g) together with miR-196a mimic or a control mimic
(200 nM). The following day, cells were lysed and luciferase
activity was evaluated using Dual-Luciferase Reporter Assay
System following manufacturer’s protocol (Promega). Renilla
luciferase activity which is under the control 3�-UTR insert was
evaluated and firefly luciferase was measured as a loading con-
trol in each condition using a Glomax luminometer 20/20
(Promega).

Wound Closure Assay

HUVECs were plated in a 12-well-plates at 100,000 cells/
wells. The day after, cells were transfected using X-tremeGENE
HP DNA Transfection Reagent. Cells were transfected with a
mature miR-196a mimic or a control mimic. Forty-eight hours
later, cells were serum-starved for 4 h. Then, a scratch was
applied manually to the confluent cell monolayer. After three
washes to remove the detached cells, the remaining cells were
placed in serum-starved medium with or without VEGF treat-
ment (10 ng/ml). The plate was then incubated in the living
chamber of a Nikon-TE2000 inverted microscope equipped
with 10� lens (numerical aperture of 0.30), with a Metamorph
(7.7.5 version) imaging system and with a Photometrics Cool-
SNAP HQ2 camera. The pictures were captured using both
transmitted light together or not with fluorescence. The total
number of cells that filled the scratch in each condition was
manually counted in three to four different fields at 8, 12, and
18 h. For each time point, the number of cells in VEGF-treated
fields was normalized against the mean of corresponding
untreated fields to represent the relative VEGF-induced
migration.

Boyden Chamber Assay

Endothelial cell migration in Boyden chambers was assayed
as previously reported (7). Briefly, 48 h-transfected or 96-h-
transduced cells were serum-starved overnight using M199
media supplemented with 5% heat-inactivated fetal bovine
serum, L-glutamine and antibiotics. Then, cells were harvested
with trypsin, counted, centrifuged, and resuspended at 1.5 �
106 cells/ml in migration buffer (199 medium, 10 mM HEPES
pH 7.4, 1 mM MgCl2, and 0.5% bovine serum albumin). Cells
(1.5 � 105) were added on the upper part of 8.0-�m pore size
gelatin-coated migration chambers (Corning, NY) separating
the upper and lower chambers of a 6.5-mm transwell. Cells
were left to adhere for 1 h. Then, 10 ng/ml VEGFwere added in
the lower chamber for 4 h. In transfection experiments pEGFP
was co-transfected to visualize and count transfected cells that
crossed the membrane of the Boyden chamber. The cells in the
upper part of the chamber were removed with a cotton swab.
Then, cells that crossed the membrane were counted manually
in five fields using a 20� lens (numerical aperture of 0.45) on a

Nikon-TE300 inverted microscope. In transduction experi-
ments, 4 h after VEGF treatment, the sum of fluorescent trans-
duced cells that crossed the membrane of the Boyden chamber
was manually counted from five fields per chamber using the
samemicroscopic facilities as described above. All experiments
were performed three times at least in duplicates.

Angiogenesis Assays

HUVECs were transduced with pmiR-196 containing miR-
196 precursor (pmiR-196a) or with an empty vector (pmiR-
empty) (MOI of 65) together or not with CSII-Venus or CSII-
Venus-ANXA1 (MOI of 33) using lentivirus-mediated
infection. After 96 h, 50,000 transduced cells were plated on a
12-days monolayer of NHDFs. NHDFs were grown and main-
tained in DMEM supplemented with 10% fetal bovine serum
and 50 �g/ml sodium L-ascorbate to facilitate the formation of
a sheet (60,000 cells per well of a 12-well plate). Co-cultures
were maintained for 6 days in DMEM supplemented with 10%
fetal bovine serum, M199 supplemented with 5% fetal bovine
serum and L-glutamine (v:v) and 50 �g/ml sodium L-ascorbate.
Media were replaced every 48 h with or without VEGF treat-
ment (10 ng/ml). This was performed for a total of 3 treatments
(D0, D2, D4) (42). Capillary-like structures were observed at
day 3 and day 5 using a Nikon-TE2000 inverted microscope
equipted 4� lens (numerical aperture of 0.13) with a Meta-
morph (7.7.5 version) imaging system and with a Photometrics
CoolSNAP HQ2 camera. Fifteen pictures per well from differ-
ent fields were captured. Raw images were processed with
ImageJ software using the following pipeline: images were con-
verted to binary using a threshold value of 25 on 8 bit images,
despeckle, convert to mask and skeletonize.We considered the
number of remaining white pixels as the length of the capillary
structures per field. Also the plugin AnalyseSkeleton in ImageJ
was used to obtain the number of branches and the number of
junctions. The total length of capillary like structures, the num-
ber of branches and the number of junctions were expressed as
the mean of sums of 15 fields per replicate. Movies of these
experiments were built with the pictures captured using a
Metamorph imaging software (7.7.5 version).

