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Abstract

Angiogenesis, the process by which new blood vessels are formed, is a critical phenomenon that is
activated during various stages of mammalian development. MicroRNAs (miRNAS), a class of
short, single stranded, non-coding RNAsS, are recognized as important regulators of angiogenesis,
and the role of intracellular miRNAs in modulating angiogenesis signaling has been identified.
The recent discovery of extracellular and circulating miRNAs has sparked new questions
regarding their potential in modulating angiogenesis signaling not only within cells but also
between cells. In this review, we discuss the characteristics of intracellular and extracellular
miRNAs and decipher the potential functional roles for these molecules in regard to the
angiogenic process. We summarize what is currently known about circulating miRNAs in distinct
clinical populations and discuss evidence that implicates extracellular miRNAS as novel mediators
of angiogenesis-associated intercellular signaling. Lastly, we offer a new perspective on the
functional role of vesicle-encapsulated circulating miRNA in modulating angiogenesis signaling
pathways.
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Introduction

Angiogenesis, the process by which new blood vessels are formed, is critical to embryonic
development[1], wound healing[2], growth of tumors[3], and is triggered in response to a
diverse array of stimuli, including hypoxia and tissue ischemia[4]. Endothelial cells are
primary mediators of the angiogenic process through their role in remodeling of the vascular
network, which involves changes in arterial shape and size, and the growth and pruning of
new vasculature[1, 5]. The major promoting factors for angiogenesis have been
identified[6], including vascular endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), transforming growth factor beta (TGF-B), and basic fibroblast growth factor
(bFGF), all of which are capable of activating signaling pathways to regulate endothelial cell
motility, proliferation and survival[7].

Recently, microRNAs (miRNAS), a class of short, single stranded, non-coding RNAs (~22
nt), have emerged as important regulators of a variety of physiological and pathological
processes[8], including angiogenesis [6, 9-12]. miRNASs are capable of regulating gene
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expression through the targeted degradation and translational repression of mMRNA
transcripts[13, 14]. Much work has focused on the role of intracellular miRNAS in
angiogenesis[6]; however, the recent discovery of extracellular and circulating miRNAs has
sparked new questions regarding the ability of these molecules to regulate various aspects of
the angiogenic program.

In this review, we will discuss the characteristics of intracellular and extracellular miRNAs
and examine evidence for their roles in mediating angiogenic signals. We will discuss recent
studies that indicate extracellular or circulating miRNAs are novel mediators of cell-to-cell
communication, particularly as it relates to angiogenesis. Finally, we shall offer a new
perspective on the functional role of vesicle-encapsulated circulating miRNA in
angiogenesis-related pathologies.

MicroRNAs: Established Roles in Normal Physiology and Disease

MiRNAs were first described in 1993 when Ambros and colleagues identified an important
gene that regulated the development of Caenorhabditis elegans (C. elegans), lin-4. The
product of this regulatory gene was shown to be a small, non-protein coding RNA molecule
— microRNA (miRNA)[15]. Since its discovery in 1993, miRNAs have been the subject of
intense study, and most have been found to be highly conserved, indicating their importance
as regulatory molecules. miRNAs function by targeting specific messenger RNAs
(mRNAS), which results in posttranscriptional repression of the target gene. miRNA-
mediated gene repression is complex and miRNA networks have been shown to modulate
many aspects of cellular homeostasis and physiology. To date, 3329 mature miRNA
sequences have been cloned from a variety of species (miRBase release 18, November
2011)[16]. This number is likely to increase as miRNA research efforts continue.

