THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 3, pp. 2047-2056, January 21, 2011

© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.
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Induce Angiogenic Response of Endothelial Cells™
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The miR-200 family plays a crucial role in epithelial to mes-
enchymal transition via controlling cell migration and polar-
ity. We hypothesized that miR-200b, one miR-200 family
member, could regulate angiogenic responses via modulating
endothelial cell migration. Delivery of the miR-200b mimic in
human microvascular endothelial cells (HMECs) suppressed
the angiogenic response, whereas miR-200b-depleted HMECs
exhibited elevated angiogenesis in vitro, as evidenced by
Matrigel® tube formation and cell migration. Using i silico
studies, miR target reporter assay, and Western blot analysis
revealed that v-ets erythroblastosis virus E26 oncogene homo-
log 1 (Ets-1), a crucial angiogenesis-related transcription fac-
tor, serves as a novel direct target of miR-200b. Knocking
down endogenous Ets-1 simulated an anti-angiogenic response
of the miR-200b mimic-transfected cells. Certain Ets-1-associ-
ated genes, namely matrix metalloproteinase 1 and vascular
endothelial growth factor receptor 2, were negatively regulated
by miR-200b. Overexpression of Ets-1 rescued miR-200b-de-
pendent impairment in angiogenic response and suppression
of Ets-1-associated gene expression. Both hypoxia as well as
HIF-1a« stabilization inhibited miR-200b expression and ele-
vated Ets-1 expression. Experiments to identify how miR-200b
modulates angiogenesis under a low oxygen environment illus-
trated that hypoxia-induced miR-200b down-regulation de-
repressed Ets-1 expression to promote angiogenesis. This
study provides the first evidence that hypoxia-sensitive miR-
200b is involved in induction of angiogenesis via directly tar-
geting Ets-1 in HMECs.

Micro-RNAs (miRs)? are small non-coding RNAs consist-
ing of ~22 nucleotide base pairs. These small nucleic acids
could regulate gene expression by binding to the 3’ untrans-
lated region (3" UTR) of mRNA, resulting in either transla-
tional repression or transcript degradation. Around 30% of
the genes in the whole genome are subjected to regulation by
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miRs (1). Because of the short sequence requirement for bind-
ing the target 3' UTR, a single miR could interact with a wide
range of target transcripts, which could substantially alter
gene expression and dictate cell fate such as proliferation,
apoptosis, and cell migration.

Angiogenesis, the formation of vessels from the existing
vascular structure, is a crucial biological response in wound
healing, menstrual cycle, tumor aggression, and diabetic reti-
nopathy. Endothelial sprouting, which requires extracellular
matrix remodeling and endothelial cell migration, is the pre-
requisite process of angiogenic response. Such biological re-
sponse relies on highly coordinated gene expression in a tem-
poral and spatial manner. Increasing evidence revealed that
miRs play a pivotal role in the angiogenic process. Our group
and others reported that dicer, a ribonuclease III catalyzing
miR maturation, is involved in the angiogenic process in hu-
man endothelial cells (2—4). Endothelial-specific dicer knock-
out mice exhibited an impaired angiogenic response (5). Cer-
tain miRs such as miR-126 and miR-296 have been shown to
exert pro-angiogenic effects, whereas other reports indicated
that miR-130a, -221, and -222 inhibited angiogenesis (6). Re-
cently, the miR-200 family has been shown to arrest cell mi-
gration and modulate epithelial-mesenchymal transition in a
wide range of epithelial cancer cells (7—-12). We hypothesized
that miR-200b, one member in miR-200 family, regulates en-
dothelial cell migration and angiogenic responses. In this
study, we present the first evidence demonstrating that miR-
200b is hypoxia-inducible and down-regulates v-ets erythro-
blastosis virus E26 oncogene homolog 1 (Ets-1), a novel direct
target of miR-200b, subsequently promoting angiogenic re-
sponse of HMEC.

