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Abstract

Cardiovascular diseases represent the highest mortality, morbidity and costs out of any
medical condition in Europe and the US. The endpoint for most of these syndromes is heart
failure, a stage of decompensated cardiac growth and dysfunction which results in lower
cardiac performance. Despite the currently available treatments, the burden of the disease
remains high. Therefore, novel strategies are required for its treatment, and while many
studies have shown that the improvement of microvascular angiogenesis can have positive
effects in the adaptive heart, no biomedical products have been produced yet. In this context,
microRNAs appear as a novel, versatile and amenable platform for gene expression

modulation, promising the ability of ameliorating heart failure or preventing it altogether.

Our group aimed to discover novel microRNAs involved in the regulation of the angiogenic
potential of endothelial cells through a proliferation assay-based screening of a microRNA
inhibitor library. We tested the effects of 753 microRNA inhibitors in human umbilical vein
endothelial cells and evaluated their effects in terms of proliferation induction or repression

through a dual staining for total nuclei (Hoechst 33342) and replicative nuclei/DNA (EdU).

Our results revealed a number of microRNAs, which are capable of drastically changing
endothelial cell proliferation profiles. Among those, we chose to pursue the role of miR-219a-
5p as our group had previously found this microRNA as having a role in the cardiac cells. We
performed proliferation, scratch wound and tube formation assays in order to confirm the
functional role of miR-219 in a human cell line. We observed that overexpression of this
microRNA with a precursor resulted in slight proliferative increase compared to control, while

inhibitor treatment decreased it, confirming the result from our screening.

We were then able to identify manic fringe as a potential target of miR-219, linking this
microRNA to the Notch pathway, and thereby to endothelial cell proliferation and angiogenic
capacity. Further studies will be necessary in order to validate this potential target as well as

clarifying the mechanisms underlying the biological role and relevance of miR-219a-5p.



Resumo

As doencas cardiovasculares representam a condicdo médica com maior mortalidade,
incidéncia e custos na Europa e nos EU. A maioria destas sindromes culmina em insuficiéncia
cardiaca, um estado de crescimento cardiaco descompensado e disfuncional que resulta em
performance reduzida. Apesar dos tratamentos actualmente disponiveis, o fardo da doenca
mantém-se elevado. Consequentemente, novas estratégias sao requeridas e apesar de varios
estudos terem demonstrado que o melhoramento da angiogénese microvascular pode ter
efeitos benéficos no coracdo em adaptacao, ainda ndao ha produtos biomédicos disponiveis
nesse sentido. Neste contexto, os microRNAs apresentam-se como uma plataforma versatil e
modulavel para a alteracdo de expressdo génica, com a promessa de atenuar ou prevenir

insuficiéncia cardiaca.

O nosso grupo pretendia descobrir microRNAs envolvidos na regulagdao do potencial
angiogénico de células endoteliais através de uma selec¢do de uma “biblioteca” de inibidores
de microRNAs baseada num teste de proliferacdo. Testdmos o efeito de 753 inibidores de
microRNAs em células endoteliais da veia umbilical humana e avalidmos os seus efeitos em
termos de inducdo ou repressao de proliferacdo através de um protocolo de colorag¢do dual

para todos os nucleos (Hoechst 33342) e para nucleos/ADN replicativos (EdU).

Os nossos resultados revelaram varios microRNAs cuja inibicao é capaz de alterar o perfil de
proliferacdo endotelial. Entre estes, escolhemos continuar a estudar o papel do miR-219a-5p
uma vez que este ja tinha sido detectado previamente como relevante em células cardiacas.
Efectuamos testes de proliferacdo, migracdo e tubulogénese de modo a confirmar a funcao
do miR-219 em células humanas. Observamos que a sobreexpressdo deste microRNAs com
precursor resultou num aumento da proliferacdo de células endoteliais, relativamente ao
controlo. Similarmente, a inibicdo deste microRNAs resultou na diminuicdao dos parametros

angiogénicos testados, confirmando resultados prévios.

Conseguimos ainda identificar o gene “manic fringe” como um potencial alvo do miR-219,
ligando este microRNAs a via de sinalizacdo “Notch”, e consequentemente a proliferacdo e
angiogénese endoteliais. Estudos posteriores serdao necessarios de forma a validar este alvo
bem como clarificar os mecanismos de accdo inerentes a funcdo bioldgica e relevancia do

miR-219a-5p.



1. Introduction

1.1. Heart Failure
1.1.1. Cardiovascular Pathologies — Epidemiological data

Cardiovascular diseases (CVD) are a group of pathologies pertaining to the malfunction of the cardiac
and/or circulatory systems. Concerns over CVD prevalence and societal impact have been voiced for
a long time, along with calls for research and prevention efforts to be increased. In 1969, the World
Health Organization (WHO) dubbed the disease as “mankind’s greatest epidemic”®. Forty years later,
concerns were still being reiterated, with WHO reinforcing the idea that CVD are a “true pandemic”?.

Nowadays, CVD are still the most predominant cause of death worldwide, in Europe® and the United
States* CVD accounts for approximately 45% of all deaths. Additionally, CVD also make up for the most
prevalent universal morbidity, with an average of over one in three people having cardiovascular
complications®. Cardiovascular diseases are not only the leading cause of mortality globally, but they
are also among the most costly, amounting to nearly four times the costs of cancer. Estimated annual
expenditures for CVD in the US were over 300 billion USD in recent years, including direct costs
associated with the treatment of the disease and indirect costs due to loss productivity*®. In 2014, in
Europe total direct costs for CVD averaged 13 billion euros per country, in six countries assessed.
Additionally, it is estimated that there will be an increase of 20% over the next six years’.

The term CVD comprises a wide range of pathologies, including coronary heart disease (CHD) and
hypertension, which all may lead to heart failure (HF). This condition is characterized by an abnormal
structural, functional, and biochemical remodeling of the heart leading to an inability to deliver
enough blood to meet the metabolic needs of the body.

1.1.2. Cardiac remodelling

The human heart is comprised of different cell types, among which cardiomyocytes (CMs) account for
the larger portion of its mass. Unlike other cardiac cells, CMs mostly lack the ability to proliferate in
the adult organism. Thus, in response to a physiological or pathological stress, CMs usually undergo
hypertrophy. This hypertrophic growth is not necessarily detrimental to the human heart, in fact, it is
required for proper cardiac maturation from birth to early adulthood. Also in situations such as
extreme exercise and pregnancy, a physiological increment in heart size is expected and reversible.
Notably, both systolic and diastolic functions are generally preserved in these forms of cardiac
hypertrophy®. As such, cardiomyocyte hypertrophy is regarded as a very common form of cardiac
remodelling. Cardiac remodelling is broadly defined as the set of morphological and physiological
changes that the heart and its vasculature can undergo, following a stimulus. This process entails a
multi-cellular interplay, including CMs, cardiac fibroblasts, and cardiac endothelial cells (ECs) °.

As CMs, and therefore the heart itself, get larger, their metabolism also changes. The healthy
myocardium requires high levels of intracellular adenosine triphosphate (ATP) to function properly,
but in a hypertrophic heart energy production is not able to meet with the increased need, rendering
the heart energy-starved®®. This energy imbalance leads to a shift from a fatty acid-driven metabolism
to a glucose-reliant state, which is followed by a drastic change in the gene expression profiles of CMs,
namely the upregulation of foetal genes. One of most notorious alterations is the conversion of adult
myosin heavy chain (MHC) to a foetal-like phenotype. Myosin chains form the sarcomere, which are



the motors of contractile cells!. In turn, sarcomere properties determine the type of cardiomyocyte.
Longer sarcomeres are usually a sign of dilated cells while thicker sarcomeres are more prevalent in
classic hypertrophy. Both types of morphology imply impairment of heart function, either by a
decrease in the volume of blood that the left ventricle pumps out in each cardiac cycle (ejection
fraction) or by decrease in diastolic filling of the heart!2.

As previously mentioned, cardiac fibroblasts are also involved in the process of cardiac remodelling.
In a maladaptive hypertrophic heart, fibroblasts receive profibrotic cues and start proliferating and
secreting extracellular matrix more profusely, causing loss of contractibility and expansibility of the
myocardium. Fibroblast-derived growth factors are also actively exported from fibrotic regions to

CMs, potentiating their enlargement®1314,

Endothelial cells are the primary constituents of the cardiac vasculature, forming an internal surface
which is surrounded by either vascular smooth muscle cells (VSMCs) or pericytes, depending on the
calibre of the vessel. In the post-natal life, the development of vasculature can occur through the
branching of pre-existing vessels to form microvessels (angiogenesis), or, more rarely, through the de
novo formation of vessels from stem cells (vasculogenesis)'®. Angiogenesis is a complex process in
which different signalling pathways converge in ECs. In stable adult vessels, ECs are in a quiescent
state until they receive proangiogenic cues that change their behaviour. However, not all ECs are able
respond to such stimuli, only a small subset of ECs is able to sprout in response to angiogenic cues,
thus being known as “tip cells” (TCs)'*. Once a proangiogenic signal is received, TCs loosen their
intercellular junctions and profusely secrete proteases that degrade surrounding matrixes. These
changes confer TCs an increased invasive and motile ability, required for the formation of new blood
vessels. Then, the extension of filopodial protrusions from the TCs initiate a chemotaxic response that
directs the newly formed vessel towards attractive signals in their microenvironment. This process
ends once the TCs connect with a recipient vessel, as their phenotype reverts to that of a quiescent
“stalk cell”?’.

The homeostatic endothelium is mostly composed of stalk cells, which make it anti-inflammatory,
anti-thrombotic, anti-coagulant and anti-proliferative. These properties are achieved by intricate
interplays of several pathways. Nevertheless, the activity of endothelial nitric oxide synthase (eNOS)
is a major intervenient in blood vessel homeostasis. Accordingly, a major hallmark of healthy
vasculature is the high bioavailability of nitric oxide (NO), the product of eNOS activity, in the
endothelium. Normal NO levels are required for the pre-emptive protection against an atherosclerotic
phenotype!®. The transition to the TC phenotype is also regulated carefully, with mainly two other
pathways at its centre. First, the vascular endothelial growth factor (VEGF) is the master regulator of
angiogenesis®. During angiogenesis, VEGF binds to its cognate receptor, activating multiple signalling
pathways such as mitogen-activated protein kinases (MAPKs) and phosphoinositide 3-kinases (PI3Ks),
which in turn promote a proliferative, migratory and chemotaxic phenotype?. Secondly, the Notch
signalling pathway is one of the main controllers of cell fate decisions and is therefore capable of
directing ECs towards either a stalk or tip cell phenotype?..

Cardiac insults can lead a decrease in cardiac function and thus signal for pathological cues that make
the adult human heart compensate the lower blood output by undergoing a hypertrophic response??.
Activated CMs are able to actively secrete VEGF, which augments cardiac microvascular vessel
formation. It is thought that this interplay is meant to placate the increasing oxygen and nutritional
demands of a hypertrophic heart by increasing cardiac irrigation. Nevertheless, the cardiac
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microvasculature has limited angiogenic potential. Consequently, past the threshold when
microvascular angiogenesis is able to support cardiac growth, an imbalance between metabolic
demands and supply favours a pathological phenotype development?. Accordingly, it has been shown
that in mice hearts, following transverse aortic constriction (TAC), there is an increase in blood vessel
per cardiomyocyte ratio and also in VEGF levels. This adaptive change is then followed by a decrease
in both indicators with time, at which point cardiac function is no longer preserved, and HF ensues?*.
Observations in the TAC mouse model also conclude that the crosstalk between cardiomyocytes and
ECs during the early stages of HF accounts for the shift in microvessel phenotype. During the adaptive
phase of cardiac growth, CMs are able to secrete pro-angiogenic cues, such as VEGF and hypoxia
inducible factor (HIF-1a) which support microvascular development. However, repression of these
factors leads to severe impairment of cardiac function and acceleration of HF progression?*. Thus, it is
theorized that abnormalities in myocardial perfusion owed to an angiogenic deficit may be at the very
inception of HF.

Adaptive Cardiac Growth Pathological Cardiac Hypertrophy

T VEGF T Notch pathway l VEGF l eNOS l Notch pathway
Tip cell phenotype Stalk cell phenotype
Angiogenesis induction Angiogenesis repression

Figure 1. Microvascular phenotype switch between adaptive and pathological cardiac remodelling.

Despite the improvement of clinical practices and better outcomes for HF patients in the short term,
around 12% of patients die within 6 months of a myocardial infarction, and long term chronic HF still
affects a significant part of the population®. Given the need for more effective options, since the turn
of the century, more than 150 clinical trials on HF have been completed, with over 5000 still
ongoing® %, Most trials conducted aim to test and approve compounds of varied chemistries to
ameliorate HF symptoms, with the majority acting systemically and with significant side effects?’.
Other therapies include stem cell treatment, whereby the heart’s regenerative capacity is increased
through modulation of endogenous stem cell niches or through autologous graft of cardiomyocyte
differentiated induced pluripotent stem cells (IPSCs). Albeit a promising technology, stem cell options
have failed to deliver in terms of clinical results, so far?.
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In spite of recent findings pointing towards the importance of cardiac microvasculature in HF, there
have not been successful therapies directed at this issue. A decrease in cardiac capillary density,
known as capillary rarefaction, is a hallmark of HF. Therefore it stands to reason that in improving
cardiac microvascular angiogenesis, it might be possible to ameliorate, slow or even prevent the
progression of HF. A number of studies have been conducted in the past two decades highlighting the
potential of angiogenic therapies for patients with vascular disorders. The majority of them have
focused on specific gene therapy aimed at boosting endogenous angiogenic ability through
overexpression of a potent proangiogenic signal such as VEGF or the fibroblast growth factor (FGF).
Despite very optimistic pre-clinical trial data and robust results that prove the efficacy of such
treatments, translational applications have yet to surpass randomized, large scale, double-blind,
placebo-controlled phase Il trials?*32, It is in this context that novel molecular therapies aiming to
modulate gene expression in vivo are taking off. Among the most widespread research lines, the usage
of non-coding RNAs is one of the most promising venues towards HF therapy, given their versatility
and power to modulate gene expression endogenously.

1.2. MicroRNA basics

For decades it has been known that RNA is a highly flexible carrier of biological information, with
messenger RNA (mRNA), ribosomal RNA (rRNA) and transfer RNA (tRNA) comprising the classical RNA
species. A number of breakthroughs and technological advances have, however, improved our
understanding of the subcellular workings of life, thereby shedding light on the enormous functional
versatility of RNA. While non-coding RNAs are no novelty, since the discovery of rRNA and tRNA in the
1950s, it was not until the 1990s, when the existence of microRNAs was acknowledged, that the
regulatory power of RNA was first hinted at3%34,

MicroRNAs (also known as miRNAs or miRs) are small, single-stranded, non-coding ribonucleic acids
approximately 22 nucleotides-long. By association with regulatory proteins and the formation of
functional ribonucleic protein (RNP) complexes, microRNAs are able to modulate gene expression
mostly by interacting with mRNA molecules. Even though the precise rules of microRNA-mRNA binding
are not yet fully understood, it is consensual that the major determinant in mRNA targeting is a
sequence of 6 to 8 nucleotides near the microRNA’s 5’ end, usually termed “seed” sequence, capable
of base pairing with a cognate sequence in the 3’ untranslated region (3° UTR) of the target
transcript®®. There are four types of conserved seeds, each with varying degrees of binding strength
to their target. From higher to lower efficacy of binding, the seed can match the target binding region
from nucleotides: 1 to 8 (8mer), 2 to 8 (7mer-m8), 2 to 7 followed by an A (7mer-Al) or 2 to 7 (6mer)>.
Despite widespread consensus on the importance of the seed sequence, some authors also emphasize

that other regions of the microRNA’s sequence play a larger role in target binding than anticipated®’38,

1.2.1. Nomenclature

At the time of the discovery of the first microRNA species, there was no set of rules specifying how to
name them, thus they were named after their phenotype. For example, the first discovery microRNA,
lin-4, was named for the fact that it directly targets LIN-14 in C. elegans®3. More recent conventions
have, however, established a nomenclature for microRNAs, mostly based on the sequential number
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following their discovery. For instance, if the last published microRNA was miR-219, then the next one
would be miR-220. Typically, this designation is preceded by the species abbreviation from where that
microRNA was identified (i.e. hsa-miR-219 for human; mmu-miR-219 for mouse). Additionally, if
multiple loci encode the same mature sequence of a microRNA, they are distinguished by a digit at
the end (i.e. hsa-miR-219-1; hsa-miR-219-2). However, closely related mature sequences are
distinguished by a letter (hsa-miR-219a; hsa-miR-219b). Moreover, microRNAs are derived from a
hairpin-like precursor, which means the mature sequence could be encoded on the 3’ or the 5’ end of
the hairpin. As such, mature microRNA forms can be named after the arm of the precursor from which
they originate from (i.e. hsa-miR-219-3p; hsa-miR-219-5p). Finally, if one of those forms is known to
be predominantly expressed over the other they can be distinguished through an asterisk instead (i.e.
hsa-miR-219 for the predominant form; hsa-miR-219* for the opposite form)¥.

