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Voici mon secret. Il est très simple:
on ne voit bien qu’avec le cœur.
L’essentiel est invisible pour les yeux.

— Antoine de Saint Exupéry [81]





A B S T R A C T

MicroRNAs (miRNAs) are endogenous small non-coding RNAs with the poten-
tial to post-transcriptionally regulate hundreds of target genes. Upon loading
into an Argonaute effector protein, they guide the so-called ’miRNA-Induced
Silencing Complex (miRISC)’ to binding sites on corresponding target mes-
senger RNAs (mRNAs). Due to their pivotal role in the coordination of vir-
tually all cellular processes, miRNAs have evolved as interesting therapeutic
targets. However, they often function in multiple biological pathways within
different tissues or cells and are dynamically regulated over time. To develop
novel diagnostic and therapeutic strategies, profound knowledge of context-
dependent miRNA functions is required. The key to understand the cellular
roles of disease-related miRNAs is to identify the complete set of target genes
each miRNA regulates. Unfortunately, target gene identification is challenging.
In animals, miRNA/mRNA annealing is often limited to short stretches of com-
plementary pairing, leading to incorrect computational target prediction. As
the miRNA-mediated effect on a particular target is generally modest, exper-
imental approaches need to identify the whole phenotype-defining network
of regulated targets rather than individual miRNA/mRNA pairs. Biochemical
methods based on UV Cross-Linking and ImmunoPrecipitation (CLIP) of pro-
tein/RNA complexes in living cells have enabled transcriptome-wide probing
of high confidence miRISC/target interactions at nucleotide resolution.
This work aimed at combining experimental identification of heart-specific tar-
gets of important miRNA candidates with theoretical analysis of the general
concept of miRISC cooperativity to generate further insight into the role of
miRNAs and the mechanistic details of miRNA-mediated targeting in cardiac
biology and disease.
In the experimental part, comprehensive Argonaute CLIP methods were ap-
plied to the cardiac system. The Photo-Activatable Ribonucleoside enhanced-
CLIP (PAR-CLIP) protocol was adapted to adult rat primary myocardial cells
and human whole heart tissue cultures as starting material. It was demon-
strated that cultivatable human tissue slices are in principle accessible for PAR-
CLIP studies, providing an optimistic outlook for future projects.
The computational part was based on previous reports of amplified target re-
pression for adjacent miRISC binding sites. As a starting point, a global inter-
site distance analysis was conducted on published data of predicted as well
as experimentally identified target sites. The obtained distance distributions
revealed an enrichment of adjacent binding sites when compared to two con-
trol models. Furthermore, the fraction of targets featuring miRISC sites in a
binding cooperativity-permitting distance was increased for co-expressed or
co-regulated miRNAs.
In summary, the combination of molecular and computational approaches for
characterizing miRNA/target interactions represents a profound step towards
understanding cardiac miRNA function as the fundament for developing new
miRNA-based diagnostic and therapeutic strategies.
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1 F I R S T I N S I G H T I N T O T H E R N A U N I V E R S E

Only about three decades ago, RiboNucleic Acid (RNA) was considered merely
a template of DeoxyriboNucleic Acid (DNA) needed to convey genetic informa-
tion into proteins.
This first chapter points at the fact that RNAs are now also recognized as func-
tional end products in themselves, which control and coordinate almost every
cellular process [250]. Not only did the unanticipated discovery that RNAs can
act as both genetic material and enzymes [225, 145] revive the RNA world hy-
pothesis [137], but also advanced technologies continue to reveal the enormous
diversity of the still expanding RNA universe [157].

1.1 ribonucleic acid

RNA belongs, together with DNA and protein, to the three major macro-
molecules that provide the basis for all known forms of life. It is usually
transcribed from a DNA template by RNA polymerases, forming a mainly
single-stranded polymer of nucleotides, which very often undergoes post-
transcriptional modification.
Rooting from bacterial molecular genetics, genes were long used synonymously
with proteins, and RNA was presumed to only take the role of a transitional
intermediate state between those two. Thereby a DNA gene is transcribed into
messenger RNA (mRNA), which then carries the genetic information to the ribo-
some, where the nucleotide sequence is translated into an amino acid chain of
the corresponding protein.
However, RNAs are a large family of molecules performing versatile and vi-
tal roles within the cell. They started to expand their status with the discov-
ery of catalytic RNAs (ribozymes). The discovery of endogenous RNA interfer-
ence (RNAi) (see Section 1.2) and the still ongoing detection of new members
of the non-coding RNA (ncRNA) family emphasizes their versatility and impor-
tance for cellular processes.

1.2 rna interference

Early studies indicated that introducing antisense RNA into a plant cell could
lead to transcriptional inhibition of the respective target gene [101]. Another
phenotypic description of RNA-mediated gene silencing were unexpected out-
comes in experiments performed in Petunia hybrida [301]. The researchers over-
expressed chalcone synthase, a key enzyme for flower pigmentation, and ex-
pected darkening of the normally violet blossoms. However, the introduced
transgene blocked pigmentation, resulting in variegated pigmentation with
fully or partially white petunias. This indicates that chalcone synthase activ-
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introduction: 1 first insight into the rna universe

ity had been substantially decreased. However, both research groups did not
understand the process by which this had happened.
In 1998, Fire, Mello (both shared the 2006 Nobel Prize in Physiology/Medicine
for their discovery) and colleagues studied the specific requirements for anti-
sense RNA activity in the nematode worm Caenorhabditis elegans [124]. They
discovered that, in response to introducing double-stranded RNA (dsRNA),
sequence-specific gene silencing results in reduction of both mRNA and pro-
tein levels. The phenomenon was called RNA interference (RNAi). Unexpect-
edly, only few dsRNA molecules per cell were able to systemically silence gene
expression throughout the whole worm. Moreover, the effect also persisted into
the progeny of the injected animals.
The term ’RNAi’ became commonly used after a publication of Tuschl and col-
leagues in 2001 [104]. Using an in vitro system of Drosophila melanogaster, they
could show that 21 and 22 nucleotides long dsRNAs with short 3’-overhangs,
which they referred to as small interfering RNA (siRNA) (see Section 1.3), are
sequence-specific mediators of target mRNA degradation.
RNAi might have evolved as a cellular defense mechanism against invading
nucleotide sequences such as RNA viruses. During their replication, they tem-
porarily exist in a dsRNA-form. This intermediate would trigger RNAi and
thereby inactivate the expression of virus genes. Later it was shown that also
dsRNA of endogenous origin can generate siRNA (endo-siRNA), which was
able to silence selfish genetic elements, called transposons, and to regulate gene
expression during development in both, plants and animals [7, 411, 2, 118].
Transposons spread by forming additional copies of themselves within the
genome which sometimes causes mutations that can lead to cancer or other
diseases. Similar to RNA viruses, transposons can take on a dsRNA-form that
would trigger RNAi to arrest the potentially harmful jumping. Thus, RNAi
could further have developed as a way to combat the potentially detrimental
spread of transposons.
Another class of endogenous small non-coding RNA (see Section 1.3), called mi-
croRNA (miRNA), has been found to confer target degradation, similar to RNAi.
However, upon incorporation into a comparable silencing complex, miRNAs
do not only cleave, but also (and more often) repress the translation and induce
exonucleolytic degradation of their target RNAs [22] (see Section 2).
RNAi and miRNA-mediated gene silencing have soon become valuable tools
in research and therapy. For instance, the introduction of synthetic siRNAs
into cells offers an effective way to selectively and robustly repress spe-
cific target genes of interest. Conversely, introducing, e. g., miRNA inhibitors
may lead to a release of specific targets from miRNA-mediated repression
[95, 26, 287, 431, 55].

1.3 non-coding rna

High-throughput transcriptome analyses disclosed that, while about 90% of eu-
karyotic genomes are transcribed [75], only 1 to 2% of all transcriptional output
is protein-coding [272]. Thus, the majority of cellular transcripts are either frag-
ments spliced out in the process of mRNA maturation or they are copies of

4



1.3 non-coding rna

their own RNA genes. Both are referred to as non-coding RNA (ncRNA).
The plethora of ncRNAs can be functionally classified into infrastructural and
regulatory ncRNA [200].
The most prominent examples of infrastructural ncRNA are transfer RNA
(tRNA) and ribosomal RNA (rRNA), which perform housekeeping functions dur-
ing the process of mRNA translation (see Figure 1.1A). Other examples are
small nuclear RNA (snRNA), which was identified as component of spliceosomal
RiboNucleoProtein (RNP) complexes [53] and small nucleolar RNA (snoRNA),
which was isolated from nucleoli and attributed roles in rRNA processing or
modification [106].
Prominent representatives of regulatory ncRNAs are miRNA, siRNA, PIWI-
interacting RNA (piRNA), circular RNA (circRNA), and long non-coding RNA
(lncRNA) (see Figure 1.1B and below). In addition to infrastructural and regula-
tory ncRNAs, a novel class of promoter-associated RNA (PAR) and enhancer
RNA (eRNA) has been described [82, 212, 307].
However, hardly all members of the stated groups have been identified yet and
new classes of ncRNA continue to be discovered.

mirna The first miRNA was discovered in 1993 as lin-4 regulatory RNA in
Caenorhabditis elegans [241]. The authors found that the 22 nucleotides lin-4 is
processed from a 61 nucleotides precursor RNA and contains sequences that are
partially complementary to multiple sites in the three prime end UnTranslated
Region (3’-UTR) of mRNA lin-14. 3’-UTRs can extend over several kilobases (kb)
and generally contain binding sites for various regulators acting in a dynamic
and combinatorial way to control, e. g., mRNA translation, localization, and sta-
bility. It was shown that miRNA lin-4 negatively regulates two identified target
genes, lin-14 [426] and lin-28 [294]. It took seven years until a second miRNA,
let-7, was characterized [338] and soon found to be highly conserved among
bilaterally symmetrical animals [320], indicating a more general phenomenon
of miRNA-mediated target gene regulation. Since then, the number of known
miRNAs has escalated exponentially and constituted a rapidly evolving new
research area. Only one year later, the presence of large numbers of miRNAs
in Caenorhabditis elegans [240, 238], invertebrates and vertebrates [233] was re-
ported. Release 20 (June 2013) of the miRNA database miRBase [222] holds over
30,000 mature miRNA sequences from about 200 species. MiRNAs are tran-
scribed as longer hairpin structured precursors which undergo consecutive pro-
cessing [30, 242]. Mature miRNAs are between 20 and 24 nucleotides in length.
They interact with AGO proteins to form the miRNA-Induced Silencing Com-
plex (miRISC), which, in the classical view, binds within the 3’-UTR of a target
mRNA, leading to its translational repression or degradation [241, 426, 179].

sirna As mentioned above, siRNAs were first observed in plants [101, 301,
155] and the canonical siRNA is a perfectly complementary dsRNA of 20 to 24

nucleotides. In mammals, the afore named endo-siRNAs have only been found
in mouse oocytes and embryonic stem cells [17, 387, 378].

pirna PIWI-associated small RNA were first discovered as repeat-associated
siRNA (rasiRNA) in Drosophila melanogaster, possessing complementarity to a
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introduction: 1 first insight into the rna universe

variety of transposable and repetitive elements [13, 12]. Evolutionary conserva-
tion of this type of ncRNA was demonstrated by identification of rasi-like RNA
in testes and ovaries of zebrafish [170]. Also in mammalian testes, small RNA in-
teracting with PIWI proteins were revealed and termed piRNA [214]. Although
there are some substantial differences between rasiRNA and piRNA, they are
both referred to as piRNA with rasiRNA being one specialized subclass [11].
Generally, they are about 24 to 31 nucleotides long and carry a uridine 5’-end
as well as a 2’-O-methyl modification at the nucleotide of the 3’-terminus [371].
The primary function of piRNAs has been supposed to lie in the suppression
of transposon activity during germ line development [48, 146].

circrna Early occasional evidence for the formation of circular RNAs, of-
ten thought to represent transcriptional noise or artifacts, has recently been
overrun by the demonstration of their widespread and substantial presence
within eukaryotic transcriptomes [353, 188, 280, 352, 445]. Even though the of-
ten detected evolutionary conservation of circRNA speaks in favor of relevant
cellular functions of these covalently closed RNA loops, evidence as to their ex-
act mechanisms of action is still missing. First steps were made by the discovery
of circRNAs acting as competitive miRNA inhibitors [158, 280]. Further plau-
sible functions include a role as delivery vehicle for miRNA or RNA Binding
Protein (RBP) [159], they could be involved in the storage, sorting or assembly
of RBP, act as a kind of an allosteric group, directly regulate mRNA expression
by partial base pairing or even form a template for translation into proteins
themselves [165].

lncrna The majority of ncRNA belong to the group of long non-coding
RNA, which are to some extent arbitrarily distinguished from the small
ncRNAs (miRNAs, siRNAs, and piRNAs) by possessing a length larger than
200 nucleotides [329]. One of the most well-described examples of lncRNAs is
the human X(Inactive)-Specific Transcript (XIST), which has been attributed a
role in chromatin structure mediating X-chromosome inactivation [16].

Although proteins, derived from the Greek word proteios for ’primary’, are the
chief actors within the cell, the basis of eukaryotic complexity and phenotypic
versatility may lie primarily in the highly regulated networks established by
ncRNA. In particular, whereas the proteomes of higher organisms have re-
mained relatively static, the amount of non-coding sequences and the complex-
ity of the organism seem to possess a direct dependency [5]. It is therefore a
prime goal of contemporary molecular biology to further identify and under-
stand the regulatory roles of ncRNA. The pathways of the three major classes
of small ncRNA, miRNA, siRNA and piRNA, are intertwined in that they cross-
regulate each other and share or compete for common substrates or effectors at
several levels [136].
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1.4 mirnas , the objects of investigation

Figure 1.1. Classification of exemplary non-coding RNA species. A: infrastructural
non-coding RNA, transfer RNA (tRNA), ribosomal RNA (rRNA); B: regulatory non-
coding RNA, microRNA (miRNA), small interfering RNA (siRNA), PIWI-interacting
(piRNA), circular RNA (circRNA), long non-coding RNA (lncRNA).

1.4 mirnas , the objects of investigation

The present thesis focuses predominantly on the miRNA pathway. In mammals,
miRNAs have been predicted to post-transcriptionally regulate (and thereby
generally repress) more than 50% of all mRNAs [127, 224]. Due to the sequen-
tial production of proteins, with first gene transcription into mRNA and second
mRNA translation into an amino acid sequence, a block in protein synthesis
lags behind a block in gene transcription. Even if the mRNA supplies are cut
off, transcripts that have been synthesized already can still be translated. In con-
trast, miRNA can stop protein production very rapidly and may even have the
potential to reverse the translational repression if the protein is needed again
[143]. Besides the promptness of the response, the often short and imprecise
nature of target hybridization enables individual miRNAs to target transcripts
coding for different proteins acting within the same or related metabolic path-
ways. Thereby they receive the potential to coordinate cellular processes at a
higher level. This circumvents the need for transcriptional regulation of each
individual gene and facilitates synchronization of the repressive effects. Fur-
ther, multiple miRNAs targeting the same transcript, might fine-tune its ex-
pression. They thereby establish a buffering system guarding gene expression
and conveying robustness to cellular homeostasis. Thus, investigating their cel-
lular roles and the mechanistic details of target regulation will help to unveil
the complexity of post-transcriptional gene regulation and reach a molecular
understanding of phenotypic observations.
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2 C U R R E N T K N O W L E D G E O N M I R N A B I O L O G Y

Since their discovery about 20 years ago, miRNA research has brought to light
profound knowledge about their genomics, biogenesis, regulation, and biologi-
cal function.
The present chapter aims to summarize generally accepted concepts and to
introduce key players involved in animal miRNA-mediated target silencing.

2.1 mirnas : endogenously synthesized single-strands

Proper maturation of miRNAs as well as their correct assembly into the miRISC

(see Section 2.2) are among the key steps in miRNA-mediated gene silencing
allowing them to act as guides leading the miRISC effector to available target
transcripts.
Canonical miRNA biogenesis starts in the nucleus, where they are encoded
in the genome as intergenic long non-coding transcripts or as part of protein-
coding host genes (see Figure 2.1). According to their intragenic location, the
latter may be further divided into intronic, exonic, 3’-UTR, and 5’-UTR miRNA.
The majority belongs to intergenic as well as to intronic encoded miRNAs [421].
Hence, most miRNAs are transcribed either independently or as part of their
hosting protein-coding transcripts by RNA polymerase II or III [244, 42]. Initial
transcripts of intergenic miRNAs can reach over 1,000 nucleotides in length,
are 5’-capped, spliced, and poly-adenylated [77, 213]. They are termed primary
miRNA (pri-miRNA) and contain single or clustered double-stranded hairpins
with distal loops [351]. The generation of mature miRNAs occurs in two steps.
First, the pri-miRNA is endonucleolytically cropped by the so-called ’Micro-
processor’ resulting in an approximately 65 to 70 nucleotides long stem loop
precursor miRNA (pre-miRNA) (see Figure 2.1). The Microprocessor complex
comprises the RNase III enzyme ’Drosha’ (DROSHA) and the dsRNA binding
protein DiGeorge syndrome critical region gene 8 (DGCR8). DGCR8 recognizes
junctions of stem and single-stranded regions on the pri-miRNA. As kind of a
molecular ruler, it helps to position DROSHA for endonucleolytic cleavage of
the stem about 11 nucleotides from the junction [156]. After nuclear process-
ing, the pre-miRNA associates with the transport receptor eXPOrtin-5 (XPO5)
in complex with RAN/GTP. This GTPase facilitates the export through nuclear
pores into the cytoplasm and may also protect the pre-miRNA against nuclear
digestion [438, 38, 264]. In the cytoplasm, the precursor has to undergo a sec-
ond processing step before it can be assembled into the miRISC and guide
it to its mRNA targets. Both, processing and loading are accomplished by the
’RISC Loading Complex’ (RLC, see Figure 2.1). It consists of another RNase III
family enzyme called ’Dicer’ (DICER1), the dsRNA-binding domain proteins
TARBP2P (also known as TRBP) and/or PRKRA (also known as PACT), and
one of the AGO clade Argonaute proteins [141, 148, 243, 267].
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introduction: 2 current knowledge on mirna biology

The exported pre-miRNA only joins the RLC after assembly of a ternary com-
plex consisting of DICER1, TARBP2P and AGO [268]. Deletion of DICER1 de-
creases or abolishes miRNA biogenesis [177] with lethal consequences [31].
DICER1 is a large endoribonuclease, which contains two different RNA-binding
sites. One of them was shown to position long dsRNA for cleavage and the
other one to re-bind the cropped duplex after cleavage, assisted by TARBP2P
[304]. Cleavage removes the precursor loop of the pre-miRNA to generate an
about 21 to 25 nucleotides long duplex intermediate consisting of the mature
miRNA and the corresponding counterpart called miRNA star (miRNA*) [30].
Typically, these double-stranded intermediates are 5’-phosphorylated and bear
2 nucleotides overhangs at each 3’-end. Loading of the miRNA/miRNA* du-
plex onto the AGO protein was confirmed to be facilitated by large complexes
such as of the Hsc70/Hsp90 chaperone machinery, which may (by an ATP-
dependent mechanism) stabilize newly synthesized, unloaded AGO proteins
and keep them at an open state [184]. To obtain an active miRISC, the miR-
NA/miRNA* duplex needs to be unwinded. Theoretically both, miRNA and
miRNA*, could end up as a mature miRNA. However, usually only one strand
is selected and incorporated into a miRISC [362]. This so-called ’guide strand’
later guides the miRISC to (often only partially) complementary mRNA regions
and thereby determines the targets of the respective miRISC. The counterpart,
called ’passenger strand’, is degraded.
One important determinant in guide strand selection lies in the thermodynamic
stability of the base pairs at the two ends of the miRNA/miRNA* duplex. The
strand with the less stably paired 5’-terminus is preferentially loaded into the
AGO protein of the miRISC [210, 362]. The structural basis of this so-called
’asymmetry rule’ has been suggested to lie in the fact that 5’-phosphate of the
guide strand can only be bound by the 5’-end binding pocket (between the
MID and PIWI domain, see Section 2.3), if the first base pair of the ’guide stand’
with the complementary passenger strand is dissociated. Therefore, the termi-
nus that can be denatured more easily would be thermodynamically preferred
[316, 419, 41, 107, 357]. The actual unwinding might be achieved by ’wedging’ of
the N domain of the AGO protein edging it in between the two duplex strands
[232]. Putative DEXD/H RNA helicases, such as RNA helicase A (DHX9) [344]
or MOV10 [277], might not be generally required [141, 268, 267, 368], but are
likely to facilitate efficient separation of both strands [277, 344]. When the pas-
senger strand is removed, the loaded AGO protein is released from the RLC to
form the active miRISC (see Figure 2.1).
In contrast to the linear miRNA processing pathway outlined above, numerous
evidence accumulates supporting a rather differential expression and process-
ing of individual miRNAs [427].
For example intron-derived so-called ’mirtrons’ were shown to completely by-
pass the first processing step by the Microprocessor, if the spliced out intron
has the appropriate size to form a pre-miRNA hairpin [29, 63, 347] (see Figure
2.1). MiRNAs generated from snoRNA also seem to be DROSHA-independent
[108, 385, 363].
Also the second processing step seems rather heterogeneous for individual miR-
NAs. For instance, pre-miRNAs with a high degree of complementarity along
the hairpin stem were observed to pass through an additional cleavage step be-
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Figure 2.1. Schematic representation of canonical and non-canonical miRNA biogen-
esis pathways. Canonical miRNA genes are transcribed as primary transcripts (pri-
miRNA). The initial processing step (cropping) is mediated by the Microprocessor, a
complex of DROSHA and DGCR8, generating 65 to 70 nucleotides long pre-miRNA
which are exported from the nucleus. The cytoplasmic RISC loading complex, consist-
ing of DICER1, TARBP2P and one of the four AGO proteins (depicted in red), cat-
alyzes the second processing step (dicing) into a miRNA/miRNA* duplex and loading
of the mature miRNA (remaining on the AGO) into the miRISC. Non-canonical intron-
derived mirtrons may bypass Microprocessor cropping by being produced from spliced
introns and debranching. See main text for additional non-canonical pathways. Drawn
on the basis of [215] Figure 2a and 2c.

fore dicing, at which AGO2 slices the 3’-arm of the stem (passenger strand) to
generate a nicked hairpin, termed AGO2-cleaved pre-miRNA (ac-pre-miRNA)
[86]. In the case of miR-451, biogenesis has been shown to be completely in-
dependent of DICER1. AGO2 cleaves the pre-miR-451 leading to the mature
miRNA [66, 73].
Recent examinations further revealed that some miRNAs are actually re-
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imported into the nucleus after their cytoplasmatic processing. For example,
mature human miR-29b is predominantly localized in the nucleus [180].
Next to the increasing knowledge about miRNA biogenesis and processing,
surprisingly little is known about the stability and regulation of individual
miRNAs.
Mature miRNA are generally expected to be rather stable, as indicated by a
mostly long persistency after depletion of processing enzymes. For example,
tracking of miRNA levels upon conditional DICER1 ablation in mouse embry-
onic fibroblasts revealed a half-life between 28 and 220 h [132]. This is about
double to 20-fold longer than for mRNA with an approximate half-life of 10 h.
One line of argumentation explaining the observed increased ribonuclease re-
sistance follows the fact that AGO proteins have been shown to potentially act
as enhancing factors regarding miRNA stability. An increase of any of the four
AGO paralogs resulted in a general up-regulation of mature miRNA levels [86].
In contrast, loss of AGO2 diminished the expression and activity of mature
miRNAs [308, 87]. This shielding effect might be explained by structural data
of AGO in complex with small RNA, which revealed that both, 5’- and 3’-end of
the small RNA are covered and thereby protected against degrading enzymes
by the Argonaute [419, 107, 357] (see Section 2.3).
However, while miRNAs generally seem rather stable, individual examples of
accelerated or more tightly controlled miRNA turnover have been reported. In-
terestingly, sequences present at the human miR-29b 3’-end do not only account
for its predominant localization in the nucleus (see above), but they have also
been shown to direct an accelerated decay of that miRNA in cycling cells [180].
Further, in the case of the interferon β-induced miR-122, its significant decrease
within only one hour after treatment of liver cells with IFNB suggests a specific
control mechanism regulating the turnover of particular miRNAs [321].

2.2 mirisc : a tripartite complex

The miRISC is the executor of miRNA-guided target gene silencing. In mammals,
this RNP complex contains at its core the target-determining miRNA loaded into
one out of four AGO proteins (AGO1-AGO4) and an AGO-bound member of
the Tri-Nucleotide Repeat-Containing proteins 6 (TNRC6) protein family. Mam-
mals express three different TNRC6 proteins (A-C), with TNRC6A also known
as glycine(G)-tryptophan(W) repeat-containing protein of 182 kiloDaltons (kDa)
(GW182).

ago Inside the miRISC, the AGO protein (see Section 2.3) is the main effec-
tor protein mediating mRNA translational inhibition, destabilization or ’slicing’
[179, 256, 276, 437, 80, 398, 123]. Knock-down of AGO proteins was shown to re-
sult in impaired repression of gene expression [358] and miRNA-independent
tethering of AGO2 to mRNA 3’-UTR using artificial hairpins seems sufficient
to induce silencing [326] (see Figure 2.2 red sphere).

mirna MiRNA (see Section 2.4) anneal with partial complementarity to
mRNA and thereby designates it as a specific target of the miRISC. Thus, the
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miRNA dictates the potential targets of a miRISC within a given transcriptome
(see Figure 2.2 blue line).

further effectors AGO proteins do not only contain a guiding miRNA,
they also serve as a platform for interacting proteins assisting and mediating
downstream effects of target gene silencing (see Section 2.5). For example, AGO
proteins in the miRISC directly interact with a TNRC6 protein (see Figure 2.2
connected gray spheres), to perform target mRNA repression. Multiple lines of
evidence imply that without TNRC6 AGO proteins fail to silence target gene
expression [27, 397, 113, 116]. TNRC6 proteins, in turn, interact with several
other silencing effectors [442, 175, 192, 47, 65].

Figure 2.2. Schematic representation of the miRNA-Induced Silencing Complex, a tri-
partite composition of AGO, miRNA and TNRC6. Argonaute (AGO, red sphere) forms
the core protein component. It harbors the miRNA (blue), which guides the miRISC to
its target transcripts (black) and interacts with further effector proteins (gray spheres).
TNRC6 proteins directly interact with AGO through their N-terminal GW-rich do-
main (GW). The C-terminal part contains a major effector domain called the silencing
domain, comprised of multiple sequence motifs such as a PABP-interacting motif 2

(PAM2) and an RNA-recognition motif (RRM). It is therefore able to interact with cyto-
plasmic poly(A)-binding proteins (PABP) via their C-terminal (PABC) domain. As they
are in turn bound to the mRNA poly(A) tail (via RRM1-4), the miRISC might inter-
fere with the closed-loop formation mediated by the Eukaryotic translation Initiation
Factor complex/PABP interaction and thus repress the initiation of mRNA translation.
Furthermore, the silencing domain has been shown to recruit deadenylase complexes
such as CCR4/NOT and PAN2/PAN3, which could thus initiate miRISC-mediated tar-
get poly(A) tail deadenylation and subsequent mRNA degradation (see Section 2.5 and
Figure 2.6). Drawn on the basis of [115] Figure 5 and [185] Figure 1.

2.3 ago : the key protein of the mirisc

phylogeny and ago orthologs

Eukaryotic Argonaute proteins are classified into three clades: AGO proteins
(homologous to AGO1 of Arabidopsis thaliana), PIWI proteins (similar to PIWI
of Drosophila melanogaster), and WAGO proteins (all in Caenorhabditis elegans).
While AGO proteins, as direct binding partners of miRNAs and siRNAs, mainly
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mediate post-transcriptional gene silencing in the cytoplasm [322, 178], PIWI
proteins interact with piRNAs in the nucleus to silence transposable elements
[372]. In Caenorhabditis elegans Argonaute proteins seem to function sequentially
to mediate target gene silencing [439] with primary Argonaute proteins load-
ing the small RNA into the species-specific WAGO proteins, which then perform
secondary steps [275].
AGO proteins are highly conserved among eukaryotes, with Saccharomyces cere-
visiae as an exception [96]. Even some prokaryotes have been shown to express
Argonaute genes [398] (see Figure 2.3B).

Figure 2.3. Structure and conservation of hAGO2. A: structural representation of
hAGO2 and its domain architecture in complex with miR-20a (PBD:4F3T) [107], N
domain (yellow), PAZ domain (red), MID domain (green) and PIWI domain (orange)
are depicted as ribbon, the miRNA is shown in stick representation (Swiss-PdbViewer,
POV-Ray rendering); B: schematic representation of AGO protein orthologs, Homo
sapiens (NCBI:NP_ 036286.2, 859 amino acids), Mus musculus (NCBI:NP_ 694818.3,
860 amino acids), Rattus norvegicus (NCBI:NP_ 067608.1, 863 amino acids), Drosophila
melanogaster (NCBI:NP_ 725341.1, 984 amino acids), Caenorhabditis elegans (NCBI:NP_
871992.1, 910 amino acids), Neurospora crassa (NCBI:XP_ 958586.1, 989 amino acids),
Arabidopsis thaliana (NCBI:NP_ 001185169.1, 1050 amino acids), Thermus thermophilus
(PDB:3DLB_ A, 685 amino acids), PAZ and PIWI-like domain superfamilies are indi-
cated (derived from the Conserved Domain Database [269]).
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structural domains and ago paralogs

Structural studies revealed that the domain organization of eukaryotic AGO
proteins is very similar to that of prokaryotic Argonautes [357]. For human
AGO2, they disclosed a bilobal architecture with each lobe containing two evo-
lutionary conserved domains and both lobes connected by a hinge region which
allows for structural rearrangements upon RNA binding. The overall shape was
likened to a duck [107]. While the lobe of middle (MID, see Figure 2.3A green)
and carboxy terminal PIWI (see Figure 2.3A orange) domain forms a crescent
body, the PIWI-Argonaute-Zwille (PAZ, see Figure 2.3A red) domain serves as
the duck’s head with the 3’-end of the miRNA held in its bill. The amino termi-
nal (N, see Figure 2.3A yellow) domain has been suggested as a wing folding
over the miRNA/mRNA duplex [107].
Functionally, the N domain is required for small RNA loading into the Arg-
onaute protein and it assists in small RNA duplex unwinding [232].
The PAZ domain anchors the 3’-end of the small RNA by providing a pocket
to accommodate 2 nucleotides of the 3’-terminus [433, 254, 265]. PIWI clade
Argonaute PAZ domains specifically anchor methylated piRNA 3’-ends [370].
In contrast to the 3’-end binding, 5’-terminus recognition between the MID
and PIWI domain tends to be sequence-specific and to be dependent on the
identity of the Argonaute protein [203]. The electrostatic environment of the
MID domain allows for specific contacts with Adenosine (A) and Uridine (U),
but is rather incompatible with Cytidine (C) and Guanosine (G) [30, 126]. The
5’-terminal base is kinked and buried by this interaction, which makes it un-
available for base-pairing. This explains the unimportance of the identity of the
miRNA’s first nucleotide in target recognition [246].
The PIWI domain adopts an RNase H-like fold. This implicates it as the catalytic
domain providing endonucleolytic activity, which has been shown for specific
Argonaute proteins, guided by a small RNA with complete complementarity to
its target RNA [377, 191]. Structural analyses of yeast Argonaute revealed that
the catalytic center might be formed by four residues (DEDX) resembling the
catalytic tetrad of RNase H (DEDD) [299]. However, only a small subset of Arg-
onaute proteins carries this so-called ’Slicer’ activity. In mammals, only AGO2

possesses cleavage activity [179, 256, 276, 437, 80, 398, 123]. Therefore, AGO2

may not only act as the major protein component of the miRISC, but also of the
siRNA-Induced Silencing Complex (siRISC), that mediates RNAi. Further, its
Slicer activity appears essential in neonatal processing of miR-451 [66, 73] (see
Section 2.1). However, similar to the non-catalytic paralogs in human (AGO1,
AGO3, and AGO4), AGO2 is able to mediate gene silencing independently
of endonucleolytic activity, directed by small RNA with only partial comple-
mentarity to their target RNA. AGO1 and AGO3 are expressed broadly, while
AGO4 seems to be more tissue-specific [324]. It has been observed that mam-
malian AGO proteins differ in their efficiency to repress target gene expression
when tethered to mRNA. This could lead to cell or tissue-specific strength of
miRISC-mediated repression according to the relative abundance of individual
AGO paralogs [430]. Further, AGO3 has been suggested to act in stem cell pro-
liferation accompanying mRNA decay [172], while AGO4 seems to be required
for spermatogenesis [286]. This suggests a non-redundant nature of the mam-
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malian AGO proteins [275]. However, miRNAs do not seem to be specifically
sorted into the four AGO homologs [276, 382, 56, 97]. It though requires further
examination, if all miRNAs target the same mRNA when bound to different
AGO proteins [162].