EXPERIMENTAL PROCEDURES

Cells, Cell Culture, and Hypoxic Treatment—Human der-
mal microvascular endothelial cells (HMECs) were cultured
in a humidified chamber (37 °C, 20% O, and 5% CO,) in
MCDB-131 medium supplemented with 10% FBS, 10 mm L-
glutamine, and 100 IU/ml of penicillin, 0.1 mg/ml of strepto-
mycin (Invitrogen), as described previously (3). Primary adult
human dermal microvascular endothelial cells were cultured
at 37 °C (20% O, and 5% CO,) in EBM-2 medium (Lonza)
supplemented with EGM-2MYV single quotes (Lonza) as de-
scribed by the manufacturer. HEK-293 cells were grown at
standard cell culture conditions (37 °C, 20% O, and 5% CO,)
with DMEM supplemented with 10% FBS and 100 IU/ml of
penicillin, 0.1 mg/ml of streptomycin. For hypoxic treatment,
cells were seeded on a 35-mm dish at 0.5 X 10° cells/plate 1
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TABLE 1
siRNA and primer used in the study
siRNA
Ets-1 sRNA 5-AUAGAGAGCUACGAUAGUU-3’
5-GAAAUGAUGUCUCAAGCAU-3
5-GUGAAACCAUAUCAAGUUA-3
5-CAGAAUGACUACUUUGCUA -3
ZFB 1 sRNA 5-CUGUAAGAGAGAAGCGGAA-3’

5-CUGAAAUCCUCUCGAAUGA 37
5-GCGCAAUAACGUUACAAAU -3’
5-GCAACAGGGAGAAUUAUUA-3"

ZEB2 siRNA 5-GAACAGACAGGCUUACUUA 37
5-GAAGCUACGUACUUUAAUA-3’
-GCACAUGAAUCACAGGUAU -3°

5
5-GUAAAUGGCCGAAUGAGAA-3”

Primers References

Ets-1 Forward: (50
5'“CTGCGCCCTGGGTAAAGA 3"
Reversed:
5'-CCCATAAGATGTCCCCAACAA-3'

MMP-1 Forward: (€3))
5'-GGGCTTGAAGCTGCTTACGAATT-3'
Reversed:

5'-CAGCATCGATATGCTTCACAGTTCT-3'

VEGFR2 Forward: 52
5'-CACAGACTCCCTGCTTTTGCT3"
Reversed:

5'TGCCTCAGAAGAGCTGAAAACTT3'

ZEB1 Forward: )
5'TTCAAACCCATAGTGGTTGCT3'
Reversed:

5''TGGGA GATACCAAACCAACTG-3'

ZEB2 Forward: 8)

5'- CCCTTCTGCGACATAAATACGA-3'
Reversed:

5'-TGTGATTCATGTGCTGCGAGT-3'

day before hypoxic treatment. Medium was refreshed and
incubated at either normoxic (20% O,) or hypoxic (1% O,) in
a chamber with the same humidity and temperature as indi-
cated. For the miR-200b mimic hypoxia study, cells were first
transfected with control or miR-200b mimic for 48 h, fol-
lowed by versenization and plated on a 35-mm dish. The cells
were allowed to settle for 4 h and subjected to hypoxic treat-
ment after refreshing the medium, as described above. After
24 h, cells were either lysed or plated on Matrigel® pre-coated
plates for further analysis.

Transfection of miR Mimic, miR Inhibitors, siRNA, or Ets-1
Expressing Plasmid—One day before transfection, cells were
seeded in a 12-well plate at 0.17 X 10° cells/well (~70% con-
fluence). DharmaFECT™ 1 transfection reagent (Dharmacon
RNA Technologies) was employed to transfect cells with miR-
200b mimic (50 nMm), miR-200b inhibitor (100 nMm), or siRNA
smart pool for human Ets-1, ZEB1, and ZEB2 (100 nm), as
indicated. Non-targeting miR mimic, miR inhibitors, or
siRNA were transfected in the cells to serve as negative con-
trols, respectively. All the miR mimics, inhibitors, and siRNA
were obtained from Dharmacon RNA Technologies. The cor-
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responding sequences of siRNA are shown in Table 1. Unless
specified, the cells were either harvested directly or seeded on
regular or Matrigel pre-coated plates for further analysis
after a 72-h transfection (3). For Ets-1 overexpression stud-
ies, an expressing vector encoding Ets-1 (Ets-1 pcDNA)
(13), a generous gift from Dr. Michael Ostrowski, The Ohio
State University, was transfected in HMECs at the indi-
cated concentrations using Lipofectamine™ LTX/plus
reagent (Invitrogen) according to the manufacturer’s pro-
tocol. Empty vector (pcDNA) served as the negative con-
trol. 48 h after transfection, cells were either lysed or fur-
ther transfected with control or miR-200b mimics as
described above for further analysis.

RNA Isolation and Quantitative Real Time PCR—Total
RNA was extracted using the miRVana miRNA Isolation Kit
according to the manufacturer’s protocol (Ambion). For de-
termination of miR expression, specific TagMan assays for
miRs and the TagMan Micro-RNA Reverse Transcription Kit
were employed, followed by semi-quantitative real time PCR
using the Universal PCR Master Mix (Applied Biosystems) (3,
14). For gene expression studies, total cDNA synthesis was
achieved using the SuperScript ™ III First Strand Synthesis
System (Invitrogen). The transcription levels of Ets-1,
MMP-1, VEGFR2, ZEB1, and ZEB2 were assessed by real time
PCR using SYBR Green-I (Applied Biosystems). The corre-
sponding sequences of primers were shown in Table 1.
miR-16 and B-actin served as loading controls as described
previously (14-16).

