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Abstract

Investigating the interplay between
epigenetic components and micro-RNAs: an
approach to identify epi-miRNAs

Elisa Reale

MicroRNAs (miRNAs) are small non-coding RNAs, involved in different
physiological and pathological pathways, able to post-transcriptionally reg-
ulate gene expression. Beside their classical mechanism of action, miRNAs
crosstalk with other regulatory genes such as the epigenetic factors, thus
amplifying their regulatory potential. miRNAs involved in epigenetic regula-
tion are denoted as epi-miRNAs. Growing evidence shows a strong interplay
between post-transcriptional regulation, mediated by miRNAs, and epige-
netic regulation. We propose a pipeline useful both to prioritize candidate
epi-miRNAs and to identify candidate epigenetic interactors of any given
miRNA starting from preexisting miRNA transfection experiments. Using
our approach, we identified 34/59 candidate epi-miRNAs, 19 of them, as ex-
pected, were known epi-miRNAs; while 15 were new epi-miRNAs. Moreover,
we identified EZH2, a component of the Polycomb repressive complex 2, as
an interactor of miR-214, a well-known prometastatic miRNA in melanoma
and breast cancer suggesting a miR-214-EZH2 regulatory axis potentially
relevant in tumor progression. Furthermore, the interactions between the
epigenetic components and the miRNAs that resulted candidate epi-miRNA
from our pipeline were confirmed in the data from TCGA tumor samples.
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Chapter 1

Summary and purpose of the
work

The following text describes the research work carried out during the PhD
program in Complex Systems for Life Sciences. Specifically, my project fo-
cused on improving the knowledge on a field that has gained increasing
interest in the last years: the field of the miRNA - epigenetic component
interactions. This field of research has grown in the recent years due to a
growing amount of evidence showing the importance of the interplay between
miRNAs and the epigenetic components’ layers of regulation. During the
years this interplay resulted so deep that it has been recently suggested that
it is only by viewing epigenetic regulators (from here on, epi-R) and miRNAs
as associated in a combined regulatory network that it would be possible to
truly understand epigenetic regulation (Gruber and Zavolan 2013). Several
miRNAs have been identified until now as regulators of epigenetic compo-
nents belonging to several different pathways, and many of these miRNAs
are also considered to be under epigenetic control.

Despite the increasing importance of the topic, epi-miRNAs are still spo-
radically discovered, and no attempt has been made since now to perform
a systematic search. Our project has been developed to tackle this issue
and start to shed light on the true magnitude of the epi-miRNA interactions.
Therefore, we developed a pipeline able to both detect candidate epi-miRNAs
and, given a miRNA of interest, to identify its putative epigenetic interactors.

This pipeline is designed to investigate epi-miRNAs starting from gene
expression data derived from miRNA transfection experiments. The overall
main goal of this work is to fill the gap about the importance of the epi-
miRNA interplay and through this analysis we have been able to investigate:

e if it is possible to search for these interactions exploiting only gene
expression data from miRNA transfection experiments;

e the degree and amount of the epi-miRNA interactions;

e if it is possible to identify putative circuits in which these two compo-
nents, the miRNA and the epigenetic factors, are involved.
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Summary and purpose of the work

The pipeline presented here exploits data available online to search for
interactions between miRNAs and epigenetic components, addressing four
main epigenetic pathways: PRC1, PRC2, HDAC and DNMT. Through this
pipeline we identified a large number of candidate epi-miRNAs, we inves-
tigated and detected the epigenetic interactors of a specific miRNA of in-
tereset, miR-214, and highlighted epi-miRNA tendency to act in a cell-type
specific manner.

A similar behaviour arbours also from the investigation of the interplay
between the candidate epi-miRNA resulting from our pipeline and the epi-
genetic components in cancer tissue samples. Several miRNAs are indeed
known to be dysregulated in cancer, where they can act either as oncogenes
(oncomiRs) or as oncosoppressors. Therefore, investigating miRNAs' inter-
actions with the epigenetic complexes in this pathological context may be
important to identify key epi-miRNA - epigenetic components axes in cancer.

The following dissertation is therefore arranged as follows: the following
chapter will introduce the two main topics addressed in this work, epigenetics
and miRNAs, summarizing the relevant literature and the main pathways
involved in these two classes of interest. This introduction is fundamental to
understand the complexity underlying the interaction between miRNAs and
epigenetic components, which will be described in the third chapter. In the
fourth chapter, the analysis and the results of the project will be described,
while we will list the conclusions, critics and future perspectives in the last
chapter.

14



Chapter 2

Introduction

2.1 Epigenetics

2.1.1 Introduction to epigenetics

The term “epigenetics” was first introduced by Waddington (Waddington
2011) in 1942, describing the study of the network involved in development
mechanisms that lies in the middle of genotype and phenotype (Wadding-
ton 2011). At the time it was clear that there must be some regulatory
network leading to the different phenotypes observed starting from the same
genotype, but the mechanism through which this happened was unclear. Epi-
genetics definition given by Robin Holliday in 1990 was slightly more precise,
describing it as the study of the processes that regulate gene activity both
temporally and spatially over the development of an organism (R. Holliday
1990), practically describing epigenetics as every phenomenon that can affect
DNA transcription, and thus more broadly the development of an organism,
without affecting the DNA sequence. This definition portrays epigenetics as
a complex network of sophisticated machineries, able to adapt chromatin,
stabilize gene expression and give directions to cell identity (C. David Allis
and Jenuwein 2016).

Some other stricter definitions have been used further, describing epi-
genetics in different ways, until the advent of the “Roadmap epigenomics
project” of NIH which established the current epigenetics definition includ-
ing both those alterations of gene activity that could be inherited and modify
gene activation and expression levels, and those that are durable and affect
the transcriptional potential of a cell, but are not inheritable (Roadmap
Epigenomics Project n.d.), thus broadening and widening the concept of
epigenetics to a more open and general definition, under which many mech-
anisms and pathways could fall.

As for many other bio-molecular fields, the advancements in epigenetics
followed the technical advancements brought by the development of efficient
analysis tools that made possible to identify specific modifications at single
base-pair resolution, both at the DNA and histone levels. Furthermore, the
advent of the next-generation sequencing techniques broadened the possibil-
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Introduction

ities, leading to the development of top level technologies and allowing to
study the genome and the epigenome at a wider degree.

With these technologies many steps forward have been made and, from
the epigenetic point of view, these steps led to a better understanding of the
components that coordinate epigenetic control, their interactions and how
they fine-tune many aspects of the cell life, from differentiation to patholog-
ical processes such as cancer.

2.1.2 Chromatin and nucleosomes

At the very basis of epigenetics there is the chromatin. Chromatin is the
structure resulting from the DNA sequence rolling up around cylindrical
molecules called histones. Histones contain four different core histone pro-
teins (H2A, H2B, H3 and H4): each of them is present in two copies which
assemble in octamers (Luger et al. 1997). When a tetramer composed by the
two copies of both H3 and H4 create a complex with two H2A/H2B dimers
to form cylinders around which DNA is able to fold, the octamer is com-
pleted: this structure composed of histones and DNA is named nucleosome,
the base unit of chromatin, and a graphic model can be found in Figure 2.1.
There is a fifth histone, named histone H1: it binds to the nucleosomes and
protects the free linker DNA (20 bp) between the nucleosomal core particles
(Brockers and Schneider 2019). Histones can be found also in different vari-
ants: for example, H2A has four main variants (H2A.Z (Talbert and Steven
Henikoff 2010), H2A.X (Morrison and Shen 2005), H2A.B (Ishibashi et al.
2010) and macroH2A (Chakravarthy et al. 2005), with two isoforms); histone
H3 has one variant, H3.3 (Malik and Steven Henikoff 2003). Every variant
can have epigenetic consequences, because the replacement of a canonical
histone by a noncanonical variant can affect the composition of chromatin
(S. Henikoff and M. M. Smith 2015). These structures can be packed at
different levels and can have different histone composition, and can result in
chromatin categorized as heterochromatin or euchromatin.

