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In 2012, 17.5 million people died because of various cardiovascular diseases worldwide, which may
increase to an estimated 23.6 million by 2030. In America, around 0.8 million people died of CVDs in
2011 which counts for 31.3% of total deaths[1]. In Europe, about 4 million people died from CVD in
2011[2], which makes cardiovascular diseases one of the leading causes of morbidity and mortality
worldwide. The major risk factors currently associated with cardiovascular diseases such as high blood
pressure, high blood cholesterol, tobacco smoking, unhealthy diet, physical inactivity, diabetes, and
advanced aging will continuously increase these numbers, especially in developing countries, which
will led to a steep increase in mortality rates by cardiovascular diseases'. This worldwide growing
burden of cardiovascular diseases prompt to continuously search for new therapeutic possibilities
which definitively demand a better understanding of the molecular mechanism underlying

cardiovascular diseases.

microRNA basics

A novel molecular level of gene control was identified a decade ago called microRNAs(miRNAs).
miRNAs are small regulatory non-coding RNA molecules, 19-22 nucleotides (nt) in length, which
bind to the 3'-UTR region of the mRNAs and regulate mRNA expression via degradation or inhibition
of their translation [3, 4]. miRNAs are transcribed in the nucleus by RNA Polymerase II, like mRNAs,
and subsequently processed into a pre-miRNA by a combination of proteins including nuclear located
endonuclease Pasha and Drosha[5]. After being transported out of the nucleus into the cytosol by
ATP-consuming exportin-5 [6, 7], pre-miRNAs are further processed into mature miRNAs by RNA
endonuclease Dicer [8, 9].This step is followed by the binding of the RNA induced silencing complex
(RISC)[10], after which miRNAs are ready to fulfill their inhibitory roles.

The complexity of the action of miRNAs
miRNA-mRNA interactions

The action of miRNAs-targets interaction are surprisingly diverse. Although miRNAs are previously
believed to regulate their targets solely by binding to the 3'-UTR region of the targeted mRNAs and
thereby causing their degradation or inhibition of translation [11-13], recent observations suggest that
they may bind to other region of targeted mRNAs as well, including mRNA coding regions, 5'-UTR,
intron and even non-coding RNA targets [14-16]. While most of miRNAs bind to their target via a so
called "seed sequence", thereby requiring 6-8 nt complementary to the targets in its 5' ends , some
other miRNAs may bind to their target sequences complementary to a more centered region that is 10-

12 nt in length [14]. Even within the seed region, mismatches are well tolerant [14-16]. These
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characteristics for target binding makes it possible for one miRNA to have potentially many different
targets [14-16], even having predictions over 200 different candidates, and thereby makes mechanistic
understanding of their down-stream effects difficult. Although most of the miRNAs fulfill their
function in the cytoplasm where mRNAs are transcribed, some miRNAs could be transport back to
the nucleus after maturation in the cytosol, indicated that miRNAs may play a cis-acting regulatory

role in the nucleus or may have RNA targets localized in the nucleus [17-19].

miRNA-targets interaction depends on the abundance of the miRNA itself and their targets, the
complementarity to each other, and the accessibility to the targeted site for the miRNAs [13, 20-23].
Thus, factors that interfere with these can influence the interaction between miRNAs and their targets
as well. For example, miRNAs sharing same targets can influence each other indirectly via competing
endogeneous RNA species ceRNA including long non-coding RNAs, pseudogenes and circular RNAs
or natural microRNA sponges [24]. When miRNA A expression goes up, the abundance of its targets
(ceRNA, sponges) goes down. As a result, more free microRNA B is available for targeting other
targets, a phenomena called endogenous competing. As many RNA binding proteins also bind to 3'-
UTR regions of the mRNA, miRNA-target interaction can be affected by the binding of these RNA
binding proteins. Whether it is competing or facilitating depends on the properties of the RNA binding
protein. For examples, Dnd1 and huR can competitively replace microRNA silencing complexes [25,
26]. Some RNA binding can also regulate the microRNA -targets interactions by changing the
secondary structure of the mRNA thereby affecting the accessibility of the targets. For instance, in
quiescent cells both miR-221 and miR-222 and their targets p21 accumulate in the cell. Once
stimulated with growth factors, Pum-1 is upregulated, phosphorylated and binds the 3'-UTR of p21
which induces structural changes of p21 mRNA. As a result, miR-221 and miR-222 gain access to the
p21 3'-UTR, suppress p21, and eventually allow cells to undergo cell cycling [27].

Prediction based MicroRNA targets identification

To facilitate microRNA studies, many algorithms were developed based on the property of the
microRNA-target interaction, the energy of their interaction, and/or conservation of the targets site

between difference species, sometimes, experimental evidence is also taken into account [13, 28, 29].
Experimental validation of microRNA targets

Algorithm-predicted microRNA targets need to be validated experimentally [13]. One of most
commonly used approach is a luciferase assay, in which the 3'-UTR region of a putative target is
cloned between the stop codon and the polyA signal of the luciferase gene. After co-transfection of
microRNA and scramble-control mimics and this reporter constructs, luciferase activity was measured
and normalized by (3-gal activity which do not carry this 3'-UTR sequence. To rule out the possibility

of suppression of luciferase activity is not due to indirect effects, site specific mutagenesis within the



seed region of target sites can be introduced. A lot of microRNA targets were subsequently validated,
however, this assay assumes that the structure of 3'-UTR will be the same as the endogenous structure
and concentration of microRNA mimics used is physiological relevant. In fact, neither of these

assumption is necessarily correct.

Other commonly used techniques for target validation at RNA and protein level are qPCR and
Western Blotting. microRNAs inhibit its targets either via causing degradation of the targeted mRNA
or inhibition of its translation. These techniques are very important and useful in microRNA target
identification. However, besides some intrinsic problems with these method as discussed above, they
are also time-consuming and usually it is not feasible to get a full picture of the microRNA and its

targets.

Micro-arrays were the first approaches used to identify microRNA targets more generally. By
transfecting human cells with miR-124, a brain enriched microRNA, or miR-1, a muscle specific
microRNA, they identified over 100 genes shifted towards a brain and muscle phenotype,
respectively[30]. Although promising, one of the potential drawbacks of this approach is its difficulty
to distinguish if the change in transcription is direct or indirect related to the microRNA. This problem
is partially solved by combining micro-array profiling with target prediction algorithms[31]. However,
due to the fact that micro-array technology is a hybridization-based technology, it is almost impossible
to use it for quantitative analysis. Another attempt to identify microRNA targets on a large scale, is
RNA immunoprecipation. By pulling down RNA-induced silencing complex(RISC) after miR-210
overexpression, 31 predicted targets are identified[32]. Using AIN/GW 182 protein
immunoprecipitation approaches, Zhang. et al. systematic identified 1589 microRNA targets at
different stages of C. elegans development[33]. Nonne et al. tried to improve this approach by
introducing tandem affinity purification technology, in which mRNA/microRNA complexes are
sequentially purified first via Ago moiety and then via biotin labeled microRNA mimic (TAP-tar)[34].
However, compared with the small microRNA, the influence of biotin modification on the miRNA -
targets interaction is not neglectable. In order to identify microRNA targets in a cardiovascular
context, we decided to modify these strategies and apply it in a "simple cell" system which is lacking
most of the microRNAs due to loss of the microRNA biogenesis gene Dgcr8 (see chapter 3). In this
system, we can introduce one microRNA of interested into a simple cell lacking most of the
microRNAs and then pull-down the RISC complexes, containing the microRNA introduced and its

targets.

MiRNAs in cardiovascular diseases



In the last decade, miRNAs have been investigated extensively. In mammalians, they are involved in
many biological processes, if not all, including embryonic stem cell (ESC) pluripotency[35], cellular
proliferation [36-42], driving and directing differentiation [43, 44], regulating apoptosis [45, 46], and
aging [47-49]. The overall importance of miRNAs in the cardiovascular system was established by
knocking out key miRNA processing components. For example, cardiac-specific knockout of Dicer
leads to dilated cardiomyopathy, heart failure, and eventually lethality in mice [50]. These Dicer
knock-out mice have deregulated cardiac contractile proteins and profound sarcomere disarray [50].
Similar to Dicer knock-out mice, postnatal inactivation of Pasha in the heart, leads to left ventricular
malfunction, dilated cardiomyopathy, and lethality in adult mice [51]. The importance of miRNAs is
not limited to cardiomyocytes, since specific knockout of Dicer or Pasha in smooth muscle cells (SMC)
leads to reduced proliferation and impaired contractility [52, 53], and in endothelial cells (ECs) to
impaired postnatal angiogenesis [54]. Furthermore, specific miRNAs were found to have pivotal roles
in cardiovascular diseases as was explored extensively in different animal models as shown in Fig. 1.
For example, Van Rooij ef al. showed that inhibition of dysregulated miRNA-208 in pressure
overloaded hearts preserved cardiac function and reduced mortality [55, 56]. In addition, when the
heart is under stress, cardiomyocytes produce more "waste-products" which needs to be removed via
autophagy [57]. Ucar A. et al showed that misregulated miR-132/212 in the pressure overloaded heart
suppressed cardiomyocyte autophagy, which turned out to be detrimental to cardiac function.
Pharmaceutical inhibition of miR-132/212 rescued autophagic responses and preserved cardiac
function [58]. In another study, systemic inhibition of mir-92a enhanced vessel growth and functional
recovery of damaged tissue in a mouse hind limb ischemia model and myocardial infarction [59].
Similar results were reported in a large animal study in which inhibition of mir-92a reduced infarct
size and resulted in improved ejection fraction [60]. Due to limited space, we refer to table 1 and

recent reviews for the role of several individual miRNAs [61-65].

The potential of miRNA therapeutics for cardiovascular diseases
miRNA gain-of-function

An advantage of miRNAs as potential therapeutic targets is their synergistic effects. miRNAs bind to
their targets in a partial complementary manner and increasing evidence suggests that a single miRNA
can target several genes within a similar signaling pathway [66, 67]. The effect of a miRNA on an
individual mRNA target sometimes is low, but due to the simultaneous regulation of multiple targets
within a pathway, the combined effect is more pronounced [67]. For example, miR-29 regulates the
level of fibrosis through direct targeting of different collagens, fibrillins and elastins, which are all
components of the extracellular matrix and collectively determine tissue stiffness, whereas each

component individually is only partly inhibited [68]. Therefore, one advantage of using miRNA
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mimics is the inhibitory effect they have on a selected pathway, by blocking several targets and

leading to pronounced effects, both in vitro and in vivo.

Another advantage of using miRNA as a therapeutic target is their gain-of-function is easy to achieve
by using miRNA mimics or viral approaches. Depending on the vendor, the synthesized structure of
miRNA mimics varies, but they all have similar structures. The structure either resembles endogenous
present pre-miRNAs with a stem-loop or consists of a double stranded RNA to help the mimic get
incorporated into RISC complexes. Many of miRNA mimics were shown to be functional in vitro by
numerous labs, including our own [37, 69-72]. miRNAs are relatively stable in the cell when
compared to other RNA species with a half-life ranging from 28 hours to 5 days, which is about 10
times longer than mRNA molecules [73]. The long half-life of miRNAs indicates that potentially
miRNA mimics may have long-lasting effects. As we discussed above, Eva van Rooij et al. was
among the first that tried to overexpress miR-29 mimics by systematic injection of cholesterol-tagged
microRNA mimics at a dose of 80mg/kg body weight and showed modest down-regulation of the
miR-29 targeted genes, but accompanied by less fibrotic remodeling [68]. Only few in vivo
applications of miR mimics can be found in literature, however, viral approaches, especially adeno-
associated viruses (AAV) mediated miRNA gain of function, are more widely used [74, 75]. Due to its
low immunogenicity, the transgene can remain active for months [74]. Eulalio, A. et al used AAVY, a
cardiac tropism of AAV serotypes, to overexpress miR-590-3p and miR-199a-3p and induced a
marked cardiac regeneration after myocardial infarction [74]. The long-lasting high level transgene

expression make AAV virus an ideal tool for research, with potential future clinical applications.
miRNA inhibition

miRNAs can be inhibited by synthetic miRNA inhibitors in vitro as well as in vivo [76]. The synthesis
of miRNA inhibitors is even easier compared to miRNA mimics as they are single stranded. Anti-
miRs, widely used for in vitro studies, are chemically engineered single-stranded oligonucleotides
completely complementary to the 20nt long targeted miRNAs. To facilitate entry into the cell, anti-
miRs can be modified with cholesterol into a so called antagomiR [77]. Upon systemic intravenous
injection, this cholesterol-tagged antagomiR could efficiently and specifically silence endogenous

miRNAs throughout the body, except for the brain [77].

miRNA inhibitors do not require incorporation into the RISC complex to become functional but bind
to endogenously present miRNAs and block their activities. This makes it possible to modify their
structure and thereby improve resistance to nucleases and specificity by increasing their affinity to
targeted miRNA. Several miRNA inhibitors were designed with different modifications on the 2’
position of the sugar molecule [77, 78]. Among these,2’-O-Me, 2’-O-methoxyethyl (2°-MOE) and 2’-
fluoro modification are the most commonly used [79-81]. Another type of modification, named locked

nucleic acid (LNA) and using an O, 4’-C methylene bridge to lock the furanose ring in the sugar-
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phosphate backbone, displayed enhanced affinity to their targeted miRNA [82-87]. In fact, LNA-
miRNA binding affinity is so high that tiny LNA molecules, complementary to only the 7nt long seed
sequence of a family of miRNAs, can effectively block the whole miRNA family [88]. The effect of a
single injection can last several months and this long-lasting inhibition of endogenous miRNA targets
probably originates from anti-miRs having a different structure than natural RNA species so that

endogenous RNases cannot recognize them anymore.

The challenges of miRNA therapeutics for cardiovascular diseases
miRNA gain-of-function

The capacity to induce a long-lasting high level of transgene expression in combination with low
production cost, makes the AAV an ideal tool for miRNA gain-of-function research [74, 75].
However, the safety of AAV in clinical applications is still under debate, and using viruses for gene
therapy still carries a negative connotation from failures in the past. It has been reported that
neutralization antibodies against AAV virus can be detected in healthy populations [89] and transgene
products itself can induce cell-mediated and humoral responses [90]. Besides, a definitive cardiac
specific serotype is not yet fully developed. For example, AAVY is considered to be a cardiac tropism
serotype [91-95], however, AAV9 transgenes are also expressed in other tissues such as liver, brain
[90, 96, 97]. AAV-viruses are promising and further developments might very well make them an
successful clinical tool, however, the negative public opinion regarding virus-based transgene delivery

methods will most likely frustrate developments.

Even though miRNA mimics are powerful and widely used for in vitro studies, in vivo delivery of
miRNA mimics is challenging. Synthetic miRNA mimics, as siRNAs, have a very short half-life in the
blood [98]. As we mentioned previously, miRNA mimics have to be double stranded or need a stem-
looped precursor structure so that they can be processed correctly and functionally incorporated into
the RISC complex. This makes it difficult to modify their structure to improve their stability, like
miRNA inhibitors, while maintaining their biological function. Interestingly, endogenously expressed
miRNAs are stable in serum for 4-6 years when stored at -20°C, while other RNA species had been
degraded [99].These 'circulating' miRNAs may form complexes with miRNA effector protein Ago2
[98] , high density lipoprotein HDL [100], or can be incorporated into microvesicles such as exosomes,
microvesicular bodies, and apoptotic bodies, thereby protected from RNase degradation [98, 101].
Based on these observations, it might be possible to improve the stability of miRNA mimics in
circulation by forming complexes with protective proteins, polymers, or loaded into vesicles before

injecting them into the body.

miRNA inhibition



Different from miRNA mimics, miRNA inhibitors are already chemically modified RNA molecules,
which may be recognized by our body as foreign materials and thereby induce inflammation as is
observed for siRNAs[102]. It is well documented that foreign single or double stranded synthetic
siRNAs can induce innate immune response through activation of Toll-like receptor (TLR) receptors
[102, 103]. For instance, bacterial DNA or even mitochondrial DNA fragments can induce

inflammation through TLR9 signaling upon myocardial infarction [104].

Although very useful, the high stability of miRNA therapeutics(antagomiRs, LNA) is a double-edged
sword. As we mentioned previously, the effect of antagomiRs is very long-lasting compared to
conventional pharmaceuticals. With a single injection of antagomiR at a dose of 80mg/kg, inhibition
of endogenous miRNAs can still be observed over a month [58, 75], probably due to lack of nuclease
that can recognize them in mammalian cells. This long-lasting systemic effects of antagomiR or LNA

will increase the chance of potential side effects in healthy parts or other organs of the body.
General challenges for miRNA mimics and inhibitors

Besides these specific challenges for miRNA mimics or inhibitors, there are some common challenges
for both of them. miRNA mimics and inhibitors are negatively charged. It is therefore difficult for
them to leave the blood stream and enter the cell. Various delivery vehicles have been used to help
them enter the cell such as liposomes and polymers, which significantly enhance cellular uptake and
which will be discussed later in detail. However, 90% of the mimics are still trapped into
endolysosomal vesicles and cannot escape into the cytosol of the cell [105]. Thus, agents which can
disrupt the endolysosomal compartments and help them escape from endolysosome degradation or

new delivery techniques are needed for further developments.

Lack of effective organ specific (e.g. cardiac-specific delivery methods) is another problem for both
miRNA mimics and inhibitors. /n vivo administration of miRNA mimics and inhibitors mainly rely on
systemic injection, with related issues such as high costs, potential side effect and low efficacy. It
costs up to 250 euro per mouse with a dose of 80mg/kg via systemic injection using antagomir[106].
Given the body weight of a human, it will cost more than half a million euro for a single treatment for
humans. Even though lower dose (<10mg/Kg) repetitive injections [72] or using low dose LNAs [88§]
have been shown to be effective and cheaper, it will still cost around 100,000 euro for using them in
human trials. The cost may be reduced in the future with the development of synthesis technology and
more potent miRNA inhibitors. Another problem with systemic delivery of miRNA therapeutics is the
potential side effects. First, one miRNA can have multiple targets, thus one miRNA may have
different functions in different organs or cell types. For example, miR-214 has been shown to play an
inhibitory role in angiogenesis [79, 107],however, this miRNA is also essential in regulating calcium
homeostasis in cardiomyocytes [108]. Therefore, systemic inhibition of miR-214 may improve

neovascularization in the heart, but it may also cause problems in myocardial calcium handling.
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In summary, successful implementation of miRNA therapeutics relies on the strategies to improve the
stability in the circulation, to reach high efficient and tissue/cell-specific delivery, to have effective

cellular uptake and eventually to escape from endolysosomal compartments.

Overcoming challenges: lessons learned from siRNA delivery

Several of the previously mentioned challenges for using miRNA as therapeutic modalities, both
mimics and inhibitors, also apply when using siRNA as a therapeutic molecule. siRNAs are double-
stranded RNA-molecules, 21-23 nucleotides in length, that can be synthetically produced. After
cytosolic delivery they are incorporated into the RISC complex like miRNAs. siRNAs have a
completely complementary sequence to its target mRNA and binding of the siRNA-RISC complex to
their targets results in mRNA degradation [109]. Like miRNA mimics, siRNAs have similar problems,
like being susceptible for degradation in the blood, not leaving the blood vessels readily, and not
readily being taken up by cells. To overcome these challenges several siRNA delivery vehicles, like
liposomal delivery vehicles, polymeric delivery vehicles and ultrasound microbubbles, have been
studied. In order to overcome these challenges for miRNA-based treatment, we can learn important
lessons from these siRNA delivery vehicles. An overview of these commonly used delivery vehicles is

provided in Table 2.
Liposomal delivery vehicles

Liposomes are the most-studied and oldest delivery vehicle for siRNA, as was recently reviewed by
Buyens et al. [110]. In circulation, it has been extensively shown that liposomes protect the siRNA
from RNase degradation and remain stable in blood [110, 111]. Additionally, Elbashir et al. showed
that cationic liposomes could induce cellular uptake of siRNA in cell culture through endocytosis,
overcoming the challenge of low uptake of naked siRNAs by cells [112]. Subsequently, cationic
liposomes have been used to successfully treat liver metastatis in mice by increasing apoptosis via
targeting the bcl-2 oncogene in cancer cells [113]. Specific delivery of siRNA for CD31 to endothelial
cells, inhibited angiogenesis and decreased tumor growth [114], thereby demonstrating that liposomes
not only facilitate cellular uptake, but also help in the exit of siRNAs from blood vessels into the tissue
and become biologically active in vivo at several doses of 1-4 mg/kg body weight. However, after
intravenous (i.v.) injection, siRNA loaded liposomes tend to end up in the liver, kidney, lung, tumors,
spleen and bone [111, 115, 116],but not in the heart. Hereby liposomes can solve major challenges for
miRNA, antimiR and siRNA delivery, including stability, cellular uptake and targeting of blood
vessels or specific organs, but still there is a need to increase delivery to the myocardium for cardiac

applications in order to improve therapeutic effectsand avoid off-target side-effects.

Polymeric delivery vehicles
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Another strategy to overcome the challenges is the use of polymers, which have been used with mixed
successes [109, 117, 118]. There are many polymers that have been used to improve siRNA delivery,
and most commonly used are polyethylenimine (PEI), chitosan, poly(lactic-co-glycolic acid) (PLGA),
poly-l-lysine (PLL) and dendrimers. These polymers mostly rely on their cationic charge to bind
siRNA and subsequently protect the siRNA from degradation in the blood. Additionally, a cationic
charge also induces endocytosis, thereby increasing cellular uptake of the delivery vehicle. PEI was
found to protect siRNA from RNase degradation in circulation and after i.v. injection, siRNA ended
up in tumors, liver, spleen, lung, kidney and to a low extent to the heart of mice [119].Upon i.v.
treatment with a specific PEI-siRNA complex against vascular endothelial growth factor receptor-2,
this decreased tumor growth [119].Similarly, chitosan was found to protect siRNA from degradation
for at least 7 h, whereas naked siRNAs are degraded within minutes upon systemic injection[120]. In
addition, after i.v.injection of siRNA carrying chitosan in mice, the siRNA could be found in the brain,
liver, lungs, kidney, spleen, to a very low degree in the heart and abundantly in tumors[121]. These
delivered siRNAs for POSTN, FAK or PLXDCI1 were subsequently capable of reducing tumor size in
mice [121].

Another polymer, PLGA, has been studied as siRNA delivery vehicle because it is FDA-approved and
provides a slow release of siRNA due to hydrolysis of PLGA [122], thereby making therapeutic
effects last longer. However, PLGA is not cationic and is not readily taken up by cells which makes
loading PLGA with siRNA more difficult and additional functionalities to improve cellular uptake
have to be added [123]. If these additional functionalities are used, the resulting composite polymer is
capable of protecting siRNA from degradation, enabling exit of siRNA out of the blood stream into
tissue and subsequently inhibiting tumor growth [123]. Cardiac accumulation of these particles,
however, was not reported and besides providing protection from degradation, the challenges for
siRNA delivery where not necessarily overcome by the characteristics of PLGA, but rather by adding

other polymers or moieties.

PLL has been shown to deliver siRNA for luciferase into cells, knocking down protein expression up
to 80% in vitro [124]. However, when trying to translate the use of PLL to in vivo models, several
issues were encountered like blood instability [125] and severe toxicity [124]. Additionally, PLL-

siRNA delivery vehicles mainly accumulate in the liver, spleen and tumors [126].

Dendrimers are branching polymers and chemically challenging to produce [127]. For siRNA and
oligonucleotide delivery, polypropylenimine (PPI) or Poly(amido amine) (PAMAM) have received
most interest because of their cationic nature [127]. Dendrimers have proven to be able to cross cell
membranes and deliver siRNA intracellularly [128]. However, low dendrimer-siRNA stability in the
blood has been reported [129]. After i.v. injection, dendrimers are capable of transferring siRNA out

of the blood stream after which they accumulate in the liver, kidney and spleen [128] or in tumors after
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the addition of tumor targeting functionalities like a synthetic analog of luteinizing hormone-releasing

hormone [128], but no studies have reported specific uptake and use for the heart.

Several challenges have been conquered by using polymers to deliver siRNA in vivo. This resulted in
successful therapeutic effects in laboratory animals at several doses of siRNA, ranging from 1-3
mg/kg body weight, whereas antagomiRs are administered at 20-80 mg/kg body weight. By using
polymers like chitosan, PEI and PLGA it is possible to provide protection against degradation in the
blood, transfer the siRNA out of the blood stream and into cells to facilitate mRNA degradation. An
overview of the characteristics of discussed polymers is given in Table 2. However, these siRNA-
polymers mostly end up in the liver, spleen, kidneys and tumors, and not in other organs like the heart,
introducing the additional challenge of specifically targeting these delivery vehicles to the

myocardium.
Cardiovascular application of liposomal and polymeric delivery devices

As previously mentioned, liposomal and polymeric delivery vehicles for siRNA naturally accumulate
in tumors, liver or spleen, and not in the vasculature and heart. Due to this biodistribution, targeting
the cardiovascular system with synthetic delivery vehicles is quite difficult. On top of that, the heart
muscle is a difficult organ to transfect, and it is even believed that direct injection of naked nucleotides
results in higher cardiac uptake then nucleotides combined with a delivery vehicle [130]. It has been
hypothesized that the cationic nature of delivery vehicles caused them to get attached to the densely
packed anionic extracellular matrix of the heart [131]. Even so, several approaches have been used to
target the cardiovascular system using siRNA delivery vehicles.

To circumvent issues with biodistribution, delivery vehicles can be directly injected into the
myocardium [131-133] (Figure 2: delivery route 1). Kim et al. used a PEI-based delivery vehicle to
deliver siRNA against Src homology domain 2 (SH2)-containing tyrosine phosphatase-1 (SHP-1) to
the myocardium of rats in an ischemia-reperfusion model, resulting in a successful knockdown of
SHP-1, and thereby reducing apoptotic cell death and subsequently leading to a 50% reduction in
infarction size [131]. Alternatively, Somasuntharam et al. used pH-sensitive nanoparticles for
intramyocardial siRNA delivery in a mouse model with a permanent ligation in the left anterior
descending coronary. As a result of Nox2 knock-down, fractional shortening of the heart improved to
non-infarcted myocardial levels [133]. Additionally, direct injection of liposomes carrying miR-590
and miR-199 in heart of neonatal rats successfully increased cardiomyocyte proliferation within 3 days
[74].

Even though biodistribution of cationic liposomes after i.v. injection does not favor the heart, the i.v.
approach to achieve cardiac effects has been reported (Figure 2: delivery route 2). For instance, Santel
et al. successfully knocked down CD31 mRNA levels by 40% in the heart after i.v. injection of

liposomes loaded with siRNA in mice [134], CD31 is an endothelial cell specific marker and was used
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in this study to prove endothelial targeting of the delivery vehicle. Betigeri et al. furthermore used i.v.
injection of liposomes, loaded with siRNA against c-Jun N-terminal kinase-1 (JNK1), to decrease
apoptosis in the heart of mice during hypoxia, knocking down JNK1 by 80% and significantly
reducing apoptosis [135]. Both studies mention, however, that uptake of liposomes in organs other
than the heart is much higher [134, 135].

Another approach to affect the cardiovascular system is by indirect targeting via organs which are
easier to transfect, like the liver [136, 137] or spleen [138, 139], which naturally show high
accumulation of delivery vehicles (Figure 2: delivery routes 3 and 4). In the liver, both PEI-based
delivery vehicles and liposomes were successfully used to knockdown ApoB, resulting in a reduction
in serum cholesterol levels and thereby preventing atherosclerosis [136, 137]. In another approach
siRNA against C-C chemokine receptor type 2 (CCR2) was intravenously injected after complexion
with cationic liposomes. These liposomes accumulated in the spleen and transfected monocytes,
macrophages and neutrophils, leading to less responsiveness of these cells to macrophage chemo-
attractant protein 1 (MCP-1), a chemo-attractant which is released from the infarcted heart. As a result,
monocyte numbers were reduced by 70% in infarcted hearts which led to a 34% reduction in infarct
size (Figure 2: delivery route 5) [139]. In a follow up study, the same group found that the reduction in
infarct size also leads to increased left ventricular ejection fraction [138]. This approach was also used
to decrease the number of macrophages and monocytes in atherosclerotic plaques, leading to a 82%
reduction of macrophages/monocytes in the plaque [139].

The main issue in treating the heart with siRNA remains the low accumulation of delivery vehicles
and siRNA. While liposomal-siRNA formulations have entered the clinical arena for treatment of
cancer [140] and the liver [141], the heart still lags behind, creating a need for improved cardiac
homing of siRNA delivery vehicles. Interestingly, promising alternative methods are being developed
to treat myocardial infarction or atherosclerosis by targeting organs like the liver or spleen with
subsequent effects on the heart, although these are still in an early preclinical phase and mostly rely on

a reduction in total cholesterol levels or modulating the immune responses.

Microbubbles

Microbubbles (MB) are micrometer-diameter gas-filled spheres with a flexible shell which can be
modified in order to bind nucleic acids like DNA or siRNA [142-144]. The characteristic that makes
MB really interesting as a drug delivery vehicle, is their ultrasound (US) responsiveness. Having a
core of gas, MB react to US pressure waves. During the peak positive pressure phase the gas-filled
MB will be compressed and during the peak negative phase the MB will expand, causing the MB to
oscillate on the US wave. Increasing the peak-to-peak pressure of the US-wave to a certain point
causes the MB to collapse, thereby releasing its therapeutic payload and permeabilizing cells [145,

146] and blood vessels [147]. This results in an increased local delivery and uptake of therapeutic
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payload if US is applied locally [148]. The MB has been used for the local delivery of liposomes,
nanoparticles, plasmid DNA (pDNA) and also siRNA [149].

MB have been found to protect siRNA from RNase degradation in circulation and for transferring
themout of the blood vessel into cells in tumor tissue, subsequently slowing down tumor growth [142].
Similarly, Un et al. used MB to deliver siRNA against ICAM-1 to the liver and successfully delivered
siRNA in endothelial cells, Kupffer cells and hepatocytes, thereby providing protection against
ischemia-reperfusion damage in the liver [150]. MB are therefore capable of protecting siRNA, enable
siRNA to exit the blood stream, and induce the entry of siRNA into cells.

Furthermore, the capability to use a physical force to induce local delivery makes the MB suitable to
target tissues in which delivery vehicles do not naturally accumulate, and MB+US was thereby used to
deliver siRNA or oligonucleotides to the heart [151, 152]. In 2005, Tsunoda et al. successfully
delivered siRNA against GFP in GFP transgenic mice. They found that delivery was confined to the
endothelial cells in the heart [151] and was not observed in cardiomyocytes, in contrast to delivery of
pDNA, which did enter cardiomyocytes as well as endothelial cells after MB+US treatment [151].
Alter et al., showed that also single stranded oligonucleotides could be delivered locally to the heart,
inducing the transcription of dystrophin in cardiomyocytes [152]. Both studies showed successful
delivery of small oligoncleotides to compartments of the heart while retaining biological activity
without off-target effects in other organs. Where Tsunoda et al. only found tissue penetration to
endothelial cells by using double stranded siRNA, Alter et al. observed tissue penetration reaching the
cardiomyocytes by using single stranded oligonucleotides, an interesting difference between these
RNA analogues.

MB+US induced local delivery techniques look promising for local miRNA delivery in cardiovascular
approaches. Small RNA molecules are only delivered to organs where US is applied andtherefore also
the heart can be reached, in contrast to the other discussed synthetic delivery vehicles. Penetration of
siRNA into tissue, however, only extends to endothelial cells. For miRNA mimics, similar results can
be expected as these molecules are double stranded as well. For antimiR molecules, being single-
stranded, affecting both endothelial cells and cardiomyocytes seems feasible. Although promising,
MB+US induced delivery of siRNA is still rather complex and many factors are known to influence
the success of local delivery, including MB type [152], US intensity [153], US frequency [154], US
pulsing [149], and MB dose [152]. Furthermore, cavitating MB can cause stress to blood vessels and
cells [143]. However, when all these factors are well adjusted, MB+US induced delivery of miRNA
mimics is a very promising technique for treatment in cardiovascular disease, including the

myocardium.

Improving cardiac delivery
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Strategies to improve homing of delivery vehicles to the heart include the use of antibodies,
endothelial cell or cardiac targeting peptides (CTPs), or pH sensitive targeting moieties. These cardiac
targeting agents take advantage of distinct properties of cardiac tissue, such as cardiac specific cell
surface markers which can be recognized by antibodies or targeting peptides. Ko et al. modified
liposomes with a cell-penetrating peptide TATp for increased cellular uptake and an anti-myosin
antibody for cardiac targeting. This approach resulted in increased accumulation of DNA-liposome
complexes in the ischemic myocardium [155]. Another well studied targeting peptide is RGD that
specifically binds to integrin avp3 and avB5, which is enriched on the endothelial cells surface. This
RGD peptide has been used for targeted delivery of siRNA to endothelial cells in combination with
delivery vehicles such as chitosan nanoparticles [121], PEI [156]and liposomes [157]. Using another
approach, Sosunov, E. A. et al reported that a low pH sensitive insertion peptide accumulates only in
the ischemic myocardium but not the healthy regions, as the pH in the ischemic myocardium is lower
[158]. These strategies improve cardiac homing but have not been used in combination with siRNA or
miRNA therapeutics yet. It will be interesting to see how these promising targeting strategies, by
themselves or as a combination, improve cardiac homing of delivery vehicles for siRNA and miRNA

therapeutics.

Improving endosomal release and cytosolic delivery of miRNA therapeutics

Cellular entry of siRNA or miRNA therapeutics using delivery vehicles is usually endocytosis
mediated, thus resulting in endolysosomal localization. The last challenge for small RNA therapeutic
delivery after its entry into cells is their release from its carriers and escape from the endolysosomal
compartment. To this end, fusogenic peptides have been used to facilitate endo-lysosomal escape and
improve cytosolic delivery of therapeutic molecules after internalization of drug delivery vehicles
[159]. Hatakeyama et al. showed that introduction of pH-responsive fusogenic GALA peptide into a
drug delivery vehicle improved gene silencing due to more efficient endosomal escape [160, 161]. By
combining fusogenic peptides and cell penetrating peptides, even more efficient knockdown has been
achieved [162, 163]. Many protein/peptides like GALA have been identified and can enhance
endosomal release, which can be considered for incorporation in the miRNA therapeutics delivery

complex [164].

Future perspectives

miRNAs have been shown to play important roles in many different aspects of cardiovascular
diseases. Some properties that make the miRNA an excellent therapeutic target are the ability to

influence whole cellular processes instead of a single gene, the easy manipulation of miRNA acitivity
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in vivo using miRNA inhibitors, the high intracellular stability of miRNA therapeutics, and their
involvement in regenerative processes in cardiovascular disease. Actually, the first successful phase 2
clinical trial with antimiR-122 [165], a hepatitis C targeting antimiR, has been carried out and will
definitely encourage the introduction of more miRNA therapeutics towards clinical practice, also for

the cardiovascular field.