Infection of Adenovirus Encoding Oxygen-insensitive Hy-
poxia-inducing Factor (HIF)-a—HMECs were infected with
adenovirus encoding oxygen-insensitive HIF-1a as described
previously (14, 17). After a 48-h infection, the cells were har-
vested for protein, RNA, or cell lysate by a HIF-dependent
reporter luciferase assay.

miR Target Reporter Luciferase Assay—HEK-293 cells were
transfected with 100 ng of pLuc-Ets1-3'UTR plasmid (Signo-
sis) or a control construct using Lipofectamine LTX/Plus rea-
gent (Invitrogen) according to the manufacturer’s protocol. The
construct was designed based on the sequence of miR-200b
binding sites and a total of 200 bp (starting from 500 -700 of
Ets-1 3’ UTR) were cloned in the 3" UTR of the pLuc plasmid
(for details, see supplementary data). Normalization was
achieved by co-transfection with Renilla plasmid (10 ng). Cells
were lysed after 48 h, and luciferase activity was determined us-
ing the dual-luciferase reporter assay system (Promega). Data are
presented as ratio of firefly to Renilla luciferase assay.

In Vitro Angiogenesis and Cell Migration Assay—In vitro an-
giogenesis and cell migration were assessed by the tube forma-
tion ability on Matrigel and scratch wound assay on monolayer
cells, respectively, as described previously (3). For the in vitro
angiogenesis assay, cells were plated out after transfection or
treatment and seeded on a Matrigel pre-coated 4-well plates at
5 X 10 cells/well. The angiogenic property was assessed 8 h af-
ter seeding as described previously (18), and the tube length was
measured using the AxioVision Rel 4.6 software (Zeiss). For the
cell migration assay, cells were seeded at the confluent mono-
layer on a 4-well plate. After seeding for 4 h, the in vitro wound
was induced by scratching gently using a 10-ul pipette tip. Cell
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FIGURE 1. miR-200b exhibited anti-angiogenic effects in HMECs. A, real time PCR analysis of miR-200b expression after transfection of miR-200b mimic
(left) or miR-200b inhibitor (right). Results are mean = S.E. *** indicates p < 0.001; * represents p < 0.05 compared with control. Matrigel tube formation visualized
by phase-contrast microscopy at 8 h after miR-200b mimic delivery (B) or down-regulation (C). Representative image of at least 3 independent experiments. Quan-
tification of the length of tube formation (% of control) of the miR-200b mimic or miR-200b inhibitor-transfected cells. Results are mean = S.E. *** indicates p <
0.001; ** represents p < 0.01 compared with control. Representative images of the in vitro scratch wound closure assay were visualized by phase-contrast micros-
copy at 0 and 4 h post-wounding in miR-200b mimic-delivered (D) or miR-200b-depleted (E) HMECs. Cell migration was assessed by quantification of scratch
wound closure (relative to 0 h). Results are mean = S.E. ** indicates p < 0.01; * represents p < 0.05 compared with control.

migratory distance was measured 4 h post-wounding using Axio- Western Blot Analysis and Immunocytochemistry—Western
Vision Rel 4.6 software (Zeiss). Cell migration was expressed in blot and immunocytochemistry was performed using poly-
percentage of wound closure relative to O h. clonal rabbit antibody against Ets-1 (Santa Cruz biotechnol-
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ogy) as described previously (3). Briefly, the cells were har-
vested in lysis buffer containing 10 mm Tris, pH 7.4, 150 mm
NaCl, 1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, and 5
mwm EDTA. Cell lysates were subjected to SDS-PAGE, trans-
blotted to PVDF membrane (Amersham Biosciences),
blocked, and incubated with primary antibody against Ets-1 at
a 1:5,000 concentration overnight at 4 °C. B-Actin (Sigma,
1:10,000) serves as a loading control. The signal was visualized
using the corresponding secondary antibody against rabbit
(Amersham Biosciences, 1:3,000) and ECL Plus™ Western
blotting Detection Reagents (Amersham Biosciences). For
immunocytochemistry, cells were fixed with paraformalde-
hyde, permeabilized with 0.1% Triton X-100, blocked with
normal goat serum, and incubated with primary antibody
against Ets-1 at a 1:500 concentration overnight. The signal
was visualized using Alexa Fluor® 568 dye-conjugated anti-
body against rabbit (Invitrogen, 1:200), together with DAPIL
Images were captured by microscope using AxioVision Rel 4.6
(Zeiss).

