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Abstract

Micro-RNAs (miRNAs) are estimated to regulate 30% of the
human genome primarily through translational repression.
In 2005-2008, the first series of observations establishing
the key significance of miRNAs in the regulation of vascular
biology came from experimental studies involved in arrest-
ing miRNA biogenesis to deplete the miRNA pools of vascu-
lar tissues and cells. Dicer-dependent biogenesis of miRNA
is required for blood vessel development during embryo-
genesis and wound healing. miRNAs regulate redox signal-
ing in endothelial cells, a key regulator of vascular cell biol-
ogy. miRNAs that regulate angiogenesis include miRNA
17-5p, cluster 17-92, 21, 27a&b, 126, 1303, 210, 221, 222, 378
and the let7 family. miRNAs also represent a new therapeutic
target for the treatment of proliferative vascular diseases as
well as hypertension. Evidence supporting the regulation of
inducible adhesion molecules by miRNA supports a role of
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miRNAs in regulating vascular inflammation. Productive
strategies to safely up-regulate as well as down-regulate
miRNAs in vivo are in place and being tested for their value
in disease intervention. Prudent targeting of non-coding
genes such as miRNAs, which in turn regulates large sets of
coding genes, holds promise in gene therapy. Recent devel-
opments in miRNA biology offer lucrative opportunities to
manage vascular health. Copyright © 2009 S. Karger AG, Basel

Introduction

The central dogma in molecular biology has been that
DNA replicates its genetic information contained within
nucleotide (nt) sequences and transcribes it to RNA where
it codes for the production of mMRNA. mRNA is processed
essentially by splicing and translocates from the nucleus
to the cytoplasm. mRNA carries nt-coded information to
the ribosomes. Ribosomes translate the code for protein
synthesis. Do the vast majority of nts in RNA carry the
code to synthesize protein? No. However, almost all
means of gene identification assume that genes encode
proteins. The central dogma failed to consider a signifi-
cant part of the genetic code, which remained behind a
veil for decades. Non-coding RNA (ncRNA) genes pro-
duce functional RNA molecules rather than encoding
proteins. Several different systematic screens have identi-
fied asurprisinglylarge number of ncRNA genes. ncRNAs
seem to be particularly abundant in roles that require
highly specific nucleic acid recognition without complex
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Fig. 1. miRNAs in vascular biology. pri- o
miRNA is synthesized in the nucleus by
RNA pol II. Then by the RNA endonucle-
ase Drosha and its cofactor DGC48, pri-
miRNA is cleaved to produce pre-miRNA
that is about 70 nts long. This product is
exported to the cytosol by Exportin 5,
where it is cleaved again by the second
RNA endonuclease Dicer, to form the
approximately = 20-22-nt-long mature
miRNA. Then one of the ds miRNA is in-
corporated into the RNA-induced silenc-
ing complex (RISC), where by base match-
ing with the 3'UTR end of mRNA it will
capture the target mRNA in the complex,
and as a result inhibits its translation by
the ribosome. Depending on the specific
mRNA targeted by any given miR (table 1),
several aspects of vascular biology may be
influenced. EC = Endothelial cell.
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catalysis, such as in directing posttranscriptional regula-
tion of gene expression or in guiding RNA modifications.
Although it has been generally assumed that most genet-
ic information is transacted by proteins, recent evidence
suggests that the majority of the genomes of mammals
and other complex organisms is in fact transcribed into
ncRNAs, many of which are alternatively spliced and/or
processed into smaller products [1]. These RNAs (includ-
ing those derived from introns) appear to comprise a
heretofore hidden layer of internal signals that control
various levels of gene expression in physiology and devel-
opment, including chromatin architecture/epigenetic
memory, transcription, RNA splicing, editing, transla-
tion and turnover. This hidden layer of internal signals is
now emerging to be of such critical significance that lack
of consideration of that layer poses the serious risk of
clouding our ability to understand the molecular basis of
health and disease [1-4]. In all forms of life, ncRNA in-
cludes ribosomal, transfer, small nuclear and small nucle-
olar RNA, interference RNA (RNAI), short interfering
RNA (siRNA) and micro-RNA (miRNA).

miRNAs are powerful regulators of gene expression
and fine-tune the synthesis of proteins encoded by a large
number of genes [Baek, 2008 #257; Selbach, 2008 #258].
It is estimated that about 3% of human genes encode for
miRNAs [5]. miRNAs are approximately 22-ribonucleo-
tide-long ncRNAs, with a potential to recognize multiple
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mRNA targets guided by sequence complementarity and
RNA-binding proteins. Recent evidence suggests that the
number of unique miRNA genes in humans exceeds
1,000 [6]. The numbers of miRNAs and their targets turn
out to be much greater than what we previously thought
[7]. miRNAs are functionally versatile, with the capacity
to specifically inhibit translation initiation or elongation
as well as induce mRNA destabilization, predominantly
by targeting the 3"-untranslated regions (UTR) of mRNA.
Briefly, miRNA are transcribed in the nucleus by conven-
tional mechanisms and are exported to the cytoplasm [8],
where, after biological processing, they form the mature
miRNA that can interact with matching mRNAs by
RNA-RNA binding. This binding, with the assistance of
the RNA-induced silencing complex, leads to modes of
action, resulting in mRNA degradation or translational
inhibition (fig. 1) [9]. This mechanism of action is termed
posttranscriptional gene regulation. Contrary to plants,
in animals there is not 100% nt match between miRNA
and its target mRNA, leading to a mode of action causing
mRNA translational inhibition [10] as well as mRNA de-
stabilization [Baek, 2008 #257, Selbach, 2008 #258]. The
interaction between the miRNA and its matching mRNA
occurs between the 5-UTR of the miRNA to the 3’-UTR
region of the mRNA by a matching seed element in the
miRNA. Utilizing these data, computational prediction
approaches estimate that miRNAs can target 30% of the
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Table 1. miRNAs and vascular function