However, the intrinsic nature of miRNAs targeting multiple target mRNAs can achieve synergistic
effects but may also cause un-expected off-target side effects since no organ or tissue selectivity is
achieved, especially the heart is difficult to reach. Moreover, in vivo delivery of miRNA mimicking
molecules to enhance miRNA function is limited and mainly achieved by viral overexpression. There
is therefore a persistent need for methods to increase miRNA therapeutic delivery, prevent off-target

uptake and increase tissue-specific uptake.

Recent developments in drug delivery vehicles for siRNA have resulted in successful protection of
siRNA in the blood, successful exit from the circulation, and intracellular delivery of siRNA and
important lessons can be learned from these siRNA delivery methods. Three important challenges
have been conquered using liposomal and polymeric delivery vehicles. However, the big issue remains
that these delivery vehicles end up in tumors, spleen, liver and lungs, not readily in the heart. For
cardiac application, one would need high systemic doses of siRNA to reach therapeutic levels in the
myocardium, resulting in large off-target effects and low therapeutic benefit. Strategies to circumvent
this problem include local injection or indirectly treating the heart by targeting other organs with
known effects on the heart. However, local injections are invasive and targeting the immune system is
not cardiac specific and can result in major side-effects. An alternative approach is the use of MB and
US, which are known to have low off-target effects. However, cardiac delivery of siRNA by MB has
not been studied extensively and data so far points towards the direction of low tissue penetration of
siRNA. For cardiac application of siRNA (or miRNA) therapy, cardiac targeting remains an issue.
However, several strategies to improve cardiac uptake and targeting of delivery vehicles are being
developed and encouraging results are being obtained with antibodies, cardiac targeting peptides, and
pH sensitive targeting peptides (for an overview see Figure 3). These results, however, still need to be
translated to delivery vehicles for miRNA therapeutics. A growing body of knowledge is available but
needs to be combined with experimental and translational efforts to open-up successful delivery for

miRNAs, at this point the most potent therapeutic small RNA available.
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Scope of this thesis

The aim of this thesis was to identify novel miRNA targets that are involved in cardiovascular diseases
and explore the feasibility of using specific miRNA therapeutics for interventions. To search for novel
miRNA targets, we have applied state of art technology to identify dynamic regulated microRNAs in
cardiovascular disease models (Chapter 4). To understand the biological role of these microRNAs, we
used various techniques including a multicolor microRNA in situ hybridization technique (Chapter 2),
a microRNA-free Simple cell system for targets identification and individual microRNA functional
studies (Chapter 3), and use of transgenic knockout mice models to study the mechanistic role of
microRNAs (Chapter 4, 5, 6 and 7). Our studies show that one microRNA can play different roles
under different tissue or cellular context, for instance, increased miR-132/212 level is needed to
promote arteriogenesis during ischemia (Chapter 4) while sustained upregulated miR-132/212 levels
in the stressed heart could also impair cardiac contractility (Chapter 6). These observations suggest
that targeted tissue or organ-specific delivery might be essential for microRNA based interventions.
Moreover, this may explain why miR-132/212 knockout mice show no advantage long-term functional
benefits over their wild-type litter mates after myocardial infarction (Chapter 7). To further explore
the possibility of targeted delivery, we designed and tested new delivery systems, including
ultrasound-exposed microbubbles and nanopolymers for targeted delivery of microRNA therapeutics

in the cardiovascular system (Chapter 8 and 9).
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Table 1. miRNA interventions in cardiovascular diseases

miRNA Disease model Interventionand effect Targetedgenes or pathway
. Arl2 and Bcl2[42, 88]
15 IR KO; Systematic LNA
Proliferation cardiac ~17-92 MI cKO PTEN[41]
regeneration
Lipid transfection reagent; Homerl, Hopxand
590/199a MI AAV9 Clic5[74]
92a HI and MI SystematicantagomiR ITGAS5[59]
214 In vivo Matrilgel plug Systematic antagomiR QKI[79]; eNOS[107]
126 HI antagomiR Spred1[166]
15a HI Genetic knockout VEGF and FGF2[167]
. . Lentivirus
angiogenesis
15a/16-1 HI antagomiR VEGF and AKT-3[168]
23/24/27 laser-induced choroidal LNA Sproty2, Sema6A[169]
neovascularization mouse model
100 HI Systematic antagomiR mTOR[72]
24 MI Adenovirus mediated GATA2, PAK4 [170]
decoys ;eNOS[171]
. Thrap1[172];
208a TAB KO, transgenic myostatin[55]
22 isoproterenol infusion and KO Sirt1 and Hdac4[173];
calcineurin transgene
199 na Transgenicmice and Dyrkla[174]
’ antagomiR
cardiomyocytes 378 TAC adenovirus MAPK pathway[175]
hypertrophy
Rhoa[176],
133 n.a Systematic antagomiR Cded? and
NELFA/Whsc2[176]
24 TAC antagomiR junctophilin-2[117]
132212 TAC KO, Systematic Foxo3[58]
antagomiR
cardiac fibrotic 21 TAC antagomiR Spry1[106]
remodeling
. . CollAl, Coll A2, Col3Al,
29 MI Systematic antagomiR FBNI and ELN1[68]
101a/b MI[177] andenovirus FBIJ; c-fos[177]
133a TAC transgenic CTGF[178]
. 1 n.a. antagomiR Sorcin[179]
contractility,
zrorrlli::llclﬁl(;zsand 328 n.a adenovirus CACNALC and
’ CACNBI1[180]
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25 TAC antagomiR Hand2[75]

Cardiac metabolic

: 208a High fat diet KO MEDI13[181]
regulation

HI: hindlimb ischemia; MI: myocardial infarction; IR: myocardial infarction and reperfusion; TAB:

trans aorta binding; TAC: trans-aorta constriction; KO: knockout; LNA: locked nucleic acid
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Table 2: Commonly used polymeric delivery devices for siRNA delivery

Polymer: Size Charge Intracellular RNAseprotection Biodistribution In vivosuccess
delivery
Chitosan 100 — 400 Cationic +[184] ++[185] Liver, brain, tumor, | ApoB knockdown
nm[182, 183] spleen.[121] in liver[183]/
tumor size
reduction[121]
PLGA 100 — 1000 Anionic -[187] +/- [186] Tumors[123] Reduction of
nm[186] tumor size in
mice[123]
PEI 50-500 Cationic ++[189, 190] +/-[189, 191] Liver, spleen, Reduction of
nm([119, 188, lung.[119, 189] tumor size and
189] survival in
mice[119]
PLL 25-300 Cationic +/-[125] -[125, 194] Tumor, liver, Tumor-homing of
nm[192, 193] spleen.[126, 192] siRNA-PLL
particles[126]
Dendrimers 40 -300 Cationic +/-[195] -[129, 195] Liver, kidney, Tumor-homing of
nm[129] spleen, tumor.[128, siRNA [128, 196]

129]

Polymer: polymer type, Size: measured radius of delivery vehicles, Charge: surface charge of delivery

vehicles, Intracellular delivery: capability of delivery vehicles to deliver siRNAintracellularly

(++=very capable, +=capable, +/-=slightly capable, -=low capability, --=very low capability), Blood

stability: capability of deliver y vehicle to protect and stabilize siRNA in the presence of blood

(++=very capable, +=capable, +/-=slightly capable, -=low capability, --=very low capability),

Biodistribution: reported tissues/organs where the delivery vehicles can be found after in vivo

application, /n vivo success: examples of successful applications of delivery vehicles.
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Figure 1: miRNAs involved in cardiovascular diseases
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miRNAs are reported to be involved in many different types of cardiovascular diseases and in different
cell types such as in angiogenesis for endothelial cells, in cardiac fibrotic remodeling for

myofibroblasts, and in proliferation, cell death, conduction and arrhythmias for cardiomyocytes.
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Figure 2: Targeting the heart with siRNA delivery vehicles.
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Cardiac application of siRNA delivery vehicles can occur via different application routes. Delivery
strategies either rely on (1) intramyocardial injection of siRNA-carrying delivery vehicles, or
intravenous injection routes (2, 3, 4). After intravenous injection, delivery vehicles can directly enter
the heart (2) or enter off-target organs like the liver (3) or the spleen (4). Subsequently, secondary
effects of those organs can have therapeutic effects on atherosclerosis by reducing ApoB levels (3) or
by reducing monocyte chemotaxis (4). Reduced chemotaxis of monocytes from the spleen can also

reduce infarct size after myocardial infarction (5).
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Figure 3: Delivery vehicles for siRNA, targeting options and improving cytosolic delivery.
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Delivery vehicles that can be used for siRNA delivery are represented in the left column, the size of

the circles represents the size of the delivery vehicle. In the middle column, tissue targeting options

which can be combined with delivery vehicles from the left column are depicted. Additionally, the

right column gives an overview for options to increase cellular entry and endosomal escape.
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Abstract

Through advances in miRNA discovery methods and ways to modulate miRNA activity, the impact of
microRNA (miRNA) function in physiological and pathological processes is found to be ever-
increasing. It has become more and more evident that miRNA actions are often tissue or cell-type
specific. To understand and assess the roles of miRNAs, visualization of the expression patterns of
specific miRNAs is needed at the cellular level in a wide variety of different tissue types. Although
miRNA in situ hybridization techniques have been greatly improved in recent years, they remain
difficult to routinely perform due to the complexity of the procedure. In addition, as it is crucial to
define which tissues or cells are expressing a particular miRNA in order to elucidate the biological
function of the miRNA, incorporation of additional staining for different cellular markers is necessary.
Here, we describe a robust and flexible multicolor miRNA in sifu hybridization (MMISH ) technique
for paraffin embedded sections. We show that the miRNA in situ protocol is sensitive and highly
specific and can successfully be combined with both immunohistochemical and immunofluorescent

staining.
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Introduction

microRNAs (miRNAs) are short non-coding RNAs, which have been shown to play important roles
in many different biological processes, pathological development and disease progression [1]. To
explore the potential differential expression of one or many specific miRNAs in a physiological or
pathological context, several techniques, such as Northern blot, gPCR, microarray, and next
generation deep sequencing technologies can be used [2]. However, these techniques will provide the
levels using a mixed sample of different cell types. In addition, not only expression levels, but also
their locations, the cell type identification within the tissue are important [3]. A miRNA can only
fulfill its function when its expression is temporal-spatial correlated with its targeted mRNAs. Thus a
robust technique to define the expression patterns of specific miRNAs at the cellular level is crucial to

elucidate their functions [4-9].

One way to visualize miRNAs at the cellular level is by performing miRNA in situ hybridization [10,
11]. The concept is straightforward and in general similar to the traditional in situ hybridizations for
long coding mRNAs: a pre-labeled nucleic acid sequence, called probe, complementary to the
selected miRNA is used to visualize the localization of the specific miRNA. Based on these well-
established mRNA in situ procedures, several protocols have been developed to detect miRNA

expression, which have advanced our understanding of how and where miRNAs are located [12-18].

MiRNA in situ techniques have been greatly improved and made less complicated, but even so, they
are still laborious and difficult to perform routinely. Several modifications have been implemented to
improve the sensitivity of the technique: 1) the use of Locked Nucleic Acid (LNA) based probes has
significantly improved the hybridization signal and reduced the background [13]; 2) by using double-
labeled probes, increased signal-to-noise ratios have been achieved; 3) by the introduction of an extra
1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC)-based fixation step, free
miRNAs were prevented from escaping into hybridization buffers [18]. However, one major drawback
of EDC fixation is that it destroys the epitope of cell surface markers, which makes it difficult to

perform subsequent immunohistochemical staining [18]. Still, to date only highly abundant miRNAs
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have been localized and defined by in situ hybridization [12-18], suggesting still low sensitivity of this
technique and the need for further optimization. Moreover, most of the available protocols require
cryopreserved tissue samples [12, 13], while most clinical grade patient samples are paraffin

embedded to better preserve morphology.

Here, we provide a non-toxic urea-based miRNA in situ hybridization protocol for paraffin embedded
samples in combination with different visualization methods. By using our protocol, a multicolor
image can be created by combining high sensitive in situ hybridization with immunofluorescent
stainings, thereby allowing to visualize the expression of miRNAs at the cellular and even subcellular

level.
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Materials and Methods:

REAGENTS

Tissue-Tek® Tissue-Clear® Xylene Substitute (Cat. 1426, SAKURA), proteinase K (Cat.
03115828001, Roche); PBS 1x (Cat. 10010023, Life Technologies); Tris (Cat. T1503); glycine (Cat.
(8898, Sigma); Paraformaldehyde (PFA) (Cat. P-6148, Sigma), Diethylpyrocarbonate (DEPC)
(Fluka, 32490); Triethanolamine (Fluka, 90279); HCI (Riedel, 30721); Acetic anhydride (Sigma,
A6404); 50x Denhardt’s (Cat. 750018, Life technologies); Yeast tRNA (Cat. 10109495001, Roche)
Anti-digoxigenin antibody (Roche, 1093274); Levamisole (Cat. X3021, DAKO); NBT/BCIP (Cat.
K0598, DAKO); chromogen (Cat. K0640, DAKO); Fast Red Substrate (Dako, K0699); CHAPS
(Sigma, C5070-5G); Tween (Cat. 93773, Fluka); NaCl (sigma); MgCl2 (Cat. 2320946, sigma); 20 X
SSC (Cat. 15557-044, Life technologies); fluoromount-G (Cat.0100-1, SourthernBiotech); 1-Ethyl-3-
[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) (Cat. 77149, Thermo Fisher); Heparin

(Cat. H4784, Sigma)

Used antibodies: Anti-Digoxigenin-AP, Fab fragments antibody (Cat. 11093274910 Roche); anti-
CD31 (Cat. 550274, BD Pharmingen); anti-cardiac Troponin I(Cat. ab47003, Abcam); anti-Vimentin
(Cat. ab45939, Abcam); anti-Actinin (sarcomeric) (Cat. A7811, Sigma); Hoechst (Cat. H1399, Life

technologies); Lectin BS-1 (Cat. L2895, Sigma).

5'- and 3'- double DIG-labeled miRCURY LNA™ Detection probes: miR-132 (Cat. 38031-15,
Exiqon), miR-222 (Cat. 38499-15, Exiqon), miR-155 (Cat. 88083-15, Exiqon), miR-25 (Cat. 18122-

15, Exiqon), miR-159a (Cat. 99003-15, Exiqon), and U6 (Cat. 99002-15, Exiqon).

EQUIPMENT

Coverslips (Menzel-Glaser, 24 x 60 mm)
Antigen retriever 2100 (Aptum Biologics Ltd)

Microscope (Olympus, BX53)

REAGENT SETUP
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1. DEPC-treated PBS (1 liters): Add 1 ml of DEPC to 1 liters of PBS and mix vigorously. Keep at
37°C overnight, then autoclave.

2. DEPC-treated water (1 liter): Add 1 ml of DEPC to 1 liter of milliQ water, keep at 37°C overnight,
then autoclave.

3. Proteinase K digestion buffer: 5 mM Tris, 1 mM EDTA, 1 mM NaCl, pH 7.4

4. EDC fixation buffer: 0.13 M 1-methylimidazole in 0.3 M NacCl, pH 8.0.

5. Acetylation buffer: Add 6.67 ml triethanolamine, 875 pul HCL (37%), 1.25 ml acetic anhydride in
493 ml H,0.

6. Pre-hybridization blocking buffer: Urea (2 M), 2.5x SSC, 1x Denhardt’s, 200 pg/ml yeast tRNA,
0.1% CHAPS, 0.1% Tween, 50 ug/ml heparin.

7. In situ hybridization buffer: Urea (2 M), 2.5x SSC, 1x Denhardt’s, 200 pg/ml yeast tRNA, 0.1%
CHAPS, 0.1% Tween, 50 ug/ml heparin.

8. Blocking buffer: 0.5% BSA, 10% normal goat serum in TBST (0.1% tween 20).

9. Antigen retrieving buffer:_ 10 mM Tris Base, 1 mM EDTA Solution, 0.05% Tween 20, pH 9.0.

10. Primary and secondary antibody incubation buffer: 0.5% BSA, 10% normal goat serum in TBST
(0.1% tween 20).

11. Washing solution I: 0.1 M Tris, pH 7.5, 0.15 M NacCl, 0.1% Tween 20.

12. Washing solution II: 0.1 M Tris, pH 9.0, 0.15 M NaCl.

A step by step guide:

Slide preparation

Fix adult tissue in freshly prepared 4%PFA at 4°C overnight under rotation. The fixation time for
embryonic tissue can be reduced to 1 hour.

Cut paraffin embedded samples at 10 um, dry the section for 1 hour at a 56 °C plate.

Start the deparaffinization with fresh tissue clear for 2x 10 min.

Rehydrate sections subsequently with 99% ethanol, 95% ethanol, 70% ethanol, 50% ethanol, and

PBS. 5 min for each step.

Proteinase K treatment
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5. Optional: Delimit the sections with a DAKO Pen.

6. Transfer the slides in their holder into pre-warmed Proteinase K solution (5 mg/ml, 37°C) for 7
min.

7. Wash slides with 0.2% glycine in PBS for 2x 10 min to remove Proteinase K.

EDC fixation

8. Wash slides in EDC fixation buffer for 2x 10 min to remove residual phosphate groups from PBS.

9. Cover section with 200 ul 0.16 M EDC solution in EDC fixation buffer for 1 hour at room
temperature.

10. Wash slides for 10 min to remove residual EDC with 0.2% glycine in PBS.

Acetylation

11.

12.

Transfer to acetylation solution for 30 min at room temperature.

Wash slides in washing solution I for 10 min.

Hybridization

13.

14.

15.

16.

17.

18.

19.

Apply 200 pul pre-hybridization buffer on each slide at room temperature for 1 hour.

Recover probe in appropriate amount of hybridization buffer. The final concentration is probe
specific, depending on the abundance of the miRNA of interest and the affinity of the probe to the
target. For U6 5 nM is sufficient, miRNA probes were used at 10 nM. We recommend to first test a
range of 1 to 40 nM.

Replace the pre-hybridization buffer with 100 ul hybridization solution, including the probe and
cover the section with a 60 mm x 24 mm coverslip to avoid evaporation.

Place slides on a 65°C hot plate to denature the probe and miRNA targets.

Incubate slides overnight at 30°C below their Tm, as provided by the supplier. For example, Tm
(miR-132) is 86°C, Tm (miR-155) is 76°C, Tm (miR-222) is 88°C, Tm (miR-159) is 87°C.
Therefore, the sections for miR-132 are incubated at 56°C, miR-155 at 46°C, miR-222 at 58°C and
miR-159a at 57 °C.

Soak slides in pre-warmed 5x SSC and carefully remove coverslips at their hybridization
temperature.

Wash slides 2 times in 5x SSC, 10 min each at their hybridization temperature.
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20. Wash slides for 4 times in 0.2x SSC, 10 min each at their hybridization temperature.
21. Wash slides in wash buffer I for 10 min at room temperature.
Staining

22. Block sections by applying 0.5% BSA and 10% normal goat serum in TBST for 1 hour.

23. Remove the blocking solution and apply 100 ul anti-DIG-alkaline phosphatase antibody in 5%
BSA (1:1500) for 1 hour at room temperature.

24. Wash slides for 2 times in washing solution I, 5 min each.

Visualization

25. Wash slides for 10 min in washing solution II. Mix 3 ml BCIP/NBT solution with 3 drops
levamisole solution, apply 200 ul to each slide and incubate at room temperature.

26. Regularly check the staining under the microscope. The incubation time needed for each probe will
differ, depending on the expression level of each miRNA/ probe sensitivity. For high abundant
targets, such as U6, a strong nuclear staining is visible within 15 min, but for low abundant
miRNAs the incubation time can be extended to several hours. However, incubation time longer
than 6 hours usually hardly improves the signal further.

Immunofluorescent staining

27. Wash slides in TBS for 5 min and place the slides in an antigen retrieval chamber, filled with
appropriate antigen retrieval buffer, place the chamber holder in antigen retriever 2100, turn on the
antigen retriever. It takes about 2 hours for the antigen retriever to complete the procedure and cool
down.

28. Take out the slides and wash them in TBS for 10 min.

29. Optional: delimit the sections again with a DAKO pen.

30. Block with 0.5% BSA and 10% normal goat serum in TBST for 1 hour at room temperature.

31. Dilute antibodies in blocking solution, apply 100 ul to the slides and incubate overnight at 4°C .

32. Wash slides 3 times in washing buffer I, 10 min each, with gentle agitation.

33. Dilute appropriate fluorescent-labeled secondary antibodies and apply to the sections for 1 hour at
room temperature.

34. Wash slides 3 times in washing buffer, 10 min each, with gentle agitation.
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35. Dilute Hoechst (1 mg/ml) in PBS and apply to the slides for 10 min at room temperature.
36. Wash slides 2 times in washing buffer I, 5 min each.
37. Apply 100 ul fluoromount-G solution and seal slides with 24 mm x 60 mm coverslips.

38. Dry the slides in the dark. When dry, they are ready for microscopy.

Results and discussion

To show the specificity and feasibility of our in situ protocol, we first performed miR-132 in situ
hybridization on paraffin embedded mouse brain [11, 19-21]. As expected, miR-132 is expressed in
the cytoplasm of neural cells, compared to the exclusive nuclear location of U6 (Figure 2). miR-159a,
a plant specific miRNA, which is not present in mammalian cells , is used here as a negative control.
In addition, we performed in sifu hybridization for U6, miR-132 and miR-159a on paraftin embedded
mouse embryo (E14.5) sections. As expected, U6 showed a strong nuclear staining throughout the
embryo; miR-132 showed high expression in the brain, but is visible in other tissues as well (Figure 3)

[19-27].

Subsequently, we showed that our in situ protocol can be combined with additional colorimetric
stainings. Immediately after the miRNA in situ section, antigen retrieval was performed with "antigen
retriever" as described previously [28]. The high temperature stops alkaline phosphatase activity of the
miRNA probes and helps the cellular surface epitope to recover. After in situ hybridization for U6,
miR-132, miR-222 and miR-155 in cardiac tissue, we identified the cellular types by
immunofluorescent staining for CD31 (Endolthelium), Lectin BS-1 (Endothelium), cardiac Troponin I
(Cardiomyoyctes) and Vimentin (Fibroblasts), respectively. As shown in Figure 4, the in situ
hybridization miRNA signal is shown in purple/blue, whereas the cell types by antibody staining were
visualized via chromogen in red. We show that miR-132 in expressed predominantly in
cardiomyocytes, miR-222 is present in the nuclei of the smooth muscle cells, while miR-155 is lowly

expressed in cardiomycoytes. Depending on the combination, signals are sometimes difficult to
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distinguish from one another. We therefore set up a protocol where we can combine the colorimetric in

situ hybridization with immunofluorescent stainings for cell-specific markers.

As described above, we first performed in situ hybridization for U6, miR-132 and miR-155 on various
paraffin embedded mouse tissues, including heart and spleen, and subsequently stained these sections
to visualize endothelial cells (Lectin BS-1) and myofibroblasts (Vimentin). The signals from the
different channels were digitally merged into a 4-channel fluorescent image by using Imagel. U6 is
exclusively localized in the nuclei, miR-132 is expressed in the cardiomyocytes and large vessels
(Vimentin positive), and miR-155 is highly expressed in B cells in the spleen which are small,
lectinBS-1 and Vimentin negative cells, in some small cells in the infarcted area and is also detectable

in cardiomyocytes after myocardial infarction.

As in other in situ hybridization protocols, there are many crucial steps and some steps must be
optimized case by case. The time needed for PFA fixation before embedding can be different
depending on the type of tissue and the size of the tissue. Fixation duration will also influence the time
needed for proteinase K treatment and antigen retrieval later on . Therefore, the concentration and time
of proteinase K treatment should be optimized. In practice, after proteinase K treatment, a quick
Hoechst staining is very helpful as, in general, a bright nuclear signal with a clear nuclear edge
suggests proteinase K treatment is optimal. Additionally, the hybridization temperature should be
determined experimentally. The annealing temperature provided by the supplier is determined in silico
and can be significantly different in reality. At last, the time for development of the in situ signal

differs between different miRNAs and tissues, as it is directly related to the abundance of the targets.

Notes:

We used urea in our buffers which has previously been used successfully in RNA gel electrophoresis
to prevent RNA from forming secondary structures [29], and recently, also for antigen retrieval [30].
Thus, urea may play a dual role by keeping the miRNA molecules and probes linear, thereby
enhancing the target-probe affinity by preventing intermolecular interaction within miRNAs or

individual probes, and by reversing the EDC fixation induced epitope loss by denaturing the antigens.
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A great advantage of our protocol is in situ hybridization can be combined with immunofluorescent
stainings. In the final steps of the in sifu, NBT/BCIP is converted into a dark blue stable crystal by
alkaline phosphatase. This signal is so stable that it is still present after autoclave treatment. This
makes it possible to follow-up with standard immunofluorescent stainings, and allows different
antigen retrieval procedures. Our protocol is not limited to paraffin embedded samples only and will
also work for cryopreserved samples. In our experience, cryosections usually show stronger signals
than paraffin-embedded tissues. However, a well-performed cryopreservation procedure is critical to

prevent RNA degradation and cryo-damaging of the tissue during freezing.

Limitations

We found that nuclear Hoechst signals can be affected when NBT/BCIP was used for detection of U6
in the in situ hybridization due to steric hindrance of abundant overlaying signals. Moreover, this
technique is semi-quantitative: one can compare the expression of a specific miRNA between different
conditions, but direct comparison of two different miRNAs is limited unless the labeling property of

different probes have been proven to be the same.

Application and advantages over other methods: Our protocol uses urea in the hybridization buffer,
as compared to toxic deionized formamide, and it can be easily combined with different immune-
labeling procedures, which allows one to analyze the expression and precise (sub)cellular location of

the miRNA of interest.

Ethical Standards

The use of mice tissue was granted by the Animal Ethical Experimental committee of Utrecht

University and was performed under the Guide for the Care and Use of Laboratory Animals.
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Figure 1.The workflow of MMISH which covers most of the critical points presented in this
paper, including the time needed for each steps and sections. Steps marked with a * require

optimization. Steps with bold characterization contain differences from other reported methods.
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Figure 2. Representative images of miRNA in situ hybridization for U6 (A, B, C and D), miR-132
(E, F, G and H) and miR-159a (I, J K and L) in paraffin embedded mouse brain. U6 is used as a

positive control and plant specific miR-159a serves as a negative control.
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Figure 3. Representative images of miRNA in situ hybridization for U6 (A), miR-132 (B) and
miR-159a (C) in paraffin embedded mouse embryo at E14.5. U6 is used as a positive control and
plant specific miR-159a serves as a negative control. Figure A', B' and C' show high magnifications of
the red box indicated areas in A, B and C.
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§ miR-155  Vimentin

Figure 4. Representative images of miRNA in situ hybridization for U6 (A), miR-132 (B), miR-
222 (C) and miR-155(D) in paraffin embedded mouse heart in combination with
immunohistochemical stainings. A: endothelial cells (CD31), B: endothelial cells (lectin BS-1), C:
cardiomyocytes (Troponin I) and D: (myo)fibroblasts (Vimentin). (miRNAs in purple/blue, cell-
specific markers in red)
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Figure 5. Representative images of miRNA in situ hybridization for U6 (A), miR-132 (B) and
miR-155 (C, D and E) in paraffin embedded healthy mouse heart (A, B), spleen (C) or
myocardial infarcted heart (D, E) in combination with immunofluorescent stainings. Nuclei are
stained with Hoechst, endothelial cells with Lectin BS-1 in green, and (myo)fibroblasts in white.
Digital merged images from in situ and immunofluorescent signals are shown on the right with nuclei

in blue; endothelial cells in green; (myo)fibroblasts in white, and the in sifu signal digitally converted

into red.
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Abstract

Objective: microRNAs have been shown to play important roles in cellular behavior and lineage
specification including cardiogenic differentiation. However, full understanding of their roles in
cardiomyocyte differentiation have been impeded due to lack of proper cellular model. Here, we used
an embryonic stem cell (ESC) that is lacking the important microprocessor Dgcr§ (or Pasha), which
allows the introduction of individual miRNAs to study their role in cardiac differentiation and for

more precise target selection.

Methods: Dgcr8 KO ESC were cultured in LIF-supplemented ESC medium with mouse embryonic
fibroblast feeders and cardiac differentiation was induced using an embryonic body-based
differentiation protocol. Differentiation was monitored by measuring mRNA and protein levels of
cardiogenic markers and heterochromatin changes using immunofluorescent staining and semi-

quantitative PCR.

Results and conclusion: We showed that Dger8 KO ESCs indeed are lacking a large population of
small RNAs, including but not limited to mature microRNAs. The KO cells had a lower proliferation
rate and were unable to differentiate into the cardiac lineage. To our surprise, in addition to a defect in
microRNA processing, Dger8 KO embryonic stem cells are unable to form proper heterochromatin
and to inactivate genotoxic centromeric repetitive elements. Our results argue that, in addition to
controlling microRNA processing, Dgcr8 may serve a previously unrecognized role in

heterochromatin silencing.
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Introduction

microRNAs (miRNAs) have been shown to play important roles in cardiac differentiation [1-6],
pathological development and progression of cardiac diseases [7-12]. Full understanding of their role
in these conditions requires identification of their precise target genes and studying their function in
the relevant cell types. Several different cell types, such as HEK293 or COS7, or organs like the
mouse heart have been used for identification and validation of different miRNA targets [13, 14]. A
major hurdle for target identification is that the cells used are either not relevant for the studied
process, thereby not having the correct target mRNAs present, or the redundancy caused by other
miRNAs that may compete with the miRNA of interest and thereby interfere with the effect of
overexpression or inhibition of the miRNA of interest [15, 16]. Therefore, an ideal cell model to study
the effects of a single miRNA including its targets in a cardiac context, would be a cardiomyocyte

without any mature miRNAs present, a very "Simple Cell" as it were.

Most of the currently known miRNAs go through canonical miRNA processing. They are transcribed
as normal mRNAs by RNA Polymerase II and subsequently processed into mature miRNAs by
microprocessor complexes including Dger8 and Drosha [17]. After being exported into the cytosol[18,
19], precursor miRNAs are further processed into mature miRNAs by Dicer [20, 21]. Therefore, cells
lacking Dgcr8 or Dicer are not able to produce canonical mature miRNAs. Dicer has been shown to
have miRNA independent roles and commercial miRNA mimics are provided as precursor or
precursor like structures, which require processing by Dicer to become functional. Thus, knocking out
Dgcr8 in embryonic stem cells (ESC) has become the first choice to create a versatile miRNA-free cell
model. In this cell model, the miRNA population will be eliminated, however, the activity for
precursor processing will be kept intact and the cells may hold their potential to differentiate into any
cell type of interest, e.g. cardiomyocytes. Although inactivation of Dgcr8 was used to explore the role
of the total miRNA population in a particular cell type or tissue in vivo [22-25], the consequence of
the loss of Dgcr8 on cardiac lineage specification of ESCs, and whether or not we can create the

"simple cardiomyocyte" from Dgcr8 KO ESCs, is unknown.
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Methods and Materials:

Embryonic stem cell (ESC) culture and embryonic bodies (EB) preparation and differentiation
Wild-type ESCs V6.5 and Dgcr8 knockout (KO) ESCs (Novus Biologicals, NBA1-19349) were
cultured on a MEF feeding layer in ESC medium, containing DMEM (Gibco, cat. no. 41965), 15%
FBS (Gibco, cat. no. 16141-079), 1x penicillin/streptomycin (Sigma, cat. no. P4458), 1x MEM-
nonessential amino acids (PAA, cat. no. M11-003), 1x Leukemia Inhibitory Factor, and 0.0007% [-
mercaptoethanol. Cells were detached using Accutase (Chemicon Millipore, SF006) and before
differentiation, preplated for 0.5-2 h in non-coated plates. The supernatant including ESCs was
collected, and EBs were formed in low attachment plates (6 well) with 2 million cells per well in
differentiation medium, containing IMDM (Gibco, cat. no. 21980), Ham’s F12 nutrient mixture with
GlutaMAX-I (Gibco, cat. no. 31765), 2% Horse serum (Gibco, 16050-122), 1x MEM-nonessential
amino acids (BioWhittaker, BE13-114E), 1x Insulin transferrin-selenium (Gibco, 41400-045), 1x
penicillin/streptomycin (Sigma, cat. no. P4458), and 25 ug/mL ascorbic acid (Sigma, A-4034). The
cells were incubated at 37 °C while shaking (circa 50 rotations/min) for 2 days to induce EB

formation.

Proliferation rate assay
To determine the degree of proliferation, cells were trypsinized into single cells and 10,000 cells were
seeded in a 24-well plate, pre-coated with MEFs. Cells were trypsinized into single cells at 48 and 72

hours after seeding and counted with a Bio-Rad TC-10 automatic cell counter.

RNA isolation, small RNA profiling and semi-quantitative PCR analysis

Total DNA-free RNA was isolated with Tripure Isolation Reagent following manufactory's
instructions (Roche Applied Science) and analyzed by using the Agilent Small RNA Kit (Agilent
Technologies, cat. no. 5067-1548) according to the manufacturer’s guidelines. Results were obtained

using the Agilent Bioanalyzer 2100 and data was analyzed with 2100 Expert Software.
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Total RNA was treated with RNase-free DNase I (Qiagen), checked to be DNA free, and cDNA was
made using the iScript'” cDNA Synthesis Kit (Bio-Rad). Quantitative real-time polymerase chain
reaction (QRT-PCR) was performed with iQ SYBR Green Supermix (Bio-Rad) and specific primers
with the following sequences: Gapdh forward 5’-GGCATGGACTGTGGTCATGA-3’ and reverse 5’-
TTCACCACCATGGAGAAGGC-3’; Hprt forward 5> TCAGTCAACGGGGGACATAAA-3’ and
reverse 5’- GGGGCTGTACTGCTTAACCAG -3’; Oct4 forward 5°- AGAGGATCACCTTGGGGTACA-3’ and
reverse 5’- CGAAGCGACAGATGGTGGTC -3’; Sox2 forward 5’- GCGGAGTGGAAACTTTTGTCC-3’ and
reverse 5’- CGGGAAGCGTGTACTTATCCTT -3’°; Nanog forward 5°- TCTTCCTGGTCCCCACAGTTT-3” and
reverse 5’ - GCAAGAATAGTTCTCGGGATGAA -3’; Hnf4 o forward 5’- GTGGCGAGTCCTTATGACACG-3’
and reverse 5’- GCTGTTGGATGAATTGAGGTTGG -3’; TnT forward 5’- CAGAGGAGGCCAACGTAGAAG-
3’ and reverse 5°- CTCCATCGGGGATCTTGGGT -3’; a-MHC forward 5°-
ATCCTGTCCAACAAGAAGCC-3’ and reverse 5’-ACCTCTCCCTGAGAGACGAA-3’; p-actin
forward 5’-CTCTTTTCCAGCCTTCCTTC-3’ and reverse 5’-TCTCCTTCTGCATCCTGTC-3’;
Pasha exon 3 forward 5’-CACGGCTAAAGCAATCGTTCAA-3’ and reverse 5’-
GCTCTGTAGGTGGACGGCCAC-3’; LINE-1 forward 5'- GAACAGACGAGGACACTGAAAA-3'
and reverse 5'- CTGGCTTCTCATTCGCATTCT-3"; IAP forward 5'-
AGCAAGAAAAGAAGCCCGTGA-3' and reverse 5'- ATGCCAGAACATGTGTCAAGTG-3';
Major forward 5'- GACGACTTGAAAAATGACGAAATC-3' and reverse 5'-
CATATTCCAGGTCCTTCAGTGTGC-3"; Minor forward 5'- CATGGAAAATGATAAAAACC-3'
and reverse 5'- CATCTAATATGTTCTACAGTGTGG-3'. For minor and major satellite RNA RT-
PCR, PCR products were separated using agarose gels (2%) and images were taken using UV
exposure and detection with the ChemiDoc XRS System (Bio-Rad).