2.4 mirna : guide of the mirisc

Once embedded into the miRISC, a miRNA determines the available target
sites and thus the area of influence of a certain miRISC. Target recognition
principles and the mechanisms of miRISC-induced target repression are of par-
ticular interest to predict individual miRISC ’targetomes’ and eventually allow
for ameliorative intervention in case of pathological malfunction.

sequence determinants of target sites

Most target mRNA studied thus far are regulated through miRISC binding sites
located within their 3’-UTR [22]. In contrast to plants, where most miRNAs
align to their targets with nearly perfect complementarity (see Figure 2.4A),
mammalian miRNAs usually bind to only partially complementary sites. Exper-
imental and bioinformatic analyses within the last ten years have determined
that miRISC/target interaction follows a set of canonical rules [91, 49, 246, 142].
The most common rule might be a contiguous and fully complementary
Watson-Crick base pairing between nucleotide 2 to 7 or 8 of the miRNA, the so-
called ’seed sequence’, and the target (see Figure 2.5 and 2.4B). The seed region
often shows the best conservation among the miRNA sequences, indicating
functional relevance. It has first been introduced as a successful criterion in
early attempts of bioinformatic target prediction [247] and soon became exper-
imentally verified by comparative profiling studies, which showed that genes
with changed expression after miRNA over-expression or depletion were en-
riched in corresponding seed matches [227, 252, 18, 364]. On a molecular level,
the seed interaction is believed to nucleate the miRNA/mRNA duplex associa-
tion by largely contributing to the energy required for the miRISC/target bind-
ing [154, 8, 420, 107, 357]. In some experimental contexts it has been shown to
be both, necessary and sufficient for miRISC-mediated target repression [91].
However, from other experiments it was concluded that perfect seed pairing
cannot generally be used as a reliable predictor for effective miRNA/target in-
teractions [84, 162]. An A across nucleotide 1 of the miRNA and an A or U
opposite to nucleotide 9, has been suggested to improve the repressive effect
[246].
A second rule consists in the presence of unpaired bulges or mismatches within
the central region of the miRNA/mRNA duplex (see Figure 2.5). In rare cases in
which there is prefect hybridization between miRNA and mRNA binding site,
and if the AGO protein component consists of AGO2, endonucleolytic cleavage
in the middle of the miRNA/mRNA duplex would take place at exactly this po-
sition, inducing mRNA degradation in an RNAi-like mechanism [278, 437, 80].
Another rule is that complementarity of the miRNA’s 3’-half, specifically nu-
cleotides 13 to 16, to the mRNA stabilizes miRISC interaction (see Figure 2.5).
This might be of particular importance for target interactions in which base
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pairing of the seed region is suboptimal [49, 142]. For example, the imperfect
pairing of the 5’-end of miRNA let-7 with the 3’-UTR of mRNA lin-41 might be
compensated by extensive 3’-interaction [338, 374] (see Figure 2.4C).
However, exceptions to these rules have been discovered. As many as 40 to
60% of all seed interactions have been proposed to occur non-canonical, con-
taining bulged or mismatched nucleotides [258, 162]. Another exceptional base
pairing pattern constitute so-called ’centered sites’, at which 11 to 12 consec-
utive Watson-Crick base pairs between the miRNA middle sequence (around
nucleotides 4 to 15) and the mRNA lead to target regulation, for instance shown
for the interaction between human miR-124 and mRNA RPTOR [366] (see Fig-
ure 2.4D). Many other functional miRISC target sites have been discovered,
which deviate significantly from the above mentioned rules [196, 389, 234] (see
Figure 2.4E). A recent experimental study even revealed that almost one fifth
of transcriptome-wide identified miRNA/target interactions show somehow
’seedless’ binding pattern with little evidence of 5’-contacts [162]. This flexibil-
ity in animal miRISC/target recognition rules suggests that also determinants
other than position-specific miRNA/mRNA duplex complementarity mediate
efficient target regulation.

sequence context of target sites

Some features that have emerged as indicators of potential miRISC binding sites
include an unstructured and A/U-rich neighborhood [22] and a position that is
not too far away from the poly(A) tail or the ribosome stop codon [129, 142, 302].
Both leads to an enhanced accessibility of the mRNA, a factor that has been
shown to be critical for miRNA-mediated regulation [207, 260]. However, the
region immediately after the translational termination codon, that would fall
into the ribosome shadow, seems to be avoided [142].
But, many questions are still unsolved. For example, approximately half of the
miRISC binding sites identified by recent transcriptome-wide biochemical anal-
yses align to coding regions within the Open Reading Frame (ORF) of the mRNA
targets [70, 151, 450, 245, 335, 162]. To which degree these sites are effective in
target repression remains to be determined.
Moreover, AGO proteins were shown to associate with RNA fragments of di-
verse origin [56] and one study revealed that only 70% of the so-called ’miRNA
interactome’ represent mRNA. Other identified interaction partners include
rRNA, tRNA, pseudogenes, miRNA and long-intergenic ncRNA [162].
Further, often multiple miRISC target sites are predicted for a single mRNA and
for effective repression generally more than one site for the same or different
miRNA are required [91, 49, 246, 142, 302]. It is therefore interesting to study,
how two or more miRISCs interact at these sites and with which consequences.
Some combinations of sites have been shown to require a specific configura-
tion, e. g., a separation by a particular length, for efficient repression [412]. One
explanation could be that close sites tend to act cooperatively, meaning their
repressive effect exceeds that expected from the independent contributions of
single sites [91, 142, 350, 51] (see Section 2.6).
Further, it needs to be elucidated why miRISC interaction efficiency for identi-
cal binding sites varies on different mRNA targets [85]. Here RNA-binding pro-
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Figure 2.4. Selection of functional miRISC target sites on transcripts of following genes.
A: Arabidopsis thaliana SCL6-III; B: Caenorhabditis elegans lin-14; C: Caenorhabditis elegans
lin-41; D: Homo sapiens RPTOR; E: Mus musculus Pou5f1. In B, additional lin-4 target
sites are indicated below the lin-14 3’-UTR, not all of which exhibit seed pairing. In
C, an additional let-7 target site lies immediately downstream of the depicted duplex.
ORFs are depicted in a thicker line. Blue lines indicate miRISC target sites. Drawn on
the basis of [319] Figure 2.

teins might come into consideration, which potentially interfere with miRISC
binding or function (see below).

competitors and enhancers of target sites

In higher organisms, gene expression is extensively regulated at the post-
transcriptional level. Global mRNA interactome studies capturing all proteins
cross-linked to poly-adenylated RNA upon UltraViolet (UV) irradiation identi-
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Figure 2.5. Schematic representation of sequence regions that determine miRISC/tar-
get interaction following canonical binding rules. Animal miRNAs generally base pair
with their targets imperfectly. Watson-Crick alignment is often only observed between
nucleotides 2 to 7 or 8 (seed region) and sometimes also between nucleotides 13 to 16

(3’ complementary) of the miRNA (red boxes) and the corresponding region on the
target mRNA (blue boxes). Further, frequently an A across nucleotide 1 of the miRNA
and an A or U opposite to nucleotide 9 (orange boxes) can be observed. See main text
for additional information. Drawn on the basis of [123] Box 2.

fied almost [20] or even more than 800 [62] different RBP in eukaryotic cells. Sim-
ilar to miRISCs, they often fine-tune maturation, stability, transport, and transla-
tion of target RNA [270, 290, 376]. The binding sites of most RBPs are known to
reside in the 3’-UTR of their target mRNA. These untranslated transcript ends
frequently comprise many kb with various adjacent or overlapping binding sites
on the level of primary or secondary sequence. Thus, multiple RBPs potentially
attenuate or enhance the miRISC-mediated effect on mutual target mRNAs and
the identification of transcriptome-wide interactions between them seems essen-
tial to understand eukaryotic post-transcriptional regulatory networks [250].
One of the first reported examples of an RBP that antagonizes miRISC target
regulation was the interference of ELAVL1 (also known as ’Hu antigen R’ or
HuR), a member of the Embryonic Lethal Abnormal Vision (ELAV) family pro-
teins, with miR-122-mediated repression of mRNA SLC7A1 [36]. ELAVL1 is a
mostly nuclear RBP. However, certain stress conditions induce its re-localization
to the cytoplasm. Here it is able to interacts with A/U-rich sequences in the 3’-
UTR of SLC7A1 mRNA, and thereby relieves it from miR-122-induced repres-
sion. Interestingly, the ELAVL1 binding site is located hundreds of nucleotides
downstream of the miR-122 interacting region. Possibly, the secondary struc-
ture of the 3’-UTR allows for spatial vicinity of ELAVL1 to the miR-122-loaded
miRISC, interfering with miRISC binding or its mediated regulation [319]. Fur-
ther experimental studies identified a potentially more general role of ELAVL1-
mediated target competition. More than 75% of 3’-UTR with miRISC interac-
tion sites simultaneously contained ELAVL1 binding regions [295]. However,
ELAVL1 might not only interfere antagonistic to the repressive effect of miRNA-
mediated regulation. At the 3’-UTR of MYC-mRNA (coding for a protein also
known as c-Myc), ELAVL1 binding appears necessary for effective repression
mediated by the miRNAs let-7b and let-7c [211]. Here, ELAVL1 is presumed
to unmask the respective miRISC target site or to stabilize miRISC association
with the mRNA target [319].
DND1 is another RPB shown to relieve mRNAs from miRISC-mediated reg-
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ulation. For example, in Danio rerio, DND1 interaction on the mRNAs of
nanos1 or tdrd7 in vicinity to miR-430 binding sites might lead to reduced miR-
430/miRISC accessibility [285] and thus reduced target repression. In mam-
malian cells it impedes miR-221-mediated repression of CDKN1B [204]. As
DND1 is expressed in primordial stem cells, but not in somatic cells, the an-
tagonizing effect is virtually cell-specific [204]. In contrast to ELAVL1 binding
sites, which have been found to be only close to miRISC binding sites, DND1

sites have been shown to actually overlap with the latter, interdicting miRISC
accessibility [239, 295].
In contrast, PUF proteins represent RBP that have been reported to facilitate
the miRISC-mediated target repression. For instance, in Caenorhabditis elegans
PUF-9 collaborates with miRNA let-7 to synergistically repress mutual targets
[305]. A systematic analysis of human PUF proteins further disclosed that
miRISC binding sites are enriched in the vicinity of PUF binding regions [130].
Interestingly, the human PUF protein PUM1 has been shown to be able to in-
teract with a subunit of the ’CCR4/NOT’ complex [139] (see Section 2.5). How-
ever, whether PUF-mediated silencing augments miRISC-mediated silencing
remains to be answered.
Further, it has been shown that AGO proteins are recruited to target mRNA by
other mRNA binding proteins, independently of miRNA-mediated guidance
[328]. Such a model could also explain orphan Argonaute binding regions of-
ten found in AGO Cross-Linking and ImmunoPrecipitation (CLIP) experiments,
which do not contain miRNA binding sites [275].
In either case, RBPs might not only modulate the miRISC effect, but the miRISC
may also interfere with the RBP-mediated target regulation by competing for or
blocking of mutual binding sites. To give an example, miR-328-loaded miRISCs,
next to acting as genuine miRISCs, have been shown to relieve mRNA CEBPA
form translational repression mediated by the RBP PCBP2 [102].

2.5 effector proteins : the executors of the mirisc

MiRNA expression underlies stringent spatial and temporal regulation and, in
general, shows an inverse correlation between the expression of its target tran-
scripts. The negative regulation of target gene expression has been attributed
to an inhibition of mRNA translation into functional proteins and a miRNA-
promoted target mRNA degradation. However, also miRNA-mediated target
gene activation has been observed. The complete collection of mechanisms lead-
ing to miRNA-coordinated regulation of target gene expression remains to be
elucidated.

mirisc-mediated target repression

Similarly to the siRNA-mediated cleavage of fully complementary targets
(RNAi), perfectly pairing miRNA targets are cleaved at the miRISC binding site
by the endonucleolytic Slicer activity of AGO2 [179, 256, 276, 437, 80, 398, 123]
(see Figure 2.6B green arrowhead), leading to an RNAi-like silencing of the cor-
responding gene expression. However, in animals, miRNAs more often bind
to their target mRNA with only partial complementarity [247, 333, 49, 144, 223,
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246], which can hardly be cleaved [154]. Thus, miRISC interaction must result in
more diverse mechanisms of target repression. In a general consensus, miRISCs
have been proposed to mediate the silencing effect on target gene expression
through translational repression and the promotion of mRNA deadenylation
with subsequent degradation of the targets. But the relative contribution, cou-
pling and timing of both, i.e. inhibition and decay, are not completely under-
stood to date.

translational inhibition The translation of mRNA comprises three
steps: initiation, elongation, and termination. The initiation phase describes
all processes needed to assemble the complete ribosome at the start codon
of the mRNA. It starts with the recognition of the mRNA 5’-terminal 7-
methylguanosine (m7G) cap by the Eukaryotic translation Initiation Factor (EIF)
4E subunit of the initiation factor EIF4F, which also contains an RNA heli-
case EIF4A and a large multi-domain protein that functions as an important
scaffold for the assembly of the ribosome initiation complex, termed EIF4G.
The ability of EIF4G to simultaneously interact with the Poly(A)-Binding Pro-
tein (PABP)C3, which is, as named, associated with the poly(A) tail, leads to
pseudo-circularization of the mRNA [424, 199]. Circularized mRNA is effi-
ciently translated and protected against degradation [83].
In principle, target inhibition has been suggested to occur in four possible ways:
inhibition of initiation of translation, interference with translational elongation,
induction of co-translational protein degradation, and premature termination
of translation [112, 123, 429, 61] (see Figure 2.6A).
Some studies revealed that mRNA translated through m7G cap independent
mechanisms could escape miRNA-mediated repression, providing an indica-
tion for an inhibiting mechanism at the initiation of target mRNA translation
[173, 327]. It has been shown that human AGO2 has the potential to directly
interact with the m7G cap and might therefore compete with EIF4E for cap
binding [216]. However, since the m7G affinity for AGO is apparently lower
than for EIF4E [216], multiple AGO proteins would be necessary to prevent
initiation of mRNA translation [123]. This would also provide an explanation
for the reported frequent requirement of multiple miRISCs for effective target
repression [90, 91, 326].
Early studies in Caenorhabditis elegans demonstrated that mRNA lin-14 and
mRNA lin-18 are both repressed by lin-4 without major changes at the mRNA
level, speaking in favor of miRNA-mediated repression of target translation
[426, 310]. However, both mRNAs were identified within polysomes, the func-
tional units of protein synthesis consisting of several ribosomes attached along
a translated mRNA, indicating a repression after initiation of translation.
As an explanation for such findings it was proposed that the nascent amino
acid chain might be co-translationally degraded [306]. Alternatively, a miRISC-
mediated premature drop off of ribosomes may occur [323].

transcript destabilization On the other hand, several biochemical
studies have collected evidence that target mRNA degradation is a widespread
mechanism of miRNA-mediated silencing. First, there are experiments, in
which induction of a miRNA led to decrease of transcripts with complemen-
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tary binding sites [252, 18, 364, 164, 147]. Second, comparative transcriptome
profiling and proteome analyses have reported a relative increase of binding
site-containing mRNA after miRNA depletion [227, 18, 364]. Third, deletion
of essential mediators of miRNA maturation (for example DICER1, AGO or
TNRC6) increased target mRNA abundance [27, 337, 358]. Further, multiple
studies have emphasized a reciprocal expression of miRNAs and their targets
[120, 380].
Eukaryotic mRNA decay mainly follows two pathways, both of which initiated
by deadenylase complexes trimming the 3’-poly(A) tail. Subsequently, degrada-
tion is either catalyzed by the exosome in 3’-to-5’ direction or after 5’-decapping,
exonucleolytic digestion in 5’-to-3’ direction is mediated by the cytoplasmatic
exonuclease XRN1 [318] (see Figure 2.6B).
The mechanism of miRNA-mediated target degradation was shown to resem-
ble the 5’-to-3’ mRNA decay pathway and is thought to occur in ’GW-bodies’,
cytoplasmatic granules containing proteins involved in mRNA catabolism and
translational repression [10, 111, 317]. They are enriched in and named after
their initial marker protein, GW182 (later named TNRC6A). TNRC6 protein
interaction with the AGO protein component of the miRISC was suggested to
be crucial for miRISC-mediated silencing of target miRNAs [386, 435]. The in-
teraction has been shown to take place between the C-terminal AGO lobe and
the N-terminal TNRC6 segment containing multiple GW, WG or GWG repeats
[27, 103, 249, 386, 435]. Not only that multiple miRISCs are able to bind next to
each other on one TNRC6 protein, potentially enhancing occupancy of a target
mRNA, TNRC6 proteins also recruit and bind further effector proteins involved
in target silencing. For example, it has been shown that TNRC6 proteins act
as platform for interaction with the deadenylase complexes CCR4/NOT and
PAN2/PAN3 [116, 47, 65, 115, 231] (compare Figure 2.2), suggesting them to be
responsible for miRNA-mediated mRNA poly(A) tail deadenylation. Further,
knock-down of the decapping enzyme DCP2 and co-factors like DCP1A/B pre-
vents target mRNA degradation and leads to accumulation of deadenylated
mRNAs [27, 114] indicating that 5’-decapping might be an essential step in
miRISC-mediated target decay.
Importantly, the above mentioned studies do not rule out that target decay is
caused by an initial inhibition of translation [176]. Interestingly, the C-terminal
silencing domain of TNRC6 proteins further contains several short binding
motifs including a Poly(A)-binding protein-interacting Motif 2 (PAM2) and an
RNA Recognition Motif (RRM), which both interact with PABPs (compare Fig-
ure 2.2). This association has been suggested to actually trigger translational re-
pression through interfering with the EIF complex/PABP association and thus
mRNA circularization during translational initiation [116, 442] (see above). Fur-
ther, PABPs and the poly(A) tail might stimulate miRISC/target association
which would explain why the length of the poly(A) tail and thus the number
of PABPs positively correlate with the silencing effect [292]. In addition to this
repression of translation, the PABP interaction could enhance target mRNA
deadenylation by placing the miRISC-recruited deadenylase complexes next to
the poly(A) tail [116]. However, artificial tethering of CCR4/NOT complexes
to mRNA reporter constructs that lack a poly(A) tail has been shown to in-
duce translational repression of the mRNA independent of mRNA deadenyla-
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tion, indicating that the CCR4/NOT complex may simultaneously contribute
to translational repression [65]. Moreover, TNRC6 proteins have been reported
to interact with an E3 ubiquitin ligase, UBR5 (also known as EDD) [381]. This
interaction might also lead to (E3 ligase-independent) translational repression
with subsequent mRNA destabilization [117].
In summary, the relative contribution of either inhibition or decay appears
context-dependent. Another solution may be provided by a sequential model
of miRISC-mediated target gene repression in animals [117, 185] that has been
proposed based on further studies addressing the kinetics of miRNA-mediated
regulation [34, 89]. First, the ternary complex of a miRNA, target transcript
and AGO protein recruits a member of the TNRC6 family. This interaction
leads to a decreased initiation of translation in a deadenylation-independent
manner. Second, the TNRC6 protein interacts with members of deadenylase
complexes inducing deadenylation of the translationally repressed mRNA. De-
pending on the individual cell type and/or particular target, these deadeny-
lated transcripts may be stored or alternatively decapped and consequently de-
graded by XRN1, enabling a differentiated regulation. Thereby, the recruitment
of the deadenylase complex potentially triggers both, translational repression
and target degradation. However, this reflects just one of many models and the
precise mechanisms remain to be identified.

2.6 mirisc cooperativity : an operating principle?

Biochemical cooperativity describes a phenomenon at which the measured out-
put is greater than what might be expected when only accounting for the ad-
ditive effect of multiple elements. Figuratively, such an effect would result in a
dose-response curve being sigmoidal rather than hyperbolic.
For instance, binding cooperativity may be observed for the assembly of multi-
molecular complexes at which binding of one or more units enhances the affin-
ity for subsequent units. A classical example is the cooperative binding of oxy-
gen to hemoglobin, already described in 1904 [40]. The tetrameric hemoglobin
features four oxygen binding sites (heme groups). 3-oxy-hemoglobin has a
several hundreds-fold higher oxygen affinity than deoxy-hemoglobin. Com-
pared to the monomeric myoglobin, a plot of oxygen-concentration versus frac-
tion of oxygen-saturated complex would result in a more sigmoidal curve for
hemoglobin in contrast to a more hyperbolic shape for myoglobin.
The concept of cooperative target repression by multiple miRISCs on a mutual
mRNA target has already been considered with the first miRNA/target interac-
tion discovered, when the 3’-UTR of mRNA lin-14 was shown to contain multi-
ple binding sites for miRNA lin-4 [426, 241]. Later, many mRNAs were reported
to contain multiple potential miRISC binding sites for the same or different
miRNA species within their 3’-UTRs [338, 253, 23, 142, 127] and the repressive
effect seemed to positively depend on their number [90, 91, 326, 49, 142, 302].
To explain the molecular basis of such observations, at least three different
mechanisms have been proposed [51]. First, the enhanced effect might be at-
tributed to a cooperative binding of multiple miRISCs, where through mutually
stabilizing interactions the affinity of subsequent miRISCs is increased (similar
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Figure 2.6. Schematic representation of the mechanisms of miRISC-mediated post-
transcriptional repression. Negative regulation of target gene expression by miRISC
has been attributed to both, translational repression and target mRNA degradation.
A: translational inhibition has been suggested to occur in four possible ways: block
of initiation of translation, interference with translational elongation, induction of
co-translational proteolysis, and premature termination of translation; B: miRISC-
mediated mRNA decay might follow two pathways: RNAi-like endonucleolytic slic-
ing of the target at the miRISC binding site (AGO2-dependent) or mRNA 3’ poly(A)
tail deadenylation (potentially by TNRC6 interaction with the deadenylase complexes
CCR4/NOT and/or PAN2/PAN3) and 5’ 7-methylguanosine (m7G) cap removal by the
decapping enzyme DCP2 followed by exonuclease XRN1-mediated 5’-to-3’ digestion
of the target. The relative contribution of both mechanism appears context-dependent
and may as well occur sequentially. See main text for additional information. ORFs are
depicted in a thicker line. Drawn on the basis of [185] Figure 1 and [319] Figure 3.

to oxygen binding to hemoglobin). Thus, more robust repression could follow
from increased site occupancy. Second, functional cooperativity is considerable,
at which miRISC interaction at multiple sites would trigger an increased recruit-
ment or efficiency of repressive effector proteins. Or third, combined regulation
might simply follow an additive model with increased repression due to the
sum of individual miRISC-mediated effects.
As indicated above, miRISC cooperativity would be traceable by a steeper
miRNA (dose) to target repression (response) curve for a target mRNA with
multiple miRISC binding sites. Until now, only one study characterized reporter
repression as a function of applied small RNA concentration in a quantitative
manner [51]. The authors tested the influence of the identity of the Argonaute
paralog, the pairing geometry of the small RNA/reporter duplex, the number
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of target sites and the distance between two binding sites on the steepness
of the measured dose-response curves. They proposed that cooperative repres-
sion by multiple RISCs can indeed be observed, that it requires AGO1, AGO3

or AGO4 and, importantly, that it depends on directly adjacent binding sites.
This would speak in favor of binding cooperativity with stabilizing interactions
between adjacent silencing complexes rather than the cooperative recruitment
of effector proteins involved in subsequent steps that lead to enhanced target
repression. Consistently, the importance of the distance between miRISC bind-
ing sites in order to cause cooperative targeting has already been emphasized
in previous experimental studies [142, 350] (see Figure 2.7C). Determined coop-
erative inter-site distances (see Table 2.1) encircle the length of a miRNA (20 to
24 nucleotides) corroborating the concept of binding cooperativity as the source
of amplified target repression.
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Figure 2.7. Schematic representation of the concept of miRISC binding cooperativity
at multi-binding site targets. Target regulation by the miRISCs may be described by
independent or cooperative activities. A: targets possessing only one miRISC binding
site or multiple but distant sites have been described to show an independent mode
of repression with a rather linear response on the number of target sites; B: activity-
enhancing or cooperative interactions with an repressive effect greater than expected
from additive regulation could be observed for miRISCs, whose binding sites on a spe-
cific mRNA target are approximately contiguously arranged; C: experimental studies
investigating distance-dependency of cooperative target repression revealed inter-site
distances (between adjacent miRNA 5’-ends on the respective mRNA target) of 15 to
26 nucleotides (blue squares) corresponding approximately to the length of a miRNA.
However, also more distant sites could show synergistic regulation, potentially due to
secondary structure formations of the target sequence and rather spatial miRISC adja-
cency. See Table 2.1 and main text for additional information. ORFs are depicted in a
thicker line. Drawn on the basis of [341] Figure 1.
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3 R E L E VA N C E O F M I R N A S F O R C A R D I A C H E A LT H

Deregulated expression of miRNAs has been associated with a variety of
diseases, including cardiac disease [406, 395], developmental malformations
[425, 161], lung cancer [133], leukemia [44], neurological disorders such as
Alzheimer’s disease [134], metabolic abnormalities like diabetes mellitus [197]
or rheumatoid arthritis [25], and viral disease [229].
As miRNAs frequently mediate the repression of not only a single mRNA, but of
numerous transcripts encoding multiple often functionally related components
of complex intracellular networks, the manipulation of miRNA abundance or
function can have strong impact on the cellular phenotype in health and dis-
ease. Therefore, miRNAs emerged as candidates in the development of novel
therapeutic strategies to treat various kinds of disorders.
This chapter emphasized the importance of miRNAs in cardiac health and how
they might be used to anticipate harmful deregulations.

3.1 cardiac cells

Heart tissue is built up of several types of distinct cells, which all bear specific
features. They include, e. g., Cardiac Myocytes (CM), Cardiac Fibroblasts (CF),
Endothelial Cells (EC), smooth muscle cells, pacemaker cells, Purkinje cells, and
immune cells.
Even though the exact percentages might be quite species-specific with, for in-
stance, adult mouse hearts containing about 56% myocytes, 27% fibroblasts, 7%
endothelial cells, and 10% vascular smooth muscle cells [21] and adult rat car-
diac cell populations being distributed to about 30% myocytes, 64% fibroblasts,
and 6% other cells [298, 21], CM account for most of the cardiac mass and tissue
volume.

3.2 cardiovascular disease

Diseases of the cardiovascular system are versatile, but they often result in a
similar final phenotype, heart failure [168]. Generally, heart failure is preceded
by cardiac stress, such as hemodynamic alterations caused by, e. g., Myocardial
Infarction (MI) due to coronary artery occlusion, hypertension, aortic stenosis
or valvular dysfunction, leading to myocardial hypertrophy. This is character-
ized by an enlargement of CM and increased protein synthesis. Physiological
hypertrophy, which serves the purpose of enhancing the cardiac muscle power
subsequent to heavy exercise, is not associated with cardiac damage. In con-
trast, prolonged cardiac stress may lead to maladaptive pathological increase
of heart size in order to adapt to altered workloads (for example through aortic
stenosis) and compensate for impaired cardiac function (for instance after MI).
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It is characterized by an induced assembly of sarcomeres and the re-expression
of ’fetal’ cardiac genes [71, 94, 273]. On a molecular level, chronic stimulation
of cardiac β1-adrenergic receptors (ADRB1) has been identified as one of the
major elicitors contributing to CM hypertrophy [259, 109]. The activation of re-
ceptor coupled heterotrimeric (stimulatory) G proteins provokes the induction
of a defined set of downstream effectors such as adenylyl cyclase (ADCY) and
cAMP-dependent protein kinase (PRKA). Ultimately, it may provoke an irre-
versible loss of CM and a subsequent remodeling of the cardiac muscle. During
this process, fibroblasts become activated leading to an increase in their pro-
liferation, growth factor secretion, and an inappropriate production of ECM
proteins. Dead CM are replaced by a non-contractile scar tissue with adjacent
so-called ’interstitial fibrosis’, which further impairs cardiac function [168]. Not
only that the resulting increased mechanical stiffening eventually leads to sys-
tolic dysfunction and heart failure, but also the increased diffusion distance to
the CM impairs the myocardial supply with nutrients and oxygen. Addition-
ally, fibrosis may break the electrical connection between CM, which increase
the risk of arrhythmia [52]. Therefore, alterations of fibroblasts and also of en-
dothelial cells have strong impact on CM function. Diminished vascularization
(lack of nourishment) and progressive inflammation (contributing to atheroscle-
rosis) further deteriorate the diagnosis towards heart failure and sudden death
[166].

3.3 experimental models in cardiac mirna research

Inherent to many fields of research and in particular to drug development is the
requirement of relevant experimental models. MiRNA-mediated regulation is
highly cell type-specific and thus, also cardiovascular miRNA research depends
on model cells, tissues or organisms, which ideally allow for the extrapolation
to the human situation.

primary cells

Primary cells and in particular isolated CM and CF have emerged as useful
models to conduct research on myocardial mechanisms. Already in 1976, viable
Adult Rat Cardiac Myocytes (ARCM) have been shown to be isolatable by an in
vitro perfusion approach based on collagenase-induced cell separation [330].
Unfortunately, although these methods could be developed further [392], adult
CM can only be cultivated for a few days. Further, the cultivation of isolated
cardiac cells often drives them into strong alterations and a general remodeling,
leading to a rather inappropriate representation of the in vivo cell physiology.
Albeit the isolated examination of only a single cardiac cell type does provide
the opportunity to study cell type-specific mechanisms, it may as well neglect
potentially important hetero-cellular cross-talk between the individual strains
[345].
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slice cultures

Apparently, the use of for instance perfusion strategies to perform cardiac cell
preparations is restricted to model organisms, preventing direct transfer of
the research results to the human cardiovascular system [263]. Interestingly,
it has been shown that whole tissue slices (∼300 µm thick) of human adult
myocardium cut from specimens of therapeutic myectomies maintain vital and
functionally intact under organotypic culturing conditions throughout a month
[46]. Therefore, these slices seem to represent an attractive, adequately available,
and multi-cellular model of the human myocardium.
However, the supply and quality of these slices can be subject to heavy vari-
ations and individual patient information regarding the kind and state of dis-
ease may be protected. Obviously, tissue samples only allow for the analysis of
the combined targetome of cardiac miRNAs. An unambiguous assignment of
cell type-specific miRNA/mRNA associations based on computational analysis
might be rather complicated.