Vascular function Trans- Ist 2nd Ref.
and miR criptional target target
regulator
Angiogenesis
miR17-92 Tspl, CTGF 51-53
VEGF Tspl 43
miR-27a ZBTB10 Spl, Sp3, and Sp4 55
? KSHV Tspl TGF-B 56
miR-130a GAX, HOXA5 58
miR-378 Fus-1 50
miR-210 hypoxia EPHA3 79
sCD40L  NOS3 85
miR-221, c-Kit NOS3 31,86
miR-222 stem cell factor
let7f miR-27b 86
miR-126 SPRED1 VEGF repressors and phosphoino-
sitol 3 kinase regulatory subunit 2 87
Vasoconstriction, angiogenesis
Intron-based miRNAs NOS3 84
Angiogenesis, vascular integrity
miR-126 SPRED1 89
Cell adhesion, inflammation
miR-126 VCAM1 TNF-a effects 90
miR-E1, miR-E2 CD62E 91
Cell migration, tumor invasion
miR-126 prostein 92
Pro-injury, cell proliferation, cell survival
miR-21 Bcl-2
PTEN 52
Hypertension
miR-155 ATIR AnglI-induced ERK activation 61
inverse association with blood pressure 62
miR-208 inverse association with blood pressure
and age 62
Plasma cholesterol
miR-122 HMGCR 95

human genome [5, 11-13]. Other estimates claim that
over 50% of human protein-coding genes might be regu-
lated by miRNAs [14]. Furthermore, one miRNA can reg-
ulate hundreds of genes [14], and that one gene can be
regulated by a number of miRNAs. Tissue specificity for
miRNA expression adds to the role of miRNA in devel-
opmental biology and to cell and tissue phenotyping
[15-17]. The complexities underlying tissue-dependent
miRNA biogenesis and target selection processes are cur-
rently under investigation [7].

MicroRNA in Vascular Biology

Vascular Consequences in Response to Arrest of
miRNA Biogenesis

In 2005-2008, the first series of observations estab-
lishing the key significance of miRNAs in the regulation
of mammalian vascular biology came from experimental
studies involved in arresting miRNA biogenesis to de-
plete the miRNA pools of vascular tissues and cells [26-
29]. Dicer, a member of the ribonuclease III family of en-
zymes, processes double-stranded RNA substrates into
approximately 21- to 27-nt products that trigger sequence-
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directed gene silencing by RNA interference. The mecha-
nism of RNA recognition and length-specific cleavage by
Dicer has been established. Dicer represents a key en-
zyme involved in miRNA biogenesis [30]. In the study of
embryonic angiogenesis, it has been reported that the
Dicer gene is significantly expressed in 11-day embryos
and remains constant to embryonic day 17, being evenly
expressed throughout the embryonic tissues [26]. The
dicer”!”? mutant mouse lacking the first two exons of dic-
er essential for the function of the protein represents a
tool that has shed light on embryonic angiogenesis. Of
note, these mutant mice are hypomorphic for Dicer func-
tion and do not represent the Dicer null state. Homozy-
gous mutant mice were not viable, therefore the embryos
were examined. Starting from embryonic day 11.5, virtu-
ally all dicer**’”? embryos were growth and developmen-
tally retarded compared with their wild-type or hetero-
zygous litter mates. The embryos that were still viable at
this stage had thin and suboptimally developed blood
vessels providing first evidence for the involvement of
miRNAs in angiogenesis [26]. Microscopic examination
of the yolk sacs from the mutant embryos revealed that
there were fewer blood vessels in the dicer**’? yolk sacs
and that these vessels were thin, small and less organized
than those of control yolk sacs. These observations indi-
cate that Dicer-dependent biogenesis of miRNA is re-
quired for blood vessel development during embryogen-
esis.

Support for the involvement of miRNAs in angiogen-
esis also comes from in vitro studies [31]. Large-scale
analysis of miRNA expression in human umbilical vein
endothelial cells (HUVEC) led to the observation that
among those miRNAs that are highly expressed, there
are 15 that may target the receptors of angiogenic factors.
In particular, miR-221 and miR-222 were identified as
regulating c-Kit expression as well as the angiogen-
ic properties of the c-kit ligand: stem cell factor. The
miR-221/2 and c-Kit interaction represents an integral
component of a complex circuit that controls the ability
of endothelial cells to form new capillaries [31]. Inhibi-
tion of c-kit results in reduced vascular endothelial
growth factor (VEGF) expression [32]. Furthermore, we
know that c-kit is involved in neovascularization [33, 34].
In addition to Dicer, Drosha is an miRNA processing en-
zyme required for the maturation of miRNAs. The main-
tenance and regulation of endogenous miRNA levels via
Dicer-mediated processing is critical for endothelial cell
gene expression and functions in vitro [28]. The signifi-
cance of both Dicer and Drosha in driving angiogenesis
in vitro has been reported [27, 28]. Silencing of Dicer and
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Drosha significantly attenuated capillary sprouting of
endothelial cells and tube-forming activity. Migration of
endothelial cells was significantly decreased in Dicer
siRNA-transfected cells, whereas Drosha siRNA had no
effect. Silencing of Dicer, but not of Drosha, attenuates
the angiogenic response of endothelial cells in vitro. The
let7 family and miR-27b are recognized as key regulators
of angiogenic responses of endothelial cells.

