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Hypoxia-induced microRNA-424 expression
In human endothelial cells regulates HIF-a
isoforms and promotes angiogenesis
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Adaptive changes to oxygen availability are critical for cell survival and tissue homeostasis. Prolonged oxygen
deprivation due to reduced blood flow to cardiac or peripheral tissues can lead to myocardial infarction and
peripheral vascular disease, respectively. Mammalian cells respond to hypoxia by modulating oxygen-sensing
transducers that stabilize the transcription factor hypoxia-inducible factor 1a (HIF-1at), which transactivates
genes governing angiogenesis and metabolic pathways. Oxygen-dependent changes in HIF-1a levels are regu-
lated by proline hydroxylation and proteasomal degradation. Here we provide evidence for what we believe
is a novel mechanism regulating HIF-1a levels in isolated human ECs during hypoxia. Hypoxia differentially
increased microRNA-424 (miR-424) levels in ECs. miR-424 targeted cullin 2 (CUL2), a scaffolding protein
critical to the assembly of the ubiquitin ligase system, thereby stabilizing HIF-a isoforms. Hypoxia-induced
miR-424 was regulated by PU.1-dependent transactivation. PU.1 levels were increased in hypoxic endothe-
lium by RUNX-1 and C/EBPa. Furthermore, miR-424 promoted angiogenesis in vitro and in mice, which
was blocked by a specific morpholino. The rodent homolog of human miR-424, mu-miR-322, was signifi-
cantly upregulated in parallel with HIF-10 in experimental models of ischemia. These results suggest that
miR-322/424 plays an important physiological role in post-ischemic vascular remodeling and angiogenesis.

Introduction

Reduced oxygen availability affects cells and tissues during normal
embryonic development, wound healing, and physical exertion as
well as during pathological conditions such as myocardial infarc-
tion, stroke, and cancer. As a consequence, a complex signaling sys-
tem is activated in cells to overcome hypoxia to restore oxygen and
nutrient homeostasis. Angiogenesis is critical to this response, and
vascular ECs constitute the first-line interface with blood to detect
changes in oxygen levels (1). One of the immediate responses to
hypoxia is transcriptional activation of several genes leading to
angiogenesis and metabolic adaptation. A central mediator of this
transcriptional activation is the hypoxia-inducible factor (HIF)
family of proteins. HIF-1 is composed of 2 subunits, HIF-1oe and
HIF-1f. HIF1-o levels are maintained at lower levels under nor-
moxia via proteasomal degradation. A reduction in oxygen levels
inhibits the degradation of HIF1-a, which then heterodimerizes
with HIF1-$ (which is constitutively expressed) and translocates
to the nucleus (2). HIF1-0/f dimer binds to hypoxia response ele-
ments and transactivates target genes involved in cellular metabo-
lism, angiogenesis, and erythropoiesis (3).

Modulation of HIF1-a levels therefore constitutes the rate-
limiting step in hypoxic response. Under normoxic conditions,
HIF1-a is hydroxylated at 2 proline residues, P42 and P%4 by
prolyl hydroxylase domain (PHD) proteins (4). Proline hydroxyl-
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ated HIF1-a is recognized by von Hippel-Lindau (VHL) protein
with the VHL B domain, while its o domain binds elongin C (5, 6).
Elongin C, in turn, binds elongin B, a ubiquitin-like protein, and
together elongin B/C bridge VHL to cullin 2 (CUL2), a scaffolding
protein. VHL, elongin B/C, and CUL2 associate via several protein-
protein interactions with RING-box protein (RBX1) to form the
VCBCR complex, an E3 ubiquitin ligase complex (7). HIF1-a is
then rapidly degraded by 26S proteasome following polyubiqui-
tination on lysine residues by the VCBCR complex. In addition
to protein stability, HIF1-a is also transcriptionally regulated (8).
In the present study, we provide evidence for a tertiary level of
control by microRNA (miRNA) regulating the proteasomal deg-
radation pathway of HIF1-o.. miRNAs are small regulatory RNA
molecules of 21-23 nucleotides in length that posttranscription-
ally modulate translation of target mRNA by interacting with the
3" untranslated region (9-11). Differential expression of miRNA
under hypoxia was determined in a number of cell types includ-
ing ECs, smooth muscle cells, and tumor cell lines. We found that
miR-210 is ubiquitously upregulated in all the different cell types
under hypoxic conditions. However, miR-424 was differentially
upregulated in the cells associated with the vasculature. Therefore,
we investigated the role of miR-424 in ECs and angiogenesis. Our
studies show that miR-424 was upregulated in hypoxic ECs and
in ischemic tissues undergoing vascular remodeling. miR-424 tar-
geted CUL2 to destabilize the E3-ligase assembly, thereby increas-
ing HIF-1a levels. Furthermore, we found that miR-424 expression
was regulated by C/EBP-0/RUNX-1-mediated transactivation of
PU.I. These studies identify what we believe is a new pathway regu-
lating the levels of HIF-1a and the angiogenic response.
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Vascular ECs are directly in contact with blood, respond immedi-
ately to changes in oxygen levels, and depend on VEGF-mediated
autocrine stimulation for vascular homeostasis (12). Therefore,
we first determined the global changes in miRNA profiles in ECs
under normoxia or hypoxia. For these studies, we used primary
cultures of HUVECs, microvasculature ECs (MVECs) from fore-
skin, and circulating blood outgrowth ECs (BOECs).

Hypoxia-induced changes in miRNA expression in ECs. ECs were
grown either in normoxia or hypoxia for different periods of time
(24 or 48 hours) and miRNA levels were determined by custom
arrays (13). Details of normalization and statistical methods used
to determine changes in expression levels have been previously
published (13). For array analyses of the same RNA sample, Pear-
son correlation coefficients were 0.90-0.99, demonstrating good
reproducibility of our microarray experiments (13). Out of the 720
miRNAs (human, mouse, and rat) analyzed, the majority did not
show significant change under hypoxia; however, a small number
of miRNAs were either up- or downregulated 2-fold. Four inde-
pendently derived HUVECs and 3 sets each of BOECs and MVECs
were analyzed. These studies showed that miR-210 and miR-424
levels were increased in ECs under hypoxia compared with nor-
moxia after 24 or 48 hours. A representative profile of changes in
miRNA levels in HUVECs grown either in normoxia or hypoxia is
shown in Figure 1A. Relative expression of miRNAs is also summa-
rized in Supplemental Table 1 (supplemental materials available
online with this article; doi:10.1172/JCI42980DS1).

