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Abstract
During development, angiogenesis occurs as a controlled series of events leading to neovascularization that supports changing tissue requirements. 
Several pro- and antiangiogenic factors orchestrate a complex, dynamic process to allow initial sprouting and invasion, subsequent pruning and 
remodeling, and finally maturation and survival of blood vessels. In the last decade, a new class of small RNA molecules termed micro-RNAs (miRs) 
have emerged as key regulators of several cellular processes including angiogenesis. Micro-RNAs such as miR-132, miR-126, miR-296, miR-145, 
and miR-92a have been shown to play pro- and antiangiogenic roles in the vasculature of both endothelial cells and perivascular cells. However, in 
pathological situations such as cancer or inflammation, the same angiogenic signaling pathways and miRs are dysregulated and exploited, typically 
resulting in poorly organized vessels with leaky and tortuous properties. This article is a brief overview of specific miRs that have been reported to 
play a role in the vasculature. The authors explore emerging principles that suggest miRs insulate cellular processes from external perturbations and 
provide robustness to biological systems in the context of angiogenesis.
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Introduction
An adult human has about 1 to 10 × 1012 
endothelial cells lining the blood vessels 
with only about 1 in 10,000 undergoing 
cell cycle at any given time.1,2 This frac-
tion can dramatically increase during spe-
cific physiological requirements such as 
wound healing and tissue repair or patho-
logical conditions such as tumorigenesis. 
The quiescent endothelium resumes an 
active proliferation program that results 
in growth of new blood vessels governed 
by a complex milieu of growth factors 
and signaling networks to generate new 
blood vessels in a process broadly termed 
angiogenesis. Some of these proliferation 
programs and signaling networks are fun-
damental processes that shape the devel-
opment of vasculature in the embryo and 
are reactivated and rewired during patho-
logical neovascularization.3 Although 
pro- and antiangiogenic receptors and 
signaling networks have been well 
characterized, the molecular mechanisms 
that enable the endothelial cells to reverse 
their quiescence and reenter the cell cycle 
rapidly remain poorly understood. In the 
past decade or so, it has become increas-
ingly clear that small noncoding RNAs, 
particularly micro-RNAs (miRs), in the 
genome rapidly respond to stimuli and 

facilitate physiological processes includ-
ing angiogenesis. Emerging evidence 
points to miRs as “agents of robustness” 
that help organisms and cells maintain 
their phenotypes by buffering against 
variations both internal and external. This 
review will focus on a few examples 
from endothelial biology in which the 
role of miRs seems to provide a critical 
threshold to facilitate or inhibit angio-
genic responses.

A Brief Primer on miRs
miRs are small 18- to 25-nucleotide 
sequences most often found in the 
intronic or intergenic regions. They are 
transcribed by RNA polymerase II, pro-
cessed into pri-miRs by an RNAse Type 
III enzyme Drosha, and exported out of 
the nucleus by exportin-5 and then 
cleaved by another RNAse Dicer.4 In a 
process that is not entirely clear, one of 
the strands of the miR duplex selectively 
assembles an miR-induced silencing 
complex (miRISC) involving members 
of the Argonaute protein family (AGO). 
The miR strand then binds to target 
mRNA’s 3′ untranslated regions (UTRs), 
often forming contiguous base-pairing in 
the “seed sequence” between nucleotides 

2 and 10 of the miR and partial base- 
pairing with other nucleotides of the miR. 
This triggers the recruitment of a host  
of other proteins that can modify RNA 
molecules, and the target mRNA is dead-
enylated, decapped, and degraded by 
exonucleases. In general, it is thought 
that miR-mediated repression of transla-
tion contributes to a decrease in protein 
output that often correlates with the 
decrease in mRNA levels of the targets.5