Matrigel Plug Assay

Matrigel (BD Biosciences) was pre-mixed with 15 units of
heparin (Sandoz, Boucherville, Qc, Canada) and 200 ng of
VEGF or an equivalent volume of PBS. Then, miR-196a mimic
(2 �M) or control mimic (2 �M) was added and the mixture was
injected subcutaneously near the ventral midline of 6-week-old
FVB/nmale mice (Charles River). Plugs were harvested 12 days
later and photographed. For the measure of hemoglobin (Hb)
content, harvested plugs were weighted and incubated over-
night in de-ionized water at 37 °C. Then, plugs were crushed
with the rubber end of a syringe barrel and centrifuged. Super-
natant Hb content was measured using the QuantiChrom
Hemoglobin Assay Kit (BioAssay Systems, Hayward, CA) and
normalized to plugweight. Neovascularizationwas determined
after H&E staining of a 5 �m slice of paraffin-embedded plugs.
Capillary structures were counted by region of interest (ROI)
(five ROI per plug; at least five plugs per condition from two
separate experiments).
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Fluorescence Microscopy

After treatment, cells were fixedwith 3.7% formaldehyde and
permeabilized with 0.1% saponin in phosphate buffer, pH 7.5.
F-actin was detected using Rhodamin-phalloidin (Invitrogen,
Carlsbad, CA). ANXA1 was detected using specific mouse
monoclonal antibody (Cell Signaling, Danvers, MA). The cells
were examined using Nikon-Eclipse 800 microscope equipped
with a 40� objective lens (numerical aperture of 0.90).

Statistics

Values are expressed as fold changes or mean � S.D.
Unpaired Student’s t-tests were used for comparison
between two means. A p value �0.05 was considered statis-
tically significant.

RESULTS

miR-196a Represses ANXA1 Expression Level—We recently
reported that ANXA1 is an essential component of the p38-
mediated endothelial cell migration in response to VEGF (7). In
addition, it was shown that the expression of ANXA1 is
inversely correlated with miR-196a level in several cancer cell
lines (40). These findings prompted us to investigate the role of
miR-196a in regulating ANXA1-dependent endothelial cell
migration induced by VEGF. We first verified whether miR-
196a regulates the expression ofANXA1 in endothelial cells. To
this end, we overexpressed miR-196a by transfecting HUVECs
with a specific miR-196a mimic and found that this was associ-
ated with a 40% decrease in the level of ANXA1 (Fig. 1, A–C).
Reciprocally, the inhibition of miR-196a with a specific antago-
mir increased the level of ANXA1 by 1.5�fold (Fig. 1D). Con-

FIGURE 1. miR-196a targets specifically ANXA1 in endothelial cells. A–C, HUVECs were transfected with miR-196a or control mimics. A, after 48 h, total
RNA was extracted and miR-196a expression level was evaluated by TaqMan RT-qPCR. B and C, after 48 h, proteins were extracted, were separated by
SDS-PAGE and transferred onto nitrocellulose membrane. ANXA1 and tubulin � were revealed by Western blot using specific antibodies. C, relative
ANXA1 protein level was quantified (ANXA1/Tubulin) from two separated experiments by densitometry analysis using ImageJ software. D, HUVECs were
transfected with antagomir-196a or control antagomir. After 48 h, proteins were extracted, were separated by SDS-PAGE and transferred onto nitro-
cellulose membrane. ANXA1 and Tubulin � were revealed by Western blot as in B. E, ANXA1 3�-UTR wild type (wt) or mutated (in the specific predicted
miR-196a binding site) were subcloned in luciferase expressing vector (psiCHECK-2) to evaluated luciferase activity under the control of ANXA1 3�-UTR.
These wt or mutated constructs were co-transfected in HUVECS together with miR-196a mimic or a control mimic. Renilla luciferase activity under the
control of ANXA1 3�-UTR was evaluated and then normalized against firefly luciferase. The mean percentage of relative luciferase activity is represented
(n 	 3 at least in duplicate).
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sistent with these findings, we observed that luciferase reporter
carrying ANXA1 3�-UTR region was sensitive to miR-196a
ectopic expression. In contrast, mutations of miR-196a com-
plementary site within ANXA1 3�-UTR relieves miR-196a-de-
pendent repression (Fig. 1E). This suggests that miR-196a
represses the expression ofANXA1by its specific binding to the
3�-UTR region of ANXA1 mRNA.
VEGF Decreases the Expression of miR-196a—Given that