Regulation of miRNA-Target Interactions

Through seed sequence-based binding, one miRNA can potentially target hundreds of
mRNAs and one mRNA can be repressed by more than one miRNA. However, the relative
tissue specificity of many miRNA-mRNA interactions implies an intracellular mechanism
for the regulation of these interactions. Understanding the characteristics of this regulation
may help to advance the development of more potent methods to regulate gene expression to
either promote or inhibit cellular processes such as angiogenesis. Using bioinformatics
techniques, Cui and colleagues[17] have identified several characteristics that govern
miRNA-target interactions. These investigators determined that ‘adaptor’ genes, such as
transcription factors and nuclear proteins, represent approximately 50% of the miRNA
targets within a signal network, while receptor ligands comprise only about 9% of the
miRNA targets[17]. In this context, a signal network was defined as a specific set of proteins
that work together to process information generated within the extracellular or intracellular
environment. Adaptor genes were defined as proteins that are capable of influencing
multiple downstream signal molecules for a variety of signal networks. By preferentially
targeting adaptor genes, miRNAs have the capacity to coordinate robust responses to various
stimuli because adaptor genes are usually involved in multiple signal networks. This is
important because miRNAS that are known to regulate angiogenesis target genes with
adaptor-like characteristics[17]. Hypoxia inducible factor-1 alpha (HIF1-a) is a confirmed
target of members of the pro-angiogenic miR-17~92 cluster (a group of seven miRNAs that
all reside on the same gene[18]) and miR-210. HIF1-a is considered an adaptor gene
because it not only promotes angiogenic signaling during hypoxia[19], but also contributes
to the regulation of human metabolism[20]. In addition, PI3 kinase regulatory subunit 2, a
target of pro-angiogenic miR-126, is involved in angiogenic signaling as well as
apoptosis[21].
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Interestingly, it was found that miRNAS are less likely to target genes that are absolutely
required for basic cellular functions, such as secretion and motility[17] — two processes that
have been linked to tumor angiogenesis[22]. Genes that control essential cellular processes
are usually very stable and highly expressed; as a result, these genes are not preferentially
targeted by miRNAs[17]. By not binding to transcripts associated with essential cellular
processes, miRNAs can preferentially target those proteins which are activated or inhibited
in response to specific stimuli and thereby fine tune intracellular signal transduction. The
angiogenic process can be regarded as a coordinated cellular response to a series of
biochemical signals — by understanding how miRNA-mRNA interactions modulate the
angiogenic response, new perspectives on methods to control angiogenesis in different
physiological and pathological settings can be obtained.

miRNAs as Mediators of Intracellular Angiogenic Signals

The importance of miRNAs in angiogenesis was established in studies of Dicer, a
ribonuclease required for miRNA biogenesis[11, 23-25]. Dicer deficient mice had impaired
blood vessel formation during embryonic development and Dicer deficiency was
embryonically lethal[25]. The vascular defects in Dicer-deficient mice were associated with
altered expression of vascular endothelial growth factor (VEGF), its receptors KDR
(VEGFR2) and FLT1 (VEGFR1) and the angiopoietin receptor, Tie-1, suggesting that
miRNASs may regulate the expression levels of crucial angiogenic factors. Also, nonlethal
Dicer hypomorph females were shown to be sterile due to insufficient angiogenesis in the
corpus luteum[26]. /n vitro, Dicer silencing in human umbilical vein endothelial cells
(HUVECS) reduced the formation of capillary-like structures and HUVEC proliferation[11,
23, 27]. Dicer knockdown also diminished cell migration and matrigel tube formation in
human microvascular endothelial cells (HMECs)[28]. These studies support a role for
miRNAs in regulating angiogenesis through changes in endothelial cell function. Through
these studies of Dicer, and others, specific miRNAs have been implicated in the regulation
of angiogenesis, including the miR-17~92 cluster, miR-15/16, miR-21[29], miR-126 and
miR-210[19, 30, 31]. The role of intracellular miRNAs in angiogenesis was recently
reviewed[6, 32].