1.2.2. Categorization and Evolution

MicroRNAs can be broadly categorized according to their genomic location relative to introns and
exons. The complexity of the eukaryote genomic landscape ensures that microRNA classification is not
a trivial matter, as they can be present in either protein coding or non-coding transcripts, be intronic
or exonic and be present in the sense or anti-sense strand in either case’. The expression of
microRNAs present within the sense strand of protein coding genes is thought to be regulated by the
expression profile of the host gene as well as splicing events®**2, It is noteworthy, however, that
microRNA and host gene expression profiles can diverge. Recent studies have found that many
intronic microRNAs are adjacent to transcription regulatory elements, which may account for

independent transcription events*°,

The regulation of some microRNAs encoded within non-coding transcripts, also known as intergenic,
is more debated as sometimes there are no obvious promoter regions adjacent to the transcriptional
unit. Recently, some of these units have been categorized as long non-coding RNAs (IncRNAs). In light
of their innate properties that distinguish them from canonical transcriptional units with highly
conversed patterns, different standards for conservation of functional regions such as promoters have
been called for. Thus, alternative RNA polymerase binding motifs may explain a fraction of IncRNA
expression and thereby microRNAs encoded within. Moreover, RNA polymerase Il is known to
transcribe sequences adjacent to those intended through a “ripple-like” activity, which may account
for the sporadic expression of some microRNAs. It is important to note that claims that the vast
majority of the human genome is “putatively functional” due to the fact that transcriptomic studies
have found that a vast portion is transcribed, are misleading®®. Spurious, pervasive transcription of
large portions of the genome may occur due to the low fitness impact it has to a cell versus the high
cost of fine tuning the process. Furthermore, there is a wealth of accounts of poorly conserved
microRNA species in human. However, conserved microRNAs are more highly expressed than non-
conserved ones. The binding sites in mMRNA molecules for microRNAs are also widely conserved?®. It
has been hypothesized that, through evolution, most poorly conserved microRNAs could be formed
due to chance acquisition of features required for processing. Emerging microRNAs may have not yet
attained sufficient expression levels that lead to a degree of biological relevance consistent with
selective retention in the genome. As such, the vast majority of poorly conserved species should
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disappear in time, as new ones keep emerging. Exceptions are also likely to occur, especially with
reports of poorly conserved species being efficient in modulating target gene expression’. Thus, it is
of paramount importance to ascertain not only the biological function of any microRNA species, but
also its ultimate relevance to the affected pathways.

In addition to their genomic location, microRNAs can be classified into “families” according to their
seed sequences. A family of microRNAs possesses the same binding region which should, theoretically,
enable them to target the exact same transcripts. The expression profiles of different members of the
same microRNA family can be widely divergent, as microRNAs can be spatially and temporally
segregated, being expressed during different times in organism development or in different tissues.
On the other hand, several microRNA species can be encoded in close proximity to one another and
be regulated by the same promoter region. In this case, microRNAs are “clustered” and traditionally
thought to be regulated as a whole. Interestingly, there seems to be a coordination between the
microRNAs present in the same cluster, in terms of the function of their targets, which may suggest a
common origin for different cluster members*®*°. Moreover, through cluster and family coordination,
microRNA function has been shown not only capable of fine tuning biological processes, but also to
be fundamental for embryonic development and homeostasis maintenance. For example, several
members of the clusters 17~92 and 106b~25 share the same highly conserved seeds. Their function
has been shown to overlap, and their knockdown is highly deleterious for lung and heart development
and function®’.

Regardless of the genomic complexity of microRNA circumstances, all of them are subject to standard
transcriptional requirements. While there are several accounts of alternative transcription pathways
being able to express microRNAs®>*!, the majority is transcribed by RNA polymerase Il (RNA pol 11). As
products of RNA pol Il activity, canonical microRNA primary transcripts (pri-microRNA) possess a 3’
poly-adenine tail and a 5’ methylguanosine cap. Structural chromosome conformations and epigenetic
marks such as DNA methylation are also able to regulate the expression of a microRNA gene>?,

Following transcription, a pri-microRNA requires processing in order to become functional. Primary
microRNAs are long, double stranded and contain a stem loop in which the mature microRNA
sequences are embedded®. The main stem loop is flanked by single stranded extensions which
possess conserved motifs required for proper pri-microRNA processing. The microprocessor, a protein
complex composed of Drosha (a nuclear RNase lll-type endonuclease) and its cofactor DiGeorge
syndrome chromosome region 8 (DGCRS8), is responsible for the cleavage of the pri-microRNA single
stranded overhangs, generating the precursor (pre-microRNA) to the mature microRNA, with a 2
nucleotide extension at the 3’ end>*. As with most proteins, Drosha activity is regulated by a number

of pre and post-translational cues and interactions®>’

. Interestingly, Drosha and DGCR8 form a
regulatory system with each other, as DGCRS stabilizes Drosha while Drosha destabilizes the mRNA of
DGCRS8°® (Figure 2). This negative feedback system ensures the maintenance of appropriate levels of
the microprocessor. Moreover, Drosha requires additional factors in order to process certain pri-
microRNAs®>>%0 and recently it has been suggested that IncRNA are also able to interfere with Drosha
function through binding complementarily to target pri-microRNAs®!. Taken together, these
mechanisms represent various layers of regulation over microRNA expression and their exact

mechanisms and relevance must be ascertained.

The pre-microRNAs are exported, via exportin 5, to the cytoplasm where they will be further matured
by Dicer, another RNase IlI-type endonuclease. Together with Dicer, Ago2 and TRBP form a ternary
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complex called “RISC loading complex” (RLC), which is essential for pre-microRNA maturation.®? Once
the pre-microRNA is loaded into the RLC, Dicer usually binds to its 3’ end and is able to cleave the
double stranded pre-microRNA at a fixed distance (around 22 nucleotides from the binding site),
creating a short RNA duplex. If the precursor is too stable, Ago2 may cleave it at the 3’ arm in order to
make it more amenable to Dicer processing®®. Dicer is known to associate with several proteins
containing double strand RNA binding domains (dsRBD) which are thought to facilitate the interaction
with the pre-microRNAs®*%>, The messenger RNA coding for Dicer is itself also a target of microRNA
action, namely let-7. This microRNA is able to repress Dicer expression, again creating a homeostatic

regulatory loop®®’.
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Figure 2. Canonical microRNA biogenesis and mode of action pathway.
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Following Dicer action, the short dsRNA is loaded onto an Argonaut protein (AGO). Due to
thermodynamic stability, the strand which is more unstable at its 5 end will typically become the
guide, while the passenger strand (microRNA*) is quickly degraded. Guide strands starting with a uracil
seem to be favoured by AGO®®® (Figure 2). The process of selection for the guide strand, which will
constitute the mature microRNA, and exclusion of the passenger strand is not very strict. Furthermore,
different AGO proteins have been shown to exhibit different selectivity of guide and passenger
strands’®. As such, it is possible that both strands are selected with similar frequencies and for both
forms of the microRNA to coexist. Moreover, alternative Drosha cleavage can change the typical
composition, and therefore stability, of the pre-miR, which may then lead to different selection of
strands within the same organism, although the total contribution of these mechanisms in humans
has yet to be clarified®°

After selection of the guide strand by AGO and the detachment of the remaining RLC components, the
RNA induced silencing complex (RISC), minimally composed of the mature form single stranded guide
microRNA and Ago2, is formed. RISC is then able to target other transcripts based on the
complementarity of the seed region of its microRNA (Figure 2). Mature microRNAs are generally stable
molecules, with a half-life that may last several hours. Although no universal pathway for microRNA
turnover has been discovered, there are several proteins that have been associated with microRNA
degradation in human?. Still, the mechanisms underlying microRNase activity and microRNA turnover
remain, in most cases, elusive. Other endogenous methods of microRNA regulation have been put
forward, such as microRNA tailing, RNA editing and RNA methylation. However, it has been shown
that microRNAs can be destabilized and degraded when in the presence of artificially synthesized
highly complementary oligonucleotides. This technology has been used to exogenously manipulate

microRNA levels in functional studies’? 7.

1.2.3. MicroRNA mechanism of action

While there are several hypothesized modes for microRNA action’®, the prevailing model emphasizes
the complementarity of the seed with the binding site in a target transcript. In animals, when the
microRNA sequence is completely complementary to its cognate in the target transcript, the transcript
is cleaved by Ago. Most commonly though, if the sequences do not match perfectly, then there is an
activation of the mRNA decay pathways and/or translational repression’®. Translational repression of
target mRNAs may occur through physical inhibition of several steps of the process, while mRNA decay
often starts with decapping and deadenylation, which may occur concomitantly with P-body
sequestration’®’”. The contribution of each process to overall microRNA-induced gene silencing is not
yet fully understood, although some studies seem to indicate that the properties of the 3" UTR of the
target are what determine the path of microRNA action’. Interestingly, microRNA-induced gene
silencing does not always decrease mRNA levels of the target, suggesting that translational repression
acts independently from mRNA decay’.

One of the major issues with the current knowledge on microRNA functional mechanics is the
significant differences between in vivo systems and in vitro replicas often used for such studies. There
are numerous RNA binding proteins that can act synergistically or antagonistically to microRNA in a
complex biological environment®-82, Not only that, other non-coding transcripts, such as IncRNAs, can
also serve as post-transcriptional regulators of both mRNA and microRNA molecules and vice-versa®*~
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8 Thus, more effort needs to be put into properly engaging gene expression modulation networks as
a whole, as opposed to studying individual, isolated molecules in artificial settings.

Given the versatility and widespread action of microRNAs, it is not surprising that there is an increasing
body of literature describing them as key players in homeostatic and pathological development of
numerous organs and tissues®’. For example, in cancer, microRNAs that are particularly involved in
tumour progression have been dubbed “oncomiRs” and they have gained such notoriety that large
efforts have been undertaken in order to categorize cancer types to microRNA expression profiles®°,
In cardiovascular disease, microRNAs have also been gaining recognition as main instigators of cardiac
dysfunction and heart failure progression®3, However, the role of microRNAs in cardiac endothelial
cell health and disease, and their significance for cardiac pathogenesis from an angiogenic perspective

remains to be fully established.

1.3. MicroRNA in microvascular health and disease

Endothelial dysfunction has been associated with various cardiovascular risk factors such as
hyperglycemia, insulin resistance, elevated free fatty acids, dyslipidemia, inflammation, and high
blood pressure®?7. Thus, the notion that endothelial cell dysregulation is at the inception of heart
failure is not a novel hypothesis?®1%t, However, the mechanisms that lead to a pathological endothelial
phenotype, such as accumulation of oxidative damage following shear stress, are now known to also
be modulated by microRNA action.

The mechanical forces that the blood exerts on vessels and the signaling events that ensue are
collectively named “shear stress”. Blood flow can be pulsatile or oscillatory depending on whether it
is pumped rhythmically or irregularly, respectively. A laminar, pulsatile flow is responsible for enabling
the endothelium to keep its anti-proliferative and anti-inflammatory features. Conversely, turbulent
and/or oscillatory blood flow renders the endothelium easily permeable, prone to platelet
aggregation, increases SMC growth and overall dysregulates vessel function and remodeling.
Endothelial cells are sensitive to shear stress and thus are easily affected by blood flow dynamics'%193,
One of the most important pathways contributing to shear stress-mediated endothelial cell behavior
is the regulation of between nitric oxide availability by eNOS. In the heart, this interaction is key to
controlling microvascular remodeling, which determines microcirculation and cardiac tissue
perfusion. Interestingly, recent data shows that microRNAs are also involved in shear stress-mediated

endothelial responses®105,

Transcription factor Krippel-like factor 2 (KLF2) has been shown to be a master regulator mediating
the response of microRNAs to shear stress. Pulsatile flow induces KLF2 expression, which is then able
to downregulate miR-214. This microRNA is a negative modulator of eNOS, ergo, KLF2 is able to
upregulate nitric oxide synthesis'®. In addition, KLF2 regulates several other microRNAs, including
miR-126, miR-30a, and miR-145%217 Among them, miR-126 is endothelial cell specific and can
enhance vascular endothelial growth factor signaling and promote angiogenesis',

On the other hand, some microRNAs are also able repress eNOS and are expected to be upregulated
with oscillatory flow but downregulated with pulsatile flow!% (Table 1), thereby promoting a
pathological endothelial phenotype. In the microRNA cluster 17-921%°, miR-92a is especially interesting
since it can directly target not only KLF2, but also cell cycle-related proteins such as MAP kinase kinase
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4 (MKK4) and KLF41111 Similarly, miR-24 is able to also repress eNOS and p21-activated kinase PAK4
and the endothelial-enriched transcription factor GATA2. The two latter targets of miR-24 are at the
center of multiple intersecting pathways regulating apoptosis, cell migration and cell proliferation.
The in vivo suppression of either miR-92a or miR-24 has been shown to improve not only vascular
function, but also, in the context of cardiac disease, amelioration of heart failure phenotypes following
ischemic injury?*!12, Thus microRNA in an endothelial context are immensely versatile, capable of
inhibiting different pathways that ultimately lead to endothelial loss of fitness and dysregulation.

Other ischemia/reperfusion studies have shown that miR-210 is one of the most differentially
expressed microRNAs in hypoxic conditions, and is also considered to be a valid biomarker for chronic
heart failure!!>1%, The function of miR-210 is, however, debatable. Some groups advocate that this
microRNA is pro-angiogenic and anti-apoptotic, through direct interaction with protein tyrosine
phosphatase, non-receptor type 1 (Ptplb) and ephrin A3 (Efna3) (Figure 3), thereby capable of
improving cardiac function following artery ligation. In contrast, there is also evidence that this
microRNA targets HIF-1a, inhibiting its action with a detrimental response in terms of angiogenesis
under hypoxic conditions®®. Interestingly, HIF-1a has also been proposed as a regulator of miR-210
expression!'®, These diverging results could be a product of different transfection methods and
efficiencies and/or technical bias from the procedures!'>*'7,

Other microRNA species are also known to have profound impact on the cardiac system through
modulation of endothelial cell angiogenic profiles. The inhibition of two recently described
microRNAs, miR-26a and miR-377, has led to the recovery of left ventricular function after ischemic
injury!®11° SMAD family member 1 (SMAD1) and serine/threonine kinase 35 (STK35), are respectively
targeted by these microRNAs, and are both anti-angiogenic factors functioning through impairment
of cell cycle progression (Figure 3)'8120, A similar role in the heart is also exerted by miR-34, where
its inhibition increases capillary density post-myocardial infarction!?. Interestingly, this microRNA is
also a regulator of cardiomyocyte survival and function, suggesting that it bridges the interactions
between microvascular endothelium and the cardiac muscle!?>*?3,

Another well-known endothelial-enriched pro-angiogenic microRNA, miR-126, is a fundamental player
in the maintenance of vascular integrity and function'®®, This microRNA is encoded within the host
gene epidermal growth factor like domain 7 (EGFL-7), which regulates tubulogenesis!?*. MiR-126 is
able to potentiate endothelial pro-angiogenic pathways in multiple axes. This microRNA is able to
directly inhibit sprout-related, EVH1 domain, containing 1 (SPRED1), which is an inhibitor of the
extracellular regulated MAP kinase (ERK), and thus prevent its anti-angiogenic action. miR-126 is also

125127 Recent findings

a potent anti-apoptotic factor through regulation of the PI3K/Akt pathway
report a decrease in circulating levels of miR-126 after myocardial infarction, and correlate miR-126

expression profiles to cardiac function indexes, suggesting a vital role of miR-126 in the heart (Figure
3)125,128.
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Figure 3. MicroRNA pathways affecting endothelial cell function and microvascular development. In the injured heart,
endothelial cells are exposed to pathological stimuli such as hypoxia and abnormal shear stress. In response, endothelial cells
change their gene expression profiles through microRNA action. The represented pathways are further discussed in the body
of the text.

Several other microRNAs were reported to display differential expression and have biological
relevance in ECs when exposed to different types of stress, such as alterations in the blood flow,
inflammatory response, hyperglycaemia, and hypoxia (Table 1). While the significance of such findings
to the regulation of cardiac microvasculature has not yet been established, one can speculate that
many of these microRNAs may also play a role in the remodelling of the injured heart by impacting on
EC function.
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Table 1. Functional microRNAs in endothelial cells exposed to pathological stimuli prevalent in cardiovascular diseases.