3.4 identification of mirnas involved in cardiac diseases

MiRNAs are implicated in the regulation of various pathological processes
within the cardiovascular system such as CM hypertrophy, cardiac fibrosis, ar-
rhythmia, angiogenesis, and heart failure.

knock-out approach One strategy for studying the comprehensive role
of miRNAs in the heart has been the creation of model systems lacking central
processing enzymes required for miRNA maturation. A mouse model carry-
ing a conditional cardiac Dicer1 knock-out, was shown to develop heart failure
upon recombinase induction. While younger mice died within one week after
cardiac Dicer1 knock-out, in adult mice loss of DICER1 activity was accompa-
nied by strong alterations of the myocardium with CM hypertrophy, ventricular
fibrosis, and induction of fetal gene expression. This emphasizes an essential
role of miRNAs to account for the correct morphology and function of the
heart [78]. Another model with a muscle-specific deletion of Dgcr8 (see Section
2.1) confirmed the critical role of miRNA to maintain cardiac function [334].
An endothelial cell-specific, conditional Dicer1 knock-out mice showed, upon
induction, reduced postnatal angiogenic response to various stimuli including
exogenous vascular endothelial growth factor, which emphasizes the impor-
tance of miRNA in angiogenesis [383].

cardiac hypertrophy model Pathological hypertrophy was the first
[406] and since then has been one of the most studied phenotype with respect
to miRNA in cardiovascular diseases [311]. Such work includes the examination
of miRNA deregulation in stress models inducing pathological cardiac remod-
eling. Both, mice with ’Transverse Aortic Constriction’ (TAC), which induces
CM hypertrophy by increased afterload on the heart [167] and a mouse model,
in which transgenic expression of activated calcineurin A results in severe hy-
pertrophy [288], were shown to develop a deregulation of miRNA expression,
similar to that observed during pathological cardiac remodeling. Further, in
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vitro transfection of the identified stress-inducible miRNAs, for instance miR-
195, into cultured CM was sufficient to promote hypertrophic growth. In con-
trast, in vitro over-expression of down-regulated miRNAs such as miR-150 or
miR-181b reduced the size of cultured CM [406].
These findings suggest that deregulation of miRNA in the context of cardiac hy-
pertrophy may as well be a cause rather than simply a consequence of cardiac
remodeling [311] (see below).

ischaemia/reperfusion model Further, MI and loss of CM subsequent
to ischaemia or oxidative damage upon reperfusion has been modeled to de-
termine miRNA expression pattern in ischaemic hearts. Thereby, miR-320 has
been identified to be consistently deregulated and knock-down of miR-320 was
shown to protect CM against ischaemia/reperfusion injury [339]. In the early
phase after MI, in rat hearts expression of miR-21 has been shown to be signif-
icantly down-regulated in infarcted areas, but up-regulated in the border zone.
Further, adenoviral over-expression of miR-21 was reported to decrease the my-
ocardial infarct size and mediate a protective effect on ischaemia-induced CM
loss [93].

differential expression profiling A comparative study directed at
miRNA alterations in failing left ventricles of the human heart, revealed over
60 significantly up- and over 40 down-regulated miRNAs. Interestingly, more
than 80% of them have been shown to be similarly different in fetal human
hearts compared to healthy adult control left ventricular tissue [394]. Many
other profiling studies also revealed a differential expression of a large number
of miRNAs in the failing heart [68, 182, 388, 98, 181].

In general, though, only a couple of targets are known for each miRNA
and the precise link between them and the disease phenotype is often missing.
This this probably due to the finding that individual miRNA-mediated effects
on target gene expression are rather low and only the combined impact of
small alterations on the expression level of multiple targets can be made
responsible for the grave phenotypic outcome of deregulated miRNAs [404].
Further, miRNAs are frequently cell-specifically expressed and regulated in re-
sponse to developmental or disease processes, mediating the repression of only
a distinct set of available targets. From an experimental view, it is therefore in-
teresting to examine isolated cardiac cell populations, meaning to separate CM,
CF, endothelial cells, and maybe also smooth muscle cell fractions.

3.5 introduction of promising mirna candidates in the heart

A clear classification of miRNAs according to a specific cell type or cardiac
disease is rather unfeasible. In the following, a short selection of exemplary
miRNAs is sorted according to their predominant cell type (of either CM or
CF) and introduced in the context of associated disease phenotypes.
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cardiac myocytes

mir-1 One of the most abundant miRNAs in heart and skeletal muscle is
miR-1 [447]. It has been shown to be involved in the regulation of cardiogen-
esis [447, 303, 446] by repression of Hand2 gene expression coding for a car-
diac transcription factor [447]. Further, miR-1 is among the earliest miRNAs
that are down-regulated during TAC-induced hypertrophy [354]. In vivo stud-
ies suggest a causality between the decrease of miR-1 levels and the subsequent
increase in CM size and mass [60]. Validated targets include the transcripts
of prohypertrophic substances like, insulin-like growth factor 1 (mRNA Igf1)
[105], calmodulin (mRNA Calm), myocyte enhancer factor 2A (mRNA Mef2a),
and GATA binding protein 4 (mRNA Gata4) [181], which are de-repressed upon
miR-1 down-regulation (see Figure 3.1).
The pool of mature miR-1 comprises identical mature sequences derived from
two distinct genomic loci, each encoding a different precursor sequence. There-
fore, they are differentiated by labeling them as miR-1-1 and miR-1-2.

mir-133 Both miR-1 precursors are transcribed from bisictronic gene clus-
ters with miR-133, which is also a muscle-specific miRNA and likewise down-
regulated during cardiac hypertrophy [406, 60, 68]. While mice lacking either
miR-133a-1 or miR-133a-2 are normal, double-mutants showed lethal defects
in about 50% of embryos or neonates. Survivors were prone to dilated car-
diomyopathy and heart failure [257]. Further, silencing of miR-133 by chemi-
cally modified antisense oligonucleotides, so-called ’antagomirs’ [227] (see Sec-
tion 3.6) or expression of tandem repeat antisense sequences, so-called ’miRNA
sponges’ [100] (see Section 4.4) sensitized the myocardium to pathological car-
diac growth. Conversely, in vitro over-expression of miR-133 (or miR-1) attenu-
ated agonist-induced cardiac hypertrophy [60]. Mechanistically, de-repression
of potential targets of this miRNA, such as family members of the Rho kinase
family, mRNA Rhoa and mRNA Cdc42, as well as mRNA Nelfa, encoding a
negative regulator of RNA polymerase II, was demonstrated to play a role in
cardiac growth response downstream of miR-133 [105] (see Figure 3.1).

mir-208 As mentioned above, hypertrophic growth response is also charac-
terized by a re-activation of fetal gene expression, which includes the replace-
ment of the primary contractile protein of the rodents heart, myosin heavy
polypeptide 6 (MYH6, also known as α-MHC) by myosin heavy polypeptide 7

(MYH7, also known as β-MHC) [261, 300]. This so-called ’α/β-MHC switch’,
which mainly accounts for decreased cardiac contractility, is regulated by miR-
208 [407]. It is not only a cardiac-enriched but a cardiac-restricted miRNA
[35], which comes in two isoforms, miR-208a and miR-208b. Both are con-
tained within the introns of the myosin encoding genes Myh6 and Myh7, re-
spectively. Knock-out mice of miR-208a developed normally with regard to the
MYH6/MYH7 levels, but they did not show hypertrophy of CM or fibrosis in
response to TAC. The animals were unable to up-regulate MYH7 [407]. Both
isoforms are predicted to mirror the expression pattern of their host genes with
miR-208a being the main contributor to the miR-208 pool in adult mouse hearts
and miR-208b mainly expressed during fetal cardiac development.
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However, also miR-208b knock-out mice showed no evidently defective phe-
notype during development [405]. Apparently, while miR-208 is not necessary
for the synthesis of MYH7 during cardiac development, it is required for the
switch to MYH7 observed during cardiac hypertrophy [1]. Therapeutic inhibi-
tion of miR-208a in a hypertension-induced rat heart failure model was shown
to prevent the pathological α/β-MHC switch and cardiac remodeling, empha-
sizing the potential of miRNA-based therapies to intervene in heart disease
progression [289]. Two studies identified mRNA Med13 (also known as Thrap1),
a negative regulator of hypertrophy, as targeted transcript of miR-208-loaded
miRISC [407, 59] (see Figure 3.1).

mir-378 Another miRNA strongly expressed in the mammalian heart,
which decreases in cardiac disease is miR-378. A broad examination of the
hypertrophy-inducing effect of synthetic miRNA libraries on isolated ARCM,
identified miR-378 among the group of anti-hypertrophic miRNAs [189]. Inter-
estingly, miR-378 has been shown to control cardiac hypertrophy by the com-
bined repression of four distinct regulators within the pro-hypertrophic MAPK
pathway, encoded by mRNAs Igf1r, Grb2, Kar1, and Mapk1 (see Figure 3.1).
Adeno-Associated Virus (AAV)-mediated (see Section 3.6) restoration of miR-
378 levels has therefore been suggested as a promising therapeutic strategy to
ameliorate pathological cardiac hypertrophy and thus myocardial disease [131].

cardiac fibroblasts

mir-21 One of the most highly up-regulated miRNAs during cardiac hyper-
trophy is miR-21 [406, 68, 354, 388] and its up-regulation in CF was suggested
to be much more pronounced than in CM [395]. Further, sprouty homolog 1

mRNA (Spry1) was identified as a direct target of miR-21 which in turn acts
as an inhibitor of MAPK signaling. Increased miR-21-mediated repression was
made responsible for an enhanced phosphorylation (activation) of MAPK3/1

(also known as Erk1/Erk2) potentially resulting in increased fibroblast survival
and thus indirectly in increased cardiac fibrosis during hypertrophy [395] (see
Figure 3.1). Conversely, antagonizing miR-21 was reported to reduce myocar-
dial fibrosis in the same mouse model of pressure overload-induced cardiac
hypertrophy [395, 393].

mir-29 In a group of miRNAs identified as down-regulated upon MI, mem-
bers of the miR-29 family have been shown to target several transcripts encod-
ing proteins involved in fibrosis, which include multiple collagens (for example
mRNA Col1a1), fibrillins, and elastin [408]. Therefore, down-regulation of miR-
29 was expected to de-repress theses mediators of cardiac fibrosis. Conversely,
over-expression of miR-29 in fibroblasts has been shown to reduce collagen ex-
pression in vitro, elevating this miRNA family as promising therapeutic option
to prevent the fibrotic response upon MI [408] (see Figure 3.1). However, it
has not yet been finally clarified whether miR-29 inhibition can indeed lead to
cardiac fibrosis in vivo. Down-regulation of miR-29 has even been found protec-
tive against myocardial ischaemia/reperfusion injury [436]. The observed anti-
apoptotic effect of miR-29 inhibition has been attributed to an increase of the po-
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Figure 3.1. Selection of miRNAs and exemplary targets in the cardiac system. MiR-
NAs were separated according to their predominant cell type of action. A: cardiac
myocytes; B: cardiac fibroblasts. Targets are referred to by mouse symbols of mRNAs
encoding: calmodulin (Calm), cell division cycle 42 (Cdc42), collagen, type I, alpha
1 (Col1a1), GATA binding protein 4 (Gata4), growth factor receptor bound protein 2

(Grb2), insulin-like growth factor 1 (Igf1), insulin-like growth factor I receptor (Igf1r),
kinase suppressor of ras 1 (Ksr1), mitogen-activated protein kinase 1 (Mapk1), mediator
complex subunit 13 (Med13), myocyte enhancer factor 2A (Mef2a), negative elongation
factor complex member A (Nelfa), ras homolog gene family, member A (Rhoa), sprouty
homolog 1, Drosophila (Spry1). The question mark behind Col1a1 indicates controver-
sial results. See main text for additional information.

tential target mRNA Mcl1 encoding an anti-apoptotic BCL2 family member. It
has been suggested that miR-29 inhibition-dependent activation of pro-survival
pathways may actually lead to both, fibrosis and hypertrophy when consider-
ing long-term effects and protection against ischaemia/reperfusion injury in
short-term observation [436]. Further studies regarding the role of miR-29 in
cell types other than CF and during cardiac disease are needed to ultimately
define its role in the heart.

3.6 opportunities and obstacles of clinical application

Cardiovascular disease remains the leading cause of morbidity and mortality
worldwide. It causes about 47% of all deaths in Europe (European Heart Net-
work, CVD Statistics 2012) and about 32% of deaths in the United States[138].
Therefore, new therapeutic strategies to prevent and/or treat cardiovascular
disorders are clearly needed.
Most therapeutic agents currently on the market are small molecule drugs tar-
geting proteins such as enzymes (for example 3-hydroxy-3-methylglutaryl-CoA
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reductase or angiotensin I converting enzyme, HMGCR or ACE) or receptors
(for instance β1-adrenergic receptor, ADRB1).
By contrast, therapeutic strategies based on ncRNA act one level higher by target-
ing mRNA molecules before their translation into proteins and may therefore
potentially regulate many proteins in parallel. In principle ncRNA therapeutics
operating in an antisense mechanism may be divided in two sub-groups. On
the one hand siRNA-mediated RNAi can be used to silence specific genes of inter-
est (for example of pro-inflammatory cytokines) and on the other hand, miRNA
alterations may serve to modulate and thereby normalize complex gene expres-
sion pattern by simultaneously addressing multiple targets.
Focusing on miRNA modulations, they can be sub-divided into strategies
for the inhibition of pathologically up-regulated miRNAs and methods to re-
express undesirably depleted miRNAs. However, due to major challenges in
their delivery and design, miRNA mimicry lags behind the development of
miRNA inhibitors [404].
Antisense oligonucleotides designed for high-affinity interaction with tar-
get miRNAs (’antimiR’ chemistries), prevent miRNA/mRNA interaction and
thereby miRNA-mediated repression. Such Anti-MiRNA Oligonucleotides
(AMO) are often chemically modified to enhance their miRNA affinity, nucle-
ase resistance or cellular uptake. For example, the afore mentioned antagomirs
are conjugated to cholesterol in order to increase their delivery and in vivo
stability [227, 226]. They are complementary to the full length of their target
miRNA and contain several phosphorothioate moieties to further enhance their
stability. Locked Nucleic Acid (LNA) contain an artificial 2’-O-,4’-C methylene
bridge, that locks the ribose in a C3’-endo confirmation, which dramatically
increases their affinity (dsRNA duplex melting temperature +2 to +8

◦C per each
LNA moiety) [404].

efficacy Highly expressed miRNAs can reach up to tens of thousands of
copies per cell [64]. Further, many miRNA genes share the same seed region
and may therefore compensate for the loss of one member of such a family,
because residual sequence divergence may prevent a collective inhibition of the
complete family by a single antisense construct. Thus, inhibition of potential
miRNA candidates may only come into question, if a relatively modest increase
in the expression of their regulated targets is sufficient to evoke therapeutic
benefits (i.e. where miRNAs act as switches rather than fine-tuners of gene
expression [296]).

delivery Further attention should be paid to the challenge of delivery. Until
the advent of AAV vector systems, cardio-specific targeting has been extremely
difficult. The discovery of cardio-tropic AAV serotypes like AAV9 [183, 312]
and the ability to re-engineer them for therapeutic purposes [248, 15] ame-
liorated the situation, but tissue-specific and regulable expression of miRNA-
based drugs remains one of the most crucial issues. This is of particular im-
portance for miRNA candidates with a broad tissue-distribution as they are
expected to control multiple networks and perform different functions in dif-
ferent cell types.
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specificity Consequently, next to efficacy and delivery, potential ’off-
target’ effects and toxicity (often hepatotoxicity) of therapeutic agents based
on miRNA biology need to be considered, especially since doses used in
most animal studies may not even be therapeutically feasible [404]. Here, the
initially mentioned mechanistic difference between classical drugs specifically
acting on a single target and miRNA-mediated regulation potentially affecting
multiple and not necessarily functionally related targets, may not only be a
blessing. Unless the complete set of targets regulated by a particular miRNA is
discovered, miRNA manipulation possibly leads to unexpected and potentially
adverse changes in gene expression [404].

With respect to miRNAs as diagnostic targets, first successes have become
apparent. In order to develop new strategies for the early recognition of MI,
miRNA present in circulating blood included in exosomes and microparticles
[403, 174] might represent an option. Such circulating miRNA have been
detected in patients with MI [416] and as they may reflect tissue damage, they
have been proposed as interesting new biomarkers [3, 69, 79].
Importantly, the fundamental basis for powerful miRNA-based medical strate-
gies against cardiovascular disease is the comprehensive understanding of the
cellular function of potential miRNA candidates.
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4 C H A L L E N G E S A N D A P P R O A C H E S I N T H E F I E L D

4.1 target identification to determine mirna functions

In general, the design and use of miRNA and miRNA-based strategies as valu-
able tools in molecular biology and medicine is highly dependent on a better
understanding of the cellular function of miRNAs. The as yet most successful
way to decipher the function of a miRNA is to look at the gene transcripts
it regulates [391]. Therefore, the identification and validation of the complete
set of miRNA-regulated targets, the miRISC targetome, including the functions
of the encoded proteins and the tissue-specific availability of the target tran-
scripts are required [404]. However, the identification of direct miRNA targets
is challenging. First, miRNA/target interactions are complex. The current miR-
Base [222] release 20 lists more than 2,500 mature human miRNA sequences
which renders them as one of the most abundant classes of regulatory genes.
Each miRNA is expected to regulate multiple (up to even hundreds of) targets
[57, 235] and in turn, each mRNA is likely to underlie the combined regulation
of multiple miRNAs [223]. Second, the short and only partially complemen-
tary binding sites, the often small effects, and the fact that we still do not fully
understand the molecular mechanisms of miRNA/target interaction, avoid an
easy forecasting of individual miRNA targets. Even though theoretical predic-
tors (see Section 2.4) for effective miRISC-mediated target repression have been
incorporated in numerous dedicated computational algorithms, disruptive fac-
tors like competing regulators, cell type-specific target or miRNA expression,
and statistics (due to the short interaction sites) make such software approaches
quite error-prone.
Finally, also biochemical high-throughput methods, which easily disclose the
complete and correct set of mRNAs each miRNA-guided silencing complex di-
rectly regulates are not yet available.
Therefore, the knowledge concerning each miRNA’s targetome and its medi-
ated cell-specific functions is sill rather limited.

4.2 computational target prediction

Bioinformatic miRNA target identification algorithms, such as TargetScan
[246, 142, 127], PicTar [223], miRanda [194] or RNAhybrid [336], which base their
predications with variable emphasis on indicators such as seed pairing, evolu-
tionary conservation of the binding region on the mRNA, free energy of the
miRNA/mRNA duplex, mRNA sequence features outside the miRISC bind-
ing site, and target site accessibility have emerged as interesting attempts for
miRNA target prediction.
However, the short length of the seed region intrinsically retrieves a multi-
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tude of potential target site hexa- or heptamers and thus such in silico pre-
dictors often identify huge amounts of targets accompanying large fractions
of false-positives [18, 4]. Further, non-conserved (10-times more frequent than
conserved [223, 246]) or non-canonical target recognition sites and interactions
outside the often exclusively examined 3’-UTR sequences cause a considerable
amount of false-negatives [391]. Moreover, all algorithms face the obstacle of
variations in the sequence annotation among the databases used for the pre-
dictions leading to inconsistent outcomes. For example, the results of the same
prediction method applied to two different databases (UCSC and Ensembl) over-
lapped by less than 50% [342]. Further, tissue-, development- or disease-specific
mRNA isoforms [415] due to alternative splicing and differential 3’-end pro-
cessing are not yet taken into account. In summary, there is no universally
applicable computational algorithm for effective (specific and sensitive) target
prediction [428].

4.3 genetic target identification

The first miRNA/target interaction of lin-4 with mRNA lin-14 was identified
by forward genetics, characterized by, first, screening for mutants with interest-
ing phenotypes and, second, conducting research regarding their origins on a
genotypic level [6]. Here, the advantage lies in the immediate identification of
phenotypically and hence biologically meaningful targets [391].
However, the reverse approach involving the examination of the functional
consequences of specific genetic manipulations has also proved useful in the
identification of miRNA/target pairs. This is especially true, if the approach is
combined with computational predictions or biochemical methods which may
comprise comparative profiling studies upon miRNA manipulation or isolation
of mRNAs bound to miRISCs (see below).

4.4 comparative target inference after mirna manipulation

Based on the generally repressive effect of miRNA-mediated regulation on tar-
get gene expression, inverse correlation between miRNA and mRNA levels in-
dicates potential interaction partners. Therefore, artificially perturbing of the
cellular levels of a miRNA of interest (reverse genetics) is a generally accepted
approach to study its function.

mirna manipulation

MiRNA manipulation strategies are manifold and widely used in vivo and in
vitro.
To experimentally deplete a miRNA of interest, similar strategies as describe
for the therapeutic application (see Section 3.6) come into question. Next to
AMO and LNA chemistries, inhibitors designed as miRNA scavengers compris-
ing multiple miRNA binding sites to competitively keep a miRNA from its
cellular target sites have been proposed. These include miRNA sponges [100],
’erasers’ [355], ’decoys’ [60], and ’tough decoys’ [160].
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Also for the deliberate mimicry or over-expression of miRNAs multiple options
are conceivable. Synthetic miRNA mimics are RNA duplexes of a guide stand
identical to the endogenous miRNA and a passenger strand (see Section 2.1).
Theses mimics are often modified to increase their nuclease stability and cellu-
lar uptake. Further, the cellular level of the miRNA of interest may be increased
by virus-mediated expression of cytoplasmatic pre-miRNA precursors in order to
account for proper miRNA maturation and loading into the miRISC [262, 131].

comparative profiling

In principle, reciprocal miRNA/target correlation can be observed on both,
mRNA and protein level.
For the profiling of differential target gene expression, ectopic over-expression
of a particular miRNA [252, 195] as well as artificial depletion of the miRNA
of interest [227, 255] has been applied. The increase in mRNA expression sub-
sequent to miRNA knock-down has been reported to be rather low compared
to the decrease upon ectopic over-expression. However, artifacts might be gen-
erated by supra-physiological levels of miRNAs, which may even lead to an
increased expression of endogenous miRNA targets due to the occupation of
available miRISCs [208]. Importantly, profiling mRNA expression fails to iden-
tify targets that are translationally repressed.
Alternatively, proteomic analyses can be used to identify an inverse relation of
the levels of miRNAs and proteins encoded by predicted target transcripts. Sta-
ble Isotope Labeling with Amino acids in Cell culture (SILAC) followed by mass
spectrometry has been applied to measure the effect of manipulated miRNA
expression on the whole cellular proteome [18, 364] (compare Section 2.5). In
both studies, transcripts corresponding to responsive proteins were enriched in
seed matches to the manipulated miRNAs. However, changes of the transcrip-
tome correlated well with proteome alterations. Thus, due to their comparably
lower demands regarding resources and costs, transcriptomic analyses might
be preferable.
Albeit seed matches may provide an indication, both strategies (mRNA profil-
ing and proteomics) cannot distinguish direct from indirect target molecules.

4.5 utilization of the physical mirisc/target contact

Several experimental studies have aimed to identify direct miRNA targets by
taking advantage of the physical interaction between the target mRNA and
protein components of the miRISC. Thereby biochemical purification strategies
are employed to enrich for miRISC-associated mRNA populations prior to their
profiling.

co-immunoprecipitation (co-ip)

In a first approach, RNA co-ImmunoPrecipitation (RIP) of often epitope-tagged
miRISC proteins (for example AGO [28, 99, 202, 163, 169] or TNRC6 proteins
[444, 236]) has been used to co-precipitate miRISC-associated targets from cul-
tured cell or tissue extracts. Simultaneous depletion [99] or over-expression
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[202] of the miRNA of interest has been combined to facilitate target identifi-
cation. To profile the co-isolated RNA population, quantitative Reverse Tran-
scription Polymerase Chain Reaction (qRT-PCR) or array hybridizations assays
(microarrays) have been used [193, 390, 99, 202, 163, 236, 169]. The latter ap-
proach is referred to as RIP-Chip.
Unfavorably, AGO proteins have been shown to also unspecifically associate
with RNA after cell lysis [282, 202], indicating the potential of false-positive
targets. This is aggravated by the shortcoming that purification conditions
subsequent to the ImmunoPrecipitation (IP) have to be rather mild in order
to not destabilize the protein/RNA interactions of interest [282, 205]. Hence,
these methods either identify too many (false-positives) or only relatively stable
miRISC/mRNA interactions failing to detect transient contacts (false-negatives).
Besides, it is inherent to these methods to not allow for the disclosure of individ-
ual miRISC binding sites. However, the precise knowledge and the distribution
of binding sites rather than only the identity of the isolated RNA is crucial to
understand, e. g., the combinatory regulation of a particular target.

cross-linking and immunoprecipitation (clip)

Substantial progress towards a higher resolution and specificity of binding site
identification has been made by the CLIP technique. The introduction of an ini-
tial cross-linking step establishes a covalent connection between the miRISC
and the associated RNA species enabling to quasi ’snapshot’ and preserve
RBP/RNA interactions in living cells.
Already before miRNA have been discovered, UV light was shown to cross-link
proteins to RNA in living cells [413, 325]. In contrast to formaldehyde-based
cross-linking often used to study protein/DNA interaction in so-called ’CHro-
matin ImmunoPrecipitation (CHIP) assays’ [230], protein/RNA cross-linking is
performed by irradiating the cells with short-wave UV light of 254 nanome-
ters (nm). Thereby protein/protein cross-links are avoided, which could poten-
tially lead to large protein/RNA complexes that may contain RNA not directly
or not even functionally associated to the RBP of interest. The exact mechanism
of UV-induced protein/RNA cross-linking is not fully understood yet, but UV
irradiation is suggested to elevate the energy states of electrons within the ri-
bonucleotide bases, which are thereby enabled to form new covalent bonds to,
e. g., aromatic amino acids in direct contact [50, 122].
This phenomenon was first combined with the IP of an RBP other than a mem-
ber of the miRISC (a splicing regulator) to study its RNA targets (see Table 4.1
#1). The method was termed CLIP [401, 400]. Thereby, the immunoprecipitate
is subjected to partial RNA digestion to digest RNA which is not bound (and
thus not protected) by the RBP and to decrease the size of the cross-linked
transcripts to fragments of about 50 nucleotides. Subsequently, the RNA is ra-
dioactively labeled and the RNA/protein complexes are size-fractionated by
Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis (SDS-PAGE). After
transfer to a nitrocellulose membrane, the radioactive signal at the expected size
of the protein complex is excised in order to separate it from still indirectly as-
sociated, non-cross-linked RNAs, which are expected to migrate faster [14]. The
protein component is digested with proteinase K, and the RNA still carrying
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the covalently bound amino acids or oligopeptides are recovered. Such isolated
RNA fragments are ligated to 5’- and 3’-adaptor sequences to enable Reverse
Transcription (RT) and Polymerase Chain Reaction (PCR) amplification of the
obtained complementary DNA (cDNA). Originally, the amplificates have been
used for Sanger-sequencing, resulting in a set of sequence reads. Alignment
to the reference genome and/or transcriptome and identification of clusters of
overlapping reads ideally lead to true RBP binding sites within the correspond-
ing transcripts.
Compared to RIP or RIP-Chip, the covalent linkage enables to apply more strin-
gent purification conditions after the immunoprecipitation, such as high salt
washing buffers with stronger detergents and denaturing SDS-PAGE, reducing
the detection of post-lysis false-positive associations. Further, also transient in-
teractions may be preserved, if a direct contact at the time of UV irradiation
enabled the formation of a covalent linkage. The partial RNase-mediated diges-
tion increases the resolution of detected binding sites.
However, the actual miRISC binding region at these sites still needs to be
predicted. Further, the small number of sequences obtained by conventional
Sanger-sequencing limited the full potential of early CLIP studies.

high-throughput sequencing of rna isolated by clip (hits-clip)

During the last decade, sequencing technologies have improved tremendously,
allowing for massively parallelized generation of millions of sequencing reads
[37]. Compared to other high-throughput methods such as microarray analysis
they offer a larger dynamic range of target identification and are not limited to
the detection of known transcripts [422]. Hence, they allow for the examination
of, e. g., alternative splice products [314], 3’-terminal differentially processed
[415], and novel RNA species [58].
In combination with the CLIP approach the so-called ’HITS-CLIP technique’
enables a less biased and more exhaustive sequencing of cross-linked RNA
species and to systematically map transcriptome-wide binding patterns of the
RBP of interest [251] (see Figure 4.1 middle).
The first application of HITS-CLIP for the large-scale identification of AGO-
associated RNA fragments identified nearly 500 different cross-linked miRNA
and mRNA reads that mapped to almost twice as many transcripts in murine
brain tissue [70] (see Table 4.1 #2). A second HITS-CLIP study to examine
the tripartite complexes of AGO protein, miRNA and target transcript in vivo
was performed in Caenorhabditis elegans [450] (see Table 4.1 #3). Another study
based on AGO2-specific immunoprecipitation compared binding sites detected
for wild-type and Dicer1-depleted mouse embryonic stem cells, which enabled
a differentiation between miRNA-dependent and -independent AGO2 targets
[245] (see Table 4.1 #4). HITS-CLIP has also helped to resolve viral miRNA
binding sites on a genome-wide scale. A study with Epstein-Barr Virus (EBV)-
transformed B cells identified that most transcripts targeted by the top 12 vi-
ral miRNAs (almost exclusively non-viral transcripts) are simultaneously co-
targeted by cellular miRNAs at distinct binding sites [340] (see Table 4.1 #6).
The targetome of Kaposi’s Sarcoma-associated HerpesVirus (KSHV) and cel-
lular miRNAs was approached by AGO HITS-CLIP with two latently KSHV-
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infected murine cell lines [149] (see Table 4.1 #7). Also these viral miRNAs were
identified to predominantly target cellular transcripts and especially ones with
products involved in multiple pathways central for KSHV biology. By a com-
bination of genetic modification (miR-155 knock-out) with differential HITS-
CLIP (dCLIP) and mRNA expression analysis, transciptome-wide targets of
a single miRNA have been approached [258] (see Table 4.1 #8). Interestingly,
about 40% of miR-155-dependent miRISC binding occurred at sites lacking per-
fect seed matches, confirming non-canonical miRNA binding as a widespread
phenomenon. To identify which miRNAs participate in liver regeneration and
which targets they regulate, the original HITS-CLIP protocol [70] was trans-
ferred to liver tissue of mice [360] (see Table 4.1 #9). Upon induction of hep-
atocyte proliferation with a partial hepatectomy model, expression-weighted
AGO footprinting identified a dynamic recruitment of miRNAs to target tran-
scripts within the regenerating tissue. An AGO2 HITS-CLIP study with human
brain tissue revealed more than 7,000 binding sites across over 3,300 brain tran-
scripts with more than 1,800 target sites corresponding to the top 20 human
brain miRNAs [43] (see Table 4.1 #10). Interestingly, an intersection of human
and mouse brain AGO HITS-CLIP data [70] showed an overlap of less than
10% of the human clusters with the murine data set. In spite of obvious dif-
ferences between mice and humans, the use of slightly different IP antibodies
and the comparison of developing (mouse) versus adult (human) tissue, these
extensive disparities appear rather unexpected. Probably different peak-calling
and data evaluation procedures have contributed to this result, indicating the
strong dependency of CLIP data on the computational analysis. Moreover, this
study was one of the first building a bridge from a feasibility study to clinical
relevance. It emphasized impressively how Single Nucleotide Polymorphisms
(SNP) can alter miRNA binding sites with disease-relevant consequences.
These large-scale assays showed not only that CLIP studies allow for narrow-
ing down the binding regions through RNase treatment of the target transcripts,
but also that cross-linking induces indicatory single nucleotide mutations. Pre-
sumably introduced during reverse transcription of the more bulky cross-linked
ribonucleotides (still covalently connected to one or more amino acids), such
specific point mutations have proved helpful in localizing the exact RBP bind-
ing site [39, 140, 217, 443, 291]. Further, these so-called ’Crosslinking-Induced
Mutation Sites’ (CIMS) [443] provide an opportunity to distinguish true binding
events from ubiquitous background noise of unspecific associations. However,
cross-linking efficiency of nucleic acids (DNA) to binding proteins by short-
wave UV irradiation has been shown to saturate within the range of only 2 to
7% (depending on the protein) [122]. Thus, cross-linking-induced formation of
covalent protein/RNA (or DNA) connections might be rather inefficient.

photo-activatable ribonucleoside enhanced-clip (par-clip)