Hypoxia and ischemia are potent stimuli of angiogenic signaling pathways[33]. /n vitro,
miR-210 is upregulated in HUVECs in response to hypoxia, and this upregulation enhances
the ability of HUVECSs to form capillary-like structures[34]. Hypoxia also increases
miR-210 in non-endothelial cells, which likely plays a role in the cells’ ability to partake in
angiogenic processes. For example, colon and breast cancer cell lines have been shown to
express increased levels of miR-210 in response to hypoxia[35]. /n7 vivo, studies of ischemia
in rats demonstrated upregulation of miR-210 in brain tissue and blood[36, 37]. miR-210
was subsequently shown to modulate angiogenic pathways in endothelial cells through its
confirmed mRNA targets, hypoxia inducible factor-1 alpha (HIF-1a)) and ephrin-A3[19].

The process of wound healing is also known to stimulate angiogenesis[38]. Cellular redox
state is a key stimulus in wound angiogenesis[27] and miRNAs can regulate the cellular
redox state through alterations in the expression of p47phox (an NADPH-oxidase)[27].
Knocking down Dicer in human microvascular endothelial cells impaired their ability to
form tubes in matrigel and to produce reactive oxygen species when stimulated with TNF-a
and VEGF. Taken together, these data suggest that miRNAs can mediate angiogenesis via a
redox-sensitive mechanism. The link between miRNA-mediated regulation of cellular redox
state and wound angiogenesis was recently reviewed by Roy and Sen[38].

Curr Angiogenes. Author manuscript; available in PMC 2013 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Finn and Searles

Page 4

miRNA Dysregulation in Pathological Angiogenesis: Focus on Cancer

Activation of the angiogenic program is important during various stages of normal
physiology[8, 39]; however, in cancer, angiogenesis can promote tumor growth and
metastasis[40]. Various solid tumors are characterized by the abnormal expression of
oncogenic miRNAs that promote tumor growth through enhancement of tumor
angiogenesis. For example, the miR-17~92 cluster, known to promote angiogenesis, has
been shown to be upregulated in human adenocarcinomas containing genetic mutations in
MYC proto-oncogenes[41]. By downregulating anti-angiogenic factors such as
thrombosbondin-1 (Tspl) and connective tissue growth factor (CTGF), the miR-17~92
cluster is thought to enhance the tumor growth, i.e. tumorigenicity, of human
adenocarcinomas[41].

The miR-17-92 cluster has been implicated in the progression of colon cancer — colon
cancer cells express higher than normal levels of members of the miR-17~92 cluster[41]. /n
vitro, the overexpression of miR-17~92 in p53-null colon cancer cells resulted in the
formation of larger and better-perfused tumors[41]. The transcripts of both
thrompospondin-1 and connective tissue growth factor are predicted targets of the
miR-17~92 cluster (the specific members of this cluster were not determined), and these
proteins are known to be anti-angiogenic.

Whereas some miRNAs, such as the miR-17~92 cluster, are pro-angiogenic and therefore
function as oncomirs, other miRNAS, such as miR-15b and miR-16, have anti-angiogenic
functions and are thus regarded as tumor suppressors. Vascular endothelial growth factor
(VEGF), a known mediator of tumor neovascularization in breast, endometrial, and
pancreatic cancers[42], is a target of miR-15 and miR-16[43]. Hypoxia induced the
downregulation of miR-15b and miR-16 in a human nasopharyngeal carcinoma cell line[43].
The transfection of this human carcinoma cell line with miR-15b and miR-16-1 led to a
marked decrease in the expression of VEGF[43]. Many angiogenesis-targeting therapies
have been developed to inhibit solid tumor growth[44, 45] and the described studies indicate
that miRNAs could be a novel therapeutic entry point for diseases associated angiogenesis.