Western blotting

Total protein was isolated with protein lysis buffer (Roche Applied Science). Protein amounts were
determined using the Pierce BCA Protein Assay (Thermo Scientific). Equal amounts of protein were
loaded, separated, and transferred to a PVDF membrane using the Novex® NuPAGE® SDS-PAGE

Gel System and the iBlot® Transfer System (Invitrogen). PVDF membranes were blocked in 5% non-
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fat dry milk in 0.1% TBST with 2% normal goat serum or 5% non-fat dry milk in 0,1% PBST with 2%
normal goat serum. Blocked membranes were incubated with primary antibodies against Pasha
(Dgcr8; 1:1000, Proteintech, cat. no. 10996-1-AP) or B-actin (1:5000, Sigma, cat. no. A5441), and
subsequently probed with horseradish peroxidase-conjugated goat-anti-rabbit (1:2000, Dako, P0448)
or goat-anti-mouse (1:1000, Dako, P0447). The signal was visualized with Chemiluminescent
Peroxidase Substrate (Sigma) and detected with the ChemiDoc XRS System (Bio-Rad). Image Lab

software was used for analysis.

Fluorescent immunohistochemistry

EBs were fixed with 4% PFA in PBS, incubated in 30% sucrose PBS, and preserved in Tissue-Tek®
0.C.T.™ (Sakura). Cryosections were stained for a-actinin (1:800, Sigma, cat. no. A7811), and
Troponin I (1:100, Abcam, cat. no. ab47003). The secondary antibodies used were Alexa Fluor-488
goat-anti-mouse (1:400, Invitrogen, A11001) and Alexa Fluor-555 goat-anti-rabbit (1:400, Invitrogen,
A21458). Nuclei were counterstained with 1 png/mL Hoechst 33342 (Invitrogen) and sections were
mounted in Fluoromount-G (SouthernBiotech). Images were captured using confocal laser scanning

microscopy (Carl Zeiss LSM 700) and associated software.

Statistical analysis
Data are presented as mean = SEM. Student’s t-tests were performed for comparison between WT and
KO and differences were considered statistically significant when p values were < 0.05, as indicated

by an asterisk (*).
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Results

Characterization of mouse Dgcr8 KO ESCs

To confirm the absence of Dgcr8 in KO ESCs, we designed primers which amplify the 3' part of intron
2 and the 5' part of intron 4 and performed a PCR with WT and KO genomic DNA. As expected, PCR
products from KO are smaller (100 bp) compared with WT products (248 bp) (Figure 1B).
Additionally, we performed Western blotting with an anti-Dgcr8 antibody with protein lysate of WT
and KO ESC. We indeed confirmed the absence of the predicted 86 kD-signal in the KO samples
(Figure 1C). The loss of Dgcr8 in the KO ESC was further confirmed by immunofluorescent staining,

as is illustrated by the absence of nuclear Dgcr8 in KO ESC cells (Figure 1D).

Dgcr8 KO ESCs were viable and displayed typical mouse ESC morphology when cultured on a mouse
embryonic fibroblast feeder layer. Interestingly, KO ESC colonies were smaller as compared with WT
colonies (Figure 1E). And we also noticed Dgcr8 KO ESCs proliferate much slower than WT cells

(Figure 1F).

Dgcr8 was first identified as a Drosha interacting protein by Drosha immunoprecipitation, and
therefore its function was mainly associated with miRNA biogenesis. To evaluate the consequence of
Dgcr8 loss on the cellular RNA profile, we isolated total RNA from WT and KO ESCs and compare
the small RNA profiles (1-150 bp) using a Bioanalyzer small RNA chip. We observed that Dgcr8 KO
cells are not only lacking miRNAs, as indicated by the miRNA spike in control (20 bp), but also a

large population of small RNA species ranging from 4-40 bp (Figure 1G and H).

Dgcr8 KO EBs do not differentiate into the cardiac lineage

To assess the effect of the Dger8 KO on the cardiogenic differentiation of ESCs, we induced cardiac
differentiation using a well-established EB-based differentiation protocol [26]. We observed that
Dgcer8 KO ESCs can form EBs, but their size is smaller and their shape is more irregular compared to

WT ESC derived EBs (Figure 2A). Upon induction of differentiation, WT ESCs undergo typical
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morphological and phenotypical changes, such as forming of cyst-like structures and spontaneous
contraction (Figure 2B) . In contrast, KO EBs did not show cyst-like structures and did not contract

(Figure 2A+B) .

To further characterize the cardiogenic differentiation of EBs, we performed qRT-PCR for
pluripotency (Oct4), early mesoderm (Brachyury T), and cardiogenic lineage markers (oMHC and
TnT). Consistent with our previous observations, we found that the expression of Oct4 decreased upon
differentiation, associated with an increased level of Brachyury T in WT cells. Prolonging the
differentiation reduced the expression of Brachyury T and increased the levels of cardiac markers
oaMHC and Troponin in WT EBs on day 10. These results indicate loss of pluripotency and induced
mesoderm and subsequent cardiac differentiation in the WT EBs. In the Dgcr8 KO cells, however, the
expression of pluripotency markers Oct4, Sox2, and Nanog did not change, only very low levels of
Brachyury T could be detected, and the expression of aMHC and Troponin was absent, even 10 days
after differentiation (Figure 2C). We further confirmed these findings by immunofluorescent staining
of EBs for the cardiac markers a-Actinin and Troponin. Indeed, we could detect a-Actinin and
Troponin positive regions in the WT EBs after 10 days of differentiation, which were not observed in

the KO EBs (Figure 2D).

Dgcr8-KO ESCs are deficient in heterochromatin silencing and centromeric repeat sequence

RNA inactivation

Although miRNA processing was the first role ascribed to Dicer, defects in the formation of
heterochromatin have been linked to failure of differentiation and induction of apoptosis in Dicer KO
ESCs [27, 28]. Centromeric heterochromatin regions contain a lot of transposable elements, which
have to be silenced by the formation of heterochromatin rich regions. RNAi mediated heterochromatin
assembly has been reported to play a critical role in ESC differentiation, genome stability and
protection from viral invasion [29]. Recently, a Dgcr8 RNA immune-precipitation study has greatly
expanded its target spectrum and has shown its physical interaction with several other non-coding

RNAs (ncRNA), including retro-transposable elements as well as Major Satellite and Minor Satellite
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centromeric repeat RNA species [30], thereby regulating retro-transposon activities [31]. Dgcr8 null
ESCs are not able to produce a large population of endo-siRNA, or shRNA [32], essential components
of siRNA induced chromatin silencing complexes. Therefore, we investigated if there were any
differences in heterochromatin formation between WT and Dgcr8 KO ESCs. Using a H3K9ME3
antibody, a well established heterochromatin marker [27, 33], we performed immunofluorescent
staining on WT and Dgcr8 KO ESCs before and after differentiation. Although we found no
differences before differentiation (Figure 3A), upon differentiation we did observe a clear
condensation pattern only in WT cells (Figure 3B). A clear example of heterochromatin condensation
is seen in differentiated fibroblast (Figure 3C). This pattern is not seen in the KO ESCs, suggesting

there is a defect in the formation of heterochromatin regions in KO ESCs.

To further confirm this finding, we selected four centromeric repeat sequences: minor and major
satellite repeats, and LINE-1, all identified as Dgcr8-interacting RNAs [30], and IAP, and performed
a semi-quantitative PCR using WT and KO ESC RNA samples. As predicted, we found that the
expression of LINE-1, and minor and major satellite transcripts is more abundant in the KO ESCs
compared to WT ESC, before and after differentiation (Figure 4 A and B). The expression of these
three RNA transcripts is less pronounced upon differentiation in the WT ESCs (Figure 4 B and
Supplement figure E), which correlates with the widespread heterochromatin formation as shown by
the H3K9MES3 staining (Figure 3 A and B). The higher expression of these three transcripts in the KO
ESCs indicates a defect in heterochromatin silencing (Figure 4B and Supplement figure E).
Interestingly, another retro-transposon-like element, IAP, did not show any difference (Supplement

figure F).
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Discussion

In this study, we aimed to characterize and generate a miRNA-free cell that potentially can be used for
miRNA functional analysis in cardiomyocytes. Our results show that Dger8 KO ESCs proliferate
slower and are lacking a large population of small RNA species ranging from 4-40 bp, including
mature miRNAs (~20 bp). However, Dger8 KO ESCs are unable to undergo cardiogenic
differentiation. Furthermore, we observed that centromeric regions of KO ESCs have a higher
transcriptional activity upon induction of differentiation as compared to WT controls. Therefore,
Dgcer8 KO ESCs are unable to fully inactivate their heterochromatin regions like WT ESCs, which is

likely leading to the defect in cardiac differentiation.

Consistent with a previous study, we found that Dgcr8 KO ESCs exhibit slower proliferation rates. It
has been shown that the miR-290 family is involved in the regulation of ESC proliferation [34] and
overexpression of this family could partially rescue the proliferation defect of Dger8 KO ESCs [34].
Additionally, we observed a defect in cardiomyogenic differentiation in the Dgcr8 KO ESCs, as
shown by the lack of spontaneous contraction and absence of myogenic differentiation markers which
agree with previous observation that Dgcr8 KO ESC is not capable to form teratoma [34]. Dicer is also
involved in miRNA processing, which is downstream of Dgcr8. Similar to Dger8 KO ESCs, Dicer KO
ESCs display a similar phenotype [27], but show a more pronounced defect in heterochromatin

silencing even before differentiation [27].

How and if microprocessors like Dgcr8 or Dicer control ESC differentiation through miRNA
processing is not known. Although a lack of miRNA processing seems the most obvious explanation
for the defect in differentiation, more and more studies point to a miRNA biogenesis-independent role
of the microprocessor. In fission yeast, which does not have miRNAs, RNAi-mediated
heterochromatin silencing has been shown to play important roles in protection of virus invasion and
genome integrity. There, RNA transcripts from centromeric chromatin regions are used as a template
by the RNA dependent RNA Polymerase (RdRP) to generate dsSRNAs which are subsequently

processed into short dsSRNAs. The short dsSRNAs serve as a guide for the RNA-induced Silencing
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Complex (RISC) containing Ago-complexes for both Post-Transcriptional Gene Silencing (PTGS) and
Chromatin Dependent Gene Silencing (CDGS) [29]. In mammals, small RNAs, that play an important
role in silencing genotoxic transposable genetic regions[35, 36], have also been identified, both in
ESCs and germ cells [32]. In germ cells, for example, a class of small RNAs called Piwi-associated
RNAs (piRNAs), which are longer than miRNAs (26-31 nt), have been shown to play an important
role in silencing genotoxic transposable genetic regions [35, 36]. These small RNAs have also been
found in ESCs, however, the function of these small RNAs in ESCs is unclear. Before differentiation,
centromeric chromatin regions are slightly more open in the Dgcr8 KO cells as shown by Minor and
Major satellite RNA semi-quantitative RT-PCR. Upon differentiation, centromeric chromatin regions
are inactivated in WT but not in the Dgcr8 KO cells. The functional importance of major satellite
RNA transcripts is in line with a recent study, in which manipulation of major satellite RNA
completely blocked embryonic differentiation at 2-cell stages [37]. Our results suggest that Dgcr8
might carry a previously unrecognized small RNA related function which is independent of miRNA
biogenesis, as was also reported for Dicer [27]. Future studies are needed to fully understand its

function during this process and to identify its substrates and working partners [32].

How the defective heterochromatin silencing in Dger8 KO ESCs prevents their differentiation into the
cardiac lineage is not clear. However, recent studies about LINE1 may shed some lights on this
question. LINE1, one of redundant retro-transposon derived RNA species, which are distributed in the
heterochromatin regions across the genome, is inactivated upon differentiation. In oocytes, the level
of the LINEL1 is used to determine which cell will go into apoptosis, a well conserved phenomena
called fetal oocyte attrition (FOA) [38]. Oocytes with low LINEI activity are selected and the ones
with high LINE1 levels are eliminated [38]. Interestingly, Dgcr8 KO ESCs show accumulation of
LINE-1 and a defect in inactivation of LINE-1 upon cardiac differentiation. It is conceivable that a
failure in inactivation of heterochromatin regions in differentiated cells will result in an accumulation
of these long transposable transcripts, which thereby trigger an interferon-response via Toll-Like
Receptors 8/9 [32]. Interestingly, ESCs and germ cells are still innocent in their TLR-induced

interferon response, but once they are differentiated, the cells are no longer tolerant to long dsSRNA
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stimulation. If the cells fail to inactivate these heterochromatin regions, this control mechanism clears

these cells to prevent malignant growths (Figure 5).

Dgcr8 null ESCs have a lower proliferation rate and an absence of cardiomyogenic differentiation.
Although a defect in miRNA processing might be a direct mechanism, our results suggest that Dgcr8
is also involved in heterochromatin silencing, thereby adding another dimension to gene regulation at
the epigenetic level. Furthermore, this dual role of Dgcr8 suggests that previous reported defects in
Dgcr8 conditional KO mice could, in addition to a loss of small RNA biogenesis, may also be related

to heterochromatin maintenance
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Figure 1. Characterization of Dgcr8 KO mouse embryonic stem cell. A. Illustration of the mouse

Dgcr8 gene, including the locations of 2 flox sites that were used for gene targeting and the design of
genotyping primers, as used in figure 1C. B. Validation of the loss of Dgcr8 protein in the Dger8 KO-
ESCs by Western blotting. C. Genotyping of WT and KO ESCs with primers franking exon2 and
exon4. WT display a band at 248 bp and KO at 100bp. D. Immunofluorescent staining of Dgcr8 on
WT and KO ESC colonies. Note the nuclear staining of dgcr8 in the WT colony. E. Representative
images of WT and Dgcr8 KO ESCs in culture. F. Comparison of WT and Dgcr8 KO ESC proliferation
rate in culture. G. Representative images of total RNA profiles from WT and Dger8 KO ESCs using
bioanalyzer 2100. Note the absence of small RNA species in Dger8 KO ESCs, ranging from 4-40 nt
long. F. Histogram of the profiles of the total RNA from WT and Dgcr8 KO ESCs using bioanalyzer
2100. Note the absent of small RNA species in Dger8 KO ESCs ranging from 4-40 nt long.
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Figure 2. Dger8 KO ESCs are defect in cardiogenic differentiation. A. Morphology of WT and
Dgcr8 KO EBs, note the irregular shape/size of Dger§ KO EBs. B. Morphology of WT and Dgcr8
KO EBs 3, 7 and 10 days after initiation of differentiation. Note Dgcr8 KO EBs are smaller, and lack
of cyst-like structures which are present in WT EBs after 7 and 10 days differentiation. C. gPCR
analysis of Oct4, a stem cell pluripotency marker, and differentiation marker Brachyury T, Troponin T
(TnT) and aMHC. D. Immunofluorescent staining for cardiac marker o-Actinin and Troponin T in

WT and KO cells after 10 days of differentiation.
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Figure 3. Dger8 KO ESC are deficient in heterochromatin silencing during differentiation. A.
H3K9ME3 immunofluorescent staining on non-differentiated WT and KO ESC. B. H3K9ME3
immunofluorescent staining on 7 days differentiated WT and KO ESCs. Note the H3K9ME3 condense
staining in the different WT cells, as indicated with white arrows which is absent in the Dgcr8 KO
ESCs. C. H3K9ME3 immunofluorescent staining on mouse embryonic fibroblast served as a positive

control.
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satellite RNA species. A. [llustration of the Major and Minor satellite repeat, including the different
lengths of the fragment of PCR amplicons. B. RT-PCR products using Minor and Major satellite
transcription specific primers to detect Minor and Major satellite RNA transcripts. PCR products are

separated on DNA agarose gels with Hprt as input control.
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Figure 5. A working model for Dgcr8 in ESC heterochromatin silencing. Before differentiation,
both WT and KO ESCs can maintain proper genome structure with moderate heterochromatin.
However, KO ESCs are lacking a large population of small RNAs. Upon differentiation, in WT ESCs
the endo-siRNA is blocked while KO cells are defective in this heterochromatin inactivation, which
results in accumulation of long dsSRNA. Long dsRNAs activate the interferon response via TLR8/9,

leading to an arrest in differentiation and apoptosis.
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Supplement figures A. The expression of -Actin in WT and KO ESC normalized by Hprt and
Gapdh. B. The stability of Hprt, f-Actin and Gapdh as a housekeeping during WT and KO ESC
differentiation as analyzed using Normfinder [39]. C. The expression Dgcr8 during differentiation in
WT ESC. D. The expression of Hnf4a during differentiation in WT and KO ESC. E. The expression of
LINE-1 before and after differentiation. F. The expression of IAP before and after differentiation.
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Abstract

Background: Arteriogenesis is a complicated process induced by increased local shear-and radial
wall-stress, leading to an increase in arterial diameter. This process is enhanced by growth factors
secreted by both inflammatory and endothelial cells in response to physical stress. Although
therapeutic promotion of arteriogenesis is of great interest for ischemic diseases, little is known about

the modulation of the signaling cascades via microRNAs.

Methods and Results: We observed that miR-132/212 expression was significantly upregulated after

occlusion of the femoral artery. miR-132/212 knockout(KO) mice display a slower perfusion recovery
after hind-limb ischemia compared to wild type (WT) mice. Immunohistochemical analysis
demonstrates a clear trend towards smaller collateral arteries in KO mice. Although Ex vivo aortic ring
assays score similar number of branches in miR-132/212 knockout mice compared to WT, it can be
stimulated with exogenous miR-132, a dominant member of the miR-132/212 family. Moreover, in in
vitro pericyte-endothelial co-culture cell assays, overexpression of miR-132 and mir-212 in
endothelial cells results in enhanced vascularization, as shown by an increase in tubular structures and
junctions. Our results suggested that miR-132/212 may exert their effects by enhancing the Ras-

MAPK signaling pathway through direct inhibition of Rasal, and Spred1.

Conclusions: the miR-132/212 cluster promotes arteriogenesis by modulating Ras-MAPK signaling

via direct targeting of its inhibitors Rasal and Spred1.

Keywords:

miR-132/212, arteriogenesis, Ras-MAPK, hindlimb ischemia
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Introduction

Under physiological circumstances, normal adult blood vessels stay quiescent by using various
inhibitors to counteract pro-angiogenic signal fluctuation [1]. Dysregulation of this balance may cause
diseases such as capillary and arterio-venous malformations [2]. However, under ischemic conditions,
the compensatory growth of blood vessels is an appreciated response, which can be achieved in two
ways: by branching from existing vessels (called angiogenesis), or by enlargement of pre-existing
collaterals (termed arteriogenesis) [3]. The increase in diameter via arteriogenesis weights much more
than the number of newly formed capillaries via angiogenesis and has therefore the potential to
become a future therapeutic approach [4]in chronic and acute ischemic diseases. Many attempts have
been made to modulate the pro- and anti-arteriogenic balance [5-7]. However, effective therapeutic

approaches to promote arteriogenesis are still lacking.

Initial studies have shown an important role for microRNAs (miRNAs) in neovascularization [8-14],
but a clear understanding of all players involved is still lacking. It has previously been shown that
miR-132 is upregulated in endothelial cells by various pro-angiogenic stimuli such as hypoxia[15],
VEGF [10, 15], and angiotensin II [16].Overexpression of miR-132 in HUVECs promoted
proliferation and migration in vitro, and transplanting these cells promoted vascularization in vivo
[17]. In cancer, miR-132 promoted angiogenesis by suppressing one of the GTPase-activating
proteins, called RASAT1 [10]. Very Low Density Lipoprotein Receptor (Vidlr) knockout mice,
displayed an aberrant neovascularization in the retina, associated with increased expression of miR-
132. Moreover, inhibition of miR-132 in the retina could reduce aberrant neovascularization[ 18] or
corneal neovascularization [19]. Although, the role of this microRNA family was explored for
angiogenesis, its influence on hind-limb ischemia induced arteriogenesis has not been explored. In
this study, we combine in vitro assays and in vivo animal models to explore the role of miR-132/212 in

vascular growth during arteriogenesis and to unravel the underlying mechanism.
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Materials and Methods

Generation and genotyping of miR-132/212 KO mice

The generation of miR-132/212 KO mice has been described as previously [20]. For genotyping, DNA
samples were obtained by ear clipping and used in a GC-Rich PCR kit (Roche, cat. 12140306001)
with the MiR-132/212 primers as shown in the supplementary table 1. PCR product were revealed on

a 1% agarose gel: WT genotype shows a predicted band at 1076 bp and the KO genotype at 392 bp.

Hind-limb ischemia

This study was approved by the Animal Ethical Experimentation Committee(Utrecht University) and
was carried out in accordance with the Guide for the care and use of Laboratory Animals.

Hind-limb ischemia was applied on 10-12 week old mice (10 WT (C57B6) and 13 miR-132/212 KO)
as described previously[21]. In brief, mice were anesthetized with fentanyl (0.05mg/kg),
midazolam(5mg/kg) and medetomidine (0.5mg/kg) by intraperitoneal injection and surgical
procedures were performed under sterile conditions. A vertical longitudinal incision was made in the
right hind-limb and the femoral artery was dissected. To achieve slower recovery, ligation was
performed using an electricoagulator at the most proximal position and thereby separating them into
two parts. After closure, mice received atipamezole (2.5mg/kg) and flumazenil (0.5mg/kg) to recover.
Temgesic (0.1mg/kg) was given every 8 hours after surgery for 6 times. Measurement of blood flow
was performed by scanning both rear paws with an LDI analyzer (Moor Infrared Laser Doppler
Imager Instrument, Wilmington, Delaware), before and after the surgical procedure (days 0, 4, 7, and
14). During the procedure, the animal was kept under 2% isoflurane anesthesia and its body
temperature was strictly maintained between 36.5°C- 37.5°C. The images obtained were quantitatively
converted into histograms with Moor LDI processing software as described before [22]. Data were

reported as the ratio of blood flow in the right over left (R/L) hindlimb.

MicroRNA in situ hybridization

The procedure for microRNA in situ hybridization has been described previously with slight

modification [23]. Cryosections were fixed by 4% paraformaldehyde for 10 min, acetylated for 10 min
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followed with 10 min proteinase K treatment (10 pg/ml). Hybridization was performed following
manufacturer's suggestions with DIG labeled miRCURY LNA miRNA detection probes (Exiqon) for
miR-132 (38031-15), negative control miR-159 (99003-15) and positive control U6 (99002-15).
Sections were subsequently blocked for 1h before overnight incubation with anti-DIG alkaline
phosphatase antibody (1:1,500, Roche). To block endogenous alkaline phosphatase activity, sections
were incubated with levamisole solution (DAKO), followed by Liquid Permanent Red (DAKO)
incubation for visualization. Blood vessels were stained with lectin BS-1 (1:100, Sigma). Nuclei were
stained with Hoechst 33342 (Life Technologies). Images were taken by Zeiss LSM710 and analyzed

using Zen2012 (Zeiss).

RNA isolation and RT-PCR

DNA-free RNA was extracted with Tripure (Roche applied science). To perform qPCR for gene
expression RNA is transcribed to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad) according to
manufacturer's instructions, and quantitative real-time polymerase chain reaction was performed on a
MylQ single-color qRT-PCR system (Bio-Rad) as described previously [24].All the primers used for
gqPCR analysis are listed in the supplementary table 1.Mature miR-132 and miR-212 expression levels
were measurement by TagMan® MicroRNA Assay following manufactory’s instruction, using U6 as

control.

Immunofluorescent staining

The following primary antibodies were used: Rasal (clone B4F§, ab2922, Abcam 1:100), Spred1
(Millipore, ABS186, 1:500), Spry1 (Cell signaling, 13013, 1:500), aSMA-FITC (Sigma, F3777,
1:400), followed by secondary antibodies goat anti-mouse and goat anti-rabbit Alexa 555 (Life
technologies, 1:500) for detection. In brief, tissues were imbedded in Tissue-Tek”™ O.C.T™
(SAKURA) and sectioned to 7 um thick slices. For the Spred1 and spryl staining, sections were fixed
with cold methanol and subsequently blocked with 10% normal goat serum plus 2% BSA in TBST,
containing 0.1% tween 20. Then sections were incubated with primary antibodies diluted in 0.5% BSA

in TBST overnight at 4°C. Before incubation with a secondary antibody, slides were washed three
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times for 10 min each. For RASA1, sections were first cleared with 1% tween for 30 min, then
blocked with affini-pure Fab fragment goat anti-mouse IgG (Jackson immunoresearch laboratory, 115-
007-003, 100 pg/ml) with 10% normal goat serum. Anti-RASA1 antibody was diluted in 0.5% BSA in
TBST, applied on the sections overnight at 4°C, followed by biotin-sp-conjugated affini-pure Fab
fragment goat anti-mouse IgG(H+L) (Jackson immunoresearch laboratory, 115-067-003, 1:500) and
streptavidin-conjugated Alexa 555. Images were taken by Zeiss LSM700 and analyzed using ZEN

2012 software (Zeiss)

Western blotting

The following primary antibodies were used for western blotting: Rasal (clone B4F8, ab2922, Abcam
1:200), Spred1 (Millipore, ABS186, 1:1000), Spry1 (Cell signaling #13013, 1:1000), B-actin (Sigma,
1:15000), p44/42 MAPK(ERK1/2) (Cell Signaling #9102, 1:1000), phosopho-p44/42
MAPK(ERK1/2) (Cell Signaling#9101, 1:1000). Adductor muscles were lysed with EDTA-free lysis
buffer (Roche Applied Science, Cat.04719964001) with 1x protease/phosphatase inhibitor cocktail
(Cell Signaling, #5872). Protein concentrations were measured with BCA protein assay kit (Thermo
Scientific, 23227), separated with NuPAGE bis-tris Precast gels (Life Technologies), and transferred
to PVDF membrane with an iblot western blotting system (Life Technologies), according the
manufacturer's instructions. Membranes were first blocked with 5% blotting grade blocker (Bio-Rad
#170-6404) with exception of the detection of phosoph-ERK1/2 in which 5% BSA was used. After

washing, HRP-conjugated secondary antibody was used for ECL detection (Sigma).

76



Aortic Ring Assay

Aortas from both WT and miR-132/212 KO mice were surgically isolated, cleaned, dissected into 0.5
mm segments and embedded into fibrin as described before [25]. For rescue, aortic ring segments

were transfected overnight either with 50 nmol/L microRNA mimics as indicated by siPORT NeoFX
prior to embedding. 25 ng/ml recombinant mouse vascular endothelial cell growth factor (VEGF164)
(R&D, 493-MV-005) was added and replaced on day 4. Pictures were taken on day 7 and the number

of branches were counted under an inverted microscope.

Cell culture and transfection

Human umbilical venous endothelial cells (HUVECs)(Lonza) were cultured in EGM2 according to
manufacturer's instructions, and all experiments were performed before passage 7. HUVECS were
transfected with either 20 nmol/L Spred1 (s46287), Spryl (s20026), Rasal (120290), Silencer select
negative control#1 (4390843), or with mirVana miRNA mimic negative control (4464085), hsa-miR-
132-3p mimics (MC10166), hsa-miR-212-3p mimics (MC10340), mirVana miRNA inhibitor negative
controll (4464077), hsa-miR-132-3p inhibitor (AM10166), hsa-miR-212-3p inhibitor (AM10340),

using Lipofectamine 2000 (all from Life technologies).

3 -untranslated region (3 ’-UTR) reporter generation and luciferase assay

A 1 kb fragment, which flanks conserved miR-132-binding sequences of the spred! 3°-untranslated
region (UTR), and the full-length Spry! 3-'UTR were cloned into the pMIR-REPORT Luciferase
vector (Ambion), as described previously [23]. Mutations in the seed-region were generated by Q5
Site-Directed Mutagenesis kit (New England Biolabs). All the primers used for cloning and
mutagenesis are listed in the supplementary table 1. To determine suppression efficiency of miR-132
and 212 on these targets, HEK293 cells were co-transfected with 200 ng of pMIR-REPORT- 3‘-UTR
Luciferase vectors, or one of the mutated vectors, and a pMIR-REPORT[-gal control plasmid to
normalize for transfection efficiency. In addition, 25 nmol/L miR mimic controls, miR-132 mimics, or

miR-212 mimics were introduced by using Lipofectamine 2000 (Life Technologies). Luciferase and [3-
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galactosidase activity was assessed after 48h with the Luciferase Assay System and [-galactosidase

Enzyme Assay System (both from Promega), respectively, as previously described [24].

In vitro angiogenesis assay

Human Umbilical Vein Endothelial Cells (HUVECs; Lonza) and Human Brain Vascular Pericytes
(HBVPs; Sciencell #1200) were cultured on gelatin-coated plates in EGM2 medium (EBM2 medium
supplemented with EGM2 bullet kit and 2% FCS; Lonza) and DMEM (10% FCS; Lonza),
respectively, in 5% CO, at 37°C. Lentiviral transfected HUVECs expressing green fluorescent protein
(GFP) and pericytes were used at passage 6-8. miR-132 and miR-212 were inhibited or enhanced in
HUVEC:s only, either by using anti-miR-132 and anti-miR-212, or by supplementing miR-132 mimics
and miR-212 mimics, respectively. Control cells were transfected with non-targeting miR and anti-
miR controls. In order to monitor the effects of miR-132 and miR-212 in angiogenesis, transfected
HUVEC-GFP and PKH26 stained pericytes were suspended in a 2.5 mg/ml collagen type I (BD
Biosciences) as described by Stratmani[26]. Co-cultures were imaged after 96h incubation in 5% CO,
at 37 °C by fluorescence microscopy, thereby acquiring 4 planes of images, followed by 3D-analysis

using a commercial analysis system (Angiosys, Buckingham, UK).

Phospho-ERK1/2 Bio-PlexPro™ assay

In brief, 48 hours after transfection of indicated siRNAs or microRNA mimics, EGM2 was removed
and replaced with EBM2 for 3 hours to starve the HUVECs. Subsequently, 25 ng/ml recombinant
human VEGF165 (R&D, 293-E-010) was added and cells were harvested at indicated time points and
lysed with EDTA-free lysis buffer (Roche Applied Science, Cat. 04719964001) with 1x
protease/phosphatase inhibitor cocktail (Cell Signaling, #5872). Protein concentrations were measured
with the BCA protein assay kit (Thermo Scientific, 23227) and diluted into 200 pg/ml. Phospho-
ERK /2 Bio-PlexPro™ assay was performed according to the manufacture's instruction. Of each
sample, 100 ul was incubated with capture antibodies (Bio-Rad, 171-v50006M, 171-v60003M), and
after washing, streptavidin-PE was applied for visualization. Samples were processed with the Bio-
plex 200 (Bio-Rad) and data was analyzed with Bio-Plex Data Pro software (Bio-Rad) and Graphpad
Prism 6.0.
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Statistical analysis

Data was analyzed using Graphpad Prism 6 and comparisons were performed with t-test or paired t-
test between two groups, and ANOVA for multiple comparisons. Data are presented as mean + SEM.

P-values are indicated as follows: *p<0.05; **p<0.01;***p<0.001, p<0.05 is considered as significant.

Results

MiRNA-132 and miR-212 is upregulated upon hind-limb ischemia

To understand the function of miR-132 and miR-212 in arteriogenesis, we performed hind-limb
ischemia on wild-type (WT) mice and checked the expression of these two microRNAs in the thigh
muscle at different time points after hind-limb ischemia. By quantitative reverse-transcriptase
polymerase chain reaction (QRT-PCR), we found that miR-132 and miR-212 levels were significantly

increased on day 4 and day 7 (Figurel A and B) after hindlimb ischemia in the adductor muscle.

The miR-132/212 locus is positioned in the first intron of the human 1700016p03 gene, whose
function remains to be investigated. miR-132 and 212 are transcribed as a single transcript and further
processed into two mature microRNAs, which are highly conserved among different species
(Supplementary Figure 1A). Although these two miRNAs share the same seed sequences and hereby
belong to the same miRNA family, the level of mature miR-132 expression is significantly higher than
that of miR-212 in the thigh muscle, indicating that miR-132 might be more active in the arteriogenic
response, as previously reported for miR-212 being a more dominant miRNA in angiogenesis.(Figure

1A).

To further understand its function, we analyzed which cell types express miR-132 in hind-limb tissue
by in situ hybridization. As expected, we found that miR-132 is expressed in endothelial cells (Iectin
BS-1 positive cells) of blood vessels and in cells surrounding the endothelial cell layer in WT mice

only (Fig S1B).
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MicroRNA-132/212 is involved in arteriogenesis after hindlimb ischemia

The increased expression upon hindlimb ischemia and the vascular localization of miR-132 suggests
that miR-132 may play a role in vascular growth, for example, in arteriogenesis. To test this, we
compared the arteriogenic response between WT and KO mice. Blood flow perfusion ratio in the miR-
132/212 knockout mice was significantly lower compared to their WT litters at day 7 and 14 as
measured by laser Doppler (Figure 2A and 2B), indicating a slower perfusion restoration. The total
number of alpha-smooth muscle actin (aSMA) positive vessels in the adductor muscle was similar
between WT and KO mice (Figure 2C), but there is a clear trend towards smaller collateral arteries in

KO mice, as determined by the cross-sectional diameter of aSMA-positive arteries (Figure2D + E).

miR-132/212 promotes endothelial cells neovascularization responses in vitro

To further investigate the effect of microRNA-132/212 on vascular growth, we modulated miR-
132/212 activity with overexpression or inhibition approaches in different in vitro neovascularization

assays.

