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Summary

The formation of new blood vessels through the process of angiogenesis is critical in vascular
development and homeostasis. Aberrant angiogenesis leads to a variety of diseases, such as ischemia
and cancer. Recent studies have revealed important roles for miRNAs in regulating endothelial cell
(EC) function, especially angiogenesis. Mice with EC-specific deletion of Dicer, a key enzyme for
generating miRNAs, display defective postnatal angiogenesis. Specific miRNAs (angiomiRs) have
recently been shown to regulate angiogenesis in vivo. miRNA-126, an EC-restricted miRNA,
regulates vascular integrity and developmental angiogenesis. miR-378, miR-296, and the miR-17~92
cluster, contribute to tumor angiogenesis. Manipulating angiomiRs in the settings of pathological
vascularization represents a new therapeutic approach.

Introduction

Endothelial cells (ECs) form the internal barrier of the vasculature, and play fundamental roles
in vascular development and disease. During vasculogenesis, ECs differentiate from angioblast
precursors, proliferate in situ, and coalesce to form a primitive vascular network. New vessels
form from existing blood vessels by angiogenesis and subsequent remodeling. In response to
angiogenic stimuli, ECs within blood vessels are activated to migrate and proliferate to form
primary capillaries, which undergo remodeling through sprouting, branching and
intussusception. In adult tissues, most blood vessels remain quiescent and function to conduct
nutritive blood flow. However, postnatal angiogenesis occurs in response to physiological and
pathological events, such as reproduction, inflammation, tissue regeneration and tumor growth.
Aberrant angiogenesis leads to numerous disorders, such as cancer and ischemia. Angiogenic
factors, such as VEGF and FGF, have been shown to be important for angiogenesis. Binding
of these factors to their cell surface receptors activates mitogen-activated protein kinase
(MAPK), phosphinositide 3-kinase (PI3K), and other pathways, which promote EC cell
proliferation, migration and survival [1]. Molecules in VEGF signaling pathways have been
advanced as targets for anti-angiogenic therapy.

MicroRNAs (miRNAs) represent a class of conserved non-coding small RNAs, which repress
gene expression post-transcriptionally by targeting 3’-untranslated regions (3'UTRs) of
mRNAs. Nearly 700 miRNAs have been identified in humans, and are predicted to regulate a
third of protein coding genes [2]. The ability of one miRNA to target multiple mRNAs,
especially those that function in the same intracellular pathway, as well as the possibility of
targeting one mRNA by multiple miRNAs, adds a rich layer of regulation to gene expression.
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Mounting evidence indicates that miRNAs are important regulators of cardiovascular
development and disease, as well as cancer (for review, [3-5]). Here we present a summary of
recent advances in understanding the roles of miRNAs in angiogenesis and endothelial
function.

Requirement miRNAs in angiogenesis as revealed by Dicer deletion

The importance of miRNASs in angiogenesis and endothelial function was revealed by
disrupting the function of Dicer and Drosha—two key enzymes for miRNA biogenesis.
Dicer hypomorphic mouse lines have defects in vascular remodeling during development or
ovary angiogenesis [6,7]. Knockdown of Dicer or Drosha in vitro in human ECs results in a
decrease in angiogenesis, assayed by endothelial tube formation in matrigel, although the effect
for Drosha knockdown is less profound than for Dicer knockdown [8-10]. The distinct
difference can be attributed to Drosha independent miRNA biogenesis [11,12], or functions of
Dicer in addition to miRNA maturation, such as maintaining heterochromatin [13]. E-specific
deletion of Dicer in mice provided direct in vivo evidence that endothelial miRNAs are required
for postnatal angiogenesis in response to angiogenic stimuli [14]. In that study, Tie2-Cre or
Tamoxifen-inducible VECad-Cre was used to achieve EC-specific inactivation of Dicer in
mice. Both lines showed reduced postnatal angiogenic responses to a variety of stimuli,
including exogenous VEGF, tumors, limb ischemia, and wound healing. Mechanistically,
Dicer silencing leads to up-regulation of thrombospondin-1 (Tsp-1) [8,14], a potent inhibitor
of angiogenesis, as well as altered expression of other key regulators of endothelial biology
and angiogenesis, such as TEK/Tie2, KDR/VEGFR2, Tie-1, eNOS and I1L-8 [10]. Tsp-1is a
predicted target of the Let-7 family and the miR-17~92 cluster. Inhibitors of Let-7f or the
miR-17~92 cluster reduce EC sprouting and matrigel tube formation in vitro [8,14].
Conversely, transfection of ECs with components of the miR-17~92 cluster, especially
miR-18a, rescued the induced expression of Tsp-1 and the defects in EC proliferation and
morphogenesis caused by the loss of Dicer.