Global Loss of miRs Affects 
Development and Function  
of the Vasculature
The role of miRs in cardiovascular 
development was immediately apparent 
with the generation of Dicer hypo-
morphic mice. These mice had severe 
vascular deformation in the embryo and 
yolk sac and died at E12.5-E14.5.6 The 
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knockdown of both maternal and zygotic 
Dicer in zebrafish also resulted in pericar-
dial edema and lack of proper circulation.7 
Suarez et al8 reported that the knockdown 
of Dicer in human endothelial cells 
affected several critical target genes 
important for endothelial function, sug-
gesting that miR dysregulation impairs 
endothelial biology. Subsequently, selec-
tive ablation of Dicer in mouse endothe-
lium also led to significant defects in 
postnatal angiogenesis in response to a 
variety of stimuli such as growth factors, 
ischemia, and wound healing.9 Recently, 
the same group has shown that deletion 
of Dicer in smooth muscle cells results in 
late embryonic lethality associated with 
extensive internal hemorrhage.10 Induc-
ible, smooth muscle cell specific deletion 
of Dicer in mice postnatally led to a sig-
nificant loss of contractile function, vas-
cular contractile function, smooth muscle 
cell (SMC) differentiation, and vascular 
remodeling.11 Taken together, the pro-
found phenotypes seen upon loss of 
Dicer in the vascular compartment sug-
gest that miRs regulate fundamental 
processes that shape both structure and 
function of the vasculature.

Specific miRs Implicated  
in Angiogenesis
Several excellent reviews have compre-
hensively addressed the different miRs 
that play a role in angiogenesis and car-
diovascular development.12,13 Therefore, 
we will provide a few illustrative exam-
ples of specific miRs and present a broad 
evolutionary perspective on the emer-
gence of miRs as an adaptation to insu-
late cardiovascular systems from external 
stress.

miR-1/miR-133 in  
Cardiovascular Development

miR-1 and miR-133 were among the 
first miRs to be characterized as regula-
tors of muscle proliferation and differen-
tiation both in cardiac and skeletal 
muscles.14 Zhao et al15 showed that 
overexpression of miR-1 in mice results 
in developmental lethality with cardio-
vascular failure due to the dysregulation 

of the transcription factor Hand2. The 
same group followed up with loss-of-
function studies in miR-1-2 knockout 
mice, showing that miR-1 was critical 
for cardiogenesis, cardiac conduction, 
and cell cycle.16 Similarly, miR-133, 
which is co-transcribed with miR-1, has 
been shown to be responsible for regu-
lating cardiomyocyte hypertrophy 
through regulation of target genes such 
as RhoA and Cdc42.17 Interestingly, 
both these miRs have been shown to 
regulate muscle gene expression in 
zebrafish models,18,19 with miR-133 par-
ticularly involved as a negative regula-
tor of appendage regeneration.

miR-143/miR-145 in Vascular  
Smooth Muscle Biology

Several groups have shown miR-143 and 
miR-145 to play fundamental roles in 
vascular smooth muscle cell function.20-23 
These miRs are co-transcribed in response 
to serum response factor and target a net-
work of transcription factors including 
Kruppel-like factor (KLF) genes, Elk1, 
and cytoskeletal proteins to regulate the 
proliferation, differentiation, contraction, 
and migration of smooth muscle cells.24 
Although mice without either miR-145 or 
both miR-143 and miR-145 show normal 
development, they have significantly less 
neointima formation after vascular injury. 
Also, these mice have a decrease in blood 
pressure and enhanced development of 
atherosclerotic lesions. Taken together, 
these observations point to the role of 
miR-143/145 in smooth muscle cell 
responses to insults and injuries in the 
vasculature.

miR-126 as a Regulator of VEGF 
Signaling in the Endothelium

Targeted deletion of miR-126 causes a 
loss of vascular integrity in mice and 
zebrafish during development and leads 
to defective angiogenesis.25 Mice that 
survive the loss of miR-126 during devel-
opment show defective neovasculariza-
tion following myocardial infarction. It 
has been shown that miR-126 inhibits 
sprout-related protein SPRED1, a nega-
tive inhibitor of VEGF signaling.26 