The nucleosome is the essential unit of a eukaryotic chromosome, and it
is composed of 146 base pairs (bp) of DNA coiled around the histone octamer
described before (Luger et al. 1997). The more these structures are packed,
the more the chromatin become inaccessible, as depicted in Figure 2.2. This
type of chromatin is referred to as heterochromatin: this is highly condensed,
gene-poor, strongly characterized by large, contiguous and repetitive DNA
domains, transcriptionally silent.

Heterochromatin can be either constitutive or facultative. The first one
is always present at the centromeres and telomeres of the chromosomes,
which are regions that need an higher stability because of their importance in
genome integrity. It never changes through the cell cycle and it is identical in
every cell of the organism. Despite the condensed chromatin state, there are
hints suggesting that transcription is possible also at these genomic regions
and in certain circumstances may be necessary for the establishment of the
heterochromatin itself, as shown in Drosophila (C. D. Smith et al. 2007).
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Figure 2.1: 3D model of a nucleosome. The color coding indicates the different molecules
composing it. Panel A refers to the structure of the molecules, while panel B describes

the bulk spacing. Image from (McGinty and Tan 2014).
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Figure 2.2: Heterochromatin vs. Euchromatin. Heterochromatin consists in more packed
nucleosomes, while euchromatin has looser nucleosomes, allowing the access to RNA
polymerases. Image from (What is chromatin, heterochromatin and euchromatin? 2018).

However this happens at very low rates, not matching that of protein-coding
genes in euchromatin (Trojer and Reinberg 2007).

The facultative heterochromatin is also transcriptionally silent, but it
is kept in a bistable state, retaining the potential to interconvert between
heterochromatin and euchromatin depending on three possible contexts:
temporal (e.g. cell-cycle), spatial (e.g. nuclear organization changes) or
parental /heritable (e.g. mono-allelic gene expression) (Trojer and Reinberg
2007). It is widely accepted that the establishment and/or maintenance of
a facultative heterochromatin state is achieved by a combination of different
processes. These events include incorporation of specific/alternate chro-
matin components, common and organized action of trans-acting factors,
chromatin modulation and the specific sub-nuclear localization (Trojer and
Reinberg 2007). It also has a major role in the X-chromosome inactivation in
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Introduction

mammals: the formation of facultative heterochromatin in this case is medi-
ated by the long non-coding RNA Xist and promotes transcription of young
LINEs (Long interspersed nuclear elements), which may therefore simplify
the X chromosome inactivation at different levels (Chow et al. 2010).
While heterochromatin is higly packed and generally transcriptionally si-
lenced, euchromatin comprises those sections of chromosomes, generally the
greater part, that carry out normally their process of decondensation during
the last phase of mitosis, and it is therefore in a decondensed form during in-
terphase. Euchromatin is also characterized by a high number of genes, and
it is more easily transcribed because of a greater accessibility to the genes
given by its lower level of condensation (Tamaru 2010), and therefore higly
present in cells undergoing active transcription. The accessible chromatin
structure of euchromatin is achieved by specific histone modifications: high
levels of histone acetylation, and methylation at H3K4 and H3K79. More
details about these and other modifications will be listed in the next section.

2.1.3 Main epigenetic modifications
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Figure 2.3: Overview of the main epigenetic pathways. Image from (Joosten et al. 2018).

Chromatin is not only characterized by its levels of condensation, but also by
the interacting proteins and specific modifications. These modifications can
act on the chromatin condensation state, leading to a more open or a more
closed conformation, but they can also act as recruiters for specific epigenetic
complexes that can affect the downstream pathways in many different ways.
Thus far, many epigenetic modifications have been identified, like methyla-
tion, phosphorylation, acetylation, ubiquitylation, and sumoylation, that can
affect the DNA (DNA methylation) or the histones; a representation of the
main epigenetic pathways is shown in Figure 2.3. Each of these modifications
is generally associated with a set of proteins which are usually categorized
into three main groups:

e the writers are the enzymes capable of modifying nucleotides and spe-
cific amino acid residues on histones:
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e the erasers are enzymes appointed to remove these marks;

e the readers, which belong to a category of proteins with specific do-
mains that can recognize the different epigenetic marks.

Next, a brief description of the main epigenetic modifications will be provided,
with particular attention to those that will be the focus of the project.

DNA methylation

Among the known epigenetic modifications, the one that attracted most
of the interest during the years is DNA methylation, and it is well known
that it, cooperating with other regulators, results one of the primary epi-
genetic factors influencing gene activities (Portela and Esteller 2010). The
first modified cytosine was discovered in 1948 by Rollin Hotchkiss (Hotchkiss
1948), while analyzing calf thymus using paper chromatography. He believed
that the modified portion of cytosines that resulted from his analysis was 5-
methylcytosine (5mC) because it separated from cytosine in a way that was
similar to methyluracil (another name for thymine) separating from uracil,
suggesting that this methylcytosine was a modification naturally present in
DNA. Later on, many researches suggested that DNA methylation might
take part in the regulation of gene expression, but only in the ‘80s a consid-
erable number of studies finally proved that it exerted this role both in gene
regulation and in cell differentiation (Portela and Esteller 2010). One of the
scientist making this discovery was R. Holliday in 1975 (Holliday and Pugh
1975), one of the fathers of epigenetics mentioned before.

Now we know that DNA methylation consists in a covalent transfer of
a methyl group from S-adenosyl methionine to the C-5 position in CpG
dinucleotides in animals (Robertson 2005), in regions which are generally
cytosine rich (Weinhold 2006).

Given the aforementioned roles of methylation, it is clear that its presence
on CpG dinucleotides has a central role in mammals, both for development
and differentiation; but even if because of this fundamental role the largest
part of the CpG dinucleotides is usually methylated, there are exceptions
involving specific DNA segments, usually 0.5-2 kb in length, which are,
instead, generally unmethylated (Cooper et al. 1983). These cytosine rich
areas are generally called "CpG islands". These are non-methylated DNA
sequences which have an elevated G + C content and little CpG suppression,
covering almost 60-70% of all human genes, and serving as major binding
sites for activating histone modifiers (lllingworth and Bird 2009; S.-M. Lee
et al. 2017).

DNA methylation can be sometimes associated to transcription activity
too, and this happens when this modification happens inside the gene body,
which is a characteristic of those genes that are expressed ubiquitously: one
of the suggested hypothesis is that this phenomenon could be connected
to elongation performance and could help preventing deceptive transcription
initiation (Portela and Esteller 2010).