Hematologic malignancies are also dependent on angiogenic signaling pathways[45]. Bone
marrow endothelial cells present within vascular niches secrete cytokines, including VEGF,
which can interact with leukemia stem cells to promote leukemia cell proliferation and
survival[46] and to stimulate angiogenesis within the bone marrow[45]. Increased bone
marrow vascular density has been observed in various hematologic malignancies, including
B-cell chronic lymphocytic leukemia[47], acute lymphoid leukemia[48], and acute myeloid
leukemia[49]. Correspondingly, some angiogenesis-associated miRNAs have been shown to
be abnormally expressed in these same hematologic cancers. Chronic lymphocytic leukemia
(CLL) is characterized by a significant reduction in the expression of the anti-angiogenic
miRNAs, miR-15a and miR-16[50]. Also, the microRNA signature of a common form of
acute myeloid leukemia revealed higher than normal levels of the following miRNAs:
let-7a-3, let-71, and fet-7c[51]. The Let-7 family of miRNAs has been shown to affect tube
formation in endothelial cells and is thus considered a pro-angiogenic miRNA[19].
Interestingly many aberrantly expressed miRNAs in human cancers target angiogenesis-
associated genes as well as oncogenic genes, such as the BCL2 anti-apoptotic gene (target of
miR-15a/miR-16-1) and the E2F1 transcription factor gene (target of miR-17-92 cluster)[19,
52]. This observation suggests a potential link between miRNA-mediated regulation of
angiogenesis and the proliferation and growth of tumor cells[45, 53, 54].
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The discovery of distinct miRNA expression profiles in different types of body fluids[55-
58] and the stability of miRNAs in the relatively harsh extracellular environment[59]
indicate that extracellular export of miRNA is non-random. The regulation of mMiRNA
biogenesis, export, and uptake was recently reviewed in depth[56, 60]. Here, we shall touch
on a few recent findings that support the regulated cellular release of miRNAs.

Although the detailed mechanisms by which miRNAs are packaged and exported remains
uncertain, the incorporation of miRNAs into membrane-bound vesicles and the formation of
miRNA-protein/lipoprotein complexes have been shown to protect and stabilize
extracellular miRNASs[56, 61-63]. The different types of miRNA-containing extracellular
vesicles, including microvesicles, apoptotic bodies, and exosomes originate from distinct
processes within the cell[56, 60, 61] and differ significantly in their size and their release
pathway[64—70]. Apoptotic bodies are the largest of all the vesicles, ranging in size from 1 —
5 um; apoptotic bodies are released during late apoptosis[71, 72] and originate from cellular
fragments[73]. Microvesicles range in size from 100 nm — 1 um and originate from the
plasma membrane in response to various stimuli and during cellular budding or fission of
the membrane[65]. Apoptotic bodies and microvesicles are jointly referred to as
microparticles. A variety of cell types have been identified as being capable of producing
microparticles under different stimulatory conditions, including immune cells[74],
endothelial cells[75], and tumor cells[62]. Exosomes are the smallest of the extracellular
vesicles, ranging in size from 10 — 50 nm. Exosomes originate from intracellular secretory
organelles and are released into the extracellular space when multivesicular bodies fuse with
the cell membrane[65]. The fact that all three vesicular miRNA carriers stem from three
distinct pathways implies a regulated process for the sorting and subsequent export of
extracellular miRNAs.

A mechanism for the sorting and export of miRNAs is also supported by /n vitro data
demonstrating that, within 1 h of serum deprivation, human cell lines rapidly export specific
miRNAs into cell culture media via cell-derived vesicles[76], such as exosomes and
microparticles. This export process was shown to be ATP-dependent, and these findings
point to a potentially important miRNA trafficking system that is robust, rapid and
responsive to changing extracellular conditions. Kosaka and coworkers identified an
exosomal-mediated mechanism for extracellular export of miRNAs that was dependent on
the ceramide pathway[56]. In cultured HEK293 and COS-7 cells, exosomal miRNA levels
of miR-16 and miR-21, two miRNAs associated with angiogenic signaling[6], were
proportional to their intracellular levels. This observation suggests that exosomal export of
miRNAs is linked to intracellular miRNA levels.