Recent work has shown that blood flow–
induced upregulation of miR-126 by a 
mechanosensitive transcription factor 
Klf2 in endothelial cells activated VEGF 
signaling pathways and led to sprouting 
and remodeling of the aortic arch in 
developing zebrafish.27 These studies 
highlight a unique role for an miR in 
translating physical or mechanical stress 
into a biological response.

miR-132 as a Genomic  
“First Responder” to Activation

miR-132 is encoded on human chromo-
some 17 and is transcribed by the tran-
scription factor cAMP-response element 
binding protein (CREB) in multiple  
cell types.28 We recently characterized 
miR-132 as a key regulator of pathological 
neovascularization that affects endothelial 
activation (Fig. 1) by downregulation of 
p120RasGAP.29 Angiogenic growth fac-
tors such as VEGF, bFGF, and condi-
tioned media from a variety of tumors 
lead to phosphorylation of CREB and 

Figure 1.  Micro-RNA (miR)-132/p120RasGAP 
as an angiogenic switch. miR-132 is upreg- 
ulated by growth factor signaling in endothelial 
cells and downregulates p120RasGAP levels. 
This in turn stabilizes active Ras and amplifies 
endothelial activation leading to angiogenesis. 
VEGF = vascular endothelial growth factor; FGF 
= fibroblast growth factor; MEK = MAP kinase 
or ERK kinase; ERK = extracellular signal-
regulated kinase.
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rapid transcription of miR-132 that 
peaks about 3 to 6 hours after activation. 
Using gain and loss-of-function studies, 
we showed that miR-132 affected endo-
thelial proliferation, tube formation  
in vitro, and both developmental and 
pathological angiogenesis in vivo. We 
were able to demonstrate that there is a  
reciprocal relati	 onship between miR-
132 and p120RasGAP during vascular 
hyperproliferation, including hemangiomas 
and tumor angiogenesis. Lagos et al30 
reported that miR-132 is upregulated 
with similar kinetics and plays a key role 
in lymphatic endothelial cells during viral 
infections. Our observations highlight 
that miR-132 not only is among the early 
response genes in endothelial activation 
but also is a critical regulator of the 
downstream events that control endothe-
lial proliferation, tube formation, and 
angiogenesis in vivo.

miRs That Affect Angiogenic 
Signaling Cascades Indirectly

miR-296 has been shown to be induced in 
brain endothelial cells during glioma pro-
gression.31 miR-296 directly decreased 
the levels of hepatocyte-growth factor 
regulated tyrosine kinase substrate (HGS) 
and indirectly affected the levels of 
VEGFR2 and PDGFRβ by altering their 
trafficking to the cell surface. Hypoxia 
has been shown to trigger miR-424 
expression, which leads to degradation  
of an ubiquitin ligase scaffold protein  
cullin-2. Degradation of cullin-2 prevents 
HIF-1α downregulation and facilitates a  
cascade of proangiogenic signaling.32

miR-17~92 Cluster as  
Intrinsic Antiangiogenic miRs  
in the Endothelium

miR-17~92 is a well-characterized 
group of miRs that are transcribed as a 
single polycistronic RNA. Several stud-
ies have reported that this cluster of 
miRs functions as an oncogene and 
drives key physiological responses dur-
ing development and disease.33 Bonauer 
et al34 first reported that miR-17~92 
cluster is highly expressed in human 
endothelial cells and plays a critical role 

as a negative regulator of angiogenesis, 
partly through targeting the integrin sub-
unit α5. Those investigators also demon-
strated that the loss of miR-92a improved 
functional recovery after myocardial 
infarction and limb ischemia by enhanc-
ing blood vessel growth. miR-17 has 
been proposed as another key antiangio-
genic miR in endothelial cells putatively 
through its targeting of Janus kinase1 
(JAK1).35