19



Introduction

ne
18

D 1lrm H3 @ Acetylation
14 S - ) @ Methylation ® 2 0z 5 7

P i e

i nﬂ Q A € Phosphorylation Ha

Th-4 g @ Ubiguitinaticn
[

Figure 2.4: Principal histones modifications. Overview of the principal histones modifi-
cations, and their location on the histones’ tails. /mage adapted from (Four Common
Histone Modifications n.d.)

The mammalian DNA methylation is always achieved through the DNA
methyltransferases (DNMTs), whether it leads to gene silencing (more com-
mon) or to gene activation (more rarely). These enzymes are in charge for
the settlement and preservation of the patterns of DNA methylation, while
the Methyl-CpG Binding Proteins (MBDs) are those responsible of reading
these modifications. DNA methylation inhibits transcription both in a direct
way, by inhibiting transcription factors attachment on the DNA, and in an
indirect way, through the recruitment of MBDs with repressive chromatin
remodelling abilities (Robertson 2005).

DNMTs are generally divided into de novo DNMTs (DNMT3A and -3B)
and maintenance DNMTs (DNMT1). The firsts are believed to be in charge
of the establishment of the methylation patterns during development of the
embryo, and in fact their expression levels are high in Embryonic Stem (ES)
cells, while they are low in differentiated cells (Portela and Esteller 2010).
DNMT]1, instead, has a 30/40-fold propensity for hemi-methylated DNA, and
it owns de novo DNMT activity too. DNMTT1 is the DNA methyltransferase
that is present in the highest quantity in the cell. Usually, its role consists in
methylating hemi-methylated DNA generated after DNA replication (Portela
and Esteller 2010).

Still, the division between de novo and maintenance methylation is usually
fuzzy, and an update of the model proposes that DNMT3A and DNMT3B
role is to methylate the sites neglected by DNMT1 at the replication fork.
One other member of the DNMT group of enzymes is DNMT2, which con-
tains all the catalytic signature motifs of standard DNMTs, but cannot be
categorized as the other DNMTs because it has almost no DNA methyl-
transferase activity (Portela and Esteller 2010), but has been demonstrated
to have tRNA methyl-transferases activity instead (Goll et al. 2006).
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Histone modifications

Histones are proteins that assemble in a complex that is composed by an
heterotypic tetramer, composed of two copies of the H3-H4 dimer, that
forms a complex with two H2A-H2B dimers (Marifio-Ramirez et al. 2005).
The resulting complex is a cylindrical octamer, which is separated by its
neighboring nucleosomes by a mean of 50 bp of loose DNA (Portela and
Esteller 2010) as previously shown in Figure 2.1.

The core histones are mostly globular apart from their N-terminal tails,
that result unstructured. The tails can undergo many post-transcriptional
modifications like acetylation, methylation, phosphorylation, ubiquitination
and sumoylation, among others, and an overview of the principal histones
modifications is shown in Figure 2.4. These modifications have crucial roles
in several processes like regulation of transcription, DNA repair and replica-
tion, alternative splicing and chromosome condensation. For instance, dif-
ferent chromatin states are characterized by different modifications: euchro-
matin is usually highly acetylated and presents the H3K4me3, H3K36me3
and H3K79me3 histone marks while heterochromatin is usually poorly acety-
lated and presents high degree of H3K9me, H3K27me and H4K20me (Portela
and Esteller 2010). Analyzing the levels of these modifications it is possi-
ble to predict gene expression: for instance, studies have proved that genes
under active transcription are defined by high levels of tri-methylated H3K4,
acetylated H3K27 and H2BK5 and methylated H4K20 in the promoter and
methylated H3K79 and H4K20 along the gene body (Karlic et al. 2010).

Each histone can undergo several modifications, that can also act in a
combinatorial way, and it is common to spot a cross-talk between the differ-
ent histone marks. This communication can happen within the same location
or in the same histone tail, but also through different histone tails (Strahl
and C. D. Allis 2000). In the end, the overall result of these modifications
is due to the combined effect of all the marks on a specific nucleosome or
genomic region, complessively acting as a proper “histone code” (Strahl and
C. D. Allis 2000).

A huge number of enzymes catalyzing the covalent post-transcriptional
modifications on the histones have been reported, together with enzymes
that remove these dynamic post-transcriptional modifications. Nonetheless,
the list of histone modifiers is far from being exhaustive. Among the enzymes
capable of modifying histones we can mention histone methyltransferases and
demethylases, kinases and ubiquitin ligases that are the most specific, and the
histone acetyltransferases and deacetylases that are less specific and modify
different residues (Portela and Esteller 2010). In the next paragraphs, a brief
description of the best known histone modifications and of their writers will
be provided.

e Acetylation. Levels of histone acetylation have a fundamental part in
redesigning the chromatin structure and in gene transcription regula-
tion. Histone acetylation happens mostly on the lysines. Lysine acety-
lation on histone tails causes the chromatin to be in a relaxed state
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and therefore leads to gene-transcription activity. When lysines are
deacetylated, the chromatin is more condensed, leading to deactivation
of gene transcription (Ropero and Esteller 2007). Lysine acetylation
is performed by HATs, Histone Acetyltransferases, that are therefore
mainly linked to transcriptional activation, while Lysines deacetylation
is performed by HDACs, the Histone Deacetylases, whose function is to
give chromatin a fresh start by erasing acetylation at active genes. Us-
ing acetyl-CoA as co-factor, HATs are able to transfer an acetyl group
to the e-amino group of lysine side chains. In this way the positive
charge present on the lysines is neutralized and this may lead to the
weakening of the interaction between histones and DNA (Andrew J.
Bannister and Tony Kouzarides 2011). The targeted lysines are usually
on conserved sites in histone H4 and H3, but they can also be found on
less conserved sites in histones H2A and H2B (Kurdistani et al. 2004).

HATSs are categorized into two classes, HAT A and HAT B. This classi-
fication depends on their mechanism of catalysis and on their localiza-
tion in the cell. The ones that belong to the HAT A family are usually
located in the nucleus, and are those acting on histone N-tails. The
HAT A family comprises three subclasses, and the division depends
on their homology with yeast proteins. The proteins belonging to the
HAT B class are instead located in the cytoplasm and their role is to
transfer the acetyl group from Acetyl-CoA to an e-NH2 group of free

histones before they are deposited on the DNA (Peserico and Simone
2011).

HDAC enzymes have the opposite effect of HATSs, reversing lysine
acetylation and restoring its positive charge. This is the reasons why
HDACs are generally transcriptional repressors: the increased ionic in-
teractions between histones, that have a positive charge caused by
histone deacetylation, and negatively charged DNA, leads to a more
dense chromatin structure and this limits the possibilities for the tran-
scription machinery of having access to genes (Ropero and Esteller
2007). So far, eighteen mammalian HDAC enzymes have been de-
scribed. They can be classified in different groups: Class | consists of
HDAGs 1, 2, 3, and 8 and is located in the nucleus. This class can be
ubiquitously found in human cell lines and tissues. Class Il comprises
HDACs 4, 6, 7, 9 and 10; it has tissue-specific expression and has
the ability to shuttle among the nucleus and cytoplasm. The class Il
HDAG s is that of the sirtuins (SIRT1-7). The organization inside the
cell and the tissue-specific pattern of expression of this class have not
yet been discovered. Differently from Class | and I, class Il require the
coenzyme NAD+ as a cofactor (Ropero and Esteller 2007). HDAC11
has been discovered a couple decades ago and is the only component
of the class IV HDACs, homologous with both class | and class Il (L.
Gao et al. 2002).