Expression and Regulation of miRNAs in ECs

miRNA profiling mainly in human umbilical vein endothelial cells (HUVECS) revealed that
miR-221/222, miR-21, the let-7 family, the miR-17~92 cluster, the miRNA-23~24 cluster, and
miR-126 are highly expressed in ECs [8,10,15-17]. miRNA-126 is the only miRNA known
to be expressed specifically in the endothelial lineage and hematopoietic progenitor cells
[18-23].

Hypoxia can stimulate angiogenesis, but also EC growth arrest and apoptosis. Hypoxia-
regulated miRNAs (HRMs) have been identified in cancer cell lines or ECs by several groups
[15,24,25]. Among the HRMs, miR-210 is induced by hypoxia in all cell types tested [15,24—
28] and hypoxia-inducible factor-1a is necessary and sufficient for miR-210 activation. Sessa
and colleagues found that VEGF induces time-dependent expression of miR-191, -155, -31,
-17-5p, -18a, and miR-20a, with little change in miR-126 and miR-222 [14]. Interestingly, this
set of VEGF-induced miRNAs is commonly overexpressed in human tumors, and has been
implicated in the control of tumor growth, survival, and angiogenesis. Expression of miR-296
is elevated in primary tumor ECs isolated from human brain tumors compared to normal brain
ECs [29]. VEGF, EGF, or conditioned medium from tumor cells was sufficient to upregulate
miR-296 expression in ECs. Besides these, miR-130a can be strongly up-regulated by serum
[30]; the miR-17-92 cluster is directly activated by c-Myc [31]; while miR-21 and miR-31 can
be induced in ECs by the viral protein K15 [32]; miR-320 is upregulated in myocardial
microvascular ECs from diabetic rats [33]. Interestingly, most of the signal-induced miRNAs
are pro-angiogenic, likely contributing to the angiogenic action of different factors.
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Another level of miRNA regulation in ECs involves the shuttling of miRNAs between cells
through secretion in microvesicles [34]. Microvesicles have been shown to originate from
tumor cells, platelets, monocytes, ECs or other cell types. EC-derived microvesicles were
shown to be increased in hypertension patients [35]. How miRNA containing microvesicles
regulate vascular disease is an interesting question for the future.

AngiomiRs: Functions and Targets

The functions of individual miRNAs in angiogenesis and tumor angiogenesis are just beginning
to be revealed. Here we adopt a term “angiomiR” to name miRNAS that regulate angiogenesis
either cell-autonomously (Fig. 1) or non-cell-autonomously (Fig. 2) [29]. Pro-angiomiRs
promote angiogenesis by targeting negative regulators in angiogenic signaling pathways, while
anti-angiomiRs inhibit angiogenesis by targeting positive regulators of angiogenesis. Recent
progress toward understanding the functions of specific miRs in EC biology is summarized
below (Table 1).