Statistical Analyses—Data reported represent mean = S.E.
of at least 3 independent experiments. Difference between
two means was tested by Student’s ¢ test, whereas one-way
analysis of variance was employed to compare three groups or
more. p < 0.05 was considered statistically significance.

RESULTS

miR-200b Arrests Angiogenic Response of HMECs—To elu-
cidate the specific role of miR-200b to angiogenic response of
endothelial cells, HMECs were transiently transfected with
miR-200b mimic or mR-200b inhibitor to up- or down-regu-
late the endogenous miR-200b level, respectively (Fig. 14),
and subsequently plated on a Matrigel-coated plate to study
the tube formation ability. Delivery of 50 nm miR-200b mimic
significantly blunted the length of tube, compared with the
mimic-transfected control HMECs (Fig. 1B). The anti-angio-
genic effects of miR-200b mimic were also observed at 0.5 and
5 nM concentrations (supplemental Fig. S1, A and B). On the
contrary, inhibition of endogenous miR-200b by transfection
of the miR-200b inhibitor enhanced the tube formation ability
on Matrigel, compared with inhibitor-transfected control
cells (Fig. 1C). One of the crucial factors in determining an-
giogenic property is cell migration, which was assessed by the
in vitro scratch wound closure assay. Control HMECs exhib-
ited 50% wound closure 4 h post-wounding, whereas such
migration was clearly compromised in the miR-200b mimic-
delivered cells, attaining ~30% wound closure (Fig. 1D). Con-
sistently, miR-200b depleted HMECs showed a significantly
elevated cell migration (65% closure), compared with control
transfected cells (Fig. 1E). To test that miR-200b exerts a gen-
eral anti-angiogenic effect on endothelial cells, similar experi-
ments were performed in primary adult human dermal mi-
crovascular endothelial cells. Delivery of miR-200b mimic to
primary endothelial cells significantly attenuated the tube
formation ability on Matrigel (supplemental Fig. S2, A and B),
which is comparable with the effect on HMECs.

Ets-1Is a Novel Direct Target of MiR-200b—Previous stud-
ies revealed that miR-200b negatively regulates epithelial-
mesenchymal transition via modulating the expression of its
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FIGURE 2. ZEB1 or ZEB2 do not serve as the mediators in miR-200b-as-
sociated antiangiogenic response. Real time PCR analysis of ZEB1 and
ZEB2 expression after transfection of miR-200b mimic (A and B), ZEB1 siRNA
(C), or ZEB2 (D). Results are mean = S.E. ** represents p < 0.01; *** indicates
p < 0.001 compared with corresponding control. £, Matrigel tube formation
visualized by phase-contrast microscopy at 8 h after transfection of either
ZEB1 siRNA or ZEB2 siRNA. Representative image of at least 3 independent
experiments are shown. F, quantification of the length of tube formation (%
of control) of cells with ZEB1 or ZEB2 knockdown is shown. Results are
mean * S.E.

direct target zinc finger E-box-binding homeobox 1 (ZEB1)
and ZEB2 (7-10). On top of that, ZEB1 has been reported
to control endothelial cell migration and attachment, thus
regulating tumor angiogenesis (19, 20). In this regard, we
tested the hypothesis whether miR-200b arrests angiogene-
sis via direct targeting of ZEB1 and ZEB2. miR-200b mimic
delivery significantly suppressed the expression of both
ZEB1 and ZEB2 (Fig. 2, A and B). However, down-regula-
tion of ZEB1 or ZEB2 alone using specific siRNA failed to
simulate the anti-angiogenic response in miR-200b mimic-
delivered HMECs (Fig. 2, C—F), indicating that ZEB1 and
ZEB2 do not mediate the anti-angiogenic response demon-
strated by miR-200b.