Many HDACGCs are part of large complexes composed of multiple pro-
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teins, like the transcriptional co-repressors mSin3, N-CoR, and SMRT.
These complexes interact with DNA binding factors that recruit them
to definite regions on the genome; the DNA binding factors con-
sists of transcription factors, nuclear receptors, MBDs, DNMTs and
HMTs above all (Glass and Rosenfeld 2000). The interaction that was
best described is that of methyl-binding proteins recruiting HDACs to
methylated DNA: one example of this kind of interaction is that of
MeCP2. MeCP2 is a methyl-binding protein and its role is to recruit
complexes containing HDAC to methylated gene promoters to induce
gene-transcription repression (Jones et al. 1998).

Phosphorylation: Histone phosphorylation is strongly dynamic, it can
happen on serines, threonines and tyrosines, mostly in their N-terminal
histone tails. The phosphorylation mechanism is involved in many
pathways and they are not necessarily related to gene transcription reg-
ulation. It has instead been associated with many cellular processes,
including cell death, cell cycle progression, DNA repair, chromosome
condensation, and development. One example of histone phosphoryla-
tion that regulates gene transcription is the phosphorylation of Histone
3 at threonine 11 (H3T11) by PRK1 (protein kinase C-related kinase
1), that is one of the known epigenetic marks for gene activation,
whose regulation may be achieved through interaction with other epi-
genetic modifiers (Metzger et al. 2008). These kind of modifications
are controlled by kinases and phosphatases: kinases are responsible
for phosphorylation, while phosphatases are in charge of reversing this
modification. Histone kinases are enzymes able to transfer a phos-
phate group from ATP to the hydroxyl group of the aminoacid side
chain: this adds significant negative charge to the histone. In most of
the cases, it is not clear how the enzyme is specifically recruited to its
target site. There is a small number of instances, represented by the
MAPK1 enzyme, in which the kinase owns an intrinsic DNA-binding
domain. Alternatively, recruiting a kinase may need the cooperation
with a factor bound to chromatin before it directly interacts with the
DNA. Very few is known about the activity of histone phosphatases,
but since the turnover of these modifications is extremely rapid, it
is clear that there must be a strong phosphatase activity inside the
nucleus (Andrew J. Bannister and Tony Kouzarides 2011).

Ubiquitination: The first protein to be described as modified by ubig-
uitin in cells is histone H2A. The most abundant ubiquitinated proteins
in the nucleus to be identified since now are H2A and H2B. In addition
to them, H3, H4 and the linker histone H1 have been later described
as potentially ubiquitinated as well (Cao and Yan 2012).

There are two main forms of ubiquitinated histones, which are monoubig-
uitinated H2A (H2Aub) and H2B (H2Bub). This modification con-
sists in an individual molecule of ubiquitin linked to two specific lysine
residues: Lys-119 for H2A, and Lys-120 for H2B in vertebrate. Exper-
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iments of Chromatin immunoprecipitation (ChIP) proved that H2Aub
is present at high levels in the satellite regions of genome; H2Bub, in-
stead, can be specifically found in the gene body of genes under active
transcription (Cao and Yan 2012). Ubiquitination is performed by a
subset of proteins belonging to the family of Polycomb group proteins
that form the Polycomb Repressive Complexes. The first Polycomb
Repressive Complex has been isolated from Drosophila embryos and
was termed PRC1. Mammalian cells contain similar complexes, ex-
cept for the presence of additional subunits. The PRC1 complex owes
its ubiquitin ligase ability to the proteins containing a RING domain.
The first ubiquitin ligase (E3) to be described is RING1B and is held
to monoubiquitinate H2A on lysine 119 (H. Wang et al. 2004); H2A
mediated mono ubiquitination is required to achieve gene silencing
through the action of polycomb (Cao and Yan 2012). RINGI1A, to-
gether with BMI1 (another RING domain containing protein) strongly
stimulate the E3 ubiquitin ligase activity of RING1B, and together ex-
ert the ubiquitin ligase activity of the PRC1 (Buchwald et al. 2006).
PRC1 main silencing mechanism consists in inhibiting RNA polymerase
II' (RNA Pol Il)-activated transcription on chromatin templates. Im-
paired transcription depends on the preassociation of PRC1 complexes
with the template, which also interferes with chromatin remodeling.
Moreover, transcription inhibition may also result from the ability of
PRC1 complexes to compact oligonucleosomes (Vidal and Starowicz
2017). H2A and H2B ubiquitination can be reversed by ubiquitin spe-
cific peptidases known as deubiquitinating enzymes (DUBs), of which
many different versions have been described, and this suggests that
they may display redundancy of functions or act according to their
context (Cao and Yan 2012).

Methylation: Histone methylation and its implication in transcription
were first described in the sixties, but only 15 years ago the first histone
methyltransferase was identified, starting the discovery of numerous
histone methyltransferases.

Histone methylation mainly takes place on the side chains of lysines
and arginines, and does not lead to the alteration of the histone pro-
teins’ charge, but it is possible that methylation have effect on chro-
matin structure directly altering its ability to fold (Martin and Yi Zhang
2005). Lysines may be mono-, di- or tri-methylated, while methylation
on the arginines may be single or double, symmetrical or asymmetrical
(A. J. Bannister and T. Kouzarides 2011).

— Lysine methylation. Lysine methylation is present on differ-
ent sites on the histones and its levels are accurately controlled
by the action of methyltransferases and demethylases. Histone
lysine methylations can activate or repress transcription accord-
ing to their locations and levels of methylation (mono-, di- or
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tri-methylation), which can also influence recognition by effector
proteins.

In general, H3K4, H3K36 and H3K79 methylations indicate active
transcription, while H3K9, H3K27 and H4K20 methylations are
repressive (Hyun et al. 2017). Gene expression is also influenced
by the location of histone methyl-lysine residues inside the genes
and their methylation levels. For example, H3K4mel/me2/me3
are known to mark actively transcribed genes in different ways:
H3K4mel levels are high at enhancers while H3K4me2 levels are
higher near the 5" end of transcribed genes; H3K4me3 is a mark
of the promoters of both actively transcribed and poised genes.
The methylation of lysine residues does not lead to alteration of
charge, so the direct effect of lysine methylation on the structure
of chromatin may occur through a non-electrostatic process, such
as the hydrophobic interactions (Martin and Yi Zhang 2005).

Lysine methylation is performed by the Histone Lysine Methyl-
transferases (HKMTs), that transfer the methyl group from the
cofactor adenosylmethionine (AdoMet), which brings a highly re-
active methylthiol group to the nitrogen of the substrate lysine
residue, producing, as observed, mono-, di-, or tri-methylated
final products (Q. Liu and M. W. Wang 2016).

H3K4 methylation is an evolutionary conserved histone mark,
which is generally associated to active gene transcription. In
yeast, methylations on H3K4 are achieved by Setl methyltrans-
ferase; Drosophila melanogaster contains three Setl homologs,
whereas mammals have six (Gu and M. G. Lee 2013). All the
Setl homologs operate as scaffold proteins within the methyla-
tion complexes, associating with four subunits common to all
complexes, which are fundamental for the enzyme activity of
methyltransferases, and varying unique subunits involved in dis-
tinct functions that may have important roles in recruitment and
integrating additional histone-modifying abilities (Gu and M. G.
Lee 2013).