Regulated miRNA export is further supported by the finding that disease alters the degree of
miRNA association with circulating lipoproteins and miRNA enrichment in circulating
microparticles. Circulating high density lipoprotein (HDL) transports miRNAs and the
miRNA profile of HDL differs dramatically between individuals with familial
hypercholesterolemia and healthy subjects[77]. Additionally, miRNA levels in platelet-
derived microparticles isolated from the blood of patients with chronic coronary heart
disease were shown to be significantly different compared to those isolated from the blood
of patients with acute coronary syndrome or healthy subjects[75]. These data indicate that
the cellular packaging of miRNAs into distinct extracellular transport modalities can be
altered by disease[75]. Other in vivoand /n vitro studies have provided further evidence that
miRNA export is regulated[78, 79].
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Importantly, circulating miRNAs can be taken up by recipient cells where they can
subsequently suppress gene expression. Several studies have now shown that exosomes,
microvesicles, apoptotic bodies, and lipoprotein particles are capable of transferring miRNA
to recipient cells accompanied by a subsequent change in recipient cell function[56, 63, 65,
66, 76, 77, 80-82]. Endothelial cell-derived apoptotic bodies containing miR-126 were able
to be transferred to donor cells, resulting in increased production of the CXCL 12 protein, a
chemokine involved in paracrine signaling during atherosclerosis[80]. Moreover, the
intravenous administration of miR-126-containing apoptotic bodies from cultured
endothelial cells suppressed atherosclerotic plaque formation in mice[80]. The functional
export of mMiRNA has also been shown for cancer cells. For example, glioblastoma-derived
microvesicles containing miRNA and angiogenic proteins were taken up by endothelial
cells, which subsequently resulted in the ability of these cells to form tubules[62].

While several studies have successfully demonstrated the existence of extracellular miRNAs
— both /n vitroand in vivo— and have provided evidence in support of the regulated release
of extracellular miRNAs, there are still questions regarding the functional significance of
extracellular miRNAs. Some extracellular miRNAs may be deliberately secreted by donor
cells in order to be taken up by recipient target cells[83], while others may be exported by
cells as a means of controlling intracellular miRNA abundance during different stimulatory
conditions[76]. To decipher the potential functional roles for extracellular miRNAs,
especially as it relates to a particular physiological process, namely angiogenesis, it may be
useful to consider what is known about circulating miRNAs in distinct clinical populations.

Circulating Angiogenesis-Associated miRNAs in Clinical Populations

There are only a few reports directly implicating circulating or extracellular miRNAs in the
regulation of angiogenesis, yet one can begin to speculate on the function of angiogenesis-
associated circulating miRNAs in different clinical populations based on reported /n7 vitro
and /n vivo data. For example, the expression levels of circulating miR-210 and miR-21
were shown to be higher in diffuse large B-cell lymphoma patients compared to
controls[84]. Additionally, it was observed that a high serum level of miR-21 in B-cell
lymphoma patients is associated with relapse-free survival[84]. This latter finding was
unexpected in light of the fact that pro-angiogenic miRNAs, including miR-21, tend to
promote tumor angiogenesis through their ability to modulate HIF-1a, VEGF[29] and
connective tissue growth factor (CTGF) expression levels[41].