A. AngiomiRs with in vivo evidences

miR-126—miR-126 is the only miRNA identified to date that shows EC-specific expression
and the first vascular miRNA to be knocked out in mice. Loss-of-function studies in mice and
zebrafish revealed an important function of miR-126 in governing vascular integrity and
angiogenesis [18,23,36]. Targeted deletion of miR-126 in mice caused leaky vessels,
hemorrhaging, and partial embryonic lethality, due to a loss of vascular integrity and defective
angiogenesis [23,36]. miR-126~/~ mice showed severely delayed vascularization during cranial
vessel and retina development. Furthermore, miR-126 /- ECs are defective in angiogenesis in
response to angiogenic factors, as shown by an aortic ring assay in vitro, and matrigel and
corneal micropocket assays in vivo [23,36]. In zebrafish, knockdown of miR-126 resulted in
hemorrhage, and collapse of the dorsal aorta and primary cardinal veins [18], indicating a
conserved function of miR-126.

miR-126 is encoded by an intron of the Egfl7 gene, which encodes an EC-derived secreted
peptide which acts as a chemoattractant and inhibitor of smooth muscle cell migration [37,
38]. In vivo functional studies in mice and zebrafish indicate a role for Egfl7 in EC migration
and vasculogenesis [39-41]. Intriguingly, miR-126 "~ mice display similar vascular
abnormalities to the previously reported Egfl7 knockout mice, such as edema, defective cranial
vessel and retina vascularization [23,41]. This raised a controversy as to which molecule is
responsible for the observed phenotype. In miR-126 "~ mice, Egfl7 expression is not changed
at either the mRNA or protein level [23]. However, miR-126 expression in Egfl7 knockout
mice was not examined [41]. Very recently, floxed alleles of Egfl7 (Egfl74) and miR-126
(MiR-1262) were generated [36]. Egfl72/A mice, in which miR-126 is not affected, are
phenotypically normal; whereas miR-1264/A mice, in which Egfl7 is normally expressed,
recapitulate numerous previously described embryonic and postnatal vascular phenotypes in
Egfl7 knockout mice. These results clearly demonstrate that miR-126 is required for
angiogenesis and maintenance of vascular integrity in mice. The in vivo functions of Egfl7
might be masked by its paralog Egfl8. This controversy highlights the importance of minimally
disruptive gene targeting strategies because of the existence of intronic miRNAs in the genome.

Neoangiogenesis is essential for vascular regeneration in response to injury, such as myocardial
infarction (MI). miR-126~/~ mice also showed reduced survival and defective cardiac
neovascularization following MI, suggesting a critical function of miR-126 in neoangiogenesis
[23]. The proangiogenic action of miR-126 is mediated, at least in part, by promoting MAP
kinase and P13K signaling in response to VEGF and FGF, through targeting negative regulators
of these signaling pathways, including the Sprouty-related EVH domain-containing protein
Spred-1 and PI3K regulatory subunit 2 (PIK3R2/p85-B) (Fig. 1) [18,23,36]. Besides Spred-1
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and PIK3R2, miR-126 also targets vascular cell adhesion protein 1 (VCAM-1), thereby
regulating the adhesion of leukocytes to the endothelium [16], suggesting a role of miR-126
in vascular inflammation. miR-126 was also reported to inhibit tumorigenesis and to be
downregulated in many cancer lines [42—44]. CT10 regulator of kinase (CRK) and PIK3R2
appear to be the relevant targets for miR-126 repression in cancer cells [42,43]. Why PIK3R2
represses PI3K-AKT signaling in ECs but enhances PI3K-AKT signaling in cancer cells is not
known. However, these results indicate that miR-126 is a multi-functional miRNA with
important roles in angiogenesis, tumor growth and invasion, and vascular inflammation.

The miR-17~92 cluster—The miR-17~92 cluster, also named OncomiR-1, was the first
identified tumor promoting miRNA. This gene cluster encodes miR-17, miR-18, miR-19a, 203,
miR-19b-1 and miR-92-1. Two paralogs of miR-17~92, miR-106a~363 and miR-106b~25,
also exist in mammals. miR-17~92 has been shown to cooperate with c-Myc to induce B cell
lymphoma in mice [45]. Overexpression of miR-17~92 in Ras expressing cells promotes tumor
angiogenesis in vivo in a non-cell autonomous manner [46]; while inhibition of miR-17~92 in
vitro represses EC sprouting and tube formation in matrigel [14]. miR-17~92 promotes tumor
angiogenesis by targeting anti-angiogenic proteins thrombospondin-1 (Tspl) and connective
tissue growth factor (CTGF) therefore regulating angiogenesis in a non- cell-autonomous
manner. (Fig. 2) [14,46].