MicroRNA Targets Pathological Stimuli Model Effect
miR-10a MAP3K7 Dysregulated Flow HAEC Anti-inflammation!2®
TRC Inflammation
miR-15a FGF2 Ischemia Murine Anti-angiogenic13°
VEGF Hindlimb
miR-15b/16 TNFa/SOCS3* Hyperglycemia REC Anti-apoptotic31.132
miR-17-3b ICAM1 Inflammation HUVEC Anti-inflammation?133
miR-19a CCND1 Dysregulated Flow HUVEC Anti-proliferation1%4
miR-19/221/222 PGC-1a Inflammation HAEC Pro-apoptotic!34
miR-21 PTEN Dysregulated Flow HUVEC Anti-inflammation13%
Anti-apoptotic
miR-21 PPARa Dysregulated Flow HUVEC Pro-inflammation13¢
miR-23 E2F1* Dysregulated Flow HUVEC Anti-proliferation?3’
miR-27b DIll4/Notch* Ischemia Murine Ml Pro-angiogenic!38
PPary* Inflammation Murine
Hindlimb
miR-31 E-SELE Inflammation HUVEC Anti-inflammation?33
miR-92 KLF2 Dysregulated Flow HUVEC Anti-angiogenic!©
Pro-inflammation
miR-100 mTOR Ischemia Murine Anti-angiogenic!3?
Hindlimb
miR-101 Cul3 Ischemia HUVEC Pro-angiogenicl40
miR-101 mTOR Dysregulated Flow HUVEC Anti-proliferation14!
miR-106b-25 PTEN Ischemia Murine Pro-angiogenicl42
Hindlimb
HUVEC
miR-107 Dicerl Ischemia MCAO mice Pro-angiogenic!43
HUVEC
miR-126 VCAM1* Inflammation HUVEC Anti-inflammation!4
miR-132/212 Rasal Ischemia Murine Pro-angiogenic!45146
Spred1 Hindlimb
Spryl
miR-155 AT1R Ischemia MCAO mice Anti-angiogenicl47.148
VEGFR2
miR-155 AT1R Inflammation HUVEC Anti-inflammation14°
Etsl Anti-angiogenic
miR-200c ZEB1 Ischemia Murine Anti-angiogenicl>°
Hindlimb
miR-221/222 Etsl Inflammation HUVEC Anti-inflammation14°
miR-223 RPS6KB1 Ischemia CMEC Anti-angiogenic!>!
miR-365 Bcl2 Inflammation HUVEC Pro-angiogenics2
Anti-inflammation
miR-424 Cul2 Ischemia HUVEC Pro-angiogenic!s3
miR-663 KLF4 Dysregulated Flow HUVEC Pro-inflammation>4
CEBPB
ATf3

MAP3K7= Mitogen-Activated Protein Kinase Kinase Kinase 7; TRC=Transfer RNA-Cys; FGF2=Fibroblast Growth Factor 2; VEGF=Vascular Endothelial Growth
Factor; TNFa=Tumor Necrosis Factor alpha; SOCS3=Suppressor Of Cytokine Signalling 3; ICAM-1=Intercellular Adhesion Molecule 1; CCDN1=Cyclin D1; PGC-
la=Peroxisome proliferative activated receptor, Gamma, Coactivator 1 alpha; PTEN=Phosphatase and Tensin homolog; PPARa=Peroxisome Proliferative Activated
Receptor alpha; E2F1=E2F transcription factor 1;DIll4=Delta-Like 4; PPARy=Peroxisome Proliferative Activated Receptor gamma; E-SELE=E-Selectin; KLF2=Krippel-
like factor 2; mTOR=mechanistic Target Of Rapamycin; Cul3=Cullin 3; Dicerl=Dicer ribonuclease 1; VCAM1=Vascular Cell Adhesion Molecule 1; Rasal=RAS p21
protein activator 1; Spred1=Sprouty-related, EVH1 domain containing 1; Spryl=Sprouty RTK signalling antagonist 1; AT1R=Angiotensin Receptor 1;
VEGFR2=Vascular Endothelial Growth Factor Receptor 2; Ets1=ETS proto-oncogene 1, transcription factor; ZEB1=Zinc finger E-box Binding homeobox 1;
RPS6KB1=Ribosomal Protein S6 Kinase, Polypeptide 1; Bcl2=B-cell CLL/lymphoma 2; Cul2=Cullin 2; KLF4= Krippel-Like Factor 4, CEBPB=CCAAT/enhancer
binding protein beta; ATf3= activating transcription factor 3; HAEC=Human Aortic Endothelial Cells; REC=Retinal microvascular Endothelial Cells; HUVEC=Human
Umbilical VVein Endothelial Cells; MCAO= Middle Cerebral Artery Occlusion.
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2. Experimental Rationale
2.1.  Project Objectives

The contribution of angiogenesis to the development of cardiac disease is often overlooked. With this
project we meant to shed light on endothelial-specific molecular factors and pathways that may affect
microvascular response to stress and ultimately play a role in modulating the angiogenic properties of
cardiac ECs. MicroRNAs present themselves as potent and versatile regulators of cell fate and
behaviour. Thus our research focused mostly on microRNA regulatory mechanisms of endothelial
function.

Therefore we aimed to:

a) Develop and optimize a screening protocol to assess microRNA involvement in proliferation
of ECs in vitro.

b) Discover novel microRNAs involved in the regulation of the angiogenic potential of endothelial
cells.

2.2.  Experimental Design

In vivo assessment of vessel properties and behaviour is a very costly and time-consuming ordeal. As
such, we opted to perform an in vitro study to obtain preliminary data to be further tested in more
complex models. However, even in vitro, angiogenic function is a complex process that requires
multiple assays to evaluate. Having previously found that proliferation of ECs is often a good indicator
of angiogenic potential, we used this parameter as a surrogate measure. In order to establish a
universal protocol to test the effect of any given anti-microRNA/microRNA mimic in the proliferation
of ECs we designed a system based on cell culture and DNA staining, in a 96-well plate format. Total
DNA was stained with Hoechst 33342 while replicating DNA also incorporated 5-ethynyl-2-
deoxyuridine (EdU), latter marked with a red fluorophore. Ultimately, our result readout relied on
differential fluorophore colouring of proliferative nuclei (Figure 4). The cells were imaged with
epifluorescence microscopy and the different parameters were analysed with the appropriate
software.
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Figure 4. Experimental workflow for the anti-microRNA proliferation screening after seeding of ECs.
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3. Materials and Methods
3.1. Optimization of functional screening protocol for microRNAs with proliferative
effect on endothelial cells
3.1.1. Optimization of the cell growth medium
a) Cell culture, harvesting and seeding

Human umbilical vein endothelial cells (HUVEC — Lonza) were cultured from passage 2 as per the
manufacturer’s instructions. Briefly, cells were incubated at 37 2C, 5% CO», in a 5 CellStar 75 cm? cell
culture flask (Greiner Bio-one) in 10mL of Endothelial Growth Medium 2 (EGM2 — Lonza). Cell growth
medium was refreshed 24h after seeding and every 48h thereafter.

Once cells reached approximately 90% confluency, they were harvested using a trypsin-based method.
Briefly, medium was aspirated and each flask surface was washed with 5mL of Hank’s Balanced Salt
Solution (HBSS - ThermoFisher Scientific) and then exposed to 2.5mL of trypsin-
ethylenediaminetetraacetic acid (T-EDTA - Lonza) for 3 minutes at 372C, 5% CO,. Trypsin activity was
stopped with 2.5mL of trypsin neutralizing solution (TNS — Lonza). The total volume was then taken
into a sterile 15mL tube and the remaining contents of the flask were washed with 5mL of HBSS and
added to the 15mL tube. The cells in suspension were pelleted through centrifugation at 500 RCF
(relative centrifugal force) for 5 minutes. The supernatant was aspirated as before, cells were
resuspended in 1mL of EGM2 and subsequently counted automatically.

Afterwards cells were seeded at a working cell density of 2000 cells per well in a 96-well black, clear,
tissue culture treated plate (BD Falcon) in 100uL of EGM2.

b) Cell transfection with microRNA inhibitors

Cells were left to acclimatize overnight in the incubator, and transfected the following day as follows.
Cell medium was replaced with 75uL of EGM2 per well and the transfection mix was prepared
according to the formula:

A=12.4puL of Endothelial Basal Medium (EBM2 — Lonza) + 0.1uL of 50uM microRNA inhibitor (Exigon)
B=12pL of EBM2 + 0.5l of Oligofectamine (Invitrogen)
A+B=25uL

After preparing reagents A and B, they were homogenized and let repose for 5 minutes. The final
transfection mix (A+B) was let repose for 25 minutes prior to being added to each well. The working
concentration of microRNA inhibitor used was of 50nM per well. Each well was either transfected with
anti-miR-17 or an inhibitor for a scrambled microRNA sequence as a negative control. Transfection
occurred for 24h.

¢) Working medium and EdU incorporation

Transfection was stopped by changing the transfection medium to a specific experimental condition
medium composition (Table 2, Table 3), and incubating for 16h at 37°C, 5% CO,.
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Table 2. Different condition medium compositions used in the first optimization step of the anti-microRNA screening

protocol.

Medium number

1
2
3
4
5
6
7
8
9

A e e
O nnh WNRO

Condition Medium Composition
50uL EBM2
49.5uL EBM2 + 0.5uL FBS
49ulL EBM2 + 1L FBS
45uL EBM2 + 5uL FBS
49uL EBM2 + 1L FGF
48.5uL EBM2 + 0.5uL FBS + 1L FGF
48uL EBM2 + 1L FBS + 1pL FGF
44uL EBM2 + 5uL FBS + 1uL FGF
49uL EBM2 + 1pL VEGF
48.5uL EBM2 + 0.5uL FBS + 1uL VEGF
48uL EBM2 + 1uL FBS + 1uL VEGF
44uL EBM2 + 5uL FBS + 1uL VEGF
48uL EBM2 + 1uL FGF + 1uL VEGF
47.5pL EBM2 + 0.5pL FBS + 1L FGF + 1pL VEGF
47ul EBM2 + 1pL FBS + 1pl FGF + 1plL VEGF
43plL EBM2 + 5uL FBS + 1pl FGF + 1plL VEGF

Table 3. Stock and final concentrations of the components of the condition mediums tested.

Component Stock concentration
FBS 100%

FGF 10ng/uL

VEGF 50ng/uL

EdU 10mM

The final setup of the 96-well plate is indicated
in Figure 5. Each condition was performed in
triplicate.

d) Staining protocol

After 16h in growth medium with EdU, cells
were washed with 3% Bovine Serum Albumin
(Sigma-Aldrich), fixated with 1%
paraformaldehyde for 15 minutes and
permeabilized with 0.5% Igepal in PBS1X for 20
minutes. The labelling of EdU with the
fluorophore Alexa 594 was done with the Click-
IT kit
manufacturer’s instructions.

(Life Technologies) as per the

with 40uL of Hoechst 33342 (5uM, 1:1000 in
PBS, Life Technologies C10339). Preservation
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Figure 5. Experimental setup of the first optimization experiment, testing the
Finally, cells were incubated for 10 minutes effect of different condition medium compositions and the effect of anti-

RO

e

50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EdU in EBM2 (1:1000)
50pL EJU in EBM2 (1:1000)
50pL EAU in EBM2 (1:1000)

Manufacturer
Gibco

Promega
Peprotech

Life Technologies

Anti-Scr Anti-miR 17

EEOOEEE @

®)

OB E @
PR BEE @
PEEEEREE @
PR B E @

miR-17 in the proliferation of endothelial cells.

22

e EE @



medium (10% Glycerol, 1% Gentamycin in PBS) was added to each well afterwards.

e) Image acquisition and analysis

Nikon ECLIPSE Ti epifluorescence microscope was used to acquire the images for the screening
experiments. Excitation wavelengths were 549nm for the EdU staining and 390nm for Hoechst. Five
pictures were acquired per well per wavelength. A 10x magnification was used at all times.

Images were analysed with FlJI software'*®. The number of nuclei was determined based on Hoechst
staining, while the number of proliferative cells was determined based on EdU staining, through a
custom-made macro for particle analysis:

dir = getDirectory("path");
list = getFileList(dir);

for (i=0; i<list.length; i++)
{
if (endsWith(list[i], ".tif"))
{

open(dir + list[i]);
run("Duplicate...", " ");
run("8-bit");
run("Gaussian Blur...", "sigma=2");
setAutoThreshold("Default dark");
getThreshold(lower,upper);
setThreshold(41,255);
run("Convert to Mask");
run("Watershed");
run("Analyze Particles...", "size=30-Infinity show=Nothing display clear

include");
close();
name=getTitle;
IJ.renameResults(name);
close();
1

}

For all wells analysed, mean and standard deviation of total number of nuclei and total number of
proliferative nuclei over 3 replicates was determined. A proliferation ratio was achieved for each
condition after averaging the results of the replicates. Unpaired T-Test with a p value lower than 0.05
was deemed statistically significant.

3.1.2. Synchronization of the cell cycle

The protocol followed was identical to that described in 3.1.1. with the exception that an extra step
was added after point b). After transfecting the cells for 24 hours, they were incubated at 37°C, 5%
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CO,, in starvation medium (EBM2 with 0.1% FBS) for 12 hours, in order to stop proliferation and
synchronize cell cycles.

3.1.3. Optimization of the transfection time

The protocol followed was identical to that described in 3.1.2. with the exception that three 96-well
plates were tested for different transfection times (24h, 48h and 72h). Additionally, the condition
medium compositions tested comprised only the poorest medium (medium 1), an intermediate
medium (medium 2) and the two most enriched mediums (medium 3 and 4) (Table 4). In addition to
the transfection with anti-miR-17, cells were also transfected with anti-miR-19a, anti-miR-126a. An
untransfected condition was also present (Figure 6).
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Figure 6. Experimental setup of the third optimization experiment, testing the effect of different medium compositions, different transfection
times and the effect of anti-miR-17, anti-miR-19a and anti-miR-126a in the proliferation of endothelial cells.

Table 4. Different medium compositions used in the third optimization step of the anti-microRNA screening protocol.

Medium number Working Growth Medium Composition EdU staining

1 50uL EBM2 50uL EdU in EBM2 (1:1000)
2 49.5ulL EBM2 + 0.5uL FBS 50uL EdU in EBM2 (1:1000)
3 43uL EBM2 + 5L FBS + 1pL FGF + 1ul VEGF 50pL EU in EBM2 (1:1000)
4 50uL EGM2 50uL EdU in EBM2 (1:1000)
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3.1.4. Optimization of cell seeding density

The protocol followed was identical to that described in 3.1.3. for the conditions transfected for 24
hours, with the exception that only the two most enriched medium compositions were tested
(mediums 3 and 4, Table 4). Additionally, four different cell seeding densities were tested (2000, 5000,
7500 and 10000 cells per well) (Figure 7).
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Figure 7.Experimental setup of the fourth optimization experiment, testing the effect of
different medium compositions, different cell seeding densities and the effect of anti-miR-
17, anti-miR-19a and anti-miR-126a in the proliferation of endothelial cells.
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3.2.  Functional screening

The final protocol used to screen through the miRCURY LNA™ microRNA Inhibitor Library — Mouse
(Exigon, #190202-2) was the sum of the previous optimization steps previously described. Briefly,
HUVECs were grown until optimal confluency in EGM2 and were then seeded at a density of 5000 cells
per well in all the wells of eleven 96-well plates corresponding to the eleven anti-microRNA plates in
the inhibitor library. Cells were left to acclimatize overnight and were transfected for 24 hours with
5ulL of 1uM stock concentration of microRNA inhibitors. After transfection, cells were starved for 12
hours and then incubated in condition medium (5% FBS, 50ng/mL VEGF and 10ng/mL FGF in EBM2)
with EdU for 16 hours. The cells were then fixated, permeabilized and stained with Hoechst 33342 (all
nuclei) and Alexa 594 (EdU). The imaging process was semi-automated, as the image acquisition was
performed independently by the microscope while the changing of each plate was done manually.
Exposure time for each picture was 100ms. Five pictures per channel, per well were acquired as
previously described.

Image processing was done with ImageG, raw data was treated in Microsoft Office Excel and analysed
with Prism (GraphPad). Total nuclei and proliferative nuclei were counted based on the respective
staining and proliferation ratios were calculated for all conditions.
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3.3.  Screening validation and microRNA functional assessment

Based on the immediate availability of microRNA inhibitors/precursors and previous experimental
data, miR-138-5p, miR-219a-5p, miR-335-5p and miR-1982-3p were selected for further study and
validation of the functional screening. HUVECs were grown and transfected with the precursors to the
listed microRNAs as described in 3.1.1. with the exception that cells were grown in 6-well plates and
the quantities were scaled appropriately to maintain the same reagent working concentrations. The
overview of the protocol used for all assays is displayed on Figure 8.

One extra plate per condition was prepared in the same way for RNA isolation for subsequent
experiments.