H3K9 methylation, instead, is an histone mark that is usually as-
sociated to silenced transcription and a closed heterochromatin
structure. In mammalian cells H3K9 methylation is performed by
different methyltransferasis, which have all distinct catalytic abil-
ities and target genes, underlying their being involved in different
phenomenons inside the cells (Hyun et al. 2017).

Both tangible and functional interactions have been reported sev-
eral times among H3K9 methyltransferases and DNA methyl-
transferases (DNMTs), suggesting that these two pathways can
interact (Hyun et al. 2017). For instance, SUV39H1 and -H2 and
DNMT3A and -3B cooperate and can be engaged through their
association with HP1 (heterochromatin protein 1) to the methy-
lation of regions of constitutive heterochromatin with high levels
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of H3K9, causing a reinforcement of the condensation state of
chromatin.

H3K27, in its tri-methylated form, is one of the most famous
hallmarks of transcriptional repression. Specifically, the methyl-
transferase activity is due to the EZH2 (enhancer-of-zest homolog
2) subunit of the PRC2 (polycomb repressive complex 2) com-
plex, an evolutionarily conserved class of polycomb group pro-
teins, which is responsible for the different levels (mono-, bi-, tri-
methylated) of H3K27 methylation. The mammalian PRC2 com-
plex comprises four fundamental subunits: EZH1 and -2, SUZ12,
EED and RbAp46 and -48. EZH1/2 is the catalytic subunit, but
alone it has no enzyme activity, which is gained through the in-
corporation within a PRC2 complex where the association with
other subunits triggers it to H3K27 methylation. SUZ12 has in-
stead the role of binding the histone H3 N-terminal tail, while
EED binds to tri-methylated H3K27. Therefore, a positive feed-
back mechanism is used to extend H3K27me3-repressive marks
to neighboring gene loci (Mierlo et al. 2019).

Arginine methylation. Arginine methylation happens on pro-
teins both in the nucleus and in the cytoplasm, and it is highly
present on those proteins that function as shuttles. In mammals,
arginine methylation is a very common modification, that appears
at levels similar to those of phosphorylation and ubiquitination.
It is carried out by the family of Protein Arginine Methyltrans-
ferases, or PRMT family, which is composed of nine members,
but many others molecules may be involved in the establish-
ment of this modification (Blanc and Richard 2017). PRMTs
mechanism of action is based on transferring a methyl group
from S-adenosylmethionine (AdoMet) to a guanidino nitrogen of
arginine: this results in S-adenosylhomocysteine (AdoHcy) and
methylarginine (Di Lorenzo and Bedford 2011). Differently from
other histone writers, arginine methyltransferases are known to in-
teract with many other substrates involved in different biological
processes including transcription, cell signaling, mRNA transla-
tion, receptor trafficking, protein stability, DNA damage signal-
ing, and pre-mRNA splicing (Blanc and Richard 2017). Arginine
methylation role in gene regulation is related to the ability of
the PRMTs to deposit either active or repressive histone marks.
For example PRMT1, which is responsible for about 85% of to-
tal protein arginine methylation activity, methylates histone H4
at arginine 3, generating H4R3me2a. This modification acts as
a transcriptional activation mark, which can recruit MBPs and
affect the writing and erasing of the epigenetic modifications in
the proximity. On the other hand, PRMT®6, that is predomi-
nantly localized in the nucleus, is the primary enzyme in charge
for H3R2 methylation in mammals and its modifications coun-
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teract the H3K4me3 activation mark, making it a transcriptional
repressor. PRMT5 and PRMT7 modify the arginines on histone
3 and 4, respectively, forming H3R8 and H4R3, resulting in tran-
scriptional repression (J. Zhang et al. 2019). Contrarily from the
other histone modifications, arginine methylation is a relatively
new topic, whose importance is rapidly increasing, framing it as
a growing area that is very promising regarding the possibility of
expanding our understanding in many biological and pathological
mechanisms.

The first ever identified histone demethylase is LSD1 (lysine-specific
histone demethylase 1, also known as KDM1A), a FAD (flavin adenine
dinucleotide)-dependent nuclear amine oxidase, which is responsible
for H3K4 demethylation. lts identification ended the belief of histone
methylation being stable and inheritable, clarifying that it doesn't turn
over more slowly than other histone modifications, as it was thought.
The identification of histone demethylases made clear that, similarly
to acetylation, histone methylation is also a dynamic process, capable
of being written, read and erased too (Shi et al. 2004)

2.2 miRNAs

2.2.1 Introduction to non-coding RNAs

RNA is mainly known as the messenger (mRNA) of the genetic information
in the cell. Beside this role, though, RNA can be found in many other forms.
Part of the RNA molecules that do not have a messenger role have instead
non-coding roles, and can be categorized in the field of the non-coding RNAs.

Non-coding RNAs (ncRNAs) are known to take part in a number of dif-
ferent processes: these processes include regulation of transcription, DNA
replication, RNA processing and modification, mRNA stability and transla-
tion, and protein degradation and translocation (Storz 2002). There are
many types of ncRNAs and reviewing all of them is way beyond the purpose
of this dissertation, but a quick overview is depicted in Figure 2.5.

Given the high number of different ncRNAs, it is not difficult to imag-
ine that they cover plenty of functions, which are summarized in Fig. 2.6.
Some ncRNAs affect transcription and chromosome structure and have a
demonstrated role in mechanisms of gene silencing and of chromatin struc-
ture modification over large sections of the chromosomes. One archetypal
example is represented by the human Xist RNA, a non-coding RNA which is
necessary for the process of inactivation of the X chromosome (Brockdorff
et al. 1991). In this process, the Xist is generated by the inactive X chromo-
some and then expands in Cis over the chromosome. In this case, it has been
hypothesized that the association between the RNA and the chromosome is
able to engage proteins that have effect on the chromatin structure, as for
the case of PRC1 (Schoeftner et al. 2006) and PRC2 complexes (Rocha et al.
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Type Percent of total Molecules Average size Total weight Notes Reference
RNA by mass per cell (kb) picograms/cell

rRNAs 80 to 90 3-10 x 108 6.9 10 to 30 Blobel and Potter (1967), V

(ribosomes)

tRNA 10to 15 3-10 x 107 <0.1 1.5t0 56 About 10 tRNA molecules Waldron and Lacroute (1975)
fribosome
mRNA 3to7 3-10 x 105 17 0.25100.9 Bishop (1976), Carter
hnRNA 0.06 t0 0.2 1-10 x 10° 10* 0.004 t0 0.03  Estimated at 2-4% of Mortazavi etal. (2008), Menet et al
(pre-mRNA) mRNA by weight (2012
Circular RNA  0.002 to 0.03 3-20 x 10° ~0.5 0.0007 to Estimated at 0.1-0.2% of Salzman etal. (2012), Guo eta
0.005 mRNA** )14)
snRNA 0.021t00.3 1-5 x 10% 0.1-0.2 0.008 to 0.04 Kiss and Filipowicz (1992), Castle
etal. (2010)
snoRNA 0.04 t0 0.2 2-3 x 10° 0.2 0.02 t0 0.03 92), Cooper
10)
miRNA 0.003 t0 0.02 1-3 x 10° 0.02 0.001 t00.003 About 105 molecules per
10 pg total RNA
7SL 0.01t0 0.2 3-20 x 10* 0.3 0.005 t0 0.03  About 1-2 SRP Raue etal. (2007), Castle etal. (2010)
molecules/100 ribosomes
Xist 0.0003 to 0.02 0.1-2 x 10% 2.8 0.0001 to Buzin etal. (1994), Castle eta
0.003 (2010)

Other IncRNA  0.03t0 0.2 3-50 x 10° 1 0.002 10 0.03 Estimated at 1-4% of mRNA M
by weight et

*The size for the average unspliced pre-mANA is 17 kb; however, most pre-mRNAs are partially spliced at any given time, and the average size of hnRNA is estimated
at 10 kb (Salditt-Georgieff etal., 1976).
**Based on the finding that 1-2% of all MRNA species generate circular RNA, which is present at 10% of the level of the parental mRNA.