Array data was further confirmed by quantitative real-time RT-
PCR (q-PCR) to determine changes in miR-424 levels following
hypoxia. HUVECs (Figure 1B), BOECs (Figure 1C), and MVECs
(Supplemental Figure 1A) showed 2- to 3-fold higher expression
of miR-424 under hypoxia compared with normoxia. Similar to
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to hypoxia with a 3-fold increase in the mouse homolog of human
miR-424, mu-miR-322 (Figure 1D). Next we determined the
changes in the expression levels of miRNA that had been previ-
ously found to modulate angiogenesis (angiomiRs). Microarray
data from 4 independent experiments using HUVECs showed
that none of the known angiomiRs changed significantly under
hypoxia, except miR-210 and miR-424, which were upregulated
(Figure 1E). Previous studies have shown increased miR-210 levels
in ECs and tumor cells exposed to hypoxia (14-16). Our studies
also confirmed that miR-210 is ubiquitously upregulated in ECs
and tumor cell lines, whereas miR-424 is selectively upregulated
in ECs and vascular smooth muscle cells (data not shown) under
hypoxia. In fact, tumor cells showed either no change or a decrease
in miR-424 under hypoxia (data not shown). Therefore, we inves-
tigated the physiological role of miR-424 in hypoxic adaptation in
vascular ECs and angiogenesis.

miR-424 stabilizes HIF-1o. in ECs. Because HIF-1a plays a major
role in the hypoxia-driven angiogenic response, we further deter-
mined the direct role of miR-424 on HIF-1a. For this, a partial
human gene containing the mature miR-424 sequence was cloned
into a pGSUG6 vector. HUVECs were transiently transfected with
the miR-424 expressing vector under normoxic conditions. In
parallel, cultures were transfected with a control miRNA (miR-
control). Western blot analyses showed that expression of miR-
424 increased the levels of HIF-1o compared with miR-control
under normoxic conditions (Figure 2A). ECs are known to express
HIF-20 in addition to HIF-1a. Both are regulated by a similar
mechanism that involves proline hydroxylation followed by ubiq-
uitination through the VCBCR complex leading to proteasomal
degradation. Therefore, we investigated whether miR-424 expres-
sion altered the levels of HIF-20. Data in Figure 2A show that
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Figure 2

miR-424 stabilizes HIF-1a and HIF-20. and increases transcription of HIF-10/HIF-2a target genes. (A) Top: Western blot of HIF-1a in the whole-
cell lysates of HUVECs. Normoxia (N; lane 1) and hypoxia (H; lane 2) after 24 hours, and miR-control (lane 3) and miR-424 under normoxia
(lane 4) after 48 hours. Bottom: Western blot of HIF-2a.. miR-c, miR-control. (B) Cellular distribution of HIF-10. in HUVECs transfected with either
miR-control or miR-424 under normoxia. HUVECs exposed to hypoxia were used as a positive control. Arrowheads indicate nuclear accumula-
tion of HIF-1a.. Scale bar: 10 um. (C) Western blot of HIF-1a. and CUL2 in HUVECs after knockdown of miR-424 under hypoxia. HUVECs treated
with control morpholino under normoxia (lanes 1 and 2), hypoxia (lanes 3 and 4), and miR-424—specific morpholino under hypoxia (lanes 5 and 6)
are shown. (D) HUVECs were cotransfected with either miR-control or miR-424 and a VEGF-luciferase reporter construct under normoxia, or
were transfected only with reporter construct and maintained under hypoxia (24 hours). Renilla luciferase levels were used as an internal con-
trol. (E and F) HUVECs were transfected with either an miR-control or miR-424 construct and maintained under normoxia. GLUT1, EPO, and
fibronectin transcript levels were determined by g-PCR. Values represent mean + SD. n = 3. *P < 0.05; **P < 0.02.

miR-424 overexpression in HUVECs also increased the levels of  increase in HIF-1a. Confocal studies (Figure 2B) showed nuclear
HIF-20. These results indicate that miR-424 expression affectsa  translocation of HIF-1o when miR-424 but not miR-control was
common pathway by which HIF-1o. and HIF-2o are stabilized. We — expressed in HUVECs under normoxia. ECs exposed to hypoxia
next investigated the functional consequence of miR-424-induced ~ were used as a positive control showing nuclear accumulation of
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CUL2 is a functional target for miR-424. (A) Microarray data of miRNA expression levels
from 4 independent primary cultures of HUVECs were analyzed. Data show relative levels
of 37 miRNAs targeting the CUL2 3'UTR under hypoxia. Normoxic levels are considered
to be equal to 100%. (B) Western blots showing the expression of CUL2 in the whole-cell
lysates from HUVECs under normoxia (lanes 1 and 2) or hypoxia (lanes 3 and 4), miR-con-
trol HUVECs under normoxia (lane 5), and miR-424—transfected HUVECs under normoxia
(lanes 6 and 7). B-Actin was used as loading control. (C) Schematic diagram of lucifer-
ase reporter construct containing the CUL2 3'UTR. (D) Luciferase activity (mean + SD) in
HUVECs cotransfected with the reporter construct of CUL2 3'UTR, miR-424. Renilla lucif-
erase was used as an internal control. (E) Luciferase activity (mean + SD) using a reporter
construct containing the 3'UTR of CUL2 (wild-type or mutant lacking the miR-424 target site)
under normoxia and hypoxia are shown. (F) Western blot showing the changes in VHL in
the whole-cell lysates of HUVECs expressing miR-control (lanes 1 and 4), miR-210 (lanes 2
and 3), and miR-424 (lanes 5 and 6). 3-Actin was used as loading control. Values represent

mean = SD. *P < 0.05.

HIF-1o (Figure 2B). These studies suggest that miR-424 stabilizes
HIF-1a leading to its accumulation in the nucleus. To further
confirm above results that miR-424 is involved in the stabiliza-
tion HIF-1a, we silenced the endogenous miR-424 using specific
morpholino. Knocking down miR-424 affected the HIF-1a. stabi-
lization under hypoxia (Figure 2C). These results confirm the that
miR-424 is involved in HIF-1a stabilization in ECs. To determine
whether the miR-424-mediated increase in HIF-1a levels could
transactivate target genes under normoxia, we used VEGF pro-
moter-driven expression of luciferase. HUVECs were cotransfected
with either miR-424 or miR-control and a VEGF-luciferase report-
er construct and were kept under normoxia. miR-424 transfected
cells showed 3-fold increase in luciferase activity compared with
miR-control-transfected cells (Figure 2D), whereas cells transfect-
ed with VEGF-luciferase reporter construct and cultured under
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that mediates ubiquitination of HIF-1a and
HIF-20. Bioinformatics analysis predicted
37 potential miRNA targets in the 3'UTR
of CUL2 (Figure 3A). miRNA array analy-
ses showed that, of the 37 miRNAs target-
ing CUL2, only miR-424 levels increased
significantly following hypoxia. We there-
fore hypothesized that miR-424 targets and
downregulates CUL2 levels, thereby inhibit-
ing formation of the VCBCR complex. To test
this hypothesis, we first checked the protein
levels of CUL2 in normoxia and hypoxia and
of miR-424-transfected cells under normoxia.
These studies showed a substantial reduction
in CUL2 protein levels in miR-424-trans-
fected HUVECs maintained under normoxia
(Figure 3B). To confirm whether miR-424 can inhibit the synthesis
of CUL2, we performed a luciferase reporter assay in which the
luciferase reporter gene was fused to the wild-type CUL2 3'UTR
(Figure 3C). This assay resulted in 45% less expression of luciferase
activity compared with control when cells were transfected with
miR-424-expressing vector (Figure 3D). The binding of miR-424
to the CUL2 3'UTR was specific, as deletion of the seeding region
(underlined in Figure 3C) of the miR-424 binding site prevented
the reduction in luciferase activity (Figure 3E). Apart from inhib-
iting translation initiation, miRNAs are known to enhance deg-
radation of target transcripts. Therefore, we investigated whether
miR-424 could decrease the levels of CUL2 transcripts. Real-time
q-PCR analysis showed a progressive decrease in CUL2 mRNA with
time, but the decrease was not statistically significant (Supplemen-
tal Figure 2). These results suggest that miR-424 reduces CUL2
Volume 120
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levels largely by translational inhibition. Furthermore, to validate
the role of miR-424 in modulating CUL2 levels, we knocked down
the endogenous miR-424 under hypoxia using miR-424-specific
morpholino. These studies showed that miR-424-morpholino
abrogated the decrease in CUL2 levels under hypoxia, and as a con-
sequence, HIF-1a stabilization was not observed (Figure 2C).
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Figure 4