This representative list of miRs that 
regulate different aspects of endothelial/
smooth muscle growth and differentia-
tion highlights the biological complexity 
and perhaps redundancy in the myriad 
network of factors that shape the struc-
ture and function of blood vessels. 
Although the presence of pro- and anti-
angiogenic factors has been appreciated 
for decades, it is becoming clear that 
miRs provide a unique layer of checks 
and balances because of their ability to 
alter biological responses both on a 
broader and subtler scale.

miRs as Canalization Factors  
during Development

Decades ago, C.H. Waddington36 intro-
duced the term canalization of develop-
ment to describe genetic robustness/
buffering, where the phenotype of an 
organism is protected from external per-
turbations. Over these decades, we have 
acquired a much better understanding of 
what specific mechanisms confer genetic 
robustness during development and  
disease.37,38 Also, recent work has consid-
erably expanded the repertoire of pertur-
bations that cells and organisms 
experience. For instance, the process of 
angiogenesis is susceptible to various 
external stimuli such as oxygen concen-
trations, growth factor gradients, and the 
presence of inhibitors of angiogenesis. 
There are also internal fluctuations in 
cells that contribute to the variance, such 
as transcriptional activity, gene dosage, 
and leaky transcription. An endothelial 
cell needs to assess these diverse inputs 
and respond appropriately by staying qui-
escent or set off a cascade of programs 
triggering proliferation, migration, and 
tube formation to form a new blood 

vessel. Multiple intrinsic mechanisms 
facilitate this decision making in the 
endothelial cells. First, there are feedback 
and feedforward loops (e.g., Notch path-
ways) that set a threshold for endothelial 
activation. Second, multiple signaling 
networks and integrin pathways (e.g., 
crosstalk between VEGFR and integrinβ3) 
regulate angiogenesis, providing a degree 
of redundancy that ensures responses 
occur only in the right biological contexts. 
Third, genetic and posttranslational 
mechanisms provide an additional layer 
of immunity, preventing small changes at 
the genetic level influencing the fate of 
the quiescent endothelium (e.g., methyla-
tion of promoters of endogenous inhibi-
tors of angiogenesis). In addition to these 
mechanisms, recent evidence indicates 
that miRs provide robustness and buffer-
ing in several processes including angio-
genesis.39 It can be argued that miRs can 
either decrease the residual activation to 
strengthen endothelial quiescence in a 
coherent feedforward loop or ensure the 
appropriate activation by restricting the 
response to a certain range of growth  
factor/nutrient/oxygen concentration in 
an incoherent feedforward loop. These 
highly coordinated networks are often 
disrupted or diverted to promote hyperp-
roliferative responses during pathological 
angiogenesis.

Some of the early evidence for the 
role of miRs in canalization of develop-
ment came from studies in Drosophila. 
miR-1, described earlier as a critical 
regulator of cardiovascular develop-
ment, is expendable for normal muscle 
differentiation in Drosophila but is criti-
cal during the stressful “rapid growth” 
phase.40 The loss of miR-1 appears to 
destabilize the differentiation program, 
making it vulnerable to external pertur-
bations. Similarly, miR-7 functions in a 
complex Notch-EGFR feedback and 
feedforward loop to insulate Drosophila 
photoreceptor determination from tem-
perature fluctuations.41 More recently, 
Staton et al42 demonstrated that migra-
tion of germ cells in zebrafish was buff-
ered from fluctuations of SDF1 
chemokine levels by miR-430. Our 
observations with miR-132 regulation of 
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p120RasGAP suggest the possibility 
that miR-132 might act as a buffer by 
setting the threshold for growth factor 
mediated activation of endothelial cells.