Several studies have demonstrated a central role of
NADPH oxidase-derived reactive oxygen species (ROS)
as signaling messengers in driving angiogenesis [35-38].
Whether such redox control of angiogenesis is subject to
regulation by miRNA remains to be determined. A recent
study in our laboratory presents first evidence that a cel-
lular redox state, a key driver of cell signaling, is regu-
lated by miRNAs. In this work, a Dicer knockdown ap-
proach was used to test the significance of miRNA in
regulating the redox state and angiogenic response of hu-
man microvascular endothelial cells (HMECs). Lowering
of the miRNA content by Dicer knockdown induced
VEGF expression but diminished the angiogenic re-
sponse of HMECs determined by cell migration and
Matrigel tube formation. Such impairment of the angio-
genic response in Matrigel was rescued by exogenous
low-micromolar H,O,. Dicer-knockdown HMECs dem-
onstrated lower inducible production of ROS when acti-
vated with either phorbol ester, tumor necrosis factor
(TNF)-o or VEGF. Limiting ROS production by antioxi-
dant treatment or NADPH oxidase-knockdown ap-
proaches impaired angiogenic responses. Experiments
aiming to identify how ROS production is limited by Dic-
er knockdown revealed a lower expression of p47phox
protein in these cells. This decreased cellular miRNA
content induced expression of the transcription factor
HBP1, a suppressor transcription factor that negatively
regulates p47phox expression. Knockdown of HBP1 re-
stored the angiogenic response of miRNA-deficient
HMEC:s [29, 39]. Results of this study lead to the hypoth-
esis that miRNA regulates wound angiogenesis and may
therefore influence wound healing outcomes. A possible
role for miRNA in wound healing has been stated by an-
other independent line of investigation examining the
function of argonaute proteins. The argonautes (Agos)
represent a cadre of evolutionarily conserved proteins
that directly associate with and are required for miRNA
function. The core miRNA-ribonucleic-protein complex,
composed of the miRNA and an Ago protein, functions
as a highly modifiable scaffold that associates with spe-
cific nRNAs via the bound miRNA and facilitates local-
ized activity of a variety of accessory proteins [40]. The
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expression of Ago-2, critically important in mammalian
RNAj, is regulated by the epidermal growth factor recep-
tor (EGFR)/mitogen-activated protein kinase (MAPK)
signaling pathway. The pharmacological inhibitor of
MAPK kinase, U0126, or an siRNA directed against
EGFR limits Ago-2 expression [41]. Ago-2 overexpression
enhances cell proliferation, attenuates cell-cell adhesion
and increases cell migration in an in vitro wound healing
setting [41].

Early embryonic lethality of Dicerl null alleles in mice
limits our ability to address the role of Dicerl in normal
mouse growth and development. Studies on mice mu-
tants with a hypomorphic Dicerl allele (Dicery,q) demon-
strate that Dicerl deficiency causes female infertility.
This defect in female Dicerg/,q mice was caused by corpus
luteum insufficiency and resulted, at least in part, from
the impaired growth of new capillary vessels in the ovary.
miR17-5p and let7b represent two specific miRNAs that
participate in angiogenesis by regulating the expression
of the anti-angiogenic factor tissue inhibitor of metallo-
proteinase (TIMP)-1. Injection of miR17-5p and let7b
into the ovaries of Dicerg,y mice partially normalized
TIMP-1 expression and corpus luteum angiogenesis [42].
More recent evidence supports that endothelial miRNAs
regulate postnatal angiogenesis and that VEGF induces
the expression of miRNAs implicated in the regulation of
an integrated angiogenic response [43]. Reduction of en-
dothelial miRNAs by cell-specific inactivation of Dicer
attenuates postnatal angiogenic responses to a variety of
stimuli, including exogenous VEGF, tumors, limb isch-
emia and wound healing [43].

Emergence of a Complex Gene Regulatory Network

In a setting where one miRNA can regulate hundreds
of genes [14] and one gene can be regulated by a number
of miRNAs, a major issue is to improve the knowledge
on the regulatory loops that govern miRNA-miRNA as
well as miRNA-mRNA interactions. In addition, factors
contributing to the control of inducible or repressible
miRNA expression need to be understood. At present, we
are far from understanding these processes in all their
complexity. In particular, miRNA-coordinated expres-
sion with other regulatory molecules, e.g. transcription
factors, is an area under development. When miRNA 221
and 222 were depleted in HUVEC, the entire miRNA
profile was affected in these cells. Nine miRNAs were up-
regulated and 23 miRNAs were down-regulated. Such
observations lead to the concept of a complex network

MicroRNA in Vascular Biology

involving co-expressed miRNAs and transcription fac-
tors being affected by single miRNA variations [44].
miRNAs are important components of the p53 transcrip-
tional network. Global miRNA expression analyses iden-
tify a cohort of miRNAs that exhibit p53-dependent up-
regulation following DNA damage. One such miRNA,
miR-34a, is commonly deleted in human cancers and is
frequently absent in pancreatic cancer cells [45]. Charac-
terization of the miR-34a primary transcript and pro-
moter demonstrated that this miRNA is directly transac-
tivated by p53. Expression of miR-34a caused reprogram-
ming of gene expression and promoted apoptosis. Much
like the known set of p53-regulated genes, miR-34a-re-
sponsive genes are highly enriched for those that regulate
cell-cycle progression, apoptosis, DNA repair and angio-
genesis. Therefore, it is likely that the modulation and
fine-tuning of the gene expression program initiated by
p53isanimportant function of miR-34a [45]. An miRNA
polycistron induced by the oncogenic transcription fac-
tor c-myc is involved in an unusually structured network
of interactions. This network includes the seemingly par-
adoxical transcriptional induction and translational in-
hibition of the same molecule, the E2F1 transcription fac-
tor. This miRNA cluster has been implicated in inhibit-
ing proliferation, as well as inhibiting apoptosis, and
promoting angiogenesis [46].

Recent evidence shed new light on how cytokines may
regulate miRNA biogenesis. Regulation of miRNA bio-
genesis by ligand-specific SMAD proteins is critical for
the control of the vascular smooth muscle cell phenotype
and potentially for SMAD4-independent responses me-
diated by transforming growth factor (TGF)- and bone
morphogenetic protein (BMP) signaling pathways. The
TGF- and BMP family of growth factors orchestrates
fundamental biological processes in the development
and homeostasis of adult tissues, including the vascula-
ture. Induction of a contractile phenotype in human vas-
cular smooth muscle cells by TGF- and BMPs is medi-
ated by miR-21. miR-21 down-regulates PDCD4 (pro-
grammed cell death 4), which in turn acts as a negative
regulator of smooth muscle contractile genes. TGF-f/
BMP signaling rapidly increases the expression of mature
miR-21 through a posttranscriptional step, promoting
the processing of primary transcripts of miR-21 (pri-
miR-21) into precursor miR-21 (pre-miR-21) by the Dro-
sha (also known as RNASEN) complex. TGF-B- and
BMP-specific SMAD signal transducers are recruited to
pri-miR-21 in a complex with the RNA helicase p68 (also
known as DDX5), a component of the Drosha micropro-
cessor complex [47].
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Tumor Vascular Biology