Effect of miR-424 on in vitro angio-
genesis. (A and C) The effects of
miR-424 overexpression under
normoxia and silencing by miR-
424—morpholino under hypoxia
on EC migration were deter-
mined by scratch wound assay.
Wound closure was determined
after 24 hours. Yellow and green
lines indicate edges of scratch
wounds. Representative photo-
micrographs are shown. Migration
of miR-424—overexpressing cells
under normoxia (A). Migration
of miR-424—morpholino—treated
cells under hypoxia (C). (B and
D) Quantification of cell migra-
tion. (B) Normoxia (miR-control
or miR-424 overexpression). (D)
Hypoxia (control morpholino or
miR-424—morpholino). n = 3. (E)
Effect of miR-424 on cell prolif-
eration. BrdU incorporation was
determined by ELISA. Values
represent mean + SD. n = 3. (F)
Representative confocal images
of HUVECs stained for the pro-
liferation marker PCNA. HUVEC
cultures were transfected with a
control morpholino or miR-424—
morpholino and grown in media
containing 5% FBS and VEGF (50
ng/ml) under hypoxia. Cells were
fixed and stained with anti-PCNA
antibody and developed by Alexa
Fluor 488-labeled secondary
antibody conjugate. Also stained
for F-Actin (rhodamine phalloidin:
red) and nuclei (DAPI: blue). Scale
bar: 20 um. (G) Top: Representa-
tive photomicrographs of capillary
tube formation of HUVECS trans-
fected with miR-control or miR-
424. Tube formation was scored
after 18 hours. Bottom: Tube
formation capacity of HUVECs
transfected with control morpho-
lino or miR-424—morpholino. The
morpholino effect was investigat-
ed under hypoxia. Total magnifi-
cation, x100. (H) Morphometric
analyses of capillary tube length
from 3 independent experiments.
Values represent mean + SD.
**P < 0.02.
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VHL is the substrate recognition moiety of the multi-protein
complex containing CUL2, elongin B/C, and RBX1 (VCBCR), and
this complex is responsible for the ubiquitination and degradation
of HIF-1a under normoxic conditions (20). We next determined
whether the observed reduction in CUL2 levels by miR-424 could
lead to the destabilization of VCBCR components. Western blot
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Effect of miR-424 on in vivo angiogenesis. (A) HUVECs were transduced with either GFP-positive miR-control- or GFP-positive miR-424—
expressing retrovirus. Transduced GFP-positive HUVECs were admixed with ovarian cancer cells in Matrigel and subcutaneously implanted
into athymic mice, harvested after 7 days, and processed for vessel staining. Mouse ECs (red), HUVECs (green), and chimeric vessels are
shown in merged images. Scale bars: 50 um. (B) Metamorph analysis of colocalized pixels of mouse endothelium (red) and HUVECSs (green) is
shown. Five animals per group and 2 sections of Matrigels (100 um from the surface) from each sample were analyzed. Ten frames from each
section were used to determine the colocalized pixels. (C) Mu-miR-322 levels in rat cardiac tissues from sham-operated and LAD artery-ligated
animals. Peri-infarct (P) and remote (R) areas are shown in the schematic diagram. (D) Photomicrographs show representative images of blood
vessels and HIF-1a from the gastrocnemius muscle sections from sham-operated and femoral artery—ligated animals. Vessels were stained
with tomato-lectin (red) and HIF-1a (green). Arrowheads indicate colocalization of HIF-1a in blood vessels. Scale bars: 40 um. (E) Formalin-
fixed tissue sections from sham-operated and ligated animals were used for in situ hybridization to determine changes in mu-miR-322. Sections
were hybridized with miR-322—specific LNA probe (red). The same sections were also stained for CUL2 (green) and nucleus (blue). Scale bars:
10 um. (F) g-PCR data of mu-miR-322 levels in the gastrocnemius muscle from sham-operated and ligated animals (n = 3). Values represent
mean + SD. *P < 0.05.

4146 The Journal of Clinical Investigation  http://www.jci.org ~ Volume 120  Number 11 ~ November 2010



research article

A os 24 48 48 Time(n B Normoxia Hypoxia
- —PU1
—— — — — 3-Actin A
N H N H
C Human miR-424 partial genomic DNA
-3000 g ) 4
>
o
—| PU.1 binding sites | Luciferase | SV40 poly(A) I—
pGL4.10.Luc2
D 8 E 300 . F
*k
7 S 2501 L 12
28 £ U
: = = g
s s S 20 Input %‘ =
= 5 5o 08
c © 081
$ 3 a E 1501 8=
S o £ 28 o6
B4 w .0 4
2= 3 = | © @ ok
S ,2 @ 100 D= 04
i TR o =5 04
- ° 3
1 . L 507 < 02
o) . B ol
1 2 3 4 Control Hypoxia Control  MNormoxia Hypoxia + +
Mormoxia + + + - Prom-424-luc + +
Hypoxia - - - + sh control sh PU1
Vector + - - -
Prom-424-luc + + + +
PUA - + - -
Figure 6