3.3.1. Scratch Wound assay

In order to establish reference points for area measurements, the underpart of the wells in a 48-well
plate were scratched with razor to draw two parallel stripes on, per row. Afterwards, 100000
transfected cells were seeded per well, in EGM2, and incubated in standard conditions overnight until
confluent. Each condition was seeded in six replicate wells. The bottom of the confluent wells was
scratched so that a rift was created between two hemispheres of cells. At the moment of the scratch,
the medium on every three replicates was changed to either EBM2 with 5% FBS or EBM2 with 5% FBS,
50ng/mL VEGF and 10ng/mL FGF. For each well one picture was taken right after each scratch and 8
hours later. The distance closed by cell migration was measured as a percentage of the initial gap.

3.3.2. Proliferation assay

For the proliferation assay, 5000 transfected cells were seeded per well in EGM2 and left to acclimatize
and adhere to the 96-well plate. After 5 hours, the medium on each three replicates was changed to
either EBM2 with 5% FBS or EBM2 with 5% FBS, 50ng/mL VEGF and 10ng/mL FGF. EdU was added as
previously described to each well. Cells were left to proliferate in standard conditions for 16 hours.
The fixation and staining protocol was performed as described in 3.1.1. d) and image analysis was
done as described in 3.1.1. e).

3.3.3. Tubulogenesis assay

An artificial extracellular medium (Matrigel — Cornings) was thawed overnight at 4°C and then 50uL
was of the liquid matrix was plated on a 96-well plate prior to the start of the assay. After 1h of
incubation at 37°C to solidify the matrix, cells were seeded in three replicates per condition, 20000
cells per well, in EGM2. After a 16h incubation in standard conditions, each well was analysed for the
formation of vessel-like structures.

26



Precursor Transfection \ /

QOO0
Q0O

000

Proliferation assay Tube formation assay

5000 cells/well 20 000 cells/well

Migration assay ) X 7‘\

100000 cells/well
50uL of Matrigel/well

Growth medium + EdU

Staining 16h Image acquisition
Image acquisition 21h Ohﬁ Scratch wells ‘

Image acquisition

Image acquisition

Figure 8. Overview of the protocols for the functional validation of the microRNA screening for
angiogenic function.

3.3.4. microRNA target prediction and assessment

Functional targets for miR-219a-5p were predicted based on a bioinformatic analysis. First, miRwalk
2.0%®was used to identify target genes predicted by a number of databases. Then, using Targetscan®®’,
we confirmed the number of conserved binding sites in human, mouse and rat for the predicted
targets that were commonly identified by 6 or more databases. From those, we restricted the list by
positively selecting genes that had been previously reported in the literature as having a role in

autophagy and/or cell proliferation.

3.3.5. RNAsolation and gene expression assessment

For the analysis of gene expression, total RNA was isolated with the Direct-Zol RNA MiniPrep kit (Zymo
Research, #R2050-2) through successive washing, purification and centrifugation of the total RNA in a
column binding system. Approximately 20ng/reaction were used to generate cDNA with the with
mMiRCURY LNA™ microRNA PCR, Polyadenylation and cDNA synthesis kit Il (Exiqon, #203301) and
lug/reaction was used for cDNA synthesis with the miScript Il RT Kit (Qiagen, # 218160). gPCR was
performed in duplicate by using both ExiLENT SYBR® Green master mix kit (Exiqon, #203421), for
microRNA quantification, or the miScript Il (Qiagen) kit, for mMRNA amplification. Gene expression was
normalized to either 5S for microRNA or L7 for mRNA.
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4. Results and Discussion
4.1. Proliferation assay protocol optimization

Angiogenic assays are a powerful tool providing valuable information regarding the potential of any
given compound towards vessel health and development. In vitro models are largely imperfect when
compared to the complexity of in vivo assays, however they can provide useful clues as preliminary
data that can be further pursued®*®. The three “classical” in vitro angiogenic assays are the migration,
tube formation and proliferation assays. It would be unfeasible to assess the effect of all microRNA
inhibitors in the library (Exiqon) with all assays, therefore we chose proliferation as a surrogate
measure of overall angiogenic potential. Proliferation assay with EdU incorporation measures DNA
replication, as EdU is an analogue of thymidine and is incorporated during active DNA synthesis. Other
thymidine analogues such as bromodeoxyuridine (BrdU) require DNA to be denaturated in order to
be tagged, making EdU the preferred reagent for this method. Moreover, while cell division itself is
only one of the hallmarks of angiogenesis, the versatility and room for fine-tuning the protocol made
it the most suitable for our purposes. Furthermore, the possibility of adjusting the assay to replicate
it in vivo makes for a more consistent long-term approach®%16°,

Subsequently, our first objective was to develop a standard cell proliferation protocol and analysis so
that the effect of microRNA inhibition would be emphasized. The starting point for this process was
the identification of the optimal condition medium. We tested the effect of 16 different medium
compositions (Table 2) on the proliferation of HUVECs (Figure 9a). Additionally, we set out to also
evaluate the effect of microRNA inhibition in our experimental setup, through impairment of miR-17
and the appropriate scrambled control. MiR-17 is a particularly interesting microRNA in the context
of endothelial proliferation due to a conundrum in the literature regarding its function. Some authors
postulate that this microRNA, widely prevalent in cancer, is pro-angiogenic®>!62, while other studies
refute this hypothesis'®*%* We performed the staining of total nuclei with Hoechst 33342 and of
proliferative nuclei with EdU, in order to calculate proliferation ratios for each condition (Figure 9a,b).

a) Medium Optimization Starvation Optimization Transfection Optimization Cell Density Optimization
2000 cells/well 2000 cells/well 2000 cells/well 2000- 10000 cells/well

Oh 1 Transfection Oh 7 Transfection Oh T Transfection Oh T Transfection

24h + Staining 24h 1 Starvation 24/48/72h 1 Starvation 24h | Starvation
40h 1 Imaging 36h 1 Staining 36/60/84h 1 Staining 36h 1 Staining
52h = Imaging 52/76/100h + Imaging 52h - Imaging

EdU + EdU

b)

Figure 9. Optimization of the protocol for the proliferation assay-based anti-microRNA screening. (a) Workflow of the four
different optimization steps. (b) Representative image of the double staining performed.
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Our results showed that the proliferation ratios in all conditions were above 50% (Figure 10a). As all
conditions exhibited high proliferation values, and the effect of anti-miR-17 could not be appreciated
in any medium (Figure 10c), we suspected that the microRNA and/or medium effect could be masked.
This led us to theorize that the cells were able to easily cope with the 16h incubation in different
mediums due to the fact that they had been previously exposed to EGM2, a very rich medium, for long
periods of time. The cell line in study is very sturdy, with high endogenous proliferative and survival
rates. One way of increasing the time gap between medium changes and also synchronizing cell cycles
is by starving the cells'®>1%, We hypothesised that by introducing a starvation period of 12h we would
be able to decrease proliferation rates and thereby making the effects of medium compositions and
microRNA more evident.

After starvation, proliferation values dropped dramatically (Figure 10b). Additionally, we observed
that inhibition of miR-17 resulted in a decrease in proliferation dependent on medium richness (Figure
10d). The more complete the medium, the greater the effect of the microRNA inhibitor. Thus, our
findings were in line with the hypothesis that miR-17 is indeed pro-angiogenic®’. Moreover, the most
enriched appeared to be the optimal for cell proliferation while potentiating microRNA effect analysis.
Therefore, in subsequent experiments we focused on this medium composition (EBM2 with 5% FBS,
50ng/mL VEGF and 10ng/mL FGF), while comparing it with the commercially available EGM2 and also
poorer compositions.
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Figure 10. Optimization of the protocol for the proliferation assay-based anti-microRNA screening. (a & b) Proliferation ratios in anti-
scramble treated conditions for different medium compositions before and after starvation, respectively. Red highlights the most enriched
mediums. (c & d) Proliferation ratios for anti-miR-17 versus anti-scramble treated conditions for enriched medium compositions before and
after starvation, respectively. V=VEGF; F=FGF. *P<0.05, number of replicates = 3. Error bar represents S.E.M. Statistical significance assessed
with unpaired Student’s ttest.

We also planned to find the optimal transfection time for microRNA inhibitor. Our protocol used a 24h

incubation period with the anti-miR and the carrier molecule, but other studies also use longer

transfection periods'®®17°, Thus we tested transfection times of 24h, 48h and 72h. Also, we wanted to

test more microRNA inhibitors to confirm that our protocol is transversal. We decided to impair miR-

19a, which shares the same cluster as miR-17, and miR-126a, an endothelial-enriched microRNA

widely known to be a potent pro-angiogenic factor’*'’2 (Figure 11a).

Overall proliferation values were in line with the previous optimization step, but only for the 24h
transfection. Interestingly, proliferation rates decreased significantly from the shorter to the longer
time points. Additionally, the proliferative phenotype of HUVECs where miR-17/19a were inhibited
was the opposite of what was previously found, with an increase of proliferation above control levels.
Nevertheless, impairment of miR-126a was sufficient to markedly repress proliferation, particularly
with longer transfection times. Another notable consideration is that the levels of control proliferation
in 48h and 72h transfection were very low (around or below 10%) (Figure 11a). It was plausible that a
low endogenous control would skew our results too much, so while we strived to emphasize microRNA
effect on proliferation, we chose to try developing a similar pattern, but with higher baseline
proliferation rates. The fact that there were more cells but decreased proliferation rates led to us to
believe that this was a side effect of higher confluency of the cells in longer transfections versus a
lower cell density in shorter transfections. Thus, we hypothesized that higher cell densities were
capable of reducing the intrinsic proliferative capacity of HUVECs and thereby emphasizing the
microRNA effect. One possible mechanism that could account for this difference is the contact
inhibition model, according to which if cells are already at a high confluency they will upregulate
pathways repressing further growth’3, Thus, it is also possible that the differences observed in the
effect miR-17 inhibition were also due to a shift in overall endothelial phenotype, as miR-17 seems to

be involved in proliferation and cell cycle progress, which are affected by high cell densities’+17>,

For our last optimization step, cells were seeded at different densities in order to check whether that
would impact their proliferation as expected. Indeed, high seeding densities reduced proliferation
significantly when compared to the condition where 2000 cells/well were previously used. However,
it was unexpected that the baseline proliferation rates were considerably lower in this experiment
compared to the previous assays. This result seems to indicate that there can be a large variability
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between independent experiments, or possibly it hints at a technical error not accounted for. Very
high seeding densities (7500 or 10000 cells per well) resulted in extremely low levels of control
proliferation (less than 5%), greatly skewing microRNA inhibition results. Nevertheless, a seeding
density of 5000 cells per well emphasized the largest differences between control and anti-microRNA
action without fully compromising baseline proliferation (Figure 11b). Therefore, our final test
condition consisted of a cell seeding density of 5000 cells per well followed by a 24h incubation with
the transfection solution.
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Figure 11. (a) Proliferation ratios for anti-scramble, anti-miR-17, anti-miR-19a and anti-miR-126a for 5% FBS enriched with VEGF and FGF,
after 24, 48 and 72h transfection. (b) Proliferation rates for anti-scramble, anti-miR-17, anti-miR-19a and anti-miR-126a for 5% FBS enriched
with VEGF and FGF, with varying cell seeding densities. *P<0.05, number of replicates = 3. Error bar represents S.E.M. Statistical significance
assessed with unpaired Student’s t test.

4.2.  microRNA inhibitor screening
We screened through a microRNA inhibitor library (Exiqon) in order to discover novel microRNAs
involved in the modulation of endothelial cell proliferation. The inhibitors in this library were

synthesized to have a locked nucleic acid (LNA) structure. LNA-based oligonucleotides are modified
RNA molecules which possess an extra bond between the 2’ oxygen and the 4’ carbon. This extra
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bridge stops most duplex formation, making the ribose inaccessible, which increases the sensitivity
and specificity of binding of an LNA molecule. As such, it is the preferred technology for microRNA-
based assays, where the importance of the added specificity is essential when working with short
sequences and low endogenous expression levels of many microRNAs!®177,

The protocol followed was derived from the previous optimization experiments in order to magnify
the effect of the inhibition of microRNA molecules (Figure 4, 12a). In each 96-well plate used for the
screening, extra positive (anti-hsa-miR-126a-5p) and negative (anti-Scr) conditions were introduced.
Additionally, an inhibitor against a scrambled sequence was tagged with a green fluorescent probe
and tested in triplicate in a single plate, revealing a high transfection efficiency (Figure 12b). We
obtained information on the effect of the 753 microRNA inhibitor compounds tested on the
proliferation of HUVECs. The screening experiment met several technical issues that undermine the
robustness of our analysis. Most worryingly, we suspect that our positive and negative controls did
not work properly as the proliferation ratios found across these conditions was much higher than
expected, even more so than baseline proliferation ratios of untransfected wells. However, as all 96-
well plates had untransfected conditions, we used those as a pseudo-control in order to account for
inter-plate variability. Moreover, it can be argued that the inhibition of a microRNA that boosts
proliferation values above wild type cells or reduces it the most will be more suitable for further study.
Thus, as the proliferation ratio for different conditions was obtained as an absolute number, that is,
independent from the results of other conditions, only our comparative analysis became more
stringent than previously anticipated when comparing each result to untransfected wells rather than
anti-scramble.

Nevertheless, since the microRNA inhibitor library also included the previously tested inhibitors
against microRNAs 126a, 19a and 17, we were able to find that our results were consistent with those
observed in our optimization steps (Figure 12¢,d). While the effect of the inhibition of miR-17 and miR-
19a does not seem to be highly significant, it still remains above our control proliferation, supporting
the notion that these microRNAs are by default anti-proliferative. On the other hand, despite our
positive control, exogenous to the screening, not working, the inhibition of miR-126a found in the
library resulted in almost 50% decrease of proliferation of wild type cells, confirming the pro-
angiogenic function of this microRNA.

By plotting the proliferation ratios of each microRNA inhibitor tested as a fold variation of control
proliferation one is able to draw several insights (Figure 12e). First and foremost, one can appreciate
which microRNAs are more impactful to proliferation. For example, anti-miR-150-5p and anti-miR-
191-5p are two of the microRNA inhibitors whose action results in a more pronounced induction of
proliferation above control levels, with over twofold increase. Additionally, it is clear that a
disproportionate majority of the anti-miRs tested reduces proliferation, as opposed to those that
stimulate cell division. This pattern can be explained by the fact that many of the mature microRNA
targeted by the inhibitors are not highly expressed in human ECs, rendering the inhibitor non-
functional. However, transfection itself is known to decrease cell fitness, therefore, it is plausible that
for all those microRNA inhibitors without a clear role in HUVECs, the detrimental impact of the
transfection protocol is the cause of the reduced proliferative phenotype observed.

Moreover, raw proliferation ratios are not the only indicator of cell growth that one can derive from
our screening experiment. By plotting the total number of cells (Hoechst positive) versus the total
number of proliferative cells (EdU positive), one can better appreciate the impact that each condition
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has, not only in proliferative ratios, but also in raw cell count (Figure 12f). It is interesting to observe
that some microRNA inhibitors, despite inducing high proliferative ratios, decrease total cell count.
Likewise, some other inhibitors are able to greatly increase the total number of cells but do yield
higher proliferative ratios. This seemingly paradoxical effect can be explained either by technical
reasons, biological phenomena or a combination of both. A different cell seeding density due to
pipetting errors could induce this type of result, as previously mentioned. Similarly, the action of a
microRNA inhibitor that allows for a cell to easily cope with the 12h starvation period could also result
in a higher cell count prior to EdU incorporation, skewing our analysis. Therefore, it is essential that,
in order to pick a good candidate microRNA for further studies, one takes into account the different
cellular dynamics. The overall distribution of each microRNA inhibitor tested is represented and
divided in four quadrants. These quadrants were drawn by extending the average of all control
conditions across the experiment. Thus, microRNA inhibitors in quadrant | are those that are able to
increase total cell count, albeit without significant increase in proliferation ratios; those in quadrant II
are detrimental to both total cell count and proliferation; those in quadrant Il are beneficial to both
features and those in quadrant IV are beneficial to proliferation but some effect causes the total cell
count to drop. An interesting example of this dichotomy is miR-150-5p which boasts the highest
proliferation ratio in the experiment (2.34 fold increase over control) and one of the lowest total cell
counts as well (1109 Hoechst positive cells). This microRNA has been reported to directly inhibit VEGF,
which is an essential growth factor for endothelial cell proliferation and survival, and a major
component of our medium compositions'’®, Additionally, it can also target other pro-angiogenic
factors such as GRB2-associated-binding protein 1 (GAB1) and Forkhead box protein P1 (Foxpl),
further attesting to its anti-angiogenic prowess’. Thus, by inhibiting this microRNA, it is expected
that we have a high increase in proliferation, as observed, and therefore also a high total cell count.
While it is possible that other targets of this microRNA are involved in cell death/survival and thus an
abnormal combination of effects is reached (other reports relating this microRNA to cancer inhibition
support this hypothesis'®182) it is more likely that the low cell count in this particular case is an
experimental artefact and an aberration.