While it remains unknown why high circulating miR-21 levels correlate with better clinical
prognosis in B-cell lymphoma, this observation raises several possible scenarios for the role
of extracellular miRNAs in disease. Circulating/extracellular miRNAs could be released by
tumor or non-tumor cells because they are part of the disease process, or because they are
part of a compensatory response to the disease. For example, a potential cellular response to
B-cell lymphoma could be the export of pro-angiogenic miRNAs into the circulation to
lower intracellular miRNA levels. Increased vascularization indicates poor prognosis in
lymphomas [85], and lymphoma growth and progression can be potentiated by autocrine
stimulation of tumor cells through increased expression of VEGF and VEGF receptors[86,
87]. Moreover, high intracellular miR-21 levels (intracellular) have been observed in
lymphoma tissues[88]. Since a known target of miR-21 is PTEN, a negative regulator of
VEGF[29], high levels of circulating miR-21 could indicate a compensatory response by
surrounding, non-tumor cells to decrease intracellular miR-21 and VEGF levels, thereby
decreasing the potential for VEGF-stimulated lymphoma growth and progression. It should
be noted that this discussion of the role of circulating miRNA in regard to disease-associated
angiogenesis is largely conjectural.
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Levels of circulating miRNAs have been identified as potential biomarkers for an array of
cancers. Many of these miRNAs have been shown to have a role in regulating the
angiogenesis pathway /n vitro, as discussed above. Ovarian cancer patients have high
circulating levels of two angiogenesis-associated miRNAs, miR-21 and miR-126[89], and
gastric cancer patients have increased circulating levels of miR-17-5p and miR-21[90].
Pancreatic cancer patients are similar to gastric cancer patients in that they express high
levels of a pro-angiogenic miRNA, miR-210[91]. Although the correlation between cancer
prognosis and circulating miRNA levels was not reported in these studies, the finding that
these pro-angiogenic miRNAs are increased in the circulation of patients with these different
cancers suggests a functional role for extracellular miRNAs in the progression of both solid
and hematologic malignancies. However, the mechanism responsible for changes in
circulating miRNA levels in different cancers remains unknown.

Circulating/extracellular miRNAs may also be involved in the regulation of angiogenic
pathways in patients with vascular disease. In a recent study of individuals with diabetes
mellitus and peripheral artery disease, levels of circulating miR-126 were decreased
compared to non-diabetic individuals[92]. miR-126 is an endothelial-specific miRNA[9, 10]
and diabetes mellitus is a disease that is associated with an abnormal angiogenic
program[93]. In order to clarify the role of circulating miRNAs in angiogenesis-related
pathologies, including cancer and vascular disease, future studies will need to focus on
deciphering the cellular origin of the circulating miRNAs as well as the cells that are capable
of taking up miRNAs from the circulation. This information will help determine whether
circulating miRNA levels are reflective of a compensatory response to disease or whether
they are involved in promoting the disease process.

Current knowledge about the role of miRNASs in angiogenic signaling is based primarily on
in vitro studies that describe the impact of changes in intracellular miRNA levels on
endothelial cell behavior[6, 19]. /n vivo, however, mounting evidence suggests that
circulating/extracellular miRNAs can be taken up by a variety of cell types to modulate gene
expression. Non-endothelial cell types could indirectly promote or inhibit angiogenesis
signaling through their ability to regulate VEGF expression. To achieve a deeper
understanding of the functional significance of circulating miRNAs in angiogenesis-related
pathologies, it is necessary to consider the different cells types to which these circulating
miRNAs may be targeted. The following section will examine current clinical data to
discuss the mode by which miRNAs are transported in the circulation as a potential
mechanism for specific targeting of recipient cells in vivo. Moreover, we will offer a new
perspective on the proposed function of vesicle-encapsulated miRNAs in pathology.

Vesicular Transport of Angiogenesis-Associated miRNAs: Potential Implications in
Systemic Signaling

The current understanding of circulating miRNAs is consistent with them having a role in
cell-to-cell communication. It is possible that distinct miRNA transport modalities have
different targeting capabilities as it pertains to angiogenesis signal transduction. For
example, it was recently reported that approximately 95% of circulating miR-16 and
miR-92a in the plasma of healthy subjects was non vesicle-encapsulated[63]. In contrast,
miR-126, another pro-angiogenic miRNA, was found to be highly enriched in vesicles[94].
Although all three miRNAs have been shown to stimulate the angiogenic program[43, 95],
the differences in their packaging could indicate distinct spatial targeting of angiogenic
signals by circulating/extracellular miRNAs, i.e. localized versus systemic angiogenic signal
transduction. Based on the clinical data discussed below, it is reasonable to speculate that
vesicle-encapsulated miRNAs may be taken up by many different cell types and thus are
part of a systemic mechanism to regulate angiogenic signaling pathway.