Another method for comprehensive profiling of RNA covalently bound to an
RBP of interest has been termed PAR-CLIP [151] (see Figure 4.1 left). For this
CLIP approach, previously to cross-linking and harvesting, cells are grown
in a medium containing photo-activatable nucleoside analogs, such as thione-
containing 4-thio(S)-Uridine (4SU) or 6-thio(S)-Guanine (6SG) [121]. Both are
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readily taken up by mammalian cells [279] with no apparent alterations of tran-
script levels (determined by microarrays) [151]. 4SU and 6SG can randomly
substitute during transcription for U and G, respectively. The incorporation rate
may vary substantially, depending on factors such as the identity of the nu-
cleoside analog, its concentration, the labeling time or the metabolism of the
used cell type [14]. Upon successful transcriptome-wide incorporation of these
substances into nascent transcripts, the RNA is generally more efficiently co-
valently cross-linked to RBPs as compared to the previous CLIP methods us-
ing the same irradiation dose [151, 217]. Importantly, photo-activatable ribonu-
cleotides are exited with long-wave UV light (365 nm), which is not sufficient to
cross-link unmodified nucleotides. Photo-activated bases predominantly cross-
link to aromatic amino acids but also to lysines and cysteines [274]. Similar
to the (HITS-)CLIP approach, electronic orbitals of exited nucleotides and re-
active amino acid sides chains need to overlap to trigger photo-addition [14].
Thus, cross-linking efficiency may be variable, depending on the sequence com-
position of the binding site (for instance the number of U), the type of amino
acids in close proximity, and the spatial orientation of the participating reac-
tion partners. However, compared to HITS-CLIP, the use of replicate experi-
ments of cells labeled with different photo-activatable nucleosides may control
for such bias. Likewise, immunoprecipitated protein/RNA complexes are used
to generate cDNA libraries for deep sequencing analysis. In contrast though,
reverse transcriptase apparently specifically mis-incorporates for example a G
or Thymidine (T) opposite to cross-linked 4SU or 6SG residues, leading to diag-
nostic T-to-C or G-to-A mutations, respectively. As HITS-CLIP-induced CIMS,
these indicatory base transitions can be used to pinpoint RBP binding sites
resulting in a near-nucleotide resolution. Interestingly, PAR-CLIP of the AGO
members revealed that the regions downstream of the prominent cross-linking
sites (indicated by T-to-C transitions) are enriched in sequences complemen-
tary to the seed regions of the top expressed miRNAs placing the cross-link
near the center of the miRISC/target RNA complex [151]. As for CIMS, these
diagnostic mutations simultaneously provide a valuable feature to distinguish
cross-linked (signal) from non-cross-linked sequence reads (noise). Typically,
clusters of reads corresponding to cross-linked RBP binding sites show 50 to
70% T-to-C transitions, while background reads are basically free of indicatory
mutations [151, 14].
In the initial study, several RBPs have been isolated from human cell cultures
to identify their binding sites on associated RNA targets including the four
AGO paralogs and TNRC6 A to C (all epitope-tagged) [151] (see Table 4.1 #12).
Each individual AGO protein yielded on average 4,000 clusters of sequenced
reads. Since they essentially overlapped, the sequence reads of all four AGO
proteins were combined resulting in more than 17,000 clusters of more than
five reads each. They mapped to more than 4,600 (about 21%) of all annotated
transcripts defining the targetome of more than 500 identified miRNAs. Inter-
estingly, a quantitative comparison of HITS-CLIP and PAR-CLIP for two kinds
of RBPs including human AGO2 (in its native form) revealed only small dif-
ferences in the accuracy of both methods [217] (see Table 4.1 #13). Also, the
PAR-CLIP technique has already been applied to examine the targets of virus-
encoded miRNAs [373] (see Table 4.1 #16). By precipitating either tagged or
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endogenous AGO2 from EBV-infected lymphoblastoid cell lines, this study
comprehensively identified viral and cellular miRNA binding regions (about
7,800 miRISC binding sites on almost 3,500 transcripts). Another one of the
few CLIP studies recently trying to reach beyond proof-of-principle analysis
towards their application in the context of human diseases is the use of PAR-
CLIP to identify differential miRNA targeting dependent on distinct breast can-
cer molecular subtypes [119] (see Table 4.1 #17). Through integration of high
confidence target data revealed by PAR-CLIP of a breast cancer cell line (MCF7)
with patient-paired miRNA/mRNA expression data and computational model-
ing, the authors identified subtype-associated regulatory miRNAs as potential
therapeutic targets and prognostic markers in breast cancer.
Certainly, the need for previous RNA labeling involves the disadvantage of
generally depending on cells in culture and cells which are metabolically active
enough to regenerate their complete transcriptome within the labeling period.
Further, the modified nucleotides potentially interfere with biogenic processes
and may provoke cellular stress or even apoptosis with unpredictable bias on
the final results [206, 54]. Moreover, the transfer of RNA fragments into a cDNA
library and finally sequenced reads is quite lossy. Not only that the PAR-CLIP
protocol for the library preparation is based on two (3’ and 5’) inefficient termi-
nal linker ligations allowing only a fractional amount of transcripts to be at all
reverse transcribed. It is also that in most cases reverse transcriptase encounters
a cross-linked nucleotide, the enzyme probably drops off leaving a truncated
cDNA without the second primer binding site needed for amplification and
sequencing [384] (see below).

individual nucleotide resolution clip (iclip)

Similar to the above mentioned HITS- and PAR-CLIP techniques, iCLIP allows
for the identification of RBP binding sites on the target RNA at nucleotide reso-
lution [221] (see Figure 4.1 right). However, it differs from the previous methods
in that it takes advantage of the observation that reverse transcriptase rarely
reads through the obstacle introduced by the photo-adduct of ribonucleotide
and peptides that remain after Proteinase K digestion at the position of the
cross-link. This effect has already been used in an early version of the CLIP pro-
tocol in which, during RT with a primer extension assay, reverse transcriptase
has been observed to stall at the cross-linking position [402]. With the standard
library preparation method used for previous CLIP assays, all truncated cD-
NAs are lost due to the lack of RT of the 5’-adaptor sequence needed for PCR
amplification prior to sequencing. The iCLIP method employes an alternative
strategy to prepare the cDNA library. Thereby an intra-molecular circulariza-
tion step replaces one of the inefficient inter-molecular sequencing adapter lig-
ations previously required on both ends of the isolated RNA fragments. Only
the 3’-end is ligated to an adaptor containing the reverse transcriptase primer
binding site, a specific restriction site, a barcode, and the 5’-primer binding
site needed for sequencing. After the generation of the complementary second
strand, the then double-stranded reverse transcripts are circularized and sub-
sequently re-opened at the introduced restriction sites, positioning the barcode
next to the presumed cross-link position and one adaptor sequence on both
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sides of the fragments (see Figure 4.1F right). The introduced barcode, which
contains a randomized sequence, enables to evaluate the complexity of the li-
brary. Reads originating from the same cDNA template (PCR duplicates) will
also share the same barcode and can therefore be distinguished from unique,
independent cDNAs [221]. Certainly, this approach can also be applied to the
previously mentioned CLIP techniques in order to detect amplification artifacts
[218]. However, as it is difficult to assess the fraction of cross-linked reads, it
might be challenging to distinguish signal form noise during iCLIP data analy-
sis [14].

’tandem affinity purification-clip (tap-clip)’

For the sake of completeness it should be mentioned that, next to cross-linking
and library preparation, also immunoprecipitation represents a key point for
variation and optimization of the original CLIP protocol. As both variants are
base on a Tandem Affinity Purification (TAP) protocol of the RBP of interest
(subsequent to short-wave UV cross-linking), they are listed together. In a tech-
nique termed CRoss-linking and Analysis of CDNA (CRAC) [39, 140], modified
RBPs containing a C-terminally 6 × histidine (H) - Tobacco Etch Virus (TEV)
protease site - protein A tag are applied. Double affinity purification includes
the initial use of immunoglobulin G beads followed by TEV protease treatment
and denaturing Immobilized Metal-ion Affinity Chromatography (IMAC) of
the first eluate. For individual nucleotide resolution Cross-Linking Affinity Pu-
rification (iCLAP), the RBPs are previously engineered to contain a Strep-tag
and a poly(H)-epitope [423]. After purification on streptavidin beads, likewise
IMAC is performed. In contrast, isolated RNA targets are converted into a
cDNA library and sequenced similar to the iCLIP protocol.

considerations regarding the clip techniques

All variants of AGO CLIP experiments provide elegant and comparably promis-
ing biochemical methods to identify miRNA targets.
Both HITS-CLIP [450] and PAR-CLIP [198] have even been shown to not only
capture transcriptome-wide RBP binding sites in living cells, but also in whole
(transparent) animals such as Caenorhabditis elegans. However, there are a few
drawbacks which need to be considered right from the start.

material challenges First, these methods always involve a technically
challenging protocol with numerous steps at which precious input material
may get lost. Thus, they have so far predominantly been designed as kind
of proof-of-concept studies, based on rather easily accessible cellular mate-
rial (for example stable cell lines). In order to capture context-dependent in-
teractions under physiological conditions, biologically interesting but possibly
scarce starting material (for instance primary cells) will be required. Moreover,
parameters such as the RBP expression level, cross-linking efficiency, cell lysabil-
ity etc. may be different. Hence, it might be difficult to collect sufficient input
to obtain cDNA libraries that contain the complete set of RBP binding sites.
Even in case of adequate biological availability, it should be mentioned that
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such experiments easily get quite resource-intensive. More starting material is
only helpful, if purifications are scaled up in order to preserve optimal signal-
to-noise ratios. If PAR-CLIP is the method of choice, not only the expenses of,
e. g., 4SU, but also the necessary incorporation of the photo-activatable nucleo-
sides prior to cross-linking could represent a limitation (for instance for in vivo
studies).

experimental challenges Second, the multi-step protocols comprise
many enzymatic reactions that may potentially bias the detection of binding
sites. For example, the kind of RNA ligase used for adaptor ligation was shown
to potentially influence the cDNA library composition of small RNAs [153].
Likewise, the choice and extent of the RNase treatment may critically influ-
ence the obtained results. The desired RNA fragment length ranges between 25

and 30 nucleotides [14]. Such relatively short reads are preferable as fragmen-
tation increases IP efficiency and reduces the risk of isolating and detecting
RNA-dependent interactions of other RBPs. Further, the small size avoids sub-
stantial spreading of the expected RBP band during SDS-PAGE, the adapter
ligation is more efficient and reads can be obtained by a short-read sequencing
approach. Moreover, it confines the search space for putative miRISC binding
sites. However, over-digestion may decrease the number of identified binding
sites. The use of sequence-specific RNases such as RNase T1, which specifically
cuts after G residues [313], minimizes the risk of over-digestion but may as
well led to a bias towards a depletion of G-rich clusters. The mentioned com-
parative study of HITS-CLIP versus PAR-CLIP addressed not only the effect of
metabolic labeling with photo-activatable nucleoside analogs and cross-linking
at the two different wavelengths (254 nm and 365 nm), but also the use of dif-
ferent RNases [217]. Interestingly, while both CLIP approaches revealed only
minor differences in the identified binding sites, an unexpectedly strong im-
pact was observed by the degree of RNase-mediated digestion. Probably due
to an insufficient protection of the RBP-bound RNA fraction, extensive diges-
tion strongly biased recovered binding sites.

computational challenges Third, the computational effort of analysis
and interpretation of the large amount of data generated by CLIP experiments
should not be underestimated. Bioinformatic data analysis comprises another
complex multistep protocol not easy to be standardized. Even though a couple
of online software packages implement the workflow and provide web-based
visualization tools for the definition of RBP binding sites based on experimental
CLIP data (for example CLIPZ [209], PARalyzer [76], miRTarCLIP [72], PARma
[110] and PIPE-CLIP [67] or dCLIP [417] for the comparison of multiple CLIP
data sets), they may not always provide out of the box solutions.
In general, the first step is to filter out low-quality reads and then to map
the remaining sequence reads to the reference genome. As a detected binding
site may span an exon-exon junction, the mapping should either also be done
against the transcriptome or by splicing-aware algorithms such as TopHat [399].
Multi-copy genes are another challenge, which may be bypassed by the use of
non-redundant reference data sets [140]. Importantly, one needs to think about
the number of allowed mismatches to account for cross-link-induced mutations.
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Next, the actual binding sites need to be identified by read clustering and nor-
malization steps. Provided that the sequencing library is of sufficient complex-
ity, highly occupied binding sites are expected to appear as clusters of reads.
However, read counts are not necessarily interpretable as a direct measure of
the affinity of the RBP of interest. The number of reads within one cluster
may also depend on factors such as transcript abundance and nuclease stability
or cross-linking efficiency of the particular sequence bound by the RBP. Thus,
quantitative binding affinity cannot directly be inferred from the peak hight of
the CLIP clusters. Therefore replicate experiments and/or normalization strate-
gies need to be applied in order to identify true target sites.
Depending on the CLIP protocol applied, further determinants such as, e. g.,
CIMS (HITS-CLIP) or T-to-C mutations (PAR-CLIP) indicating the position of
cross-linked nucleotides may be used to increase the signal-to-noise ratio and
pinpoint the exact binding sites. Therefore, statistical analysis needs to clarify
whether a particular mutation occurs at higher frequency than expected by
chance. However, this can as well be complicated by the existence of, e. g., SNP
or RNA-editing sites [291].
In case of read clusters corresponding to miRISC binding sites, the next step
is to identify potential miRNA binding sites. This is typically implemented
by algorithms searching for the enrichment of certain sequence stretches of
defined length or particular binding motifs and comparing them to the seed
sequences of the top n expressed miRNAs [367, 19]. However, if a particular
miRNA is not among this number n of most expressed miRNAs, not even
identified yet or, which is in fact quite likely [162], does not hybridize to
the target with a canonical seed region, it will not be matched. Therefore,
it must be emphasized that all CLIP techniques do not allow for a direct
miRNA/mRNA matching. The search space is narrowed, however it is still
a prediction of binding sites according to predetermined (and thus biasing)
binding rules.

Taken together, binding sites identified by CLIP techniques not necessar-
ily correspond to biologically relevant miRISC/mRNA interaction sites
making it indispensable to validate and prioritize the large lists of potentially
interacting pairs.

4.6 validation and prioritization of mirna targets

With respect to the initially mentioned intention, to identify target molecules
in order to disclose the cellular function of a miRNA, CLIP derived large lists
of potential miRNA/target interactions need to be verified and possibly sorted
based on their cellular relevance.

validation

To test individual miRNA/target pairs for direct and functionally relevant in-
teractions, multiple validation approaches have been developed [410].
Often these methods involve a disturbance of the miRNA/target interaction
and a subsequent abrogation of the interference to test for loss and recovery
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of the miRNA-mediated regulation, respectively. In general, highly sensitive
but pairwise reporter assays have to be traded off against comprehensive but
consumptive high-throughput assays.

reporter assays Among the first approaches to validate putative miR-
NA/mRNA interactions (and still serving as an efficient and routinely used
strategy) were reporter assays, usually involving luciferase [223, 284]. These
are based on expression vectors containing parts (including the miRNA bind-
ing site(s)) or the entire 3’-UTR of genes of interest behind a reporter gene.
Transient transfection of cells with the reporter constructs followed by measure-
ment of the reporter activity upon simultaneous modification of the expression
level of the miRNA candidate allows for the validation of an expected inverse
relationship between the gene product and the miRNA. Direct target regulation
by the miRNA is confirmed by mutating residues within the miRISC binding
site in the reporter and testing for restored expression [247, 196]. If the reporter
gene can be shown to be regulated by physiologically relevant levels of the
miRNA candidate, additional evidence regarding a biologically important miR-
NA/mRNA interactions rather than, e. g., an artifact due to miRISC saturation
by the over-expressed miRNA is inferable. MiRNA inhibitors on the other hand
need to be designed to exclusively repress the function of the candidate miRNA,
which may be difficult in case of miRNA families with common seed regions.
Even though reporter assays represent a rather easy approach to test individ-
ual target interactions, the finding that a potential miRISC target site is ef-
fective upon placing it within the 3’-UTR of a reporter gene, not necessarily
means that the site in question will be available when it is part of the naturally
folded and regulated transcript. Further, the pairwise assay does not allow for
a high-throughput verification of the entire set of CLIP-identified targets. Thus,
it cannot account for the issue that quite likely the combined effect on many
targets rather than a single miRNA/target interaction accounts for the pheno-
typic consequence of miRNA-mediated regulation. Therefore, it might be of
great value to combine different high-throughput approaches for target verifi-
cation [220, 281]. However, the significant advantage of high-throughput profil-
ing approaches, the large-scale format, also entails higher expenses of time and
money.

inverse proportionality profiling As previously introduced (see
Section 4.4), the generally inverse correlation between miRNA and target
mRNA levels can be utilized to determine (or validate) potential interaction
partners. Microarray profiling [252, 418] and quantitative proteomics [18, 364]
allow to quantify changes in mRNA and protein synthesis after miRNA ma-
nipulation for thousands of genes simultaneously. However, for the microarray
approach it has to be considered that potentially not all miRNA/mRNA inter-
actions may be discovered, if miRNA-mediated regulation is based on trans-
lational repression rather than transcript degradation, and proteome analysis
based on SILAC followed by quantitative mass spectrometry is quite labor-
intensive. Again, both methods share the limitation, that the results of direct
miRISC binding to targeted transcripts cannot be distinguished from indirect
effects.

52



4.6 validation and prioritization of mirna targets

replicates and comparison to published target data sets As
with all experiments, CLIP data need to be statistically confirmed. Technical
and biological replicates are essential and need to be taken into account during
experimental design and budgeting. Further, obtained data can be compared
to an increasing amount of published CLIP results. To collect, curate and inte-
grate such data, dedicated open-access databases allow for the transcriptome-
wide exploration and comparison of, e. g., miRNA/mRNA interactions (CLIPZ
[209], starBASE [434] or doRiNA [9]). Besides, experimentally validated miR-
NA/mRNA interactions are also gathered in databases such as TarBase [315],
MiRecords[432], Argonaute [365], and miRNAMap [171].

degradome sequencing Another transcriptome-wide analysis that has
been suggested to determine miRISC interaction sites is called degradome se-
quencing (Degradome-Seq). It analyses RNA degradation pattern to specifically
detect miRNA-determined cleavage sites, which was originally shown to be
successful in the identification of miRISC-cleaved targets in plants [2, 135]. The
method is a modified version of 5’-Rapid Amplification of cDNA Ends (RACE),
where mRNA fragments possessing 5’ monophosphate termini are specifically
selected (adaptor ligation), amplified and analyzed by high-throughput se-
quencing. Even though eukaryotic slicing might reflect a relatively rare event,
Degradome-Seq of cultured mammalian cells and tissue extracts identified sev-
eral new cleavage sites on potential target transcripts [201, 366, 45].

cross-linking , ligation and sequencing of hybrids A recent re-
finement of the library preparation subsequent to CLIP-like isolation of miRISC-
associated transcripts allowed, for the first time, the direct detection of miR-
NA/mRNA pairs [228, 162]. Thus, this method, referred to as Cross-linking,
Ligation And Sequencing of Hybrids (CLASH), offers a fundamentally new ap-
proach to directly monitor inter-RNA interaction by an additional base-paired
RNA ligation step to establish an inter-molecular linkage between, e. g., the
miRNA and its corresponding target RNA.
The application of the CLASH technique to human AGO1 has identified more
than 18,000 direct miRNA/mRNA interactions and in addition a multitude of
binding sites on other types of RNA (for example on rRNAs, tRNAs or even on
other miRNAs) [162] (see Table 4.1 #11). It may represent one of the most reli-
able transcriptome-wide data sets published so far. Next to these thousands of
high-confidence interactions, CLASH of human AGO1 also revealed new inter-
action rules. For example, about 60% of seed interactions have been determined
to occur non-canonical, containing bulged or mismatched nucleotides. In con-
trast to the often cited seed pairing rule, ∼18% of identified miRNA/mRNA
interactions appeared to involve exclusively the miRNA 3’-end with little or no
evidence for 5’-contacts.
However, as miRNA/mRNA chimeras have only been observed in 1% of the
ligated RNA/RNA hybrids, the amount of input material required to obtain a
cDNA library of sufficient complexity to ideally draw quantitative conclusions
might be high.
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prioritization

Ranking of miRNA/target interactions in order to, e. g., explain a particular
phenotype or to evaluate their therapeutic potential is highly desirable but not
trivial.
In principle, validation of targets already provides a good indication of cellu-
lar importance. Hence, the above mentioned validation strategies are certainly
helpful in prioritizing miRNA/mRNA interactions. For example, as endonucle-
olytic cleavage reflects a rather definitive type of regulation, Degradome-Seq
identified targets might be quite effectively repressed. Further, CLASH-derived
direct targets may be rated more valuable in the pursuit to determine the func-
tion of a miRNA than potentially indirect relations identified by microarrays.
Alternatively, target lists may be narrowed down by coupling experimental
identification to further experiments or computational modeling.

experimental series The coupling of comprehensive top-down RBP-
specific CLIP techniques with bottom-up strategies such as cross-linked RNA
bait assays [20, 62, 297] or RNA digests [369] profiling RBP occupancy could
enable the generation of high-resolution maps representing the concerted reg-
ulation of different RBPs on particular target RNAs [359]. Together with high-
throughput quantitative proteomics data, the spatiotemporal resolution of these
interactions could be increased, which would greatly facilitate the identification
of the physiologically most relevant targets.

computational modeling In turn, the computational combination of
cell type-specific and context-dependent RBP/RNA interaction maps with sys-
temic data or predictions revealing stability, modifications or secondary struc-
tures of the whole transcriptome [346, 88, 128, 271] might allow for the evalua-
tion of the contacts according to their availability and occupancy under physio-
logical conditions.
Further, the concept of miRISC cooperativity could provide a predictor to iden-
tify more effectively regulated and thus biologically important target candi-
dates (see Section 2.6).
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4.6 validation and prioritization of mirna targets

Figure 4.1. Schematic representation of different AGO CLIP strategies. The experi-
mental approaches pictured are, from left: Photo-Activatable Ribonucleoside enhanced-
Cross-Linking and ImmunoPrecipitation (PAR-CLIP), HIgh-Throughput Sequencing of
RNA isolated by CLIP (HITS-CLIP), and individual nucleotide resolution CLIP (iCLIP).
A and B: AGO CLIP; C to F: cDNA library preparation. A: RNA labeling with photo-
activatable nucleoside analogs such as 4SU (only PAR-CLIP) and UV cross-linking of
living cells (PAR-CLIP: 365 nm, HITS-CLIP, iCLIP: 254 nm); B: bead preparation, lysate
preparation, AGO immunoprecipitation and partial RNA digest; C: dephosphorylation
of RNA 3’-ends, linker ligation and 32P-γ-ATP labeling of the RNA; D: AGO elution,
SDS-PAGE, western blotting and RNA isolation, 3’-linker ligation (only PAR-CLIP); E:
primer ligation, reverse transcription and gel purification; F: circularization followed
by restriction digest (only iCLIP), high-throughput sequencing. G: reverse transcriptase
events not leading to cross-link indicatory positions upon computational evaluation of
the sequencing data (PAR-CLIP: transcription of 4SU with A or drop off, HITS-CLIP:
accurate transcription or drop off, iCLIP: no drop off). See main text for additional
information. Drawn on the basis of [220] Figure 1 and [14] Figure 2.
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5 A I M S O F T H I S P R O J E C T

Cardiac miRNA research may provide a solution to cardiovascular disease re-
maining the leading cause of morbidity and mortality worldwide. The basis
for designing innovative and powerful miRNA-based medical strategies to pre-
vent and treat cardiovascular disease is to understand the function and reg-
ulatory mechanisms of potential miRNA candidates. However, biochemical
miRNA target identification methods and computational prediction algorithms
are far from smoothly producing useful results. To determine the function of
a miRNA candidate in its particular cellular context, biochemical target iden-
tification ideally needs to be carried out in primary cells excluding the use of
stable cell lines. However, high-throughput experimental target identification
often requires large amounts of input material which might be difficult to ob-
tain from freshly isolated cells or tissue. Moreover, the detected targets should
reflect the situation under physiological conditions and of one cell type only.
This represents a real challenge, as input material may need to be pre-treated
(Photo-Activatable Ribonucleoside enhanced-CLIP (PAR-CLIP)) or will be diffi-
cult to obtain in pure cell fractions prior to the experiment. Computational
prediction, on the other hand, can only be as good as the biochemical data on
which the algorithm was designed and must therefore be subject to some kind
of iterative process. In summary, cardiac miRNA research is confronted with
the following issues:

1. The as yet most successful way to decipher the function of a miRNA is to
look at the gene transcripts it regulates (see Section 4.1)

2. All variants of AGO CLIP experiments provide elegant and comparably
promising biochemical methods to identify miRNA targets (see Section
4.5)

3. BUT: Binding sites identified by CLIP techniques not necessarily corre-
spond to biologically relevant miRISC/mRNA interaction sites making it in-
dispensable to validate and prioritize large lists of potentially interacting
pairs (see Section 4.5)

4. The concept of miRISC cooperativity could provide a predictor to identify
more effectively regulated and thus biologically important target candi-
dates (see Section 4.6)

In order to establish a foundation for the development of new miRNA-based
therapeutic and diagnostic strategies to ameliorate cardiovascular disease, the
first part of this PhD project aimed at the transfer of the CLIP approach to
the cardiac system in order to facilitate the identification of targets directly
regulated by functionally important miRNAs within the heart. In particular,
the PAR-CLIP method was aimed to be applied to rodent primary CM and
CF as well as to human myocardial slice cultures as a first step towards the
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introduction: 5 aims of this project

elucidation of the function of highly expressed cardiac miRNAs.
Not least in order, to better evaluate the therapeutic relevance of thereby
identified miRNA/target interactions, a second part of the present project
aimed at a deeper understanding of the mechanistic basis of miRNA-mediated
target regulation. In particular, the objective was to theoretically address
the concept of miRISC cooperativity. Previous experimental studies reported
amplified target repression for adjacent miRISC binding sites (see Section 2.6).
If cooperative target regulation was required for effective miRNA-mediated
gene repression and thus a common principle, one would expect genomic
evidence. Hence, transcriptome-wide computational screens with the objective
to elucidate a potential genomic enrichment of miRISC binding sites in
cooperativity-permitting adjacency were planned. Thereby, it was aimed for
an answer to the question whether miRISC cooperativity reflects a general
regulation principle and could thus serve as predictor to evaluate large sets of
target transcripts based on their cellular relevance.

In summary, within the scope of the present PhD project, the following aims
were set:

1. Transfer of the CLIP approach to individual cardiac cell cultures or total
heart tissue

2. Biochemical identification of the transcriptome-wide set of potential miR-
NA/target interactions of highly expressed cardiac miRNAs by AGO2

CLIP experiments

3. Computational analysis of the concept of binding site distance-dependent
miRISC cooperativity

4. Evaluation of identified miRNA/target interactions
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6.1 equipment, consumables and agents

name sequence

Linker

Ap32p-TL3 rAp32pCTGTAGGCACCATCAAT-ddC
32P-TL3

32pCTGTAGGCACCATCAAT-ddC

acceptor GAATTCTAATACGACTCACTATC

bridge GATTGATGGTGCCTACAGTATAGTGAGTCGTATTAGAATTC

RT Primer

RT_AGGT NNAGGTNNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

RT_ATTG NNATTGNNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

RT_CATT NNCATTNNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

RT_CCGG NNCCGGNNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

RT_CGCC NNCGCCNNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

RT_GACC NNGACCNNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

RT_GGTT NNGGTTNNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

RT_TATT NNTATTNNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

RT_TGCC NNTGCCNNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

RT_TTAA NNTTAANNNAGATCGGAAGAGCGTCGTGGATCCTGAACCGC

Oligos

CutOligo GTTCAGGATCCACGACGCTCTTCAAAA

P3 Solexa ACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT

P5 Solexa AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCT

Elution peptide

hAGO2 peptide MYSGAGPPAPPCPALA

Table 6.7. Oligonucleotide and peptide sequences

kit product id manufacturer

ECL Detection 32106BID Thermo Fisher Scientific Inc.

Pierce 660 nm Protein Assay 22662 Thermo Fisher Scientific Inc.

RNeasy Mini 74104 QIAGEN GmbH

Table 6.8. Kit systems
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6.2 cellular material and animal strains

All animal studies were carried out with the prior consent of local authorities
and according to the German law of animal protection.

nomenclature distributor

Cell lines

Escherichia coli SURE®
(200238)

Thermo Fisher Scientific Inc.

human embryonic kidney
HEK293

Thermo Fisher Scientific Inc.

human embryonic kidney
HEK293-T

American Type Culture Collection (ATCC)

murine embryonal fibroblast
NIH/3T3

American Type Culture Collection (ATCC)

Mice

FVB/NCrl Charles River Laboratories International Inc.

C57BL/6NCrl Charles River Laboratories International Inc.

Rats

SPAGUE DAWLEY
RjHan/SD

JANVIER LABS

Table 6.9. Cell lines and animal strains
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6.3 buffers and reaction mixes

name composition

10× TE Buffer
100 mM Tris-HCl, pH 7.4
10 mM EthyleneDiaminTetraacetic Acid (EDTA)
pH 7.4

Blocking Solution
10% (w/v) Sodium Dodecyl Sulfate (SDS)
1 mM EDTA
in PBS

Citrate Phosphate
Buffer [151]

65 mM Na2HPO4

25 mM citric acid
0.01% (v/v) NP40 substitute
pH 5.0

Flag Lysis Buffer

50 mM HEPES-KOH, pH 7.5
150 mM NaCl
1 mM EDTA
1 mM NaF
0.5 mM DiThioThreitol (DTT)
3% Triton X-100

0.5% (v/v) NP40 substitute
1% (v/v) protease inhibitor
pH 7.5

High Salt Wash Buffer
[151]

50 mM HEPES-KOH, pH 7.5
500 mM NaCl
0.5 mM DTT
0.05% (v/v) NP40 substitute
1% (v/v) protease inhibitor
pH 7.5

IP Wash Buffer [151]

50 mM HEPES-KOH, pH 7.5
300 mM NaCl
0.5 mM DTT
0.05% (v/v) NP40 substitute
1% (v/v) protease inhibitor
pH 7.5

Meister Lysis Buffer
[348]

20 mM Tris-HCl, pH 7.5
150 mM NaCl
2 mM EDTA
1 mM NaF
0.5% (v/v) NP40 substitute
0.5 mM DTT
1% (v/v) protease inhibitor
pH 7.5
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name composition

Membrane Wash 1
10% (w/v) SDS
in PBS

Membrane Wash 2
1% (w/v) SDS
in PBS

Membrane Wash 3
0.1% (w/v) SDS
in PBS

PAR-CLIP Lysis Buffer
[151]

50 mM HEPES-KOH, pH 7.5
150 mM NaCl
1 mM EDTA
1 mM NaF
0.5 mM DTT
0.5% (v/v) NP40 substitute
1% (v/v) protease inhibitor
pH 7.5

TBE Running Buffer

89 mM Tris
89 mM boric acid
2 mM EDTA
pH 8.3

TE Buffer
10 mM Tris-HCl, pH 7.4
1 mM EDTA
pH 7.4

Ule Lysis Buffer [221]

50 mM Tris-HCl, pH 7.4
100 mM NaCl
1 mM MgCl2

0.1 mM CaCl2

1% (v/v) NP40 substitute
0.1% (w/v) SDS
0.5% (v/v) sodium DeOxyCholate (DOC)
1% (v/v) Protease Inhibitor
pH 7.4

Table 6.10. Buffers and reaction mixes used in Section 7.1
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name composition

Circularization Mix
[221]

3.75 U/µl CircLigaseTM II ssDNA Ligase
33 mM Tris-CH3COOH, pH 7.5
66 mM KCH3CO2

2.5 mM MnCl2

0.5 mM DiThioThreitol (DTT)
pH 7.5

Dephosphorylation
Mix [221]

0.25 U/µl T4 PNK
1 U/µl SUPERaseIn
70 mM Tris-HCl, pH 6.5
10 mM MgCl2

5 mM DTT
pH 6.5

dNTP Mix 10% (v/v) dNTP

Flag Elution Mix

0.15 mg/ml 3X FLAG peptide
50 mM Tris-HCl, pH 7.5
50 mM NaCl
10 mM MgCl2

0.01% (v/v) NP40 substitute
pH 7.5

Hot PNK Mix [221]

0.5 U/µl T4 PNK
1 U/µl SUPERaseIn
167 nM 32P-γ-ATP (1 µCiµl)
70 mM Tris-HCl, pH 7.6
10 mM MgCl2

5 mM DTT
pH 7.6

L3 Linker Ligation Mix
[221]

10 U/µl T4 RNA Ligase 2 truncated K227Q
1 U/µl SUPERaseIn
1.5 µM App-L3

50 mM Tris-HCl, pH 7.4
10 mM MgCl2

10 mM DTT
20% (v/v) PEG 400

pH 7.4

Oligo Annealing Mix
[221]

0.33 µM CutOligo
10% (v/v) 10X FastDigest Buffer
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name composition

Peptide Elution Mix

4 mg/ml hAGO2 peptide
50 mM Tris-HCl, pH 8.0
300 mM NaCl
5 mM MgCl2

0.05% (v/v) NP40 substitute
pH 8.0

Phosphatase Wash
Buffer [151]

50 mM Tris-HCl, pH 7.5
20 mM Ethylene Glycol Tetraacetic Acid (EGTA)
0.5% (v/v) NP40 substitute
pH 7.5

PK K Buffer [221]

100 mM Tris-HCl, pH 7.5
50 mM NaCl
10 mM EthyleneDiaminTetraacetic Acid (EDTA)
pH 7.5

PK U Buffer [221]

100 mM Tris-HCl, pH 7.5
7 M urea
50 mM NaCl
10 mM EDTA
pH 7.5

PolyNucleotide Kinase
(PNK) Buffer [151]

50 mM Tris-HCl, pH 7.5
50 mM NaCl
10 mM MgCl2

0.01% (v/v) NP40 substitute
pH 7.5

Primer Mix P5/P3

Solexa

10 µM P5 Solexa
10 µM P3 Solexa

RT Mix

18 U/µl SuperScript® III Reverse Transcriptase
182 mM Tris-HCl, pH 8.3
273 mM KCl
18 mM DTT
11 mM MgCl2

pH 8.3

TE Buffer
10 mM Tris-HCl, pH 7.4
1 mM EDTA
pH 7.4

Transfer Buffer
25 mM Tris
192 mM glycine
10% (v/v) methanol

Table 6.11. Buffers and reaction mixes used in Section 7.2
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name composition

10% CF Plating
Medium

MEM
12 mM NaHCO3

10% (v/v) FCS
1% (v/v) PenStrep
0.1% (v/v) vitamin B12

293-T Medium
DMEM
10% (v/v) Sigma FCS
1% (v/v) PenStrep

AMCM Culture
Medium

MEM
2mM L-glutamine
0.1 mg/ml BSA
1% (v/v) PenStrep

AMCM Plating
Medium

MEM
10 mM 2,3-ButaneDione-Monoxime (BDM)
2mM L-glutamine
5% (v/v) FCS
1% (v/v) PenStrep

ARCM Culture
Medium

M199

10 mM BDM
2mM L-glutamine
0.1 mg/ml BSA
1% (v/v) PenStrep
0.01% (v/v) ITS supplement (10 mg/l insulin,
5.5 mg/l transferrin, 5 mg/l selenium)

AM Digestion Buffer
1.5 mg/ml collagenase type II (280 U/mg)
12.5 µM CaCl2

in 10 ml Perfusion Buffer per heart

AR Digestion Buffer
3.5 mg/ml collagenase type II (280 U/mg)
12.5 µM CaCl2

in 20 ml Perfusion Buffer per heart

DMEM++
DMEM
10% (v/v) FCS
1% (v/v) PenStrep

glucose-free Modified
Tyrode’s Solution
(MTS)

5 mM HEPES-KOH, pH 7.4
30 mM BDM
136 mM NaCl
5.4 mM KCl
1 mM MgH2PO4

0.9 mM CaCl2
pH 7.4

75



material and methods: 6 material

name composition

Modified Tyrode’s
Solution (MTS)

5 mM HEPES-KOH, pH 7.4
30 mM BDM
10 mM glucose
136 mM NaCl
5.4 mM KCl
1 mM MgH2PO4

0.9 mM CaCl2

pH 7.4

Perfusion Buffer

10 mM HEPES-KOH, pH 7.46

30 mM taurine
10 mM BDM
5.5 mM glucose
113 mM NaCl
12 mM NaHCO3

10 mM KHCO3

4.7 mM KCl
1.2 mM MgSO4

0.6 mM KH2PO4

0.6 mM Na2HPO4

32 µM phenol red
pH 7.46

Slice Culture Medium

M199

1% (v/v) ITS supplement (10 mg/l insulin,
5.5 mg/l transferrin, 5 mg/l selenium)
1% (v/v) PenStrep

Stop Buffer 1

12.5 µM CaCl2

10% (v/v) FCS
in Perfusion Buffer

Stop Buffer 2

12.5 µM CaCl2

5% (v/v) FCS
in Perfusion Buffer

Table 6.12. Buffers and reaction mixes used in Section 7.3
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6.4 databases and software

name url ref .