ANXA1 is importantly involved in VEGF-induced endothelial
cell migration and that the level of ANXA1 is regulated bymiR-
196a, we next verified whether the expression of miR-196a and
ANXA1 was modulated in the presence of VEGF. Overnight
serum-starved HUVECs were treated or not with 10 ng/ml
VEGF. Thereafter, total RNA was extracted and the relative
level ofmiR-196a was determined. The results presented in Fig.
2A showed that VEGF induced a 2-fold decrease in the level of
miR-196a, which was accompanied with an increase in ANXA1
already evident at 16 h and was still persistent at 36 h (Fig. 2B).
Moreover, the inhibition of miR-196a with an antago-miR-
196a raises the level of ANXA1 and further enhances the
VEGF-increased expression of ANXA1 (Fig. 1D). These finding
are consistent with the fact that the regulation of miR-196a by
regulating the level of ANXA1 may be importantly involved in
maintaining endothelial cells in a quiescent state in non-acti-
vated conditions.

miR-196a Inhibits ANXA1-dependent Actin Remodeling and
Endothelial Cell Migration Induced by VEGF—In accordance
with a role ofmiR-196a inmediating endothelial cell migration,
we obtained results indicating that the expression of a miR-
196a mimic in HUVECs was associated with an inhibition of
endothelial cell migration in response to VEGF in wound clo-
sure and Boyden Chamber assays (Fig. 3 and supplemental Fig.
S1). Moreover, miR-196a-dependent inhibition of cell migra-
tion was rescued by overexpressing ANXA1 bymeans of a plas-
mid that lacks the 3�-UTR region (Fig. 3, F and G). This indi-
cated that miR-196a inhibited cell migration by targeting
ANXA1.
The VEGF-induced endothelial cell migration requires actin

cytoskeleton remodeling into lamellipodia, and ANXA1 has
been reported to be recruited in lamellipodia following its phos-
phorylation in response to EGF (6, 23). Along these lines, we
observed, in Western blot, that actin co-precipitates with
ANXA1 and that the association was increased by VEGF (Fig.
4). Similar results were observed in mass spectrometry analysis
where we found, in an immunoprecipitate of ANXA1 obtained
from cells treated with VEGF, a band of 46 kDa whose analysis
revealed 69 peptides that corresponded to actin.More interest-
ingly, the decreased migratory potential of HUVECs overex-
pressing miR-196a, and thus showing decreased level of
ANXA1, was associated with an inhibition in the formation of
lamellipodia in response toVEGF. In particular, themeannum-
ber of lamellipodia per cell was increased by 1.5�fold when it
peaks at 30min in response to VEGF treatment in cells express-
ing a control mimic. In contrast, the number of lamellipodia
remained to basal level in cells expressingmiR-196amimic (Fig.
5, A and B).

Altogether, these results indicate that ANXA1 by associating
with actin is a major determinant of cell migration. Moreover,
they suggest that the repression of ANXA1 expression by miR-
196a is an important negative modulator of actin remodeling
into lamellipodia and endothelial cell migration in response to
VEGF.
miR-196a Inhibits the Formation of Capillary-like Structures