PU.1 regulates miR-424 expression in ECs. (A) Western blot of PU.1 in the whole-cell lysates from HUVECs under normoxia and hypoxia. §-Actin
was used as loading control. (B) Confocal images of HUVECs stained for PU.1 (green), F-actin (rhodamine phalloidin; red), and nuclei (DAPI;
blue). Arrowheads indicate nuclear localization of PU.1. Scale bar: 10 um. (C) Schematic diagram of luciferase reporter construct containing the
promoter of miR-424, including the putative PU.1 binding sites. (D) Luciferase reporter activity of HUVECs transfected with a construct contain-
ing the promoter of miR-424 with putative PU.1 response elements under normoxia (bar 3) or hypoxia (bar 4). HUVECs were cotransfected with
either a control vector (bar 1) or with PU.1-expressing vector (bar 2) under normoxia. Cells were also transfected with Renilla luciferase and
used as an internal control. (E) ChIP assay. Chromatin preparations were immunoprecipitated with an anti-PU.1 antibody. Recovered DNA was
subjected to g-PCR using previously described primers (34). An unrelated genomic region was amplified as a negative control under normoxia or
hypoxia. n = 3. The inset shows representative ChIP blot. (F) Luciferase reporter activity of miR-424 expression after knockdown of PU.1 under
hypoxia. HUVECs were cotransfected with a construct containing the promoter of miR-424 with putative PU.1 response elements under hypoxia
with either scrambled control construct (left) or with PU.1-specific shRNA (right). Cells were also transfected with Renilla luciferase, which was
used as an internal control. Values represent mean + SD. **P < 0.02; ***P < 0.001.n = 3.

analyses showed that miR-424 expression in HUVECs resulted in
reduced levels of VHL (Figure 3F) and Rbx1 (Supplemental Figure
3A), whereas neither the miR-control nor miR-210 (which is also
upregulated during hypoxia) affected the levels of VHL (Figure 3F)
or RBX1 (Supplemental Figure 3A). The role of CUL2 in maintaining
the VCBCR complex in normoxia was determined by knocking down
endogenous CUL2 by siRNA approach. This experiment showed
that reducing the CUL2 levels by using CUL2-specific siRNA under
normoxia decreases both RBX1 and VHL1 and thus destabilizes the
VCBCR complex (Supplemental Figure 3B). From these data we con-
cluded that miR-424 stabilizes HIF-1a. by targeting CUL2 and thus
indirectly destabilizing the components of VCBCR complex.
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Effect of miR-424 on in vitro angiogenesis. Vascular sprouting from
pre-existing blood vessels requires proliferation of stalk ECs that
trail the tip cells that migrate toward a gradient of angiogenic
stimulus (21). The primitive plexus thus formed then undergoes
tubular remodeling and pruning to allow unidirectional blood
flow. Since miR-424 expression increased the levels of HIF-1a
and autocrine stimulation by VEGF can induce ECs, we used 3
in vitro assays to investigate the role of miR-424 in angiogenesis.
First, a scratch wound assay was performed to determine the role
of miR-424 on cell migration. Results in Figure 4, A and B, show
that miR-424 significantly increased cell migration. miR-con-
trol-transfected cells narrowed the gap of wounds by 16%, while
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Figure 7

Hypoxia-induced expression of PU.1 is regulated by RUNX-1 (AML1) and C/EBPa. (A) HUVECs were transfected with a construct containing the
miR-424 promoter, including PU.1 response element and luciferase. Luciferase activity was determined under normoxia (bar 1) or hypoxia (bar 2).
Cells were cotransfected with RUNX-1 expression vector, normoxia (bar 3), or hypoxia (bar 4). The effect of RUNX-1-specific shRNAs under
hypoxia was determined (bars 5-7). (B) Western blot of RUNX-1 in whole-cell lysates from HUVECSs cultured under normoxia or hypoxia. (C)
Top: Schematic diagram of luciferase reporter constructs. Bottom: Luciferase reporter activity was measured after cotransfecting HUVECs with
the construct containing the PU.1-URE-promoter or PU.1-URE-construct lacking the proximal —68-bp C/EBPa. binding site. Cells were cultured
under normoxia or hypoxia in the presence and absence of RUNX-1-specific shRNA. Cotransfected Renilla luciferase construct was used as
an internal control. Binding sites for RUNX-1, R; C/EBPa, C; PU.1, P. (D) Western blot showing increase in C/EBPa. levels in HUVECs under
hypoxia. (E) Luciferase reporter activity (mean + SD) in HUVECs transfected with PU.1-URE-promoter-luciferase (schematic diagram, top) under
normoxia or hypoxia in the presence and absence of shRNA to C/EBPa. (F) Luciferase reporter activity showing the importance of the C/EBPa
binding site at —68 bp of PU.1. HUVECs were transfected with PU.1-URE promoter luciferase construct (left) or a mutant construct lacking the
C/EBPa binding site at —68 bp (right) under hypoxia. Values represent mean + SD. *P < 0.05; ***P < 0.001. n = 3.

miR-424-transfected cells decreased the wound width by 40%. As
further proof, we determined the effect of in situ neutralization
of miR-424 by specific morpholino under hypoxia. (Figure 4, C
and D). Under hypoxia, miR-control cells migrated faster and nar-
rowed the scratch wound with by 38%, whereas in cells transfected
with miR-424-morpholino, there was a significant inhibition of
migration (2% narrowing of wound width). Then, we studied the
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effect of miR-424 on EC proliferation using a BrdU incorporation
assay. Data in Figure 4E show an approximately 2-fold increase in
BrdU incorporation in miR-424-transfected HUVECs under nor-
moxia compared with miR-control-transfected HUVECs. Confo-
cal studies showed that proliferating cell nuclear antigen (PCNA),
a marker for cell proliferation, was localized in the nucleus of miR-
control and miR-control-morpholino-treated HUVECs, while
November 2010
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miR-424-morpholino treatment inhibited PCNA nuclear local-
ization (Figure 4F and Supplemental Figure 4A) under hypoxia.
Finally, we investigated the effect of miR-424 on tube formation.
Data in Figure 4, G and H, show that miR-424 increased tube for-
mation in ECs, and that tube formation was inhibited in the pres-
ence of miR-424-morpholino. These results suggest that miR-424
can modulate in vitro angiogenesis and that these effects could be
negated by miR-424-specific morpholino.

miR-424 and angiogenesis in vivo. We hypothesized that tumor
angiogenesis might afford an opportunity to test the role of miR-
424 in a newly developing microvascular network. We therefore
investigated the role of miR-424 in the development of functional
vasculature in vivo. To do this, we ectopically expressed miR-424
through retroviral vector MDH1-PGK-GFP-2.0 (22), and HUVECs
were transduced with either miR-424- or miR-control-express-
ing retroviruses. HUVECs expressing miR-424 and GFP (MDH1-
miR-424-GFP-HUVECs) or miR-control and GFP (MDH1-miR-
cont-GFP-HUVECs) were admixed with A2780, an ovarian cancer
cell line, at a ratio of 1:10 in Matrigel and then subcutaneously
implanted into athymic mice. Tumor cells served as an angiogenic
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Figure 8

Role of PU.1 , RUNX-1, and C/EBPa
in the regulation of miR-424 expres-
sion. (A—C) g-PCR analysis of miR-
424 expression after knockdown
using shRNAs specific to C/EBPa
(A), RUNX-1 (B), and PU.1 (C) under
hypoxia. (D) Representative confocal
images showing the effect of shRNA-
mediated knockdown of C/EBP-a. and
PU.1 on HIF-1a nuclear localization.
Immunofluorescence studies were car-
ried out by transfecting the cells with
shRNA (top), shRNA to C/EBPa. (mid-
dle), or shRNA to PU.1 (bottom) under
hypoxia. Cells were stained for HIF-1a
(green) and nucleus (DAPI; blue).
F-actin was stained with rhodamine
phalloidin (red). Arrows indicate repre-
sentative cells showing nuclear local-
ization of HIF-1c.. Scale bar: 10 um.