Conserved Domain Database http://www.ncbi.nlm.nih.gov/

Structure/cdd/wrpsb.cgi

[269]

mimiRNA http://mimirna.centenary.org.au/

mep/

[343]

PhenomiR http://mips.helmholtz-muenchen.de/

phenomir/

[349]

starBASE http://starbase.sysu.edu.cn/

starbasev1/

[434]

Table 6.13. Databases

name version application

DeVision G 2.0 UV transillumination

LAS4000IR 2.1 western blot detection

Multi Gauge 3.2 western blot analysis

ND-1000 3.5.2 nucleic acid quantification

OptiQuantTM
5.0 PLS image detection

POV-Ray 3.7 graphical rendering

Python 2.7.3 bioinformatic analysis

R 2.14 statistical computing and data plotting

Swiss-PdbViewer 4.1 molecular visualization

Tecan i-control 1.6.19.0 protein quantification

Table 6.14. Software
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7 M E T H O D S

7.1 ago clip

In principle, two types of CLIP protocols have been combined, PAR-CLIP [151]
and individual nucleotide resolution CLIP (iCLIP) [221]. The PAR-CLIP method
has become an established tool to identify miRNA targets [152]. However, it had
to be adapted for using primary cells or tissue cultures as an input source. The
preparation of cDNA libraries was transferred from the iCLIP protocol [219].
Further, for some of the experiments AGO protein elution has been changed to
a competitive approach [348] in order to circumvent the SDS-PAGE purification
step. In the following, the steps of the protocols are described in modular, but
sequential, order. Alternatives and protocol-specific procedures are indicated.

thio-nucleoside labeling (only par-clip)

The RNA of all samples used for PAR-CLIP experiments were labeled using the
photo-activatable nucleoside analog 4SU (kindly provided by the Tuschl Lab).
However, various 4SU concentrations as well as incubation times were applied.
HEK cells were grown in medium supplemented with 0.1 mM 4SU for 16 h
prior to harvesting (according to the original protocol [151]). Primary cardiac
cell cultures were labeled with 4SU concentrations from 0.1 mM to 1 mM for
16 h up to 24 h. Slice cultures were incubated with 0.1 mM to 20 mM 4SU
for 24 to 72 h. Adult mice were tested for in vivo labeling by intra-peritoneal
injection (i.p.) administration of 4SU in PBS with either 10 mg -12 h, 5 mg -8 h
and 5 mg -4 h or 7.5, 2.5 and 5 mg at -8, -4 and -1 h prior to sacrifice (per 20 g
of body weight).

testing the 4su labeling efficiency (only par-clip)

To analyze the ratio of 4SU incorporated into cellular RNA, the RNA can be
completely digested to mono-nucleotides and the solution subjected to reverse-
phase High-Performance Liquid Chromatography (HPLC). By calculating the
integral over each nucleotide’s elution peak and determining their relative pro-
portion on the total area, the 4SU incorporation rate can be estimated [151, 14].
To avoid laborious HPLC techniques, it is also possible to get a rough estimate
regarding the relative 4SU labeling efficiency by visualizing the incorporated
4-thio-nucleotides and comparing the signal to that of a reference sample. One
way to visualize the nucleotide analogs is to first thiol-specifically biotinylate
isolated total RNA and to perform a dot-blot assay with it. Subsequent detec-
tion of introduced biotin residues by streptavidin-coupled HorseRadish Per-
oxidase (HRP) together with Enhanced ChemiLuminescence (ECL) detection
reagent allows to compare the amount of detectable thiol-groups (correspond-
ing to integrated 4SU) [92, 198].
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The first approach (HPLC) has kindly been conducted by the Tuschl Lab. The
latter (dot-blot) was applied in the Engelhardt Lab (based on [92]) with char-
acteristics as follows. First, total RNA was isolated using peqGOLD RNAPure
and purified with the RNeasy Mini Kit. Per ∼50 mg deep frozen sample (cells or
tissue) 1 ml peqGOLD was added to a 1.5 ml tube. The sample was dispersed,
incubated at room temperature for 5 min and pre-cleared (12,000 × g, room
temperature, 10 min). The supernatant was transferred to a pre-spun (15,000

× g, room temperature, 20 s) 2 ml Phase Lock tube and ∼300 µl chloroform
were added. After shaking the sample gently for 15 s it was incubated on ice
for 5 min. Phase separation was achieved by centrifugation (12,000 × g, 4

◦C, 5

min). The upper phase was transferred to a 1.5 ml siliconized tube, 0.5 µl Gly-
coBlue were added and, after mixing, also one volume isopropanol was added.
Subsequent to a precipitation step on ice for 15 min the RNA was collected
(∼21,000 × g, 4

◦C, 15 min), the supernatant was removed completely, the pel-
let washed with 0.5 ml 80% (v/v) ethanol and again centrifuged (∼21,000 × g,
4
◦C, 15 min). The precipitate was resuspended in 100 µl water. To that, 350 µl

Buffer RLT (RNeasy Mini Kit) were added and the solution mixed. After the
addition of 250 µl ethanol the sample was directly transferred to an RNeasy
Mini spin column (RNeasy Mini Kit), centrifuged (12,000 × g, room temper-
ature, 20 s), washed with 500 µl Buffer RPE (RNeasy Mini Kit), centrifuged
(12,000 × g, room temperature, 20 s), and again washed with 500 µl Buffer RPE.
Next, the column was dried by centrifugation (12,000 × g, room temperature,
2 min), placing it in a new collection tube and centrifuging it again (20,000

× g, room temperature, 1 min). To elute the RNA, two times after each other
25 µl water (heated to 50

◦C) were added to the column, it was incubated at
room temperature for 3 min and centrifuged (12,000 × g, room temperature,
2 min) in the same 1.5 ml siliconized tube. Second, the biotinylation reagent
was prepared by dissolving pyridyldithiol-biotin in DMSO to a concentration
of 1 µg/µl, heating the solution to 37

◦C for 5 min and vortexing it rigorously.
The input RNA was denatured at 70

◦C for 3 min and then directly put on ice.
For setting up the biotinylation mix, it was ensured that it fulfills both, 2 µl
biotinylation reagent should be used per each µg RNA and the volume of the
biotinylation reagent should account for ∼30% of the total volume. For example,
to biotinylate 15 µg of total RNA, the RNA was diluted to 60 µl, followed by
an addition of 10 µl 10× TE Buffer and 30 µl biotinylation reagent to obtain
a final volume of 100 µl. The biotinylation mix was incubated in the dark at
room temperature for 3 h. From now on the sample was exposed to light as
little as possible. Third, the RNA was purified from unbound biotin by a chlo-
roform/isoamyl alcohol extraction step. The biotinylation reaction was mixed
with an equal volume of chloroform/isoamyl alcohol (24/1) and transferred to
a 2 ml Phase Lock tube. Phases were separated at 12,000 × g, 4

◦C, 5 min and
the upper phase was transferred to a 1.5 ml siliconized tube. After addition of
0.5 µl GlycoBlue and approximately 0.1 volume of sodium acetate, mixing, then
adding one total volume isopropanol and again mixing the RNA was precipi-
tated at -20

◦C overnight. The RNA was collected by centrifugation (∼21,000 × g,
4
◦C, 15 min), the supernatant was removed completely, the pellet washed with

0.5 ml 80% (v/v) ethanol and again centrifuged (∼21,000 × g, 4
◦C, 15 min). The

precipitate was resuspended in TE Buffer and the concentration was adjusted

80



7.1 ago clip

to 1 µg/µl. Finally, the RNA was again linearized by incubation at 65
◦C for 10

min and rapid cooling on ice for 5 min prior to dotting it on a Hybond N mem-
brane. Typically, 1 µl or 2 × 1 µl were dotted on each spot. After air-drying the
membrane, the RNA was cross-linked to the membrane by short-wave UV light
of 254 nm (0.15 J/cm2). Subsequently, the membrane was incubated in Blocking
Solution on a tumbling table for 20 min and then probed with a 1/4,000 dilu-
tion of streptavidin-HRP in Blocking Solution for 15 min. Before detecting the
signal, the membrane was washed 6 × for 10 min (2 × Membrane Wash 1, 2 ×
Membrane Wash 2, 2 × Membrane Wash 3). The signal of the streptavidin-HRP
bound to thio-coupled biotins was visualized using the ECL Detection Kit and
a chemiluminescence detecting CCD camera.

uv cross-linking (protocol-dependent)

The PAR-CLIP approach takes advantage of the fact that previously integrated,
photo-activatable 4-thio-nucleotides can be efficiently cross-linked with long-
wave UV light at a wavelength of about 365 nm.
For cell cultures, cells were grown in 10 to 15 cm cell culture plates. After
removal of the cell culture medium cells were washed once with ice-cold PBS.
Subsequently, PBS was removed completely and cells were irradiated on ice
with a dosage between 0.15 J/cm2 and 0.6 J/cm2. Afterwards, cells were scraped
off with a cell scraper in 1 ml PBS per plate, collected by centrifugation (500 ×
g, 4

◦C, 5 min), shock frozen and stored at -80
◦C until use. Tissue slices were

cultured on slice filters in 6-well plates. They were subjected to UV cross-linking
immediately (without removing the culturing media). The plates were put on
ice (without lid) for cross-linking with a dosage of 0.3 J/cm2. Subsequently,
slices were collected with a pair of tweezers, shock frozen and stored at -80

◦C
until use.
For the iCLIP protocol, RNA does not have to be previously labeled. Hence,
cells were directly irradiated with short-wave UV light of 254 nm to covalently
cross-link proteins to close-by RNA using a dosage between 0.15 and 0.6 J/cm2.

bead preparation

Based on the amount of input material, different volumes of magnetic beads
(protein G, 30 mg Dynabeads®/mL) have been used per CLIP experiment (to-
tal range: 10 to 360 µl ’bead volume’, typically about 100 µl per sample). Beads
were washed twice with 1 ml Citrate Phosphate Buffer. Depending on the an-
tibody used, beads were resuspended in 1 volume Citrate Phosphate Buffer
containing 0.15 µg/µl anti-mAGO2 (2D4) or 0.1 µg/µl anti-hAGO2 (11A9). In-
cubation was performed on a rotating wheel at 4

◦C overnight. Subsequently,
beads were washed twice with 1 ml Citrate Phosphate Buffer, once with Lysis
Buffer and were then added to the lysate.

lysate preparation (protocol-dependent)

Pellets of frozen samples were thawed on ice and resuspended in 3 volumes
of published [151, 245] (or slightly adapted) ice-cold lysis buffers (for example
PAR-CLIP Lysis Buffer). If not otherwise indicated, samples were kept on ice
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or in the cold room (4◦C) from now on. The suspension was homogenized
by repetitive pipetting or by using a disperser and incubated on ice for 10

min. Afterwards, the lysate was cleared by centrifugation (13,000 × g, 4
◦C,

15 min) followed by filtering it through a 5 µm membrane syringe filter. The
protein concentrations was determined using the Pierce 660 nm Protein Assay
Kit (by mixing 10 µl sample with 150 µl Pierce 660 nm Protein Assay Reagent
and measuring the absorbance at 660 nm after 5 min). Now, the lysate was
subjected to partial RNA digestion by treatment with RNase T1 added at a
final concentration of 1 U/µl and incubation in a water bath at 22

◦C for 15 min
[151].
Alternatively, RNase I was added (final concentration: 1 mU/µl) together with
Turbo DNase (final concentration: 2 mU/µl) before centrifugation. The lysates
were incubated in a thermoshaker at 1,100 rpm and 37

◦C for exactly 3 min.
Subsequently, samples were cleared (13,000 × g, 4

◦C, 15 min, no filtering) and
the protein concentration was determined [221].

ago immunoprecipitation (protocol-dependent)

According to the volume of the lysate, a sample was either split to multiple 2

ml Eppendorf tubes or one 15 or 50 ml Falcon tube. Beads were added and IP

was carried out on a rotating wheel at 4
◦C for 4 h or overnight. Afterwards,

beads were collected in a fresh 1.5 ml tube using a magnetic separator. Next,
they were washed 2 × with either 1 ml PAR-CLIP Lysis Buffer (2D4) or 1 ml
IP Wash Buffer (11A9) in the cold room (4◦C) and taken up in 1 bead volume
of the same buffer. For those samples that were subjected to a second RNase-
mediated digest (PAR-CLIP) RNase T1 was added at a final concentration of
100 U/µl and the suspension was again incubated in a water bath at 22

◦C for
15 min with subsequently cooling on ice for 5 min. Next, all samples were
washed 3 × with either 1 ml PAR-CLIP Lysis Buffer (2D4) or 1 ml High Salt
Wash Buffer (11A9) in the cold room.

7.2 cdna library preparation

The preparation of the cDNA libraries was initially performed at the Tuschl
Lab [150, 151].
At the Engelhardt Lab, cDNA libraries were prepared as follows, based on the
library preparation protocol used at the Ule Lab [221, 219].

dephosphorylation of rna 3’-ends

After washing the supernatant was removed and the beads were resuspended
in one fifth of the original bead volume of Dephosphorylation Mix. The samples
were incubated at 1,000 rpm and 37

◦C for 20 min. In contrast to the published
protocol [221, 219] the beads were now washed twice with 1 ml of Phosphatase
Wash Buffer and twice with PolyNucleotide Kinase (PNK) Buffer in the cold
room (4◦C).
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linker ligation to rna 3’-ends

The supernatant was removed from the beads, they were resuspended in one
fifth of the original bead volume of L3 Linker Ligation Mix and ligation was
performed in a thermoshaker at 16

◦C overnight (>16 h). Afterwards, beads
were either subjected to radioactive labeling of the RNA and/or subsequent
protein denaturation prior to SDS-PAGE purification or directly to competitive
peptide elution.

32
p-γ-atp labeling of rna 5’-ends

After removing the supernatant, the beads were taken up in PNK Buffer and
one fifth of each sample was transferred to a separate 1.5 ml tube. The super-
natant was removed and the beads were resuspended in one fifth of their bead
volume of Hot PNK Mix. The reaction was incubated at 500 rpm and 37

◦C for
5 min. The supernatant was removed and the ’hot’ beads were resuspended in
20 µl NuPAGE Loading Buffer. The suspension was transferred to the remain-
ing ’cold’ beads and the mix incubated at 500 rpm and 70

◦C for 5 min (protein
denaturation).

sds-page and western blotting

The eluate of the beads was loaded and run on a 4-12% NuPAGE Bis-Tris Gel
in MOPS Running Buffer at 4

◦C using the XCell SureLock® Mini-Cell elec-
trophoresis chamber. A Protein Ladder which has been shown to run as ex-
pected on NuPAGE gels was used. The power settings applied were 70 V for
20 min and 180 V for 2 h. Subsequently, protein/RNA complexes were trans-
ferred from the gel to a Protean BA 85 nitrocellulose membrane using the Mini-
PROTEAN® Tetra Cell electrophoresis chamber filled with Transfer Buffer at
4
◦C and 380 mA for 1 h 30 min. After transfer the membrane was wrapped

in a fitted plastic waste bag and adjusted on a previously marked dark frame
on a phosphor imager screen. Exposure was performed at 4

◦C for 1 h up to
overnight. Protein/RNA complexes identified by their molecular weight and
radioactive signal (AGO2 runs at ∼100 kDa, AGO2/miRNA at ∼110 kDa, molec-
ular weight of 70 nucleotides RNA (∼50 nucleotides + 21 nucleotides linker)
equals ∼20 kDa, tags of sufficient lengths are thus expected at ∼130 kDa) were
isolated by cutting the respective region out of the nitrocellulose membrane
using the phosphor screen autoradiograph as a mask. The membrane piece
was sometimes divided in an upper (H), middle (M) and lower (L) portion and
placed into separate 1.5 ml siliconized tubes. Finally, 200 µl of PK K Buffer were
added to each tube.

competitive ago2 elution

SDS-PAGE and subsequent Blotting on nitrocellulose are very effective purifica-
tion steps but their consumption of input material is rather high. Therefore, an
alternative purification strategy was applied by competitive elution of native
hAGO2 with a competing peptide of 16 amino acids [348] (for sequence see
Table 6.7). Subsequent to the washing steps after dephosphorylation the beads
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were resuspended in two thirds bead volume of Peptide Elution Mix and in-
cubated at 600 rpm and 25

◦C for 90 min (11A9). The eluates were separated
from the beads and diluted and/or adjusted to obtain 100 mM Tris-HCl, 50

mM NaCl and 10 mM EDTA (PK K Buffer).

rna isolation

To each tube, a twentieth part of the PK K Buffer volume of Proteinase K
was added (final concentration of 2.5 mU/µl). The reaction was incubated
at 1,100 rpm and 37

◦C for 20 min. Afterwards, one volume of PK U Buffer
was added and each sample was again incubated at 1,100 rpm and 37

◦C for
20 min. The solution was collected and together with one total volume RNA
phenol/CHCl3 transferred to one or multiple 2 ml Phase Lock tubes. After
incubation at 1,100 rpm and 30

◦C for 5 min phases were separated by centrifu-
gation (∼18,000 × g, room temperature, 5 min). The aqueous layer was carefully
(without touching the gel matrix with the pipette) transferred to one or multi-
ple fresh 1.5 ml siliconized tubes. RNA was precipitated by addition of 0.5 µl
GlycoBlue and approximately 0.1 volume of sodium acetate per tube, mixing,
then adding about 2.5 volumes ethanol, again mixing and incubation at -20

◦C
overnight. The precipitate was collected by centrifugation (∼21,000 × g, 4

◦C, 15

min), the supernatant was removed completely, each pellet washed with 0.5 ml
80% (v/v) ethanol and collected (∼21,000 × g, 4

◦C, 15 min). The supernatant
was again removed completely and the pellets were dried for exactly 3 min.
Each RNA sample was taken up in 6.25 µl water.

reverse transcription

To the resuspended RNA, 0.5 µl dNTP Mix and 0.5 µl RT_# primer (0.5 µM)
where added. The # is a placeholder for the individual four letter barcode se-
quence used for each sample (for sequences used see Table 6.7 RT Primer). After
an initial denaturing step, 2.75 µl RT Mix were added per reaction and RT was
performed as indicated (see Table 7.1).

temperature time

70
◦C 5 min

25
◦C hold (until addition of RT Mix)

Addition of 2.75 µl RT Mix per sample

25
◦C 5 min

42
◦C 20 min

50
◦C 40 min

80
◦C 5 min

4
◦C hold

Table 7.1. RT Thermal Conditions
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Subsequently, samples that were intended to be sequenced together were mixed.
Transcripts were precipitated by addition of TE Buffer to 100 µl, 0.5 µl Gly-
coBlue and 15 µl sodium acetate, mixing, then adding 300 µl ethanol, again
mixing and incubation at -20

◦C overnight.

gel purification of cdna

The precipitate was again collected by centrifugation (∼21,000 × g, 4
◦C, 15

min), the supernatant removed completely and the pellet washed with 0.5 ml
80% (v/v) ethanol. The supernatant was again removed completely and each
pellet dried for exactly 3 min. Transcripts were resuspended in 6 µl water. After
addition of 6 µl TBE/Urea Loading Buffer, each cDNA solution was incubated
at 80

◦C for 3 min directly before loading it on a 6% TBE/Urea gel. Electrophore-
sis was performed in TBE Running Buffer at 180 V and room temperature for
40 min using the XCell SureLock® Mini-Cell apparatus. The last lane contain-
ing Low Range DNA Ladder was cut off and stained by shaking in 10 ml TBE
Buffer containing 2 µl SYBR Green II for 10 min. The gel piece was washed once
in TBE Buffer and the marker bands were visualized by UV transillumination.
Guided by the size marker, three bands (approximately 70 to 85, 85 to 120 and
120 to 200 nucleotides) were cut out of each sample lane. Gel pieces were placed
into separate 1.5 ml siliconized tubes. To each tube, 400 µl TE Buffer were added
and the gel piece crushed with a 1 ml syringe plunger. Subsequently, the mix-
ture was incubated at 1,100 rpm and 37

◦C for 2 h with a 2 min cooling period
on dry ice after 1 h of incubation. The liquid portion of the supernatant was
transferred to a Costar SpinX column into which two glass prefilters had been
placed. The cDNA solution was collected by centrifugation (∼18,000 × g, room
temperature, 1 min) of the columns. After addition of 0.5 µl GlycoBlue and
40 µl sodium acetate, the solution was mixed. Then, 1 ml ethanol was added
and after a second mixing step, the cDNA was precipitated at -20

◦C overnight.

primer ligation to cdna 5’-ends

The cDNA was collected by centrifugation (∼21,000 × g, 4
◦C, 15 min), the su-

pernatant removed and the pellet washed with 0.5 ml 80% (v/v) ethanol. The
supernatant was again removed completely and the pellet dried for exactly 3

min. The precipitate was resuspended in 8 µl Circularization Mix and incu-
bated at 60

◦C for 1 h. Subsequently, 30 µl Oligo Annealing Mix were added
and annealing of the oligonucleotide (for sequence see Table 6.7 Oligos) to its
cleavage site was performed after heating at 95

◦C for 2 min by successive tem-
perature decrease from 95

◦C to 25
◦C with 20 s per each 1

◦C step. At 25
◦C, 2 µl

FastDigest BamHI were added and the mix incubated at 37
◦C for 30 min. The

cDNA that had been re-linearized, and hence carried linker sequences on both
ends, was precipitated by addition of 50 µl TE Buffer, 0.5 µl GlycoBlue and
10 µl sodium acetate, mixing, then adding 250 µl ethanol, again mixing and
incubation at -20

◦C overnight.
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pcr amplification

Precipitated cDNA was collected again by centrifugation (∼21,000 × g, 4
◦C,

15 min), the supernatant was removed and the pellet washed with 0.5 ml
80% (v/v) ethanol. Again, the supernatant was removed completely, the pel-
let dried for 3 min and then resuspended in 13 µl water. To test for the optimal
number of required PCR cycles, three to five test PCRs with increasing numbers
of cycles were run prior to the preparative PCR (see Table 7.2 and 7.3). Each test
PCR reaction (10 µl) was mixed with 2.5 µl TBE Loading Buffer and loaded on
a 5% TBE gel. Electrophoresis was performed in a Mini-PROTEAN® Tetra Cell
apparatus filled with TBE Buffer at 100 V and room temperature for 60 min.
Subsequently, the gel was stained by shaking in 10 ml TBE Buffer containing
2 µl SYBR Green I for 10 min. It was washed once in TBE Buffer and the PCR
product bands were visualized by UV transillumination. The minimum number
of cycles required for the test PCRs was estimated by the test PCR cycle num-
ber sufficient to get a visible band on the gel minus one cycle (starting with a
two-fold higher cDNA concentration, see Table 7.2). Subsequently, 10 µl of the
final PCR products were mixed with 2.5 µl TBE Loading Buffer and DNA bands
were detected as for the preparative PCR. This step was included, as samples in
which sharp bands are detected below 145 nucleotides (P5/P3 Solexa Primers
and the barcode sequences account for 128 nucleotides) have to be gel purified.

component test pcr preparative pcr

cDNA 0.50 µl 5.0 µl

water 4.25 µl 42.5 µl

Primer Mix P5/P3 Solexa 0.25 µl 2.5 µl

AccuPrime SuperMix I 5.00 µl 50.0 µl

Table 7.2. PCR Mix

temperature time

94
◦C 2 min

94
◦C 15 s }

16 to 34 cycles65
◦C 30 s

68
◦C 30 s

68
◦C 3 min

25
◦C hold

Table 7.3. PCR Thermal Conditions

high-throughput sequencing

10 µl of the final library would have been sent for Solexa Sequencing.
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7.3 preparation of clip input material

cell line culturing

Stable cell lines derived from Human Embryonic Kidney 293 (HEK293) or
murine embryonal fibroblast cells (NIH/3T3) were cultured in DMEM++. Cells
were grown in a humidified atmosphere at 5% CO2 and 37

◦C. They were only
used between passage 5 and 15 after thawing and split twice weekly as well as
24 h before starting 4SU labeling.

isolation and culturing of primary cardiac cells

Adult Mouse (AM) and Adult Rat (AR) CM and CF were prepared by adhering
(with minor adjustments) to a anterograde heart perfusion protocol [309], which
is in principle based on very early preparation methods already described in
the 19

th century [237, 449].
Briefly, the animal was heparinized and anesthetized, fixated, and the chest
opened up. Subsequently, the heart was removed and cleaned in a dish with
PBS. Next, the aorta was connected to a cannula (with a clip and twine) and
initially perfused with Perfusion Buffer (AM: 1 ml, AR: 2 ml) using a syringe.
Now, the cannula was connected to a perfusion system and the heart perfused
for 3 min with Perfusion Buffer at a flow rate of 3 ml/min. Subsequently, the
buffer was switched to Digestion Buffer and the heart was digested (AM: 7.5
min, AR: 27 min) at the same flow rate. Afterwards, the heart was detached
from the perfusion system, the atria were removed and the ventricles were gen-
tly minced into small pieces in (AM: 2.5 ml, AR: 15 ml) Digestion Buffer using
a fine pair of tweezers. The digestion was stopped with (AM: 2.5 ml, AR: 15

ml) Stop Buffer P1 and the dissociation of the heart tissue was continued using
pipette tips. The suspension was filtered through a 100 µm cell strainer into
a 50 ml Falcon tube and transferred into (AM: 1, AR: 2) 15 ml Falcon tubes.
The tubes were put at 37

◦C (water bath) and CM were allowed to sediment
by gravity for 10 min. Subsequently, the supernatant was transferred into a
new 15 ml Falcon tube and remaining CM were collected by centrifugation
(∼55 × g, room temperature, 1 min). Again, the supernatant was transferred
to another tube and CF were collected (∼75 × g, RT, 5 min). Sediment(s) and
pellet(s) of CM were combined in 10 ml Stop Buffer P2 and the suspension
was transferred into a 25 ml conical flask (sterile). Now, CM were incrementally
re-introduced to increasing calcium concentrations from 12.5 µM to 1 mM by
repeated adding of CaCl2 solutions: 50 µl 10 mM CaCl2, 4 min; 50 µl 10 mM
CaCl2, 4 min; 100 µl 10 mM CaCl2, 4 min; 30 µl 100 mM CaCl2, 4 min; 50 µl
100 mM CaCl2. The suspension was transferred into a 15 ml Falcon tube and
CM were allowed to sediment at 37

◦C (water bath) for 10 min. Again, remain-
ing cells in the supernatant were collected after transfer by centrifugation (∼55

× g, room temperature, 1 min). The sediment and the pellet were pooled (in
AM: 5 ml Plating Medium, AR: 10 ml AR Culture Medium), transferred to a
laminin-coated culture dish (AM: 5 cm, AR: 10 cm) and the medium was ex-
changed after 2 h (AM: 5 ml Culture Medium, AR: 10 ml AR Culture Medium).
Adult Mouse Cardiac Myocytes (AMCM) and ARCM were cultured in a humid-
ified atmosphere at 5% CO2 and 37

◦C. The pelleted CF were taken up in 10%
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CF Plating Medium (AM: 5-10 ml, AR: 10-20 ml) and transferred to untreated
culture dishes. The cells were washed 2 × with PBS after pre-plating for 2 h
and then again covered with 10% CF Plating Medium. Adult Mouse Cardiac
Fibroblasts (AMCF) and Adult Rat Cardiac Fibroblasts (ARCF) were cultured in
a humidified atmosphere at 1% CO2 and 37

◦C. They were used after splitting
them once 1 to 2 24 h before starting 4SU labeling.

myocardial slice culturing

Myocardial samples obtained from human patients (subjected to cardiac
surgery) were transferred into slice cultures according to [46]. In summary,
the myocardial tissue was diced and embedded in 4% low-melting agarose
dissolved in glucose-free Modified Tyrode’s Solution (MTS) of 37

◦C and sub-
sequently glued (Super Bond) to the sample holder of a vibratome. The tissue
was immersed in ice-cold MTS and cut into slices of 300 µm with an advance
rate of 0.06 mm/s and 81 Hz vibration of 1 mm amplitude. After slicing, the
tissue samples were kept in MTS for approximately 20 min, before they were
transferred onto semi-porous slice filters for culturing. Slices were cultured at
a liquid/air interface by placing the loaded slice filters into six-well culture
plates with 1 ml Slice Culture Medium. Slices were cultured in a humidified
atmosphere at 5% CO2 and 37

◦C. The medium was exchanged daily or every
second day (for labeling).