Other microRNAs, however, induce the expected phenotype, such as members of the let-7 family
(Figure 12f). This large family of microRNAs is known to be pro-apoptotic and anti-proliferative, thus
being very relevant in the context of cancer research!®8, Therefore, it is expected that upon its
inhibition cell survival and mitosis are upregulated, as we can appreciate in our results where we find
six members clustered together in quadrant IIl.

One of the more interesting results pertains to a microRNA that was also found in another screening
previously performed by our group in order to find autophagy-related microRNAs. Inhibition of miR-
219 was found to markedly increase autophagy in cardiomyocytes. There is a large body of evidence
showing the inverse correlation between cell proliferation and autophagy regulation®:18, Since our
results show that inhibition of miR-219 causes proliferation decrease (Figure 12e) they are, therefore,
in line with the autophagy-related findings. Thus, we hypothesize that miR-219 might be involved in
either or both of these pathways and decided to further assess its functional properties in endothelial
cells.

Ultimately we decided to validate our results by repeating the proliferation assay for several microRNA
and complementing them with other functional angiogenic assays.
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Figure 12. Functional proliferation screening of microRNA inhibitors on HUVECs. (a) Protocol overview. (b) [Transfection efficiency]
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4.3.  Functional validation of the screening

We selected 18 microRNA inhibitors from our screening and repeated the proliferation assay as
described, in order to confirm our results (Figure 13a). We calculated the proliferation value
normalized to each plate’s control for each condition in order to better compare the inter-experiment
groups. The overall trend (pro or anti-angiogenic effect) was not very robust, as all of the microRNA
inhibitors caused a pro-angiogenic phenotype in our validation assay. This is explained by a technical
error since the final concentration of VEGF used was five times what had been used in our previous
experiments, thus markedly increasing proliferation rates. Another reason why some of the results
may be highly variable is the fact that for microRNAs which are endogenously expressed at very low
levels (marked with *), the effect of their inhibition is by default extremely volatile. Interestingly, we
were also able to determine that on this experiment, the inhibition of miR-150-5p did retain the
expected high proliferation ratio and also a high total cell count, confirming our hypothesis that the
low cell count previously observed was the product of a technical error and not the effect of the
microRNA inhibitor itself.

The next logical step was to select a few microRNAs of interest based on the results of the screening
and further validate them functionally through assessment of other angiogenic properties influenced
by the modulation of microRNA levels. Due to logistic and resource limitations, we were only able to
select 4 microRNAs, based on the list of those readily available in our laboratory. The microRNAs
selected were: miR-138-5p, miR-219a-5p, miR-335-5p and miR-1982-3p. The cellular role of miR-219-
5p was first hinted at in the autophagy screening performed by our group, as previously mentioned.
We also chose miR-1982-3p because it is not expressed in human cells, therefore serving as a negative
control. Finally, miR-138-5p and miR-335-5p were found to be moderately anti and pro-proliferative
respectively, in our screening and could potentially serve to further confirm the quality of proliferation
measurement as a surrogate for angiogenic potential. We transfected HUVECs with precursors of the
aforementioned microRNAs and then performed proliferation, scratch wound and tube formation
assays. The angiogenic assays were performed in the same conditions as the screening, with the clear
difference that microRNA precursors, not inhibitors, were used this time. First we confirmed
transfection through qPCR and observed high upregulation of all microRNA precursors tested (Figure
13b). In the proliferation assay (Figure 13c), as expected, overexpression of miR-219-5p resulted in
significant increase in proliferation while the overexpression of miR-138-5p resulted in proliferation
decrease. The effects of the pre-miR-335-5p treatment were not significant due to high inter-replicate
variation, but there seems to be a trend towards proliferation increase. Surprisingly, overexpression
of miR-1982-3p caused a significant decrease in cell proliferation. This result attests to the idea that
overexpressing exogenous microRNAs in a cell is not always innocuous, with a risk for potential side
effects. We expected comparable results in the remaining assays, so that overexpression of miR-219-
5p and miR-335-5p would increase migratory and tubulogenic abilities of HUVECs, while miR-138-5p
would antagonize them. However, the scratch wound assay (Figure 13d) and the tube formation assay
(Figure 13e) results were largely inconclusive, with high intra-condition variances. We see, however,
the same phenotypical trends in the scratch wound assay as in the proliferation assay. Further
repetition of the experiment with a substantial increase in replicates could increase the coherence
and robustness of the results, adding more statistical power to their computation. Out of all the
microRNAs tested, miR-219 showed the most promising results, therefore we evaluated its function
further through repetition of the angiogenic assays and also by determining its functional targets.
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Figure 13. Functional validation of the microRNA inhibitor screening. a) Proliferation rates of several microRNA in the screening
experiment in a repetition assay. b) Quantification of qPCR for the microRNAs overexpressed through precursor transfection. ¢, d & e)
Proliferation assay (c), migration assay (d) and tube formation assay (e) quantification (top) and representative pictures of each
condition (bottom). All statistical comparisons are relative to the respective Pre-Scr conditions.*P<0.05, number of replicates = 3. Error
bar represents S.E.M. Statistical significance assessed with unpaired Student’s ttest.

4.4, MicroRNA-219a-5p in angiogenesis

In order to clarify the functional role of miR-219a-5p in human ECs we repeated the angiogenic assays
previously described in Figure 13. All assays were performed in the same manner, with the exception
that for the scratch wound assay another, poorer, medium composition (5% FBS in EBM2 without
growth factors) was also tested. The hypothesis was that, since the phenotype previously observed
was not clear, by having a poorer medium then the potentially pro-angiogenic effect of the microRNA
would be evidenced more easily. Not only that, but alongside overexpression of miR-219 through
precursor, we also downregulated it through transfection with the appropriate LNA-based microRNA
inhibitor, as described before.

We quantified the levels of miR-219a-5p in anti/pre-scramble conditions and anti/pre-miR-219
conditions through RT-gPCR. Our results show that we achieved very efficient downregulation and
overexpression of miR-219, with the microRNA inhibitor and precursor, respectively (Figure 14a).
Proliferation assay results were mostly in line with what we had seen in our screening and functional
validation experiments. For the overexpression of miR-219, we observed a significant increase in cell
proliferation, however, in inhibitor-treated cells we did not see a significant phenotypical change from
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control (Figure 14b). Usually, precursor treatment tends to be much more efficient than inhibitor
treatment with thousand-fold changes from endogenous conditions. However, from our gPCR data
we see that inhibition has also been very efficient, therefore the only possible explanations for the
discrepancy mentioned pertain to human error during the protocol or stochastic biological variance.

The data obtained from the scratch wound assay, however, has proven to be more robust than in our
previous experiment. In rich medium conditions, the effect of the microRNA inhibitor is clear but the
effect of the precursor is masked (Figure 14c). The opposite is true for the conditions in poor medium
(Figure 14d). Our results indicate that inhibitor treatment is capable of decreasing wound closure
percentage relative to control, eight hours after the scratch. Conversely, precursor treatment is
capable of increasing relative wound closure. The complementary phenotype shown in poor and rich
medium conditions can be a consequence of the cells own predisposition for proliferation induced by
each medium. This is, in an enriched medium, HUVECs are easily able to proliferate greatly on their
own, rendering mild pro-angiogenic stimuli undetectable, while evincing the role of anti-proliferative
effects. The contrary would also hold true for poorer medium compositions, which may explain our
results.

In the tube formation assay, our results show an interesting duality. In parameters related with the
length of the vessel-like structures formed there is no apparent significance from either precursor or
inhibitor treatment (Figure 14e). However, in parameters regarding to the nodes where those
branches connect, the effects of both treatments are inducing the expected phenotype: anti-miR-219
decreases total node count while pre-miR-219 increases it. It is possible that physical constraints such
as those imposed by the properties of the matrix where the cells have been embedded or the
dimensions of the well itself are capable of influencing the length of the segments formed. Otherwise,
it is also plausible that the segment length stably reaches a plateau that the range of effect of miR-
219 is not capable of modulating.
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Figure 14. Assessment of the role of miR-219 in angiogenesis. a) Quantification of gPCR data for the inhibitor (left) and precursor (middle)
treatment for miR-219a-5p, with respective melting peaks for each condition (right). b) Proliferation assay quantification of the inhibitor
treated (left) and precursor treated conditions (right). ¢ &d) Migration assay representative figures and quantification of precursor and
inhibitor treatment for miR-219a-5p in enriched medium (c) and poor medium (d). e) Tube formation assay representative figures and
quantification of precursor and inhibitor treatment for miR-219a-5p. f) Quantification of qPCR data for the endogenous levels of miR-219a-
5p in HUVEC and HCMVEC. g) Relative expression of the putative targets of miR-219a-5p after precursor treatment on HUVECs, normalized
to L7. All statistical comparisons are relative to the respective Pre or Anti-Scr conditions.*P<0.05, ***P<0.001, number of replicates = 3.
Statistical significance assessed with two-tailed, unpaired Student’s ttest. Error bar represents S.E.M.

Taken together, our experiments show that overexpression of miR-219 results in a mild pro-angiogenic
effect overall, that is not just limited to proliferation. However, all our results have been drawn from
HUVECs, which are, by nature, markedly different from adult ECs, especially microvascular cells.
Therefore, we investigated the expression prolife of our microRNA of interest in human cardiac
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microvascular endothelial cells (HCMVECs) through RT-gPCR (Figure 14f). Our results show that the
expression of miR-219 in HCMVECs is over 5 times higher than in HUVECs. Therefore, we theorize that
our results will not only be reproducible, but overall more pronounced in cardiac microvascular ECs.

In order to find the underlying mechanism of action of miR-219 we sought to find its direct target
genes. Several bioinformatic tools and open-access databases (TargetScan, mirWalk) were used in
order to narrow the list of potential targets. Ultimately, we arrived at a short list of 6 possible targets,
all of them predicted by at least 6 independent databases and/or algorithms, with known expression
in endothelial cells, at least one widely conserved binding site for miR-219a-5p and almost all of them
with a previously reported role in either autophagy or cell proliferation (Table 5).

Table 5. List of predicted targets for miR-219a-5p. Conservation of binding sites was assessed only for human, rat and mouse.

Number of Number of Proof of Expressed in endothelial
Gene databases conserved cellular
that predictit binding sites function cells
MFNG 10 1 Angiogenesis'® Yes
CD164 9 1* Angiogenesis'® Yes
Angiogenesis!!
PDGFRA 9 1 Autophagy™® Yes
FZD4 9 1 Angiogenesis!® Yes
Angiogenesis!®
SNRK 6 2 Autophagy™® Yes
RORB 7 3* - Yes
ATG14 6 1 Autophagy®® Yes

MFNG = MFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase; CD164 = CD164 molecule; PDGFRA = Platelet derived growth factor
receptor alfa; FZD4 = Frizzled class receptor 4; SNRK = SNF related kinase; RORB = RAR-related orphan receptor B; ATG14 = autophagy related 14

*This gene has more predicted binding sites in human, but not conserved in rat and mouse.

We tested the expression profile of these genes in HUVECs treated with either the precursor of miR-
219a-5p or a scrambled negative control, with RT-qPCR. We were only able to amplify MFNG, FZD4
and SNRK. For these putative targets, the only significant result we observe pertained to MFNG.

Manic fringe (MFNG), along with lunatic fringe (LFNG) and radical fringe (RFNG) belong to a
glycotransferase family capable of post-transcriptional regulation of Notch through glycosylation?®’.
The Notch pathway is one of the most pervasive and widely conserved pathways in metazoans'®. It
has been reported to also be involved in angiogenesis and cardiac development!®. Notch proteins are
transmembrane receptors capable of binding to either of the five ligands of the Delta-Serrate-Lag
(DSL) type (Jag1/2 and delta-like DI11/3/4)®. However, the phenotype that binding to Jag or DIl ligands
induces in ECs is quite opposite. When the DII-Notch interaction is strengthened, the sprouting and
overall angiogenic capabilities of ECs are reduced, whereas the opposite is true for Jag-Notch
interactions®®. Incidentally, fringe proteins control these interactions, thereby being capable of
determining endothelial cell fate. Fringe family members are able to modify Notch in order to promote
DIl binding and weaken Jag binding, thus potentiating an anti-angiogenic phenotype. Consequently,
impairment of fringe proteins is expected to have the opposite effect and induce a pro-angiogenic
phenotype. Thus, we hypothesize that it is through this mechanism that miR-219a-5p is capable of
modulating proliferation and angiogenesis.
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However, when we tested the levels of manic fringe after overexpression of miR-219a-5p we observed
an upregulation, which is the opposite of what was expected (Figure 14g). This result was unexpected,
especially since we see such a strong significance (p=0,00071) for over 10 times overexpression after
precursor treatment. Thus, these results require further confirmation through repetition of the
experiment to confirm their validity. Moreover, western blot should be used in order to determine
the effect of miR-219 on the protein levels of MFNG and assess whether the same trend still holds
true. However, there are a few plausible explanations that can justify the upregulation of this gene
after overexpression of their inhibitor. As previously explained, microRNAs have multiple modes of
action, with the two most common mechanisms being target mRNA cleavage and translational
repression. It is possible that the prevalent mechanism in the case of miR-219a-5p/MFNG interactions
is translational repression, which could mean that the mRNA itself is not signalled for degradation
immediately, thereby accumulating within the cell, while protein levels decrease, however. A
downstream signalling cascade perceiving the lack of MFNG at a protein level could ensue a simple
negative feedback regulatory mechanism to increase manic fringe levels.

Another possible explanation would be the coincidental action of miR-219 over other proteins
interacting with MFNG. In order to evaluate the validity of this possibility we investigated whether any
of the genes whose protein interacts with manic fringe (Figure 15) has a binding site for miR-219a-5p.
The result of the bioinformatic analysis was negative for all of them, and also for the other members
of the fringe protein family.

IRX6 LHX2

NOTCH3

Figure 15. Predicted protein interaction network surrounding MFNG, from STRING database.

Interestingly, preliminary data from our group suggests that miR-219a-5p is downregulated in heart
tissue after injury. This finding is very much in line with our hypothesis, so that in an injured heart,
downregulation of miR-219 acts through the Notch pathway to downregulate angiogenic capacity in
microvascular endothelial cells. Consequently, the ability of the cardiac microvasculature to cope with
injury is reduced, furthering the heart failure phenotype. We speculate that overexpression of miR-
219a-5p would be beneficial for heart remodelling in the context of cardiac failure after injury.
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5. Conclusions

In the present work we sought to discover microRNAs involved in the regulation of an angiogenic
phenotype in human umbilical vein endothelial cells. For this purpose we have developed a
proliferation assay protocol in order to test the effect of microRNA-based treatments. Our protocol
has shown to be capable of emphasizing the role of microRNAs in HUVECs with relative reproducibility.
It is entirely possible to keep optimizing our assay through, for example, testing other microRNA
inhibitor and precursor concentrations or different chemical composition. However, we believe we
have achieved a satisfactory cost-efficacy ratio between the resources invested in the protocol
optimization and how much more our readout can be perfected. Therefore, future efforts could be
directed towards testing how transversal our assay can be to other small molecule treatments.

Previous studies have raised an interesting conflict in the literature regarding the function of the miR-
17-92 cluster in angiogenesis. On the one hand it is a known oncogenic microRNA, with several groups
advocating that its role is mostly pro-angiogenic!®!%’, On the other hand, several groups have claimed
that this cluster may be anti-angiogenic, exhibiting different functions depending on cellular
context!64201.202 According to the latter observation, we have described how miR-17 is capable of
either decreasing HUVEC proliferation at low cell densities, or also increase it when cells are more
confluent. This hypothesis is plausible given that microRNAs are able to modulate the expression of
numerous target genes concomitantly. Thus, should the expression pattern of its targets shift as a
consequence of exogenous stimuli then opposite effects can actually be appreciated. In accordance

to this idea, a number of observations have noted that miR-17~92 is capable of inducing different

129 Further studies should be

cellular phenotypes regarding cell cycle progression and surviva
conducted in order to confirm that this microRNA cluster is able to cause different phenotypes and if

so, then determine which are the mechanisms underlying the seemingly paradoxical function.

Our main objective, however, was the discovery of previously unreported microRNA in the context of
endothelial cell proliferation. For this purpose we screened a library of microRNA inhibitors and
guantified the effect of each on the total cell count and proliferation ratio of HUVECs. Our results
revealed a number of microRNAs whose inhibition induced a drastic pro or anti-proliferative
phenotype. We may pursue further hits in the future, in search of those that show the same function
in vivo and in the cardiac system.