The vast majority of the current literature on miRNA
addresses cancer and developmental biology. miRNAs
may act as oncogenes and/or tumor suppressor genes
within the molecular architecture of gene regulatory net-
works, thereby contributing to the development of can-
cer. Bioinformatic analyses of putative miRNA binding
sites have identified several novel potential gene targets
of cancer-associated miRNAs that function in aspects of
cell adhesion, neovascularization and tissue invasion. It
has been proposed that miRNAs regulate E-cadherin, in-
tegrin av33, hypoxia-inducible factor-la, syndecan-1,
lysyl oxidase, adamalysin metalloproteinase-17, TIMP-3,
c-Met and CXCR-4 that underpin the tissue architectur-
al changes associated with malignancy [48]. Aberrant ex-
pression of miRNA occurs in human chronic lympho-
cytic leukemias, where miRNA signatures are associated
with specific clinical manifestations. miRNAs are also
aberrantly expressed in human breast cancer. The overall
miRNA expression profile clearly separates normal from
cancer tissues, with the most significantly deregulated
miRNAs being miR-125b, miR-145, miR-21 and miR-155.
In breast cancer tissue, miRNAs regulate tumor vascular
invasion [49]. Intravasation of tumor cells into the vascu-
lature and/or lymphatics represents a key stage in cancer
metastases. miR-378 enhances cell survival, reduces cas-
pase-3 activity, and promotes tumor growth and angio-
genesis by attenuating the expression of suppressor of
fused (Sufu), a potential target of miR-378 and Fus-1, a
gene responsible for B-lactamase production by Gram-
negative anaerobic bacteria, but which may have other
functions as well [50].

Human adenocarcinomas commonly harbor muta-
tions in the K-Ras and Myc proto-oncogenes and the
TP53 tumor suppressor gene. All three genetic lesions are
potentially pro-angiogenic, as they sustain VEGF pro-
duction. Interestingly, Kras-transformed mouse colono-
cytes lacking p53 form indolent, poorly vascularized tu-
mors, whereas additional transduction with a Myc-en-
coding retrovirus promote vigorous vascularization and
growth [51]. In addition, VEGF levels were unaffected by
Myc, but enhanced neovascularization correlated with
down-regulation of anti-angiogenic thrombospondin-1
(Tspl) and related proteins, such as connective tissue
growth factor (CTGF). Both Tspl and CTGF are predict-
ed targets for repression by the miR-17-92 miRNA clus-
ter, which is up-regulated in colonocytes co-expressing
K-Ras and c-Myc. miR-17-92 knockdown partly restores
Tspl and CTGF expression. Furthermore, transduction
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of Ras-only cells with a miR-17-92-encoding retrovirus
attenuated Tspl and CTGEF levels. Cells transduced with
miR-17-92, also known as Oncomir-1, formed larger,
better-perfused tumors. These findings establish a role
for the miR-17-92 cluster in non-cell-autonomous Myc-
induced tumor vascular biology [51-53]. More recent
work demonstrates that VEGF regulates the expression
of several miRNAs, including cluster miR-17-92. Trans-
fection of endothelial cells with components of the miR-
17-92 cluster, induced by VEGF treatment, rescued the
induced expression of Tspl and the defect in endothelial
cell proliferation and morphogenesis initiated by the loss
of Dicer [43]. The miR-17-92 cluster composed of seven
mature miRNAs (miR-17-5p, miR-17-3p, miR-18a, miR-
19a, miR-20a, miR-19b and miR-92-1), residing in intron
3 of the C130rf25 gene at 13q31.3, is markedly and fre-
quently overexpressed in lung cancers, with occasional
gene amplification, especially in those with small-cell
lung cancer histology [54].

Genomic estrogen receptor (ER) associates with other
transcription factors such as the activating protein-1
complex, nuclear factor-kB and specificity proteins (Sp)
to modulate ligand-dependent gene expression. Members
of the Sp family of transcription factors exert differential
effects on gene transcription. For example, Spl and Sp4
actas transcriptional activators, whereas Sp3 antagonizes
Spl activation by competing for promoter occupancy.
Spl, Sp3 and Sp4 are overexpressed in tumors and con-
tribute to the proliferative and angiogenic phenotype as-
sociated with cancer cells [55]. Spl, Sp3 and Sp4 are ex-
pressed in a panel of ER-positive and ER-negative breast
cancer cell lines and are subject to the regulation by miR-
27a, which is also expressed in these cell lines and has
been reported to regulate the zinc finger ZBTB10 gene, a
putative Sp repressor. Experimental down-regulation of
miR-27a using an anti-sense approach increased the ex-
pression of ZBTB10 mRNA and decreased the expression
of Spl, Sp3 and Sp4 at the mRNA and protein level, and
also decreased activity in cells transfected with con-
structs containing Spl and Sp3 promoter inserts. Such
responses were accompanied by decreased expression of
Sp-dependent survival and angiogenic genes, including
survivin, VEGF, and VEGF receptor 1 [55]. Thus, miR-
27a supports angiogenesis in the context of breast can-
cer.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is
the eighth human herpesvirus. Its formal name accord-
ing to the International Committee on Taxonomy of Vi-
ruses is HHV-8. This virus causes Kaposi’s sarcoma, a
cancer commonly occurring in AIDS patients, as well as
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primary effusion lymphoma and some types of multicen-
tric Castleman’s disease. KSHV-encoded miRNAs di-
rectly contribute to the pathogenesis by down-regulation
of Tsp1, a major regulator of cell adhesion, migration and
angiogenesis [56]. The study of gene expression profiling
in cells stably expressing KSHV-encoded miRNAs has
identified a set of 81 genes whose expression is subject to
control by miRNAs. For three of these genes, character-
ization of miRNA-dependent regulation led to the obser-
vation that protein levels of Tspl were decreased >10-
fold. Tspl is known to be down-regulated in Kaposi sar-
coma lesions and functions as a potent tumor suppressor
and anti-angiogenic factor, exerting its anti-angiogenic
effect in part by activating the latent form of TGF-p.
Attenuated Tspl expression in the presence of viral
miRNAs translated into decreased TGF-1( activity dem-
onstrating that TGF-f function is subject to miRNA con-
trol [56].