Actin, HIF-1c, DAPI

stimulus to attract mouse vasculature to sprout and invade the
Matrigel containing HUVECs. miR-424-GFP-HUVECs, when
implanted in the athymic nude mice, became readily incorpo-
rated into the neovessels and colocalized with mouse blood ves-
sels (stained with rat anti-mouse CD31-PE), forming a chimeric
vasculature, which indicated that they participated more effi-
ciently in neovascularization than the miR-control-expressing
HUVECs (Figure 5A). Metamorph analysis of Matrigel sections
showed increased colocalization of miR-424-GFP-HUVECs and
anti-mouse CD31-PE signals when compared with miR-control-
GFP-HUVECs (Figure 5B). There was no difference in the vascular
density of mouse vessels (data not shown), which suggests that
the host angiogenic response is not altered between miR-424- and
miR-control-expressing HUVEC groups.

Upregulation of rodent miR-322, homolog of buman miR-424 in experi-
mental myocardial infarction. Deprivation of cellular oxygen due to
impaired perfusion of coronary artery leads to ischemia, infarc-
tion, and myocardial remodeling. Ischemia initiates collateral ves-
sel growth, vascular contractility, and erythropoiesis to overcome
perfusion deficits. An increase in the steady-state levels of HIFIA
Volume 120 Number 11
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mRNA is one of the earliest responses to myocardial ischemia and
infarction in humans (23). Rodent models of myocardial infarc-
tion are frequently used for experimental studies because the
myocardium of the rat, as in humans, has little collateral flow, so
occlusion of the left anterior descending (LAD) coronary produces
an ischemic zone (24, 25). Therefore, we investigated whether miR-
322 was modulated during experimental myocardial infarction
in a rat model. Tissues harvested 1 week following ligation were
analyzed for mu-miR-322 levels using q-PCR. Data in Figure 5C
show the levels of mu-miR-322 in cardiac tissues. Peri-infarct tis-
sues harvested near the infarct area showed an 18.6-fold increase
(P = 0.02) in mu-miR-322 levels compared with sham-operated
control animals in which the surgical loop was placed around the
LAD artery but not tightened, allowing regular blood flow. Inter-
estingly, cardiac tissues obtained from a remote infarct region also
showed a significant increase (7.6-fold; P = 0.02) in mu-miR-322
levels compared with control heart tissues obtained from similar
remote sites from sham-operated rats (Figure SC). These data sug-
gest a physiological association between mu-miR-322/miR-424
and post-ischemic response in myocardial infarction-induced col-
lateral vessel growth and tissue remodeling.

Hindlimb ischemia and mu-miR-322. Peripheral artery disease (PAD)
is caused by occlusion or narrowing of large arteries, leading to
reduced blood flow to downstream tissues. It is caused by athero-
sclerosis and inflammatory processes that can cause acute or chron-
ic ischemia in peripheral tissues. Mouse hindlimb ischemia can be
experimentally induced by femoral artery ligation, and this model
is extensively used to study PADs. The natural response to muscle
tissue ischemia includes the mobilization of circulating cellular ele-
ments and the upregulation of angiogenic growth factors locally to
induce collateral vessel growth (26-28). We used the femoral artery
ligation to induce chronic ischemia in gastrocnemius muscle and
investigated its effect on HIF-1a, angiogenesis, and mu-miR-322.
Control animals were subjected to similar surgical procedures except
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Figure 9

Schematic diagram showing the regula-
tion of HIF-1a. by miR-424. C/EBPa. levels
increase in ECs under hypoxia. C/EBPa.
in conjunction with RUNX-1 activates
the PU.1 promoter. PU.1 then binds to
the miR-424 promoter and induces the
expression of miR-424. miR-424 then tar-
gets the CUL2 3'UTR and inhibits CUL2
expression. A reduction in CUL2 levels
leads to the destabilization of VCBCR
U3-ligase complex, which leads to the
stabilization and nuclear translocation of
HIF-1o in ECs.

the ligation step. Figure 5D shows representative images from gas-
trocnemius muscle sections stained for blood vessels and HIF-1a.
Femoral artery ligation resulted in increased capillary sprouting
and HIF-1a expression (Figure 5D). Vessel density increased 3-fold
in the ischemic tissue compared with sham control (Supplemental
Figure 4B). The higher levels of HIF-1a. in the tissues from ligated
animals were confirmed by Western blot, which corroborated the
immunohistochemistry results (Supplemental Figure 4, C and D).
We further investigated the ischemia-induced changes in mu-miR-
322 and its effects on CUL2 in vivo via in situ hybridization stud-
ies using 3'-DIG-labeled locked nucleic acid (LNA) probes specific
to miR-322. Tissues from the ligated experimental group showed
higher levels of mu-miR-322 in situ hybridization signal compared
with tissues from the sham-operated group (Figure SE and Supple-
mental Figure 5). Representative images of mu-miR-322 and CUL2
are shown in Figure SE. These results clearly demonstrate an inverse
correlation between expression of mu-miR-322 and CUL2 levels in
ischemic tissues. Furthermore, mu-miR-322 in situ hybridization
clearly colocalized with vessels (lectin-FITC), and there was a direct
correlation between increased vessel density and increased mu-miR-
322 expression as seen in the ligated tissues (Supplemental Figure
SB). Tissues from sham-operated animals showed markedly reduced
miR-322 and decreased vessel density (Supplemental Figure 5).
q-PCR analysis of the tissues showed an 8.5-fold increase, with a
mean of 20.25 + 3.12 AU (P < 0.009), in mu-miR-322 following limb
ischemia compared with sham-operated animals (2.4 + 0.8 AU; Fig-
ure SF). These data again suggest that miR-322/miR-424 is physi-
ologically upregulated in ischemic tissues.