miRs as Modulators of Morphological 
Complexity during Evolution

The circulatory system is one of the first 
organs to develop in an embryo so that 
organogenesis can be sustained with the 
delivery of oxygen and nutrients. During 
early development, blood vessels arise 
de novo from endothelial precursor cells 
(angioblasts) that form primitive capil-
lary networks in a process broadly 
termed vasculogenesis.43 These early 
capillaries can then sprout and branch 
into a capillary network in a process 
often referred to as angiogenesis.44 The 
need to deliver nutrients and oxygen in 
complex multicellular organisms that 
had increasingly dense tissue architec-
ture drove the evolution of vasculature. 
Interestingly, some features of verte-
brate angiogenesis such as tube forma-
tion and sprouting are also seen in insect 
trachea.45 In fact, VEGF orthologs have 
been identified in Drosophila, where 
they play a critical role in blood cell 
migration.46 The vertebrate circulatory 
system gained a degree of complexity by 
the development of a specialized tubular 
system consisting of endothelial cells, 
adding a smooth muscle component to 
the vascular wall and innervation of the 
muscle tissue to place the vascular tone 
under the control of the sympathetic ner-
vous system. Because the acquisition of 
such complexity might coincide with the 
evolution of canalization factors, it has 
been postulated that miRs are active 
modulators of morphological complex-
ity. Indeed, miR genes are continuously 
being added to metazoan genomes, 
whereas there appears to be no discern-
ible loss of miR genes.47 Some of the 
miRs that we described earlier have also 
been discovered in ancient species. For 
instance, miR-132 has been discovered 
in sea lampreys and sharks.48 miR-1/
miR-133 cluster has been identified as a 
co-transcribed miR in deuterostomes.49 
Christodoulou et al50 recently explored 

this in more detail and reported that miR 
evolution and establishment of tissue 
identities were closely interlinked in 
bilaterian evolution. Therefore, it is 
plausible that miRs such as miR-132 
were selected during the course of evo-
lution as modulators of morphogenesis. 
Not surprisingly, mammalian vascular 
and nervous systems, given their com-
mon morphological traits and signaling 
modules,51 also share common miR reg-
ulators including miR-132.28,52

Pathological Angiogenesis 
Recapitulates Developmental 
Angiogenesis
Pathological neovascularization shares 
fundamental mechanisms with develop-
mental angiogenesis at multiple levels, 
including receptor signaling cascades, 
migration, invasion, proliferation, and 
tube formation.53 A developing tumor 
begins to secrete angiogenic factors 
partly in response to hypoxia. This leads 
to the activation of quiescent endothelial 
cells that proliferate, migrate, and estab-
lish a robust capillary network. How-
ever, in contrast to normal vasculature, 
pathological neovascularization in 
tumors results in leaky immature vessels 
with poor pericyte coverage. This phe-
nomenon of a small dormant tumor 
acquiring a vascular network has been 
historically referred to as the angiogenic 
switch.54 The molecular mechanisms 
that drive tumor angiogenesis now 
include a host of miRs that act on differ-
ent cell types and pathways but in the 
end facilitate the establishment of a 
robust vascular network.55 Tumors or 
inflammatory stimuli such as cytokines 
significantly influence angiogenesis by 
transcribing proangiogenic miRs and 
inhibiting antiangiogenic miRs in the 
endothelium, a process that overcomes 
the canalization of angiogenesis. There-
fore, it is likely that restoration of anti-
angiogenic miRs or blockade of 
proangiogenic miRs might potentially 
function in a synergistic manner with 
other therapies by resetting the activa-
tion threshold of the endothelium.

Conclusions
Since the discovery of miRs, we have 
accumulated a large body of knowledge 
about their transcription, processing, 
and expression in tissues and organisms 
during development and disease. Target 
prediction programs and high-through-
put genomics/proteomics methods to 
identify miR targets are being refined. 
Ongoing efforts are focused on under-
standing the functions of different miRs 
in a context-dependent manner. Although 
miRs represent a unique, potentially 
exciting therapeutic agent for targeting 
angiogenesis, uncovering the biological 
role of miRs holds the clues to under-
standing the equilibrium between quies-
cence and activation of the endothelium. 
Such understanding will ultimately  
benefit and inform the development of 
miR therapeutic agents for treatment  
of pathological neovascularization 
across several human diseases, includ-
ing cancer.
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