Figure 2.5: List of the different types of ncRNAs from (Palazzo and E. S. Lee 2015).

Mean size Function
Long ncRNA Ribosomal RNA 1.9 kb Essential for protein synthesis
XIST RNA -17 kb Chromosome X inactivation
Other IncRNA 200 nt Involved in epigenetic modification, post-transcriptional processing, modulation

of chromatin structure, etc.

Small ncRNA miRNAs 18-21 nt Gene regulation
siRNA ~21 nt Gene regulation; defense against viruses and transposon activity
rasiRNA 24-27m Orientation of heterochromatin in the formation of centromeres
snoRNA 60-300 nt Methylation and pseudo uridylation of other RNAs
snRNA 100-300 nt Involved in spliceosome complex
piRNA 26-30 nt Regulation of transposon activity and chromatin state

Figure 2.6: List of the different functions of the main ncRNAs from (Dogini et al. 2014).

2014). In some other cases, ncRNAs participate in the processing and modi-
fication of RNA. For instance, in higher level organisms, small nuclear RNAs
(snRNAs), which are small non-coding RNAs usually localized in the nu-
cleus, are fundamental for the splicing of pre-mRNAs; small nucleolar RNAs
(snoRNAs), are peculiar small non-coding RNAs, which act predominantly at
the rybosomial level and direct the 2'-O-ribose methylation (C/D-box type)
and pseudouridylation (H/ACA-box type) of rRNA and tRNA by pairing with
sequences in specific sites near the targets to be modified.

Furthermore, ncRNAs can affect the stability and transport of proteins
too. Protein translocation across membranes requires the signal recognition
particle (SRP), whose core is composed by a small cytoplasmic RNA, and
this is conserved in organisms belonging to all the biological regna (Storz
2002).

ncRNAs also regulate the stability and translation of mRNA. The first
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example to be studied is that of C. elegans let-7 miRNA (Reinhart et al.
2000), that represses translation by base-pairing with the 3" end of target
mRNAs. As a matter of fact, many of the miRNAs characterized until now
are expected to follow the same mechanism.

Summarizing, it is possible to categorize the mechanisms of action of the
ncRNAs into four main general groups:

e Some ncRNAs use base-pairing with a molecule of RNA or DNA as
the mechanism to carry out their job. Examples of this category are
the snoRNAs, that guide RNA modification, the bacterial RNAs that
regulate translation through base-pairing with specific target mRNAs
and almost certainly the largest part of the miRNAs.

e Other ncRNAs have the ability to imitate the structure of different
nucleic acids.

e Some ncRNAs have catalysis abilities, and an example is that of the
RNase P RNA. This characteristic is very appealing for a variety of in-
dustries, and therefore many synthetic RNAs have been picked to exert
many biochemical functions, but there is actually a narrow number of
natural ncRNAs that have a demonstrated catalytic role.

e The largest part of ncRNAs are linked with proteins that provide them
with a higher number of features; nonetheless, some ncRNAs, including
the aforementioned snRNAs and the SRP RNA, have fundamental roles
in the structure of RNA-protein complexes.

These categories are not univocal and many ncRNAs fit into different
categories: for example the telomerase RNA exploits both the base-pairing
and the structural mechanisms, providing the base-pairing template for syn-
thesis of telomeres and serving as part of the structure of the telomerase
ribonucleoprotein complex (Storz 2002). Furthermore, there are many other
ncRNAs whose mechanism of action is still unknown and it is possible that
many other mechanisms exists, but have not yet been detected.

Among the ncRNAs categories, one specific subset of small ncRNA is
represented by the miRNAs: this sub-category is indeed the focus of this
dissertation and will be described in the next sections.

2.2.2 miRNAs

As described so far, there are many categories of ncRNAs. The main subdi-
vision is that between long non-coding RNAs and small non-coding RNAs.
Among the subsets present in the last one, the one that has attracted most
of the attention in the last years, particularly in human studies, is that of
miRNAs.

miRNAs belong to the category of the short non-coding RNAs, they are
~19-24 nucleotides in length and they lead to gene silencing by acting as a
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guide for the Argonaute (AGO) proteins to specific sites in the 3" untrans-
lated region (UTR) of the target messenger RNAs. AGO proteins compose
a huge family: they exploit single-filament small nucleic acids as guides
to sequences with precise levels of complementarity on the RNA or DNA
molecules targeted to be silenced. This assemble of miRNA and AGO con-
stitutes the targeting unit of the final protein complex, the miRNA-induced
silencing complex (miRISC), whose final objective is to repress translation
and possibly lead to the degradation of specific mRNAs.

miRNAs have been discovered in 1993 by Lee and partners (R. C. Lee
et al. 1993) in the nematode C. elegans. The first miRNA ever identified was
a small RNA generated by the lin-4 gene, which is able to repress the lin-14
mRNA at the post-transcriptional level. It is interesting to notice that the
resulting transcript of lin-4 wasn’t translated into a protein with biological
activity as expected, but it led to the production of two small RNAs, one
of 21 nucleotides and the other of 61 nucleotides in length. The longer
sequence bent into the typical stem-loop structure and resulted the precursor
for the shorter RNA. Later it was found out that the shorter sequence of 21
nucleotides had antisense complementarity to different sites in the 3' UTR
of lin-14 mRNA. Its binding to these complementary regions on the mRNA
lowered the level of expression of its protein, LIN-14, even if no significant
changes were recorded at the mRNA levels. The model brought by these
studies described how base pairing took place between multiple lin-4 small
RNAs and their matching sites on the 3" UTR of lin-14 mRNA, eventually
leading to repression of the translation of its mRNA (Bhaskaran and Mohan
2013), practically describing the basic mechanism of action of the miRNA
category.