Firstly, we performed WT and miR-132/212 KO mice-derived aortic ring assay [25]. In the growth
factor rich environment, we observed a slight decrease in the number of branches in aortic rings from
KO mice compared to WT control. Interestingly, transfection of miR-132 mimics rescued, and even
significantly enhanced activation via increasing vascular branching. Although similar effect were
observed with miR-212, the effects were less pronounced as compared with miR-132.(FigureS1C and

D).

Secondly, we performed a HUVEC and pericyte co-culture assay, thereby better mimicking the in vivo
situation by taking the interplay between endothelial cells and pericytes into account [26]. As shown
in Figure 3A, supplementing miR-132 and miR-212 mimics to HUVECSs enhanced the total number of
junctions, tubules, and tubule length compared to that of miR controls. Conversely, inhibiting miR-
132 and miR-212 using anti-miRs resulted in some decline in the total number of junctions, tubules,

and tubule length (Figure 3B).
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Spred-1, Spryl and Rasal are direct targets of the microRNA-132/212 family

Based on Ago-Hits-clip [27], PAR-CLIP [28] and CLASH studies [29] and our results above, we
decided to focus on targets related to growth factor signaling. In combination with bioinformatics
target site prediction algorithms (Targetscan), we selected Rasal, Spredl and Spryl which have a high
prediction context score and are conserved among species, as shown in Figure 4A and 4D. Since
Rasal was already a confirmed miR-132 target [10], we only cloned the 3'-UTR of Spredl and Spryl
into a luciferase reporter vector and analyzed whether miR-132 and miR-212 could suppress luciferase
activity in HEK293 cells. We found that both miR-132 and miR-212 can significantly suppress the
SpredI-3"UTR and SpryI-3'UTR luciferase activity at 25nm/L, compared with scramble control
miRNAs (Figure 4B and E). Additionally, we performed a dose-response assay with Spredi-3'UTR,
Spry1-3'UTR and 3'-UTRs with three mutated nucleotides in indicated binding regions (Figure 4A and
D). Inhibitory effects were dose-dependent and mutations within the seed region significantly affected
the suppressing effects on luciferase activity, even completely abolishing the suppressive effect at a

concentration of Inm/L (Figure 4C and F).

We next investigated the direct regulation of these targets in HUVEC cells. Following overexpression
of miR-132 and miR-212 in HUVECs: in the co-culture assays, we detected reduced levels of Spredl,
Spryl and Rasal protein; while inhibition of the miR-132 and miR-212 led to elevated Spredl, Spryl
and Rasal expression. This indicates that these genes are also regulated by miR-132/212 in HUVECs

(Figure 4G and H).

miR-132/212 modulates growth factor-activated Ras-MAPK signaling in HUVECs

Spred1, Spryl and Rasal are known inhibitors of Ras-MAPK signaling and their inhibition can
prolong Ras-MAPK signaling upon growth factor stimulation [30-33]. We therefore tested whether
miR-132/212 could prolong Ras-MAPK signaling by inhibiting Spredi, Spryl and Rasal in HUVECs.
Compared with siRNA controls and miR controls, overexpression of miR-132 and miR-212 or
knockdown of Spredl, Spryland Rasal, indeed prolonged ERK1/2 phosphorylation (Figure SA-D).

By using a non-linear one-phase exponential decay model and interpolation of the time of
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phosphorylated ERK1/2T ), to reach 50%, we observed that T, was prolonged both by overexpression

of miR-132/212 and by knockdown of its targets (Figure SE).

Spredl, Spryl and Rasal knockdown promotes endothelial cells neovascularization responses in

vitro

We have shown that overexpression of miR-132 or miR-212 promotes endothelial cells
neovascularization. As microRNA functions by inhibiting its targets, we reason that knockdown of
Spredl, Spryl and Rasal should have similar effect as overexpression of miR132 and miR-212. As
expected, subsequent knockdown of Spredi, Spryl, Rasal and a combination of these three via siRNA
knockdown in HUVECs (Figure 6C) showed similar neovascularization responses as overexpression
of miR-132 or miR-212, total number of junctions, tubules, and tubule length were increased

compared to control conditions (Figure 6A-B).

miR-132/212 family modulates Ras-MAPK signaling by targeting Spredl, Spryl and Rasalin
vivo

We reasoned that if Spredl, Spryl and Rasal are in vivo targets of miR-132 or 212, they should be
expressed in the arteries of the thigh muscle. By immunofluorescent staining, we observed that
Spredl, Spryl and Rasal could all be detected in the vascular wall (Supplemental Figure 2). By
comparing the expression of Spredl, Spryl and Rasal in the adductor muscle from WT and KO after
femoral artery ligation using Western blot, we observed that Spred1 and Rasal are significantly more
present in the KO mice (Figure 7A and B). Surprisingly we found that there is no difference in the
Spry1 protein between WT and KO mice (Figure 7A and B). Next we asked if higher level of Spredl
and Rasal expression could have an effect on the Ras-MAPK pathway. By Western blotting we
detected lower phosphorylated ERK1/2 in the area of blood vessel growth in knockout mice14 days

after hindlimb ischemia (Figure 7C-D).
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Discussion

Here, we show that upregulation of miR-132 and miR-212 upon hindlimb ischemia is involved in the
arteriogenic response: microRNA-132/212 KO animals display delayed perfusion restoration upon
femoral artery occlusion. Furthermore, we demonstrate that this effect is attributable to miR-132/212
modulation of the Ras-MAPK signaling pathway through direct targeting of Spred! and Rasal. To the
best of our knowledge, this is the first study showing a single microRNA family, and probably
mediated via the more abundantly expressed miR-132, that can facilitate the arteriogenic responses by

suppressing multiple targets within the Ras-MAPK pathway.

The Ras-MAPK pathway is very important in neovascularization during development and after
ischemic challenges. In the developing retina, for example, this physiological pathway only becomes
apparent in active sprouting endothelial cells[18]. Reduced ERK /2 activation leads to reduced lumen
formation, whereas excessive activation of ERK1/2 results in larger arteries [34, 35]. Upon ischemic
challenge, e.g. in hindlimb ischemia models, shear stress-stimulated endothelial cells induce Monocyte
Chemotactic Protein 1(MCP-1) expression, which in turn attracts neutrophil granulocytes and
macrophages [36]. These circulating inflammatory cells start producing growth factors which
eventually activate Ras-MAPK signaling pathway in the smooth muscle cells and endothelial cells
further and promote their proliferation and extracellular matrix remodeling. Recently, attempts have
been made to interfere in arteriogenesis through manipulation of Ras-MAPK signaling genetically and
chemically, for example by suppression of Sproutys to promote blood flow recovery in the hindlimb
ischemia model [7]. Since therapeutic activation of Ras-MAPK signaling is still challenging,
inhibition of their endogenous inhibitors using microRNA therapeutics holds a great promise as an

alternative strategy.

We confirmed that Rasal is a direct target of miR-132 and miR-212, and further expanded their target
spectrum thereby including Spredl and Spryl. Using 3'-UTR reporters of Spredl and Spryl, we

demonstrated a direct binding of miR-132 and 212, which was abolished by disrupting the
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corresponding binding sites. Knockdown of these three targets mimicked overexpression of miR-132
or miR-212 in the in vitro neovascularization assay and on the modulation of phosphorylated ERK1/2.
Our data shows that Rasal is the most potent regulator among the three targets in promoting
neovascularization and prolonging pERK1/2 activation in HUVECs, probably as being the most
upstream signaling molecule as compared to Spryl and Spred1. Another possibility is genetic
redundancy, in which the loss of Spred! or Spryl can be compromised partially by other family
members; Spryl has at least four homologues [37] and Spred] has at least two homologues in mice
[38]. Our in vitro observations were confirmed in vivo where levels of Rasal and Spred1 were
significantly higher in the adductor muscle in the miR-132/212 KO mice upon hind-limb ischemia.
Although Spred1 and Rasal protein levels were higher in miR-132/212 KO mice, Spryl expression
levels were similar between WT and KO mice. Accordingly, we demonstrated lower levels of

phosphorylated ERK 1/2 as a downstream effect of lower active Ras-MAPK signaling.

The biological function of miR-132 and miR-212 may be different, although they share the same seed
sequence. It has been shown that microRNA targets determination is beyond the seed sequence [39].
Consistent with this notion, we observe different effects in various assays. Since both miR-132 and
miR-212 are removed in the knockout mice, it is impossible to determine which one should be
responsible for the impaired arteriogenesis response. Given the fact that the expression of the mature
miR-132 is 40 fold higher than miR-212 (Fig S1A), we tend to believe that miR-132 plays a major
role in the arteriogenic response after hindlimb ischemia. However, it is still possible that a specific
cell population, highly expressing miR-212 but not miR-132, is more important for the vascular
growth after hindlimb ischemia . In line with this hypothesis, a recent study showed that miR-212 is
stronger in the regulation of vasodilatation than miR-132 [40].To exclusively clarify the different
roles and locations of these two microRNAs, improved microRNA in situ techniques with higher
sensitivity are needed that can detect low abundant expressed microRNA in combination with mice
with individual microRNA knockouts. Our results demonstrate a new role for miR-132 and miR-212
in the facilitation of the arteriogenic responses after hind-limb induced by targeting and enhancing

Ras-MAPK signaling. This extends the role for miR-132 beyond the ischemic challenges and
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promoting angiogenesis. It would be interesting to test if we can enhance arteriogenesis by specifically
deliver these two microRNAs in the ischemia vasculature or in combination with other Ras-MAPK
activators such as growth factors to further boost their pro-arteriogenic capacity. However, local

delivery strategies should still be further improved [41].
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Figure 1. miR-132/212 expression after hind-limb ischemia. A. miR-132 expression as measured

by qPCR assays. B. miR-212 expression as measured by qPCR assays (B).
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Figure 2. miR-132/212 knockout mice show slower blood flow recovery rate after hindlimb
ischemia. A. Laser Doppler images of WT and miR-132/212 KO at0, 4, 7 and 14 days after ligation of
femoral artery. Low or no perfusion is displayed as dark blue, whereas the highest degree of perfusion
is displayed as red. B. Quantification of laser Doppler image (Ratio R/L) as shown in A.. C.
Quantification of number of aSMA positive vessels as determined by aSMA staining on adductor
muscle on day 14. D. Quantification of the diameter of aSMA positive vessels as determined by
aSMA staining on adductor muscle on day 14. E. Quantitative analysis the percentage of arteries in
different size range. Note the higher percentage in the small vessels(¢p400 a.u.) but lower in the larger

vessel in the miR-132/212 KO mice..
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Figure 3:Effect of miR132 and miR212 in HUVECSs angiogenesis in co-culture with pericytes. A.
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Quantification of the HUVECs and pericytes co-culture assay with anti-miR-132 and 212 transfection.
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Figure 4:1dentification ofSpredl and Spryl as direct miR-132/212 targets by luciferase assay and
in cultured HUVECsS. A. the position of predicted miR-132 and miR212 targets of Spredl by
Targetscan and mutant form of 3’UTR as indicated in red. B. Luciferase assay of Spred/-3’UTR
reporter in response to transfection with indicated scramble or microRNA mimics at final
concentration of 25nM. C. Luciferase activity of wildtype and mutant Spred/-3’UTR in response to
different dose of miR-132. D. The position of predicted miR-132 and miR212 targets of Spred1 by
Targetscan and mutant form of 3’UTR as indicated in red. E. Luciferase assay of Spred1-3’UTR
reporter in response to transfection with indicated scramble or microRNA mimics at final
concentration of 25nM. F. Luciferase activity of wildtype and mutant Spred1-3’UTR in response to
different final concentration of miR-132 mimics transfection. G.RASAT1 expression after miR-132 ,
miR212 overexpression and inhibition in HUVECs. The number above indicate the relative expression
compared with sham normalized by 3-Tubulin expression. H.SPRED1 and SPRY 1 expressions after
miR-132 , miR212 overexpression and inhibition in HUVECSs. The number above indicate the relative

expression compared with sham normalized by f-Tubulin expression.
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Figure 5: miR-132/212 modulate Ras-MAPK signaling by suppressing Rasal, Spred1 and Spryl

in HUVECs. A. Experimental setting for quantitative measure of active ERK1/2 using Bio-plex
phosopho-ERK1/2 assay. B. A working model for miR-132/212 in modulation of Ras-MAPK

pathway. C. Quantification of Spredl, Spryl or Rasal expression level after siRNA transfection

against Spred1, Spryl or Rasal in HUVECs . D. Quantification of phosophorylated ERK1/2 level by

Bio-plex pro phosopho-ERK1/2 set. Note the sustain ERK1/2 phosphorylation is prolonged after miR-

132, 212 transfection or siRNA against Spredl1, Spryl, Rasal or combinations of the three. E.

Modeling the decay of phosophorylated ERK1/2 level from D.
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Supplementary Figure 1. The expression of the miR-132/212 and their roles in Ex vivo

neovascularization assay. A. qPCR analysis the expression of miR-132 and 212 in thigh muscle. B.

miR-132 expression in the endothelial cells in the thigh muscle blood vessel as detected by miR-132 in

situ, miR-132 in red, endothelial cells in green, nuclei in blue, bar=5um. C. Representative pictures

from aorta ring assays. bar=200uM. D. Quantification of aorta ring branching from WT, KO, and KO

transfected with miR-132 and 212 precursors.
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Supplementary Figure 2.The expression of miR-132/212 targets Spred1, Spryl and Rasal in
wildtype thigh blood vessels characterized by immunofluorescent staining. Note the overlapping
expression of Spred] (in A), Rasal(in B) with aSMA. Spry1 are expressed in the interior layer CD31
positive cells layers in the vessel as shown in C with white arrow and also expressed in the cells which
are either CD31 or aSMA positive as indicated by red arrow. Spredl, Rasal and Spryl in red, aSMA

in green, CD31 in purple, nuclear was stained with DAPI in blue. Bar=10mm
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Supplementary Table 1. Primers and oligos nucleotides used in this study.

Primer name Sequence(5’-3’) Application
Mir132-KO-GT-P1 ATCCTTTCAAGAAAGTGGGGAGA genotyping
Mir132-KO-GT-P2 TCTGAGGAGGATGTTCAGACAC genotyping

hSpred-utr_SDM1_F  TCCTAGAATAcagtcTTAACTTTCAAAATTTTTATTGGTG mutagenesis
hSpred-utr_SDM1_R  AACCAAGTTTAGCTGAAAAC mutagenesis
hSprylutr_SDM1_F TATTGCAAAACcagtcTTGAAATGTACTCATGTTTG mutagenesis
hSprylutr_SDM1_R AATACCATAAAATAATAGAGATTCG mutagenesis
hSpred1-3UTR_F1 ATCGGCTAGCAAGAAGAGGGTATTTCTA cloning
hSpred1-3UTR_R1 ATCGAAGCTTATACACATGTTTAAGAAT cloning
hSpry1-3'UTR_F1 ATCGGCTAGCGGAGGTGGGTTGTACCTC cloning
hSpry1-3'UTR_R1 ATCGAAGCTTGACAGTTTCATTAATTAA cloning
hSpryl_F1 GCAGTGGCAGTTCGTTAGTTG gPCR
hSpryl _R1 CAGTAGGCTGAATCTCTCTCTCA qPCR
hSpred1_F1 AAGGATGCCCCGAATCAAAAA gPCR
hSpred1_R1 GGCTTG GCTTTGCATGTAGAC gPCR
hRASA1_F1 GGGAGCTGGACTGACAGG qPCR
hRASA1_R1 AGAGTCTCAGCAAGCAACGA gPCR
mACTB_F1 GGCTGTATTCCCCTCCATCG qPCR
mMACTB_R1 CCAGTTGGTAACAATGCCATGT qPCR
Gapdh_F2 GGCATGGACTGTGGTCATGA gPCR
Gapdh_R2 TTCACCACCATGGAGAAGGC qPCR
mSpryl_F1 ATGGATTCCCCAAGTCAGCAT gPCR
mSpryl_R1 CCTGTCATAGTCTAACCTCTGCC gPCR
mSpredl_F1 GAGATGACTCAAGTGGTGGATG qPCR
mSpredl_R1 TCTGAAAGGTAAGGCCAAACTTC qPCR
mRasal_F1 GTGGTGTACAGCAGCACGTA gPCR
mRasal_R1 ATTACCACGGTGGGCATACT qPCR
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Abstract:

Objective:

Clear cell renal cell carcinoma (ccRCC) is the most common form of sporadic and inherited kidney
cancer, and is highly associated with biallelic mutations in the von Hippel-Lindau (VHL) tamor
suppressor gene and an activated PI3k-AKT pathway. Although upregulation of the miR-132/212 and
disturbed VHL signaling have both been linked with pathogenic angiogenesis, no evidence of a
possible connection between the two has yet been made.

Approach and Results:

We show that miRNA132/212 levels are increased after loss of functional pVHL, the protein product
of the VHL gene, in vivo and in vitro. We also show that PTEN levels are down regulated in models
lacking endogenous VHL or after VHL knockdown in wild-type cells, at least partially due to the
action of miRNA132/212. Furthermore, we show that blocking miRNA132/212 with anti-miRs can
significantly alleviate the excessive vascular branching phenotype characteristic of vil” mutant
zebrafish. Moreover, using human umbilical vascular endothelial cells (HUVECs) and an endothelial
cell/pericyte coculture system, we observed that VHL knockdown promotes endothelial cells’
neovascularization capacity in vitro, an effect which can be inhibited by anti-miR-132/212 treatment.
Conclusions:

Taken together, our results demonstrate an important role for miRNA132/212 in angiogenesis induced
by loss of VHL and suggest an interesting opportunity for pharmaceutical intervention using an

inhibitor of miR-132/212 to inhibit tumor growth for ccRCC patients.

Keywords: VHL loss of function, microRNA-132/212, pathological angiogenesis, ccRCC
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Introduction:

Clear cell renal cell carcinoma (ccRCC), the most common form of sporadic and inherited kidney
cancer, is highly associated with mutations in the von Hippel-Lindau (VHL) gene. [1, 2] The protein
product of the VHL gene (pVHL) is an E3 ubiquitin ligase involved in the degradation of hypoxia-
inducible transcription factor subunits (HIFa). Under normal oxygen conditions, hydroxylated HIFa
can be recognized by an ubiquitin ligase complex containing pVHL and rapidly degraded. Upon
hypoxia or loss of functional pVHL, HIFa-subunits can no longer be hydroxylated and begin to
accumulate. Stabilized HIFa activates the expression of a large suite of downstream target genes
(including EPO, VEGF), the actions of which are vital to promote angiogenesis. However, many of
the changes initiated by the stabilization of HIFa, such as increased angiogenesis, an upregulation of
anti-apoptotic signaling and a shift to anaerobic glycolosis, can contribute to tumor growth and
survival. People born with a mutation in one VHL allele will acquire somatic mutations in the second
allele, resulting in consequent angiogenic symptoms and a variety of tumors, including ccRCC [3].
Another hallmark of ccRCC is activated PI3k/AKT pathway signaling, higher levels of which is
significantly correlated with a worse survival rate[2], although the mechanism by which this occurs is

still not fully understood.

MicroRNAs (miRNAs) are small non-coding RNAs that post-transcriptionally regulate the expression
of groups of target genes by inhibition of the translation of their targeting messenger RNAs (mRNAs)
or marking these mRNAs for degradation. miRNAs are key regulators in many physiological and
pathological processes [4], including the dynamic regulation of ccRCC during tumor progression[2].
By promoting the expression of vascular endothelial growth factor (VEGF), VHL/HIF signaling
increases cAMP response element binding protein (CREB) levels, a transcription factor which
upregulates the expression of pro-angiogenic miR-132/212 [5]. This implies that pVHL loss-of-
function would stimulate miR-132/212 expression and thereby contribute to excessive angiogenesis. In
this study, using a combination of cellular models, patient ccRCC material with biallelic loss of VHL
and a previously described vAl” mutant zebrafish model, we show that miR-132/212 is upregulated

after VHL knockdown or mutation and that this upregulation is at least partially responsible for
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increased angiogenesis, possibly by targeting phosphatase and tensin homolog (PTEN). A scarcity of
functional pVHL induces excessive vascular outgrowth which can be inhibited by pharmaceutical
inhibition of miR-132/212, thereby providing an exciting potential therapy target for reducing the

growth and burden of tumors associated with VHL mutations.

Materials and methods:

Materials and Methods are available in the online-only data supplement.

Results:

We first examined the expression of miR-132 in relation to VHL loss-of-function and (pseudo)-
hypoxia signaling. We found that cells grown in hypoxic conditions display significantly elevated
levels of miR-132 expression (Figure 1.A). We observe similar effects in HUVECs transfected with
siRNA targeting VHL mRNA relative to those treated with non-targeting siRNA (Figure 1.B). To
confirm the effect in vivo, we used a previously established zebrafish model of VHL deficiency [6-

8]. MiR-132/212 is well conserved in most species, including zebrafish (Supplementary Figure 1.A).
Like our cell models, vil” zebrafish also show an increased level of expression of miR-132 (Figure
1.C). In isogenic cell lines taken from human ccRCC VHL™" tumors, the expression of miR-132 is
reduced upon VHL reconstitution with ectopic VHL (Figure 1.D). Lastly, we examined miR-132
expression in histology slides taken from ccRCC tumors using microRNA in situ hybridization. In
agreement with our previous qPCR results, we observed widespread overexpression of miR-132 in
tumor material from ccRCC samples with biallelic ¥HL mutations proven by sequencing (Figure 1.E).
These results demonstrate that miR-132/212 are increased in response to the (pseudo-)hypoxia induced

by the lack of functional pVHL which eventually leads to overexpression of miR-132/212.

To assess the functional consequences of miR-132/212 expression in a VHL-null environment, we
used an in vitro co-culture assay designed to gauge angiogenesis. In agreement with the important role
of VHL in HIFa degradation, knockdown of VHL in HUVEC/pericyte coculture shows significantly
more vascular junctions, tubule number, and total tubular length as compared to siSham control

treatment (Figure 2.A-C). To evaluate whether the pro-angiogenic effects of VHL silencing are
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mediated by a downstream increase in miR-132/212, GFP-labelled HUVECs were treated with anti-
miRs against miR-132/212 in combination with siRNA targeting VHL. Inhibiting the action of miR-
132/212 reduced the excessive angiogenesis response induced by the silencing of VHL significantly
(Figure 2.D), suggesting that VHL-regulated angiogenesis is at least partially mediated by the

upregulation of miR-132/212.

vhI"" zebrafish embryos display a phenotype of post-vascularization branching/sprouting around the
intersomitic vessels. Counting these sprouts is a quantitative measure of angiogenesis in zebrafish [7].
vhI" zebrafish were injected at a one-cell stage with anti-miRs directed against miR-132 or miR-212
and four days later tails of the living fish were imaged with a confocal microscope (Figure 3.A). The
cloaca of the zebrafish is placed in the center of the image and the branches sprouting from the inter-
somitic vessels were counted for the four vessels anterior and the four vessels posterior to the cloaca
(Figure 3.B). Anti-miR injections against miR-132/212 significantly reduced the extent of inter-
somitic vessel sprouting in viI” fish (Figure 3.C-D). In addition, injecting wild-type zebrafish with
miRNA132/212 mimics partially recapitulated the v/ mutant vessel sprouting phenotype

(supplemental figure B, C).

Therefore, in light of the fact that miR-132/212 expression is linked to vessel sprouting in vhl”
zebrafish, which phenocopies zebrafish with loss of both ptena and ptenb [9], we proceeded to look at
the expression of PTEN in our VHL-null models. PTEN, a phosphatidylinositol-3,4,5-trisphosphate 3-
phosphatase, antagonizes the activity of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K),
suppressing cellular proliferation, cell survival and angiogenesis by inactivating the PI3K-driven AKT
signaling pathway [10]. PTEN has been predicted to be a potential target of miR-132/212 in humans
by targetscan (Figure 4.A) and the rat homologue of PTEN has been shown to be targeted by miRNA-
132/212 in rat vascular smooth muscle cells [11]. Moreover, downregulation of PTEN has been
significantly correlated with lower survival rate in ccRCC patients [2]. We reasoned that upregulated
miR-132/212 upon mutation or silencing of VHL could result in the subsequent reduction of PTEN.
We therefore first looked at the regulation of PTEN in vAl” zebrafish and in HUVECs after
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knockdown of VHL. Zebrafish, as opposed to mammals, have two copies of the pten gene: ptena and
ptenb. ptenb is a predicted target of miRNA132/212 in targetscan, but not ptena (Figure 4.B).
Accordingly, we found significantly reduced ptenb expression in vhl” zebrafish with no significant
changes observed in ptena (Figure 4.C). In HUVECs, overexpression of miR-132 or miR-212
combined with VHL knockdown caused a reduction in PTEN mRNA (Figure 4.D) and protein levels
(Figure 4.E-F) showing that PTEN is indeed targeted by miR-132/212 in our in vitro as well as in vivo

models.

Discussion:

In this study we used patient material, human cells and zebrafish to examine the role of the
miRNA132/212 family in the pathophysiology of neovascularization caused by the loss of functional
pVHL. We observed that miR-132/212 is upregulated in response to VHL mutation both in zebrafish
model systems and in human patient ccRCC tumor material carrying biallelic inactivating VHL
mutations. We demonstrated that the excessive angiogenesis attributable to VAL mutation is strongly
affected by miRNA132/212. Indeed, targeting these miRNAs with anti-miRs can significantly reduce
angiogenesis in both in vitro and in vivo models of VHL deficiency. We identified the tumor
suppressor PTEN as one of the targets affected by miRNA132/212 in VHL-null models. Taken
together, our results implicate miRNA132/212 as an important intermediate in pathological
angiogenesis after loss of functional pVHL or tissue hypoxia. In addition, the effects of

miRNA132/212 on PTEN suggest a possible role for these miRNAs in tumorigenesis.

The miRNA132/212 family is clustered in the genome and is highly conserved in vertebrates. MiR-
132/212 are initially expressed as one primary miRNA and then processed into two mature miRNA
with the same target-defining “seed” sequence [12]. This miRNA family plays a number of roles in the
promotion of angiogenesis. Mice without functional miR-132/212 show impaired arteriogenesis
response after hindlimb ischemia [13]. The pro-angiogenic potential of miR-132 has been used to
increase angiogenesis in endothelial cell grafts and after ischemic injury [14]. MiR-132/212 frequently

act as a promoter of cell proliferation and increases in their expression levels have also been suggested
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as contributors to tumorigenesis in addition to their angiogenic role. MiR-132 has previously been
shown to induce pathological neovascularization in the endothelium by targeting p120 Ras GTPase
activating protein [5]. In addition, anti-miR-132 has also been shown to reduce tumor burden in a

mouse xenograft model of human breast carcinoma [5].

This study supports the previously reported role of miRNA132/212 in pathophysiological
angiogenesis and expands upon its role in the context of VHL-regulated hypoxia signaling. When
VHL is mutated or downregulated, miRNA132/212 and PI3K are consequently upregulated. MiRNA-
132/212 targeting of PTEN mRNA ensures that PI3K has a chance to activate AKT (Figure 5).
Uncontrolled proliferation and angiogenesis are hallmarks of cancer and many tumors contain
mutations leading to hyper-activation of the RAS or AKT signaling networks which act to promote
these processes [15-17]. Differential expression of miRNA has been previously reported in tumors
including ccRCC [18] and is widely believed to be an important player in tumorigenesis [19-21].

MiR132/212 is therefore an interesting potential target for the treatment of cancer.

In human patients, ccRCC is almost always associated with VHL mutations. However, von Hippel-
Lindau patients born with a single germline mutation in VHL initially develop non-cancerous cysts in
the kidney and do not develop ccRCC until around 35 years of age on average[22]. In addition, mouse
models with Vil mutations do not develop renal tumors [23]. In contrast, zebrafish vhl mutants
develop dysplastic lesions within 6 days post fertilization (dpf). Therefore it is believed that VHL
mutations in mammals create a pre-cancerous cystic phenotype but an additional mutation to another
ancillary oncogene is required before tumor formation [24]. Although the recently developed V!
mutant mouse with heterozygous mutations in BRCAT1 associated protein 1 (Bapl) is perhaps the most
physiologically relevant mouse model of human ccRCC [25], Pten ” Vhl "~ double mutant mice
develop benign squamous metaplasia and cystadenoma [24] and display kidney cysts that are very
similar to those taken from the kidneys of human VHL patients, implying that activation of the AKT
signaling pathway is important in the development of pre-cancerous cysts. Indeed, cysts taken from
VHL patients display hyper-activation of PI3K signaling [24]. MiRNA-132/212 mediated reduction of

PTEN, which is an important suppressor of the PI3K/AKT pathway, may at least partially explain this
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expression pattern. In addition, biallelic PTEN mutations are rare in ccRCC [26, 27] but loss of a
single PTEN allele through mutation is not uncommon [28]. MiRNA-132/212 expression may be the
reason that this is sufficient to cause hyper-activation of AKT signaling despite the presence of a
functional PTEN allele. Hyper-activation of AKT signaling and loss of PTEN are common in many
other tumor types because tumor growth requires angiogenesis. Thus, miRNA-132/212 expression

may fulfill an important role in the development of ccRCC tumors.

One of the hallmarks of ccRCC is resistance to cytotoxic treatment. Anti-apoptotic signaling is
upregulated after HIFa hyper-stabilization in ccRCC tumors. Many experimental treatments focus on
inhibiting the action of downstream anti-apoptosis proteins such as mammalian target of rapamycin
(mTOR), an important pro-survival protein induced by activated AKT signaling [29]. Our results and
the results of other studies suggest that miR-132/212 may act as a promoter of tumorigenesis by
targeting inhibitors of proliferation, survival and angiogenesis presenting an interesting opportunity for
pharmaceutical intervention. Treatments which inhibit the action of miR-132/212 might therefore be a
useful method to inhibit tumor growth by targeting angiogenesis and increase the sensitization of

tumors to apoptotic signaling, increasing the effectiveness of cytotoxic therapies for ccRCC.
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Abstract

Background: One of the hallmarks in heart failure is the compromised cardiac function, mostly
appearing as decreased contractile capacity due to dysregulated calcium handling. The

pathomechanisms causing impaired calcium handling are still not fully understood.

Methods and Results: We have previously identified the miR-132/212 family as a regulator of the

sarcoplasmic reticulum Ca2+-ATPase pump SERCA2a and calcium decay in a mouse cardiomyocyte
cell line. In this study, we further investigated the role of miR-132/212 in modulating cardiomyocyte
contractility in the context of pathological progression of heart failure. We found that the miR-132/212
family is consistently upregulated in all examined hypertrophic heart failure mice models. The
overexpression of miR-132/212 prolongs calcium decay in neonatal isolated rat cardiomyocytes,
whereas cardiomyocytes isolated from miR-132/212 KO mice display enhanced contractility in
comparison to wild type controls. Upon pressure-overload, miR-132/212 KO mice show a blunted
worsening (deterioration) of cardiac function. Using a combination of biochemical approaches and in
vitro assays, we confirmed that miR-132/212 regulates SERCAZ2a by targeting the 3' end untranslated
region of SERCA2a. Additionally, we also identified PTEN as a direct target of miR-132/212 which
may participate in the modulation of cardiac contractility. We observed that miR-132/212 is
upregulated in end-stage heart failure patients, which was associated with reduced SERCA2a

expression and unaltered PTEN.

Conclusions: The upregulation of miR-132/212 in heart failure impairs cardiac contractile function by
targeting SERCA2a and PTEN, suggesting that pharmaceutical inhibition of miR-132/212 maybe a

promising therapeutic approach to promote cardiac function in heart failure patients.

Keywords: miR-132/212 family, cardiac contractility, heart failure
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Introduction

Intracellular calcium and cardiomyocyte contractility act in a well concerted manner, known as
excitation and contraction coupling [1]. In a normal heart contraction-relaxation cycle, the cardiac
action potential triggers calcium entry into the cell via L-type calcium channels. This small increase of
cytosolic calcium then stimulates a bulk release of calcium from the sarcoplasmic reticulum (SR) into
the cytosol via the Ryanodine receptor (Ryr2) [1]. The elevated cytosolic calcium concentration
stimulates the contractile machinery of the myofilaments. For relaxation and diastolic filling to occur,
cytosolic calcium has to be removed in order to turn off the contractile machinery. In mammalian
cells, cytosolic calcium undergoes reuptake by the SR mainly via the sarcoplasmic-endoplasmic

reticulum Ca®" ATPase 2 (SERCA2) [2].

In the failing heart, cardiomyocytes cannot maintain a proper excitation and contraction coupling
which is still not fully understood, but often associated with a decreased expression or reduced
SERCA2a expression, which results in an impaired re-uptake of Ca®" into the SR [3, 4]. Significant
efforts have been made to rescue cardiac contractile function through restoration of the expression of
SERCA2 directly [5-7] or through indirect enhancement of its activity [8], but the recent results from
Phase 2b CUPID?2 trial which failed to show ang significant treatment effect as reported by Celladon
in April, 2015. In order to develop an effective pharmaceutical treatment to restore SERCA2
expression level, understanding the underlying mechanism of the down-regulation of SERCA2 in

failing hearts is still warranted.

MicroRNAs (miRNAs) are small non-coding RNAs that play an important role in regulating cardiac
development and maintenance of cardiac function. Dysregulation of miRNAs have been associated
with the progressive pathological development of several cardiac diseases [9] and pharmaceutical
targeting of miRNAs has been shown to be beneficial in slowing down disease progression [10].
MiRNAs can modulate protein expression through either the degradation or translational inhibition of
their target messenger RNA (mRNA) molecules. As certain miRNAs exert an inhibitory effect on
gene expression and up-regulation of miRNAs have been reported in the failing heart [11], it is

possible that up-regulated miRNAs suppress SERCA2 expression. Removing or blocking those
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miRNAs might be a way to maintain SERCA2 expression level. In order to identify those miRNAs,
we previously screened for miRNAs which can suppress SERCA2 expression and regulate
cardiomyocyte calcium decay kinetics [12]. In this screen, the miR-132/212 cluster was identified as
one of the top hits [12]. This miR-132/212 family is highly conserved among many species (Fig 1A)
and has been reported as being up-regulated in both heart failure patients and mouse heart failure
models [11, 13, 14]. However, their role in cardiac contractile regulation and development of heart

failure remains to be defined.