in a Reconstituted Tissue Model of Angiogenesis—Endothelial
cell migration is an essential step of angiogenesis. As miR-196a
blocks endothelial cellmigration, we investigated next, whether
it repressed angiogenesis using a simplified human recon-
structed tissue culture model of neovascularization in vitro
(42). Briefly, HUVECs expressing miR-196a precursor or an
empty vector were seeded on a monolayer of Normal Human
Dermal Fibroblasts (NHDFs) and were treated or not with
VEGF. In this model, the addition of VEGF induced a well-
developed network of capillary-like structures. These struc-
tures were already evident after 3 days of VEGF treatment and
further gain in organization after 5 days (Fig. 6, A–D). As
expected, miR-196a impaired the formation of these capillary-
like structures induced by VEGF treatment (Fig. 6, E–H). In
fact, in HUVECs overexpressing miR-196a and treated with
VEGF, we noted a marked decrease in the mean number and
length of capillary-like structures, as well as in their branching
(Fig. 6, I–K). The dynamic of the capillary-structure formation
in response to VEGF and its impairment by miR-196a is more
clearly seen inmovies presented in supplemental Figs. S2,A and

FIGURE 2. VEGF induced miR-196a decrease and ANXA1 increase in endo-
thelial cells. A, quiescent HUVECs were treated or not with VEGF (10 ng/ml)
for 24 h. After treatments, total RNA was extracted and miR-196a expression
level was evaluated by TaqMan RT-qPCR (n 	 4). B, quiescent HUVECs were
treated or not with VEGF (10 ng/ml) for increasing periods of time. After treat-
ments, proteins were extracted, were separated by SDS-PAGE and transferred
onto nitrocellulose membrane. ANXA1 and tubulin � were revealed by West-
ern blot using specific antibodies.
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B. Additionally, supplemental Fig. S2C further shows that the
process is ANXA1-dependent given that the inhibition of cap-
illary-structure formation associated with miR-196a was res-
cued by overexpression of ANXA1.
miR-196a Inhibits in Vivo Angiogenesis—We next ascer-

tained whether miR-196a regulates VEGF-induced angiogene-
sis in vivo. To this end, we used the mouse Matrigel Plug assay.
Briefly, Matrigel containing or not VEGF in the presence of the
miR-196a mimic, or a control mimic, was injected in mice.
Twelve days later, the plugs were harvested and the fomation of
vessels was evaluated in situ and their functionality was evalu-
ated by determining the hemoglobin content in the plug. The
results showed that VEGF induces a massive neovasculariza-
tion in the plug as evidenced by the redness and the number of
capillaries. As expected, this is impaired in the presence ofmiR-
196a (Fig. 7, A, B, and D). Similarly, the amount of hemoglobin
was markedly reduced in the presence of miR-196a (Fig. 7C).
Overall, these results indicate that miR-196a, by impairing the
expression of ANXA1, is a major repressor of angiogenesis
induced by VEGF.

DISCUSSION

We recently reported that the VEGF-induced activation of
the p38/MAPKAP kinase 2 axis leads to activation of LIM
kinase 1 (LMK1) and phosphorylation of ANXA1. In turn, this
contributes to trigger endothelial cell migration and tube for-

FIGURE 3. miR-196a inhibits VEGF-mediated endothelial cell migration. HUVECs were transfected with miR-196a (B, C, E, and F) or control (A and D)
mimics (100 nM, for a total of 48 h) together with an empty vector (pIRES; A, B, D, and E) or pIRES-ANXA1-HA (C and F) for 48 h. Cells were processed for
wound healing assay in response to VEGF (10 ng/ml). The black lines represents the edge of the wound and pictures were taken after 0 (A–C) and 16 (D–F)
hours of treatment. Images were captured using an inverted microscope (10�). G, cells that have crossed the edge of the wound have been counted and
the results from 2 separate experiments are shown. H, HUVECs were transfected with a miR-196a mimic or a control mimic (100 nM, for a total of 48 h)
together with pEGFP to visualize and count transfected cells. Overnight-serum-starved cells were evaluated for cell migration in a Boyden chamber
assay using VEGF (10 ng/ml for 4 h) as chemoattractant. I, HUVECs were transduced with miR-196a precursor (pmiR-196a) or with an empty vector
(pmiR-empty) both expressing GFP using lentiviral-mediated infection (MOI of 65) for 96 h. Overnight-serum-starved cells were processed for cell
migration assay as in H.