In the beginning, it was generally believed that these small RNAs be-
longed specifically to nematodes, until their presence and abundance was
demonstrated also in many more animal phyla, thanks to the discovery of
various miRNAs in many diverse species of plants and animals, many of which
were demonstrated to be conserved across the biological kingdoms and cell-
type specific. These small non-coding RNAs were subsequently recognized
as a new class of regulator ncRNA and, finally, termed miRNAs.

miRNAs involvement in almost all of the processes that happen inside the
cells during their lifespan makes them fundamental for development, cell fate
commitment and homeostasis; the removal of the enzymes responsible for
their biogenesis, Dicer and Drosha, are lethal in mouse embryos (Gebert and
MacRae 2019). Furthermore, dysregulation of miRNA behaviour is linked
with various pathologies, especially cancer, in which they can act either as
oncogenes (and in this case they are referred to as oncomiRs) or tumor
suppressors. Also, global changes in miRNA expression are associated with
differentiation, whose dysregulation is a hallmark of all human cancers (J. Lu
et al. 2005). Some examples of miRNAs associated to dysregulation of the
other cancer hallmarks are reported in Figure 2.7.
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Figure 2.7: Schematic rappresentation of the interactions between miRNAs and the hall-
marks of cancer. Every hallmark displays three of the possible miRNAs that can have
effect on a specific cellular function related to a specific hallmark. Image from (Pichler
and G. A. Calin 2015)

2.2.3 miRNA biogenesis and function

miRNAs maturation is a complex topic, starting from miRNA genes loca-
tion. Their genes can be located both in overlapping introns belonging to
protein coding transcripts and in the exons. miRNA genes can also be found
in clusters of miRNA genes co-expressed poly-cistronically and potentially
transcribed as a single unit. Almost half of all currently identified miRNAs
are produced from transcripts with no protein-coding ability, while the re-
maining part can be usually found in the introns of coding genes, normally
co-transcribed with their host genes, but undergoing independent processing
and being regulated by their own promoters. At the present day, it is possible
to state that genomic regions that are able to generate mature functional
miRNAs can be located in different sections of the DNA. Their biogenesis
takes place predominantly through one canonical pathway, even though to
date, various non-canonical biogenesis pathways have been studied. Exam-
ples of some of them are described in Figure 2.8.

The canonical pathway

In the canonical pathway, pri-miRNAs are transcribed from their genes by
RNA polymerase Il in very log filaments, with a guanosine cap on the 5’
and polyadenylation on the tail. This first form of miRNA is then processed
into a precursor RNA of ~70-120 nucleotides in length by the microprocessor
complex. This complex is composed by two main molecules: a protein that
binds to the RNA named "DiGeorge Syndrome Critical Region 8" (DGCRS,
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Figure 2.8: miRNA biogenesis pathways. In some cases, 7-methylguanosine (m7G)-capped
pre-miRNAs, like pre-miR-320 in the example, bypass the Drosha processing. Mirtrons
are able to produce pre-miRNAs directly via splicing and de-branching. Sometimes, pre-
miRNAs generate from the cleavage of small nucleolar RNAs (snoRNAs). Some pri-
miRNAs belong to the group of pre-miRNAs dependent from terminal uridylyl transferase
(TUTase): these produce pre-miRNAs with a shorter 3 overhang that is below the stan-
dards required by Dicer processing. In the example, pre-miR-451 is produced by Drosha in
a Dicer-independent way, is moved to the cytoplasm and loaded on Argonaute 2 (AGO2),
where AGO2 performs the cleavage of its stem. The molecule is then further trimmed by
the 3-5 exonuclease poly(A)-specific ribonuclease PARN. The question marks point out
passages whose mechanisms are still not fully understood. MHV = murine -herpesvirus;
mmu = Mus musculus; Pol Il = polymerase Il (Ha and Kim 2014).
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or Pasha) which dimerizes with a ribonuclease Il enzyme, named Drosha,
which is highly conserved in animals (Denli et al. 2004). DGCR8 recognizes
an N6-methyladenylate specific motif inside the pri-miRNA, while the role
of Drosha is to cleave the pri-miRNA duplex typical hairpin structure (Han
et al. 2004). The resulting pre-miRNA has a characteristic 5' phosphate
and ~2-nucleotide 3' overhang. Next, the pre-miRNA is moved from the
nucleus to the cytoplasm by a complex which is almost completely devoted
to pre-miRNA export, the exportin 5 (XPO5)/RanGTP complex. In the
cytoplasm, the pre-miRNA is modified by the RNase |l endonuclease named
Dicer (Denli et al. 2004). Through this process the terminal loop is removed
and this results in a mature form of ~19- to 24-nucleotide-long duplexes.

The two miRNA strands are then divided: theoretically, each of the
strands resulting from this separation can be loaded into the Argonaute
(AGO) protein, spending the right amount of ATP. Nevertheless, it is the
miRNA strand that possesses the most unstable base pairing at the 5" end or
5" uracil that usually is chosen as the guide strand and it is therefore loaded
into AGO, while the strand that creates a stable base-pair at the 5’ end, that
is consequently named passenger or miRNA* strand, commonly undergoes
degradation. Only occasionally it interacts with AGO proteins as well, and
in this case the duplex generates two strands that can function as miRNA
(O'Brien et al. 2018). In miRNA nomenclature, the miRNAs ending with a
-5p denote those generated from the 5 end of the pre-miRNA hairpin; those
ending with a -3p describe those with strand originated from the 3’ end (Mei-
jer et al. 2014). Each miRNA duplex generates very different percentages of
AGO-loaded -5p or -3p strand according to the cell type and environment.
The guide strand interacting with the Argonaute (AGO) proteins form the
micro-ribonuclear protein complex (miRNP) named RNA-induced silencing
complex, or RISC.

The complex is directed by the guide strand to its target mRNA, which
is able to recognize thank to the sequence complementarity, leading to re-
pression of its translation. AGO2 proteins are often located to specific struc-
tures inside the cytoplasm named GW/P-bodies (processing bodies), where
miRNAs-mRNA complexes are supposed to be stored waiting to be degraded
or to undergo translational repression (Patel et al. 2016).

Non-canonical pathways

There is evidence that demonstrates that miRNA biogenesis can be achieved
in different ways other than the canonical one. These non-canonical path-
ways are characterized by the usage of diverse combinations of those proteins
that are part of the canonical one, above all Drosha, Dicer, XPO5, and AGO2
(O'Brien et al. 2018). Among the non-canonical miRNA biogenesis pathways
it is possible to identify two main groups: the Drosha/DGCR8-independent
and Dicer-independent pathways. For instance, the 7-methylguanosine (m7G)-
capped pre-miRNAs are straightly exported to the cytoplasm without being
cleaved by Drosha (Xie et al. 2013). Those miRNAs that are processed
independently from Dicer, instead, undergo Drosha processing from endoge-
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nous short hairpin RNA (shRNA) transcripts. These pre-miRNAs have a
length that is suboptimal for Dicer processing, and therefore they conclude
their maturation through AGO2 directly in the cytoplasm (Yang et al. 2010).
Examples include hairpin structures similar to pre-miRNAs that are named
Mirtrons, that generate from the introns belonging to spliced mRNA, a few
small nucleolar RNAs (snoRNAs), and the short hairpin RNAs (shRNAs)
produced endogenously (O'Brien et al. 2018). These and other examples of
non-canonical pathways can be found depicted in Figure 2.8.

2.2.4 miRNA action

At the end of the biogenesis process, the mature miRNAs are ready to per-
form their function. At this point the product resulting from Dicer processing
is loaded on the AGO protein, forming the RISC effector complex described
earlier. These RNA duplexes sometimes show a specific affinity to some spe-
cific AGO protein. This happens for instance in flies, where miRNA duplexes
preferentially load to AGO1, while siRNAs are sorted into AGO2, and the
choice depends on their intrinsic structural properties (Ghildiyal et al. 2010).
This is in opposition to humans, where a sorting system of this kind doesn't
exist, and this leaves to the human AGO proteins (AGO1-4) the possibility
to associate with almost equivalent sets of miRNAs.

The loading of the duplex is the first step of the RISC assembly and
the subsequent unwinding is the second. After the loading of the miRNA
duplex, the pre-RISC (pre- because the AGO protein is still associated with
the double stranded RNA) rapidly dismisses the passenger strand, generating
the mature RISC (Ha and Kim 2014).