A homeobox is a DNA sequence found within genes
that are involved in the regulation of patterns of develop-
ment or morphogenesis in animals, fungi and plants.
Genes that have a homeobox are called homeobox genes
and form the homeobox gene family. The most studied
and the most conserved groups of homeodomain pro-
teins are the Hox genes, which control segmental pattern-
ing during development; however, not all homeodomain
proteins are Hox proteins. The homeobox gene GAX in-
hibits angiogenesis and induces p21(WAF1/CIP1) ex-
pression in vascular endothelial cells. GAX activates
p21(WAF1/CIP1) through multiple upstream AT-rich se-
quences [57]. miR-130a regulates the angiogenic pheno-
type of vascular endothelial cells largely through its abil-
ity to modulate the expression of GAX and HOXA5 [58].
HOXAS is anti-angiogenic and regulates vascular pat-
terning [59].

Vascular Diseases

miRNAs represent a new therapeutic target for the
treatment of proliferative vascular diseases such as ath-
erosclerosis, restenosis after angioplasty, transplantation
arteriopathy and stroke. The first evidence describing a
role of miRNAs in vascular disease originated from mi-
croarray analyses demonstrating that miRNAs are aber-
rantly expressed in the vascular walls after balloon in-
jury [52, 60]. Modulating an aberrantly overexpressed
miRNA, miR-21, via antisense-mediated knockdown, at-
tenuated neointimal lesion formation. In vitro, miR-21
expression in dedifferentiated vascular smooth muscle
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cells was higher than that in freshly isolated differenti-
ated cells. Depletion of miR-21 resulted in decreased cell
proliferation and increased cell apoptosis in a dose-de-
pendent manner. miR-21-mediated cellular effects were
further confirmed in vivo in balloon-injured rat carotid
arteries. PTEN and Bcl-2 are involved in miR-21-medi-
ated cellular effects.

miRNAs are also directly implicated in mechanisms
by which the +1166 A/C polymorphism can lead to in-
creased angiotensin II (AnglI) type 1 receptor (AT1R)
densities and possibly cardiovascular disease [61]. The si-
lent polymorphism (+1166 A/C) in the human AT1R gene
has been associated with cardiovascular disease, possibly
asaresult of enhanced AT(1)R activity. Because this poly-
morphism occurs in the 3"-UTR of the human AT1R
gene, the biological importance of this mutation has al-
ways been questionable. Recently, it has been observed
that a +1166 A/C polymorphism occurs in a cis-regula-
tory site which is recognized by miR-155. When the +1166
Callele is present, base-pairing complementarity is inter-
rupted, and the ability of miR-155 to interact with the
cis-regulatory site is decreased. As a result, miR-155 no
longer attenuates translation as efficiently. Mature miR-
155 is abundantly expressed in the same cell types as the
ATIR (e.g. endothelial and vascular smooth muscle).
Down-regulation of miR-155 expression in human pri-
mary vascular smooth muscle cells induced endogenous
human ATIR expression and AnglI-induced ERK1/2 ac-
tivation [61]. Compared with that of Wistar-Kyoto rats,
miR-155 expression was decreased in the aorta of adult
spontaneously hypertensive rats and is negatively corre-
lated with blood pressure, suggesting that miR-155 is pos-
sibly involved in the development and pathologic prog-
ress of hypertension. miR-155 expression is significantly
lower in the aorta of 16-week-old spontaneously hyper-
tensive rats than in age-matched Wistar-Kyoto rats. Fur-
thermore, miR-155 expression is negatively correlated to
blood pressure. miR-208 expression in the aorta is also
negatively correlated with blood pressure as well as age
[62]. Whether age-dependent changes in miR-208 ex-
pression in the rat aorta influence blood vessel develop-
ment in the aged remains an open question at present.

miRNA Regulation of Stem Cell Biology

Stem cells in the blood and the vessel wall have the
ability to repair endothelial cells after extensive loss. Stem
cell self-renewal and differentiation are defined by the
dynamic interplay between transcription, epigenetic

J Vasc Res 2009;46:527-540 533



control and posttranscriptional regulators, including
miRNAs, whose key role in stem cell biology is just emerg-
ing [63, 64]. One of the key characteristics of stem cells is
their capacity for self-renewal for long periods of time. In
this respect, stem cells are similar to cancer cells, which
also have the ability to escape cell cycle stop signals. Some
miRNAs are specifically expressed in stem cells, and con-
trol stem cell self-renewal and differentiation via negative
regulation of the expression of certain key genes in stem
cells [65]. miRNAs are implicated in the proper control
of germline stem cell (GSC) division in Drosophila mela-
nogaster. Analysis of GSCs mutant for dicer-1 (dcr-1), the
double-stranded RNasellI essential for miRNA biogen-
esis, revealed a marked reduction in the rate of germline
cyst production. These dcr-1 mutant GSCs exhibit a nor-
mal phenotype but are defective in cell cycle control. On
the basis of cell cycle markers and genetic interactions, it
may be understood that dcr-1 mutant GSCs are delayed
in the GI to S transition, which is dependent on the cy-
clin-dependent kinase inhibitor Dacapo, suggesting that
miRNAs are required for stem cells to bypass the normal
G1/S checkpoint. Hence, the miRNA pathway might be
part of a mechanism that makes stem cells insensitive to
environmental signals that normally stop the cell cycle at
the G1/S transition [66]. In addition, miRNAs signal cell
fate [67] and stem cell phenotype [68].