FIGURE 4. Actin associates with ANXA1 in response to VEGF. Quiescent
HUVECs were treated with VEGF (10 ng/ml for 15 or 20 min). After treatments,
cells were lysed, and ANXA1 was immunoprecipitated using a mouse mono-
clonal antibody or a control irrelevant antibody. Proteins were separated by
SDS-PAGE and were transferred to a nitrocellulose membrane. Only the
ANXA1 antibody used for immunoprecipitation was loaded as control. Actin
co-immunoprecipitation with ANXA1 was confirmed by Western blotting
using a goat polyclonal anti-actin antibody and the presence of ANXA1 was
revealed using a mouse monoclonal antibody. Total cell extracts were iden-
tically assessed for loading control.
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FIGURE 5. miR-196a represses VEGF-induced lamellipodia. HUVECs were transfected with miR-196a or control mimics (100 nM, for a total of 72 h). Cells were
serum-starved overnight before being treated with VEGF (10 ng/ml) for increasing periods of time. Thereafter cells were fixed, permeabilized, and stained for
F-actin and ANXA1 using phalloidin and ANXA1 specific mouse antibody, respectively. A, minimum of 150 cells per condition were evaluated to quantified
lamellipodia per cell in two separated experiments. The mean number of ruffles per cell is represented in each condition � S.D. B, representative field for each
condition was captured using a fluorescence microscope (40�).

FIGURE 6. miR-196a modulates VEGF-mediated formation of capillary-like structures. A–H, HUVECs were transduced with miR-196a precursor (pmiR-196a) or
pmiR-empty (MOI of 65), both co-expressing GFP, using lentiviral-mediated infection. After 96 h, 50 000 transduced cells were plated on a 12 days normal human
dermal fibroblasts (NHDF) monolayer. Co-cultures were maintained for 6 days, and media were replaced every 48 h with or without VEGF treatment (10 ng/ml) for a
total of 3 treatments (n 	 4). Fluorescent capillary-like structures were observed at day 3 and 5 using an inverted microscope (4�). Representative fields are shown for
each condition (A–H). Fifteen pictures per condition from different fields were captured to measure the number of capillary-like structures (I) and the number of
junctions (J) using AnalyzeSkeleton plugin from ImageJ. K, using the same pictures, the length of the capillaries was measured using ImageJ software.
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mation inMatrigel (7). More recently, we found that miRNAs
are also important regulator of the p38 pathway by showing
that miR-20a inhibits the activation of p38 by repressing
MKK3 (43). In this report, we reported that, in addition to
phosphorylation, the migratory functions of ANXA1 are also
tightly regulated by miR-196a-dependent regulation of
ANXA1 expression.
The fact thatmiR-196a is amajor regulator of endothelial cell

migration and angiogenesis in response to VEGF is supported
by three complementary lines of evidence: 1) the expression of
amiR-196amimic in HUVECs almost completely impairs their
migration; 2) the overexpression of miR-196a dysregulates the
formation and branching of capillary-like structures induced by
VEGF in vitro and 3) miR-196a inhibits the formation of func-
tional blood vessel induced byVEGF in vivo in theMatrigel plug
assay.
In accordance with a role of miR-196a in cell migration, a

previous study reported that a low level ofmiR-196a expression
is associated with an enhanced migratory potential of mela-
noma, presumably as a result of a raised ETS-1 andBMP4 activ-
ity (44). In contrast, high levels ofmiR-196a promote cancer cell
detachment, migration and invasion of other cancer cell types
including colon cancer cells (39, 45). Together with our present
findings, these results suggest that the effect ofmiR-196a on cell
migration may vary from cell type to cell type and warrants
further investigations.
MicroRNAs repress protein expression by binding to the

3�-UTR region of mRNAs, which results in translation inhibi-
tion ormRNAdegradation (32). They have different targets and
thereby may affect a same cellular process via different path-
ways. In the case of miR-196a, it was shown that the human