Next, in silico studies were performed to understand possi-
ble miR-200b targets that may be responsible for its anti-an-
giogenic function using data base resources including Tar-
getscan (21), MiRanda (21), Pictar (22), miRBase Target Data
base (23), and miRDB (24). Bioinformatic analysis predicted
that the seed sequence of miR-200b may bind to the Ets-1 3’
UTR in two different sites at 590-596 and 635- 641 (Fig. 34
and supplemental text). To validate the direct binding be-
tween miR-200b and the Ets-1 3’ UTR region, we performed
miR target reporter luciferase assay using the pLuc-Ets1—
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FIGURE 3. Ets-1 serves as a novel direct target of miR-200b. A, in silico study revealing two possible binding sites in Ets-1 3" UTR for miR-200b as pre-

dicted by Targetscan, Pictar, MiRanda, MiRBase Target Data base, and miRDB. B,

miR target reporter luciferase assay after the miR-200b mimic delivery in

HEK-293 cells. Open and solid bars represent control mimic and miR-200b mimic-delivered cells, respectively. Results were normalized with data obtained

from an assay with Renilla luciferase and expressed as mean *+ S.E. *** indicates

p < 0.001 compared with control mimic-transfected cells; +++ represents

p < 0.001 compared with control plasmid-transfected cells. C, representative diagram showing Ets-1 immunoreactivity after miR-200b mimic delivery from

three independent experiments. Nuclear counterstain with DAPI and the corres

ponding merged image are shown in the lower panels. D, Western blot anal-

ysis of Ets-1 protein expression in miR-200b mimic-delivered (left) and -depleted (right) HMECs. B-Actin serves a loading control. Representative blot from
three independent experiments is shown. Quantification of the band intensity relative to control. Results are mean = S.E. *** indicates p < 0.001; * repre-

sents p < 0.05 compared with control.

3'UTR plasmid in HEK-293 cells. Approximately 50% reduc-
tion of luciferase activity from the pLuc-Ets1-3'UTR plasmid
was observed in miR-200b mimic-delivered cells compared
with control mimic-transfected cells (Fig. 3B). To confirm
that repression in luciferase activity was specific for the
selected region of the Ets-1 3’ UTR, a similar reporter as-
say was carried out using the construct without the insert
of the selected Ets-1 3" UTR sequence (control plasmid).
As expected, deletion of the Ets-1 3’ UTR sequence from
the construct abolished the inhibitory effects of miR-200b
on luciferase activity (Fig. 3B). These results establish that
miR-200b interact with the Ets-1 3" UTR to exert transla-
tional repression.

Ets-1 Is Negatively Regulated by MiR-200b in HMECs—To
determine whether miR-200b regulates Ets-1 expression in
HMECs, Western blot and immunocytochemistry were per-
formed to determine the protein expression level. Nearly 70%
reduction of Ets-1 protein was observed in miR-200b mimic-
delivered HMEC:s. Consistently, miR-200b inhibitor signifi-
cantly up-regulated the Ets-1 protein by 2.5-fold (Fig. 3D).
These results were further confirmed by immunocytochemis-
try. In the presence miR-200b mimic, HMECs exhibited
blunted Ets-1 immunoreactivity compared with control mimic-
transfected cells (Fig. 3C). The specificity of the antibody
was confirmed by similar experiments with the omission of
primary antibody (supplemental Fig. S3). Similarly, primary
endothelial cells with the miR-200b mimic delivered exhib-
ited attenuated Ets-1 expression (supplemental Fig. S2C). It
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was thus identified that Ets-1 is negatively regulated by
miR-200b in endothelial cells.

Ets-1 Down-regulation Simulates the Anti-angiogenic Effects
of miR-200b—1If miR-200b regulates the angiogenic response
via modulating Ets-1, knocking-down Ets-1 alone should
mimic, or at least partially simulate, the effects of miR-200b
on angiogenesis. Using specific siRNA targeting Ets-1, en-
dogenous Ets-1 expression could be significantly down-
regulated in the extent similar to that observed in miR-
200b mimic delivery (Fig. 4, A-C). Down-regulation of
Ets-1 compromised Matrigel tube formation as well as cell
migration, compared with control siRNA-transfected
HMEC:s (Fig. 4, D and E).

MiR-200b Regulates Ets-1-associated Genes—Ets-1 is the
transcription factor that controls the expression of genes rele-
vant to the regulation of angiogenesis. Of note, matrix metal-
loproteinase-1 (MMP-1) and vascular endothelial growth fac-
tor receptor 2 (VEGFR2) are the Ets-1-associated mediators
for extracellular matrix remodeling and endothelial migra-
tion. Knocking-down Ets-1 in HMECs significantly inhibited
MMP-1 and VEGFR?2 transcript expression (Fig. 5A4). Inter-
estingly, up-regulation of miR-200b by miR mimic delivery
simulated the effects of Ets-1 siRNA, inhibiting the mRNA
expression of MMP-1 and VEGFR2 in both HMEC:s (Fig. 5B)
and primary endothelial cells (supplemental Fig. S2D). Con-
sistently, suppression of endogenous miR-200b induced
MMP-1 and VEGFR?2 expressions (Fig. 5C).
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Overexpression of Ets-1 Abolished the miR-200b-dependent
Anti-angiogenic Effect and Depletion in Ets-1-associated Gene
Expression—To test whether Ets-1 serves as a downstream
mediator of miR-200b signaling, HMECs were subjected to
Ets-1 overexpression, followed by miR-200b mimic delivery.
Transfection of the expression vector encoding Ets-1 (Ets-1
pcDNA), but not empty vector (pcDNA), dose-dependently
increased Ets-1 protein expression in HMECs (Fig. 6A4). Over-
expression of Ets-1 significantly reversed miR-200b-associ-
ated impairment in Matrigel tube formation (Fig. 6, B and C).
Furthermore, miR-200b-induced MMP-1 and VEGFR2 down-
regulation was significantly rescued by overexpression of
Ets-1 (Fig. 6D).