miRNAs are components of the molecular circuitry
that controls mouse hematopoiesis. In one of the earlier
studies, three miRNAs that are specifically expressed in
hematopoietic cells were identified. The expression of
these miRNAs was dynamically regulated during early
hematopoiesis and lineage commitment. One of these
miRNAs, miR-181, was preferentially expressed in the B-
lymphoid cells of mouse bone marrow, and its ectopic
expression in hematopoietic stem/progenitor cells led to
an increased fraction of B-lineage cells in both tissue cul-
ture differentiation assays and adult mice [69]. Some hu-
man miRNAs are linked to leukemias: the miR-15a/miR-
16 locus is frequently deleted or down-regulated in pa-
tients with B-cell chronic lymphocytic leukemia, and
miR-142 is at a translocation site found in a case of ag-
gressive B-cell leukemia [70]. miRNAs 221 and 222 in-
hibit normal erythropoiesis and erythroleukemic cell
growth via kit receptor down-modulation [71]. miRNA-
155 transduction greatly reduces both myeloid and ery-
throid colony formation of normal human CD34+ hema-
topoietic stem-progenitor cells [72]. In sum, miRNA-
mediated posttranscriptional regulation influences the
development and function of blood cells.
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miRNAs target megakaryocytic transcription factors
and regulate megakaryocytopoiesis. Megakaryocytic
differentiation is associated with down-regulation of
miR-10a, miR-126, miR-106, miR-10b, miR-17 and miR-
20. miR-130a targets the transcription factor MAFB,
which is involved in the activation of the GPIIB promot-
er, a key protein for platelet physiology. In differentiated
megakaryocytes, miR-10a expression is inverse to that of
HOXAL, a direct target of miR-10a [73]. Innoculating
mice with lentiviral vectors encoding target sequences of
endogenous miRNAs has shown that miRNAs are highly
efficient at segregating gene expression among different
tissues. Transgene expression from vectors incorporating
target sequences for miR-142-3p effectively suppressed
intravascular and extravascular hematopoietic lineages,
whereas expression was maintained in non-hematopoi-
etic cells [74]. Bone marrow mesenchymal stem cells par-
ticipate in myocardial repair following myocardial in-
farction. However, their in vivo reparative capability is
limited due to lack of survival in the infarcted myocar-
dium. Adenoviral miRNA targeting CXCR4 plus SDF-1a
blocked the engraftment of mesenchymal stem cells to
the site of injury and compromised neomyoangiogenesis
[75]. These observations underscore the significance of
miRNA-dependent regulation of CXCR4 as well as SDF-
la in influencing neomyoangiogenesis at the site of myo-
cardial infarction.

miRNA-Based Therapeutic Opportunities for the
Treatment of Vascular Disorders

Efforts to biologically validate computationally pre-
dicted target genes for specific miRNAs are in progress.
To examine the regulatory role of small RNAs at the tran-
scriptional level, 21-nt dsRNAs targeting selected pro-
moter regions of human genes, E-cadherin, p21(WAF1/
CIP1) and VEGF, have been designed and synthesized.
Transfection of these dsRNAs into human cell lines
caused long-lasting and sequence-specific induction of
targeted genes [76]. Hypoxia, when modest and sub-ex-
treme, serves as a cue for angiogenesis [77]. miRNAs
seem to have emerged as an important component of that
cue. A significant proportion of the hypoxia-sensitive
miRNAs are also overexpressed in human cancers, sug-
gesting a role in tumorigenesis. Current evidence leads to
the hypothesis that hypoxia-sensitive miRNAs could af-
fect important processes such as apoptosis, proliferation
and angiogenesis. The expression of several hypoxia-sen-
sitive miRNAs are induced in response to hypoxia-induc-
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ible factor activation, thus extending its repertoire of tar-
gets beyond translated genes [78]. Specifically, miR-210 is
hypoxia inducible and supports the angiogenic proper-
ties of endothelial cells by down-regulating its target gene
ephrin receptor A3 [79]. Ephrin receptor A3, also known
as EPHAS3, is a human gene that belongs to the ephrin
receptor subfamily of the protein tyrosine kinase family.
Soluble EPHA receptors are known to inhibit tumor an-
giogenesis and progression in vivo [80]. EPHA3 encodes
a protein that binds EPHA ligands. miR-210 overexpres-
sion in endothelial cells stimulates the formation of capil-
lary-like structures on Matrigel and VEGF-driven cell
migration. Conversely, miR-210 blockade inhibits the
formation of capillary-like structures stimulated by hy-
poxia and decreased cell migration in response to VEGF
[79].

Nitrate-containing compounds have been used for
medicinal purposes for over 150 years. Today, nitric oxide
(NO) is broadly recognized as a major vascular signaling
molecule with functions such as smooth muscle relax-
ation, inhibition of platelet and leukocyte aggregation,
promotion of angiogenesis and attenuation of vascular
smooth muscle cell proliferation. NO influences two key
aspects of O, supply and demand. It regulates vascular
tone and blood flow by activating soluble guanylate cy-
clase in the vascular smooth muscle, and it controls mi-
tochondrial O, consumption by inhibiting cytochrome ¢
oxidase [81]. In the late 1980s, an enzyme that produces
NO from L-arginine was described. In 1990, the first of
such enzymes was purified. Today, NO synthase (NOS;
EC 1.14.13.39) represents one of the best-studied enzymes
primarily because of its impact on health and disease.
NOS catalyzes the production of NO and L-citrulline
from L-arginine, O, and NADPH-derived electrons in
the presence of several specific cofactors and prosthetic
groups such as thiolate-bound heme, FAD and FMN,
calmodulin and Ca?* (for constitutive NOS only), and
(6R)-5,6,7,8-tetrahydro-1-biopterin (tetrahydrobiopterin;
BH4). In mammalian species, three types of NOSs or-
chestrate the production of NO from L-arginine, i.e.
nNOS (neuronal NOS or NOSI), iNOS (inducible NOS or
NOS2) and eNOS (endothelial NOS or NOS3) [82, 83].
The endothelium plays a key role in the maintenance of
vascular homeostasis, and increased oxidative stress in
vascular disease leads to reduced NO bioavailability and
impaired endothelium-dependent relaxation of resis-
tance vessels. NOS3 expression is vital for endothelial
function. Numerous physiological and pathophysiologi-
cal stimuli modulate NOS3 expression via mechanisms
that alter steady-state NOS3 mRNA levels. These mecha-
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nisms involve changes in the rate of NOS3 gene transcrip-
tion and alterations in NOS3 mRNA processing and sta-
bility. Repeats (27 nts) in intron 4 play a cis-acting role in
NOS3 promoter activity. Intron-based miRNAs in NOS3
induce significant gene-specific transcriptional suppres-
sion, which could be an effective negative feedback regu-
lator for NOS3 expression [84]. Soluble CD40 ligand
(sCD40L) is contained in platelet granules and thus its
presence in the blood is a marker of platelet activation. By
interacting with CD40, which is found on endothelial
and smooth muscle cells, sCD40L trigger the release of
inflammatory mediators leading to increased activity of
matrix metalloproteinases and activation of the coagula-
tion cascade. In studies examining the effects and mech-
anisms of sCD40L on endothelial dysfunction in both
human coronary artery endothelial cells and porcine cor-
onary artery rings, it has been noted that sCD40L reduc-
es eNOS levels via mechanisms involving miRNAs [85].
Although down-regulation of the miRNA-processing
enzymes Dicer and Drosha impairs angiogenesis, only a
few specific miRNAs targeting endothelial cell function
and angiogenesis have been identified [86]. miR-221 and
miR-222 block endothelial cell migration, proliferation
and angiogenesis in vitro by targeting the stem cell factor
receptor c-Kit and indirectly regulating eNOS expres-
sion. A pro-angiogenic function has been established for
the miR-17-92 cluster, which promotes tumor angiogen-
esis in vivo. Expression of let7f and miR-27b contributes
to in vitro angiogenesis. miR-126 regulates the response
of endothelial cells to VEGF. This was observed in endo-
thelial cells derived from mouse embryonic stem cells
and in developing mouse embryos. Loss of vascular in-
tegrity and hemorrhage during embryonic development
were noted in response to knockdown of miR-126 in ze-
bra fish. Such angiogenic effects of miR-126 are mediated
by directly repressing negative regulators of the VEGF
signaling pathway such as Sprouty-related protein 1
(SPRED1) and phosphoinositol-3 kinase regulatory sub-
unit 2 [87]. SPREDI negatively regulates VEGF-induced
ERK activation. SPREDs also play an important role in
vascular development by negatively regulating VEGF-C/
VEGFR-3 signaling [88]. Increased expression of SPRED1
or inhibition of VEGF signaling in zebra fish causes de-
fects similar to miR-126 knockdown [87]. In endothelial
cells, miR-126 mediates developmental angiogenesis in
vivo. It enhances the angiogenic functions of VEGF and
fibroblast growth factor as well as promotes blood vessel
formation by repressing the expression of SPREDI. Tar-
geted deletion of miR-126 in mice causes leaky vessels,
hemorrhaging and partial embryonic lethality due to loss
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of vascular integrity and defects in endothelial cell pro-
liferation, migration and angiogenesis. The surviving
subset of mutant animals displays defective cardiac
neovascularization following myocardial infarction. The
vascular abnormalities of miR-126 mutant mice resemble
the consequences of diminished signaling by angiogenic
growth factors, e.g. VEGF and fibroblast growth factor
(89].