7.4 computational analysis of mirisc cooperativity

Based on previous experimental studies reporting amplified target repression
for adjacent miRISC binding sites, the aim of the second computational part of
this project consisted in a theoretical approach to answer the general question
whether miRNA-loaded miRISCs act on their own or cooperate for effective
target regulation. Therefore, a human transcriptome-wide analysis of pairwise
inter-site distances of miRISC binding regions on 3’-UTRs containing multiple
predicted or experimentally validated target sites of miRNAs was conducted.
This sub-project was done in close collaboration with Martin Preusse (Lickert
Lab), who shares co-authorship in the publication of the collected data [341]. All
computational analyses were performed with Python [409] programs combined
with data plotting using R [331].

distribution of pairwise inter-site distances

First, all distances between multiple predicted binding sites of one miRNA
species were calculated on all human 3’-UTRs and for all human miRNAs con-
sidered to obtain a distribution of pairwise distances.
The miRNA target sites were computationally predicted using TargetScan (re-
lease 6.2) [246, 142, 127]. This release contained 1,536 conserved human miR-
NAs and the prediction was performed on a multiple sequence alignment of
18,413 3’-UTRs from 23 species. For the prediction, only evolutionary conserved
miRNAs and targets were used.
The spacing of two miRNA binding sites was measured as the distance between
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the two nucleotides within the 3’-UTR opposite to the 5’-ends of two hypotheti-
cal miRNAs aligned to two predicted binding sites on the same target (5’-to-5’).
All pairwise site combinations (more than two target sites per 3’-UTR) were
taken into account for measuring the distances between them.
Next, all distances between binding sites predicted for groups of multiple
miRNA species were determined on all human 3’-UTRs (retrieved from Tar-
getScan). In particular, these groups consisted of two or five miRNA sequences,
which were sampled randomly (1,000 ×) from the complete set of species (with-
out recurrence).

comparison to control distance distributions

The obtained frequencies of inter-site distances (plotted against the pairwise
binding site distances) were now compared to distance distributions obtained
from two types of control models. Pairwise distances were either calculated for
a random composition of arbitrarily placed sites (’random sites’) or determined
for predicted sites of scrambled sequences reflecting the length of a miRNA but
not matching to the sequence of any mature human miRNA available at the
miRBase [222] release 18 (’scrambled’).
In the first case, control site positions were randomly selected within the com-
plete set of human 3’-UTRs available at the Ensembl Genome Browser [125]
(BioMart, assembly GRCh37.p10). The number of sites per 3’-UTR was normal-
ized to lie within the range of TargetScan predictions. This process was repeated
1,000 × on the 3’-UTR sequences (to obtain a data set equivalent to that of 1,000

miRNAs). As this first control model does not involve any binding site predic-
tion algorithm, it is completely independent of miRNAs, their binding sequence
requirements or other pairing determinants. Thus, the distance distribution de-
rived from this control represents the most basic null model for binding site
allocation, which does not rely on any prior knowledge.
A second control based on random miRNA-like sequences was set up to aug-
ment the basic random position model. For this, 1,000 completely arbitrary 22

nucleotides long sequences were generated. However, only sequences which
neither matched to any known human miRNA sequence nor contained any hu-
man miRNA seed sequence (nucleotides 2 to 8) were considered. Target sites of
such randomly generated ’seed sequences’ were predicted using the TargetScan
software (6.2) on the 3’-UTR data provided by TargetScan. For the analysis of
pairwise inter-site distances, only such sequences that produced comparable
numbers of ’targets’ as human miRNAs (between 10 and 2,719 hits) were taken
into account.
To compare the obtained distributions of pairwise distances for one, two and
five miRNAs to the corresponding control distributions (also sampled ran-
domly 1,000 × from the two control sets of 1,000 species each), the difference
in frequency of a particular inter-site distance (real miRNA data minus control
model) was plotted against each pairwise distance.

cooperativity-permitting distance

Previous experimental studies showed amplified reporter repression to levels
significantly greater than expected from additive effects of multiple binding
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sites, especially if they were located in close proximity to each other (see Sec-
tion 2.6 and Table 2.1). Based on these reports indicating that directly adjacent
miRISCs (with certain variations) have the highest potential to repress a com-
mon target in a cooperative manner and taking into account the outcome of the
above analysis revealing a peak of human miRNA binding site distances within
that range (see Section 12.1), a window of inter-site distances between 15 and
26 nucleotides (5’-to-5’) was defined as cooperativity-permitting distances.

proportion of cooperative targets

In contrast to the pairwise distance distributions, the proportion of cooper-
ative targets indicates the fraction of 3’-UTRs with miRNA binding sites in
cooperativity-permitting distance (see above).
More precisely, all binding sites of a given set of miRNAs were acquired for
each 3’-UTR first. If at least one pair of binding sites on a common mRNA tar-
get fulfilled the criterion of having a 5’-to-5’ distance within the cooperativity-
permitting range, the target was considered to be potentially regulated in a co-
operative manner and hence counted as cooperative. All data sets were stored
in a MySQL database containing tables for genes, miRNAs and binding sites as
well as their relations. Again, data for individual miRNA species and groups
of two or five kinds of miRNAs were gathered. Further, both above mentioned
control models were analyzed accordingly.

validation of target sites

To confirm the TargetScan predicted distance data, first an alternative predic-
tion algorithm was applied by using miRanda/mirSVR (release August 2010)
[194, 33, 32]. This release contained 249 conserved human miRNAs. Only pre-
dictions for conserved miRNAs were considered.
Furthermore, the predicted data was aimed to be confirmed by published ex-
perimentally identified target sets, which were expected to be of higher speci-
ficity. Therefore, data sets obtained by two different biochemical CLIP protocols
(HITS-CLIP and PAR-CLIP) were analyzed. The HITS-CLIP data set [70] is avail-
able at http://ago.rockefeller.edu/ and includes the mapping of miRNA
binding sites onto genomic positions. The authors of this study used neocortex
of P13 mouse brain tissue, cross-linked RNA to RBPs with short-wave UV ir-
radiation (254 nm) and immunoprecipitated murine RNA/AGO1-4 complexes
using anti-pan-mAGO antibodies (see Table 4.1 #2). Upon cDNA library prepa-
ration of the isolated RNA and high-throughput sequencing, computational
analysis produced a miRNA/mRNA interaction map. The data set used was
the mapping on mouse genome assembly mm9. The PAR-CLIP data set applied
[151] is available through the starBASE [434] database providing gene map-
pings for a wide range of CLIP experiments. The authors of the study analyzed
binding sites on isolated RNA fragments of (amongst others) epitope-tagged
human AGO1-4 in a HEK cell line upon 4SU labeling and long-wave UV irra-
diation (see Table 4.1 #12).
To compare the different data sets, the proportion of cooperative targets was
determined as before.
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functionally related mirna subsets

In case cooperativity between miRISCs could indeed be referred to as a com-
mon principle, one may expect an enrichment of miRNA binding sites in
cooperativity-permitting distance for miRNAs either acting within the same
cell (or tissue) or which are regulated in the same disease context.
To test the first hypothesis, the proportion of cooperative targets for miRNAs
co-expressed within one tissue and miRNAs not expressed within that tissue
was analyzed. The miRNA expression data were obtained from the dedicated
mimiRNA database [343].
The second point, to compare the fraction of potentially cooperatively targeted
transcripts for miRNA subsets co-regulated (or not) within the same disease
context, was addressed by employing the database PhenomiR [349] providing
data on differential miRNA expression based on certain disease phenotypes.
For all miRNAs in both databases targets were retrieved from TargetScan as de-
scribed above. Again, the analysis was done for individual miRNA species as
well as groups of two or five miRNAs.

statistical analysis

The distributions of pairwise distances (within a particular distance window)
as well as the percentage of cooperative targets were analyzed for a significant
difference between miRNA and control models with a one-sided Wilcoxon rank-
sum test [24]. The wilcox.test function in the stats package of the R statistical
computing software [331] was applied with a confidence interval of 0.95 to
calculate p-values. P-values < 2.2 × 10

-16 are always displayed as such due to
the limits in floating point precision in R.
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8 O V E RV I E W O F T H E P R O J E C T D E S I G N

The following chapter outlines the design of this two-part PhD project (see Fig-
ure 8.1) to provide an overview of the results and of their assignments to either
of the two parts.
The experimental part (see Figure 8.1B) aimed at the transfer of AGO CLIP

technologies to the cardiac system in order to identify targets that are directly
regulated by functionally important miRNAs within the heart. Two sub-projects
were pursued: PAR-CLIP with either cultured primary rat cardiac cells (see Sec-
tion 9) or with myocardial cells of human slice cultures (see Section 10).
The computational part (see Figure 8.1C) addressed the concept of miRISC coop-
erativity in general and as a potential predictor to identify biologically most rel-
evant miRISC targets in particular. As previous experimental studies reported
amplified target repression for adjacent miRISC binding sites, this part com-
prised analyses based on the inter-site distance of miRNA binding sites on
transcripts potentially targeted by multiple miRISCs (see Section 12).
The results of the second were part obtained in close collaboration with Martin
Preusse (Lickert Lab) and have for the most part been published prior to this
thesis in RNA Biology (2013) with Martin Preusse as a shared first author [341].
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results: 8 overview of the project design

Figure 8.1. Schematic representation of the design of this project aiming at the molec-
ular and computational characterization of miRNA/target interactions in general and
more specifically within cardiac cells. A: depiction of the objectives which do not only
included the comprehensive experimental identification of biological interactions be-
tween miRNA-guided miRISCs and regulated targets (biological targets), but also the
computational analysis of selection criteria to determine biologically crucial target tran-
scripts (crucial targets); B: experimental strategy consisting of the application of two
different AGO CLIP approaches to cardiac material (PAR-CLIP with cultured rat cells
and PAR-CLIP with cultured human tissue); C: computational approach consisting of
a theoretical analysis of the parameters: genome-wide distribution of miRNA binding
site distances (distribution of pairwise inter-site distances) and fraction of all targets
with miRNA binding sites in cooperativity-permitting distance (proportion of cooper-
ative targets); comparison to two control models: randomly defined target sites within
the same 3’-UTR sequence data (random sites), predicted binding sites of scrambled
miRNA-like sequences not matching to known miRNAs (scrambled). See main text for
additional information.
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9 PA R - C L I P W I T H P R I M A RY C A R D I A C C E L L S

The PAR-CLIP method [151] describes one of several CLIP protocols that can be
used to profile miRISC-associated transcripts [152] (see Section 4.5 PAR-CLIP).
Thereby, PAR-CLIP relies on the incorporation of photo-activatable nucleoside
analogs (such as 4SU) into nascent RNA during transcription. Subsequently, la-
beled RNA can be cross-linked more efficiently to close-by (interacting) proteins
by UV irradiation. Long-wave UV light (365 nm) introduces a covalent linkage
between an activatable nucleotide analog and a proximal amino acid residue
preserving biological contacts. Through ImmunoPrecipitation (IP) of proteins
that are part of the miRISC, covalently linked miRNA and mRNA species can be
isolated. The protein fraction is digested and the RNA subjected to RT-based
cDNA library generation required for high-throughput sequencing. Importantly,
the cross-linked nucleotide analogs lead to an increased likelihood of reverse
transcriptase to introduce specific base transitions (4SU: T-to-C) at these RNA
positions. Hence, the higher error rate, probably due to the more bulky nu-
cleotides, indicates RNA positions engaged in covalent amino acid contacts.
Ideally, these specific transitions should not only allow to distinguish cross-
linked target mRNA from background non-target sequences, but also to iden-
tify miRISC binding sites on target mRNA at a nucleotide resolution.

9.1 preparation : par-clip adaptation to primary cardiac cells

To establish PAR-CLIP for primary cardiac cells, a number of method-specific
requirements had to be considered, especially with respect to the decision
whether a certain cell type is at all suitable. These included to investigate how
well mRNA can be labeled in cultured cardiac cells using the photo-reactive
nucleoside 4SU, how efficiently the UV-induced cross-linking is achieved, to
which degree the RNA has to be digested, and how the native miRISC can be
isolated without the use of an epitope-tagged protein component as described
in the original protocol [151]. The latter represents a crucial issue as primary
cardiac cells are (even though biologically more relevant) very limited com-
pared to cultured cell lines and protein components of interest cannot easily be
over-expressed artificially. In the following, the results obtained for adapting
the individual PAR-CLIP protocol steps to the use of primary cardiac cells are
detailed.

9.1.1 input material

To analyze the heart-specific targetome of important miRNA candidates, hu-
man cardiac cells would be the preferred material. For obvious reasons, primary
human cardiac cells or tissue are rarely available and such samples would be
genetically different from each other. Thus, primary cardiac cells of rodents
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results: 9 par-clip with primary cardiac cells

like Adult Mouse Cardiac Myocytes (AMCM) and Adult Mouse Cardiac Fibrob-
lasts (AMCF) or those of adult rats (Adult Rat Cardiac Myocytes (ARCM) and
Adult Rat Cardiac Fibroblasts (ARCF)) are used as a model system to study my-
ocardial mechanisms. Due to an expected higher yield of the latter, rat cardiac
cells were preferred.
Nearly pure fractions of primary CM and CF can be prepared by an anterograde
heart perfusion protocol [309] (see Section 7.3). Yield-wise, ∼4 × 10

6 ARCM
and ∼10 × 10

6 ARCF have been obtained per adult rat heart. In weight, ∼10 mg
fresh ARCM or ∼2 mg of ARCM cultured on laminin-coated plates have been
isolated per heart.

9.1.2 4su labeling

As mentioned, specific to the PAR-CLIP protocol is the prior labeling of cellu-
lar RNA with photo-activatable nucleoside analogs. In this approach, 4-thio(S)-
Uridine (4SU) was chosen as a suitable substrate. Since rodent cardiac cells have
not been used for PAR-CLIP before, the 4SU incorporation rate into the RNA
of such cultured primary cells had to be determined first. For this, initially to-
tal RNA samples were sent to the Tuschl Lab, where an established protocol
involving HPLC analysis was applied to quantitatively measure the 4SU inte-
gration [151, 14]. ARCM cultured on laminin-coated dishes for 16 h showed
an incorporation rate (replacement of U by 4SU) of ∼2% and ∼25% for supple-
mentation of the growth medium with 0.1 mM and 1 mM 4SU, respectively.
Another experiment in which ARCM were incubated for 4 h in solution within
a 15 ml Falcon tube and growth medium containing 1 mM 4SU at 37

◦C led to
only 0.3% 4SU incorporation.

9.1.3 uv cross-linking

To assess the efficiency of UV cross-linking the amount of RNA (radioactively
labeled) that was covalently linked to the protein of interest was determined by
Photo-Stimulated Luminescence of a corresponding western blot. Ideally, one
would apply the UV impulse that gives ∼70% of the maximum signal [70].
For the PAR-CLIP protocol, long-wave UV light (365 nm) has to be used to estab-
lish covalently linked AGO/RNA complexes. However, this has not been tested
for primary cardiac cells before. Initially, AMCM were isolated and cultured on
laminin-coated plates with 4SU-supplemented medium (0.1 mM) for 16 h. Cell
were harvested directly or after irradiation with long-wave UV of 0.2 (origi-
nal protocol: 0.15 [151]) or 2.0 J/cm2. After PNK-mediated phosphorylation of
RNA 5’-OH ends with 32P-γ-ATP, RNA of immunoprecipitates was visualized
by western blotting and Photo-Stimulated Luminescence image (PLS) recording
(see Figure 9.1A). As there was no obvious difference detectable from the PLS,
different UV conditions and a more specific labeling approach were applied.
Short-wave UV (254 nm) of various intensities as well as other potential UV
sources were compared. The RNA was labeled by a radioactive linker (P-TL3)
ligated with T4 RNA Ligase 1 (see Figure 9.1B). Due to another inconclusive re-
sult and in order to prevent extensive use of animals, a more general experiment
with virtually unlimitedly available HEK cells (also used by the original publi-
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9.1 preparation : par-clip adaptation to primary cardiac cells

cation [151]) was performed comparing different HIgh-Throughput Sequencing
of RNA isolated by CLIP (HITS-CLIP) (254 nm) and PAR-CLIP (365 nm) UV in-
tensities (see Figure 9.2). As the inconsistency remained (without UV stronger
signal than with irradiation), unspecific radioactive labeling was considered as
a possible reason and tested for by comparing a third labeling strategy. Using
total heart cell suspensions of adult rats, precipitated RNA was radioactively
labeled with either 32P-γ-ATP (PNK, see Figure 9.3A), 32P-TL3 (T4 RNA Ligase
1, see Figure 9.3B) or using a pre-adenylylated Ap32p-TL3 in an approach with-
out adding ATP catalyzed by T4 RNA Ligase 2 truncated K227Q with reduced
lysyl adenylation activity (see Figure 9.3C, for sequences see Table 6.7 Linker).
The results of the third labeling strategy were probably more conclusive but
the approach has not been followed up as the preparation of the radioactive
Ap32p-TL3 involved extensive handling of high-dosage radioactive substances.

Figure 9.1. UV cross-linking of adult mouse cells. A: comparison of 0, 0.2 and 2.0 J/cm2

at 365 nm, previously labeled with 0.1 mM 4SU for 16 h. Photo-Stimulated Lumines-
cence image (PLS) and Western Blot (WB) of AMCM IP. IP: anti-mAGO2 (2D4), RNase:
no, RNA detection: 32P-γ-ATP (PNK), protein detection: anti-mAGO2 (2D4); B: com-
parison of different irradiation conditions (drk: darkness, ben: bench light, wdw: day
light) and 0.5, 1.5 and 2.5 J/cm2 at 254 nm. PLS and WB of AM total heart IP. IP: anti-
mAGO2 (2D4), RNase: no, RNA detection: P-TL3 (T4 RNA Ligase 1), protein detection:
anti-mAGO2 (2D4).

Figure 9.2. UV cross-linking of HEK cells. Comparison of 0 and 0.15, 0.3, 0.4, 0.6 J/cm2

at 254 nm (254 nm) and 0.15, 0.6 J/cm2 at 365 nm (365 nm), cells cross-linked at 365 nm
were previously labeled with 0.1 mM 4SU for 16 h. Photo-Stimulated Luminescence
images (PLS) and Western Blots (WB) of HEK cell or no lysate (no) IP. IP: anti-hAGO2

(11A9), RNase: RNase T1 (1 U/µl, 100 U/µl), RNA detection: 32P-γ-ATP (PNK), protein
detection: anti-hAGO2 (11A9).
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results: 9 par-clip with primary cardiac cells

Figure 9.3. RNA detection by different radioactive labeling strategies. Comparison of
radioactive labeling with 32P-γ-ATP (PNK), 32P-TL3 (T4 RNA Ligase 1) and Ap32p-TL3

(T4 RNA Ligase 2 truncated K227Q). Always: comparison of 0 and 0.4 J/cm2 at 254 nm.
Photo-Stimulated Luminescence image (PLS) and Western Blot (WB) of AR total heart
or no lysate (no) IP (three separate membranes). IP: anti-mAGO2 (2D4), RNase: RNase
I (1 mU/µl), protein detection: anti-mAGO2 (2D4).

9.1.4 rnase treatment

Following cross-linking, cells have to be lysed to start with partial RNA digest,
the next step of the PAR-CLIP protocol.
In initial experiments, adult rat total heart cell lysate was used to compare
the effect of different RNase T1 concentrations prior to IP and RNA detection
with 32P-γ-ATP (see Figure 9.4). As no difference has been apparent between
the results, again HEK cells were employed as a more general model. In an
experiment comparing different RNase T1 concentrations as well as the results
of no lysate or no antibody for the IP (see Figure 9.5), differences in the amount
of the detectable RNA signal depending on the applied input could be observed.
However, no difference has been detectable regarding an expected differential
spreading of the bands within the expected size range (above ∼110 kDa of
AGO2/miRNA) in relation to the applied different RNase concentrations.

Figure 9.4. RNase-mediated digest with adult rat cells. Comparison of different RNase
concentrations (0, 1, 10, 20, 50, 100 and 200 U/µl) at a single digestion step with RNase
T1 prior to IP. Photo-Stimulated Luminescence image (PLS) and Western Blot (WB) of
AR total heart IP. IP: anti-mAGO2 (2D4), UV irradiation: 0.3 J/cm2 at 254 nm, RNA
detection: 32P-γ-ATP (PNK), protein detection: anti-mAGO2 (2D4).
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9.1 preparation : par-clip adaptation to primary cardiac cells

Figure 9.5. RNase-mediated digest with HEK cells. Comparison of different RNase
concentrations (0, 1 and 100 U/µl) at a single digestion step with RNase T1 prior to
IP. Photo-Stimulated Luminescence image (PLS) and Western Blot (WB) of HEK cell
or no lysate (no) IP. IP: anti-hAGO2 (11A9) or no antibody (no IgG), UV irradiation:
0.3 J/cm2 at 254 nm, RNA detection: 32P-γ-ATP (PNK), protein detection: anti-hAGO2

(11A9).

9.1.5 ago2 antibody and ip conditions

One factor that strongly affects the success of a CLIP protocol is the efficiency
with which the RBP of interest can be immunoprecipitated. For rodent AGO2, a
strong cross-reactivity of antibodies has been observed. In an initial experiment,
four different AGO antibodies were compared for their precipitation efficiency
regarding rat AGO2 (see Figure 9.6). Anti-mAGO2 2D4 is a commercially avail-
able antibody against mouse AGO2 with cross-reactivity to rat and hamster.
A second (MA2) and a third (5A5) anti-mAGO2 were kindly provided by the
O’Carroll Lab and the Meister Lab, respectively. The fourth antibody (PAN) is
commercially available and recommended against all mouse, rat and human
AGO paralogs (anti-AGO1-4 H-300). A second selection of antibodies includ-
ing the best performing 2D4 was tested under different IP washing conditions
(see Figure 9.7A). As 2D4 again achieved the best results, IP conditions were
further optimized for this antibody by comparing different incubation times
and different bead volumes for equal IP inputs (see Figure 9.7B).

9.1.6 estimation of input material

The typical scale of a PAR-CLIP experiment, according to the original proto-
col [151], has been a HEK cell pellet of ∼3 ml. However, these cells contained
epitope-tagged AGO proteins stably expressed from a strong CMV promoter
[236]. Based on own results, per each 15 cm cell culture plate a pellet volume of
∼60 µl cells and an amount of ∼1 mg total protein can be expected. Thus, about
50 15 cm culture plates and about 50 mg total protein might have been applied
per experiment in the original study. Per adult rat heart, ∼1 mg of ARCM and
∼1.3 mg of ARCF total protein can be estimated. Consequently, to reach an
amount of ∼50 mg total protein, about 50 adult rats would be required.
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results: 9 par-clip with primary cardiac cells

Figure 9.6. Mouse and rat AGO2 antibodies. Comparison of rat AGO2 IP efficiency
in cardiac myocytes (ARCM) and cardiac fibroblasts (ARCF) using different AGO anti-
bodies. Always: comparison of IP antibodies anti-mAGO2 (2D4), anti-mAGO2 kindly
provided by the O’Carroll Lab (MA2), anti-mAGO2 hybridoma supernatant kindly pro-
vided by the Meister Lab (5A5) and anti-AGO1-4 (PAN). Western Blot (WB) of adult
rat cell IP, L: 1% of IP input lysate, SPN: 1% of IP supernatant, IP: 66% of IP output. Ly-
sis buffer: PAR-CLIP Lysis Buffer, IP input: ∼0.75 mg per condition, beads per protein:
∼13 µl/mg, IP incubation: 4 h, washing: 6 × PAR-CLIP Lysis Buffer, elution: NuPAGE
Loading Buffer, protein detection: anti-AGO2 (C34C6).

Figure 9.7. Mouse and rat AGO2 IP conditions. A: buffer stability of different AGO
antibodies. Comparison of IP antibodies anti-hAGO2 (11A9, A), anti-mAGO2 (2D4),
anti-mAGO2 hybridoma supernatant kindly provided by the Meister Lab (6F4, B) and
anti-AGO2 (C34C6, C) under different washing conditions: 6 × PAR-CLIP Lysis Buffer
(LB), 6 × IP Wash Buffer (300 mM NaCl, IP), 6 × High Salt Wash Buffer (500 mM
NaCl, HS), 6 × Phosphatase Wash Buffer (0 mM NaCl, PW) and 6 × PNK Buffer sup-
plemented with 5 mM DTT (DTT). Western Blot (WB) of NIH/3T3 cell IP, L: 5% of IP
input lysate, SPN: 5% of IP supernatant, IP: 100% of IP output. Lysis buffer: PAR-CLIP
Lysis Buffer, IP input: ∼2 mg per condition, beads per protein: ∼5 µl/mg, IP incuba-
tion: 4 h, elution: NuPAGE Loading Buffer, protein detection: anti-AGO2 (C34C6); B:
mAGO2 IP efficiency. Comparison of different IP incubation times: 8 h (indicated) and
4 h (for all other samples) and different bead volumes used per mg total protein ap-
plied: 5, 10 and 20 µl/mg. WB of NIH/3T3 cell IP, L: 5% of IP input lysate, SPN: 5%
of IP supernatant, IP: 100% of IP output. IP: anti-mAGO2 (2D4), Lysis buffer: PAR-
CLIP Lysis Buffer, IP input: ∼2 mg per condition, washing: 6 × PAR-CLIP Lysis Buffer,
elution: NuPAGE Loading Buffer, protein detection: anti-AGO2 (C34C6).

9.2 clip study : par-clip with arcm and arcf

For the first preparative PAR-CLIP experiment, a total of 13 adult rat hearts has
been applied. Cells were separated in ARCM and ARCF with a total protein
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9.2 clip study : par-clip with arcm and arcf

amount of ∼13 and ∼17 mg, respectively (see Figure 9.8A and Table 11.1). Upon
cDNA library preparation at the Tuschl Lab, only the ARCM sample showed a
reasonable amount of DNA after test PCR amplification and could thus be sent
for sequencing. However, the quality of the obtained read library was rather
poor and could not be evaluated.
A second PAR-CLIP study was conducted with 82 rat hearts providing a total
protein amount of ∼81 (ARCM) and ∼109 mg (ARCF, see Figure 9.8B and Ta-
ble 11.1). However, compared to the first experiment, not only less stringent
IP washing conditions (150 instead of 300 mM NaCl), but also a more mild
RNA digest were applied. After SDS-PAGE there were no clear rAGO2 bands
detectable. To further purify the precipitate from unbound RNA, the gel was
plotted on a nitrocellulose membrane. Additionally, it was confirmed that de-
naturing protein elution was effective by preparing another gel with a second
eluate of the same beads.
Several other PAR-CLIP studies of primary cultured cells as well as HITS-CLIP
experiments with fresh cardiac cells were prepared and the isolated RNA sent
for library preparation to the Tuschl Lab. However, in each case the material
has not been sufficient to obtain a sequenceable cDNA library.
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results: 9 par-clip with primary cardiac cells

Figure 9.8. PAR-CLIP studies with adult rat primary cardiac cells. A: PAR-CLIP
with 13 adult rat hearts. Comparison of the polyacrylamide gel (same gel) before
and after cutting the region at the expected height of rat AGO2 with [151] Figure
5A (Flag/HA-hAGO2). Photo-Stimulated Luminescence images (PLS) obtained at the
polyacrylamide gel purification step of the PAR-CLIP protocol. Input: ∼13/17 mg (AR-
CM/ARCF), beads: 96 µl, IP: anti-mAGO2 (2D4), Lysis buffer: PAR-CLIP Lysis Buffer
(300 mM NaCl), UV irradiation: 0.15 J/cm2 at 254 nm, RNase: RNase T1 (1 U/µl, 100

U/µl), RNA detection: 32P-γ-ATP (PNK); B: PAR-CLIP with 82 adult rat hearts. Com-
parison of the polyacrylamide gel, the western blots (membrane) after blotting the first
gel and of a second polyacrylamide gel (2nd gel) prepared by loading a second de-
naturing eluate from the same beads with [151] Figure 5A (Flag/HA-hAGO2). PLS
obtained at the polyacrylamide gel purification step of the PAR-CLIP protocol. Input:
∼81/109 mg (ARCM/ARCF), beads: 96/240 µl (ARCM/ARCF), IP: anti-mAGO2 (2D4),
Lysis buffer: PAR-CLIP Lysis Buffer, UV irradiation: 0.15 J/cm2 at 254 nm, RNase:
RNase T1 (1 U/µl), RNA detection: 32P-γ-ATP (PNK).
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10 PA R - C L I P W I T H H U M A N S L I C E C U LT U R E S

Even though rodent heart cells offer a well-studied cardiac model system, cer-
tainly experimental results cannot be transferred one to one to the human my-
ocardium. Thus, human heart tissue is highly advantageous, but also almost
impossible to access.
However, it has been shown that vital tissue slices of about 300 µm thick-
ness can be prepared from human ventricular myocardium without sacrificing
organotypic characteristics. Such slices were derived from surgical specimens
and preserved in an organotypic culture for more than 28 days [46].
As this offers enough time to potentially label newly synthesized RNA with 4SU,
it was aimed for a hAGO2 PAR-CLIP study.

10.1 preparation : par-clip adaptation to myocardial slices

PAR-CLIP with native hAGO2 has already been published for HEK cells using
anti-hAGO2 (11A9) [217]. Thus, establishing a protocol for human myocardial
tissue slices predominantly involved the examination of 4SU labeling and RNA

cross-linking efficiency for such slice cultures.

10.1.1 input material

The complex cellular and sub-cellular composition of adult human heart tissue
accounting for its functionality is nearly impossible to reproduce by any model
system. Thus, using human cardiac tissue to find out about the heart-specific
targetome of interesting miRNA candidates is highly desirable.
Human myocardial tissue slices were prepared in cooperation with the Dendor-
fer Lab according to an optimized protocol [46] (see Section 7.3). The number
and quality of slices available per experiment highly depends on the size and
health of the surgical specimens that are obtained.

10.1.2 4su labeling

Since human myocardial tissue slices have never been used for PAR-CLIP be-
fore, first of all the photo-activatable nucleoside analog (4SU) incorporation
rate into nascent RNA had to be determined under their specific culturing con-
ditions.
A comparative method to detect the extent of 4SU incorporation consists in
the specific biotinylation of carbon-bonded sulfhydryl groups (thiols) in the
RNA samples compared and visualization on a membrane using streptavidin-
coupled HRP and ECL detection reagent [92] (see Section 7.1). Applying this
approach, the 4SU incorporation into HEK cell RNA after treating the cells
as described in the original protocol [151] was compared with incorporation

105



results: 10 par-clip with human slice cultures

into RNA of human tissue slices after different 4SU concentrations and la-
beling times (see Figure 10.1). For each condition, not only the results of the
dot-blot assay, but also a representative section of the slices treated by a stan-
dard cell viability test (MTT) is depicted. Thereby, the yellow tetrazole 3-(4,5-
diMethylThiazol-2-yl)-2,5-diphenylTetrazolium bromide (MTT) is reduced by
oxidoreductases to its purple formazan indicating metabolically active (living)
cells [293]. Increasing the 4SU concentration within the Slice Culture Medium
to 10 mM and more resulted in adverse (DMSO-independent) effects with re-
spect to cell viability (yellow areas). A longer incubation time at a lower 4SU
concentration (5 mM) allowed for a relatively efficient 4SU integration while
avoiding obvious cellular damage.
Furthermore, labeled RNA samples were sent to the Tuschl Lab for HPLC anal-
ysis to quantitatively determine 4SU incorporation. The fraction of sent RNA
samples that could be measured showed a 4SU integration of 0.5 and 0.7% at
0.5 mM, 0.7 and 1.2% at 1 mM, 1.4 and 2.5% at 5 mM and 1.3% at 20 mM 4SU
with 16 h of incubation.
HEK cells labeled according to the original protocol typically show an incorpo-
ration of ∼4% 4SU [151, 14].