The finding of miR-219a-5p was one of the interesting results obtained from the screening that
overlapped with the results from a previous autophagy related assay. Our results have shown that this
microRNA is capable of inducing a mild pro-angiogenic phenotype in ECs. Interestingly, this microRNA
is downregulated in the failing heart, but it remains to be determined whether there is any connection
between these findings. If so, future studies would have to determine whether the differential
expression of miR-219a-5p is a consequence or a cause of heart failure. Regardless, we expect that
overexpression on this microRNA might be able to ameliorate a pathological heart phenotype through
increase of microvascularization. Nevertheless, the mechanism through which miR-219 acts still
remains elusive. We have found there to be an interesting correlation between the predicted target
MFNG and overexpression of miR-219. However, we suspect that either technical complications or
rare biological events might be behind the unexpected results. Still, the biological role of MFNG in the
Notch pathway is in line with what we expected to observe from a target of a pro-angiogenic
microRNA. Therefore, we speculate that miR-219 is able to act through the Notch pathway in order to
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increase cell proliferation. Further validation of miR-219 function is required, at RNA level and
especially at protein level. Future studies will aim to clarify the mechanism downstream of miR-219a-
5p and investigate its role in other cell models, such as HCMVECs, where it is more highly expressed
endogenously.

Our study is not, however, without limitations. The usage of HUVECs as a study platform for
endothelial cell function and behaviour is far from being the perfect model. Despite being a stable,
well defined and easy to work with cell type, its biological properties are very much different from

203 Moreover, there are intrinsic limitations to in vitro models, such as

other vascular endothelial cells
the inability to accurately mimic physiological and pathological conditions in the living organism, such
as the effect of shear stress. Therefore, all findings need to be confirmed in other endothelial cell
models. For instance, our laboratory already has access to a Cre-recombinase-based endothelial
specific reporter mouse model?®* to allow imaging of the vascular cardiac remodelling process, which

will undoubtedly be key in pursuing our hypothesis in vivo.

Additionally, further repetitions of our proliferation screening are needed to have a higher statistical
robustness for our results. As previously shown, proliferation-based assays are subject to high
inherent variance, which may be reduced with a greater number of tests. Furthermore, using our
microRNA inhibitor library to test for other angiogenic parameters, such as tube formation and
migration capabilities, might also be desirable as a means to discover potential microRNAs involved in
those processes but without significant function in proliferation itself. Finally, the usage of a mouse
microRNA inhibitor library on a human cell line is also not ideal. Despite a high conservation among a
majority of the microRNA between mouse and human, we have proved that exogenous microRNAs,
such as miR-1982-3p can also induce phenotypical changes in human cells. Consequently, the
acquisition of an up-to-date human microRNA inhibitor library and its assessment in the same fashion
as we have shown here would be best.

Despite these shortcomings, we have been able to produce concrete evidence hinting at a biological
role for miR-219a-5p and mostly completed our proliferation assay which may be further used for
other comparable studies. Our research will thus continue pursuing the role and relevance of miR-
219a-5p in the context of cardiac microvascular phenotype. It is also very likely that other microRNAs
of interest will be subject of future efforts given their result in our screening experiments. Ultimately,
albeit far from perfect, our research is sound and will hopefully contribute to the greater scheme of
the development of biomedical technology to treat cardiovascular diseases.

44



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

6. References

World Health Organization, Regional Office for Europe. The Prevention and Control of Major Cardiovascular Diseases. Report of a
Conference. 1973. Report No. Euro 8214.

Schiinemann HJ, Oxman AD, Brozek J, et al. Grading quality of evidence and strength of recommendations for diagnostic tests and
strategies. Chinese J Evidence-Based Med. 2009;9(5):503-508. doi:10.1373/clinchem.2008.117614.

Townsend N, Nichols M, Scarborough P, Rayner M. Cardiovascular disease in Europe - Epidemiological update 2015. Eur Heart J.
2015;36(40):2696-2705. doi:10.1093/eurheartj/ehv428.

Mozaffarian D, Benjamin EJ, Go AS, et al. Heart Disease and Stroke Statistics—2016 Update: A Report From the American Heart
Association.; 2015. doi:10.1161/CIR.0000000000000350.

Heidenreich PA, Trogdon JG, Khavjou OA, et al. Forecasting the future of cardiovascular disease in the United States: A policy
statement from the American Heart Association. Circulation. 2011;123(8):933-944. doi:10.1161/CIR.0b013e31820a55f5.

Lloyd-Jones D, Adams RJ, Brown TM, et al. Executive summary: Heart disease and stroke statistics-2010 update: A report from the
american heart association. Circulation. 2010;121(7). doi:10.1161/CIRCULATIONAHA.109.192667.

Bernick S, Davis C. The economic cost of cardiovascular disease from 2014-2020 in six European economies. Res Pap Prep
AstraZeneca. 2014;(August). http://www.cebr.com/wp-content/uploads/2015/08/Short-Report-18.08.14.pdf.

Maillet M, van Berlo JH, Molkentin JD. Molecular basis of physiological heart growth: fundamental concepts and new players. Nat
Rev Mol Cell Biol. 2013;14(1):38-48. doi:10.1038/nrm3495.

Heusch G, Libby P, Gersh B, et al. Cardiovascular remodelling in coronary artery disease and heart failure. Lancet (London, England).
2014;383(9932):1933-1943. doi:10.1016/50140-6736(14)60107-0.

Ingwall JS. Energy metabolism in heart failure and remodelling. Cardiovasc Res. 2009;81(3):412-419. doi:10.1093/cvr/cvn301.
Tyska MJ, Warshaw DM. The myosin power stroke. Cell Motil Cytoskeleton. 2002;51(1):1-15. doi:10.1002/cm.10014.
Katz AM, Rolett EL. Heart failure: when form fails to follow function. Eur Heart J. 2015:ehv548. doi:10.1093/eurheartj/ehv548.

Travers JG, Kamal FA, Robbins J, Yutzey KE, Blaxall BC. Cardiac Fibrosis. Circ Res. 2016;118(6):1021-1040.
doi:10.1161/CIRCRESAHA.115.306565.

Pearson TA, Mensah GA, Alexander RW, et al. Markers of inflammation and cardiovascular disease: Application to clinical and
public health practice: A statement for healthcare professionals from the centers for disease control and prevention and the
American Heart Association. Circulation. 2003;107(3):499-511. doi:10.1161/01.CIR.0000052939.59093.45.

Caputo M, Saif J, Rajakaruna C, Brooks M, Angelini GD, Emanueli C. MicroRNAs in vascular tissue engineering and post-ischemic
neovascularization. Adv Drug Deliv Rev. 2015. doi:10.1016/j.addr.2015.05.003.

De Smet F, Segura |, De Bock K, Hohensinner PJ, Carmeliet P. Mechanisms of vessel branching: Filopodia on endothelial tip cells
lead the way. Arterioscler Thromb Vasc Biol. 2009;29(5):639-649. doi:10.1161/ATVBAHA.109.185165.

Herbert SP, Stainier DY. Molecular control of endothelial cell behaviour during blood vessel morphogenesis. Nat Rev Mol Cell Biol.
2011;12(9):551-564. doi:10.1038/nrm3176.

Shu X, Keller TCS, Begandt D, et al. Endothelial nitric oxide synthase in the microcirculation. Cell Mol Life Sci. 2015;72(23):4561-
4575. doi:10.1007/s00018-015-2021-0.

Coultas L, Chawengsaksophak K, Rossant J. Endothelial cells and VEGF in vascular development. Nature. 2005;438(7070):937-945.
doi:10.1038/nature04479.

Adams RH, Alitalo K. Molecular regulation of angiogenesis and lymphangiogenesis. Nat Rev Mol Cell Biol. 2007;8(6):464-478.
d0i:10.1038/nrm2183.

Phng LK, Gerhardt H. Angiogenesis: A Team Effort Coordinated by Notch. Dev Cell. 2009;16(2):196-208.
doi:10.1016/j.devcel.2009.01.015.

Nicoli S, Standley C, Walker P, Hurlstone A, Fogarty KE, Lawson ND. MicroRNA-mediated integration of haemodynamics and Vegf
signalling during angiogenesis. Nature. 2010;464(7292):1196-1200. doi:10.1038/nature08889.

45



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Hudlicka O, Brown M, Egginton S. Angiogenesis in skeletal and cardiac muscle. Physiol Rev. 1992;72(2):369-400.

Sano M, Minamino T, Toko H, et al. p53-induced inhibition of Hif-1 causes cardiac dysfunction during pressure overload. Nature.
2007;446(7134):444-448. doi:10.1038/nature05602.

CenterWatch. Heart Failure Clinical Trials. https://www.centerwatch.com/clinical-trials/listings/condition/281/heart-failure.
Accessed April 29, 2016.

Samman Tahhan A, Vaduganathan M, Kelkar A, et al. Trends in Heart Failure Clinical Trials From 2001-2012. J Card Fail.
2015;22(3):171-179. doi:10.1016/j.cardfail.2015.06.014.

Patel AR, Konstam MA. Recent advances in the treatment of heart failure. Circ J. 2002;66(2):117-121.
doi:http://dx.doi.org/10.1253/circj.66.117.

Terzic A, Behfar A. Stem cell therapy for heart failure: Ensuring regenerative proficiency. Trends Cardiovasc Med. 2016.
doi:10.1016/j.tcm.2016.01.003.

Raval Z, Losordo DW. Cell therapy of peripheral arterial disease: From experimental findings to clinical trials. Circ Res.
2013;112(9):1288-1302. doi:10.1161/CIRCRESAHA.113.300565.

Yin-Shan Ng PAD. Therapeutic angiogenesis for cardiovascular disease. Curr Control Trials Cardiovasc Med. 2001;2(6):49.
doi:10.1186/1749-8090-2-49.

Khurana R, Simons M, Martin JF, Zachary IC. Role of angiogenesis in cardiovascular disease: A critical appraisal. Circulation.
2005;112(12):1813-1824. d0i:10.1161/CIRCULATIONAHA.105.535294.

Grochot-Przeczek A, Dulak J, Jozkowicz A. Therapeutic angiogenesis for revascularization in peripheral artery disease. Gene.
2013;525(2):220-228. doi:10.1016/j.gene.2013.03.097.

Lee RC. The C . elegans Heterochronic Gene lin-4 Encodes Small RNAs with Antisense Complementarity to & 11-14. 1993;75:843-
854. doi:10.1016/0092-8674(93)90529-Y.

Cech TR, Steitz JA. The noncoding RNA revolution - Trashing old rules to forge new ones. Cell. 2014;157(1):77-94.
doi:10.1016/j.cell.2014.03.008.

Bartel DP. MicroRNA Target Recognition and Regulatory Functions. Cell. 2009;136(2):215-233.
doi:10.1016/j.cell.2009.01.002.MicroRNA.

Friedman RC, Farh KKH, Burge CB, Bartel DP. Most mammalian mRNAs are conserved targets of microRNAs. Genome Res.
2009;19(1):92-105. d0i:10.1101/gr.082701.108.

Moore MJ, Scheel TKH, Luna JM, et al. miRNA-target chimeras reveal miRNA 3’-end pairing as a major determinant of Argonaute
target specificity. Nat Commun. 2015;6(May):8864. doi:10.1038/ncomms9864.

Wang X. Composition of seed sequence is a major determinant of microRNA targeting patterns. Bioinformatics. 2014;30(10):1377-
1383. doi:10.1093/bioinformatics/btu045.

Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ. miRBase: microRNA sequences, targets and gene
nomenclature. Nucleic Acids Res. 2006;34(Database issue):D140-D144. doi:10.1093/nar/gkj112.

Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in animals. Nat Rev Mol Cell Biol. 2009;10(2):126-139. d0i:10.1038/nrm2632.
Kim Y-K, Kim VN. Processing of intronic microRNAs. EMBO J. 2007;26(3):775-783. doi:10.1038/sj.emb0j.7601512.

Baskerville S, Bartel DP. Microarray profiling of microRNAs reveals frequent coexpression with neighboring miRNAs and host genes.
RNA. 2005;11(3):241-247. d0i:10.1261/rna.7240905.

Martinez NJ, Ow MC, Reece-Hoyes JS, Barrasa MI, Ambros VR, Walhout AJM. Genome-scale spatiotemporal analysis of
Caenorhabditis elegans microRNA promoter activity. Genome Res. 2008;18(12):2005-2015. doi:10.1101/gr.083055.108.

Monteys AM, Spengler RM, Wan J, et al. Structure and activity of putative intronic miRNA promoters. RNA. 2010;16(3):495-505.
doi:10.1261/rna.1731910.

Ozsolak F, Poling L, Wang Z, Liu H, XS. Chromatin structure analyses identify miRNA promoters. Genes Dev. 2008;23:3172-3183.
doi:10.1101/gad.1706508.sion.

46



46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Encode Consortium. An integrated encyclopedia of DNA elements in the human genome. Nature. 2013;489(7414):57-74.
doi:10.1038/nature11247.An.

Ventura A, Young AG, Winslow MM, et al. Targeted deletion reveals essential and overlapping functions of the miR-17 through 92
family of miRNA clusters.[see comment]. Cell. 2008;132(5):875-886.

Altuvia Y, Landgraf P, Lithwick G, et al. Clustering and conservation patterns of human microRNAs. Nucleic Acids Res.
2005;33(8):2697-2706. doi:10.1093/nar/gki567.

Hausser J, Zavolan M. Identification and consequences of miRNA-target interactions - beyond repression of gene expression. Nat
Rev Genet. 2014;15(9):599-612. doi:10.1038/nrg3765.

Yang JS, Lai EC. Alternative miRNA Biogenesis Pathways and the Interpretation of Core miRNA Pathway Mutants. Mol Cell.
2011;43(6):892-903. doi:10.1016/j.molcel.2011.07.024.

Yang JS, Lai EC. Dicer-independent, Ago2-mediated microRNA biogenesis in vertebrates. Cell Cycle. 2010;9(22):4455-4460.
doi:10.4161/cc.9.22.13958.

Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Publ Gr. 2014;15(8):509-524. doi:10.1038/nrm3838.

Ling H, Fabbri M, Calin G a. MicroRNAs and other non-coding RNAs as targets for anticancer drug development. Nat Rev Drug
Discov. 2013;12(11):847-865. doi:10.1038/nrd4140.

Newman MA, Hammond SM. Emerging paradigms of regulated microRNA processing. Genes Dev. 2010;24(11):1086-1092.
doi:10.1101/gad.1919710.

Cheng TL, Wang Z, Liao Q, et al. MeCP2 Suppresses Nuclear MicroRNA Processing and Dendritic Growth by Regulating the
DGCR8/Drosha Complex. Dev Cell. 2014;28(5):547-560. doi:10.1016/j.devcel.2014.01.032.

Wada T, Kikuchi J, Furukawa Y. Histone deacetylase 1 enhances microRNA processing via deacetylation of DGCR8. Nat Publ Gr.
2012;13(2):142-149. doi:10.1038/embor.2011.247.

Wang X, Zhao X, Gao P, Wu M. c-Myc modulates microRNA processing via the transcriptional regulation of Drosha. Sci Rep.
2013;3:1942. doi:10.1038/srep01942.

Han J, Pedersen JS, Kwon SC, et al. NIH Public Access. 2010;136(1):75-84. doi:10.1016/j.cell.2008.10.053.Posttranscriptional.
Davis BN, Hilyard AC, Lagna G, Hata A. NIH Public Access. 2009;454(7200):56-61. doi:10.1038/nature07086.SMAD.
Angelica MD, Fong Y. NIH Public Access. October. 2008;141(4):520-529. doi:10.1016/j.surg.2006.10.010.Use.

Liz J, Portela A, Soler M, et al. Regulation of pri-miRNA processing by a long noncoding RNA transcribed from an ultraconserved
region. Mol Cell. 2014;55(1):138-147. doi:10.1016/j.molcel.2014.05.005.

Gregory RI, Chendrimada TP, Cooch N, Shiekhattar R. Human RISC couples microRNA biogenesis and posttranscriptional gene
silencing. Cell. 2005;123(4):631-640. doi:10.1016/j.cell.2005.10.022.

Diederichs S, Haber DA. Dual Role for Argonautes in MicroRNA Processing and Posttranscriptional Regulation of MicroRNA
Expression. Cell. 2007;131(6):1097-1108. doi:10.1016/j.cell.2007.10.032.

Lee HY, Zhou K, Smith AM, Noland CL, Doudna JA. Differential roles of human Dicer-binding proteins TRBP and PACT in small RNA
processing. Nucleic Acids Res. 2013;41(13):6568-6576. doi:10.1093/nar/gkt361.

Trabucchi M, Briata P, Garcia-mayoral M, et al. NIH Public Access. Nat Genet. 2009;459(7249):1010-1014.
doi:10.1038/nature08025.The.