Negative regulation of inducible adhesion molecule
expression represents a mechanism by which miR-126
exhibits anti-inflammatory functions. In endothelial
cells, miR-126 negatively regulates inducible VCAM-1
expression. Lowering of miR-126 expression has been re-
ported to enhance TNF-a-stimulated VCAM-1 expres-
sion. Conversely, overexpression of the precursor to
miR-126 increases miR-126 levels and subsequently de-
creases inducible VCAM-1 expression. Functionally, de-
creasing endogenous miR-126 levels increases leukocyte
adherence to endothelial cells [90]. E-selectin, also
known as CD62E, is a cell adhesion molecule expressed
only on cytokine-activated endothelial cells. Like other
selectins, CD62E plays an important role in inflamma-
tion. miRNA constructs to suppress E-selectin expres-
sion productively diminish leukocyte recruitment into
activated endothelial cells [91]. The constructs tested
were composed of miRNAs (miR-E1 and miR-E2) com-
plementary to the human E-selectin cDNA. Delivery of
these constructs to human aorta endothelial cells
(HAEC:) revealed that the E-selectin promoter was suf-
ficiently activated in response to TNF-a, and that miR-
E1 and miR-E2 effectively suppress inducible E-selectin
expression resulting in the significant inhibition of leu-
kocyte adhesion [91].

While most miRNAs are transcribed from their own
dedicated genes, some map to introns of ‘host’ tran-
scripts, the biological significance of which remains un-
known. Intronic miRNAs from tissue-specific tran-
scripts, or their natural absence, make cardinal contri-
butions to cellular gene expression and phenotype. These
tindings also open the door to tissue-specific miRNA
therapy [92]. Prostate cells, naturally devoid of EGF-like
domain 7 (Egfl7) transcripts, are also deficient in miR-
126* generated from splicing and processing of its ninth
intron. Use of recombinant and synthetic miRNAs or a
specific antagomir established a role of miR-126* in si-
lencing prostein in non-endothelial cells. Two miR-126*-
binding sites in the 3’-UTR of the prostein mRNA re-
quired for translational repression have been mapped.
Prostein is a recently described molecule expressed at the
mRNA level in a prostate-specific manner. Transfection
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of synthetic miR-126* into prostate cancer LNCaP cells
strongly reduced the translation of prostein. Loss of
prostein expression was associated with a reduction in
LNCaP cell migration and invasion [92]. Identification
of more specific miRNAs regulating specific aspects of
angiogenesis will help formulate effective strategies to
manipulate angiogenic outcomes through miRNA-based
tools.