Regulation of miR-424 expression by PU.1 transcription factor in ECs.
PU.1 belongs to the family of Ets transcription factors and is
expressed predominantly in macrophages, B cells, and neutrophils
(29-31). There is growing evidence that hematopoietic stem cells
play a critical role in angiogenesis (32). Hemangioblasts are the
precursor for both hematopoietic stem cells and ECs, and hypoxia
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is known to regulate hemangioblast differentiation (33). PU.1 was
found to regulate miR-424 in human monocyte/macrophage dif-
ferentiation (34), which prompted us to study whether PU.1 levels
are modulated during hypoxia. ECs exposed to hypoxia showed
an upregulation and intracellular distribution of PU.1 (Figure 6, A
and B). PU.1 was increasingly found in the nucleus under hypoxia
with a concomitant decrease in the cytoplasm. These studies sug-
gest PU.1 has a potential role in endothelial response to hypoxia.
To test whether PU.1 regulates miR-424 in ECs, we constructed
aluciferase reporter plasmid containing the promoter of miR-424,
including the putative PU.1 response element, PURE, in a promoter-
less luciferase vector (miR-424-promoter-luciferase) (Figure 6C).
Luciferase activity (miR-424 expression) was increased by 6.5-fold
(P £0.02) when HUVECs were co-transfected with a PU.1 expres-
sion vector and miR-424-promoter-luciferase construct under nor-
moxia (Figure 6D). HUVECs transfected with the same reporter
construct (Figure 6C) showed a 5.25-fold (P < 0.001) increase in
luciferase activity when exposed to hypoxia (Figure 6D). Very low
luciferase activity was observed when cells were either kept under
normoxia or transfected with an empty vector. As additional evi-
dence, ChIP assays were carried out to investigate whether PU.1
binds to the miR-424 promoter under hypoxia. Nucleoprotein
complexes prepared from HUVECs grown under either normoxia
or hypoxia were immunoprecipitated with an antibody to PU.1.
ChIP analysis showed PCR enrichment of a DNA fragment cor-
responding to the region of PU.1-binding site in the miR-424
promoter. Normoxia showed negligible amplification of the cor-
responding fragment (Figure 6E). A representative ChIP blot is
shown in Figure 6E, indicating the higher levels of PU.1 under
hypoxia. PU.1 binding to the miR-424 promoter is specific, since
the immunoprecipitates did not amplify control primers corre-
sponding to an unrelated genomic region (Figure 6E). To further
validate PU.1 involvement in the regulation of miR-424, shRNA-
mediated knockdown experiments were carried out. The results
showed that knocking down of PU.1 under hypoxia reduced the
miR-424 promoter-driven luciferase activity by more than 55%
(P <0.02) when compared with scrambled control (Figure 6F).
From these experiments, we concluded that PU.1 interacts with
the miR-424 promoter and regulates miR-424 expression in ECs.
Hypoxia-induced expression of PU.1 is regulated by RUNX-1 and
C/EBPa.. The transcription factor RUNX-1 (AML1) is critical for
definitive hematopoiesis (35) and is widely expressed in mature
hematopoietic cells. Moreover, PU.1 expression is regulated by
RUNX-1 in different cell lineages (36). Therefore, RUNX-1 might
regulate PU.1 to drive the expression of miR-424 under hypoxia.
To this end, we performed a luciferase assay using a miR-424-pro-
moter-luciferase construct (Figure 6C). As demonstrated earlier,
we observed a 6-fold increase in luciferase activity when cells were
kept under hypoxic conditions compared with normoxia (Figure
7A). When cells were co-transfected with an expression construct
of RUNX-1 under hypoxia, the luciferase activity was further
increased (Figure 7A). Thus, RUNX-1 induces the expression of
miR-424 by increasing PU.1 expression. We also observed a sub-
tle increase in luciferase activity when the cells were transfected
with RUNX-1-expressing vector only. Knockdown of endogenous
RUNX-1 by 3 different shRNAs specific to RUNXI resulted in
reduced PU.1 levels in ECs (Supplemental Figure 6) and decreased
the activity of the miR-424 promoter (Figure 7A). Next, we evalu-
ated whether RUNX-1 levels change in HUVECs when exposed to
hypoxia. Western blot studies showed no change in RUNX-1 levels
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under hypoxia compared with normoxia (Figure 7B). These results
led us to conclude that basal levels of RUNX-1 are important for
PU.1-driven expression of miR-424 in ECs.

Itis known that RUNX-1 binds to conserved sites in the upstream
regulatory elements (UREs) of PU.1 and enhances the expression
of PU.1 in hematopoietic cells (36). We then evaluated the role
of UREs in PU.1 regulation in ECs as well. For this purpose, we
cloned the URE (-16 kb in humans) fragment of the PU.1 gene
into a luciferase reporter plasmid (PU.1-URE-luciferase). The URE
contained 3 conserved RUNX-1 binding sites, 2 C/EBPa binding
sites, and a single PU.1 binding site (Figure 7C). Surprisingly, we
did not observe any increase in luciferase activity under hypoxia
when this construct was used (Figure 7C). We therefore determined
whether C/EBPa could transactivate PU.1 expression in ECs.
C/EBPa.is a CCAAT /enhancer-binding transcription factor, which
is expressed in the immature cells of granulocytes and monocytes
during hematopoiesis (30, 37). C/EBPa. regulates PU.1 expression
by interacting with the PU.1 promoter and -14-kb URE region
(mouse) to induce monocyte commitment (38). Moreover, another
C/EBPa binding site at -68 in the PU.1 promoter is important for
PU.1 transcription (39). As we did not detect any increase in PU.1
expression using the PU.1-URE construct, we hypothesized that the
PU.1 promoter containing the third C/EBPa binding site at -68
bp is likely responsible for PU.1 expression under hypoxia. To test
this, we constructed a luciferase reporter in which the PU.1 pro-
moter, containing the -68-bp region, was ligated to the PU.1-URE-
luciferase construct (Figure 7C). Using the PU.1-URE-promoter
construct, we observed a significant increase in luciferase activity
under hypoxia (Figure 7C). The increased luciferase activity was
abrogated either by using 3 different shRNAs against RUNX-1 (Fig-
ure 7C) or by using a shRNA against C/EBPa (Figure 7E). Western
blots showed an increase in C/EBPa levels following 24-hour expo-
sure to hypoxia (Figure 7D). In order to confirm that the C/EBPa
binding site at 68 bp in the PU.1 promoter is important for PU.1
expression in ECs, we used a mutant luciferase reporter construct
lacking this site. HUVECs transfected with the mutant construct
showed reduced PU.1 promoter activity when compared with the
cells transfected with the wild-type construct (Figure 7F).