In this study, we reveal that the miR-132/212 family is involved in the regulation of calcium handling
and that the up-regulation of these miRNAs may impair cardiac contractility in failing hearts. We
show that neonatal cardiomyocytes overexpressing miR-132/212 have a prolonged calcium decay in
vitro and cardiomyocytes isolated from miR-132/212 KO mice exhibit enhanced contractility ex vivo.
Moreover, the miR-132/212 KO mice are protected against pressure overload-induced cardiac
dysfunction. This suggests that pharmaceutical inhibition of miR-132/212 maybe a promising

therapeutic approach to promote cardiac function in heart failure patients.
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Results
Expression of miR-132/212 in the heart of hypertrophic mouse models

Since we have previously identified the miR-132/212 family which can suppress GFP expression of
the GFP/SERCA2-3"UTR reporter and prolong cardiomyocyte calcium decay kinetics [12], we
decided to check the expression of miR-132/212 in normal hearts and in different rodent models for
heart failure. miR132/212 mRNA expression was compared between healthy, transverse aortic
constriction (TAC)-operated [15], Angiotensin-II infused [16], Calcinurin overexpressing [17], and
muscle LIM protein (MLP) KO mice [18]. We observed that levels of both miR-132 and miR-212
were indeed up-regulated in all hypertrophic heart failure mouse models, indicating a common

mechanism in these heart failure models (Figure 1B and C).

To further determine which cell types are expressing miR-132/212, we performed miRNA in situ
hybridization. We observed that miR-132/212 localized mainly in cardiomyocytes (Figure 1D), with
some detection also in large vessels (Figure 1D. d"). In accordance with the qPCR assay results (Figure
1B and C), miR-132 was found to be significantly up-regulated in cardiomyocytes from TAC animals

(Figure 1D, d’).
Overexpression of miR-132/212 suppresses cardiomyocyte contractility

Since miR-132/212 can regulate GFP/SERCA2a-3'-UTR expression and delays calcium decay kinetics
in HL-1 cells [12], we decided to confirm the effect of miR-132/212 overexpression on cardiomyocyte
contractility in isolated neonatal rat cardiomyocytes (RNCM). Using automated calcium kinetic
imaging [12, 19], we found that miR-132 and miR-212 overexpression indeed significantly prolonged
the decay of calcium transients (Figure 2A, B, C, and D). This effect was reversed by using antimiR-
132 or antimiR-212, respectively (Figure 2A, B, C, and D). Interestingly, we also observed a slower
Ca’" influx in cardiomyocytes overexpressing miR-132 but not in the miR-212 overexpressing cells
(Figure 2. A and C). These results indicate that both miR-132 and miR-212 may regulate calcium re-
uptake, thereby explaining the prolongation of calcium kinetics. Additionally, miR-132 may play a

role in calcium release.
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To further investigate the physiological role of miR-132/212 in the regulation of cardiomyocyte
contractility, taking advantage of our miR-132/212 knockout (KO) mice [20], we isolated individual
cardiomyocytes from these KO mice and their littermate wildtype (WT) controls. Using an lonOptix
calcium and sarcomere shortening imaging system (figure 2F), we are able to simultaneously record
the calcium kinetics and sarcomere shortening of these individual cardiomyocytes. We found that in
accordance with the prolonged calcium decay by overexpressing miR-132/212 in RNCM, the loss of
miR-132/212 significantly enhanced cardiomyocyte contractility. This is indicated by the enhanced
Ca”'- release and Ca*"-decay velocities of the calcium tracing in cells from the KO animals (Figure
2E), and by the diastolic sarcomere length, the enhanced shortening velocity, the shortening
amplitude, the fractional shortening and the relengthening velocity of isolated cells from the KO
animals (Figure 2G). We also noticed that the KO animals have lower diastolic calcium, longer
diastolic sarcomere length which indicated less residual Ca*", thus a faster calcium reuptake after

contraction (Figure 2E).
SERCAZ2a and PTEN as potential targets of miR-132/212

To explore the mechanism of miR-132/212 in regulating cardiomyocyte Ca>" handling, we selected
several potential miR-132/212 targets as predicted by Targetscan, namely SERCA2a, Ryr2, PTEN,
and VDAC?2 (Supplementary Figure 1 A). We hypothesize that knockdown of the targets of miR-
132/212 should at least partially mimic the phenotype of overexpression of miR-132/212 in
prolongation of calcium decay. Therefore, we knocked down these potential targets by siRNA and
compared with miR-132/212 overexpression. We observed that knockdown of SERCA2a and PTEN
could significantly prolong the calcium decay phase, which mimic the calcium kinetics trace of
overexpression of miR-132/212 in RNCM (Figure 3. A and B). Meanwhile, knockdown of Ryr2 and
VDAC?2 did not display such mimicry (Figure 3. A and B). These results suggest that SERCA2a

and/or PTEN maybe the targets of miR-132/212 involved in calcium handling in RNCM.

Since PTEN is an established target of miR-132 by 3'-UTR luciferase reporter assays [21], we

evaluated SERCA2a similarly. We observed that miR-132 and miR-212 significantly suppress the
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luciferase activity of the full length SERCA2a 3'-UTR reporter but not of a mutated SERCA2 3'-UTR
reporter (Figure 3C and supplementary Figure 1. B). Likewise, SERCA2a and PTEN protein
expression was inhibited by transfection of miR-132 and miR-212 mimics in RNCMs (Figure 3D and
E). Additionally, also in our miR-132/212 KO animals the expression of SERCA2 and PTEN are
significantly increased (Figure 3F and G). Interestingly, although the calcium kinetics did not show
significant effect after Ryr2 knockdown in RNCMs, we did observe an increased Ryr2 expression in
KO animals (Figure 3F and G). Taking together, these results show that SERCA2 and PTEN can be

regulated by miR-132/212.

Loss of miR-132/212 blunts the pressure overload-induced worsening of cardiac contractile

function

To assess the role of miR-132/212 on calcium handling and subsequent cardiac contractility during
pathological heart failure progression, we performed TAC on miR-132/212 KO mice and wildtype
control litter mates. Seven weeks after TAC induction, we did not observe a difference in heart/body
weight ratio between KO and WT mice (Figure 4A and B). Interestingly, by echocardiography
analysis we observed a better preserved cardiac function in KO mice (Table 3), as indicated by better
preserved Left VentricularFractional Shortening (LVFS) and preserved LV Ejection Fraction (LVEF)
at 7 weeks after TAC (Figure 4 C and D). In addition, KO hearts showed lower expression of cardiac
damage markers Bnp and a lower BMHC/aMHC ratio, which is indicative for a less diseased
phenotype (Figure 4. E). A non-significant trend towards lower Anp and fibrotic remodeling in KO
hearts was observed (Figure 4. E). In line with their better contractile function, KO mice showed a
higher expression of SERCA2 and PTEN but not Ryr2 (Figure 4F). These results suggest that animals
without miR-132/212 are more resistant to pressure overload induced heart failure probably due to the

absence of miR-132/212-mediated suppression of SERCA2 and PTEN.

Expression of miR-132/212 and their targets in the failing human heart

We further investigated whether miR-132/212 and their associated targets are similarly dysregulated in

failing human hearts as in the mouse. First, we detected increased RNA expression levels of the mir-
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132 in failing hearts from dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM) and
ischemic cardiomyopathy (IHD) patients, as compared to the left ventricular free wall of healthy
controls (Figure 5. A). A similar pattern was also observed for miR-212, though differences did not
reach significance due to larger variations (Figure 5. A). By using miRNA in situ hybridization on LV
sections of healthy hearts and HCM patients, we observed a larger cross-sectional diameter of the

cardiomyocytes with a significantly increased presence of miR-132 in the HCM patients (Figure 5. B).

As expected, DCM, HCM and IHD patients display higher expression of the cardiac damage markers
ANP and BNP when compared with healthy controls (Figure 5. C). Only HCM patients failed to reach
significance in ANP expression (Figure 5. C). We subsequently examined the expression of miR-
132/212 targets in end stage heart failure patients. We observed SERCA?2 is down-regulated in DCM,
HCM, and IHD patients at both the mRNA and protein levels (Figure 5. D and E), which have been
frequently observed in the failing heart [3, 4]. The downregulation of SERCA2a in human heart failure
patients was further confirmed by immunofluoresence staining (Figure 5. I). These results suggest that
SERCAZ2a could be a target of miR-132/miR-212 in the failing heart. Western blotting did not confirm
the downregulation of total PTEN in heart failure patients (Figure 5.D and E); however,
immunofluorescent staining showed reduced PTEN expression levels in cardiomyocytes, while PTEN

appeared to be upregulated in other non-cardiomyocyte regions (Figure 5. H).
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Discussion

Here we show that the upregulation of miR-132/212 in heart failure impairs cardiac contractile
function by targeting SERCA?2 and PTEN, suggesting pharmaceutical inhibition of miR-132/212 may
be a promising therapeutic approach to restore SERCA2 and PTEN expression, thereby promoting

cardiac function in heart failure patients.

The upregulation of miR-132/212 in the stressed or failing hearts has been repeatedly observed,
including mouse and human heart failure following pressure overload [11, 13, 14]. We confirmed the
upregulation of miR-132/212 in different categories of end stage heart failure patients and cardiac
hypertrophic mouse models. But how this upregulation is regulated is still unclear. Recently, four
CREB (cAMP-response element binding) sites have been identified within the miR-132/212 genomic
loci [22]. It is possible that stress, hormones or growth factors such as Ca**, cAMP, or TGFp induces
CREB activation and thereby activates many downstream transcripts including miR-132/212 [23, 24].
Consistent with this hypothesis, it is has been shown in vitro that miR-132/212 can be upregulated by
stimulating the AR (adrenergic receptor) pathway via BAR agonists (e.g. PE, Angiotensin II) [13].
Since activation of the BAR pathway is a common mechanism by which cardiac contractility is
enhanced, it is plausible that an over-stimulated BAR pathway could drive expression of miR-132/212
as a feedback control system, thereby suppressing contractility as a consequence of chronic AR

stimulation (Figure 6).

The upregulation of miR-132 in the failing heart is mainly localized in cardiomyocytes. Using miRNA
in situ hybridization, we were able to provide additional details regarding the location of the
expression of miR-132. We did detect the expression of miR-132 in other cell types, though

expression level was relatively low, suggesting a secondary role in other cell types [25-27].

The upregulation of miR-132/212 found in failing heart cardiomyocytes might be detrimental to
contractile function in vivo. Our results expand upon our previous finding that overexpression of miR-
132/212 prolonged calcium decay kinetics in the mouse cardiomyocyte cell line HL-1 [12]. Here, we

show that miR-132/212 can prolong calcium decay in RNCM and that this prolongation can be
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blocked with specific miR-132 or miR-212 inhibitors. This similarity between mouse and rat models
suggests that miR-132/212 induced prolongation in calcium decay is well conserved in mammals. On
the other hand, cardiomyocytes isolated from miR-132/212 KO mice displayed enhanced contractile
capability and these KO mice display better preservation of cardiac function under chronic pressure
overload stress. These loss-of-function studies suggest that blocking the upregulation of miR-132/212
could be beneficial in both maintaining cardiac contractile function and slowing the progression

towards heart failure.

MiR-132/212 modulates cardiomyocyte contractility at least in part through their regulation of
SERCAZ2a. This is in line with our previous findings that miR-132/212 can suppress GFP expression
in the SERCA2a 3'-UTR reporter [12]. This suppression can be eliminated by three nucleic acid
mutations within the miR-132/212 seed sequence binding site. Furthermore, endogenous SERCA2a
levels declined after transfection of miR-132/212 in neonatal rat cardiomyocytes and miR-132/212 KO
mice showed higher levels of SERCA2a protein than wildtype controls, both in normal and stressed
hearts. These results suggest that it is possible to increase SERCA2a expression through removal of its

inhibitors [12].

Additionally, we identified PTEN as a direct target of miR-132/212 and thereby affect cardiomyocyte
contractility. Since maintenance of the calcium gradient — namely, high calcium in the systolic phase
and extremely low calcium in the diastolic phase — is key in the regulation of cardiomyocytes
contractility, this is well balanced and controlled at different levels (Figure 6). Upon either agonist or
hormonal stimulation, the BAR is activated, upon which adenylyl cyclase gets activated and converts
AMP into cAMP. cAMP, the secondary messenger, activates protein kinase A (PKA) which
eventually activates several downstream targets — including phospholambam (PLN). PLN inhibits the
activity of SERCA?2 until PLN is phosphorylated by cAMP-activated PKA. Therefore, cAMP
concentration is crucial for regulation of cardiomyocyte contractility. /n vivo, cAMP is degraded by
PDE4, which is regulated by PI3Ky and PTEN: PI3Ky promotes cAMP degradation activity while
PTEN prevents its degradation. Loss of PTEN in cardiomyocytes results in dramatic decrease in

contractility [28, 29], but the underlying mechanism still has to be fully characterized. We therefore
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postulate that elevated PTEN may raise cAMP levels and thereby activate PKA activity, in turn

phosphorylating PLN and increasing the cardiac contractility of the KO mice.

Our results are in accordance with most of the phenotypes observed in antimiR-132 treated TAC
animals [13]. For instance, we observe more cardiac function preservation after TAC in miR-132/212
KO mice, including less fibrosis, better ejection fraction and fraction shortening. We did not detect a
significant difference in the heart/body weight ratio, although we did observe better functional
autophagic response in the KO mice and overexpression of miR-132/212 in RNCM induced
hypertrophy (data is not shown). The lack of hypertrophic differences might be caused by a follow-up
of 7 weeks after TAC in our mice while the previous study terminated their mice at 3 weeks after
TAC. Here, we report that in addition to a better autophagic response, calcium dynamics are directly

regulated by this miR-132/212 as well as in cardiomyocytes.

To summarize, our results suggest that the upregulation of miR-132/212 in the failing heart may
impair cardiac contractile function and accelerate the progression of heart failure. The pharmaceutical
inhibition of miR-132/212 may therefore be a promising therapeutic approach to preserve cardiac

function and slow the progression of heart failure in patients.

Materials and Methods

Generation and genotyping of miR-132/212 KO mice

The generation of miR-132/212 KO mice has been described previously[20]. For genotyping, genomic
DNA was extracted from ear clippings using genomic DNA isolation kit (Sigma, Cat. XNATS). PCR
was done with the GC-Rich PCR kit (TAKARA, Cat. RR002C) with miR-132/212 primers as shown
in supplementary. PCR products were separated on 1% agarose gel: WT gave a band at 1076 bp and

the KO at 392 bp.

Human cardiac tissue

The used of human cardiac tissue was approved by the Medical Ethics Committee of the University

Medical Center Utrecht, The Netherlands.The left ventricular wall of patients with end stage heart
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failure (HCM, DCM, IHD) was used while the left ventricular tissue from refused donor hearts was

used as healthy controls.

TAC mouse model and Echocardiography

This study was approved by the Animal Ethical Experimentation Committee (Utrecht University) and
was carried out in accordance with the Guide for the Care and Use of Laboratory Animals. Transverse
aorta constriction was performed as previously described [15]. In brief, 12 weeks old miR-132/212
KO mice or their WT control litters were subjected to TAC or sham surgery. Surgical procedures were
performed under sterile conditions with breathing pump and mice were anesthetized with fentanyl
(0.05mg/kg), midazolam (5mg/kg), and medetomidine (0.5mg/kg) by intraperitoneal injection. After
exposure of the transverse aorta, a 27 gauge constriction was made between the first and second
branch of the aortic as previously described. After closure, mice recovered upon atipamezole
(2.5mg/kg) and flumazenil (0.5mg/kg). After surgery, Temgesic (0.1mg/kg) was given as painkiller
every 8 hours for 2 days. Echocardiography and cardiac function testing were performed both before
and 7 weeks following TAC with the Vevo® 2100 System (Visualsonics) and analyzed with
Vevo2100-1.6.0 (Visualsonics) software as previously described. During the measurement, mice were

under anesthesia with isoflurane and their body temperature was maintained at 37C.

Ex vivo cardiomyocyte calcium imaging and sarcomere shortening measurement

Freshly explanted mice hearts were canulated and perfused with perfusion-buffer (11.3mM NaCl,
0.47mM KCI, 60mM KH2PO4, 60mM Na2HPO4, 120mM MgSO,, 1.2mM NaHCO3, ImM KHCO3,
ImM HEPES and 3mM Taurine) for 10 min at 37C, then switched to an enzyme solution (1x
perfusion buffer, 5.5mM glucose and 5.0mM 2, 3-Butanedione monoxide with Roche’s Librease) for
about 17 minutes. The hearts were then removed from the perfusion device and placed on petri-dish
with stop buffer. The left ventricle was removed and cut into 10 pieces before being gently triturated
with a plastic Pasteur pipet to release single cardiomyocytes. After centrifuging, myocytes were
resuspended in 1mM CaCl, with the final concentration gradually adjusted to 2mM. Cells were loaded

with Fura-4 at 1uM in Hepes buffer for 30 minutes. After washing, cells were placed under the

124



IonOptix imaging system, paced at 1HZ, 20mV at 1ml/min continuous flow at 37C. Cells with normal
cardiomyocyte morphology (rod shaped, clear striations) and sarcomeres (without bubs or sign of

spontaneous contraction) are recorded. Data was analyzed by lonwizard 6.0.

miRNA in situ hybridization

The procedure for miRNA in sifu hybridization has been described previously and was applied with
minor modifications [30]. Briefly, 10mm sections were fixed with 4% PFA for 10 min before
proteinase K treatment (5 mg/ml) for 10 minutes. Subsequently, sections were re-fixed with 0.16M
EDC (PI-22980 Thermo Fisher) in 0.13M 1-methylimidazole for one hour at 37°C, then acetylated for
10 mins at room temperature. After incubation for 1 hour with urea based hybridization buffer, DIG
labeled miRCURY LNA miRNA detection probes (Exiqon) for miR-132 (38031-15), negative control
mir-159 (99003-15), and positive control U6 (99002-15) were applied to the sections overnight. After
washing, sections were subsequently blocked for one hour before overnight incubation with anti-DIG
alkaline phosphatase antibody (1:1,500, Roche). To block endogenous alkaline phosphatase activity,
sections were incubated with levamisole solution (X302130, DAKO). NBT/BCIP (K059811, DAKO)
substrate was then added for visualization. Blood vessels in mouse tissue were stained with lectin BS-
1 (1:200, Sigma). Nuclei were stained with Hoechst 33342 (Life Technologies). Cardiomyocytes were
stained with Troponin (ab47003, Abcam). Images were taken by Zeiss LSM710 and analyzed using

Zen 2012 (Zeiss).

RNA isolation and RT-PCR

For miRNA quantification, RNA was extracted with Tripure (Roche) following manufacture
instruction, generation of ¢cDNA and qPCR was conducted with the Tagman® miRNA Reverse
Transcription Kit and Tagman® miRNA Assay Kit. For gene expression quantification, RNA was
prepared with a RNA isolation kit (Macherey-Nagel, Nucleospin RNA kit), transcribed to cDNA using

the iScript cDNA Synthesis Kit (Bio-Rad) according to manufacturer instructions, and quantitative
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real-time qPCR was performed on a RT-PCR system (Bio-Rad) as described previously [31]. All the

primers used for qPCR analysis are listed in the supplementary Table 1.

Immunofluorescent staining

Sections were fixed with cold methanol and subsequently blocked with 10% normal goat serum plus
2% BSA in TBST, containing 0.1% Tween-20. Sections were then incubated with primary antibodies
diluted in 0.5% BSA in TBST overnight at 4°C. Images were taken by Zeiss LSM700 and analyzed
using ZEN 2012 software (Zeiss). Antibodies and concentrations used in this study are listed in

supplementary table 2.

Western blotting

Cells or cardiac tissue were lysed with lysis buffer (SOmm Tris-HCL pH 7.4, 100mm NaCl, 1% NP40,
0.1% SDS, 0.5% sodium deoxycholate) supplemented with 1x protease/phosphatase inhibitor cocktail
(Cell Signaling, #5872). Protein concentrations were measured with BCA protein assay kit (Thermo
Scientific, 23227), 5g cell lysate or 20g tissue lysate was loaded on Nupage bis-tris Precast gels (Life
Technologies), and transferred to PVDF membrane with iblot2 Western blotting system (Life
Technologies), according to manufacturer instructions. Membranes were first blocked with 5%
blotting grade blocker (Bio-Rad #170-6404). After washing, primary antibodies were diluted in 5%
TBST and applied to the membrane overnight at 4C. After washing, appropriate horseradish
peroxidase HRP-conjugated secondary antibodies were used for enhanced chemiluminescent (ECL)
detection (Sigma). All the antibodies used in this studies and their dilution are listed in supplementary

table 2.

Cell culture and transfection

HL-1 cells were cultured in Claycomb media (Sigma, 51800C) according to manufacturer instructions.
HL-1 cells were transfected with either 20 nmol/L mirVana miRNA mimic negative control
(4464085), hsa-miR-132-3p mimics (MC10166), hsa-miR-212-3p mimics (MC10340), mirVana

miRNA inhibitor negative controll (4464077), hsa-miR-132-3p inhibitor (AM10166), hsa-miR-212-
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3p inhibitor (AM10340) using RNAIMAX (Life Technologies). After 6 hours, media was replaced

with fresh Claycomb media and cells maintained for 72 hours before harvest.

3 -untranslated region (3 ’-UTR) reporter generation and luciferase assay

A 0.8 kb fragment of SERCA2a 3°-untranslated region (3'-UTR) was cloned into the pMIR-REPORT
Luciferase vector (Ambion), as described previously [30]. Mutations in the seed-region were
generated by Q5 Site-Directed Mutagenesis kit (New England Biolabs) as indicated in figure 3A. All
the primers used for cloning and mutagenesis are listed in supplementary table 1. To test suppression
efficiency of miR-132 and 212 on luciferase activity, HEK293 cells were co-transfected with 200 ng
of pmir-REPORT-3‘-UTR Luciferase vectors, or one of the mutated vectors, and a pMIR-REPORT f3-
gal control plasmid to normalize for transfection efficiency together with 25 nmol/L miRNA mimic
controls, miR-132 mimics, or miR-212 mimics with Lipofectamine 2000 (Life Technologies).
Luciferase and B-galactosidase activity was measured after 48h with the Luciferase Assay System and
[-galactosidase Enzyme Assay System (both from Promega), respectively, as previously described

[31].

Statistical analysis

Data was analyzed using Graphpad Prism 6 and comparisons were performed with t-test or paired t-
test between two groups, and ANOVA with Bonferroni correction for multiple comparisons. Data are

presented as mean £ SEM. *p<0.05 is considered as significant different.
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Figure 1 Dysregulation of miR-132/212 expression in left ventricle from hypertrophic mouse
models and heart failure patients. A. The location of miR-132/212 loci in human genome
(chr17:1,953,129-1,953,734) and conservation of miR-132 and miR-212 between different species
[32]. B. The relative expression of miR-132 in left ventricle from Sham, TAC, Ang II, can, MLP™"
induced hypertrophic mouse hearts. RNUG6 is used as internal control. C. The relative expression of
miR-212 in left ventricle from Sham, TAC, Ang II, can, MLP™" induced hypertrophic mouse hearts.
RNUG6 is used as internal control. D. In situ detection of miR-132 in Sham operated miR-132/212 KO
mice (a and a'), TAC (b and b") in sham operated wildtype mice (¢ and ¢'), TAC (d and d"), in situ
detection of U6 served as a control in sham operated wildtype mice (e and e'), TAC (f and f).
Immunofluorescent staining for Lectin BS-1 for endothelial cells in green, Troponin I for viable
cardiomyocytes in red, nuclei in blue
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Figure 2 effect of loss or gain of function of miR-132/212 on cardiomyocytes contractility. A.
calcium kinetics after overexpression and inhibition of miR-132 on as measured by Fluo-4 intensity.
B. The decay time CTDs after overexpression and inhibition of miR-132. C. calcium kinetics after
overexpression and inhibition of miR-212 on as measured by Fluo-4 intensity. D. The decay time
CTDs, after overexpression and inhibition of miR-212. E. Diastolic calcium (F340/380), calcium
release velocity, calcium decay velocity and the calcium amplitude of the Fura-2 trace in
cardiomyocytes isolated from WT and KO mice. F. Representative image sarcomere shortening
analysis of cardiomyocytes isolated from WT and KO mice. G. The diastolic sarcomere length,
shortening velocity, relengthening velocity, fractional shortening and the amplitude shortening of
cardiomyocytes isolated from WT and KO mice.
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Figure 3. Serca2a and PTEN as potential targets of miR-132/212. A. The effect of knockdown
predicted targets of miR-132/212 PTEN, Ryr2, VDAC2 and SERCA2 on calcium kinetics in RNCM
as measured by Fluo-4 intensity. B. The decay time CTDs, of Fluo-4 signal after PTEN, Ryr2,
VDAC?2 and SERCA2 knockdown and miR-132/212 overexpression. C. Luciferase activity assay of
luciferase reporter with intact SERC2a-3'"UTR or 3 nucleic acids mutated 3'-UTR after transfection of
synthetic miRNA mimics for scramble, miR-132 or miR-212 corrected by b-gal activity. D. Total
endogenous Serca2 expression after transfection of scramble mimics, miR-132, miR-212, antimiR-
132, antimiR-212 and antimiRs control by Western blot. Quantification of Serca2 expression corrected
by [J-Tubulin is plotted above. E. Total endogenous PTEN protein after transfection of scramble
mimics, miR-132, miR-212, antimiR-132, antimiR-212 and antimiR mimics by Western blot.
Quantification of PTEN expression corrected by GAPDH is plotted above. F. PTEN, SERCA2 and
Ryr2 protein level between WT and miR-132/212 mice by Western blot. G. Quantification of PTEN,
SERCAZ2 and Ryr2 protein in figure G corrected by [1-Tubulin
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Figure 4 miR-132/212 KO mice are more resistant to pressure overload induced loss of
contractility. A. Representative images of explanted WT and KO mice hearts 7 weeks after surgery.
B. Gravimetric analysis of heart weight of WT and KO mice 7 weeks after sham or TAC surgery. C.
Representative images of cardiac function assessment of WT and KO mice 7 weeks after sham or
TAC surgery by echocardiography. D. cardiac function assessment of WT and KO mice 7 weeks after
sham or TAC surgery by doppler echocardiography and the drop of cardiac function WT and KO
mice before and after 7 weeks TAC. E. Expression of cardiac stress marker Anp, Bnp and
BMHC/aMHC ratio and quantified fibrotic area by Picrosirius Red staining. G. The expression of
PTEN, Ryr2 and Serca2 in WT and KO mice 7 weeks after TAC detected by Western Blot and the
quantification.
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Figure 5. Expression of miR-132/212 and their targets in heart failure patients. A. The relative
expression of miR-132 and miR-212 in left ventricle from healthy control, DCM, HCM and IHD heart
failure patients. RNUG6 is used as internal control. B. in situ detection of miR-132 (in purple blue) in
healthy controls and HCM patients; immunofluorescent staining for WGA for extracellular matrix in
green, Troponin [ for viable cardiomyocytes in red, nuclei in blue. C. The relative expression of ANP
and BNP mRNA in left ventricle from healthy control, DCM, HCM and IHD heart failure patients.
GAPDH is used as internal control. D. The relative expression of RYR2, PTEN and SERCA?2 protein
in left ventricle from healthy control, DCM, HCM and IHD heart failure patients as detected by
Western Blot. B-Tubulin is used as internal control. E. The relative expression of SERCA2a protein
quantified from D and mRNA measured by qPCR in left ventricle from healthy control, DCM, HCM
and IHD heart failure patients. GAPDH is used as internal control. F. and G Quantification of total
endogenous RYR2 and PTEN in D corrected by B-Tubulin. H. and 1. Representative image of
immunofluorescent detection of PTEN and SERCAZ2 protein in health control and HCM heart failure
patient left ventricle. Sarcomere Actinin is shown in red, PTEN in green and nuclei in blue.
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Supplementary material
Supplementary Figure 1. A. Predicted miR-132/212 targeting site on 3'-UTR of Pten, Ryr2 and

VDAC?2. B. Predicted miR-132/212 targeting site on 3'-UTR of SERCA2a, and site mutation on
the 3'-UTR.
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Table 1 Primers and oligo used in this study

Primer name Sequence(5'-3°) Species

Application
Mirl132-KO-GT-P1 ATCCTTTCAAGAAAGTGGGGAGA mouse genotyping
Mirl132-KO-GT-P2 TCTGAGGAGGATGTTCAGACAC mouse genotyping
Gapdh_F GGCATGGACTGTGGTCATGA mouse gqPCR
Gapdh_R TTCACCACCATGGAGAAGGC mouse gqPCR

Serca2a_3'utr_Spel

ATCGACTAGTCAATACTGGAGTAACCGCTTCCT

mouse

luciferase assay

Serca2a 3'utr HindIII

ACTGAAGCTTCATAGAATAGATTTATTTACCTGAA

mouse

luciferase assay

Anp F1 CCTGTGTACAGTGCGGTGTC mouse gqPCR
Anp_RI CCTAGAAGCACTGCCGTCTC mouse gqPCR
Bnp F1 GTTCTTTTGTGAGGCCTTGG mouse qPCR
Bnp R1 CTGAAGGTGCTGTCCCAGAT mouse qPCR
aMHC F1 GGTCCACATTCTTCAGGATTCTC mouse gPCR
oMHC R1 GCGTTCCTTCTCTGACTTTCG mouse qPCR
BMHC F1 CAGGCCTGTAGAAGAGCTGTACTC mouse gPCR
BMHC R1 TCTCCTGCTGTTTCCTTACTTGCT mouse gPCR
PTEN_F1 TGGATTCGACTTAGACTTGACCT mouse qPCR
PTEN_RI1 GCGGTGTCATAATGTCTCTCAG mouse gqPCR

Q5 SERCA2a 3UTR Mut F

GTCTAAATAGAGATCAGTTTGTTTCTTTC

mouse

luciferase assay

Q5_SERCA2a 3UTR Mut R

TGTAAAGTCAAACATGCGCAGTG

mouse

luciferase assay

Serca2a(b) F1 TGGAACCTTTGCCGCTCATT mouse gqPCR
Serca2a R1 CGGTTACTCCAGTATTGCGG mouse qPCR
Serca2b_R1 CTGCACACACTCTTTACCGG mouse gqPCR
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Table 2 reagents used in this study

Product name Company Catology No. | Dilution | Application
anti-PTEN (138G6) antibody | Cell signaling 95598 1/1000 WB
anti-RyR2 antibody Thermo Scientific | MA3-925 1/1000 WB
anti-GAPDH antibody Cell signaling #2118S 1/1000 WB
anti-Vimentin Abcam ab45939 1/1600 WB
anti-Dig-AP Fab fragment Roche 11093274910 1/1500 ISH
B-Tubulin (9F3) Cell signaling #6181 1/1000 WB
BCIP/NBT DAKO K0598 1/1000 ISH
anti-Vimentin antibody V9 Sigma V6630 1/1000 WB
B-actin antibody AC-15 Sigma A5441 1/1000 WB
anti-SERCA2 [2A7-Al] Abcam ab2861 1/1000 IF
anti-SERCA2 (N-19) Santa Crutz sc-8095 1/1000 WB
Lectin BS-1 Sigma L2895 1/200 IF
WGA Sigma L4895 1/500 IF
WB: Western blot; ISH: in situ hybridization; IF: immunfluorescence staining
Table 3 Echocardiography assessment of cardiac function

7 weeks Sham 7 weeks TAC

WT(n=6) KO(n=9) WT(n=12) KO(n=8)
Heart Rate(BMP) 548.9+11.5 442 8+12.9** 467.3£14.2 463.5+13.9
Diameter systolic(mm)  2.6+0.2 2.4+0.2 3.4+0.2 3.0+0.3
Diameter diastolic(mm) 4.0+0.1 3.7£0.2 4.0+0.2 3.9+0.2
Volume systolic(a.u) 25.3+4.5 24.0+4.7 49.4+6.4 38.8+7.4
Volume diastolic(a.u) 70.8+5.8 61.6+7.8 73.3+6.5 66.4+7.8
Stroke volume(a.u) 45.5+£2.7 37.6+4.6 23.9+£2.6 27.6£2.1
Ejection_Fraction(%) 65.6+£3.9 62.5+£3.5 35.7£5.0 45.4+5.8%*
Fraction_shortening(%)  35.9+2.8 33.6£2.5 17.5£2.8 22.8+3.4%
Cardiac_Output (a.u.) 25.0£1.6 16.6+2.0* 10.9£1.0 12.8+1.0
IVS d(mm) 0.99+0.05 1.14+0.05 1.03+0.04 0.99+0.03
IVS_S(mm) 1.42+0.08 1.56+0.05 1.36+0.06 1.25+0.07
LVID_ d(mm) 3.82+0.21 3.45+0.10 3.71+£0.13 4.03+0.21
LVID_s(mm) 2.61+0.22 2.424+0.09 3.05+0.16 3.38+0.24
LVPW_d(mm) 1.17£0.11 1.12+0.07 1.224+0.08 0.98+0.04
LVPW_s(mm) 1.48+0.13 1.45+0.08 1.34+0.07 1.19+0.06
LV _mass(mg) 166.56+£11.96 152.52+6.53  170.96+11.96 159.61+11.37
LV mass corrected(mg) 133.2549.58 122.02+5.22  136.77£9.57  127.69+9.09
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Background:

Myocardial infarction (MI) is caused by occlusion of the coronary artery and induces ischemia in the
myocardium and eventually a massive loss in cardiomyocytes. Studies have shown many factors or
treatments that can affect the healing and remodeling of the heart upon infarction, leading to better
cardiac performance and clinical outcome. Previously, miR-132/212 has been shown to play an
important role in arteriogenesis in a mouse model of hindlimb ischemia and in the regulation of
cardiac contractility in hypertrophic cardiomyopathy in mice. In this study, we explored the role of

miR-132/212 during ischemia in a murine MI model.
Methods and Results:

miR-132/212 knockout mice show enhanced cardiac contractile function at baseline compared to wild-
type controls, as assessed by echocardiography. One day after induction of MI by permanent
occlusion, miR-132/212 knockout mice display similar levels of cardiac damage as wild-type controls,
as demonstrated by infarction size quantification and LDH release, although a trend towards more
cardiomyocyte cell death was observed in the knockout mice as shown by TUNEL staining. Four
weeks after MI, miR-132/212 knockout mice show no differences in terms of cardiac function,
expression of cardiac stress markers, and fibrotic remodeling, although vascularization was reduced. In
line with these in vivo observation, overexpression of miR-132 or miR-212 in neonatal rat

cardiomyocyte suppress hypoxia induced cardiomyocyte cell death.
Conclusions:

Although we previously observed a role in collateral formation and myocardial contractility, the
absence of miR-132/212 did not affect the overall myocardial performance upon a permanent
occlusion of the coronary artery. This suggests an interplay of different roles of this miR-132/212
before and during M1, including an inhibitory effect on cell death and angiogenesis, and a positive
effect on cardiac contractility and autophagic response. Thus, spatial or tissue specific manipulation of
this microRNA family may be essential to fully understand the roles and to develop interventions to

reduce infarct size. .