Hypoxia-induced Ets-1 Up-regulation and Angiogenic Re-
sponse Depend on MiR-200b Expression—Hypoxia is a well
known physiological stimulus that drives angiogenesis in a
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wound setting. We questioned whether there is any associa-
tion between miR-200b expression and low oxygen tension.
Treatment of HMECs with hypoxia (1% O,) for 24 h, but not
6 or 12 h, significantly inhibited endogenous miR-200b ex-
pression, attaining 40% depletion (Fig. 7A). Intriguingly, the
expression pattern of miR-200b negatively correlated with
that of the Ets-1 protein, implying that miR-200b is associated
with Ets-1 down-regulation under hypoxic conditions (Fig.
7B). To elucidate which particular mechanism is involved in
miR-200b down-regulation under hypoxia, we tested the sig-
nificance of HIF stabilization. HIF-1« stabilization was
achieved by infection of HMECs with adenovirus carrying an
oxygen-insensitive HIF-1a (Ad-VP16-HIF), resulting in
HIF-1a overexpression under normoxic conditions as de-
scribed previously (14). The HIF transactivation activity un-
der hypoxia or Ad-VP16-HIF infection was confirmed by re-
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inhibitor

porter luciferase assay after infection of adenovirus encoding
HIF responsive element-dependent luciferase (supplemental
Fig. S4). Such forced stabilization of HIF-1« induced 55% de-
pletion of miR-200b expression, compared with control ade-
novirus (Ad-VP16)-infected HMEC:s (Fig. 7C). Similarly, HIF-
stabilized HMECs exhibited nearly 2-fold up-regulation of
Ets-1 protein (Fig. 7D). These results demonstrate that
HIF-1« stabilization is responsible for regulation of miR-200b
and Ets-1 under hypoxic conditions. To further examine the
role of miR-200b in hypoxia-induced Ets-1 up-regulation and
angiogenesis, HMECs were subjected to miR-200b mimic de-
livery, followed by hypoxic treatment. Treatment of the miR-
200b mimic significantly blunted hypoxia-induced Ets-1 up-
regulation (Fig. 8A4). This result was in good agreement with
the in vitro angiogenesis observation. Hypoxia pre-condition-
ing promoted tube formation in Matrigel, which was signifi-
cantly compromised by the miR-200b mimic delivery (Fig. 8,
Band Q).

DISCUSSION

The miR-200 family is a cluster of micro-RNAs consisting
of five members: miR-200a, miR-200b, miR-200c, miR-429,
and miR141, which lies in two different loci in the genome.
miR-200a, miR-200b, and miR-429 are clustered in chromo-
some 1p36, whereas miR-200c and miR-141 are located in
chromosome 12p13 (25). The miR-200 family is highly con-
served among species (26) and co-regulated upon certain ex-
tracellular stimuli such as transforming growth factor
(TGF)-B1 and platelet-derived growth factor (PDGF) (8, 27).
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Loss of the miR-200 family, with the concomitant elevation of
expression of the epithelial-mesenchymal transition inducer
ZEB1/2, has been shown to be highly correlated with the mes-
enchymal phenotype (8). Recent findings revealed that the
individual member of the miR-200 family simulates the effects
of the function of the cluster. Overexpression of miR-200c,
one of homologues of miR-200b, alone is sufficient to regulate
ZEBI1 and restore E-cadherin in breast cancer cells (28, 29).
These are supported by in vivo studies indicating that overex-
pression of miR-200c alone attenuated the invasiveness of
breast cancer cells (7) and impaired mammary outgrowth
(11). In this study, we employed both the up-regulation and
down-regulation approach to dissect the role of miR-200b on
the angiogenic response of endothelial cells. Similar to epithe-
lial cells, miR-200b mitigated endothelial cell migration, and
more importantly, it suppressed the tube formation ability of
endothelial cells, establishing that miR-200b serves as an anti-
angiogenic miR under physiological conditions.