Tokumaru S, Suzuki M, Yamada H, Nagino M, Takahashi T. let-7 regulates Dicer expression and constitutes a negative feedback
loop. Carcinogenesis. 2008;29(11):2073-2077. doi:10.1093/carcin/bgn187.

Liu B, Liu M, Wang J, et al. DICER-dependent biogenesis of let-7 miRNAs affects human cell response to DNA damage via targeting
p21/p27. Nucleic Acids Res. 2015;43(3):1626-1636. doi:10.1093/nar/gku1368.

Schwarz DS, Hutvagner G, Du T, Xu Z, Aronin N, Zamore PD. Asymmetry in the assembly of the RNAi enzyme complex. Cell.
2003;115(2):199-208. d0i:10.1016/50092-8674(03)00759-1.

Khvorova A, Reynolds A, Jayasena SD. Functional siRNAs and miRNAs exhibit strand bias. Cell. 2003;115(2):209-216.

47



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

doi:10.1016/50092-8674(03)00801-8.

Takeda A, Iwasaki S, Watanabe T, Utsumi M, Watanabe Y. The mechanism selecting the guide strand from small RNA duplexes is
different among Argonaute proteins. Plant Cell Physiol. 2008;49(4):493-500. doi:10.1093/pcp/pcn043.

Ruegger S, GroBhans H. MicroRNA turnover: When, how, and why. Trends Biochem Sci. 2012;37(10):436-446.
doi:10.1016/j.tibs.2012.07.002.

Ameres SL, Horwich MD, Hung J, et al. NIH Public Access. 2010;328(5985):1534-1539. doi:10.1126/science.1187058.Target.

??rom UA, Kauppinen S, Lund AH. LNA-modified oligonucleotides mediate specific inhibition of microRNA function. Gene.
2006;372(1-2):137-141. doi:10.1016/j.gene.2005.12.031.

Xie J, Ameres SL, Friedline R, et al. Long-term, efficient inhibition of microRNA function in mice using rAAV vectors. Nat Methods.
2012;9(4):403-409. doi:10.1038/nmeth.1903.

Morozova N, Nonne N, Pritchard L-L, et al. Kinetic signatures of microRNA modes of action. 2012:1635-1655.
doi:10.1261/rna.032284.112.

Eulalio A, Huntzinger E, lzaurralde E. Getting to the Root of miRNA-Mediated Gene Silencing. Cell. 2008;132(1):9-14.
doi:10.1016/j.cell.2007.12.024.

Eulalio A, Behm-Ansmant |, Izaurralde E. P bodies: at the crossroads of post-transcriptional pathways. Nat Rev Mol Cell Biol.
2007;8(1):9-22. doi:10.1038/nrm2080.

Manuscript A, Pairing BS. NIH Public Access. 2013;27(1):91-105. doi:10.1016/j.molcel.2007.06.017.MicroRNA.

Rehwinkel J, Natalin P, Stark A, Cohen SM, lzaurralde E, Brennecke J. Genome-Wide Analysis of mRNAs Regulated by Drosha and
Argonaute Proteins in Drosophila melanogaster Genome-Wide Analysis of mRNAs Regulated by Drosha and Argonaute Proteins in
Drosophila melanogaster . 2006;26(8):2965-2975. doi:10.1128/MCB.26.8.2965.

Kedde M, Strasser MJ, Boldajipour B, et al. RNA-Binding Protein Dndl Inhibits MicroRNA Access to Target mRNA. Cell.
2007;131(7):1273-1286. doi:10.1016/j.cell.2007.11.034.

Bhattacharyya SN, Habermacher R, Martine U, Closs El, Filipowicz W. Relief of microRNA-Mediated Translational Repression in
Human Cells Subjected to Stress. Cell. 2006;125(6):1111-1124. doi:10.1016/j.cell.2006.04.031.

Huang J, Liang Z, Yang B, Tian H, Ma J, Zhang H. Derepression of microRNA-mediated protein translation inhibition by
apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G (APOBEC3G) and its family members. J Biol Chem.
2007;282(46):33632-33640. doi:10.1074/jbc.M705116200.

Braconi C, Kogure T, Valeri N, et al. microRNA-29 can regulate expression of the long non-coding RNA gene MEG3 in hepatocellular
cancer. Oncogene. 2011;30(47):4750-4756. doi:10.1038/0onc.2011.193.

Kallen AN, Zhou XB, Xu J, et al. The Imprinted H19 LncRNA Antagonizes Let-7 MicroRNAs. Mol Cell. 2013;52(1):101-112.
doi:10.1016/j.molcel.2013.08.027.

Xia T, Liao Q, Jiang X, et al. Long noncoding RNA associated-competing endogenous RNAs in gastric cancer. Sci Rep. 2014;4:6088.
doi:10.1038/srep06088.

Gong C, Maquat LE. IncRNAs transactivate STAU1-mediated mRNA decay by duplexing with 3’ UTRs via Alu elements. Nature.
2011;470(7333):284-288. doi:10.1038/nature09701.

Jiang Q, Wang Y, Hao Y, et al. miR2Disease: A manually curated database for microRNA deregulation in human disease. Nucleic
Acids Res. 2009;37(SUPPL. 1):98-104. doi:10.1093/nar/gkn714.

Lu J, Getz G, Miska EA, et al. MicroRNA expression profiles classify human cancers. Nature. 2005;435(7043):834-838.
doi:10.1038/nature03702.

Esquela-Kerscher A, Slack FJ. Oncomirs - microRNAs with a role in cancer. Nat Rev Cancer. 2006;6(4):259-269.
doi:10.1038/nrc1840.

Small EM, Olson EN. Pervasive roles of microRNAs in cardiovascular biology. Nature. 2011;469(7330):336-342.
doi:10.1038/nature09783.

Thum T, Gross C, Fiedler J, et al. MicroRNA-21 contributes to myocardial disease by stimulating MAP kinase signalling in fibroblasts.

48



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Nature. 2008;456(7224):980-984. doi:10.1038/nature07511.

Latronico MVG, Catalucci D, Condorelli G. Emerging role of microRNAs in cardiovascular biology. Circ Res. 2007;101(12):1225-1236.
doi:10.1161/CIRCRESAHA.107.163147.

Care A, Catalucci D, Felicetti F, et al. MicroRNA-133 controls cardiac hypertrophy. Nat Med. 2007;13(5):613-618.
doi:10.1038/nm1582.

Xu J, Zou MH. Molecular insights and therapeutic targets for diabetic endothelial dysfunction. Circulation. 2009;120(13):1266-
1286. doi:10.1161/CIRCULATIONAHA.108.835223.

Avogaro A, De Kreutzenberg SV. Mechanisms of endothelial dysfunction in obesity. Clin Chim Acta. 2005;360(1-2):9-26.
doi:10.1016/j.cccn.2005.04.020.

Moller DEDE, Kaufman KDKD. Metabolic syndrome: a clinical and molecular perspective. Annu Rev Med. 2005;56(3):45-62.
doi:10.1146/annurev.med.56.082103.104751.

Sumpio BE, Timothy Riley J, Dardik A. Cells in focus: Endothelial cell. Int J Biochem Cell Biol. 2002;34(12):1508-1512.
doi:10.1016/51357-2725(02)00075-4.

Halcox JPJ, Schenke WH, Zalos G, et al. Prognostic value of coronary vascular endothelial dysfunction. Circulation. 2002;106(6):653-
658. doi:10.1161/01.CIR.0000025404.78001.D8.

Lerman A, Zeiher AM. Endothelial function: Cardiac events. Circulation. 2005;111(3):363-368.
doi:10.1161/01.CIR.0000153339.27064.14.

Cai H, Harrison DG. The Role of Oxidant Stress. Blood Press. 2000:840-844. doi:10.1161/01.RES.87.10.840.

Suwaidi J a, Hamasaki S, Higano ST, Nishimura R a, Holmes DR, Lerman a. Long-term follow-up of patients with mild coronary
artery disease and endothelial dysfunction. Circulation. 2000;101(9):948-954. d0i:10.1161/01.CIR.101.9.948.

Kuehbacher A, Urbich C, Zeiher AM, Dimmeler S. Role of Dicer and Drosha for endothelial microRNA expression and angiogenesis.
Circ Res. 2007;101(1):59-68. d0i:10.1161/CIRCRESAHA.107.153916.

Suarez Y, Fernandez-Hernando C, Yu J, et al. Dicer-dependent endothelial microRNAs are necessary for postnatal angiogenesis.
Proc Natl Acad Sci U S A. 2008;105(37):14082-14087. doi:10.1073/pnas.0804597105.

Qin X, Wang X, Wang Y, et al. MicroRNA-19a mediates the suppressive effect of laminar flow on cyclin D1 expression in human
umbilical vein endothelial cells. Proc Natl Acad Sci U S A. 2010;107(7):3240-3244. doi:10.1073/pnas.0914882107.

Marin T, Gongol B, Chen Z, et al. Mechanosensitive microRNAs - Role in endothelial responses to shear stress and redox state. Free
Radic Biol Med. 2013;64:61-68. doi:10.1016/j.freeradbiomed.2013.05.034.

Chan LS, Yue PYK, Mak NK, Wong RNS. Role of MicroRNA-214 in ginsenoside-Rgl-induced angiogenesis. Eur J Pharm Sci.
2009;38(4):370-377. doi:10.1016/j.ejps.2009.08.008.

Wienholds E, Kloosterman WP, Miska E, et al. MicroRNA Expression in Zebrafish Embryonic Development Ant Nestmate and Non-
Nestmate Discrimination by a Chemosensory Sensillum. Science (80- ). 2005;309(July):310-311.

Wang S, Aurora AB, Johnson BA, et al. The Endothelial-Specific MicroRNA miR-126 Governs Vascular Integrity and Angiogenesis.
Dev Cell. 2008;15(2):261-271. doi:10.1016/j.devcel.2008.07.002.An.

Bonauer A, Carmona G, lwasaki M, et al. MicroRNA-92a controls angiogenesis and functional recovery of ischemic tissues in mice.
Science. 2009;324(5935):1710-1713. doi:10.1126/science.1174381.

Wu W, ... Flow-dependent regulation of Krippel-like Factor 2 Is Mediated by MicroRNA-92a. Circulation. 2011;124(5):181-204.
doi:10.1038/nature13314.A.

Hinkel R, Penzkofer D, Z??hlke S, et al. Inhibition of microRNA-92a protects against ischemia/reperfusion injury in a large-animal
model. Circulation. 2013;128(10):1066-1075. doi:10.1161/CIRCULATIONAHA.113.001904.

laconetti C, Polimeni A, Sorrentino S, et al. Inhibition of miR-92a increases endothelial proliferation and migration in vitro as well
as reduces neointimal proliferation in vivo after vascular injury. Basic Res Cardiol. 2012;107(5). doi:10.1007/s00395-012-0296-y.

Endo K, Naito Y, Ji X, et al. MicroRNA 210 as a biomarker for congestive heart failure. Biol Pharm Bull. 2013;36(1):48-54.
doi:10.1248/bpb.b12-00578.

49



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134,

135.

Zaccagnini G, Maimone B, Di Stefano V, et al. Hypoxia-Induced miR-210 Modulates Tissue Response to Acute Peripheral Ischemia.
Antioxid Redox Signal. 2013;00(00):1-12. doi:10.1089/ars.2013.5206.

Wang Y, Pan X, Fan Y, et al. Dysregulated expression of microRNAs and mRNAs in myocardial infarction. Am J Trans/ Res.
2015;7(11):2291-2304.

Devlin C, Greco S, Martelli F, lvan M. MiR-210: More than a silent player in hypoxia. IUBMB Life. 2011;63(2):94-100.
doi:10.1002/iub.427.

Hu S, Huang M, Li Z, et al. MicroRNA-210 as a novel therapy for treatment of ischemic heart disease. Circulation. 2010;122(11
SUPPL. 1). d0i:10.1161/CIRCULATIONAHA.109.928424.

Joladarashi D, Srikanth Garikipati VN, Thandavarayan RA, et al. Enhanced cardiac regenerative ability of stem cells after ischemia-
reperfusion injury: Role of human CD34+ cells deficient in microRNA-377. J Am Coll Cardiol. 2015;66(20):2214-2226.
doi:10.1016/j.jacc.2015.09.009.

Icli B, Wara AKM, Moslehi J, et al. NIH Public Access. 2013;113(11):1231-1241. doi:10.1161/CIRCRESAHA.113.301780.MicroRNA-
26a.

Icli B, Dorbala P, Feinberg MW. NIH Public Access. October. 2014;141(4):520-529. doi:10.1016/j.surg.2006.10.010.Use.

Zhao T, Li J, Chen AF. MicroRNA-34a induces endothelial progenitor cell senescence and impedes its angiogenesis via suppressing
silent information regulator 1. Am J Physiol Endocrinol Metab. 2010;299(April 2010):E110-E116. doi:10.1152/ajpendo.00192.2010.

Boon R a, lekushi K, Lechner S, et al. MicroRNA-34a regulates cardiac ageing and function. Nature. 2013;495(7439):107-110.
doi:10.1038/nature11919.

Bernardo BC, Gao X-M, Winbanks CE, et al. Therapeutic inhibition of the miR-34 family attenuates pathological cardiac remodeling
and improves heart function. Proc Natl Acad Sci U S A. 2012;109(43):17615-17620. doi:10.1073/pnas.1206432109.

Francisco SS, Francisco SS. The endothelial-cell-derived secreted factor Eg 7 regulates vascular tube formation. Nature.
2004;428(April):1-5. doi:10.1038/nature02466.1.

Wei XJ, Han M, Yang FY, et al. Biological significance of miR-126 expression in atrial fi brillation and heart failure. 2015;48(11):1-7.

Zernecke A, Bidzhekov K, Noels H, et al. Delivery of microRNA-126 by apoptotic bodies induces CXCL12-dependent vascular
protection. Sci Signal. 2009;2(100):ra81. doi:10.1126/scisignal.2000610.

Chen L, Wang J, Wang B, et al. MiR-126 inhibits vascular endothelial cell apoptosis through targeting PI3K/Akt signaling. Ann
Hematol. 2016;95(3):365-374. doi:10.1007/s00277-015-2567-9.

Long G, Wang F, Duan Q, et al. Human circulating microRNA-1 and microRNA-126 as potential novel indicators for acute myocardial
infarction. Int J Biol Sci. 2012;8(6):811-818. doi:10.7150/ijbs.4439.

Fang Y, Shi C, Manduchi E, Civelek M, Davies PF. MicroRNA-10a regulation of proinflammatory phenotype in athero-susceptible
endothelium in vivo and in vitro. Proc Natl Acad Sci U S A. 2010;107(30):13450-13455. doi:10.1073/pnas.1002120107.

Yin KJ, Olsen K, Hamblin M, Zhang J, Schwendeman SP, Chen YE. Vascular endothelial cell-specific MicroRNA-15a inhibits
angiogenesis in hindlimb ischemia. J Biol Chem. 2012;287(32):27055-27064. doi:10.1074/jbc.M112.364414.

Ye E-A, Steinle JJ. miR-15b/16 protects primary human retinal microvascular endothelial cells against hyperglycemia-induced
increases in tumor necrosis factor alpha and suppressor of cytokine signaling 3. J Neuroinflammation. 2015;12(1):265.
doi:10.1186/s12974-015-0265-0.

Xu J, Zgheib C, Hu J, Wu W, Zhang L, Liechty KW. The role of microRNA-15b in the impaired angiogenesis in diabetic wounds.
Wound Repair Regen. 2014;22(5):671-677. doi:10.1111/wrr.12217.

Suarez Y, Wang C, Manes TD, Pober JS. Cutting edge: TNF-induced microRNAs regulate TNF-induced expression of E-selectin and
intercellular adhesion molecule-1 on human endothelial cells: feedback control of inflammation. J Immunol. 2010;184(1):21-25.
doi:10.4049/jimmunol.0902369.

Xue Y, Wei Z, Ding H, et al. MicroRNA-19b/221/222 induces endothelial cell dysfunction via suppression of PGC-1a in the
progression of atherosclerosis. Atherosclerosis. 2015;241(2):671-681. doi:10.1016/j.atherosclerosis.2015.06.031.

Weber M, Baker MB, Moore JP, Searles CD. MiR-21 is induced in endothelial cells by shear stress and modulates apoptosis and
eNOS activity. Biochem Biophys Res Commun. 2010;393(4):643-648. doi:10.1016/j.bbrc.2010.02.045.

50



136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Zhou J, Wang K-C, Wu W, et al. MicroRNA-21 targets peroxisome proliferators-activated receptor-alpha in an autoregulatory loop
to modulate flow-induced endothelial inflammation. Proc Natl Acad Sci U S A. 2011;108(25):10355-10360.
doi:10.1073/pnas.1107052108.