Despite the well-studied role of miR-17~92 in tumorigenesis and tumor angiogenesis, the
physiological function of the miR-17~92 cluster during development was only recently
described. Deletion of the miR-106a-363 and miR-106b-25 clusters, either alone or in
combination, did not result in any obvious phenotype. In contrast, miR-17-92 knockout mice
are smaller and die immediately after birth, likely due to severely hypoplastic lungs and
ventricular septal defects [47]. The absence of miR-17~92 also inhibited B cell development
at the pro-B to pre-B transition, indicating an essential role for miR-17~92 in B cell
development. The precise role for miR-17~92 members in developmental angiogenesis
remains unclear.

miR-378—miR-378 is enriched in CD34+ hematopoietic progenitor cells [48]. When
overexpressed in cancer cell lines, miR-378 increased cell survival and reduced cell death
[49]. When cells were transfected with a construct expressing an antisense sequence against
miR-378, cell survival decreased significantly. Strikingly, nude mice injected with miR-378-
transfected cancer cells form much larger tumors with larger blood vessels compared to GFP-
transfected cells. This is consistent with a report that miR-378 promotes VEGF expression by
competing with miR-125a for the same seed region in the VEGF 3'-UTR [24]. Suppressor of
fused (Sufu) and Fus-1 are tumor suppressors which serve as targets for miR-378 repression
(Fig. 2) [49]. Sufu functions as a negative regulator of Shh signaling. Shh induced vessels are
characterized by distinct large-diameters. Shh promotes large-diameter vessel formation by
inducing expression of angiogenic cytokines, including VEGF and angiopoietin-1 (Ang-1) and
-2 (Ang-2) [50]. Therefore, mMiRNA-378 promotes cell survival by targeting Sufu and Fus-1,
and regulates tumor angiogenesis by indirect upregulation of angiogenic factors.

miR-296—miR-296 was shown to be a pro-angiomiR by in vitro matrigel and scratch wound
assays [29]. Intravenous injection of miR-296 antagomirs inhibited glioma angiogenesis in
vivo. Hepatocyte growth factor-regulated tyrosine kinase substrate (HGS), is a miR-296 target
that mediates its angiogenic function (Fig. 1). HGS is involved in the sorting of the VEGF and
PDGF receptors for degradation. miR-296 is upregulated in tumor ECs from human gliomas,
consistent with the lower HGS expression and upregulation of VEGFR2 and PDGFR in
glioma blood vessels. These results support a role for miR-296 in promoting angiogenesis in
tumors.
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B. In vitro Evidence for AngiomiRs

miR-210, a hypoxia-induced miRNA, is a crucial regulator of angiogenesis and EC survival
in response to hypoxia. miR-210 overexpression in normoxic ECs stimulated angiogenesis and
VEGF-induced cell migration. Conversely, blockade of miR-210 via anti-miRNA transfection
inhibited tube formation stimulated by hypoxia and cell migration in response to VEGF.
miR-210 knockdown also inhibited cell growth and induced apoptosis in both normoxia and
hypoxia. Ephrin-A3 is a relevant target of miR-210 in regulating the hypoxia response (Fig.
1) [15,28]. Overexpression of an Ephrin-A3 allele that is not targeted by miR-210 prevented
miR-210-mediated stimulation of tube formation and EC migration.

miR-21 and miR-31 are potential pro-angiomiRs. miR-21 and miR-31 are up-regulated in
various cancers, and miR-21 can stimulate invasion and metastasis in cancer [51]. Knockdown
of miR-21 and miR-31 disrupted Virus protein K15M induced cell migration in ECs, suggesting
that the upregulation of miR-21 and miR-31 contributes to the increased invasiveness of
Kaposi’s sarcoma by K15M [32]. Let-7f and miR-27b are involved in angiogenesis based on
the evidence that inhibitors against these two miRNAS reduce sprouting angiogenesis in vitro
[8]. miR-130a, a miRNA induced by serum in ECs, is able to antagonize the antiangiogenic
activity by its target gene GAX and HOXADS (Fig. 1) [30].