Ets-1 is a key transcription factor that is known to support
angiogenesis. Certain pro-angiogenic stimulus such as VEGF
(30, 31), angiotensin II (32, 33), and fibroblast growth factor
(FGF) (34) induce Ets-1 expression. In vitro scratch wound on
the monolayer of confluent human endothelial cells up-regu-
lated Ets-1 expression specifically in migrating edges, whereas
it returned back to the basal level after wound closure com-
pletion (35). Antisense against Ets-1 inhibited basal (36) and
VEGF-induced (30) endothelial cell invasion in Matrigel. Sup-
pression of endogenous Ets-1 in murine endothelial cells im-
paired cell spreading, F-actin formation, and vinculin assem-
bly on the vitronectin-coated surface (36). On the other hand,
overexpression of Ets-1 exaggerated endothelial cell invasion
in Matrigel, with concomitant up-regulation of MMP-1,
MMP-3, MMP-9, and integrin 83 (36). The pro-angiogenic
effects of Ets-1 were further supported by a number of in vivo
studies. Ets-1 up-regulation was reported in balloon catheter
injury in rat aortic endothelium (35) and murine proliferative
retinopathy (31), which require angiogenesis for the remodel-
ing process. Injection of adenovirus encoding dominant-nega-
tive Ets-1 significantly attenuated retinal neovascularization
(31). These observations are in line with our data indicating
that endogenous Ets-1 is a key mediator of cell migration and
Matrigel tube formation in HMECs. Although the regulatory
mechanism of Ets-1 in angiogenesis is well documented, un-
derstanding the post-transcriptional control of Ets-1 remains
poorly developed (37—40). Here, we reported a novel post-
transcriptional regulation of Ets-1 by miR-200b: binding to the
3" UTR of Ets-1 mRNA to induce translational repression.
This hypothesis is further strengthened by the inverse rela-
tionship between miR-200b and Ets-1-related downstream
mediators including MMP-1 and VEGFR2. The promoter
regions of MMP-1 (41) and VEGFR2 (42, 43) contain Ets
binding sites, and mutation of Ets binding sites in the 5’ flank-
ing region in MMP-1 or VEGFR2 gene significantly compro-
mises basal or stimulus-induced promoter transactivation
activity (41, 43). Furthermore, overexpression of Ets-1 re-
versed the phenotypic changes caused by miR-200b mimics,
further supporting the notion that miR-200b inhibited the
angiogenic response via silencing of Ets-1. One interesting
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FIGURE 6. Ets-1 overexpression reversed miR-200b mimic-mediated anti-angiogenic effects and its associated down-regulation of MMP-1 and
VEGFR2. A, Western blot analysis of Ets-1 protein expression after transient transfection of various amounts of expressing plasmid encoding Ets-1 (Ets-1
pcDNA) in HMECs; B-actin serves a loading control. Representative blot from three independent experiments is shown. Quantification of the band intensity
relative to control. Results are mean = S.E. ** represent p < 0.01 compared with control empty vector (pcDNA). B, Matrigel tube formation visualized by
phase-contrast microscopy at 8 h after delivery of control or miR-200b mimic in the presence or absence of Ets-1 pcDNA. Representative image of at least
three independent experiments is shown. Quantification of the length of tube formation (% of control). Results are mean * S.E. ** indicates p < 0.01 com-
pared with control mimic + pcDNA; + + indicates p < 0.01 compared with miR-200b mimic + pcDNA. G, real time PCR analysis of MMP-1 and VEGFR2 ex-
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finding in the present study is that down-regulation of tran-
scripts of MMP-1 and VEFGR2 by miR-200b up-regulation is
much more prominent than by knocking down Ets-1 alone.
Overexpression of Ets-1 did not completely reverse miR-
200b-associated MMP-1 and VEGFR2 down-regulation.
These observations indicate that miR-200b, apart from target-
ing Ets-1, might silence other target proteins involved in tran-
scription of the indicated genes.