We then examined whether knocking down the levels of C/EBPa,
RUNX-1, and PU.1 can affect hypoxia-induced expression of miR-
422, as direct proof for their regulatory importance. HUVECs were
transfected with validated shRNA specific for C/EBPa and then
exposed to hypoxia. Knockdown of C/EBPa significantly reduced
the expression of miR-424 compared to scrambled control trans-
fected cells (Figure 8A). Similarly, knockdown of RUNX-1 and
PU.1 with specific shRNA markedly blocked miR-424 expression
(Figure 8, B and C). To further evaluate the HIF-1a. stabilization
in the C/EBPa- and PU.1-knockdown cells under hypoxia, we used
an immunofluorescence assay to determine nuclear localization
of HIF-1a. The results from these experiments are summarized
in Figure 8D. It is clear from these experiments that HIF-1o. lev-
els were higher in the scrambled RNA control-treated HUVECs
under hypoxia and readily localized to the nucleus. In contrast,
knockdown of either C/EBPa or PU.1 showed reduced levels of
HIF-1a and its localization to the nucleus. These results suggest
that both RUNX-1 and C/EBPa. are important for the transcrip-
tional activation of PU.1, even though only C/EBPa is upregulated
in a hypoxia-dependent manner. Increased PU.1 then induces the
expression of miR-424, leading to stabilization of HIF-a isoforms,
and promotes angiogenesis.
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Discussion

Vascular ECs are in direct contact with blood and respond to lower
oxygen levels by increasing HIF-1a., which regulates proangiogenic
gene expression and mobilizes EC progenitors from the bone mar-
row to the sites of vascular remodeling (40). Major regulation of
HIF-1 and HIF-2a levels in cells under normoxia is controlled by
oxygen/VHL-dependent proteasomal degradation (2, 41, 42) and
transcription (8, 41, 43). Additionally, minor pathways involving
RACKI1 and histone deacetylase that lead to oxygen/VHL-indepen-
dent proteasomal degradation of HIF-1a. have been identified (44,
45). In the present studies, we provide evidence for a new pathway
of HIF-1a regulation involving miRNA-mediated destabilization of
the proteasomal degradation process. However, we determined that
miR-424 does not affect the alternate pathways of HIF-1a stabiliza-
tion, as we observed further accumulation of HIF-1a. in the pres-
ence of the proteasomal inhibitor MG132 (Supplemental Figure 7).
ECs from humans and mice showed consistent overexpression of
miR-424 mu-miR-322 under hypoxia. Our studies demonstrate
that miR-424 targets the 3'UTR of CUL2 that is conserved in sev-
eral species including mouse and rat. Among the 37 miRNA that
are predicted to target the CUL2 3'UTR, only miR-424 showed a
statistically significant increase under hypoxia.

Subsequent studies revealed that overexpression of miR-424 can
reduce the levels of CUL2 protein even under normoxia. Luciferase
reporter assays confirmed that CUL2 is a valid target for miR-424.
As a scaffolding protein, CUL2 plays a crucial role in the assembly of
the E3-ligase system (46). miR-424 overexpression reduced the levels
of CUL2 transcript and protein (Supplemental Figure 2 and Figure
3B). These studies suggest that miR-424 can inhibit CUL2 mRNA
translation as well as induce its degradation (to a lesser extent).
Reducing the CUL2 levels destabilizes the VCBCR complex, result-
ing in concomitant decrease in VHL and RBX-1. These changes are
specific to miR-424 because miR-210, another miRNA upregulated
in hypoxia, did not affect CUL2, VHL, or RBX-1 levels. Furthermore,
since neither VHL nor RBX-1 has a target site for miR-424, their
reduction by miR-424 was likely due to instability imparted by the
reduced CUL2 levels. This notion was confirmed by siRNA-medi-
ated silencing of CUL2, which led to decreased levels of RBX-1 and
VHL-1 (Supplemental Figure 3B). The VCBCR complex regulates
not only the levels of HIF-1a, but also those of HIF-2a.. HIF-2a., also
known as endothelial PAS domain protein 1 (EPAS), and HIF-1a
are necessary for the optimal functioning of the vascular tissues.
HIF-1a and HIF-2a govern the expression of distinct and overlap-
ping sets of target genes (47, 48). For example, targeted deletion of
HIF-20 in ECs affects D114 expression (49), and downregulation of
DIl4/Notch signaling is implicated in nonproductive angiogenesis.
In this context, it is important to note that miR-424 increases the
levels of both HIF-1a and HIF-2a by targeting CUL2 (Figure 2A).

ECs transfected with miR-424 construct showed increased tran-
script levels for the gene targets for HIF-1o and HIF-2a such as
for VEGF, GLUT-1, and EPO (Figure 2, D-F). These results clearly
establish a functional role for miR-424 in HIF-1o/HIF-20-medi-
ated gene regulation in energy production, angiogenesis, and eryth-
ropoiesis. Moreover, ECs transfected with miR-424 showed a higher
rate of proliferation and migration compared with control, possibly
a result of autocrine stimulation by HIF-1o-driven VEGF secretion.
Morpholino-targeting miR-424 inhibited EC migration and tube
formation, confirming miRNA-mediated signaling in the hypoxic
adaptation of ECs. During tube formation, a presumptive lumen
is formed by vacuolation, a process linked to the CDC42 GTPase
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signaling pathway involving RAC1 (50). The role of miR-424 in
modulating this signaling pathway still needs to be studied.

In addition to in vitro changes in angiogenesis, miR-424 levels were
significantly increased during vascular remodeling in vivo. Changes
in miR-424 were observed in models of experimental myocardial
infarction and PAD. mu-miR-322 was upregulated in peri-infarct car-
diac tissues in rats following LAD ligation (Figure SC). Interestingly,
left ventricular tissues harvested away from the infarcted area also
showed significantly higher levels of mu-miR-322. These data suggest
that ischemia may activate mu-miR-322 expression in the tissues sur-
rounding the site of hypoxic stress as a survival mechanism to initiate
collateral vessel growth. It is well established that blood flow changes
upstream to a blocked site lead to arteriogenesis due to increased
pressure and shear stress affecting the size of the lumen of the blood
vessels (51). These changes may have contributed to the observed
increase in mu-miR-322 in the remote site as well. Previous studies
have shown that following LAD ligation, HIF-1a. levels increase in
peri-infarct and remote regions (52). Increased HIF-1a levels parallel
the changes seen in mu-miR-322 in the present study. These results
establish a definitive connection between ischemia and mu-miR-322
in the heart during vascular remodeling. In parallel studies using a
mouse model of PAD, femoral artery ligation-induced ischemia also
led to upregulation of mu-miR-322 in gastrocnemius muscle. HIF-1a.
upregulation and collateral vessel growth has been well documented
in this model system and has been found to correlate well with clinical
settings (53, 54). Our studies show that the increase in vessel density
following limb ischemia coincided with higher mu-miR-322 levels in
muscle. These results further confirm the physiological importance
of miR-424/322 upregulation during ischemia.