Wang KC, Garmire LX, Young A, et al. Role of microRNA-23b in flow-regulation of Rb phosphorylation and endothelial cell growth.
Proc Natl Acad Sci U S A. 2010;107(7):3234-3239. d0i:0914825107 [pii]\r10.1073/pnas.0914825107.

Veliceasa D, Biyashev D, Qin G, et al. Therapeutic manipulation of angiogenesis with miR-27b. Vasc Cell. 2015;7:6.
doi:10.1186/s13221-015-0031-1.

Grundmann S, Hans FP, Kinniry S, et al. MicroRNA-100 regulates neovascularization by suppression of mammalian target of
rapamycin in endothelial and vascular smooth muscle cells. Circulation. 2011;123(9):999-1009.
doi:10.1161/CIRCULATIONAHA.110.000323.

Kim J-H, Lee K-S, Lee D-K, et al. Hypoxia-Responsive MicroRNA-101 Promotes Angiogenesis via Heme Oxygenase-1/Vascular
Endothelial Growth Factor Axis by Targeting Cullin 3. Antioxid Redox Signal. 2014;00(00):1-14. doi:10.1089/ars.2014.5856.

Chen K, Fan W, Wang X, Ke X, Wu G, Hu C. MicroRNA-101 mediates the suppressive effect of laminar shear stress on mTOR
expression in vascular endothelial cells. Biochem Biophys Res Commun. 2012;427(1):138-142. doi:10.1016/j.bbrc.2012.09.026.

Semo J, Sharir R, Afek A, et al. The 106b???25 microRNA cluster is essential for neovascularization after hindlimb ischaemia in
mice. Eur Heart J. 2014;35(45):3212-3223. doi:10.1093/eurheartj/eht041.

Li Y, Mao L, Gao Y, Baral S, Zhou Y, Hu B. MicroRNA-107 contributes to post-stroke angiogenesis by targeting Dicer-1. Sci Rep.
2015;5:13316. doi:10.1038/srep13316.

Harris TA, Yamakuchi M, Ferlito M, Mendell JT, Lowenstein CJ. MicroRNA-126 regulates endothelial expression of vascular cell
adhesion molecule 1. Proc Natl Acad Sci U S A. 2008;105(5):1516-1521. doi:10.1073/pnas.0707493105.

Lei Z, van Mil A, Brandt MM, et al. MicroRNA-132/212 family enhances arteriogenesis after hindlimb ischaemia through
modulation of the Ras-MAPK pathway. J Cell Mol Med. 2015;20(10):1-12. doi:10.1111/jcmm.12586.

Kumarswamy R, Volkmann |, Beermann J, et al. Vascular importance of the miR-212/132 cluster. Eur Heart J. 2014,35(45):3224-
3231. doi:10.1093/eurheartj/ehu344.

Meng Y-C, Ding Z-Y, Wang H-Q, Ning L-P, Wang C. Effect of microRNA-155 on angiogenesis after cerebral infarction of rats through
AT1R/VEGFR2 pathway. Asian Pac J Trop Med. 2015;8(10):829-835. doi:10.1016/j.apjtm.2015.09.009.

Caballero-Garrido E, Pena-Philippides JC, Lordkipanidze T, et al. In Vivo Inhibition of miR-155 Promotes Recovery after
Experimental Mouse Stroke. J Neurosci. 2015;35(36):12446-12464. doi:10.1523/JNEUROSCI.1641-15.2015.

Zhu N, Zhang D, Chen S, et al. Endothelial enriched microRNAs regulate angiotensin ll-induced endothelial inflammation and
migration. Atherosclerosis. 2011;215(2):286-293. doi:10.1016/j.atherosclerosis.2010.12.024.

Magenta a, Cencioni C, Fasanaro P, et al. miR-200c is upregulated by oxidative stress and induces endothelial cell apoptosis and
senescence via ZEB1 inhibition. Cell Death Differ. 2011;18(10):1628-1639. doi:10.1038/cdd.2011.42.

Dai GH, Ma PZ, Song XB, Liu N, Zhang T, Wu B. MicroRNA-223-3p inhibits the angiogenesis of ischemic cardiac microvascular
endothelial cells via affecting RPS6KB1/hif-1a signal pathway. PLoS One. 2014;9(10):1-14. doi:10.1371/journal.pone.0108468.

Qin B, Xiao B, Liang D, Xia J, Li Y, Yang H. MicroRNAs expression in ox-LDL treated HUVECs: MiR-365 modulates apoptosis and Bcl-
2 expression. Biochem Biophys Res Commun. 2011;410(1):127-133. doi:10.1016/j.bbrc.2011.05.118.

Ghosh G, Subramanian | V, Adhikari N, et al. Hypoxia-induced microRNA-424 expression in human endothelial cells regulates HIF-
alpha isoforms and promotes angiogenesis. J Clin Invest. 2010;120(11):4141-4154. doi:10.1172/JCI142980DS1.

Ni C, Qiu H, Jo H. MicroRNA-663 upregulated by oscillatory shear stress plays a role in inflammatory response of endothelial cells.
2011;30322:1762-1769. doi:10.1152/ajpheart.00829.2010.

Schindelin J, Arganda-Carreras |, Frise E, et al. Fiji: an open-source platform for biological-image analysis. Nat Methods.
2012;9(7):676-682. doi:10.1038/nmeth.2019.

Dweep H, Gretz N. miRWalk2.0: a comprehensive atlas of microRNA-target interactions. Nat Methods. 2015;12(8):697-697.
doi:10.1038/nmeth.3485.

Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target sites in mammalian mRNAs. Elife.

51



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

2015;4(AUGUST2015):1-38. doi:10.7554/eLife.05005.

Auerbach R, Lewis R, Shinners B, Kubai L, Akhtar N. Angiogenesis assays: A critical overview. Clin Chem. 2003;49(1):32-40.
doi:10.1373/49.1.32.

Salic A, Mitchison TJ. A chemical method for fast and sensitive detection of DNA synthesis in vivo. Proc Natl Acad Sci U S A.
2008;105(7):2415-2420. doi:10.1073/pnas.0712168105.

Pinto S, Stark H-J, Martin I, Boukamp P, Kyewski B. 3D Organotypic Co-culture Model Supporting Medullary Thymic Epithelial Cell
Proliferation, Differentiation and Promiscuous Gene Expression. J Vis Exp. 2015;(101):e52614. doi:10.3791/52614.

Chamorro-Jorganes A, Lee MYY, Araldi E, et al. VEGF-Induced Expression of miR-17~92 Cluster in Endothelial Cells is Mediated by
ERK/ELK1 Activation and Regulates Angiogenesis. Circ Res. 2015:38-47. doi:10.1161/CIRCRESAHA.115.307408.

Hayashita Y, Osada H, Tatematsu Y, et al. A polycistronic MicroRNA cluster, miR-17-92, is overexpressed in human lung cancers
and enhances cell proliferation. Cancer Res. 2005;65(21):9628-9632. doi:10.1158/0008-5472.CAN-05-2352.

Yu Z, Wang C, Wang M, et al. A cyclin D1/microRNA 17/20 regulatory feedback loop in control of breast cancer cell proliferation. J
Cell Biol. 2008;182(3):509-517. doi:10.1083/jcb.200801079.

Doebele C, Bonauer A, Fischer A, et al. Members of the microRNA-17-92 cluster exhibit a cell-intrinsic antiangiogenic function in
endothelial cells. Blood. 2010;115(23):4944-4950. doi:10.1182/blood-2010-01-264812.

Pardee AB, Pardee AB. Linked references are available on JSTOR for this article : G1 Events and Regulation of Cell Proliferation.
2016;246(4930):603-608.

Griffin MJ. Synchronization of Some Human Cell Strains by Serum and Calcium Starvation Author ( s ): Martin J . Griffin Published
by : Society for In Vitro Biology Stable URL : http://www.jstor.org/stable/20170306 Accessed : 02-06-2016 15 : 04 UTC BY SERUM
AND CALCIU. 2016;12(5):393-398.

Fiedler J, Thum T. New Insights Into miR-17-92 Cluster Regulation and Angiogenesis. Circ Res. 2016;118(1):9-11.
doi:10.1161/CIRCRESAHA.115.307935.

Yang SM, Huang C, Li XF, Yu MZ, He Y, Li J. MiR-21 confers cisplatin resistance in gastric cancer cells by regulating PTEN. Toxicology.
2013;306:162-168. doi:10.1016/j.tox.2013.02.014.

Noguchi S, Mori T, Hoshino Y, et al. MicroRNA-143 functions as a tumor suppressor in human bladder cancer T24 cells. Cancer Lett.
2011;307(2):211-220. doi:10.1016/j.canlet.2011.04.005.

Process B, Journal M. r Fo Pe er Re vi ew r Fo Pe er. J Biogeograpy. 2011. doi:10.1002/elan.

Wang S, Aurora AB, Johnson BA, et al. The Endothelial-Specific MicroRNA miR-126 Governs Vascular Integrity and Angiogenesis.
Dev Cell. 2008;15(2):261-271. doi:10.1016/j.devcel.2008.07.002.

Fish JE, Santoro MM, Morton SU, et al. miR-126 Regulates Angiogenic Signaling and Vascular Integrity. Dev Cell. 2008;15(2):272-
284. doi:10.1016/j.devcel.2008.07.008.

Takai Y, Miyoshi J, lkeda W, Ogita H. Nectins and nectin-like molecules: roles in contact inhibition of cell movement and
proliferation. Nat Rev Mol Cell Biol. 2008;9(8):603-615. doi:10.1038/nrm2457.

Kim N-G, Koh E, Chen X, Gumbiner BM. E-cadherin mediates contact inhibition of proliferation through Hippo signaling-pathway
components. Proc Natl Acad Sci U S A. 2011;108(29):11930-11935. doi:10.1073/pnas.1103345108.

K??ppers M, Ittrich C, Faust D, Dietrich C. The transcriptional programme of contact-inhibition. J Cell Biochem. 2010;110(5):1234-
1243. doi:10.1002/jcb.22638.

Owczarzy R, You Y, Groth CL, Tataurov A V. Stability and mismatch discrimination of locked nucleic acid-DNA duplexes.
Biochemistry. 2011;50(43):9352-9367. doi:10.1021/bi200904e.

Kaur H, Arora A, Wengel J, Maiti S. Thermodynamic, counterion, and hydration effects for the incorporation of locked nucleic acid
nucleotides into DNA duplexes. Biochemistry. 2006;45(23):7347-7355. doi:10.1021/bi060307w.

Yan B, Yao J, Liu JY, et al. LncRNA-MIAT regulates microvascular dysfunction by functioning as a competing endogenous RNA. Circ
Res. 2015;116(7):1143-1156. doi:10.1161/CIRCRESAHA.116.305510.

Mraz M, Chen L, Rassenti LZ, et al. MicroRNA-150 contributes to the proficiency of B-cell receptor signaling in chronic lymphocytic

52



180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

leukemia by regulating expression of GAB1 and FOXP1 genes. Blood. 2014;124(1):84-95. doi:10.1182/blood-2013-09-527234.

Sakr M, Takino T, Sabit H, Nakada M, Li Z, Sato H. miR-150-5p and miR-133a suppress glioma cell proliferation and migration
through targeting membrane-type-1 matrix metalloproteinase. Gene. 2016;587(2):155-162. doi:10.1016/j.gene.2016.04.058.

Wang WH, Chen J, Zhao F, et al. MiR-150-5p suppresses colorectal cancer cell migration and invasion through targeting MUC4.
Asian Pacific J Cancer Prev. 2014;15(15):6269-6273. doi:10.7314/APJCP.2014.15.15.6269.

Li T, Xie J, Shen C, et al. miR-150-5p inhibits hepatoma cell migration and invasion by targeting MMP14. PLoS One. 2014;9(12):1-
12. doi:10.1371/journal.pone.0115577.

Boyerinas B, Park SM, Hau A, Murmann AE, Peter ME. The role of let-7 in cell differentiation and cancer. Endocr Relat Cancer.
2010;17(1). doi:10.1677/ERC-09-0184.

Pillai RS. Inhibition of Translational Initiation by Let-7 MicroRNA in Human Cells. Science (80- ). 2005;309(5740):1573-1576.
doi:10.1126/science.1115079.

Johnson SM, Grosshans H, Shingara J, et al. RAS is regulated by the let-7 microRNA family. Cell. 2005;120(5):635-647.
doi:10.1016/j.cell.2005.01.014.

Roush S, Slack FJ. The let-7 family of microRNAs. Trends Cell Biol. 2008;18(10):505-516. doi:10.1016/j.tcb.2008.07.007.

Kim KW, Paul P, Qiao J, Lee S, Chung DH. Enhanced autophagy blocks angiogenesis via degradation of gastrin-releasing peptide in
neuroblastoma cells. Autophagy. 2013;9(10):1579-1590. doi:10.4161/auto.25987.

Ramakrishnan S, Nguyen TMB, Subramanian | V., Kelekar A. Autophagy and angiogenesis inhibition. Autophagy. 2007;3(5):512-
515. doi:10.4161/auto.4734.

Benedito R, Roca C, Sorensen |, et al. The Notch Ligands DIl4 and Jaggedl Have Opposing Effects on Angiogenesis. Cell.
2009;137(6):1124-1135. doi:10.1016/j.cell.2009.03.025.

Huang A-F, Chen M-W, Huang S-M, Kao C-L, Lai H-C, Chan JY-H. CD164 regulates the tumorigenesis of ovarian surface epithelial
cells through the SDF-1a/CXCR4 axis. Mol Cancer. 2013;12(1):115. doi:10.1186/1476-4598-12-115.

Zhang J, Cao R, Zhang Y, Jia T, Cao Y, Wahlberg E. Differential roles of PDGFR-alpha and PDGFR-beta in angiogenesis and vessel
stability. FASEB J. 2009;23(1):153-163. doi:10.1096/fj.08-113860.

Gupta A, Roy S, Lazar AJF, et al. Autophagy inhibition and antimalarials promote cell death in gastrointestinal stromal tumor (GIST).
Proc Natl Acad Sci U S A. 2010;107(32):14333-14338. doi:10.1073/pnas.1000248107.

Newman AC, Hughes CCW. Macrophages and angiogenesis: A role for Wnt signaling. Vasc Cell. 2012;4(1):13. doi:10.1186/2045-
824X-4-13.

Chun CZ, Kaur S, Samant G V., et al. Snrk-1 is involved in multiple steps of angioblast development and acts via notch signaling
pathway in artery-vein specification in vertebrates. Blood. 2009;113(5):1192-1199. d0i:10.1182/blood-2008-06-162156.

Li Y, Nie Y, Helou Y, et al. Identification of sucrose non-Fermenting-Related kinase (SNRK) as a suppressor of adipocyte
inflammation. Diabetes. 2013;62(7):2396-2409. doi:10.2337/db12-1081.

Diao J, Liu R, Rong Y, et al. ATG14 promotes membrane tethering and fusion of autophagosomes to endolysosomes. Nature.
2015;520(7548):563-566. doi:10.1038/nature14147.

Moloney DJ, Panin VM, Johnston SH, et al. Fringe is a glycosyltransferase that modifies Notch. Nature. 2000;406(6794):369-375.
doi:10.1038/35019000.

Andersson ER, Sandberg R, Lendahl U. Notch signaling: simplicity in design, versatility in function. Development.
2011;138(17):3593-3612. doi:10.1242/dev.063610.

Liu Z-J, Shirakawa T, Li Y, et al. Regulation of Notchl and DII4 by vascular endothelial growth factor in arterial endothelial cells:
implications for modulating arteriogenesis and angiogenesis. Mol Cell Biol. 2003;23(1):14-25. doi:10.1128/MCB.23.1.14.

Naidoo A, Naidoo K, Yende-zuma N, Gengiah TN. NIH Public Access. 2015;19(2):161-169. doi:10.3851/IMP2701.Changes.
Bonauer A, Dimmeler S. The microRNA-17~92 cluster: Still a miRacle? 2016;4101(June). doi:10.4161/cc.8.23.9994.

Landskroner-Eiger S, Qiu C, Perrotta P, et al. Endothelial miR-17~92 cluster negatively regulates arteriogenesis via miRNA-19

53



203.

204.

repression of WNT signaling. Proc Natl Acad Sci. 2015;112(41):12812-12817. doi:10.1073/pnas.1507094112.

Tan PH, Chan C, Xue SA, et al. Phenotypic and functional differences between human saphenous vein (HSVEC) and umbilical vein
(HUVEC) endothelial cells. Atherosclerosis. 2004;173(2):171-183. doi:10.1016/j.atherosclerosis.2003.12.011.

Alva JA, Zovein AC, Monvoisin A, et al. VE-cadherin-cre-recombinase transgenic mouse: A tool for lineage analysis and gene
deletion in endothelial cells. Dev Dyn. 2006;235(3):759-767. doi:10.1002/dvdy.20643.

54