Figure 10.1. 4SU labeling efficiency of human cells and tissue. Comparison of 4SU
incorporation into RNA of cultured HEK cells (HEK) and human myocardial tissue
slices (h.sl.) at different 4SU concentrations and incubation times: HEK cells not (0 mM,
16 h) or labeled according to the original protocol [151] (0.1 mM, 16 h) and human
slices incubated at 5, 10 or 20 mM for 20 h and 5 mM 4SU for 72 h (one medium
change after 24 h) were compared. 4SU incorporation was visualized by a Dot-Blot
(DB) approach including thiol-biotinylation and subsequent detection by streptavidin-
coupled HRP and ECL reagent (see Section 7.1); cell viability was examined using a
standard colorimetric assay (MTT, only for human slices), gray bar indicates a distance
of 1 mm.

10.1.3 uv cross-linking

As the original protocol described the UV irradiation step for a single layer of
HEK cells [151], the cross-linking efficiency of sliced cardiac tissue (300 µm)
was examined using twice the intensity published for HEK cells (see Figure
10.2).
After standard PNK-mediated RNA labeling with radioactive 32P-γ-ATP, how-
ever, there was again no obvious difference detectable between samples with-
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out prior cross-linking and such irradiated with short or long-wave UV before
harvesting (compare Figure 9.1 and 9.2).

Figure 10.2. UV cross-linking of human cells and tissue. Comparison of no irradiation
(-UV), 0.3 J/cm2 at 254 nm (254), and 0.3 J/cm2 at 365 nm (365) with previous 4SU
labeling (HEK: 0.1 mM, 16 h and human slices: 5 mM, 20 h). Photo-Stimulated Lumi-
nescence image (PLS) and Western Blot (WB) of HEK cell (HEK) or human slice (h.sl.)
IP and without lysate incubation (no). IP: anti-hAGO2 (11A9), RNase T1 (1 U/µl, 50

U/µl), RNA detection: 32P-γ-ATP (PNK), protein detection: anti-hAGO2 (11A9).

10.1.4 rnase treatment

RNase T1-mediated fragmentation of RNA precipitated from human cell
lysates has already been approached while preparing the first PAR-CLIP study
with primary cardiac cells (compare Figure 9.5).

10.1.5 ago2 antibody and ip conditions

Anti-hAGO2 (11A9) is an effective monoclonal antibody specifically immuno-
precipitating human AGO2 [348], which has been applied successfully in a
hAGO2 PAR-CLIP study [217]. However, different IP lysis buffers were com-
pared to affirm optimal conditions (see Figure 10.3).

Figure 10.3. Human AGO2 IP conditions. Comparison of different lysis buffers on IP
efficiency using anti-hAGO2 (11A9): Flag Lysis Buffer (F), Ule Lysis Buffer [221] (U),
Meister Lysis Buffer [348] (M) and PAR-CLIP Lysis Buffer [151] (LB). Western Blot (WB)
of HEK cell IP and without lysate incubation (no). IP input: ∼2 mg per condition, beads
per protein: ∼5 µl/mg, IP incubation: 4 h, washing: 6 × PAR-CLIP Lysis Buffer, elution:
NuPAGE Loading Buffer, protein detection: anti-hAGO2 (11A9).

It has been shown that hAGO2 can be efficiently eluted from anti-hAGO2

(11A9) using a competing peptide of 16 amino acids resembling parts of the
N-terminus of hAGO2 [348] (for sequence see Table 6.7 Elution peptide). Differ-
ent hAGO2 elution strategies were tested to determine their individual purities
(depicted for a larger kDa area, see Figure 10.4). These variations of competi-
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tive peptide elutions were compared to the denaturing elution approach using
NuPAGE Loading Buffer.

Figure 10.4. Competitive hAGO2 elution. Comparison of different IP elution strategies:
denaturing NuPAGE Loading Buffer (LDS, al) or competitive with a 16 amino acids
peptide resembling the N-terminus of hAGO2 (4 µg/µl) at 600 rpm and 25

◦C for 90

min [348] (peptide, el); elution volume equaled bead volume; for the peptide elution
different elution temperatures (4◦C), times (overnight, o.n.) and peptide concentrations
(8 µg/µl, 2x) were compared; further the yields of a second (el2) competitive and a third
(rm) denaturing elution step were analyzed. Western Blot (WB) of of HEK cell IP. IP:
anti-hAGO2 (11A9), IP input: ∼1 mg per condition, beads per protein: ∼15 µl/mg, IP
incubation: 4 h, washing: 6 × PAR-CLIP Lysis Buffer, protein detection: anti-hAGO2

(11A9).

10.1.6 estimation of input material

Albeit rarely being the case, if material from human heart explants is available,
the sample size is by far more preferable than that of small mouse or rat hearts.
With a yield of ∼100 to 300 µg total protein per slice and assuming that a typical
PAR-CLIP experiment requires a total protein input of ∼50 mg, about 250 slices
would be necessary to obtain a meaningful read library. However, the size and
viability of individual tissue slices can vary greatly. Further, this estimation
neglects important differences between HEK and cultured tissue cells such as
the rate of metabolism, 4SU labeling efficiency or UV light accessibility. Hence,
an initial test-CLIP study was set up to better estimate the amount of slices
required.

10.2 clip study : test-clip with human cells and tissue

The test-CLIP dedicated to estimate the amount of cellular material needed in
order to obtain a comprehensive sequencing library did not only comprise two
myocardial tissue slice samples, but also three iCLIP and three PAR-CLIP sam-
ples meant as a reference with increasing amounts of HEK cell inputs (see Table
11.1). All eight samples were subjected to competitive peptide elution. How-
ever, a control western blot with equal amounts of input per IP was prepared
to monitor the elution efficiency (see Figure 10.5). Unexpectedly, upon library
preparation of the actual samples and test PCR amplification there has been
no detectable amount of DNA, preventing continuation with high-throughput
sequencing.
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Figure 10.5. Test-CLIP with human cells and tissue. Comparison of IP and elution
efficiency with denaturing (al), competitive peptide [348] (el) and a second (rm) dena-
turing elution of the peptide eluted samples. Control Photo-Stimulated Luminescence
image (PLS) and Western Blot (WB) of iCLIP and PAR-CLIP (PAR) with HEK cells and
PAR-CLIP with myocardial slices of two human hearts (H1 and H2). Input: ∼2 mg per
condition, beads: 10 µl per condition, IP: anti-hAGO2 (11A9), Lysis buffer: PAR-CLIP
Lysis Buffer, UV irradiation: 0.3 J/cm2 at 254 nm (iCLIP) or 0.3 J/cm2 at 365 nm with
previous labeling with 0.1 mM 4SU for 16 h (PAR) or 5 mM 4SU for 72 h with one
medium change after 24 h (H1 and H2), RNase T1 (1 U/µl, 100 U/µl), RNA detection:
32P-γ-ATP (PNK), protein detection: anti-hAGO2 (11A9).
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In the following, the findings of the experimental part of this PhD project are
summarized and placed in context with literature-based expectations.
Prior to conducting CLIP, it is indispensable to adapt and optimize the proto-
col for the cellular system of choice. Based on the individual CLIP approach,
this may include strategies to efficiently gain the cellular input material, label
RNA with photo-activatable nucleoside analogs, cross-link RNA bases to specific
amino acids within the binding protein of interest, partially digest the RNA
of covalently connected protein/RNA complexes, and to find the best possible
conditions for immunoprecipitation of the target complexes.
In the course of this project, two different strategies have been pursued. First,
the PAR-CLIP approach was adapted to primary cardiac cells (rather than cul-
tured cell lines). And second, the PAR-CLIP protocol was applied to human
myocardial slice cultures.

11.1 par-clip with primary cardiac cells

In a first approach, the PAR-CLIP protocol developed for a human cell line
that allows for the inducible expression of FLAG/HA-hAGO1-4 from a CMV
promoter [151] was aimed to be adapted to primary cardiac cells such as CM

and CF (see Section 9).

input material Adult rat cardiac cells were chosen as an available alter-
native to human cells to study the transcriptome-wide targetome of rAGO2-
containing miRISCs in primary CM and CF.

4su labeling 4SU was selected as a PAR-CLIP-required photo-activatable
ribonucleoside. Efficient labeling of cellular RNA is essential for success-
ful cross-linking using long-wave UV light (365 nm). Published studies have
achieved ∼4% 4SU incorporation (relative to the total U content) [151]. Only the
incorporation rate into ARCM RNA has been measured by direct HPLC analysis.
Interestingly, a ten-fold higher 4SU concentration in the growth medium, com-
pared to the original protocol [151], increased the amount of incorporated 4SU
accordingly: 0.1 mM, ∼2% and 1 mM 4SU, ∼25%. However, already above 4SU
concentrations of only 0.05 mM an inhibition of the production and processing
of rRNA has been detected [54], which was accompanied by tumor suppressor
gene induction and an anti-proliferative effect. Hence, it is important to keep in
mind that 4SU labeling potentially influences the cellular metabolism and thus
the final targetome data.

uv cross-linking The required irradiation intensity to covalently link
RNA to the RBP of interest varies dramatically for different proteins and proto-
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cols published (see Table 4.1 #4, HITS-CLIP, mAGO2, 0.004 J/cm2 [245] or #15,
PAR-CLIP, GLD-1, 2 J/cm2 [198]). Cross-linking efficiency of certain RNA bind-
ing domains may depend on factors such as the spatial orientation of photo-
activated nucleotide orbitals and the structural availability of reactive amino
acids [70, 219] (see Section 4.5 PAR-CLIP). Thus, UV irradiation needs to be
optimized for each RBP individually.
Published strategies to compare the amount of bound RNA through radioactive
phosphorylation and subsequent analysis on a Photo-Stimulated Luminescence
image (PLS) led to inconclusive results: cross-linking tests with either adult
mouse cells (see Figure 9.1) or human cultured cells (see Figure 9.2) showed
no obvious difference for samples irradiated at different intensities or even not
exposed to any UV light.
Similarly, an RNA labeling method based on ligation rather than phosphory-
lation which is supposed to be more RNA-specific [70, 291] did not clarify
this issue. In this second approach, the PNK-mediated transfer of 32P from the
γ position of 32P-γ-ATP to hydroxyl groups (possibly also to protein-derived
phosphorylation sites) was replaced by a T4 Ligase 1-catalyzed ligation of
5’-phosphoryl-terminated linkers (5’-32P-TL3) to 3’-hydroxyl-terminated RNA
fragments. T4 RNA Ligase 1-mediated phosphodiester bond formation results
from three consecutive nucleotidyl transfers. In theory, upon activation of the
enzyme with ATP (pppA) forming a covalent intermediate (ligase-(lysyl-N)-
pA), AMP (pA) is expected to be transferred to the 5’-32P of the TL3 linker (3’
ddC to prevent circularization) yielding the adenylylated intermediate (Ap32p-
TL3), which could then be attacked by the RNA 3’-OH ends to form labeled
RNA esters, while releasing pA [414]. However, albeit the background signal
appeared to have been reduced, the radioactive signal did not seem to differ for
UV-irradiated and untreated samples (see Figure 9.1B and 9.3 middle). Maybe
the 5’-32P-TL3 could somehow unspecifically but strongly (NuPAGE Loading
Buffer persistent) attach to the AGO2 complexes, with the double band in Fig-
ure 9.1B occurring due to unspecific sticking at either empty or miRNA-loaded
protein complexes [291].
For small RNA cDNA library preparation, T4 RNA Ligase 1 is sometimes re-
placed by a truncated version of T4 RNA Ligase 2 in 3’-linker ligation [150].
This modified enzyme exhibits reduced adenylyltransferase activity [440] and
therefore promises to cause less undesired ligation products. Interestingly, RNA
detection using that enzyme and Ap32p-TL3 resulted in a more expected pic-
ture (see Figure 9.3C) with a noticeable difference between the cross-linked and
the untreated sample. Cross-linking with 0.4 J/cm2 at 254 nm appeared to in-
crease the amount of co-precipitated RNA. Due to the exposure to high-dosage
radioactivity, this experiment has not been repeated for different UV intensities
or a PAR-CLIP approach with previous labeling and irradiation at long-wave
UV.
Surprisingly, neither published results of cross-linking according to the PAR-
CLIP protocol (compare, e. g., [151] Figure 5A, FLAG/HA-hAGO1-4, 4SU: 0.1
mM, 16 h, UV: 0.15 J/cm2 at 365 nm, 32P-γ-ATP) nor of cross-linking with short-
wave UV (compare, e. g., [245] Figure 1a, mAGO2, UV: 0.004 J/cm2 at 254 nm,
32P-γ-ATP) could be reproduced.
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While comparing individual western blots of AGO2 with the belonging PLS, it
should be considered that ∼25 nucleotides of attached RNA account for approx-
imately 8 kDa in addition to the molecular weight of the precipitated protein
[14]. The length of the cross-linked RNA fragments depends on the intensity
of the partial RNA digestion step. In theory, for AGO CLIP, two populations of
cross-linked complexes are expected upon electrophoretic size separation: one
at about 110 kDa reflecting the AGO/miRNA complexes and a second at about
130 kDa corresponding to AGO/miRNA/mRNA complexes [70, 291].

rnase treatment Similar to UV cross-linking, the intensity of the RNase-
mediated digest is estimated by the radioactive RNA signal on the PLS. The
difference is that not the signal intensity but the spread of the corresponding
bands would be considered. A comparison of high versus low concentrations
of RNase can be used to achieve an optimal RNA fragment size (compare, e. g.,
[400] Figure 2B/C, NOVA1, RNase A, high: 2 mU/µl, low: 0.04 mU/µl or [219]
Figure 10.2, HNRNPC, RNase I, high: 20 mU/µl, low: 1 mU/µl). However,
as for the cross-linking, no real difference between high or low RNase con-
centrations could be observed from the PLS of adult rat cell lysates digested
with RNase T1 (see Figure 9.4). A test with cultured human cells resulted in a
slightly more expected picture, though only when considering the different IP

inputs (see Figure 9.5).

ago2 antibody and ip conditions Optimizing the conditions of pro-
tein IP is one of the most essential hurdles to be taken for successful application
of a CLIP protocol to other RBPs or cellular systems. A balance between efficient
precipitation and high purity has to be found by optimizing the salt and deter-
gent stringency. The most efficient precipitation of rat AGO2 has been observed
for the cross-reactive anti-mAGO2 (2D4, see Figures 9.6 and 9.7A). However,
compared to the anti-Flag used for the original protocol [151], anti-mAGO2 is
less resistant to high salt washing conditions. Thus, a salt concentration of only
about 150 mM had to be used for IP washing (instead of up to 500 mM). A
longer IP incubation time (8 h versus 4 h) or a higher amount of beads per total
protein (5 versus 10 or 20 µl/mg) improved IP efficiency only marginally (see
Figure 9.7B).

estimation of input material The actual amount of input material
(measured, e. g., in terms of total protein per IP) that is needed to perform
a successful CLIP study is neither easy to obtain from literature nor easy to
transfer to a different cellular system.
The original protocol indicates a typical pellet volume of 3 ml HEK cells per ex-
periment [151]. An own estimation showed that per ∼80% confluent 15 cm cell
culture plate a pellet of about 60 µl HEK cells (accounting for a total protein con-
tent of ∼1 mg after lysis) can be expected. Thus, a total of approximately 50 15

cm plates (∼50 mg total protein) might have been used by the authors per each
PAR-CLIP experiment (see Table 4.1 #12). Even though the cells employed for
the original experiment stably over-expressed (strong CMV promoter) epitope-
tagged AGO proteins [236, 151], similar input amounts were used successfully
at a PAR-CLIP study of native hAGO2 in unmodified HEK cells [217] (see Table
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4.1 #13). PAR-CLIP with about 10
9 EBV-positive lymphoblastoid cells (assuming

about 20 × 10
6 cells per plate, ca. 50 15 cm plates per experiment) has been used

to identify the viral and cellular targetome of tagged and native hAGO2 [373]
(see Table 4.1 #16). For comparison, PAR-CLIP of ELAVL1 in HeLa cells was
performed with 60 to 100 15 cm plates (assuming ∼60 µl and ∼1 mg per plate,
ca. 3.6 to 6 ml pellet and 60 to 100 mg total protein) per condition [239] (see Ta-
ble 4.1 #14) Another study precipitating GLD-1-GFP/Flag from Caenorhabditis
elegans employed about 250,000 worms per experiment [198] (see Table 4.1 #15).
To meet the apparent demand for high cell numbers, in a first step the protocol
was adapted to use quantitatively more available cardiac cells from rat, rather
than mouse hearts. In terms of total protein to be expected from one adult rat
heart, the lysate of the ARCM fraction accounts for ∼1 mg and that of the ARCF

contains ∼1.3 mg total protein.

clip study Both preparative PAR-CLIP studies with either 13 or 82 adult
rat hearts (see Table 11.1) did not yield evaluable sequencing results. For the
first experiment, a total protein input of ∼13 mg (ARCM) and ∼17 mg (ARCF)
may not have sufficed to isolate a proper amount of RNA for cDNA library
preparation. The second experiment was based on a more than six-fold in-
creased input amount (ARCM: ∼81 mg, ARCF: ∼109 mg). Here, the failure may
be explained by the more mild RNA digestion in combination with reduced
washing stringency compared to the previous study and thus too large and im-
mobile complexes. RNase-mediated digest and IP washing was reduced in the
hope to obtain higher amounts of co-isolated RNAs. However, this may have
resulted in large protein/RNA complexes which could not be separated during
gel electrophoresis, but remained within the loading pocket of the gel (see Fig-
ure 9.8B). Blotting of the gel on a membrane in order to get rid of misleading,
non-covalently attached RNAs as well as a second denaturing elution from the
same beads did not provide a remedy.

11.2 par-clip with human slice cultures

In a second approach, the PAR-CLIP protocol was aimed to be applied to hu-
man myocardial tissue cultures (slices of surgical specimens) preservable in
culture [46] and thus theoretically amenable to 4SU labeling.

input material Human heart tissue is not only qualitatively much more
relevant for detecting the transcriptome-wide targetome of important miRNA
candidates, but also quantitatively it is certainly of higher yield than rodent
hearts. However, both measures are highly fluctuating and largely dependent
on the patient’s kind and state of cardiac disease. Further, cell type-specific
miRNA targetomes cannot readily be unraveled from whole tissue analyses
(see Section 3.3).

4su labeling To estimate the 4SU labeling ability of myocardial slices, pre-
liminary tests based on the relative incorporation into nascent RNA compared
to a positive HEK cell control have been conducted (see Figure 10.1). At similar
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labeling time as for the cell culture, evident labeling has only been detected
after a 100- to 200-fold increase of employed 4SU concentrations. This did not
only cause high consumption of valuable resources, but such levels of 4SU also
seem to be toxic to the cells, as observed from a standard cell viability test (MTT
assay). It should be noted, however, that this assay indicates metabolically ac-
tive cells only (purple). Living but not active cells cannot be distinguished from
dead ones (yellow). Simultaneous decrease in 4SU concentration and increase
in labeling time (5 mM, 72 h) ameliorated the apparent toxic effect. Never-
theless, this 4SU concentration is still hundred-fold increased over the level
above which adverse effects have been detected [54], potentially influencing
the miRISC-regulated targetome.

uv cross-linking To induce the photo-activatable nucleoside enhanced
cross-linking of RNA to interacting hAGO2, long-wave UV irradiation (365 nm)
of sufficient intensity needs to reach the point of interaction. Adult CM account-
ing for most of the weight of a human myocardial slices are of cylindrical shape
with a length of ∼100 µm and a diameter of about 10 to 25 µm. Accordingly, a
tissue slice of 300 µm comprises about 3 to 30 cell layers. To account for this
increase, a doubling of the intensity used in the original protocol has been ap-
plied. The observed marginal difference between untreated and cross-linked
slices (see Figure 10.2) appears, however, more likely to be the result of indis-
tinctive PNK-mediated 32P-γ-ATP labeling than being attributable to different
amounts of co-precipitated RNA (see above).

rnase treatment Based on the results of the second PAR-CLIP study with
primary rat cardiac cells where too mild RNase conditions may have caused
inseparable protein/RNA complexes, it was returned to the conditions of the
original protocol by performing two consecutive RNA digestion steps (before
and after IP) using RNase T1 (1 and 100 U/µl, 22

◦C, 15 min).

ago2 antibody and ip conditions For native hAGO2 IP, different lysis
buffers have been compared (see Figure 10.3). As the buffer used by the devel-
opers of the antibody [348] is of very similar content and showed a comparable
IP efficiency to the one of the PAR-CLIP technique [151], it was decided to stay
with the latter (PAR-CLIP Lysis Buffer). Human AGO2 has been shown to com-
pete with a 16 amino acids peptide resembling its N-terminus for association
with anti-hAGO2 [348]. One of the published competitive elution conditions
(4 µg/µl peptide, 600 rpm, 25

◦C, 90 min [348]) has been confirmed as most
effective (see Figure 10.4) and was thus chosen for the PAR-CLIP study with
human slice cultures.

estimation of input material A reasonable estimation of the amount
of human tissue slices required to produce a sequenceable cDNA library and
an evaluable data set was hindered by a couple of undetermined parameters
such as the healthiness of an obtained specimen, the cells’ remaining rate of
metabolism and hence the ability to label nascent RNA with 4SU, UV penetra-
bility of the slices and the like. For that reason, a preliminary PAR-CLIP exper-
iment comparing a certain amount of slices with different inputs of HEK cells
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was set up to obtain a better estimation of the amount of human myocardial
tissue required for conducting a successful preparative study.

clip study Within this project, only one such pilot experiment could be car-
ried out. For that, two samples of a defined amount of slices (65 each) derived
from two human hearts were compared to different input amounts of HEK cells
used for either short-wave UV iCLIP or long-wave UV PAR-CLIP after previous
4SU labeling (see Table 11.1). More particularly, PAR-CLIP with the obtained
total protein input of the two heart samples (6 and 18 mg) was compared to
iCLIP and PAR-CLIP with HEK cell lysates of three different protein amounts
(18, 36 and 72 mg). As the precipitate of all samples (eight in total) was eluted
competitively, a control western blot was prepared (see Figure 10.5). For that,
equal amounts of protein input (∼2 mg) and beads (10 µl) were used per IP.
Each sample was first eluted competitively using the same conditions as for the
actual experiment. Subsequently, the beads were subjected to a second denatur-
ing elution to test for the remaining protein fraction. The western blot appears
to indicate an underestimation of the total protein input for the short-wave UV
treated HEK cell IP (iCLIP). All the more interesting appears the corresponding
PLS. Compared to the PAR-CLIP sample, which nicely shows the previously de-
scribed doublet [70, 291] corresponding to hAGO2 complexed with either only
miRNAs (lower band) or miRNAs and target RNA fragments (upper band),
almost no RNA seems to have been cross-linked in the iCLIP sample. This ap-
pears to have been the case for both human heart samples, too. Even though
detectable on a protein level (western blot), the peptide eluted fractions do not
show any visible amount of complexed RNA (PLS). For cDNA library prepa-
ration, all eight samples were reverse transcribed individually using primers
carrying a unique base quartet (barcode) and subsequently combined to a sin-
gle sample. The success of 3’-linker (App-L3) ligation and Reverse Transcrip-
tion (RT) as well as of the following cDNA size selection by gel purification,
their circularization and subsequent linearization has not been controlled.
Electrophoresis of the test PCR showed no DNA band, even after 34 cycles of
amplification. Since it appears likely, at least from the PAR-CLIP samples using
HEK cells, that some RNA should have been obtainable, one or more of the
numerous enzymatic reactions during library preparation might have failed.
The only difference compared to the original protocol [219] consisted in the
use of T4 RNA Ligase 2 truncated K227Q instead of T4 RNA Ligase 1 for the
App-L3 ligation, which might work more specific but may also be less efficient.
SuperScript® III Reverse Transcriptase, CircLigaseTM II ssDNA Ligase, FastDi-
gest BamHI and the AccuPrime SuperMix I as well as the oligos (CutOligo,
P5/P3 Solexa) have all been stored for more than one year but not beyond
their expiration dates. Possibly, pausing in-between RT and PCR amplification
for over 24 h has not been ideal [291]. Detailed control experiments using addi-
tional input material would have been required to solve that issue. However, for
conducting further PAR-CLIP studies with human myocardial slices, the first
question which needs to be addressed might be how the RNA can be success-
fully labeled and cross-linked to miRISC complexes (see Section 14.2).
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# protocol rbp cells

1 PAR-CLIP rAGO2 ARCM

2 PAR-CLIP rAGO2 ARCF

3 PAR-CLIP rAGO2 ARCM

4 PAR-CLIP rAGO2 ARCF

5 iCLIP hAGO2 HEK293

6 iCLIP hAGO2 HEK293

7 iCLIP hAGO2 HEK293

8 PAR-CLIP hAGO2 HEK293

9 PAR-CLIP hAGO2 HEK293

10 PAR-CLIP hAGO2 HEK293

11 PAR-CLIP hAGO2 human heart tissue

12 PAR-CLIP hAGO2 human heart tissue

Table 11.1. Summary of CLIP studies conducted in the course of this PhD project.
RNase T1 (T1), RNase I (I), protein G Dynabeads® (beads), total protein input (tot.
prot.), denaturing NuPAGE Loading Buffer elution (#1-4, denat.), competitive peptide
elution (16 amino acids hAGO2 peptide, #7-14, comp.).
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12 D I S TA N C E A N A LY S I S O F M I R N A B I N D I N G S I T E S

A second computational part of the present project aimed at the theoretical
analysis of miRISC cooperativity as a concept of miRNA-mediated target regula-
tion.
Interactions between miRISCs and their targets are deemed to be highly com-
binatorial (see Section 2.6). One miRNA species may not only target many dif-
ferent mRNA transcripts, but also various types of miRNAs may potentially reg-
ulate a common mRNA target. In the latter case, three different scenarios are
theoretically conceivable. First, the individual binding sites may lie very close to
each other with even overlapping sites. Second, they could be far away or, third,
they may be directly adjacent to each other. In the first case, when they are very
close, different miRISCs may not be able to bind at once on a single mRNA.
Also if the sites are very far away from each other, binding miRISCs may not be
able to directly interact beneficially. For both cases, the consequence would be
a rather independent (non-cooperative) mode of miRISC-mediated target reg-
ulation (see Figure 2.7A). Conversely, adjacent sites, as in the third case, may
allow for a cooperative mode of miRISC binding (see Figure 2.7B).
Binding cooperativity means that the binding of one component will enhance
the binding of another. The result will be that these two events cause a stronger
effect than the sum of two individual and independent binding events (see
Section 2.6). Even though experimental data concerning that issue for miRISC
interaction are rare, all studies emphasize the importance of the distance be-
tween miRISC binding sites in order to cause cooperative regulation. Thereby,
very often the reported inter-site distance required for miRISC cooperativity
(measured, e. g., on the mRNA from the nucleotide opposite of the 5’-end of
the first miRNA to the nucleotide across the 5’-end of the second miRNA) en-
circles the length of a miRNA (see Figure 2.7C and Table 2.1).
If binding cooperativity between miRISCs was indeed biologically relevant
and maybe even required for effective target repression, one might expect
a transcriptome-wide enrichment of miRNA binding sites in cooperativity-
permitting adjacency. Thus, the first aim was to perform a global computational
analysis of miRNA binding site positioning.

12.1 distribution of pairwise inter-site distances

To comprehensively analyze pairwise distances between miRNA binding sites,
a transcriptome-wide set of target sites was needed. For this, the prediction al-
gorithm TargetScan (release 6.2) [246, 142, 127] was applied (see Section 7.4).
In a first approach, distances between multiple potential binding sites on a cer-
tain target 3’-UTR were measured for single miRNAs. The results for all human
3’-UTRs and all miRNAs considered were combined in a frequency distribution
of pairwise distances. This could now be compared to random controls. Two
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results: 12 distance analysis of mirna binding sites

types of control models were set up. First, starting positions of control sites
were picked randomly within the 3’-UTR data to obtain a set of completely
shuffled binding sites. The obtained distance distribution was subtracted from
the one of the predicted target sites leading to a difference in frequency of a
certain inter-site distance plotted against this distance (see Figure 12.1A). Sec-
ond, scrambled sequences reflecting the length of a miRNA but not matching
to the sequence of any existing miRNA were used to predict control target
sites and to compare the resulting pairwise inter-site distances distribution (see
Figure 12.1B). Interestingly, the comparison to both control models showed an
enrichment of the differential frequency of distances within the cooperativity-
permitting range (15 to 26 nucleotides, see Section 7.4). In contrast, distances
above the indicated zone (see Figure 12.1 brown area) seemed to occur with
similar frequencies for real miRNA binding sites and the control groups.

Figure 12.1. Difference in distributions of pairwise inter-site distances. A: compari-
son for one miRNA species and random binding sites. B: comparison for one miRNA
species and binding sites of scrambled sequences. C: comparison for groups of miRNA
species and random binding sites. D: comparison for groups of miRNA species and
binding sites of scrambled sequences. The brown area reflects the nucleotide distance
in which adjacent binding sites would be expected (15 to 26 nucleotides, see Section
7.4).
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12.2 validation by experimental data

However, biological miRNA-mediated target regulation is rather complex. One
target transcript is likely to be regulated by a group of different miRNA-loaded
miRISCs. Thus, in a second approach not only one miRNA but groups of mul-
tiple miRNA species were used to determine inter-site distances. Groups of
two or five miRNAs were sampled randomly (1,000 ×, without recurrence) and
the pairwise distances were calculated for these ensembles. Again, the distance
distributions were compared to those of the two control models analyzed ac-
cordingly. A similar enrichment within the cooperativity range was observed
indicating that miRNA binding sites are more often located adjacently than
expected by chance (see Figure 12.1C,D).

12.2 validation by experimental data

The distance data based on TargetScan prediction of miRNA binding sites was
evaluated by both, binding sites determined by an alternative prediction al-
gorithm (miRanda/mirSVR, release August 2010, [194, 33, 32]) and published
experimentally identified target sets obtained by either HITS-CLIP or PAR-CLIP.
Figure 12.2 summarizes the results. Importantly, this diagram depicts the pro-
portion of cooperative targets (fraction of 3’-UTRs with miRNA binding sites in
cooperativity-permitting distance) rather than a pairwise distance distribution.
Again, results for individual miRNAs as well as groups of two or five miRNA
species were compared. Out of statistical reasons, the fraction of cooperatively
regulated targets expectedly increased for larger groups of miRNAs. But, inter-
estingly, it increased relatively more for real miRNA binding sites determined
by both of the predictions (TargetScan, miRanda) or based on the experimental
data sets (HITS-CLIP, PAR-CLIP) when compared to the two control models
(random sites, scrambled).

12.3 validation by analysis of functional relevance

If miRISC cooperativity was indeed a common principle for effective tar-
get regulation, it could implicate that miRISC binding sites are enriched in
cooperativity-permitting distance (see above). However, if appropriate, this may
apply even more for miRNAs which are functionally related as, for example,
when acting within the same cell or tissue or when being regulated in the same
disease context.
To address the first point, binding site distances of miRNAs co-expressed
within one tissue and miRNAs not expressed within that tissue (fetched from
the mimiRNA database [343]) were analyzed to determine the corresponding
fractions of cooperative targets. Interestingly, this proportion was indeed in-
creased for targets regulated by groups of co-expressed miRNAs compared to
targets of a control set of miRNAs not expressed within the respective tissue
(see Figure 12.3).
The second issue was tested by similar analysis of miRNAs co-regulated (or
not) in different diseases (retrieved from the PhenomiR database [349]). Again,
related miRNAs showed an enrichment of target sites within cooperativity-
permitting distance.
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Figure 12.2. Validation of in silico results by experimental data. Comparison of the
fraction of potentially cooperative targets per total targets. Analysis of the fraction of
3’-UTRs with miRNA binding sites in cooperativity-permitting distance of computa-
tionally predicted (TargetScan, miRanda), experimentally identified (HITS-CLIP, PAR-
CLIP), and control target sites (random sites, scrambled). The proportion of cooperative
targets is plotted for single miRNAs and sampled groups of two and five miRNAs. Ex-
cept for the PAR-CLIP data of a single miRNA species, the mean is always higher for
existing miRNAs than for either of the control models (p-value < 2.2 × 10

-16, tested
with a one-sided Wilcoxon rank-sum test).