HOXB8 3�-UTR has perfect base-pairing for this miRNA,
which suggests thatHOXB8mRNA is targeted bymiR-196a for
cleavage. In fact, miR-196a directs the cleavage of HOXB8
mRNA in mouse embryos (46). A major finding of our study is
to have demonstrated that the miR-196a-dependent inhibition
of endothelial cell migration and angiogenesis relies on the
repression of ANXA1. Firstly, this is supported by the finding
that miR-196a decreases the expression of ANXA1 in response
to VEGF by targeting the 3�-UTR of ANXA1 mRNA in endo-
thelial cells. Reciprocally, the expression of an antago-miR-
196a increases the ANXA1 level. In fact, this finding is consis-
tent with a previous study that showed that increased levels of
miR-196a have a significant inverse correlationwith the level of
ANXA1 mRNA in cell lines from esophageal, breast and endo-
metrial cancer origin (40). Secondly, this is also supported by
our results indicating that themiR-196a-mediated inhibition of
cell migration and capillary-like structures in vitro is rescued by
overexpressing ANXA1 in the presence of a miR-196a mimic.
Thirdly, ANXA1 level is increased by VEGF.
ANXA1 is a calcium- and phospholipid-binding protein

involved in regulating a broad range of cellular events, includ-
ing migration in different types of cells such as myoblasts, leu-
kemia, and breast cancer lines and endothelial cells (7, 26, 47,
48).Moreover, a recent study showed that ANXA1�/�mice are
unable to heal the damage associated with indomethacin-in-
duced gastric ulcers (30). Similary, aortic ring assays reveal an
increased ANXA1 expression in sprouting endothelial cells of
normal mice whereas aortas from ANXA1 KO mice exhibit
impaired endothelial cell sprouting that is rescued by adenovi-
ral expression of ANXA1 (29). The mechanisms that underly
the role of ANXA1 in regulating cell migration and angiogene-
sis are still ill defined. In endothelial cells, we found that phos-
phorylation of ANXA1 is required to trigger cell migration (7).
Moreover, EGF-induced phosphorylation of ANXA1, triggers
its colocalization with F-actin in the lamellipodia (23). Given
the important role that lamellipodia played in conferring for-
ward movements to endothelial cells during their migration,
this suggests that ANXA1mediates VEGF-induced endothelial
cell migration by regulating the formation of lamellipodia. In
this context, ANXA1, both in basal and VEGF-induced condi-
tions, colocalizes with F-actin in the lamellipodia of endothelial
cells (7). Moreover, here we found that VEGF induces the ruf-
fling activity of endothelial cells and that this is impaired by
knocking down ANXA1 by overexpressing miR-196a. We also
found that VEGF induces the association between ANXA1 and
actin (Fig. 4). Overall, these findings suggest that ANXA1
should be present in the lamellipodia to sustain cell migration
but that the triggering event is induced by its phosphorylation.
Based on our present and previous findings, VEGF seems to be
involved in regulating both events: 1) it decreases the expres-
sion level of miR-196a, and thereby favors the expression of
ANXA1 to levels allowing cell migration (see Fig. 2) and; 2) it
triggers the phosphorylation of ANXA1 downstream of p38
pathway (7).
By decreasing the expression of miR-196a to maintain the

expression of ANXA1 to physiological levels, we now propose
that VEGF activates a feedback loop to enable p38-dependent
cell migration. This conclusion is in line with clinical findings

FIGURE 7. miR-196a inhibits VEGF-induced angiogenesis in the Matrigel
plug assay. A, Matrigel was mixed with miR-196a mimic or control mimic
together with VEGF or PBS as control. The Matrigel plugs were injected sub-
cutaneously in the mid-ventral region of FVB/n mice. Twelve days later, the
plugs were harvested. Representative images taken from at least 5 mice per
condition are shown. B, plugs have been embedded in paraffin and stained
with H&E to visualize the blood vessels that have been formed. C, hemoglobin
content was measured and normalized to the weight of Matrigel in each
plugs. D, new blood vessels stained in H&E were quantified and the mean
number of capillaries per ROI was calculated.
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showing that the level of miR-196a is increased in pathologies
such as diabetes mellitus that are characterized by the disrup-
tion of normal wound repair process associated with an insuf-
ficient production of growth factors (49).Moreover, themRNA
levels of VEGF are severely decreased during the first phase of
the healing process in the wounds of genetically diabetic db/db
mice, and only lowVEGFmRNAexpression is still detectable at
day 12 (49, 50).
By showing thatmiR-196amodulates angiogenesis by target-

ing the expression of annexin-1, our results bring important
new insights in understanding the mechanisms underlying
pathologies such as diabetes. In corollary, our manuscript
establishes miR-196a and annexin-1 as putative targets for the
development of drugs designed tomodulatewound healing and
VEGF-driven angiogenesis.
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