Other miRNAs are believed to be anti-angiomiRs. Overexpression miR-221/222 in ECs
impaired stem cell factor (SCF) induced angiogenesis and scratch wound healing [17]. C-Kit,
the receptor for SCF, is a target for miR-221/222 repression, not only in ECs, but also in SMCs
and HPCs (Fig. 1) [17,52,53]. miR-15b, miR-16, miR-20a and miR20b are potential anti-
angiomiRs by targeting VEGF for repression (Fig. 2) [24]. Inhibition of miR-320 improved
angiogenesis in diabetic ECs in vitro by targeting IGF-1 protein (Fig. 1) [33].

AngiomiR therapeutics

The identification of angiomiRs as key regulators of angiogenesis has opened a new avenue
for therapeutics of vascular diseases. AngiomiR therapeutics provide a natural means of
normalizing the expression of disease genes, potentially avoiding the toxicity or drug resistance
caused by switching a single target on/off. Mimics of pro-angiomiRs, or antagomirs of anti-
angiomiRs, can be used to elevate angiogenesis in the pathological setting of insufficient
angiogenesis, such as MI and ischemia. Conversely, mimics of anti-angiomiRs, or antagomirs
of pro-angiomiRs, may be efficacious in settings of pathological vascularization, such as tumor
angiogenesis and retinopathy. Since miR-126 is necessary for neoangiogenesis after Ml,
miR-126 mimics might be utilized to enhance neoangiogenesis after M1 or ischemia [23].
Potential challenges for angiomiR therapeutics include the efficiency of the delivery system,
and the currently incomplete understanding of the biology of individual miRNAs.

Future directions

Future studies will be focused on elucidating the in vivo functions of the increasing angiomiR
family members. Specific attention will be paid to miRNA target identification, cell-type
specific functions of miRNAs, and combinatorial effects of related miRNAs. In the meantime,
the miRNA signatures of different vascular disease models remain to be identified. These
studies will contribute to emerging efforts for angiomiR therapeutics for numerous vascular
disorders.
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Fig. 1.

Cell-autonomous regulation of angiogenesis by miRNAs. Endothelial miRNAS regulate the
angiogenic response to multiple growth factors by targeting angiogenic factors, receptors and
signaling molecules. miR-126, miR-130a, miR-210, and miR-296 are considered as pro-
angiomiRs; while miR-221/222, miR-320 are believed to be anti-angiomiRs. Regulation,
targets and regulators for these miRNAS are indicated.
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Fig. 2.

Non-cell-autonomous regulation of angiogenesis by miRNAs. Non EC cells, such as tumor
cells, express miRNAs which can regulate the expression of angiogenic factors or inhibitors,
thereby modulating angiogenesis in a non-cell-autonomous manner. The targets and regulators

for these miRNAs are indicated.

Curr Opin Genet Dev. Author manuscript; available in PMC 2010 June 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Wang and Olson

microRNASs involved in angiogenesis

Table 1

Page 12

miRs Angiogenic Function Relevant Targets References
miR-17~92 miR-17~92 overexpression in tumor cells promotes tumor TSP-1CTGF [46]
angiogenesis
miR-21, miR-31 Required for viral protein induced endothelial cell migration ? [32]
miR-126 Required for vascular integrity and angiogenesis in vivo Spred-1, PIK3R2, [18,23,36]
miR-130a Antagonizes the anti-angiogenic activity of GAX and HOXA5 GAX, HOXA5 [30]
miR-210 Enhances angiogenesis and survival response to Hypoxia in vitro Ephrin-A3 [15,28]
miR-296 Required for tumor angiogenesis in vivo HGS [29]
miR-378 Promotes tumor angiogenesis Sufu, Fus-1 [49]
miR-27b and let 7f Required for angiogenesis in vitro ? [8]
miR-15b, miR-16, ? VEGF [24]
miR-20a, miR-20b
miR-221/222 Impairs SCF induced angiogenesis c-Kit [17]
miR-320 Inhibition of miR-320 improves angiogenesis in diabetic IGF-1 [33]

endothelial cells
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