Figure 12.3. Validation by analysis of co-expressed miRNAs. Comparison of the frac-
tion of potentially cooperative targets for miRNAs expressed in four exemplary tissues
(white) compared with a control set of miRNAs not expressed within the respective tis-
sue (gray). Targeting within the cooperativity-permitting distance is over-represented
for co-expressed single miRNAs or groups of two or five miRNA species (p-value <
2.2 × 10

-16, tested with a one-sided Wilcoxon rank-sum test).
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12.3 validation by analysis of functional relevance

Figure 12.4. Validation by analysis of co-regulated miRNAs. Comparison of the frac-
tion of potentially cooperative targets for miRNAs regulated in four exemplary disease
contexts (white) compared with a control set of miRNAs not regulated within the re-
spective disease (gray). Targeting within the cooperativity-permitting distance is over-
represented for co-regulated single miRNAs or groups of two or five miRNA species
(p-value < 2.2 × 10

-16, tested with a one-sided Wilcoxon rank-sum test).
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13 S U M M A RY O F T H E C O M P U TAT I O N A L R E S U LT S

In what follows, the results of the computational part of this PhD project are
briefly summarized.
To approach a major unresolved question in the miRNA field, namely whether
miRISC cooperativity can be referred to as a common principle of miRNA-
mediated target regulation, a comprehensive theoretical analysis based on inter-
site distances was performed on published data.

13.1 distribution of pairwise inter-site distances

If spatial proximity of binding sites would allow for cooperative binding of
multiple miRISCs to a common transcript and thus synergistic repression of
this target, inter-sites distances may be non-randomly distributed but glob-
ally enriched within such a cooperativity-permitting adjacency. As a starting
point to answer the above question, this assumption was tested. Therefore, a
transcriptome-wide analysis of the distribution of pairwise inter-site distances
between miRNA target sites has been performed. Comparing the obtained dis-
tribution to those of two kinds of random control models revealed that tar-
get transcripts with more than one miRISC binding site (within their 3’-UTR)
more often carry these sites in a cooperativity-permitting distance (15 to 26 nu-
cleotides, see Section 7.4 and Table 2.1) than the controls. Interestingly, the dif-
ferential distributions peak at a distance of ∼21 nucleotides (about the length of
one miRNA), reflecting binding of two miRISCs in direct adjacency. The same
applied for considering two or five different miRNA species and their corre-
sponding binding sites at a time, indicating that also under biologically more
relevant conditions (combinatorial targeting) miRISC biding sites are more of-
ten located side by side than expected by chance. The enrichment was statisti-
cally tested by a Wilcoxon rank-sum test resulting in a p-value < 2.2 × 10

-16,
which is the smallest value that can be displayed using R [331].

13.2 validation by experimental data

However, global enrichment of adjacent binding sites would in principal be nei-
ther necessary nor sufficient to confirm the concept of miRISC cooperativity
for effective target regulation. Moreover, the first analysis was solely based on
potentially erroneous prediction data. Therefore, the TargetScan-based distance
analysis was extended by also considering data obtained on the basis of an al-
ternative in silico approach (miRanda/mirSVR) as well as high-confidence target
data derived from CLIP experiments. With that, it was tested for a second crite-
rion, the proportion of targets featuring at least two binding sites within close
distance. The significant enrichment of the fraction of 3’-UTRs with miRISC
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binding sites in cooperativity-permitting proximity compared to the random-
ized control setups (Wilcoxon rank-sum test, p-value < 2.2 × 10

-16) adds ev-
idence to the concept of miRISC cooperativity for effective target regulation.
Interestingly, the measured proportion of cooperative targets can reach values
of over 20% (see Figure 12.2 outliers). As anticipated, this value increased for
considering more than one miRNA species. However, based on comparison to
the control groups, it increased more than statistically expected.

13.3 validation by analysis of functional relevance

A nearby strategy to validate the findings was based on the assumption that
if miRISC cooperativity was biologically relevant, functionally related miR-
NAs should tend to regulate relatively more targets with binding sites in
cooperativity-permitting neighborhood. Both, miRNAs co-expressed within the
same tissue (mimiRNA) and miRNAs co-regulated in the same disease path-
way (PhenomiR) showed a relative enrichment of miRISC binding cooperativity-
allowing targets (Wilcoxon rank-sum test, p-value < 2.2 × 10

-16) pointing to-
wards a functional relevance of a concerted or even cooperative way of miRNA-
mediated target regulation.
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14 D I S C U S S I O N O F T H E E X P E R I M E N TA L F I N D I N G S

In the following, the results of the experimental part of this PhD project as well
as theoretical implications and practical applications are discussed.

14.1 scientific contribution of the clip studies

In summary, the volume of information gathered for the field of AGO CLIP
research by this PhD project leaves room for a multitude of questions which
remain to be answered.
So far, the vast majority of CLIP studies were carried out using cell lines as in-
put material. Since the function of RBPs, as the miRISC, is expected to be highly
context-dependent, such studies allow for mechanistic but rather limited func-
tional insight. Thus, this project first contributes by an adaption of the cell
culture-optimized PAR-CLIP protocol to biologically more relevant primary car-
diac cells and the precipitation of native rAGO2. This allows for the isolated
consideration of the CM- or CF-specific miRISC targetome under physiological
AGO2 levels. Admittedly, culturing of primary cardiac cells to perform 4SU la-
beling might bias the results and high amounts of input material are difficult
to obtain.
Second, for cDNA library preparation, the protocol was switched from PAR-
CLIP to iCLIP. According to the latter protocol, barcode-based RT primer avoid
amplification artifacts. Further, one of the inefficient inter-molecular sequencing
adaptor ligation steps is replaced with a more efficient intra-molecular circular-
ization reaction. Even though it cannot make use of the PAR-CLIP characteristic
cross-link indicatory T-to-C mutations introduced by reverse transcriptase, the
iCLIP library preparation protocol allows for capturing the much more frequent
events [384] at which reverse transcriptase drops off at the cross-linked base of
the template strand. Such truncated cDNAs would be lost during the PAR-CLIP
library preparation but can be used herewith to position the cross-link at nu-
cleotide resolution (compare Section 4.5 iCLIP).
Third, the project demonstrated that cultivatable human tissue slices are in
principle accessible for PAR-CLIP studies. Use of human material certainly in-
creases the relevance of the results of future PAR-CLIP experiments. However,
as for primary cells, culturing and 4SU labeling-induced alterations have to be
considered. Further, it might not be trivial to draw conclusions on the native
targetome from samples of patients suffering from different and often blinded
kinds of heart disease.

14.2 optimization potential and future perspectives

To meet a publishable standard, further experiments will be required.
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input material With respect to the input material, a cell type-specific
miRISC targetome based on the isolated examination of CM, CF and maybe
also Endothelial Cells (EC) seems desirable. However, most rewarding appears
the further development of the cultivation, labeling and cross-linking of human
myocardial tissue slices.

4su labeling In case of PAR-CLIP, Uracil PhosphoRibosylTransferase
(UPRT)-mediated cell type-specific labeling may represent an interesting de-
velopment prospect. Introduction of this special uracil/uridine converting en-
zyme form Toxoplasma gondii into metazoan cells of interest (which naturally do
not express this enzyme) enables the cells to couple the modified nucleobase
4-thio-uracil to ribose-5-phosphate and thus to incorporate it into nascent RNA

[74]. The expression of UPRT from a neuronal-specific promoter in Drosophila
melanogaster fed with 4-thio-uracil, in combination with thio-biotin coupling,
has been used to isolate cell type-specific RNA [283]. In theory, a similar ap-
proach could be used to introduce cell type-specific cross-links in complex tis-
sues [14] such as the heart.
Another potential extension would be pulsed 4SU labeling to disclose the
temporal order of different RNA processing steps and to study the dynamic
changes of miRISC targetomes.
Moreover, one may further purify the miRISC immunoprecipitates by isolating
only biotinylated RNA upon thio-biotin coupling with streptavidin-conjugated
magnetic beads [92, 332, 361].
However, 4SU-mediated side effects should be controlled for. For example, treat-
ment of a human uveal melanoma cell line with 4-thio-uridine monophosphate
concentrations of only 6 µM and 150 µM over a period of 24 h resulted in ap-
proximately 20 and 45% cell loss, respectively [206]. Furthermore, it has been
shown that 4SU concentrations of only 50 µM (half the amount used in the
original PAR-CLIP protocol [151]) can interfere with 47 S rRNA biosynthesis, in-
duce nucleoplasmic translocation of nucleolar nucleophosmin and activate tu-
mor suppressor p53, all indicating a nucleolar stress response. To avoid biased
results of 4SU labeling experiments, the authors recommend that metabolic
integrity regarding, e. g., functional ribosome biogenesis and intact cell cycle
should be monitored [54].

uv cross-linking In order to provide clarity with respect to the UV cross-
linking efficiency and to elucidate the origin of all bands within a certain PLS,
one of the published protocols may be followed exactly using the very same
cells, antibodies and remaining conditions. Further, an RNA labeling assay
adding everything except PNK could help to understand the unexpected 32P-γ-
ATP labeling results and may reveal unspecific phosphorylation of direct AGO
phosphorylation sites. Moreover, to reach a real in situ cross-link, it might be
preferable to first shock-freeze a tissue of interest in liquid nitrogen, slice or
grind it, and keep it frozen during UV irradiation [291]. As for the labeling,
it should be controlled for adverse side effects such as UV-damaged RNA or
intra-molecular RNA cross-linking.
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rnase treatment Since the type of RNase mediating partial RNA diges-
tion may bias a specific RBP’s footprint, cleavage by alkaline hydrolysis could
be worth to consider [291].

ago2 antibody and ip conditions AGO IP represents one of the most
critical steps when aiming to obtain sufficient amounts of co-isolated (cross-
linked) RNA. Hence, more efficient precipitation of AGO2 by an antibody of
higher affinity would certainly be desirable. Albeit monoclonal antibodies offer
consistent performance, also polyclonal alternatives possessing higher avidity
and thus allowing for more efficient precipitation and more stringent purifica-
tion should be considered. To minimize potential background, the amount of
antibody used should be titrated just below fully depleting the RBP of interest
from the supernatant. Ideally, technical replicates with two or more different
AGO antibodies would be prepared to point out misleading unspecific signals.
Access to negative (such as AGO2 knock-out cells) and positive (for example
purified AGO2) controls for comparison could also prove useful in the identifi-
cation of unassigned bands [291].
Besides, IP efficiency might benefit from conducting the partial RNA digestion
step prior to centrifugation of the input cell lysates [221] to avoid loss due to
sedimentation of too large complexes.
Replacing the gel or membrane purification step after the IP with a competitive
AGO elution buys a higher yield, but at the expense of two disadvantages. First,
it does not allow for a pre-selection of the length of cross-linked RNA fragments
within the optimal size range (25 to 30 nucleotides without the linker sequences,
compare Section 4.5 Considerations). Second, it increases the fraction of always
co-precipitated non-cross-linked RNAs potentially compromising the results.
In case of seeking optimal specificity, it may thus be reassessed. However, the
more efficient miRISCs can be isolated, the less input material will be required.

library preparation The second critical step, and maybe even most im-
portant in the whole protocol, appears to be ligation of the linker sequences to
the CLIP-obtained RNA fragments during cDNA library preparation. Not only
that it can be a source of severe bias [153, 448], it is also highly ineffective (see
Section 15.2). In a long term perspective, ligation-independent cloning could
provide a remedy against this issue [291].
Another major disadvantage of cDNA library preparation is the large number
of sequential reactions which are conducted without the possibility to directly
control success of individual experiments. Although additional amount of
input material may have to be accepted, it seems advisable to verify inter-
mediate stages of the protocol. For instance, the amount of isolated RNA
(RNA extraction), successful ligation of the 3’-linkers (using a spiked-in primer
template for PCR verification), RT (complementary PCR primers) etc. could be
analyzed. To assess the amount of unspecifically isolated background RNA
carried through a library preparation of a CLIP study, AGO CLIP may be
compared to the results of another RBP CLIP experiment with an unrelated
but similarly abundant RBP [14].
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Beyond that, CLIP studies with simultaneous candidate miRNA over-expression
or inhibition [258] could be interesting. However, potentially detrimental per-
turbation of the endogenous stoichiometry should be considered [208].
Alternative experimental miRNA target identification strategies, such as the
analysis of miRNA/mRNA chimeras (CLASH [162]) are discussed below (see Sec-
tion 15.4).

132



15 D I S C U S S I O N O F T H E E X P E R I M E N TA L A P P R O A C H

In this chapter, the experimental approach of profiling of miRISC-associated tar-
gets upon covalent cross-linking is discussed. Advantages and disadvantages
are pointed out and different CLIP approaches are compared. Finally, experi-
mental validation strategies and alternative methods to identify the miRISC
targetome are briefly addressed.

15.1 assets of the clip approach

CLIP methods combine UV cross-linking of RBPs to respective target RNA with
rigorous purification as well as partial digestion schemes and subsequent high-
throughput sequencing of derived cDNA libraries.
Thereby, cross-linking allows for a high specificity of the detected targetome.
Not only that a snapshot of in vivo contacts can be preserved throughout a
denaturing purification protocol, it also introduces sequence mutations permit-
ting to separate true signal from non-cross-linked noise.
Partial RNA digest leaves an RBP footprint on the full-length target transcripts
and thus allows for a precise localization of the binding sites upon alignment
of the sequenced fragments to the reference sequence data. Besides, the above
mentioned cross-link indicatory mutations enable to pinpoint RBP binding sites
with nucleotide resolution.
CLIP technologies allow for comprehensive transcriptome-wide studies of the
targetome of individual RBPs or large complexes such as the miRISC. This
feature is particularly advantageous for miRNA research. First, cross-linking in-
creases the dynamic range of the profiling of associated transcripts by also
detecting more transiently bound targets or such of lower affinity. As miRISC
binding specificity is highly complex and even rather transient interaction could
be biologically relevant, in situ cross-linking enables to capture otherwise unde-
tected contacts. Second, CLIP methods have the potential to detect thousands
of target sites in a single experiment. As it is often not sufficient to determine
whether a miRNA interacts with a particular mRNA, but important to define the
full landscape of interactions, transcriptome-wide assays are highly favorable.
Only by revealing the combined effect of multiple miRISCs on several common
and different mRNA targets, miRNA-mediated regulation can be fully under-
stood and possibly be positively influenced.

15.2 weaknesses of the clip protocols

The benefit of a genome-wide identification of high-confidence RBP target sites
provided by the CLIP approach has to be weighed against some drawbacks
(compare Section 4.5 Considerations):
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CLIP studies constitute laborious protocols with numerous steps at which pre-
cious input material may get lost. In case of PAR-CLIP experiments, sufficient
RNA labeling with photo-activatable nucleosides is required. However, the in-
corporation rate of modified nucleosides is rather low (∼4% 4SU relative to U un-
der optimal conditions [151, 14]) and factors such as slow cellular metabolism or
in vivo administration may additionally compromise labeling efficiency. More-
over, RNA labeling with modified photo-activatable ribonucleosides may pro-
voke cellular stress potentially influencing post-transcriptional gene regulation
[54] and thereby the identified targetome. Due to its nucleotide specificity, se-
quences rich in the respective component may preferentially be cross-linked
and thus be over-represented in the corresponding sequencing library.
Generally, in terms of cross-linking, it cannot be excluded that a particular se-
quence and thus the spatial arrangement of nucleotides as compared to close-
by and cross-linkable amino acids, for example within the miRISC, biases the
cross-linking efficiency and thereby the final targetome. Further, excess UV ir-
radiation may heat the cells or tissue and potentially cause misleading RNA
mutations. Furthermore, UV-mediated cross-linking is rather incomplete. For
irradiation with short-wave UV (254 nm), the efficiency of establishing a cova-
lent linkage between nucleic acids and a binding protein has been shown to lie
between only 2 and 7% [122].
Efficiency of the subsequent IP depends on the availability of a high affinity
antibody with resistant binding throughout sequential re-buffering, on-bead
reactions, and multiple washing steps. In case of SDS-PAGE or subsequent west-
ern blotting, RNA recovery from the gel or nitrocellulose membrane reflects a
serious source of loss.
However, most material may get lost during cDNA library preparation. First,
only ∼50% of RNA fragments are ligated to a linker oligo at each ligation reac-
tion [291]. Hence, in case of conventional 3’- and 5’-linker ligation, about 75%
of input RNA will not carry both linker sequences, though they are required
for Reverse Transcription (RT) and PCR amplification. Second, in more than 80%
in which reverse transcriptase has to transcribe a cross-linked nucleotide, the
enzyme probably fails, drops off, and leaves a truncated cDNA which will as
well not be amplified and thus not be sequenced [384].
Regarding data evaluation, it needs to be considered that even the cross-link in-
dicatory increased frequency of reverse transcriptase errors at the cross-linked
nucleotide position (provided that, e. g., 4SU has been incorporated and success-
ful cross-linking to a nearby amino acid took place) is not completely reliable.
HITS-CLIP-mediated CIMS only arise in 7 to 22% (depending on the individual
RBP) [291]. PAR-CLIP-induced T-to-C mutations could be detected in 50 to 70%
of sequence reads corresponding to a cross-linked RBP binding site [151, 14].
Additionally, it should be noted that non-experimental sequence mutations
can be encountered which cannot easily be distinguished from cross-link in-
dicatory transitions. Potential sources of mis-interpretation may be sequencing
errors intrinsic to currently available high-throughput sequencing platforms
[441], contamination with non-cross-linked but ubiquitary external RNA (for
instance from recombinantly produced enzymes) with by chance high similar-
ity to any sub-sequence of the reference data or pre-existing genetic variations
such as SNPs [368]. Also mutations introduced by UV damage of the RNA can
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lead to false-positive hits during data evaluation. Certainly, existing evaluation
strategies account for part of the problems for instance by removing all reads
which can be aligned to external genomic sequences and exhaustive alignment
of short reads to selected genomes before the analysis [209], only considering
binding sites occurring in sense orientation of annotated regions [239] or em-
ploying other computational models [368].
In summary, however, to reach statistical significance the amount of starting ma-
terial required per each CLIP study is rather high. This is probably one of the
reasons why to date the vast majority of CLIP studies was carried out in easily
accessible cell lines. However, using this approach the insights into the circum-
stances that prevail in vivo or in specific disease contexts may be finite. Since the
protocols are additionally expensive in research time and money, it might be
seducing to cut down on the number of certainly required replicates. However,
they are of particular importance as plenty of enzymatic reactions increase the
risk of unpredictable bias, with RNase-mediated digest [217] and linker ligation
[153, 448] being the most prominent candidates. Even IP may influence the final
outcome given the substantial background that may be introduced with certain
antibodies [291]. Over-amplification of the cDNA library prior to sequencing is
another potential source of bias. It invariably favors the predominance of cer-
tain sequences and thus leads to a reduced sample complexity [291]. Besides,
in contrast to protein/DNA interactions, RNA targets feature a much higher
dynamic range regarding their abundance. Hence, the peak hight of clustered
reads is not only a function of the RBP’s affinity to the respective site but also
dependent on the expression level of the target transcripts. Together with the
mentioned bias due to variable 4SU labeling and UV cross-linking efficiency
as well as due to potentially different nuclease stability of the RNA fragments,
even in case of high amounts of starting material, the complexity of current
cDNA libraries does not allow for a quantification of RBP interaction at in-
dividual RNA binding sites. However, to quantify and thereby weigh certain
interactions would be highly desirable.
Finally, all CLIP studies of miRISC-associated RNAs still have the limitation
that they identify target mRNA regions which are usually not specific for
a particular miRNA and thus do not allow for the determination of direct
miRNA/mRNA interaction partners. They narrow down the search space for
miRNA target sites, but they do not entirely avoid their prediction. Hence, tar-
get identification faces the same obstacles as computational predictors (com-
pare Section 4.2 and 4.5 Considerations).

15.3 par-clip vs . other clips

Despite the high similarity between short-wave UV CLIP (such as HITS-CLIP
or iCLIP) and long-wave UV (PAR-) CLIP technologies, both approaches pro-
vide certain advantages and disadvantages. Previous incorporation of photo-
activatable ribonucleosides such as 4SU into nascent RNA (PAR-CLIP) in-
creases, to a certain extent, UV cross-linking efficiency and may thus allow for
a more comprehensive target identification. Upon cross-linking, the modified
nucleotides are also differently reverse transcribed. Thus, introduced specific
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base transitions indicate regions within or close to RBP binding sites. This not
only allows for the determination of the binding site at a high resolution, but
also makes it possible to perform a qualitative ranking of identified binding
sites. Cross-linked target signal can directly be separated from the background
noise of unspecifically co-isolated RNA.
However, only newly synthesized RNA can be labeled with photo-reactive nu-
cleosides and thus only metabolically active cells are available for this approach.
Further, it seems difficult to preform the labeling with larger organisms (such
as mice) in vivo or with archived clinical specimens. Moreover, the incorporated
thiolated nucleotides may influence gene expression and cellular metabolism
with potential bias on the identified binding sites [54].
Besides, cDNA library preparation according to the original PAR-CLIP protocol
is dependent on two inefficient RNA linker ligations and loses all information
on reverse transcriptase drop off events at the cross-link position. Here, the
iCLIP library preparation protocol, which replaces one of the ligations with a
more efficient intra-molecular circularization reaction to capture prematurely
truncated cDNAs may be favorably.

15.4 experimental validation

Importantly, also the miRISC target data generated by CLIP studies is not free of
errors and has to be validated. Next to replicate experiments, determined inter-
actions should be verified by complementary methods. Certainly, successfully
implemented approaches for the confirmation of miRNA/mRNA interactions
reaching from individual and sensitive reporter assays to large-scale multiplex
formats have own assumptions, strengths and weaknesses (compare Section
4.6).
A recently developed and highly convincing approach to comprehensively
detect the cellular miRISC targetome with high-confidence represents CLASH

[228, 162] (compare Section 4.6 CLASH). During a CLASH study, the two
strands of partially base-paired miRNA/mRNA duplexes (associated to a
miRISC) are ligated together (end to end) and are then recovered as chimeric
cDNAs. Thereby, an inter-molecular linkage is established allowing for the di-
rect matching of miRNA/mRNA interaction partners. However, chimeric reads
of ligated miRNA/mRNA hybrids have only been observed in 1% of all pre-
cipitated ternary AGO/miRNA/mRNA complexes. Similarly to HITS-CLIP or
iCLIP, the original CLASH protocol is further based on short-wave UV cross-
linking (including the mentioned low efficiency and potential bias) and, as for
PAR-CLIP, library preparation includes two adapter ligation steps. This indi-
cates that the amount of input material needed to obtain a high coverage cDNA
library and sequencing data which detects miRNA/mRNA chimeras with suffi-
cient statistical significance might be quite high. Consequently, the application
of this method to analyze the targetome of primary cells or to perform quanti-
tative studies might remain difficult. A combination with single molecule RNA
sequencing techniques [356] may provide a remedy [220].
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15.5 computational validation

Besides, to understand the complete picture of cell type-specific post-
transcriptional gene regulation, the development of advanced computational
methods, e. g., modeling of the concerted binding of multiple RBPs in the
whole network of regulated target transcripts, may be required [220].

Taken together, the experimental approach of applying CLIP techniques to com-
prehensively identify miRNA targets in the cardiac system has been promis-
ing but proved to be challenging. Future studies may benefit from the rapid
progress in this field of research.
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In what follows, the results of the computational part of this PhD project are
discussed and future applications suggested.

16.1 interpretation of the results

The second part of this project theoretically addressed the question whether
miRISC binding cooperativity based on adjacent miRNA target sites can be re-
ferred to as a common principle of miRNA-mediated target regulation. In case
of a positive answer, the presence of binding sites in cooperativity-permitting
distance could provide a valuable criterion to predict the biologically most rel-
evant target candidates. Assessment of miRISC/target interactions based on
their cellular relevance is of high importance to shed light on the complex
thicket of miRNA-dependent cellular networks.
A transcriptome-wide computational analysis of miRISC binding site position-
ing revealed that adjacent binding sites are indeed enriched in mRNA 3’-UTRs
compared to randomized controls when conducted on published data of pre-
dicted as well as experimentally identified target sites. Further, functionally re-
lated miRNAs in terms of co-expression within a specific tissue or co-regulation
in the same disease context appeared to regulate a higher number of targets via
adjacent interaction sites potentially giving rise to miRISC binding cooperativ-
ity. Therefore, targets possessing binding sites in cooperativity-permitting dis-
tance may indeed be indicatory of enhanced regulation and would thus classify
as potentially being more crucial within the regulation of cellular processes.

16.2 limitations

Biological relevance, however, is something which can only be satisfactorily elu-
cidated experimentally. The impact of the combined activity of multiple miR-
NAs rather than of only a single candidate needs to be analyzed in its cellular
context as it may as well be an individual rather than global phenomenon.

16.3 future applications

To start further research in this area, one could make use of the web applica-
tion miRco [341], a tool to predict potentially cooperative miRNA interactions
and their mRNA targets based on binding site distances. For a given set of mR-
NAs and miRNAs, miRco detects groups of miRNA binding sites that fulfill the
user set cooperativity-permitting distance criterion. For example, a recent study
at the Engelhardt Lab analyzed most abundant pro-hypertrophic miRNAs in
CM [189] using miRco for revealing pairwise miRNA combinations potentially
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regulating their targets cooperatively. Experimental reporter assays are now in
progress to detect the impact of simultaneous AAV-mediated over-expression of
interesting miRNA combinations on the hypertrophic growth of neonatal rat
CM.

16.4 outlook

Despite new insights, the concept of miRISC cooperativity in miRNA-mediated
target regulation is still in its infancy. The exact mechanisms and their depen-
dencies on, e. g., different AGO subtypes, other potential effector proteins or
the sequence context around the miRISC binding sites remain to be disclosed.
Not only that potentially also other RBPs could contribute to a cooperative
binding model, also other parameters such as local secondary structures of the
target RNAs etc. might have to be considered.
Understanding the complex interplay of miRNAs in genetic networks will be
of high interest for therapeutic as well as experimental applications involving
miRNAs. For instance, adverse side effects may be reduced by administration
of miRNA mixtures of lower individual dosage. Further, combinations of
miRNAs may also improve biochemical protocols. For example, the concerted
activity of multiple miRNAs has been applied to facilitate the reprogramming
of CF into CM-like cells [187].

Taken together, this theoretical part added evidence to positively answer the
afore raised question. Binding cooperativity of miRISCs could be a wide-spread
phenomenon that may play an important role in miRNA-mediated regulation
of gene expression. Thus, inter-site distance might prove as a predictor to iden-
tify most relevant targets as well as most effective miRNA combinations to
revise the screws of certain systems of interest.
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Between transcription and translation, eukaryotic gene expression is ex-
tensively controlled by interaction of the transcripts with various RBPs.
Post-transcriptional gene regulation comprises a wide range of different
events such as alternative splicing, poly-adenylation, editing, nuclear export,
sequestration, stability modulation, and ultimately translation. Thereby, a
plurality of regulatory levels can control the steps and rates of the progress.
Hence, next to the determination of transcription factor cascades, more and
more importance is ascribed to the elucidation of the complex and powerful
post-transcriptional gene regulation networks.
Of particular interest in that context are the mechanisms and functions
mediated by miRNAs. Repressive miRISCs establish a supplementary regulation
system buffering against variation and imparting robustness to gene regulation.
This provides them with a key role as regulators of gene expression at sites
distant from the transcriptional activities within the nucleus. Recent years have
witnessed a dramatic development of miRNA research and it still displays an
emerging field of study. Ultimately, this can be attributed back to the fact that
miRNAs interact on targets with a minimal degree of base pairing allowing
them to potentially control numerous transcripts within the same or different
metabolic pathways and thus coordinate whole cellular responses. Therefore,
they represent a class of molecules with a high potential for use as diagnostic
tools and therapeutic targets in modern molecular therapy of human diseases
[266, 375, 431]. However, the mechanistic features of miRNA-guided target
regulation also pose a significant challenge for elucidating biologically relevant
miRISC/mRNA interactions by bioinformatic prediction. Hence, in order to
identify individual target genes as well as whole signaling pathways regulated
as the basis for developing new diagnostic and therapeutic strategies, comple-
mentary wet lab techniques are eagerly awaited.
The advent of deep-sequencing technologies and their combination with
RBP-specific top-down CLIP methods has paved the way for comprehensively
mapping interaction sites of RBPs and large regulatory complexes such
as the miRISC on their RNA targets. These methods have the potential to
transcriptome-wide identify hundreds of thousands of binding sites of a
particular RBP in a single experiment. This is of particular importance as
individual miRNA-mediated effects on target gene expression are often low.
The combined impact of small alterations in the expression of multiple targets
rather than a strong change in a single target gene may be responsible for
the phenotypic outcome of miRNA-mediated regulation. Thereby the entire
system is highly complex. For example, over 2,500 mature human miRNA
sequences have been identified so far and each miRNA may regulate hundreds
of target genes.
Nevertheless, identification of the whole network of interacting RNA species
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and RBPs is not trivial. All currently available experimental target identification
methods are subject to a certain degree of bias. In principle, CLIP techniques
only narrow down the sequence space of potential miRNA sites to bona fide
AGO footprints for target site predictions. Thus, when arriving at this point,
they suffer from the same problem which is that all predictions are based on
insufficient prior knowledge regarding the exact interaction rules.
An intertwined and iterative collaboration between bioinformatic predictions
and experimental methods seems inevitable to reach better predictions and
gain a better understanding of the mechanisms governing miRNA-mediated
target regulation [271]. Advanced experimental approaches for identifying
unconventional miRNA/mRNA pairing rules (such as CLASH [162]) will be
needed. Further, to assure that found interactions reflect those that occur cell
type-specifically in vivo, such system-wide experiments need to be performed
with primary cells and tissues. Besides, currently obtained complexity of
cDNA libraries derived from CLIP experiments may not be sufficient to draw
quantitative conclusions. However, such information would be highly desirable
especially against the background of spatiotemporal dynamic expression of
miRNAs. Single molecule RNA sequencing for real-time monitoring of cross-
linked positions has been proposed [220]. The combination with additional
transcriptome-wide data revealing target abundance, stability, or secondary
structure might further allow for the evaluation of the physiologically most
relevant contacts. A recent study combining PAR-CLIP data with mamma
carcinoma patients’ expression data allowed for an advanced prediction of
regulatory miRNAs and revealed potential therapeutic targets and prognostic
markers of breast cancer [119].
With regard to the target sites, it should also be considered that, for example,
about one half of the human transcripts undergo alternative cleavage and poly-
adenylation generating multiple distinct transcripts with different 3’-UTRs [396].
Apparently, the 3’-UTR sequences of housekeeping genes are substantially
shortened, possibly to avoid complementarity to the plethora of regulatory
miRISCs within the cell [380].
However, miRISC binding events also seem to frequently occur at transcript
sites other than the 3’-UTRs. CLIP studies revealed thousands of miRNA
binding sites within the 5’-UTRs, exons, and even introns. It seems tantalizing
to investigate the functional relevance of these sites and to find out whether,
for instance, miRISC binding within alternatively spliced exons confers
isoform-specific silencing and whether SNPs residing within miRISC binding
sites and thus potentially modulating miRNA-mediated regulation may have
disease-associated consequences [43]. For intronic sites it will be interesting
whether and with which effect AGO proteins interact with primary transcripts
in the nucleus.
With respect to AGO proteins as the major component of the miRISCs, even
though being under intensive research for over one decade, there are still
considerable gaps in understanding their function on a molecular level. Further
structural elucidation of the AGO-containing miRISCs will be necessary to
draw a more precise picture of essential processes such as how these complexes
find their target sites, how they can be removed when repression is relieved
[275] and how they might be able to undergo binding cooperativity at adjacent
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target sites.
Moreover, to gain global insight into cell-specific post-transcriptional gene
regulation, it will be required to evaluate the complete picture of the position
and distribution of all RBP binding sites throughout the whole transcriptome.
Recently, several studies highlighted the interaction of miRISCs with other
RNA binding proteins [186, 190, 379]. Data integration of large-scale bottom-up
strategies such as cross-linked RNA bait studies [20, 62] as well as advanced
computational modeling of the competitive and combinatorial RNA binding
of the complete set of regulatory RBPs [220] may take us closer to the goal
of obtaining an exact picture of the highly complex post-transcriptional
regulatory circuits.
Finally, also the concept of binding cooperativity will have to be extended to
all RBPs and even feedback loops involving miRNA-regulating transcription
factors may need to be considered in order to understand and predict powerful
switches in eukaryotic regulation of translation.

All this will be required as the basis for subsequent studies aimed at the devel-
opment of innovative miRNA-dependent diagnostic and therapeutic strategies.
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