Curr Angiogenes. Author manuscript; available in PMC 2013 December 01.
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A role for vesicle-mediated miRNA transport in systemic signaling is supported by the
molecular composition of cell-derived vesicles and the mechanisms by which these vesicles
are taken up by recipient cells[96]. Several mechanisms have been offered to describe
vesicle-cell interactions /n7 vivo, the two most prominent being vesicle fusion with the cell
membrane and vesicle internalization via endocytosis[96]. Because most mammalian cells
are capable of endocytosis[97], a diverse array of cell types may take up circulating miRNA
contained in vesicles. Proteomic studies have shown that most cell-derived vesicles contain
a common set of membrane proteins[96], one that is similar to the set of proteins found on
cell membranes. This common feature of cell-derived vesicles could facilitate their ability to
be taken up by a variety of different cell types with minimal selectivity[98]. An example of
this principle was demonstrated by Zernecke et al[80]. /n vitro, endothelial cell-derived
apoptotic bodies, loaded with miR-126, were shown to be successfully taken up by
HUVECs and smooth muscle cells, alike, with similar effects on relative gene
expression[80]. In contrast, HDL-mediated miRNA delivery was shown to be dependent on
scavenger receptor class B type |, a protein that is not ubiquitously expressed by all
mammalian cell types[77], suggesting a more selective/specific method for the delivery of
lipoprotein-associated miRNA.

Other recent work also supports the theory that vesicle-encapsulated miRNAs are involved
in the systemic regulation of angiogenesis. When miRNA enrichment in microparticles was
assessed in stable CHD patients and patients with acute coronary syndrome (ACS), lower
microparticle-enrichment of miR-19 and miR-21 was observed in the plasma of CHD
patients compared to ACS patients. Stable CHD and ACS are both characterized by plaque
formation in the coronary arteries, but ACS is the result of plaque rupture. Because
increased angiogenesis is part of the process leading to plaque destabilization and
rupture[95, 99], low levels of vesicle-encapsulated, pro-angiogenic miRNA in stable CHD
could be a mechanism by vascular cells to decrease the level of systemic pro-angiogenic
signaling. Since many aspects of circulating miRNA have yet to be elucidated, this theory is
speculative.

Previous work has shown that patients with stable CHD express lower circulating levels of
the pro-angiogenic miR-17, miR-92a and miR-126[58] compared to healthy subjects. It
would be interesting to determine whether these differences are observed primarily in the
vesicular fractions. In addition, because both healthy individuals and ACS patients appear to
have relatively high circulating levels of pro-angiogenic miRNAs, it is possible that the
important difference between health and disease state is the transport modality (e.g. vesicle
encapsulation) of circulating miRNAs, rather than their absolute levels. Alternatively,
circulating miRNAs from healthy subjects and ACS patients could differ in the way that
they are taken up by recipient cells. These differences in miRNA transport or uptake could
help to identify patients who are at risk for an ACS.

Work conducted by Zampetaki and colleagues may have provided further insight into the
role of circulating miRNAs in angiogenesis. They found miR-126 to be significantly
downregulated in the blood of patients with diabetes mellitus (DM)[92], a disease
characterized by systemic angiogenic abnormalities[100]. Patients with DM showed a
significant reduction in the level of vesicular miR-126, with little change in the level of non-
vesicle-associated miR-126[92]. Decreased vesicle enrichment of miR-126 was observed
prior to the manifestation of DM and was correlated with severity of DM. Moreover, in vitro
experiments showed that high glucose was able to reduce the miR-126 enrichment in
endothelial-cell derived apoptotic bodies. In normal health, circulating endothelial
microparticles are enriched in miR-126[9, 10]. High glucose has been shown to decrease
both tubule-formation of HUVECs and the expression of key angiogenesis factors, including
VEGF and FGF, in human islets[101]. Taken together, these findings suggest a link between
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glucose levels and systemic angiogenesis signaling (both HUVECs and human islets were
affected by changes in glucose abundance), one that may be mediated by changes in vesicle-
encapsulated miR-126. Currently, the mechanism underlying the decreased circulating levels
of pro-angiogenic miRNAs remains unknown. Future investigations will have to determine
if the cellular export of these pro-angiogenic miRNAs is inhibited by disease, or whether
their cellular uptake is enhanced, either of these scenarios could effectively result in
decreased levels of circulating pro-angiogenic miRNA (Figure 1).