Several recent studies have shown how miRNAs regulate angio-
genesis (14, 55-58). miR-126 influences the signaling pathways
of VEGFR by targeting PI3K and SPRED1 (57). Knockdown of
miR-126, for example, affects vascular integrity and in a subset
of surviving miR1267/-, mice higher lethality was found following
coronary artery ligation (59).The developmental fate and plastic-
ity of vascular smooth muscle cells are controlled by miR-143 and
miR-145 (60). Interestingly, hypoxia did not affect any of these
miRNAs, suggesting that miR-126 is likely to be a downstream
effector rather than a primary responder to oxygen deprivation.
Other studies have shown the involvement of the miR-17-92 clus-
ter in regulating EC functions (61, 62). While miR-18a and miR-
19a positively regulate tumor angiogenesis, miR-92a was found to
inhibit angiogenesis. Antagonizing miR-92a enhanced angiogenic
recovery and improved blood flow in mouse models of limb isch-
emia and myocardial infarction (56). Our studies show that under
hypoxia, miR-92a levels decreased by about 10% in ECs. Two other
miRNAs (miR-199a/b and miR-148b) are also consistently down-
regulated under hypoxia (data not shown). miRNA-199a has been
shown to downregulate HIF-1o in cardiac myocytes (63).

Finally, our studies provide evidence for the mechanism by which
miR-424 expression is regulated in ECs during hypoxia. PU.1 has
been previously shown to regulate miR-424 expression in myeloid
cells (34) and is a major transcription factor involved in myeloid
differentiation and B cell development (31). Our studies show for
what we believe is the first time that PU.1 levels and nuclear trans-
location increase in a hypoxia-dependent manner in ECs, and ChIP
analysis confirmed PU.1 binding to the promoter of miR-424. PU.1
expression is regulated by the URE located at -14 or -16 kb in the
mouse or human gene, respectively, and contains 3 RUNX-1 and
1 C/EBPa binding sites in addition to an autoregulatory PU.1 site.
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RUNX-1 is a weak transcription factor and requires C/EBPa for
transcriptional upregulation of PU.1 (31, 36). RUNX-1 plays an
important function in the ontogeny of hematopoietic progenitor
cells during embryonic development (64-66) and controls expres-
sion at alternate promoters to determine hematopoietic cell fate
(67). Our data show that in addition to hematopoietic tissue, dif-
ferentiated ECs also constitutively express RUNX-1, and RUNX-1
levels did not change when ECs were exposed to hypoxia. Interest-
ingly, knockdown of RUNX-1 by shRNA affected PU.1 expression
under hypoxia and in turn reduced the levels of miR-424. These
results imply that RUNX-1 is necessary for miR-424 expression.
C/EBPa, on the other hand, was upregulated during oxygen
deprivation. Promoter analysis has shown that the C/EBPa site
proximal to the transcription initiation site (-68 bp) is very impor-
tant for PU.1 expression (39). The proximal C/EBPa site was found
to be critical for PU.1 expression in ECs as well. Reporter expres-
sion without the proximal C/EBPa site was not altered under
hypoxic conditions, whereas a construct including the proximal
site showed increased expression under hypoxia. PU.1 promot-
er activity was reduced by shRNA directed at either RUNX-1 or
C/EBPa, suggesting that interaction between them is important
for hypoxia-induced changes in miR-424 levels. However, we do not
yet know how C/EBPa. levels are increased during hypoxia. Recent
studies suggest that RUNX-1 and C/EBPa. can physically associate
with HIF-1a to promote HIF-1lo-mediated transcriptional acti-
vation (68-70). Higher C/EBPa levels combined with enhanced
activity could promote PU.1 expression during hypoxia.
Together, our studies show that miR-424 is a critical media-
tor of oxygen-dependent changes in ECs and is physiologically
upregulated in tissues undergoing vascular remodeling and angio-
genesis. We propose that ECs respond to hypoxia by upregulat-
ing C/EBPa, which associates with RUNX-1 to activate the PU.1
promoter. Increased PU.1 activates the miR-424 promoter, result-
ing in increased miR-424. miR-424 targets CUL2, destabilizing
the VCBCR U3-ligase complex and increasing levels of HIF-1a.
and HIF-2a (Figure 9). These studies provide evidence for a what
we believe is a novel pathway for HIF regulation in ECs during
hypoxia/ischemia. As PU.1 is the primary component playing a
central role in miR-424 expression, methods to regulate PU.1 and
miR-424 expression in ECs may be therapeutically useful.

Methods
Cells. HUVECs, human MVECs, human BOECs, and MBECs were cultured
as previously described (71).

Hypoxia treatment. Cells were maintained under hypoxia by flushing
modular incubator chambers (Billups-Rothenberg) for 10 minutes with
95% N3/5% CO,. Under these conditions the O, levels in the medium were
determined to be 3%.

Custom miRNA microarray platform. Custom miRNA microarray experi-
ments and analyses were performed as previously described (72). Microarray
data have been deposited to the GEO database (GSE17944).

research article

In vivo angiogenesis. All animal experiment protocols were approved by the
IACUC:s at the University of Minnesota and VA Medical Center in Minneap-
olis, Minnesota, USA. HUVECs were transduced with either miR-control- or
miR-424-expressing retrovirus. Immunofluorescence analysis showed that
more than 70% cells were GFP positive. q-PCR was carried out to confirm
the miR-424 expression in the transduced HUVECs. The HUVEC-express-
ing miR-control (miR-cont-GFP-HUVEC) or miR-424 (miR-424-GFP-
HUVEC) were then admixed with an ovarian cancer cell line (A2780) at a
ratio of 1:10 in Matrigel. About 400 ul of Matrigel containing 4 x 10° cells
was then subcutaneously implanted into female, athymic mice. Matrigels
were removed after 7 days and snap frozen. Frozen section of the Matrigels
were stained with anti-mouse CD31-PE for vessel density measurements
(73). The extent to which GFP-positive HUVECs seeded the mouse vascula-
ture was determined by confocal microscopy. About 30 images were taken
from each group. Co-localized pixels were calculated by Metamorph soft-
ware (Molecular Devices, Inc.).

Hindlimb ischemia. The left femoral artery of mice was ligated proximal to
the bifurcation into saphenous and popliteal arteries to induce ischemia
(74). Sham-operated control animals were subjected to similar surgical
protocol, but the femoral artery was not ligated. The mice were euthanized
7 days after ischemia and perfusion-fixed at physiological pressures. The
gastrocnemius muscle was surgically removed and paraffin-embedded for
immunohistochemistry and miRNA analysis. Vessel length (density) was
determined as per previously published methods (73).

Experimental myocardial infarction. The LAD artery of adult, male Sprague-
Dawley rats was ligated to induce myocardial infarction (52). Sham-oper-
ated animals were subjected to similar surgical procedures; the ligature
was passed around the artery but not tied, thereby allowing normal blood
flow. After 1 week, the ischemic heart tissues from the myocardial infarc-
tion area, peri-infarct area, and the remote area were snap frozen in liquid
nitrogen and used for miRNA expression analysis.

Statistics. Samples for q-PCR were always run in triplicate. All experiments
were repeated 3 times. Statistical significance was determined using either
1-way ANOVA or the unpaired Student’s ¢ test (1-tailed), depending on the
number of experimental groups analyzed.
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