Most studies addressing the miR-200 family have focused
on regulation of ZEB1 and ZEB2, subsequently controlling
cluster of gene expression including E-cadherin and vitmentin
(8, 10). Previous findings from another group indicated that
ZEBI1 negatively regulates angiogenesis in macrovascular en-
dothelial cells (19, 20). Knocking down ZEB1 exaggerated
tube formation and Matrigel invasion in human umbilical
vascular endothelial cells (19, 20). Aorta isolated from ZEB1
knock-out mice exhibited enhanced sprouting on Matrigel
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compared with the wild type littermates (20). In contrast, we
did not observe any change in Matrigel tube formation in re-
sponse to silencing ZEB1 or its homologue ZEB2. The dis-
crepancy could be explained by the difference in properties of
endothelial cells derived from microvessels (HMECs) and ma-
crovessels (human umbilical vascular endothelial cells). Het-
erogeneity between microvascular and macrovascular endo-
thelial cells in terms of morphology, antigen presentation,
biological response, and functional characteristics have been
characterized (44). Microvascular and macrovascular endo-
thelial cells have different contractile response and MMP ex-
pression profile upon stimulation (45—47). Thus, it is not sur-
prising that ZEB1 is critical in regulation of the macrovascular
angiogenic response, but not microvascular angiogenesis.
Hypoxia is broadly recognized as a general cue that drives
angiogenesis. Our results demonstrate that miR-200b is in-
volved in enabling the hypoxia-induced angiogenic response.
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Findings of this study support the direct involvement of HIF
stabilization in repressing miR-200b expression. Furthermore,
hypoxia-induced aggressiveness of Matrigel tube formation as
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was observed upon hypoxia or HIF-1« stabilization by infection of
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A and C, real time PCR analysis of miR-200b expression in hypoxia (1%
O, for 24 h)-treated HMECs or HIF-stabilized HMECs. Results are mean *=
S.E. * represent p < 0.05 compared with corresponding control; ++ in-
dicates p < 0.01 compared with the 12-h hypoxia. B and D, Western blot
analysis of Ets-1 protein expression in hypoxia (1% O, for 24 h)-treated
HMECs or HIF-stabilized HMECs; B-actin serves a loading control. Repre-
sentative blot from three independent experiments. Quantification of
the band intensity relative to control. Results are mean = S.E. * repre-
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well as Ets-1 up-regulation was rescued by delivery of the
miR-200b mimic. These findings consolidate the notion that
under hypoxic conditions miR-200b down-regulation is re-
quired to relieve Ets-1 repression resulting in successful an-
giogenic outcomes. Several possible mechanisms have been
proposed for down-regulation of miRs under a low oxygen
environment. Inhibition of transcription of specific miRs un-
der conditions of hypoxia represents a key player. Hypoxia,
for instance, down-regulates expression of the miR-17-92
cluster in colonic cancer cells (48). Low oxygen tension in-
duces recruitment of p53 to the promoter of miR-17-92, thus
repressing its transcription (48). The expression of the pri-
miR-17-92 cluster negatively correlates with the p53 status in
colorectal cancer, further supporting the notion of transcrip-
tion control under hypoxia (48). Another possible mechanism
by which hypoxia may lower miR abundance is by accelerat-
ing miR degradation. In cardiac myocytes, hypoxia suppressed
the expression of mature miR-199a, whereas its passenger
strand miR-199a*, which was derived from the same stem-
loop precursor, remained unaffected (49). This finding sug-
gested that hypoxia might selectively destabilize the guide
strand (miR-199a) but not the passenger strand (miR-199a*).
Whether miR-200b is regulated through a similar mechanism
remains unclear. Further investigation is required to elucidate
the underlying mechanism of how hypoxia induces miR-200b
down-regulation.

Taken together, our results indicate that hypoxia-sensitive
miR-200b is crucial in inducing angiogenesis via Ets-1 direct
targeting. These findings not only provide a novel regulation

. controlnormoxia
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3 +controlmiR mimic
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FIGURE 8. Hypoxia-induced Ets-1 up-regulation and angiogenesis were abrogated by miR-200b mimic delivery in HMEC. A, Western blot analysis of
Ets-1in HMECs treated with hypoxia (1% O, for 24 h) with or without miR-200b mimic. B-Actin serves a loading control. Representative blot from three in-
dependent experiments is shown. Quantification of the band intensity relative to control. Results are mean =+ S.E. * represents p < 0.05 compared with con-
trol; ++ indicates p < 0.01 compared with co-treatment of hypoxia and control mimic. B, Matrigel tube formation visualized by phase-contrast microscopy
at 8 h after hypoxia pre-conditioning treatment for 24 h in the presence or absence of miR-200b mimic (B and C). Representative image of at least three in-
dependent experiments. Quantification of the length of tube formation (% of control) of hypoxia-preconditioned HMECs in the presence or absence of miR-
200b mimic. Results are mean = S.E. *** indicates p < 0.001; + + + indicates p < 0.001 compared with co-treatment of hypoxia and control mimic.
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of angiogenesis in the context of Ets-1 but also open up a new
avenue for addressing the post-transcriptional control of
Ets-1, which could potentially be applied in different scenar-
ios including wound healing, other ischemic disorders, and
tumor biology.
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