While we have proposed a role for vesicle-encapsulated miRNAs in the systemic
transduction of angiogenic signals, the possibility of targeted, vesicle-mediated miRNA
transfer cannot be ruled out. Exosomes, for example, which are released by cells under
various stimulatory conditions, express membrane proteins that vary depending on their
cellular origin[96]. Endothelial-derived exosomes do not externalize phosphatidylserine
(PS), a phospholipid that promotes endocytosis[98]. Rather, endothelial-derived exosomes
express specific exosomal markers, including MHC class 1/11[96]. Only a few specialized
cells have receptors for these molecules, including T cells, and it is tempting to speculate
that the incorporation of miRNASs into exosomes produced by endothelial cells is reflective
of a process of specifically targeting angiogenic or other signaling pathways in specific cell

types.

Concluding Remarks

A novel mechanism for intercellular communication has recently been attributed to
circulating miRNAs. In this capacity, circulating miRNAs exhibit features that allow them
to regulate signal transduction within and between cells. As more details regarding the
regulation of miRNA release and uptake are uncovered, the roles that different extracellular
miRNA transport modalities play in essential physiological processes will be identified.

The angiogenic program is involved in almost all stages of mammalian development.
Despite the emergence of intracellular miRNAs as critical mediators of angiogenic
signaling, the role of extracellular miRNASs in this process has yet to be elucidated. It will be
important to distinguish extracellular miRNAs that have been passively released as a result
of cell damage from those that have been actively secreted as part of cell-to-cell signal
transduction. Moreover, the mechanism by which specific miRNAs are targeted to recipient
cells remains to be clarified. Reconciliation of /n vitro and animal studies with clinical data
will assist in piecing together the impact of particular miRNA transport modalities on
angiogenesis. In addition, because the expression levels of circulating miRNA likely
represent a balance of miRNA export as well as miRNA uptake, an understanding of how
both of these processes are affected by different stimulatory and disease conditions is
necessary. Our understanding of signal transduction between cells will deepen as more is
uncovered about the role of circulating miRNAs, and this will likely impact aspects of
disease diagnostics, prognostics and treatment.
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Figure 1. Schema of the proposed mechanism by which cir culating miRNAs contr ol angiogenic
signaling within and between cells

Intracellular miRNAs can bind to target mRNA sequences in the cytoplasm to
posttranscriptionally regulate the expression of both a) pro-angiogenic and b) anti-
angiogenic genes. Additionally, intracellular miRNAs can be packaged and exported from
the cell by at least four distinct pathways: c) complexed with RNA-binding proteins; d)
encapsulated in exosomes; €) bound to lipoproteins; and f) encapsulated in microvesicles
and apoptotic bodies, i.e. microparticles. Angiogenic signaling can be controlled not only by
the export of miRNAs but also by the uptake of extracellular miRNAS by recipient cells.
Lipoprotein-associated miRNAs are taken up by recipient cells through g) a receptor-
mediated mechanism, while vesicle-encapsulated miRNAS are thought to be taken up via h)
the processes of endocytosis or i) fusion with the plasma membrane. The mechanism
through which RNA-binding proteins transfer miRNASs to recipient cells remains unknown.
By controlling intracellular levels of angiogenesis-regulatory miRNAS, via miRNA export
and miRNA uptake, circulating miRNAs are likely to orchestrate both local and systemic
angiogenic signaling.
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