Keywords: miR-132/212, cardiac function, adverse cardiac remodeling
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Introduction

Although the mortality rate of MI in patients is going down due to recently developed post-infarction
treatments and secondary prevention, MI is still one of the leading causes of mortality [1]. 12.5% of
patients that suffered a MI with ST-segment elevation will die within 6 months [2], suggesting that

novel effective treatments are still required.

microRNAs are small non-coding RNAs that play important roles in cardiac development and
progression of pathological progression of cardiac diseases. Therapeutic interventions have been
shown to be beneficial to slow down the myocardial pathological progression [3-8] and therefore
microRNAs have been considered as promising therapeutic targets for cardiovascular diseases [9, 10].
In search of novel microRNA targets for cardiovascular disease treatment, we and others have found a
beneficial role for miR-132/212 during hind-limb ischemia to promote arterial growth (chapter 4) and
a detrimental role in regulation of cardiomyocyte contractility and the cardiac autophagic response
under stress (chapter 6 ). However, the regulation and biological function of this family in the response
to a MI has never been investigated. We therefore used the miR-132/212 genetic knockout (KO) mice
and induced MI by permanent occlusion of the coronary artery to explore the functional effects on

cardiac function compared to wild-type controls.
Materials and Methods

Generation and genotyping of miR-132/212 KO mice

The miR-132/212 KO mice have been generated as described previously [11]. For genotyping, DNA
samples were obtained by ear clipping and used in a GC-Rich PCR kit (Roche, cat. 12140306001)
with miR-132/212 primers as shown in supplementary table 1. PCR products were revealed on a 1%

agarose gel: WT genotype display a predicted band at 1076 bp and the KO genotype at 392 bp.

LAD ligation and Echocardiography

This study was approved by the Animal Ethical Experimentation Committee (Utrecht University) and
was carried out in accordance with the Guide for the care and use of Laboratory Animals.

MI was induced by ligation of the Left anterior descending artery (LAD) and applied on 10-12 weeks
old WT (C57B6) and miR-132/212 KO mice, as described previously[12]. In brief, mice were
anesthetized with fentanyl (0.05mg/kg), midazolam(5mg/kg) and medetomidine (0.5mg/kg) by
intraperitoneal injection and surgical procedures were performed under sterile conditions. LAD was
ligated just below the left atrial appendage with an 8-0 Ethilon monifil suture. The chest was then
closed and animals received atipamezole (2.5mg/kg) and flumazenil (0.5mg/kg) to recover quickly.
Temgesic (0.1mg/kg) was given every 8 hours after surgery for 6 times to reduce discomfort. Cardiac

function was assessed with echocardiography (Vevo® 2100 System , Visualsonics) and analyzed with
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Vevo2100-1.6.0 (Visualsonics) before and after the surgical procedure (days 0, 7, 14 and 28,
supplementary figure 1A). During the procedure, the animals were kept under 2% isoflurane

anesthesia and the body temperature was strictly maintained between 36.5°C- 37.5°C.

Neonatal Rat Cardiomyocytes isolation and hypoxia treatment

Neonatal rat cardiomyocytes isolation was performed with Pierce Primary Cardiomyocyte Isolation
Kit (Life Technologies, Cat. 88281) following manufacture's instruction. In brief, neonatal rat hearts
were collected within 3 days after birth. After washing with ice cold HBSS, hearts are cut into small
pieces before enzymatic digestion for 35 min. After digestion, pieces are washed with cold HBSS once
again and disassociated with cardiomyocyte culture medium with 10% FBS and single cells generated
by filtrating over a 40_! m filter to remove undigested tissue. After centrifuge, cells were resuspended
in culture medium with 10% FBS and seeded at 2.5 x 10°cells/cm’. The next day, cells were
transfected with microRNA mimics with RNAi Maxi at 50nM following manufacture's instruction.
Six hours after transfection, medium was replaced with fresh DMEM medium with 10% FBS
containing 1x Cardiomyocyte Growth Supplement. Forty-eight hours after transfection, cells were
transferred to a hypoxia chamber with 5% CO, and 1% O, for 24 hours. Then cells were fixed with 4%
PFA for 15 min before TUNEL staining.

TUNEL staining

Twenty-four hours after MI surgery (n=4/group), mice were terminated. Hearts were explanted, rinsed
and fixed with 0.2 PFA in 15% sucrose at 4°C overnight before cryopreservation with Tissue Tek for
sectioning. Ten (] m cryosections were prepared. For TUNEL staining, sections were first dried for
10min at room temperature, then digested with 5 [] g/ml proteinase K (cat. Roche)for 20 min at 37°C.
Sections were subsequently used for TUNEL staining (In situ Death Detection Kit, Cat. 1684795,
Roche) following manufacturer's instructions. After TUNEL, sections were counterstained with
Hoechst for nuclei and Troponin for cardiomyocytes. Images were taken and analyzed by a blinded
investigator with Cellsens imaging system at 20x magnification. TUNEL staining for hypoxia treated
Rat neonatal cardiomyocytes (RNCM) was performed in a similar approach, but without Proteinase K

treatment.

Infarct Size Quantification

Twenty-four hours after M1 surgery (n=6/group), infarct size (IS) was determined as a percentage of
the area at risk (AAR). Four % Evans Blue solution was injected via the thoracic aorta and hearts were
explanted, rinsed and filled with paper before placement in -20°C freezer for 1 hour. Hearts were
subsequently sliced into 1mm cross sections and incubated with 1% triphenyltetrazolium chloride

(TTC, Sigma) for 1 hour at 37 °C, then fixed with formaldehyde 4% for 15 min. Images from both
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sides of the cardiac sections were taken sequentially. IS, AAR and left ventricular area were measured

with Photoshop and reconstructed as previously described in ImageJ [13].

Lactate Dehydrogenase and Troponin measurement

After termination at 24 hours post-MI, blood samples (n=4/group) were collected by cardiac puncture.
Samples were centrifuged at 12000xg for 10min and cleared plasma then transferred to another tube.
For total lactate dehydrogenase assay (LDH), 10 ml of plasma was used to determine total LDH
concentration using the Toxicology Assay kit (Cat. TOX7-1KT, Sigma) according to manufacturer's
instructions with an arrayscan at 492nM (Thermo Fisher). ¢Tnl levels were measured by ELISA
(Synchron Lxi 725 integrated clinical chemistry, Beckman Coulter) in the Laboratorium Klinische

Chemie en Haematologie ( LKCH) of UMC Utrecht as previously described [14].

Histological analysis and immunohistochemical staining

28 days after MI (long-term group, n=6/group), mice were terminated. Hearts were explanted, rinsed
and fixed with 0.2 PFA in 15% sucrose at 4 °C overnight before cryopreservation with Tissue Tek for
sectioning. HE staining and Picrosirius red staining were performed for morphological and fibrotic
remodeling assessment, respectively, as described before[15]. To evaluate large vessels, sections were
first blocked with 2% BSA for 30min, FITC-labeled anti-I] SMA antibody was applied for 1 hour at
room temperature. After incubating the slides with 1 mg/ml Hoechst to visualize the nuclei, sections
were mounted in fluoromount G (Southern Biotech). The complete sections were then scanned for
both [J SMA and Hoechst channel. Images were analyzed with ImagelJ. All the [] SMA positive signal
larger than 500 arbitrary unit (a.u.) (proximately 2 nuclei) were considered as a vessel. The vessel
coverage was calculated by total vessel area divided by total number of cells and vessel density was

calculated by the total number of vessels divided by the total number of the cells.

RNA isolation and RT-PCR analysis

DNA-free RNA was extracted with Tripure (Roche applied science). To perform qPCR for gene
expression, RNA is transcribed to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad) according to
manufacturer's instructions, and quantitative real-time PCR was performed on a MylIQ single-color
gRT-PCR system (Bio-Rad), as described previously [16]. All primers used for qPCR analysis are
listed in the supplementary table 1. Mature miR-132 and miR-212 expression levels were measured by

TagMan® MicroRNA Assay following manufactory’s instruction, using U6 as control.

Statistical analysis

Data was analyzed using Graphpad Prism 6 and comparisons were performed with t-test between two

groups. Data are presented as mean + SEM. p<0.05 is considered as significant.
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Results
miR-132/212 knockout mice show more damage after MI

Consistent with our previous observations, miR-132/212 knockout mice display enhanced cardiac
contractile function as shown by higher left ventricular fraction shortening (LVFS), left ventricular
ejection fraction (LVEF) and myocardial performance index (MPI) at baseline, as shown in

Supplementary Figure 1C.

To assess the role of miR-132/212 in the setting of an acute MI, LAD ligations were performed in
miR-132/212 knockout and WT control mice (Supplementary Figure 1A). 24 hours post-MI, cardiac
damage was assessed by TTC staining on cardiac slices from operated WT and KO mice (Figure 1 A).
No significant differences were observed in infarct size (IS), as measured both in percentage of LV
(IS/LV) and in percentage of area at risk (IS/AAR). Although KO mice display a trend towards higher
IS/AAR (Figure 1B), circulating Lactate Dehydrogenase (LDH) levels and Troponin levels, markers
for cardiac damage, did not differ between WT and KO mice (Figure 1B).

TUNEL staining was performed on cross sections of infarcted hearts 24 hours post-MI to determine
differences in cell death. A trend to an increased percentage of TUNEL positive cells in the KO mice
is observed in both border zone and infarcted area compared to WT control hearts (Figure 1C) which

indicated that KO mice may have a higher potential for infarct expansion over time.

To further explore the effect of miR-132/212 in cell death, we overexpressed miR-132 and miR-212 in
hypoxic RNCM for 24 hours. Cardiomyocytes with overexression of miR-132 or miR-212 are more
resistant to ischemia induced cell death as shown by TUNEL staining (Figure 1. D) indicating that

miR-132 and 212 are indeed protective for ischemia in cardiomyocytes.

Loss of miR-132/212 shows no benefit in cardiac function preservation or adverse cardiac

remodeling

To see the long term consequence of miR-132/212 loss post-MI, we exposed another set of mice to MI
and followed their cardiac function by echocardiography for 4 weeks (Supplementary Figure 1A).
Consistent with the previously observed difference in cell death, we observed that KO mice
demonstrated a stronger reduction in cardiac function than WT mice within the first 2 weeks (Figure
2A and B). However, eventually both WT and KO animals display similar cardiac function at 4
weeks, exemplified by a similar reduction in ejection fraction and fractional shortening (Figure 2 A

and B).

After termination of these mice at 4 weeks post-MI, we further characterized their hearts at the
morphological and molecular level. Both WT and KO displayed extensive cardiac remodeling and

expansion of the IS (Figure 2C). No differences in fibrotic remodeling, both in the infarct and remote
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areas could be observed between WT and KO mice (Figure 2D and E). To assess the stress status of
the hearts, we checked the expression of several cardiac stress markers, but no significant difference

was detected in Anp, Bnp nor in the PMHC/aMHC ratios (Figure 2F).

Neovascularization has been shown to play a role in cardiac healing and remodeling after MI [17, 18]
and we have previously observed that miR132/212 did affect the arteriogenic response after hind-limb
ischemia (see chapter 4). To see if the loss of miR-132/212 could also affect the neovascularization
after MI, we stained for aSMA to visualize larger vessels. We observed that KO mice display lower
number of vessels upon MI. There was a trend towards a lower vessel density and vessel coverage rate

in the KO mice, but these were not significant (Figure 2 G and H).
Discussion

In this study, we tested the role of miR-132/212 during MI using genetic knockout mouse both on the
short and long term post-MI. Although KO mice display similar infarct sizes (IS/AAR) as the WT
mice, KO mice did show slightly increased cardiomyocytes in apoptosis. This was in line to the faster
drop in cardiac function in the first week post-MI. However, 4 weeks after MI loss of miR-132/212
did not show any differences in the cardiac function or adverse cardiac remodeling. These results
indicated that general inhibition of miR-132/212 in the setting of MI has no beneficial effect in the

preservation of cardiac function.

Loss of miR-132/212 did not show any beneficial effects on cardiac function at 4 weeks, both on
cardiac function as well as histological levels. This 4 weeks post-MI result may be caused by several
distinct mechanisms. First, we and others found that miR-132/212 modulate Ras-MAPK pathway by
synergistically suppressing multiple intrinsic inhibitors of the Ras-MAPK (Rasal[19], Spred1 and
Spryl) and PI3K-AKT pathway (PTEN) in Human Umbilical Vein Endothelial Cells (HUVECs)
(chapter 4 and 5 ). It also has been shown that miR-132/212 has an anti-apoptotic role by activating
the PI3K-AKT pathway in a mouse cardiomyocyte line[20]. Thus, miR-132/212 may have a positive
effect on cardiomyocyte cell death by directly regulating survival signaling during ischemia. Secondly,
miR-132/ 212 regulates the contractility of the heart (chapter 6 ). Reducing wall stress after MI, either
by mechanically unloading the heart [21] or pharmaceutically by using ACE inhibitors or beta
blockers [22], has been shown to be beneficial to cardiac healing after MI. Therefore we believe that
the loss of miR-132/212 enhances cardiac contractility and increases stress levels post-MI. In this
sense, miR-132/212 inhibition may induce more damage following MI, a detrimental effect

undesirable in the clinical setting.

Although miR-132/212 plays a protective role in the immediate early phase post-MI, associated with
an early increase in expression 12h post-MI, its expression is decreased at 24h but increased again in a

second wave in later phases (Supplementary figure 1B). The upregulation of this miR-132/212 in the
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later phase is then impairing cardiac contractility and potentially the autophagic response[20]. It
remains to be tested if inhibition of miR-132/212 at later stages after MI may still help to maintain
cardiac contractile function while keeping or even increasing the expression of miR-132/212 in the
early phase. For that purpose, conditional knockout mice, antagomiRs or better targeting of
therapeutics should be used [23], and at least a substantial amount of viable myocardium has to be
preserved before any effect of miR-132/212 inhibition can be observed. Nevertheless, our results
demonstrate yet another example for multifunction properties of a single microRNA, emphasizing that

a spatial and/or tissue specific intervention may be critical to achieve desired therapeutic effects [23].
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Figurel. Characterization of cardiac damage after MI by TTC and TUNEL staining. A.
representative images of WT and KO hearts stained with TTC 24h after M1. B. Quantification of
infarct size(IS), area at risk (AAR) of left ventricle (LV), LDH and Troponin release in the serum at 24
hours after MI as measured by ELISA. C. Representative images of TUNEL staining on the left
ventricle 24 hours after MI and their quantifications. D. representative images of TUNEL staining on
rat neonatal cardiomyocytes, transfected with indicated microRNA mimics or scramble controls and
treated for 24h of ischemia and the quantification of TUNEL positive cells .
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Figure 2. Characterization of cardiac function of miR-132/212 knockout mice by
echocardiography 4 weeks after MI. A. LVEF as a percentage in WT and KO mice during 4 weeks
post- MI. B. LVFS as a percentage in WT and KO mice during 4 weeks post- MI. C. representative
images of HE staining of the WT and KO cardiac section 4 weeks post-MI. D. representative images
of Picrosirius red staining for collagen content of the WT and KO cardiac section. E. Quantification of
collagen density as shown in D. F. Molecular characterization of the hearts 4 weeks post-MI by qPCR
for cardiac stress markers: Anp, Bnp and BMHC/ aMHC ratio. G. Representative images of aSMA
staining in WT and KO cardiac section. H. Quantification of number of the L) SMA positive vessel,
normalized vessel coverage and vessel density as shown in G.
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Supplementary figures and Table. A. Overview of experimental study design and the number of the

animals used in this study. B. Expression of miR-132/212 after MI in mouse as observed in microarray
and RT-PCR validation. The relative expression of miR-132and miR-212 at 12h, 24h, 3 days, 10 days,
28 days normalized by RNUG6. C. Cardiac function analysis of miR-132/212 knockout and WT mice

by echocardiography at baseline: LVFS; LVEF; myocardial performance index (MPI), peak velocity

of MV and AV.

Table Echocardiography assessment of cardiac function

Base line 1 week after MI 2 weeks after M1 4 weeks after M1
WT (n=12) KO (n=12) WT (n=6) KO (n=5) WT (n=6) KO (n=5) WT (n=5) KO (n=5)
Heart_Rate 460.9+10.4 | 485.4+8.0 643.49+69.1 501.92+11.23 | 456.2+21.1 | 398.7+12.9 | 614.8196.3 506.6116.2
Diameter_systolic 2.80.1 2.4+0.1 4.1840.28 3.86+0.25 4.4+0.4 5+0.4 5.1+0.2 5.1+0.5
Diameter_diastolic 3.840.1 3.740.1 4.8320.24 4.51+0.14 5.1+0.3 5.5+0.4 5.7+0.2 5.6+0.5
Volume_systolic 30.2+2.6 22.613.1 80.59+12.49 66.1819.48 94.5+15.5 | 123.9+21.9 | 126.948.7 131.2+24.3
Volume_diastolic 63.0+3.1 57.8+4.2 110.96+12.31 | 93.746.65 124.3+15.7 | 151.6+24.1 | 159.1+11.4 160.1+29.4
Stroke_volume 32.8+2.6 35.2+£2.4 30.38+3.08 27.52+5.31 29.8+2.6 27.616.7 32.3+#4.8 28.949.5
Ejection_Fraction 52.4+3.1 62.543.5* 29.06+3.67 30.6146.72 26.8+5.6 19+5.1 20.2+2 18.8+4.6
Fraction_shortening | 26.7+1.9 33.8+2.6* 13.69+1.81 14.68+3.54 12.8+3 8.9+2.5 9.3+1 8.712.2
Cardiac_Output 15.3+1.6 17.1+1.3 20.13+3.73 14.04+3.03 13.5¢1.1 10.9+2.5 19.2+2.8 1545.4
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Abstract

MicroRNAs (miRNAs) play important roles in pathological development of many different diseases,
therefore consider as promising therapeutic targets for the future. However, a safe and effective
delivery technology for miRNA therapeutics is still lacking. In this study, using an enzyme-chemical
approach, we synthesized a series of different amino group functionalized PEG-based nanopolymers
aiming for miRNA therapeutics delivery. We characterized the effect of the different amino groups on
the binding and complexation capacity to anti-miRNAs and pre-miRNAs in vitro. Based on their
binding capacity, NB183-2 was selected for further functional testing thereby including cellular
toxicity, cellular uptake and luciferase reporter assays. We observed that incorporation of a positive
charged N-boc butyl amine group in the copolymer NB-183-2 improved the binding capacity of the
nanopolymer. This polymer can form stable complexes with both pre- and anti- miRNAs, and can be
taken-up efficiently by cells without showing any cellular toxicity. By using NB-183-2, however,
miR-214 failed to suppress the luciferase activity of a validated miR-214 reporter (QKI-3'UTR
reporter). By direct immune fluorescence labelling, we observed that NB-183-2 and antimiR
complexes were trapped in the endolysosomal compartment, whereas traditional transfection reagents

like Lipofectamine 2000 can deliver functional miRNA therapeutics.
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Introduction

Most cardiovascular diseases are multi-factorial in nature [1] and clear therapeutic options are limited,
continually awaiting for novel treatment modalities [1, 2]. Recently, small single stranded RNA
molecules, termed microRNAs (miRNAs) [3], have been found to regulate a variety of physiological
functions and have great impact on cardiovascular diseases, including cardiac hypertrophy [4-11],
reperfusion injury, ischemic heart disease [12-16] and peripheral vascular disease [17-19]. The
potential role of miRNA in the progression of several diseases stimulated the development of specific
inhibitors to modulate its activity via a RNA anti-sense mechanism [20]. The impressive specific,
strong and long- lasting effects make miRNA interventions a powerful new therapeutic modality [21].
Systemic injection of these inhibitors either directly into the circulation or via intraperitoneal
administration, demonstrated a powerful inhibition of miRNA functionality lasting for at least three
months. However, systematic delivery results in rather low organ specificity and side-effects in other
cells and organs [22]. Therefore, this systematic delivery of miRNA inhibitors has major drawbacks

including cost-ineffectiveness and lacking control of the site of action.

Poly (ethylene glycols) PEG copolymers-based amphiphilic polymeric micelles which has been used
to encapsulate both hydrophobic and hydrophilic drug are very promising miRNA therapeutic delivery
systems due to their chemical properties [23]. The PEG shell is known for its wide range in solubility,
high biologically stability in vivo, and well tolerated by living organisms, thereby widely used in
polymer-based drug delivery systems [23, 24]. The PEG copolymers-based amphiphilic polymeric
micelles, which take the advantage of both PEG and the flexibility of the amphiphilic block
copolymer, which can be tailored with different functionalized groups for different types of drugs or
with different cell specific targeting peptides [23, 24]. These features make them suitable for targeted
drug delivery, and therefore holds a promise for targeted delivery of miRNA therapeutics.

In this manuscript, we tried to design and synthesize a PEG-based polymer with flexible hydrophilic
copolymers that have RNA -binding capacity and appropriate targeting properties. We synthesized
different self-assembling amphiphilic copolymers with a similar PEG exterior shell but different
internal hydrophobic side chains [24] and tested their capability in regard to their miRNA binding

capacity.
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Methods

Synthesis of backbone polymer

Dimethyl -5-hydroxyisophthalate (1, 1.0 mmol) and PEG 1000 (2, 1.0 mmol) were placed in a three
neck round-bottom flask and stirred until homogeneous, Novozyme 435 (10% by weight with respect
to monomers) and 4A molecular sieves (10% by weight with respect to PEG) were added. The
resultant reaction mixture was stirred using a magnetic bead at 90 °C under vacuum for 48 h and for
additional 12 h with overhead stirrer at 90 °C under vacuum and then quenched by adding chloroform.
The enzyme and molecular sieves were removed by filtration and the filtrate was concentrated to get
the crude product, which was redissolved in deionized water for dialysis using membrane (MWCO
6000). After the completion of dialysis, the pure product polymer 3 was obtained as a waxy off-white
solid by freeze-drying.

Synthesis of NB-183-2

Poly[(polyoxy ethylene-1000)-oxy-5-hydroxyisophthaloyl] (3) was reacted with 4-bromo-N-boc butyl
amine using potassium carbonate as a base in acetonitrile solvent at room temperature to obtain N-
boc butyl amine substituted polymer derivative(10) .This derivative was treated with 5% hydrochloric
acid solution at 45°C to obtain crude product and was further purified by dialysis to afford NB-183-2.
The synthesis route for NB-183-2 is illustrated in details in Supplementary figure 1. A.

Synthesis of NMS-08

Poly[(polyoxy ethylene-1000)-oxy-5-hydroxyisophthaloyl] (3) was reacted with 1-azido 6-
bromohexane 4 under mild basic conditions using potassium carbonate in acetonitrile solvent at room
temperature to obtain alkyl azide bearing phenoxy derivative 5. Compound 5 has been confirmed by
the spectroscopic data viz NMR, IR and UV. Click reaction was performed using the azide derivative 5
and N-propynyl, N,N,N-trimethyl ammonium iodide 2, with copper acetate (15 mol %) and sodium
ascorbate (15 mol %) in THF: H20 (1:1) at room temperature for 15 hours. Compound 2 was prepared
from N-propynyl, N,N-dimethyl amine 1, by stirring with methyl iodide in chloroform at room
temperature for 1 hour. The course of the click reaction was examined by recording "H NMR of crude
reaction mixture. After 3 hours, 'H NMR of an aliquot of the reaction showed the presence of starting
polymer. But after 15 hours the disappearance of azide methylene protons (triplet at & 3.29 ppm)
confirms the complete transformation to afford compound 6. Despite complete consumption of
starting polymer 5, the unreacted N-propynyl, N,N,N-trimethyl ammonium iodide 2, was observed.
The unreacted starting compound 2 was ecliminated by dialysis using dialysis membrane with

molecular weight cutoff: 500 in methanol medium for 24 hours to yield pure cationic triazole polymer
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derivative 6 (NMS-08). The synthesis route for NMS-08 is illustrated in details in Supplementary
figure 1. B.

Synthesis of NMS-16

Another triazole cationic derivative was prepared under similar click reaction conditions. Azide
bearing polymer 5 was reacted with N-boc propynyl amine 7 in presence of copper acetate (15 mol %)
and sodium ascorbate (15 mol %) in THF: H,O (1:1) at room temperature for 15 hours. After
completion of the reaction as indicated by crude mixture NMR, the reaction was stopped and the
polymer derivative 8 was purified by precipitation with anhydrous ethyl ether. N-boc protected triazole
polymer 8 was confirmed by all spectroscopic data. This compound was further subjected to acid
treatment with 5% aq. HCI at 45° C overnight to affect the cleavage of boc protecting group to afford
free amine hydrochloride salt of triazole polymer 9 (NMS-16). The synthesis route for NMS-16 is
illustrated in details in Supplementary figure 1. C.

Synthesis of NMS-44

Commercially available, glucose diacetonide (GDA) was coupled with dibromo hexane to form ether
linkage, which affords compound GDA-hexyl bromide 28. This compound has been confirmed by
spectroscopic analysis of NMR and IR. In the next step, GDA-hexyl bromide 28, was reacted with the
phenol moiety of backbone polymer 3 under mild basic conditions in acetonitrile at room temperature
afforded the compound 29, in good yields. Compound 29 has been characterized by the spectroscopic
analysis of NMR, IR and UV spectral data. Finally, the masked hydroxyls of acetonide protections
were freed by acid hydrolysis with 5% aqueous HCI at 45 °C for 3 hour to produce the polymer NMS-
44. This polymer has been purified by dialysis in methanol. The synthesis route for NMS-44 is
illustrated in details in Supplementary figure 1. C.

Nanopolymer-miRNA binding and agarose gel shift assay

Nanopolymer and miR/antmiRs polyplex formation is based on their nitrogen/phosphate (N/P) ratios.
We therefore mixed the polymer and miRNA therapeutics at different N/P ratios (ranging from 0.5-
160) in DEPC-H20 and incubated for 1 hour at 37°C to form polyplexes. Polyplexes gel shift assay
was subsequently analyzed using 4% agarose gel. As for precursor miRNAs, we have used 6-
carboxyfluorescein (FAM) Labeled Pre-miR Negative control #1 (Ambion, Cat#AM17121), and a
plant-specific miRNA, ath-miR-159a (UUUGGAUUGAAGGGAGCUCUA, Cat. # 4464066) and
miR-214 mimics (MC12124, Cat. #4464066). For miRNA inhibitors, previously designed anti-miR-
214 [25] was used in this study with the following modifications: 5°-
a*c*ugccugucugugecuge*u*g*u*-3', modified via 5°Cy5-modification, 2°O-methyl-RNA of the whole
oligo, 4xPTO-linkage 3 -side; 2x PTO-linkage 5'-side (* in provided sequence) (VBC Biotech
Services GmbH), As positive controls, we used polyethylenimine (PEI) (Cat. 23966-2, Polyscience),
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Lipofectamine® RNAIMAX (Cat. 13778030, Life technologies) and Lipofectamine 2000 (Cat.

11668027, Life technologies) according the manufactures instructions.

MiRNA functionality upon polyplex formation

The NB-183-2 and anti-miRs polyplex formation was performed as described above. Interaction of
polymer NB-183-2 and miRNA therapeutics was studied by Dynamic Light Scattering (DLS) to
measure changes in particle size and { potential of the polyplexes formed, at different concentrations
of polymer and miRNA. The stability and particle size distributions of the formed polyplexes were
analyzed by Nanoparticle Tracking Analysis (NTA) on a NanoSight NS500 (Malvern), according to
the supplier's instruction. The polyplexes were kept for 3 days at 4 degree and resuspended before

measurement again.

In vitro transfection and visualization:

Human microvascular endothelial cells (HMECSs) were grown on fibronectin in MCDB 131
supplemented with EGF, hydrocortisone, L-glutamine, and 10% FBS. Cultured HMECs were reverse-
transfected with formed polyplexes, as described above. For microscope analysis of fluorescently
labeled miRNAs or antimiRs treated cells, cells were fixed with 4% paraformaldehyde in PBS for 15
min at room temperature (RT). Nuclei were stained with 0.2 pg/ml Hoechst 33342 (Invitrogen) and
mounted in Fluoromount-G (SouthernBiotech, Birmingham, AL). To study the location of anti-miR

and nanopolymer polyplexes, the following antibodies were used: anti-CD63 (Cat. CBL553,

Millipore), anti-Caveolin-1 (Cat. 610059, BD transduction labs) overnight at 4°C followed by

appropriate secondary antibodies for visualization.

Quantitative real time-PCR.:

Total RNA was isolated with TriPure Isolation Reagent (Roche Applied Science, Penzberg, Germany)
and treated with RNase-free DNase I (Qiagen, Venlo, The Netherlands). MiR-159 expression was
subsequently validated by TagMan MicroRNA Assay (Cat. # 4427975, Applied Biosystems) using
TagMan® Universal Master Mix II, no UNG (Applied Biosystems) and normalized to RNU19 (assay
ID: 001003, Applied Biosystems), as previously described [26].

Luciferase activity assay:

To determine if NB-183-2 mediated miRNA transfection was biologically functional, we performed
luciferase activity assay using a pMIR-REPORT Luciferase vector (Ambion) carrying sequences of
the QKI 3’-untranslated region (UTR) which have been shown to be targeted by miR-214, as
described before [25]. HEK293 cells were co-transfected with 200 ng pMIR-QKI-3'UTR reporter and
pMIR-REPORT -gal Control Plasmid as an internal control for transfection efficiency first. The next
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day cell medium was replaced with miR-214 or scramble controls complexed with NB-183-2 and
incubated overnight. We also tried to perform polyplex incubation of the cells first, then performed the
pMIR-QKI-3'UTR and pMIR-REPORT -gal transfections. For controls, pMIR-QKI-3'UTR, pMIR-
REPORT f-gal and miR-214 or scramble miRNAs were mixed together and transfected at the same
time as described before [25]. Finally, to promote endolysosome escape, 25um chloroquine was
supplemented for polymer transfected HEK293 cells throughout the experiment. The activity of
Luciferase and B-galactosidase was assessed by Arrayscan after 48 hours with the Luciferase Assay
System at 405nM and -galactosidase Enzyme Assay System at 570nm (Promega), respectively.
Luciferase activity was calculated by luciferin signal normalized by B-galactosidase activity according

manufacturer's instructions.

Results

Our first objective was focused on the design and synthesis of polymeric nanoparticles that
demonstrate RNA binding. As a basis, we used our previously described flexible chemo-enzymatic
approach that allows design and synthesis of a complex polymer structure[24], which self-assembles
into spherical nanoparticles. The PEG-based copolymer has a pendent functional group and this
hydroxyl functional group can be further tailored (Figure 1). Several novel groups were attached to the
basic copolymer (Figure 2 and supplementary figure 1) and basic characterizations were performed to

assure proper synthesis and assembly by 1H NMR (data not shown), as described before [27].

As a basis for selection, we selected only those polymers that demonstrated a clear shift of the anti-
miRNA on an agarose gel (Figure 2 and 3). Among all polymers generated only NB183-2 and NMS-
016 demonstrated a clear dose-dependent shift upward, an indication for miRNA therapeutics binding
and thereby neutralizing the negatively charged RNA molecules (Figure 2 and 3). Polymer NB183-2,
which showed a stronger binding capacity than NMS-16, was thereby selected and repeatedly
synthesized to see reproducibility in its method of synthesis and behavior of polymer-miRNA binding.
At a concentration of 1 mg/ml, the average size of the particle of the NB183-2 is about 80.30 nm and
the C potential is about 3.9 mV. Upon binding to the miRNAs, the average size shift to 114.7 nm, and
the C potential changes to10.8 mV, which is indicative for binding of miRNA antimiRs. These
observations could be further confirmed by Nanoparticles Tracking Analysis (NTA) (Figure 4), which
demonstrated a relative small size distribution of the polymer by itself (Figure 4A) and shifted to a
larger complex upon miRNA therapeutic binding (Figure 4B). This complexation is relative stable as
can be seen in figure 4C and D. Upon vigorous mixing, the binding is still present on agarose

separation and NTA. And analysis of the polyplexes 48 hours after preparation still demonstrated
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larger complexes in solution. Upon 48 hours, some larger sized complexes become visible as well,

probably caused by the interaction and fusion of different polyplexes in time (Figure 4D).

Since we anticipated developing a generic miRNA therapeutic delivery platform, the generated novel
polymer should not only be able to bind anti-miRNA therapeutics but also precursor miRNA
molecules. By mixing either the inhibitors or the precursor with the NB183-2 polymer, we could

clearly observe a dose dependent shift on agarose gel in both of them (Figure 5).

Subsequently, we tested whether the formed polyplexes were able to have functional interaction with
cultured endothelial cells (ECs) as observed for the basic polymer before [24]. We exposed the cells
for 24-28 hours with the formed complexes and used PEI and RNAiMax as positive controls for
transfection efficiency. Both fluorescently labelled anti-miRNA and pre-miRNA molecules could be
observed in the cultured ECs which indicated that the formed complexes could interact with the cells
and are internalized (Figure 6A). By using the plant-specific miRNA-159 precursor, we were able to
quantitatively determine the transfection efficiency of these approaches. We found that the transfection
efficiency of NB-183-2 is higher than PEI even though it is lower than that of RNAiMax (see Figure
6B).

Finally, binding and internalization of the miRNA therapeutics are very promising but a functional
effect in the targeted cells is essential to proceed with the development of the polymer. For this, we
performed a luciferase-assay using a validated target sequence for miRNA-214 [25]. With this we are
able to determine if there is a direct effect upon binding of the miR-214 precursor upon complexation
with the polymer after encapsulation by the target cell. Although our positive control (Lipofectamine
2000) did show more than 50% reduction in target expression, treating our cells with the miRNA -
polymer complex in combination with the target sequence at the same day (see Figure 7A), two
consecutive days (see Figure 7B), or even in the presence of a lysosome inhibitor Chloroquine (see
Figure 7C) did not show a reduction in target expression. These results indicate that our miRNA
therapeutic is bound by the polymer, is internalized in the target cells, but probably cannot be released
intracellularly for proper functioning. Indeed, 48 hours after transfection, in nanopolymer transfected
cells, Cy5-labeled antimiRs are still trapped in the endolysosomal compartment while Lipofectamine

2000 transfected show a more diffused pattern (Figure 8).
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Conclusion and discussion

In this study, using an enzyme-chemical approach, we have synthesized and characterized a series of
different amino group-functionalized PEG-based nanopolymers. Based on the binding capacity to pre-
and anti-miRs, we selected NB-183-2 for further functional testing, including cellular toxicity, cellular
uptake and miRNA luciferase activity assay. We observed that incorporation of the N-boc butyl amine
group in the copolymer demonstrated a miRNA binding potential. We also observed that this polymer
can form stable complexes with both pre- and anti-miRs, which can be efficiently taken-up by cells
without showing any cellular toxicity. Unfortunately, NB-183-2 with pre- or antimiR complexes was
trapped in the endolysosomal compartments after cellular uptake and can therefore not become

functional.