miRNA-Based Therapeutic Tools

miRNA-based therapeutics now represents one of the
major commercial hot spots in today’s biotechnology
market space [93]. The discovery of miRNAs as regula-
tors of gene expression has created new options for the
design of therapeutic agents that could modify gene ex-
pression in disease. The ability to modulate miRNA ac-
tivity in vivo may have tremendous impact on disease
therapy and on in vivo research opportunities. The di-
rection towards this has been actually set. There are, es-
sentially, two possible therapeutic approaches: either
overexpression or silencing of the prospective miRNA.
For the former, delivery of corrective synthetic miRNAs
in the form of (siRNA-like) dsRNA will be beneficial. If
a disease phenotype derived from abnormal inhibition
of mRNAs, e.g. due to excessive expression of miRNAs
or shutting down an miRNA, will be positive, oligonu-
cleotides complementary to either the mature miRNA or
its precursors can be designed, so that the miRNAs will
be arrested and will not be able to compliment the target
mRNA. The fundamental properties of these therapeu-
tic oligonucleotides (for either up- or down-regulation of
miRNA activity) will be delivery in vivo, degradation
avoidance, specificity and high binding affinity to RNA.
This can be achieved by modification of the nts, espe-
cially the addition of chemical groups to the 2’-hydroxyl
group, which has been shown to be effective at knocking
down the function of specific miRs. Three forms of
chemically modified oligonucleotides may be used to si-
lence miRNAs [94]. These include 2’-O-methyl-group
(OMe)-modified oligonucleotides, 2’-O-methoxyethyl
(MOE)-modified oligonucleotides, which have higher
affinity and specificity to RNA than their OMe-analogs,
and locked nucleic acid (LNA)-modified oligonucle-
otides (LNA-antimiR), in which the 2’-O-oxygen is
bridged to the 4’-position via a methylene linker to form
arigid bicycle, locked into a C3’-endo (RNA) sugar con-
formation. Recently, striking data demonstrating the
therapeutic power of LNA-antimiR technology have
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been reported in non-human primates. Simple systemic
delivery of unconjugated PBS-formulated LNA-antimiR
potently antagonized the liver-expressed miR-122 in
non-human primates. Acute administration by intrave-
nous injections of 3 or 10 mg/kg LNA-antimiR to Afri-
can green monkeys resulted in uptake of the LNA-anti-
miR in the cytoplasm of primate hepatocytes and forma-
tion of stable heteroduplexes between the LNA-antimiR
and miR-122. This was accompanied by depletion of ma-
ture miR-122 and dose-dependent lowering of plasma
cholesterol. Efficient silencing of miR-122 was achieved
in primates by three doses of 10 mg/kg LNA-antimiR,
leading to a long-lasting and reversible decrease in total
plasma cholesterol without any evidence for LNA-asso-
ciated toxicities or histopathological changes in the study
animals [95].

Specific miRNA silencing is achieved by antisense
targeting. The genetic approaches include knockout of
miRNA genes in mice, mutation of miRNA target sites in
protein-encoding genes and conditional alleles of the
miRNA-processing gene Dicerl,leading to a deficiency in
all mature miRNAs. The non-genetic approaches utilize
the OMe-modified oligonucleotides that go through fur-
ther modifications to be compatible for in vivo delivery.
This method was successfully demonstrated in vivo us-
ing modified oligonucleotides named ‘antagomirs’ [96,
97]. Chemically modified, cholesterol-conjugated single-
stranded RNA analogues complementary to miRNAs,
antagomirs, have been designed. They are synthesized
starting from a hydroxyprolinol-linked cholesterol solid
supportand 2’-OMe phosphoramidites. Antagomirs har-
bor optimized phosphorothioate modifications, require
>19-nt length for highest efficiency and can discriminate
between single nt mismatches of the targeted miRNA.
Degradation of different chemically protected miRNA/
antagomir duplexes in mouse livers and localization of
antagomirs in a cytosolic compartment that is distinct
from processing bodies indicates a degradation mecha-
nism independent of the RNAi pathway. Antagomirs, al-
though incapable of silencing miRNAs in the central ner-
vous system when injected systemically, efficiently target
miRNAs when injected locally into the mouse cortex
[98]. Antagomir treatment is effective in abolishing tu-
mor growth in vivo, specifically in therapy-resistant neu-
roblastoma [99]. Intravenous injection of antagomir-122
decreased miR-122 levels specifically. Antagomir-122 re-
sulted in a complete loss of miR-122 signal, and miR-122
levels were undetectable for as long as 23 days after injec-
tion. Antagomir-16 silences miR-16 in all body tissues be-
sides the brain. Therefore, when using antagomirs, one
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can silence efficiently miRNAs in vivo in almost all body
tissues. In the case of neuroblastoma, silencing miR-122
resulted in changes in cholesterol biosynthesis genes with
down-regulation of HMGCR (3-hydroxy-3-methylgluta-
ryl-CoA-reductase), a rate-limiting enzyme of endoge-
nous cholesterol biosynthesis. Plasma cholesterol levels
were decreased >40% in antagomir-122-treated animals.
Moreover, antagomir injection did not seem to have any
toxic effect. These lines of evidence validate the efficacy
of antagomirs in vivo and should facilitate future studies
to silence miRNAs for functional analysis and in clini-
cally relevant settings.

Another form of modified oligonucleotides, 2’-MOE
phosphorothioate-modified antisense oligonucleotide
(ASO), has also been successful in the silencing of
miRNAsin vivo [100]. Using this approach, miR-122 was
successfully silenced by mere intraperitoneal injection of
ASO. Verification of miR-122 silencing was proven by
the increase in mRNA levels of four target genes of miR-
122. No target mRNA changes were observed in mice
treated with control ASO demonstrating specific inhibi-
tion of miR-122 activity in the liver. This study has taken
another step forward by applying this technique in a dis-
ease model of obesity in mice. C57BL/6 mice fed a high-
fat diet for 19 weeks were treated with miR-122 ASO.
Blocking miR-122 resulted in a 35% decrease in plasma
cholesterol levels compared to control mice, although
the authors explained that there was a maximal relief
threshold from the effect of silencing miR-122. Over-
expression of miRNAs in vivo can be achieved [101].
pre-miR-1 plus flanking sequence was subcloned into
-MHCclone26 or -MHCclone32 vectors and introduced
into mice. Northern blots of the transgenic mice con-
firmed that they expressed miR-1. Next, Western blots of
transgenic heart were performed. A significant decrease
in Hand2 protein levels compared with non-transgenic
littermates was observed, with no change in mRNA lev-
els of Hand2. These observations confirmed that Hand2
is an miR-1 target in vivo and that up-regulation of a
single miRNA using its precursor can elevate specific
proteins levels.

Targeting non-coding genes such as miRNAs, which
have the capacity to regulate large sets of coding genes,
represents the future of gene therapy. Targeting a single
coding gene to obtain desirable clinical outcomes has
generated very modest results primarily limited to dis-
orders caused by a single genetic mutation. Functional
outcomes in vivo are often regulated by a large number
of gene products which act in concert. For example, ex-
cessive delivery of VEGF may not be effective in stimu-
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lating functional angiogenesis and may end up exhibit-

ing adverse outcomes such as enhanced vascular leaki-

ness. Because single miRNAs regulate large sets of gene
clusters, focus on miRNA-directed gene therapy seems

prudent.
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