Obviously, the first property for nanopolymers as a carrier for miRNA therapeutics is their direct RNA
binding capacity, which is in our compounds based on a positive charge. Incorporation of a positive
charged group significantly improved the binding capacity of the nanopolymers such as NB-183-2.
However, attaching more and stronger positively charged groups such as NMS-16, NMS-08, and
NMS-45 did not improve the binding capacity of the nanopolymers further. Although, we did not
explore the structural mechanism of these consequences, it seems that a combination of both the

positive charges and structural organization could influence the binding.

Another challenge for a nanopolymer carrier is a proper intracellular release of the therapeutics and the
demonstration of functional effects. Although NB-183-2 can form complexes with pre- and anti- miRs
and is present in the cells, no suppression of luciferase reporter activity could be detected when cells
were treated. Moreover, we could not see an effect on endothelial cell migratory capacity either (data
not shown) by the miR-214 treatment as we have seen before [25]. The lack of functional suppression
may be caused by the binding affinity between NB-183-2 and the miRNAs, which is too strong to be
released. In this regards, NMS-16, which shows weaker small RNA binding capacity, maybe a better
candidate for follow-up. Further investigation on this polymer is therefore warranted. Given the
different reducing potential within the cytosol, introducing some disulfide bonds in the backbone of
the polymer that can be cleaved after entering the cytosol might be helpful for miRNA therapeutics to
be released from the polymer [28]. Another possible reason for the entrapment might be that the
complexes cannot escape from the lysosomal compartments into the cytosol. Forty-eight hours after
transfection, we can still detect fluorescent-labeled anti-miRs trapped in the endolysosomal
compartments, as indicated by the CD63 staining [29]. This is commonly seen in polymer-based
nucleic acid delivery studies; however, the underlying mechanism of the endolysosomal escape is not
fully understood [30]. Interestingly it was found that viruses can escape from endolysosomal

compartment by expression of some fusogenic proteins and modifying polymers with these fusogenic
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peptide can promote endolysosomal escape [30]. Therefore, it is worth to try to incorporate those

fusogenic peptides in the polymer to facilitate the endolysosomal escape.

In summary, we have synthesized polymer NB-183-2 that can bind both pre- and anti-miRNAs, which
were delivered intracellularly into endothelial cells. Although promising as miRNA carrier, functional

effects were lacking and further developments are needed to promote e.g. lysosomal release.
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Figure 7. Functional test for NB-183-2 in miR-214 and QKI-3'UTR luciferase activity assay. (A).
Luciferase activity of QKI-3'"UTR reporter. Cells were transfected with miR-214 with NB-183-2, and
reporter plasmids were transfected by Lipofectamine 2000 on the same day. (B). Luciferase activity of
QKI-3'UTR reporter. Cells were first transfected by Lipofectamine 2000, and then reporter plasmids
were transfected with miR-214 with NB-183-2 on the next day. (C). Luciferase activity of QKI-3'UTR

reporter in presence of endolysosome inhibitor: 25uM Chloroquine.
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Lipofectamine 2000 NB-183-2

Figure 8. Localization of Cy5-labeled antimiRs 24 hours after treatment with Lipofectamine

2000 and NB-183-2, characterized by microscopic analysis. Endolysosome marker CD63 is shown
in red, endocytosis marker Caveolinl is shown in green, Cy5-labeled antimiRs are shown in Magenta.
Note that in both Lipofectamine 2000 and NB-183-2 transfected cells, Cy5 signal mainly localized in

CD63 positive endolysosome domain but not in Caveolinl positive regions.
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Abstract

MicroRNAs are involved in many pathological processes and are a promising class of molecules to
therapeutically target. However, successful localized, minimally invasive delivery of miRNA -based
therapeutics is lacking. In the present study, cationic ultrasound-responsive microbubbles (MB) were
studied for their ability to deliver microRNA blockers and mimics ir vitro and in vivo. Cationic MB
successfully delivered microRNA blockers into the intracellular compartments of primary isolated
human endothelial cells in vitro with a transfection percentage of 22% and a 50% reduction in
microRNA-expression. This in vitro US protocol however was not successful in local delivery of miR
mimics in vivo whereas a US-protocol which is routinely used for contrast-imaging increased local
delivery 2.8-fold. Additionally, antimir and antagomir molecules were bound to cationic MB and
locally delivered using US-protocols causing inertial cavitation at 7 MHz and 2 MHz. Antimir
delivery was only slightly increased to the extracellular compartments of the muscle whereas
antagomir delivery was both significantly increased to the capillaries, myocytes and extracellular
space both at 7 and 2 MHz. Antagomir are a more suitable miRNA blocker to use in combination with

MB and US for local delivery then antimir.

Keywords: ultrasound, microbubbles, microRNA, antimir, antagomir, drug delivery, endothelial cells.
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Introduction

Since the recognition of microRNA (miR) as a class of regulatory RNAs in 1993 [1-3] and the
discovery of the first miR in humans [4], miR have been quickly recognized as a potential target for
pharmaceutical therapy [5] in for instance cancer [6], heart disease [7, 8] and acute ischemia [9].
Overall, two strategies have been developed using either gain of function (e.g. with miR mimics) or
inhibition (e.g. with antimirs or antagomirs) of miR. Antimirs are single stranded RNA molecules with
an exact complementary base-sequence to a specific miR and are nuclease resistant [10]. Antimirs are
hydrophilic and therefore have problems crossing the endothelial barrier after intravascular injection
resulting in limited pharmaceutical effect. Antimir can be modified to create an antagomir by adding a
cholesterol group to the 3" end of the antimir, resulting in its cellular uptake upon systemic injection
[11]. However, miR inhibition should ideally be confined to a specific organ or tissue to avoid side
effects, which limits the potential systemic use of antagomirs in a clinical setting, especially if the

targeted miR is not tissue-specific.

An alternative approach in miR-therapeutics is to boost miR-activity through the application of miR
mimics. Developments in miR mimic chemistry, however, have fallen behind to antimir development,
leading to substantial difficulties in in vivo miR mimic delivery [12]. Ideally, both antimir and miR
mimics would be injected in the blood and taken up by specific tissues or cells. Development of drug
delivery vehicles for antimir and miR mimics is still in its infancy [13-15], and localized delivery of

antimir, antagomir and miR mimics remains a challenge.

A previously described type of drug delivery vehicle for localized delivery is the microbubble [16].
Microbubbles (MBs) are gas-filled spheres with a micrometer diameter (typically 1-10 um) and are
used as a contrast agent in ultrasonography. Additionally, these gas-filled spheres can be loaded with
several types of molecules with therapeutic potential like pDNA [17-19], oligodeoxynucleotides [20],
siRNA [21] and growth factors [22]. After intravenous injection of these ‘loaded” MBs, ultrasound
(US) can be applied locally, causing the MBs in the ultrasonic field to cavitate. Cavitation of MBs
causes them to lose their payload and permeabilize the vasculature, leading to an increased localized
release and uptake of therapeutics at the site of US treatment [17, 18, 20-22]. In vitro studies have
shown that MB induced drug delivery to cells can be achieved at low mechanical index (MI) US
causing stable oscillation of MB [23]. On the other hand, most in vivo studies report the use of high
MI US, leading to destruction of MBs (inertial cavitation). These high MI in vivo approaches have
been successful in local delivery of drugs without causing major damage [17, 18, 20-22]. This raises

the question, however, whether US-parameters which are successful in vitro, which do not cause
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inertial cavitiation, can also be successfully used for in vivo delivery of therapeutics [24] as this has

not been demonstrated even though extensively studied and successfully employed in vitro.

The first goal of this study is to test whether antimir and antagomir molecules can be loaded upon
cationic MB and subsequently be delivered intracellularly to cultured human umbilical cord
endothelial cells (HUVECS) as has previously been done with siRNA [25]. Second goal of the study is
to test whether US-settings that successfully deliver antimir and antagomir in vitro can be used for in
vivo delivery of miR mimics (as a model small RNA) and how this compares to delivery when using
US-settings that are used for US contrast imaging and do cause inertial cavitation of MB. Thirdly, a
comparison between antimir and antagomir is made regarding tissue distribution after MB and US
induced local delivery at 14 MHz and 2 MHz. Ultimately, this study aims to discuss the relevance of
in vitro data concerning drug delivery using MB and US and aims to clarify what kind of miR

blocking agent is most suitable for local delivery using MB and US.

Materials and Methods
Antimir, antagomir and miR mimics

For in vitro transfection experiments and in vivo delivery experiments, antimir and antagomir
molecules targeting miR-214 were designed and synthesized as well as mismatch control antimir and
antagomir (Supplementary figure A). For in vivo miR mimic delivery, a commercially available
double-stranded Ambion™ miR-159a mimic (Life Technologies, Bleiswijk, The Netherlands) was
used. Since miR-159a is not endogenously expressed by mice, background levels or this miR are

practically non-existent and signal to noise ratio of locally delivered miR-159a thus very good.

Cationic MB production and antimir complex formation

Cationic MB (cMB) design was based on earlier work by Christiansen et al. [18] and slightly altered to
improve MB-antimir/antagomir binding. Di-stearoyl-phosphatidylcholine (DSPC, Avanti polar lipids,
Alabama, USA), di-stearoyl-tri-ammoniumpropane (DSTAP, Avanti polar lipids) and PEG40-stearate
(Life Technologies) were dissolved in glycerol (Invitrogen, Life Technologies) at 10 mg/ml at 70 °C.
Subsequently, phospholipids and PEG40-stearate were transferred to a 2 ml reaction tube in a
DSPC:DSTAP:PEG40-stearate weight ratio of 8:4:1. MB creation medium consisted of a
H,O:glycerol:propyleneglycol mixture with a 24:14:3 volume ratio. Perfluorobutane gas (C4F;o F2
Chemicals Ltd., Lancashire, UK) was added to the capspace of the reaction tube after which the
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phospholipid mixture was placed in a Decon FS200 ultrasonic bath (Decon Ultrasonics Ltd., East
Sussex, UK) for 10 min. Next, MB were created by high speed shaking (4500 rpm) using a Vialmix "'
device (Lantheus Medical Imaging inc., MA, USA) for 45 seconds. MBs were washed three times by
means of centrifugal flotation. Subsequently, MB size-distribution and concentration were determined
using a Multisizer 3™ (Beckman Coulter Nederland B.V., Woerden, the Netherlands). Next, MBs
were tested for their capability to load FITC-labeled antimir, antagomiR and Ambion miR mimic (Life
Technologies) molecules. MB were diluted to 500*10° MB/ml and antimir, antagomiR or miR mimic
was added to a concentration of 1.4 nmol/ml, 2.9 nmol/ml and 3.3 nmol/ml respectively. Five minutes
after adding antimir, antagomiR or miR-mimic to MB, complexes were visualized using DIC and
FITC fluorescence imaging on a ZEISS Axiovert Marianas'" 200M inverted fluorescence microscope
[26] (Intelligent Imaging Innovations (I.LL), Denver CO, USA) in combination with Slidebook™ 5.0
software (I.11.). Additionally, cMB payload was determined for antimir molecules. 2 nmol of FITC-
labeled antimiR was added to 200*10° cationic MB in a volume of 300 pl and allowed to form
complexes for 10 min. Degassed H20 was subsequently added up to a volume of 3 ml and unbound
antimir was separated from the cationic MB by means of centrifugal flotation at 300 g for 10 min.
Unbound antimir was collected and its concentration was determined using a FLUOstar Galaxy
microplate reader (MTX Lab systems, Virginia, USA) The percentage of antimir bound to the cMB

was determined by subtracting the unbound amount of antimir from the added amount of antimir.

Microbubble induced transfection of HUVECs with antimir in in vitro system 1

A custom designed in vitro US treatment chamber (UTC) was manufactured for treatment of HUVEC
monolayers on 12 mm Millicell culture plate inserts (Merck, Darmstadt, Germany) (Supplementary
figure B, In vitro system I). The UTC was used in combination with a V303-SU unfocused single
element ultrasound transducer (Panametrics, Waltham, MA, USA), driven by an arbitrary waveform
generator (AWG-5000 series, Tektronix, Oregon, USA) and custom build amplifier. Therefore, the
scattering effect of the cylindrical metal casing of the UTC on the US wave was determined with a

needle-hydrophone (Precision Acoustics, Dorchester, UK) (Supplementary Figure C).

HUVECs were isolated and cultured as described previously [26]. Passage 2 HUVECs were seeded on
12 mm diameter Millipore standing culture inserts (Merck). Three days after seeding, culture inserts
with HUVEC monolayers were placed in the UTC. Cy3-labeled antimir was added to MBs to form
MB-antimir complexes which were subsequently added to the culture medium (containing 20%
serum) to form treatment medium, resulting in concentrations of 27*10° microbubbles/ml and 112

pmol antimir/ml. Treatment medium was added to the UTC containing the HUVECs. Treatment
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consisted of applying three different US protocols: short pulse, long pulse, or low pressure, or no US.
Exact parameters of the ultrasound protocols are listed in table 1. After treatment, HUVECs were
allowed to recover at 37 °C and 5% CO, in a humidified atmosphere for 60 minutes in treatment
medium. After 60 minutes, HUVEC monolayers were fixed with 4% paraformaldehyde in phosphate
buffered saline (PBS), stained for f-actin with Alex Fluor 488 Phalloidin (Life Technologies) and
enclosed on a glass microscopy slide with mounting medium containing DAPI nuclear staining.
Subsequently, fluorescence pictures of these monolayers were taken using filter sets for DAPI, FITC
and Cy3 with 10x and 40x objectives (Carl-Zeiss, Sliedrecht, the Netherlands) on a ZEISS Axiovert
Marianas™ 200M inverted microscope [26] (I.LL). Fluorescence microscopy images were analyzed
with Slidebook™ 5.0 software (I..1.) both qualitatively and quantitatively. Pairs of groups were tested
for differences in percentage of transfection using a Mann-Whitney U test. A HUVEC was considered

transfected when the nucleus contained a Cy3-fluorescent staining.

Microbubble induced transfection of HUVECSs with antimir in in vitro system 2

Transfection efficiency of MB and US was also tested in an alternative in vitro system, in vitro system
2 (Supplementary figure B: in vitro system 2). This system applies US at a 45 ° angle, thus not pushing
the MB directly to the cells and has been used successfully for the in vitro transfection of siRNA into
aortic endothelial cells [25]. HUVECs were seeded on Opticell culture membranes and treated with
MB+US (US protocol is listed in table 1; in vitro 2) in combination with either cy3-labeled antimir or
antagomir after 3 days. Control cells received MB with bound antimir or antagomir, but no US. After
treatment, medium was immediately replaced with serum-containing culture medium. Cells were fixed
1 h, 3 h, 18 h or 24 h after treatment, subsequently stained for F-actin and the nucleus and analyzed
using the fluorescence microscope as previously described for in vitro system 1. Localization of
transfected antimir and antagomir was analyzed for all timepoints. Additionally, transfection% and the
number of membrane adherent cells for control cells and US-treated cells 1 h or 3 h after treatment
was determined per 10x magnification window. To test for statistical significant differences, a

student’s t-test was performed.

Additionally, cells were treated with US+MB in combination with either antimir or antagomir
targeting miRNA-214 or mismatch control-antimir/antagomir. 48 h after treatment, RNA was
extracted from these cells and purified using the TriPure RNA isolation reagent (Roche Applied
Science, Penzberg, Germany). miR-214 levels were determined with a TagMan MicroRNA Assay
(Applied Biosystems, Foster City, CA, USA) as published before [27]. In brief, 2 ng total RNA was

used for miR-214-specific reverse transcription (Tagman® MicroRNA Reverse Transcription Kit,
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Applied Biosystems). Amplification and detection of specific mature miRs was performed by specific
TaqMan hybridization probes and Sybr Green (Applied Biosystems) in a MylQ single-color
quantitative real time polymerase chain reaction (QRT-PCR) system (Bio-Rad, Veenendaal, the
Netherlands) at 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60°C for 60 s. The cycle
threshold (Ct) of each target gene was automatically defined, located in the linear amplification phase
of the PCR, and normalized to the expression of the small nuclear RNA RNUG6 (ACt value). miR-214
levels in US-treated cells were normalized to the levels of non-treated control cells. miR-214 levels of

different groups were tested for statistical difference using a student’s t-test.

In vivo miR mimic delivery

As a pilot study to determine what types of US-protocol were most feasible for in vivo
miRNA/antimir/antagomir delivery, an animal study for miR-159 delivery was performed. All animal
studies were approved by the institutional animal care and use committee at the VU University
Medical Center. Male C57BL/6 mice (n=13, 20-24 g; Harlan, Horst, the Netherlands) were
anesthetized with a mixture of azepromazine, fentanyl and midazolam through i.p. injection and
placed on a homeothermic blanket (Panlab, s.l.u., Barcelona, Spain). For US+MB induced local
delivery of miR mimics, mice received an i.v. injection of miR mimics alone (1 nmol ~ 70 pg/kg) or
miR mimics (1 nmol ~ 70 pg/kg ) complexed with cationic MB (200 * 10° MB) through the tail vein
in a volume of 100 ul. Subsequently, the upper portion of the right hind limbs of mice were treated
with ultrasound using different US treatment protocols; ‘High intensity 7 MHz US only’, ‘Low
intensity US’ and ‘High intensity 7 MHz’. Exact parameters of US-treatment protocols are listed in
table 2. Directly after US-treatment, mice were whole-body-perfused with 40 ml of PBS over 15 min.
After perfusion, muscles from the treated and non-treated hind-limb were isolated and frozen at -80 °C.
Total RNA was isolated with TriPure Isolation Reagent. miR159a mimic levels were determined with
a TagMan MicroRNA Assay (Applied Biosystems, Foster City, CA, USA) as described earlier in this
manuscript. The relative difference in miR mimic levels between the treated and non-treated hind limb
was calculated (AACt) and presented as fold increase. The mean fold-increases of treatment groups

were tested for statistical significant differences with a Mann-Whitney U non-parametric test.
In vivo antimir and antagomir delivery

After having established what kind of US-protocol is most feasible for local delivery of miRNA
mimics, the same US-protocol was used in an animal study for antimir and antagomir delivery. Male
C57BL/6 mice (n=36, 20-24 g; Harlan, Horst, the Netherlands) were anesthetized with a mixture of
azepromazine, fentanyl and midazolam through i.p. injection and placed on a homeothermic blanket

(Panlab, s.l.u., Barcelona, Spain). Subsequently mice received an i.v. injection through the tail vein of
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either MB+antimir, MB-+antagomir, antimir only or antagomir only. MB-dose was 200*10° for all
mice and antimir/antagomir dose was 2 nmol (~77 ug/kg of body weight). After i.v. injection mice
received US-treatment of either 7 MHz with an MI of 1.8 (High intensity 7 MHz) or 2 MHz with an
MI of 1.4 (High intensity 2 MHz) at the right hind limb. For a complete overview of treatment for the
different groups we refer to supplementary table A. After US-treatment, mice were whole body
perfused with 40 ml of PBS over 15 minutes after which the semimembranosus muscles of both the
left and right hind limb were extracted and frozen in liquid nitrogen. Cryosections were cut and
directly analyzed using our previously described fluorescence microscope. For both treated and control
muscles, the peak intensity of fluorescence was measured in the capillaries and a line was drawn
through 3 myocytes of which the mean intensity was determined, this mean intensity included both
myocytes and extracellular space in one mean value. The fluorescence signal in the treated muscle was
normalized for the non-treated muscle and means of fold-increase due to local US-application for each
group were displayed in a graph. Differences between non-treated hindlimbs and treated hindlimbs
were tested for statistical significance using a Wilcoxon signed-rank test. Additionally, cryosections

were immunofluorescently stained for CD31 and for the nucleus for qualitative analysis.

In vivo effect of ultrasound protocols on MB integrity

In this study three different US-protocol were used for in vivo drug delivery. MB in the hind limb were
visualized at the spot of treatment on the Siemens Sequoia in cadence mode at 14 MHz for treatment
protocol ‘Low intensity’, ‘High intensity 7 MHz’ and ‘High intensity 2 MHz’. Clips were recorded
and stills from these clips just before US-application and directly after US-application were compared

to visualize the effect of US-protocols on MB integrity.

Results
Microbubble size distribution and antimir, antagomir or miR-mimic loading

Polydisperse cMBs were created and washed, resulting in cMB with diameters between 1 and 6 pm
(Fig 1A). MB yields ranged from 2.5%10° - 3.5%10° MBs per tube. These cMB were capable of
homogeneously complexing with antimir, antagomir and fluorescently labeled miR mimic as observed
by fluorescence microscopy (Fig 1B), based on fluorescence microscopy data antagomir showed a
higher binding capacity to cationic MB compared to antimir and miR mimics. Additionally, the
binding efficiency of antimir on cationic MB was determined to be at 46% (Fig 1C), corresponding to

0.92 nmol/200%10° MB (1,3 pg/200%10°).
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Microbubble induced transfection of HUVECSs with antimir in in vitro system 1

HUVECs were grown to confluent monolayers in three days. The experimental procedure, including
the addition of MBs + antimir to cells (without US), did not affect the cell monolayer integrity (Fig 2
A). Treatment of HUVEC monolayers with MBs, antimirs and US (1 MHz, 200 kPa peak-negative
pressure (PnP), 60 sec, pulse length 2000, pulse repetition frequency (prf) 10 Hz) lead to a disturbance
of the monolayer as seen by fluorescence microscopy (Fig 2 B). This disturbance was seen in

combination with nuclear presence of antimir.

Areas with and without transfected cells were analyzed at a higher magnification (40x). In areas
without the transfected cells, monolayer integrity was not compromised (Fig 2 C, D, E). Within
transfected areas two distinct HUVEC phenotypes were observed (Fig 2 F, G, H). Firstly, HUVECs
with a clearly disrupted F-actin cytoskeleton and single-stranded antimir in their nucleus were seen.
The second phenotype consisted of cells that did not have antimir in their nucleus and also did not

show the clearly disrupted F-actin cytoskeleton.

Transfection percentage as a result of MB+antimir+US treatment was determined by means of
fluorescence microscopy (see Fig 2 I). The short pulse US protocol resulted in an average transfection
of 6.3% of total HUVECs. The long pulse US protocol resulted in transfection percentages ranging
from 13-30% with an average of 22%. Treating HUVECs with US protocols low pressure or without
US resulted in percentages below 1%. The long pulse US protocol resulted in statistically significant
higher transfection percentages when compared to the low pressure and no US protocols (p<0.05), and
a trend towards higher transfection percentage when compared to the short pulse US protocol

(p=0.06).

Microbubble induced transfection of HUVECs with antimir in in vitro system 2

Transfection of antimir molecules to HUVECs was also tested in an alternative setup which applies
US at a 45 °angle and allows for the treatment of a higher number of cells which makes it possible to
isolate a sufficient amount of miRNA for a gPCR. As in setup 1, MB+US treatment resulted in cellular
uptake of antimir molecules and these antimir could be found most pronounced in the nucleus of the
cells 1 h after treatment (Figure 3 A). The f-actin skeleton of transfected HUVECs was disturbed but
to a lesser extent when compared to in vitro system 1. Antimir could still be found in the nucleus 3 h,
18 h and 24 h after treatment. Additionally, MB+US was used to transfect antagomir molecules to

HUVEC:s. 1 h after treatment, antagomir could be found intracellularly in HUVECs both in the
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cytoplasm and in the nucleus (Figure 3 A). Antagomir could still be found in the HUVECs 3 h, 18 h
and 24 h after treatment (Figure 3 A). In addition to qualitative analysis, microscopic images were
analyzed quantitatively with regards to the amount of membrane adherent cells per 10x magnification
window and transfection% both for antimir and antagomir transfection for non-treated control cells
and the 1 h and 3 h timepoints after treatment (Figure 3 B+C). MB+US treatment in combination with
antimir resulted in a small, non-significant, decrease in membrane adherent cells from 337 cell/image
window without US treatment to 300 cells/image window 1 h after treatment. 3 h after treatment a
further decrease in membrane adherent was observed to 183 cell/image window which was statistically
significant (p<0.0001) compared to no US treatment. Transfection% was 23% at 1 h and thus
comparable to the transfection% of system 1. After 3 h, transfection% was 25%. Both percentages
were statistically significantly different from non-treated control cells (p<0.05). Additionally, the
correlation between transfection% and amount of membrane-adherent cells was studied both at 1 h and
3 h after treatment. Transfection% was clearly correlated to a lower amount of membrane-adherent
cells, both at 1 h and 3 h after treatment and both for antimir transfection and antagomir transfection

(Supplementary figure C).

Subsequently, the biological effect of transfected antimir and antagomir was tested by extracting RNA
48 h after treatment and determining the amount of miRNA-214 (Figure 3 D). Treatment of HUVECs
with MB+US and a mismatch control-antimir did not result in a difference in miRNA-214 expression.
However, MB+US treatment with an antimir-214 resulted in a statistically significant decrease in
miRNA-214 expression compared to both non-treated control cells and mismatch control treated cells
(p<0.05) of 50%. Treatment of HUVECs with MB+US and antagomir (both mismatch control and
antagomir-214) resulted in a decrease in miRNA-214 expression compared to non-treated control cells
. However, no difference could be found between mismatch control antagomir and antagomir-214.
Overnight treatment of HUVECs with antagomir-214 however resulted in a drastic decrease of

miRNA-214 expression of around 90%.

In vivo MB+US induced delivery of miR-mimics.

Mice were treated with three different US-protocols (Table 2). After treatment, no MB could be
detected in treated hind limbs whereas MBs were still present in non-treated hind limbs. High intensity
only treatment resulted in a 1.2 fold-increase (ranging from 0.5 to 2) of miR mimic delivery in treated
tissue. Treatment of hind limbs with low intensity US resulted in a 0.88 fold-increase (ranging from

0.3 to 1.3). High intensity US treatment resulted in a 2.8 fold-increase (ranging from 2.6-3.7). The 2.8-

182



fold-increase of the high intensity US treatment group was statistically higher than the fold-increase of

the low intensity US and miR only treatment groups (p<0.05).

In vivo MB+US induced delivery of antimir and antagomir.

Antimir and antagomir were locally delivered using the ‘High intensity 7 MHz’ or ‘High intensity 7
MHz only’ protocols as were used for miR mimic delivery. Antagomir could mostly be found in the
smaller capillaries (diameter <10 um) and to a lesser extent in arterioles (Figure 5 A) both in mice
which received antagomir+MB and antagomir only (data for antagomir only not shown). Local
treatment of US, only in the presence of MB, resulted in an increase of delivered antagomir to the
capillaries and additionally caused an increase in extracellular space (probably due to edema), also
containing antagomir. Additionally, antagomir could be found more pronounced at myocyte cell-cell

contacts.

Antimir could mostly be found in the vessel wall of arterioles and a lesser extent the bigger capillaries
(Figure 5 B) both in mice which received antimir+MB and antimir only (data for antimir only not
shown). Local application of US to increase local delivery did not result in a difference in tissue
distribution of antimir in the absence or presence of MB. Subsequently, antimir and antagomir were
locally delivered using the ‘High intensity 2 MHz’ and ‘High intensity 2 MHz only’ protocols. Tissue
distribution of antagomir was comparable to the ‘High intensity 7 MHz’ treated group, however, the
US-transducer used for this treatment regimen has a bigger focus area resulting in a larger treatment
area (Supplementary Figure E). Additionally, more microbleedings could be seen at 2 MHz compared
to 7 MHz and a bigger increase in extracellular space was observed in the treated muscle at 2 MHz, in
which antagomir was present. As with the 7 MHz protocols, the 2 MHz protocol did not have an effect
on antimir distribution in the capillaries in the presence or absence of MB. However, an increase in
extracellular space, in which antimir could be seen, was found after treatment with US at 2 MHz in the

presence of MB.

Microscopy pictures were furthermore analyzed quantitatively by measuring the fluorescence intensity
of antimir/antagomir signal in the capillaries and myocytes/extracellular space and determine the fold-
increase over the non-treated control hind limb. Treatment with US at 7 MHz did not result in
increased capillary delivery of antimir in the presence or absence of MB (Figure 6). In the presence of
MB however, 7 MHz US treatment resulted in a slight, non-significant, increase in antimir levels in

the myocyte/extracellular space compartment. For antagomir however, 7 MHz US treatment in the
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presence of MB resulted in 2.5-fold increase in antagomir in the capillaries (p<0.05) and a significant
increase in the myocyte/extracellular space compartment (p<0.05). In the absence of MB, no effect on
antagomir levels in either capillary or myocyte/extracellular space was observed. The same pattern
was observed when mice were treated with 2 MHz US (Figure 7). Localized US treatment at 2 MHz
did not result in increased delivery of antimir to the capillaries (Figure 7) and a small, non-significant,
increase in antimir levels in the myocyte/extracellular space compartment. For the antagomir however,
in the presence of MB, 2 MHz US treatment resulted in a 2.3-fold increase of antagomir in the
capillaries (p<0.05) and a statistically significant increase in the myocyte/extracellular space (p<0.05).

In the absence of MB, no effect was observed.

Effect of US-protocols on MB integrity

The low intensity US protocol did not have an effect on MB integrity (Figure 8) whereas both the 7
MHz and 2 MHz high intensity US protocols caused MB destruction as can clearly be seen when

looking at cadence images directly before and after application of these specific US-protocols.

Discussion

In the present study, antimir, antagomir and miR mimicking molecules were attached to cMB for in
vitro and in vivo local delivery experiments. These MBs were capable of delivering antimir and
antagomir to HUVECs upon ultrasound exposure, resulting in knockdown of the antimir target, but not
of the antagomir target. Additionally, local delivery of miR mimics to the hind limb was increased 2.8-
fold after US-treatment with 7 MHz at an MI of 1.8, but not with 1 MHz at an MI of 0.2. Furthermore,
local 7 MHz US treatment in combination with MB increased delivery of antagomir, but not antimir,
to capillaries, myocytes and extracellular space. The same effect was observed for US treatment at 2

MHz.

Nucleic acid-MB binding has been studied before [18, 21] using different protocols. Christiansen et al.
attached pDNA to cationic MB by adding the pDNA to the MB after production. This resulted in a
homogenous distribution of pDNA along the MB shell. More recently, Carson et al. [21] attached
siRNA to cationic MBs by adding the siRNA to the phospholipid mixture before making the MBs. In
the present study, antimir, antagomir and miR mimicking molecules were added after MB production
and directly used for in vitro or in vivo testing. This strategy was chosen because of lower loss of
antimir, antagomir and miR due to the absence of washing steps, the resulting homogeneous

distribution of these small RNA molecules on the MB surface and comparable payloads (in the pg per
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100 * 10° MB range) as in the Carson et al. study [21]. One drawback of this method is that 50% of
the RNA that is injected is not bound to the cMB.

Furthermore, MB-antimir/antagomir complexes were tested in two in vitro setups to transfect primary
isolated HUVECs. In both setups, antimir was successfully transfected to 22-23% of the HUVECs and
transfection correlated with significant cell-loss. US-parameters that were most successful with
regards to transfection% in the two different irn vitro setups differed. In set-up 2, where US was
applied at a 45° angle, US-treatment was shorter and employed a higher pressure, showing that even in
vitro, US-parameters that are optimal for one setup do not necessarily translate to another setup. Setup
2 was chosen as the system to test for time-dependent trafficking and biological activity of delivered
antimir and antagomir to determine which of the two molecules was most suitable for in vitro miR-
knockdown in combination with US+MB. Transfected antimir could mainly be found in the nucleus of
HUVEC:s 1h, 3h, 18h and 24h after treatment, and the intensity of the antimir signal declined over
time indicating either a dilution of antimir due to cell division, trafficking out of the nucleus to the
cytosol or loss of fluorescent intensity of the cy3-group coupled to the antimir. Transfected antagomir
could be found both in the nucleus and the cytosol at all timepoints, and also for antagomir the
intensity of the signal declined over time. Since the miR are localized in the cytoplasm, the antagomir
seemed the more suitable of the two. However, transfection% for antimir was higher compared to
antagomir at 1 and 3 h after treatment with the same US-treatment protocols. To answer the question
which of these molecules is more suitable for in vitro miR-knockdown in combination with US+MB,
we measured miR-214 levels 48 h after treatment with antimir-214 and antagomir-214. Interestingly,
antimir-214 caused a 50% reduction in miR-levels compared to a mismatch control antimir whereas
antagomir-214 had no effect on miR-levels compared to a mismatch control antagomir. Thus, for in
vitro purposes, antimir are the more suitable molecule for specific miR-knockdown in combination

with US+MB.

This is the first time that MB and US have been investigated for their capability to transfect antimir
and antagomir in vitro. However, a structural homologue, the siRNA, has been studied extensively in
in vitro MB+US mediated transfection. Our results regarding transfection% are somewhat lower
compared to other studies [23, 28-30], which can be explained by our choice of primary isolated
HUVECs which are known to be difficult to transfect [31]. Additionally, siRNA could be found more
pronounced in the cytosol [25] compared to antimir in our study. A possible explanation is that siRNA
is double-stranded whereas our antimir is single-stranded, making it easier for the antimir to travel
through the nuclear membrane. The mechanism, in which transfection of antimir to the nucleus of

cells in 23% of treated HUVECs leads to a 50% reduction of miR-expression, has yet to be elucidated.
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In the present study, in vivo local delivery of miR mimics, antimir and antagomir by means of MB+US
treatment was also studied. First we aimed to test whether the US-parameters which were successful in
antimir and antagomir delivery in vitro and successful for siRNA delivery in a previous study [25]
could locally increase miR mimic levels after i.v. injection of MB carrying this miR mimic and local
US application. We choose miR-159 mimics as a model RNA since these are detectable by qPCR,
meaning that even a very small increase in delivery could be picked up. We found that this low
intensity 1 MHz US protocol, which did not cause MB destruction, did not increase local delivery of
miR-159 to the treated muscle. Since previous studies on local delivery with US+MB use US
protocols that cause MB destruction [21], we also tested the capability of our standard contrast
imaging protocol, which does cause MB destruction at MI=1.8, to achieve local delivery of miR
mimics. We found that treatment with this 7 MHz high intensity protocol resulted in a 2.8-fold
increase of local miR mimic delivery. In contrast to in vitro findings, for in vivo delivery of small

RNAs it seems necessary to destroy MB.

Subsequently we tested whether this 7 MHz high US protocol could also locally deliver antimir
molecules and where in the treated muscle these could be found. We found that antimir could be found
mostly in the vessel wall of arterioles and a to lower extent in bigger capillaries after i.v. injection of
MB-+antimir. The local application of US did not have an effect on antimir levels or distribution in
these vessels. The application of US however did have a small, non-significant, effect on the
extracellular space. Without application of US, myocytes were closely aligned and no extracellular
space could be seen in between. However, US-treatment in the presence of MB caused edema,
creating extracellular space in which antimir could be seen. Probably the miR mimics that were
delivered earlier were situated in the extracellular space as well. The same pattern of antimir

distribution was observed with the 2 MHz high intensity US protocol.

Previous studies regarding local delivery of siRNA using MB+US have claimed that siRNA only
enters the vessel wall at the spot where US is applied, and not in remote areas [32]. However, in that
particular study, blood flow was disrupted and the MB and siRNA were incubated in the lumen of the
treated blood vessel without flow and blood pressure. Studies reporting on siRNA delivery after
systemic injection, thus retaining flow and blood pressure, also report on successful effects of
delivered siRNA. However, not all these studies include all the proper controls, for instance the non-
US treated control with MB carrying specific siRNA directed the target mRNA is lacking in one study
[33]. Another study that does include that control reports that ~50% of the therapeutic effect of
MB+US+siRNA treatment might be attributed to MB+siRNA alone [21], and that local US-treatment

doubles that effect. Whether that is due to a local increase of siRNA levels or increased cellular
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permeability is not mentioned; the mechanistics in which MB increases the effectivity of siRNA in
vivo is unclear. Increasing pressure is a well-established method for siRNA transfection in vivo [34].
Our results suggest that blood pressure in arterioles (~80-100 mmHg) [35] might be high enough to
push the single-stranded antimir in the vessel wall and that the blood pressure in small capillaries is
insufficient to do so. US does not have an additional effect on this process. However, local US-
treatment does cause the MB to collapse, increasing vascular permeability and causing extravasation
of fluid in which antimir leaves the blood and enters the extracellular compartment of the muscle.
Antimir might subsequently slowly enter myocytes and endothelial cells even though antimir uptake
over cellular membranes is generally considered low. In this sense, the effect of MB+US is mostly an

increased delivery effect and less a sonoporation/increased cellular permeability effect.

We also tested the capability of MB+US to locally deliver antagomir molecules. Antagomir molecules
are comparable to antimir regarding nucleotide length but contain a cholesterol-group at the 3’-prime
end which increases their lipophilicity and subsequently their cellular membrane passage [11]. After
i.v. injection of antagomir, both with or without cMB, these molecules could mostly be found in the
smaller capillaries of the muscle. The local application of US, both at 2 MHz and 7 MHz with a high
MI causing MB destruction, significantly increased local delivery of antagomir to the capillaries when
antagomir was bound to cMB prior to i.v. injection. US-treatment in the presence of cMB and
antagomir also caused extravasation of fluid into the muscle containing antagomir, further increasing
the local delivery of antagomir. Since antagomir can cross cell membranes if given the time, as is also
shown in our in vifro overnight antagomir-214 incubation, we expect the antagomir from the
extracellular space to diffuse into the mycoytes and endothelial cells to knockdown its miR -target.
When the antagomir delivery is compared to the antimir delivery, the local increase in capillary
delivery is clearly in favor of the antagomir as is the delivery to the extracellular compartment. In
addition to that, antagomir are more readily taken up by cells, making the antagomir a more feasible
molecule for local delivery using cMB and local US-treatment. Our in vitro results however show that
antagomir-214 delivery using cMB-+US did not specifically knock-down miR-214 as the mismatch
control antagomir showed a similar knockdown. However, antagomir that is deposited in vivo will
remain there for a longer period of time and since our in vitro results clearly show that overnight
incubation with antagomir-214 results in significant knock-down of miR-214 we expect similar results

in vivo.

In summary, the present study showed that US+cMB treatment in vitro could both transfect
endothelial cells with antimir and antagomir molecules. The antimir molecule however was successful
in specifically knocking down its target where the antagomir was unable to. Additionally, in vivo

experiments showed that MB+US treatment increased the local presence of delivered miR mimics 2.8-
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fold only when a US-protocol was used that destroyed cMB. Furthermore, US+cMB treatment
increased the local delivery of antagomir, but not of antimir, to the blood vessels both at 2 MHz and 7
MHz. Additionally, the treatment caused extravasation of fluid into the muscle containing antimir and
antagomir, and this effect was more pronounced for antagomir. The combination of higher delivery of
antagomir to both the capillaries and extracellular space and their increased capability to further enter
cells through diffusion make the antagomir are more suitable molecule for local delivery with cMB

and US compared to the antimir.

Ultimately we have shown that US-protocols that work best in vitro do not necessarily work
for localized delivery in vivo. Additionally we’ve shown that successful molecules for miR-
knockdown in vitro may not be the most suitable for in vivo use. The sonoporation mechanism which
is used and studied in vitro is most probably not the driving mechanism behind the promising results

which have been obtained in vivo local siRNA delivery over the past years.
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Tables and figures

Table 1 Ultrasound treatment protocols for in vitro transfection of HUVEC monolayers.

Protocol: Frequency: PnP: Pulse PRF: Treatment duration:
duration:

Short pulse 1 MHz 100 kPa 20 cycles 1000 Hz 60 seconds

Long pulse 1 MHz 100 kPa 2000 cycles 10 Hz 60 seconds

Low pressure | 1 MHz 50 kPa 2000 cycles 10 Hz 60 seconds

In vitro 2 1 MHz 200 kPa 2000 cycles 20 Hz 30 seconds

Exact parameters for the different ultrasound treatment protocols for the in vitro treatment of HUVEC

monolayers. PnP: peak-negative-pressure, PRF: pulse repetition frequency.
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Table 2 Ultrasound treatment protocols for in vivo delivery of miR mimics, antimir and

antagomir.
Protocol: Lv. injection:  US-machine: Freq: MI: Pulsing: Treatment
duration:

High miR mimic or ~ Siemens 14 0.22-1.8 Imaging in cadence mode at 15 minutes
intensity 7 | antimir or Sequoia C512 MHz MI=0.22 with 1 second MB
MHz only | antagomir destruction (MI=1.8) every 10

only seconds.
Low miR mimic+ AWG+V303- 1MHz 0.2 Intermittently 10 seconds US 15 minutes
intensity MB SU on/off. PRF: 10 Hz, pulse
Us duration: 2000 cycles.
High miR mimic Siemens 7MHz  0.22-1.8 Imaging in cadence mode at 15 minutes
intensity 7 | or antimir or Sequoia C512 MI=0.22 with 1 second MB
MHz antagomir + destruction (MI=1.8) every 10

MB seconds.
High antimir or Siemens 2MHz 0.2-14 Imaging in cadence mode at 15 minutes
intensity 2 | antagomir Sequoia C512 MI=0.20 with 1 second MB
MHz only | only destruction (MI=1.4) every 10

seconds.

High antimir or Siemens 2MHz 0.2-14 Imaging in cadence mode at 15 minutes
intensity 2 | antagomir + Sequoia C512 MI=0.20 with 1 second MB

MHz

MB

destruction (MI=1.4) every 10

seconds.

Treatment parameters for in vivo MB+US treatment of mice for local delivery of miR mimics, antimir

and antagomir. AWG: arbitrary waveform generator, V303-SU: V303-SU unfocused single element

ultrasound transducer, MI: mechanical index, PRF: pulse repetition frequency, Freq: frequency of US

wave.
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Table 3 Comparison of in vitro transfection protocols and in vivo delivery protocols

Invitro 1 In vitro 2 In vivo gPCR In vivo
fluorescence
Type of MB Cationic MB Cationic MB Cationic MB Cationic MB
Type of molecule antimir-cy3 (single- Antimir-cy3 and miR mimic Antimir-cy3 and

stranded)

antagomir-cy3

(double-stranded)

antagomir-cy3

US parameters

Frequency: 1 MHz

MI: 0.1

Pulse length: 20 or 2000

Frequency: 1 MHz
MI: 0.2

Pulse length: 2000

Frequency: 1 or 7

MHz

MI: 0.2 (1 MHz)
or 1.8 (7 MHz)

Frequency: 2 or 7
MHz

MI: 1.4 (2 MHz)
or 1.8 (7 MHz)

cycles cycles

PRF: 10 Hz PRF: 20 Hz
MB concentration | 27*10° MB/ml 15*10° MB/ml ~100*10° MB/ml ~ ~100*10° MB/ml
(anti)miR 213 pmol antimir/ml 190 pmol/ml ~500 pmol/ /ml ~1 nmol/ /ml
concentration
(anti)miR/100%10° 830 pmol 1270 pmol 500 pmol 1000 pmol
MB
Medium Culture medium (20% Culture medium w/o  Blood Blood

serum) serum

In vitro and in vivo treatment protocols were different with regards to type of delivered miR-

therapeutic, US protocol and concentrations.
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Figure 1 Cationic microbubbles. A) Size distribution of cationic microbubble populations after
washing on as measured by a Multisizer 3™ on a 2-log x-axis. Y-axis displays the abundance of
fractions of MB normalized for the most abundant fraction. Dotted line represents +/- SD for 4
independent measurements. B) FITC-labeled antimir, miR mimic and antagomir binding to cMB. C)

Quantification of the percentage of antimir which is attachment to cMB.
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Figure 2 Transfection of HUVEC in vitro system 1. A) Montage image of MB+antimir (no US)
treated HUVEC monolayer, B) Montage image of US+MB+antimir treated HUVEC monolayer. C, D,
E) Detail images of a non-transfected US+MB+antimir treated HUVEC area with DAPI and FITC
channels (C), Cy3 channel (D) or all three channels (E). F, G, H) Detail images of a transfected
US+MB+antimir treated HUVEC area with DAPI and FITC channels (F), Cy3 channel (G) or all three
channels (H). I) Quantification of transfection% as a result of different US-protocols. (* p<0.05) n=4
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Figure 3 Transfection of HUVEC in vitro system 2. A) Fluorescence microscopy images of antimir
and antagomir transfection in HUVECs without US-treatment and 1h, 3h, 18h and 24h after US-
treatment. B) Quantification of fluorescence images regarding number of membrane-adherent cells
and antimir transfection% per 10x magnification window. (* p<0.05 compared to Without US groups)
C) Quantification of fluorescence images regarding number of membrane-adherent cells and
antagomir transfection% per 10x magnification window. (* p<0.05 compared to Without US groups)
D) Quantifcation of miR-214 expression in HUVECs 48 h after treatment with US, cMB and
antimir/antagomir. Relative expression of miR-214 was normalized for untreated control cells. N=3

for fluorescence microscopy experiments and n=4 for miR-214 expression experiments. (* p<0.05)
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Figure 4 In vivo US+MB induced local delivery of miR mimics. For each mouse individually, the
fold-increase of miR mimic content in the treated hind limb compared to the non-treated hind limb

was determined and plotted. Each data point represents the fold-increase for one mouse. (*p<0.05)
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Figure 5 In vivo US+MB induced local delivery of antimir and antagomir at 7 MHz. Fluorescence

microscopy images of cryosections of treated muscles of mice. Images are representative images for

several experimental mice per group (antimir n=3, antagomir n=>6).



Figure 6 14 MHz antimir-antagomir delivery
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Figure 6 Quantification of antimir delivery to capillaries and myocytes/extracellular space in
muscles treated with US at 7 MHz. Quantification of antimir and antagomir signal intensity from
fluorescence images. Capillary intensities and myocyte/extracellular space intensities were measured
for each individual mouse and normalized for the intensity of the non-treated control hind-limb.

(*p<0.05 compared to the non-treated control hind-limb.)
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Figure 7 2 MHz antimir-antagomir delivery
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Figure 7 Quantification of antimir delivery to capillaries and myocytes/extracellular space in

muscles treated with US at 2 MHz. Quantification of antimir and antagomir signal intensity from

fluorescence images. Capillary intensities and myocyte/extracellular space intensities were measured

for each individual mouse and normalized for the intensity of the non-treated control hind-limb.

(*p<0.05 compared to the non-treated control hind-limb.)
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Figure 8 Effect of in vivo US treatment protocols on MB integrity. Cadence images of MB in the
hind-limbs of mice pre- and after US-treatment with different US-protocols used throughout this

study.
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Supplementary figure A:

hsa/mmu-miR-214: acagcaggcacagacaggcagu

antimir-214: FITC/cy3-5’-a*c*ugccugucugugecuge*u*g*u*-3’

mismatch control-antimir: FITC/cy3-5’-a*c*ucccugecuuucccuua*u*g*u*-3’

antagomir-214: FITC/cy3-5’-a*c*ugccugucugugecuge*u*g*u*-3’-CHOLESTEROL

mismatch control-antagomiR: FITC/cy3-5-a*c*ucccugecuuucccuua*u*g*u*-3’-CHOLESTEROL

Antimir-214 and antagomir-214 consists of the inverse complementary mature miR-214 sequence. The
mismatch control antimir and antagomir contains 6 mismatches (underlined). Antagomirs are

3’cholesterolmodificated,

2’0O-methylated, and contain PTO-linkages (*) at the first two and last four

nucleotides.
Supplementary table A

7 MHz 2 MHz
Antimir only N=3 N=3
Antimir + cMB N=3 N=3
Antagomir only N=6 =6
Antagomir + cMB N=6 N=6

Antimir and antagomir treatment groups for localized delivery using ¢cMB and US. For antimir
and antagomir delivery 8 different treatment groups were created. The table represents these groups

and the amount of mice treated for each individual group.
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Supplementary figure B

In vitro systems 1 and 2 for US+MB induced HUVEC transfection. A custom designed metal ring
was created for fitting 12 mm culture plate inserts (A). The culture plate insert was placed in the metal
insert holder and sealed with a rubber ring (B). A plastic spacer with inlets for degassed H,O to
conduct ultrasound was attached to the bottom part of the UTC metal casing with in- and outlets to
insert treatment medium. The metal ring and plastic spacer were separated by a membrane cut out of
an Opticell” (Thermo Scientific, MA, USA) (C). The two metal rings were connected placing the
membrane of the insert on top of the system (D). For ultrasound treatment the V303-SU ultrasound
transducer was inserted in the plastic spacer at the bottom after which the plastic spacer was filled with
degassed H,O. Phosphate buffered saline (PBS) was added on top of the culture plate insert and a
syringe was attached to the metal casing inlet to inject treatment medium (E). /n vitro system 2 applied
ultrasound at a 45°. Cells were cultured in an Opticell culture system which contains two membranes
on one of which HUVECs were grown. The Opticell was placed in the system with the HUVEC
attached side up (F).
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Supplementary figure C
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The effect of the UTC on the ultrasound wave from a V303-SU. A) Calibration curves of the V303-
SU transducer both without (w/0) and with (w) UTC. B) Shape of a 10 cycle ultrasound pulse from the

V303-SU. C) Shape of a 10 cycle ultrasound pulse after placing the UTC in between transducer and
hydrophone.

204



Supplementary figure D
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Correlation of antimir/antagomir transfection and membrane adherent cell numbers in in vitro
system 2. Analysis of 10x magnification windows regarding transfection% and amount of membrane
adherent cells were plotted with transfection% on the x-axis and membrane adherent cells on the y-

axis to visualize the relation between the two.
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Supplementary figure E
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In vivo US+MB induced local delivery of antimir and antagomir at 2 MHz. Fluorescence

microscopy images of cryosections of treated muscles of mice. Images are representative images for

several experimental mice per group (antimir n=3, antagomir n=6).
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Chapter 10 General discussion and future perspectives
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MicroRNAs (miRNAs) are small, non-coding RNA species, and play an inhibitory role either by
inhibiting the translation of or degrading its targeted mRNAs. In normal conditions, miRNAs may
function as a filter to reduce the fluctuation of gene expression noise and thereby "fine tune" cellular
responses in response to environmental stimuli. Under pathological or stress conditions, however, their
regulatory roles become more pronounced [1]. Using various in vivo models, a lot of studies have
provided insights on the actions of miRNAs in different processes in cardiovascular diseases. These
studies have revealed important roles for miR-195, 208a, 133, 132, 25, 23a, 199b, and 499 in cardiac
hypertrophy [2-8], for miR-29, 133a, and 30 in cardiac fibrosis[9-11], for miR-499, 24, and 15b in
cardiomyocyte survival [12-14], for miR-126, 92a, 210, and 24 in cardiac angiogenesis [15-18], for
miR-143 and 145 in vessel remodeling [19, 20], and for miR-208a in cardiac metabolic control [21].
The essential roles of miRNA in cardiovascular diseases and the relative ease of either decreasing or
increasing individual miRNA levels in vivo make miRNA-based therapeutics one of the most

promising therapeutic strategies in the coming years.

The main goal of this thesis was to define new roles of miRNAs involved in diseases progression and
to explore the feasibility of using miRNA therapeutics to treat cardiovascular diseases in the clinic.
However, before miRNA-based therapeutics may enter the clinical arena safely, several issues are
needed to be addressed to achieve optimal therapeutic effects and to minimize potential side effects.
Firstly, a better understanding of the role of miRNAs in the complex cardiovascular system is
required: where is the miRNA expressed, how is it regulated and what are its targets (part I and part
II). Secondly, a safe and efficient miRNA therapeutic in vivo delivery strategy is investigated (part
110).

Part 1. Developing new techniques to understand miRNA biology
In situ detection of miRNA by in situ hybridization

Due to the fact that expression of miRNAs is tightly regulated and that its effect is relying on their
local presence at the cellular level, defining the exact localization of the miRNA expression is
essential not only for understanding its biology but also for choosing different therapeutic intervention
strategies later on. For instance, to study a cardiac specific miRNA such as miR-1, it is will be
reasonable to investigate its function in the cardiomyocyte instead of in neural cells. For a widely
expressed miRNA, a systematic strategy may be used to manipulate its expression. However, to
effectively manipulate a brain specific expressed miRNA such as miR-124 [22-24], using a strategy
which will be able to penetrate the blood brain barrier or even a direct application to the brain is

crucial.
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In general, in situ hybridization is the most used technique to detect the expression of microRNAs at
the cellular and subcellular level, even though the abundance of one particular microRNA can be
easily measured by qPCR or Northern Blot. The concept of miRNA in sifu is similar to the traditional
mRNA in situ hybridizations: a pre-labeled nucleic acid sequence, so called probe, which is
complementary to the selected miRNA is used to visualize the localization of the specific miRNA. As
a result, a multicolor image can be created by combining high sensitive in situ hybridization with
immunofluorescent staining, with this protocol, we have performed in sifu hybridization for miR-132
(chapter 2,4,5 and 6), miR-155 (chapter 2), and miR-222 (chapter 2) on various tissues including both
human and mice. It provides us in-depth information about their expression locations. For example,
we found that miR-132 is mildly expressed in cardiomyocytes in healthy heart, but is significantly
upregulated mainly in cardiomyocytes of diseased hearts. This insight prompt us to focus on the
function of this miRNA in cardiomyocytes (in chapter 6 and 7) instead of angiogensis [25, 26],
fibrosis [27] or inflammation [28-30] which has been assigned to this miR-132/212 family in other

organs or disease conditions.
miRNA targets identification

Although identifying the targets of the miRNA is vital to understand its function, however, it is very
challenging. Bioinformatics-based target prediction and experimental validation of these targets is
very laborious and time-consuming. To better define the biological targets of these miRNAs, we tried
to develop a miRNA-free Simple-cell system for target identification and individual miRNA
functional study in cardiovascular cells, as illustrated in Figure 1. The rational of the Simple-cell is
that cells which lack the essential genes for miRNA biogenesis, such as Dgcr8 which is responsible
for pri-microRNA processing into precursor miRNAs in the nuclei, will result in a general loss of
mature miRNAs populations. If we reintroduce one miRNA of interest into this Simple-cell, we can
study the function of that single miRNA specifically and identify the targets of this miRNA by
isolating and sequencing mRNAs which are bound by the miRNA.

Our data suggests that the development of a Simple-cell for cardiac miRNA target identification is not
successful due to the fact that Dgcr8 knockout ES cells are defective in differentiation into
cardiovascular lineages [31].We show that Dger8 KO ESCs are lacking a large population of small
RNAs, including but not limited to mature miRNAs. In addition to a defect in miRNA processing,
Dgcr8 KO embryonic stem cells are unable to form proper heterochromatin, to inactivate genotoxic
centromeric repetitive elements including major and minor satellite RNAs and Linel [31]. Although
this issue can be solved to use a conditional Dgcr8 knockout ES line, the upcoming new technologies

make it less appealing. Some of these technologies are discussed below.

With the development of next generation sequencing technology, miRNA targets identification can be

readily approached in an alternative way. For instance, recently several similar technologies such as
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Hits-CLIP [32], iCLIP [33], PAR-CLIP [34, 35], and CLASH [36] were developed which generate
tissue/cells specific miRNA targets landscapes at single nucleic acid resolution. The rationale behind
these techniques is rather simple as shown in Figure 2 below: first cross link miRNA with their targets
within the RISC complexes, isolate these RISC complex containing both miRNA and their targets,
then recover both miRNA and their targeted mRNA by cloning and sequencing [32-35]. These
techniques allow us to create genome wide miRNA targets landscape in an unbiased manner under the
physiological condition. Applying these techniques in the cardiovascular field will promote
mechanistic studies of cardiac miRNAs but also may allow us to determine how successful a miRNA
mimics or anti-miR treatment is. Based on this information, eventfully it will be also possible to

design next generation miRNA mimics through rational design to achieve optimal targets spectrum.

Part 2. miR-132/212 in cardiovascular diseases

miRNA-132/212, a stress inducible miRNA [28], is initiatively identified as one of the most abundant
miRNAs in the brain, but its role goes beyond the brain. In the hippocampus neurons, miR-132 is
highly expressed in the active neurons. Loss of miR-132 results in less spine density, shorter dendrite
length [37-39], and impaired synapse activation which is supposed to be critical for learning and
memory [40]. Interestingly, the expression of miR-132 goes up when animals are placed in a stressful
environment such as in a Maze, exposure to a predator or acute foot shock. The upregulated miR-132
may facilitate learning and memory process and also suppress stress-induced cognate damage [41].
The mechanism behind the stress induced upregulation of miR-132 was not clear until recently: Four
CREB(cAMP-response element binding) sites were identified within the miR-132/212 genomic loci
[42] indicating that stress hormones or growth factors such as Ca*", cAMP, TGF[| , VEGF may induce
CREB activation, which activates many downstream transcripts including miR-132/212 [43, 44]. In
this thesis, we mainly focused on miR-132/212 under different stress condition within the

cardiovascular system.

In our study, we found that miR-132/212, a pro-angiogenic miRNA, plays an important role in both
physiological and pathological angiogenesis (see Figure 3 for illustration). In chapter 4, we confirmed
that miR-132/212 is upregulated in the femoral artery-ligated legs. This transient upregulation of miR-
132/212 inhibits Rasal, Spred1 and Spryl expression, which are intrinsic inhibitors of the Ras-MAPK
signaling pathway. This results in prolonged Ras-MAPK activation, and eventually promoting
arteriogenesis [45]. As a result, miR-132/212 KO mice show slower blood perfusion recovery after
femoral artery ligation. Using a KDR-eGFP zebra fish, we found that overexpression of miR-132 or
miR-212 promotes vascularization in the fish, suggesting that the pro-angiogenic role of miR-132/212
is conserved at least between mouse and fish. It is also suggested that miR-132/212 may be used as a

therapeutics to enhance neovascularization in ischemic diseases[25].
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Inhibition of miR-132/212 suppresses VHL loss-of-function induced pathological angiogenesis. Von
Hippel-Lindau (VHL) [46, 47] is an E3 ubiquitin ligase involved in the degradation of hypoxia
inducible- transcription factor (HIFa). Under normal oxygen tension, hydroxylated HIFa can be
recognized by ubiquitin complex containing VHL and is rapidly degraded. Upon hypoxia or VHL
loss-of-function, HIFa-subunits cannot be hydroxylated and degraded anymore. Stabilized HIFa
activates the expression of a large suite of downstream target genes (EPO, VEGF etc) which are vital
in angiogenesis. We found that miR-132/212 is also upregulated in this artificial-induced hypoxia,
induced by a loss of function mutation in VHL. Blocking miRNA132/212 with antimiRs can
significantly alleviate the excessive vascular branching phenotype in vil” mutant zebrafish. Moreover,
using endothelial cells and pericytes in a coculture system, VHL knockdown in HUVECs promotes
endothelial cells neovascularization capacity, which can be inhibited by antimiR-132/212 treatment.
These results demonstrate an important role for miRNA132/212 in VHL loss-of-function induced
pathological angiogenesis and suggest an interesting opportunity for pharmaceutical intervention using

an inhibitor of miR-132/212 to inhibit blood vessel outgrowth in malignant tumors.

Next to involvement in angiogenesis, we discovered that miR-132/212 has a role in regulating cardiac
contraction. In a normal cardiomyocyte contraction-relaxation cycle, the cardiac action potential
triggers the opening of L-type calcium channels. It results in a small increase of calcium via the L type
Ca”" channel which eventually stimulating a bulk release of calcium from the sarcoplasmic reticulum
(SR) into the cytosol via the Ryr2 [48]. This elevated cytosolic calcium initiates the contractile
machinery of the microfilaments. After contraction, cytosolic calcium has to be removed to prepare for
the next contraction. In mammalian cells, cytosolic calcium reuptake by the SR is mainly regulated via
the sarcoplasmic-endoplasmic reticulum Ca®" ATPase 2 (SERCA2) [49]. In the failing heart, however,
very often an impaired uptake of Ca®" occurs which mainly result from a decreased expression or
reduced SERCAZ2a activity [50, 51]. Significant efforts have been made to rescue cardiac contractile
function through restoration of the expression of SERCA?2 directly [52-54] or through indirect

enhancement of its activity [55], however, the clinical results thus far were very disappointing.

Given the fact that miRNAs play an inhibitory role at gene expression and that upreguation of
miRNAs have been reported in the failing heart, it is possible that these upregulated miRNAs
influence Ca-metabolism via targeting of SERCA2. A genome-wide screen for miRNAs, showed that
miR-132/212 inhibits a SERCA2-3'"UTR reporter vector and also prolongs calcium decay in a mouse
cardiomyocyte HL-1 cell line [56]. We and others have observed upregulation of miR-132/212 in both
human heart failure patients and heart failure mouse models [57, 58]. With miRNA in situ
hybridization, we further defined that miR-132 upregulation is mainly localized in cardiomyocytes.
Through manipulation of miR-132/212 in vitro and in vivo we confirmed SERCA2a and PTEN as a
direct target of miR-132/212, hereby modulating cardiac contractility (see Figure 3 for illustration).
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Furthermore, similar results are also observed in human heart failure patients showing upreguation of

miR-132/212 and the subsequent downregulation of their targets SERCA?2 and PTEN in these hearts.

Psychosocial stress in some extreme cases, such as depression has been identified as one of the risk
factors for heart failure by epidemiological studies [59]. Experimental studies show that animals under
chronic stress display compromised cardiac functions [60, 61]. Given the fact that miR-132/212 play a
role both in neural system and cardiovascular system, both of which can be linked by stress, it is

interesting to look into the possible role of this miRNA in this association in the future.

Part 3. Developing novel targeted delivery technologies

Our study on miR-132/212 revealed some common features of miRNA biologymiR-132/212 regulates
different biological process, (Figure 3), as transient stimulation of miR-132/212 in the vessels
promoted angiogenesis while in the heart it impaired cardiac contractility. Therefore, appropriate
delivery of these miRNAs as therapeutic agents is not only vital but quite demanding to avoid any
potential side-effects. Next to avoiding side-effect, other reasons to focus on targeted delivery of
miRNAs are related to reducing costs by minimizing the therapeutically effective dosage. For this,
there is a persistent need for methods to increase miRNA therapeutic delivery, prevent off-target

uptake, and increase tissue-specific uptake [62].

Recent developments in drug delivery vehicles for siRNA have resulted in proper protection of siRNA
in the blood, successful exit from the circulation, and intracellular delivery of siRNA. Important
lessons can be learned from these siRNA delivery methods. Several strategies to improve cardiac
uptake and targeting of delivery vehicles are being developed and encouraging results are being
obtained with antibodies, cardiac targeting peptides, and pH sensitive targeting peptides. These results,

however, still need to be translated to delivery vehicles for miRNA therapeutics [62].

Nanoploymers

By an intensive and multi-disciplinary approach we designed, and tested, different nanopolymers for
the delivery of miRNA mimics or anti-miRs. After extensive characterization of these nanopolymers,
we show that different amino groups of these nanopolymers affect the binding and complex formation
capacity with anti-miR or pre-miR binding in vitro. One of the nanopolymers, NB-182-2 can form
stable complexes with both pre- and anti-miRs and is taken-up by cells efficiently without showing
any cellular toxicity. However, NB-183-2 pre- or antimiR complexes cannot escape from
endolysosomal compartments into the cytosol to become functional. Although we still need to test, we
reasoned that the affinity between polymer and antimiRs are too strong for anti-miR release from the

complexes or due to the stable structural properties that cannot break in the endolysosomal membrane.
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Given the reducing potential within the endolysosomal compartment, introducing some disulfide
bonds in the backbone of the polymer will facilitate miRNA therapeutic release from the polymer and

eventually escape from the endolysosomal compartment [63].

Ultrasound guided microbubbles

Next to the chemical strategy, we developed a mechanical strategy that includes ultrasound-guided
microbubbles [64]. Microbubbles are gas-filled spheres with a micrometer diameter (typically 1-10
um) and are used as contrast agent in ultrasonography. These gas-filled spheres can be loaded with
several types of molecules with therapeutic potential, like plasmid DNA [65-67],
oligodeoxynucleotides [68], siIRNA [69] and growth factors [70]. After intravenous injection of these
‘loaded’ microbubbles, ultrasound can be applied locally, causing the microbubbles in the ultrasonic
field to cavitate. Cavitation of microbubbles causes them to lose their payload and permeabilizes the
vasculature, leading to an increased localized release and uptake of therapeutics at the site of
treatment.

By keeping negatively charged nucleic acid in mind, we generated cationic ultrasound-responsive
microbubbles and studied them for their ability to deliver miRNA inhibitors and mimics in vitro and in
vivo. Cationic microbubbles successfully delivered miRNA inhibitors, including antimiRs and
antagomiRs, into the intracellular compartments of primary isolated human endothelial cells in vitro.
AntagomiRs are comparable to antimiRs regarding nucleotide length but contain a cholesterol-group
at the 3’-prime end which increases their lipophilicity and subsequently their cellular membrane
passage. AntimiRs and antagomiRs molecules were bound to cationic microbubbles and locally
delivered using ultrasound protocols causing inertial cavitation at 7 MHz and 2 MHz. AntimiR
delivery was only slightly increased to the extracellular compartments of the muscle whereas
antagomiRs delivery was both significantly increased to the capillaries, myocytes and extracellular
space. These properties render antagomiRs more suitable to be used in combination with microbubbles
and ultrasound for local delivery. An interesting concept would be to combine nanopolymers with
ultrasound guided microbubbles for local targeted delivery of miRNA therapeutics to achieve maximal

loading capacity and specificity at the same time.

Perspectives

Towards miRNA-based therapeutics for cardiovascular diseases

With more and more miRNAs being identified to be involved in different processes of cardiovascular
diseases in preclinical discoveries influencing angiogenesis, fibrosis, cardiomyocyte hypertrophy, cell
death and many others, we foresee that miRNA therapeutics will take a great leap towards clinic

testing. Along with the already ongoing clinical trials [71], the next areas that includes cardiovascular

diseases will follow as well. The first generation of miRNA mimics adopted double stranded structure
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trying to mimic miRNA precursors so that they can be loaded into RISC complex properly and
function like endogenous miRNA. This design made them less flexible, less tolerant to chemical
modifications than its counterpart inhibitors, and therefore more problematic for in vivo application. In
the future, the second generation miRNA mimics with single strand miRNA structural design such as
agomiR will significantly push the application of miRNA mimics forward. Moreover, in order to
target complicated diseases such as cardiovascular disease, the usage of cocktails to manipulate
several miRNAs will be necessary. As an example, myocardial infarction involves numerous
processes such as the stability of atherosclerosis plaque, cell death, inflammation, angiogenesis and
fibrosis in which several miRNAs may play distinct roles in each of these processes. Thus, it will be
very interesting to apply several different miRNA therapeutics for one disease either as a cocktail or in
a sequential manner. Finally, the usage of miRNA therapeutics in combination with other established
therapies, such as heart transplantation or stem cell therapy, will be available. For example, stem cell
therapy has been widely tested in human clinical trial for various cardiovascular diseases showing
limited beneficial result, whereas other studies show that miRNA play important roles in mobilization,
differentiation and survival of transplanted stem cells. Thus, it is expected that combining the strength
of miRNA therapeutics with other existing therapy or upcoming therapeutics such as stem cell therapy
will be an interesting field to explore. In either of these applications, fundamental understanding of
miRNA biology as well as its targeted delivery strategies will be key for the successful application of

miRNA therapeutics in the clinic.

214



Normal Cell

Transfection l

Simplecell

&
—’_\_ﬁ-
‘—‘-\
_’—N
. J . J
Transfecti
. ransfection| —/———
anti-Ago —
megnetic
= s, |
beads
Y o
—
6 _"-—\
&
—’—_\"—\
___———%—’—\
2nd round L )
enrichment

anti-Ago

megnetic 6
beads
— =
—

§6g TR

cloning and sequencing

Figure 1. The concept of using Simple-cell for miRNA targets identification. In a normal cell,
RISC complexes were isolated by immunoprecipitation which contains all the miRNAs and their
targets. Then a second round selection based on the pre-labeled miRNA was used to enrich one
particular miRNA. In the Dger8 KO Simplecell on the right, one miRNA of interested was introduced

into the Simpecell. Then cells were lysized and RISC complex containing only the miRNA and its
targets were cloned and sequenced.
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Figure 2. The workflow of different CLIP techniques for miRNA targets identification: first
cross link miRNA with their targets within the RISC complexes, isolate these RISC complex
containing both miRNA and their targets, then recover both miRNA and their targeted mRNA by
cloning and sequencing.
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Figure 3. A summary of miR-132/212 in regulation of neovascularization in endothelial cells/smooth
muscle cells and cardiac contractility in the cardiomyocytes.

217




microbubbles

Figure 4 A cartoon about the nanoploymer and ultrasound guided microbubbles mediated
targeted delivery of miRNA therapeutics in the cardiovascular system. miRNA therapeutics
(miRNA mimics or antimiRs) can be loaded directly on the nanopolymers or microbubbles and
then injected into circulation. Targeted delivery is achieved by targeting peptide on the
nanopolymers or localized ultrasound treatment.
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