Once the mature miRNA-RISC complex, the mi-RISC, is formed, the
miRNA sequence dictates which mRNAs will be the target of the complex
among those present in the cell, while the functional units of the miRISC
will repress the translation of the resulting targets. Although AGO proteins
are necessary for the silencing (Schmitter et al. 2006), there is evidence
suggesting that association with GW182 is necessary for AGO proteins to
achieve the silencing of their target mRNAs (Behm-Ansmant et al. 2006).

It is demonstrated that GW182 proteins facilitate miRNA repression serv-
ing as molecular scaffolding structure that connects to a variety of silencing
effectors. One of these interactors is the PABP protein, that is binded by
GW182 through its PAM2 domain. PABP binds at the same time the mRNA
polyadenylated tail and multiple proteins involved in both mRNA translation
and mRNA metabolism. Several mechanisms have been proposed about how
the GW182-PABP complex is able to cause the mRNA silencing: one is that
the association of GW182-PABP may improve miRNA-mediated deadeny-
lation by physically approaching the deadenylation machineries recruited by
miRISC next to the poly(A) tail; another describes GW182-PABP inhibiting
translation of mRNA by preventing PABP-elF4G interaction and the follow-
ing mRNA circularization (Fabian and Sonenberg 2012). Even though these
models are all demonstrated, they are still not completely understood and

34



Introduction

A Terget
recognition

mRNA closed loop

GWwiaz
FAMI
M2

B Establishment mifthA quide strand C isamins

of silencing?

C Deadenylation

mRNA

T CCR4
)
AR,
M
CAF1
D Silenced E Decapping
target
mRNA mRRA
A4
D C rerminus
F 5-to-3' decay

mihA,

C terminus

Mature Reviews | Genetics

Figure 2.9: Summary of miRNA silencing mechanisms. A The mRNA target is pictured in
a closed loop conformation. B,C. Animal miRNAs in complex with AGO identify the target
mRNAs through base-pairing specific binding sites, mainly on the mRNA 3" UTR. AGO
interacting with GW182 (B) interacting with PABPC, that is linked to the mRNA poly(A)
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2011).
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remain controversial. Another interactor of GW182 is EDD. This is proba-
bly a GW182-assisting unit, whose role is to engage miRNA effectors similar
to RCK/p54 to target mRNAs, enhancing mRNA decapping and repressing
cap-dependent translation (Su et al. 2011).

In general, after the binding of the miRISC complex on the 3" UTR of
the target mRNA, there are different mechanisms through which it could
lead to mRNA translation repression and silencing and an overview of the
main pathways is reported in Figure 2.9. One of the mechanisms of miRNA-
mediated silencing is mRNA deadenylation, that causes its instability and
subsequent degradation. miRNA-mediated deadenylation requires the carbon
catabolite repressor protein 4 (CCR4-NOT) deadenylation complex and, in
part, the poly(A)-nuclease deadenylation complex subunit 2 (PAN2-PAN3).
Several studies have demonstrated that GW182 proteins act also in this
process as scaffolds for both the CCR4-NOT and PAN2-PAN3, therefore
facilitating the procedure approaching the machinery to its substrate (Fabian
and Sonenberg 2012).

It is now known that both PABP and EDD can be associated to the PAM2
motif of GW182, implying that these interactions may be mutually exclusive.
One interesting hypothesis could be that the GW182 in association with EDD
leads to repression of translation without having to resort to deadenylation,
with the consequent mRNA destabilization, while the complex composed of
GW182 and CCR4-NOT may instead lead to deadenylation and following
mRNA decay (Fabian and Sonenberg 2012). Even though it is clear that
miRNAs evoque translation repression and mRNA decay probably through
the aforementioned processes, there are still open questions about the specific
mechanisms causing these events.

Another way for the miRISC complex to achieve gene silencing is through
inhibiting the beginning of translation, achieved by opposing to the function
of the initiation factors. Many studies describe how the miRISC leads to their
detachment from target mRNAs, inhibiting ribosome scanning and assembly
of the elF4F translation initiation complex (Gebert and MacRae 2019), but
the overall miRISC-mediated translation inhibition mechanism is still not
completely understood.

Furthermore, even if it is by now recognized that miRNAs carry out their
silencing effect by binding to a precise sequence at the 3" UTR of their
target mMRNAs, causing inhibition of translation, there is remarking evidence
that in some specific cases miRNA binding sites can be located in different
sites on the mRNA, like the 5° UTR and coding sequence, and also within
promoter sections, thus locating miRNAs in the nucleus, where interactions
with miRNAs have been reported to induce transcription (Yijun Zhang et al.
2014). There are data implicating miRNAs in the regulation of the stability
of mRNA in nucleoli and in alternative splicing. miRNAs may therefore
be involved in gene expression regulation on a higher level, meaning the
transcriptional level, where they may mediate both activation and inhibition
of transcription of a target gene (Catalanotto et al. 2016).

miRNA understanding is increasing every day, with many studies trying
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to understand the complexity of their dynamics in many different contexts.
It is just by considering these characteristics and by considering miRNAs and
the molecules they interact with as part of a sole network able to give rise
to emergent unexpected phenotypes that we could be able to deal with their
complexity.

2.2.5 Role of miRNAs in cancer

One of the first evidence of miRNA involvement in human cancer was found
in B-cell chronic lymphocytic leukemia, where the genes transcribing for miR-
15a and miR-16-1 resulted removed or downregulated in most of the clinical
chronic lymphocytic leukemia cases (George Adrian Calin et al. 2002). Fur-
ther analysis revealed that miR-15a and miR-16-1 have a tumor-suppressive
effect, achieved by inducing cell death by repressing Bcl-2, which is a pro-
tein which provides resistance to cell death and whose overexpression leads
to survival in malignant non-dividing B cells and many solid malignancies
(Cimmino et al. 2005; George A. Calin et al. 2008).

More studies have highlighted how miRNAs can affect cancer, either in
a repressive way, as ONCOSOPPressors, or in an oncogenic way, as oncomiRs.
Some miRNAs, for example, have a role into various pathways thar are funda-
mental for cell proliferation, and therefore the deregulation of these miRNAs
have an important part in avoiding growth suppressors and keeping up pro-
liferation signals in tumor cells (Peng and Croce 2016). One way through
which they could interact with cell-cycle it is through the regulation of E2F
proteins, a family of transcription factors that have an important cell-cycle-
dependent regulating role in cell proliferation. It has been shown that there
is a feedback loop between miR-17-92 cluster and E2F which keeps under
control the cell cycle, making it take place in a normal way. However, several
tumors show overexpression of miR-17-92, leading to the disruption of the
feedback loop to promote cell proliferation (He et al. 2005).

Moreover, cell-cycle needs to be precise and functional, and it is there-
fore regulated by diverse cyclins, cyclin-dependent kinases (Cdks) and their
inhibiting proteins and they are all generally regulated by miRNAs. One
known oncogenic pathway, for instance, is related to miR-221/222 regula-
tion of p27Kipl, a Cdk inhibitor (Peng and Croce 2016).

Another significant hallmark of tumor progression is preventing apoptosis,
and it is believed to be regulated by miRNAs. For example, many miRNAs
regulated by p53 are demonstrated to be implicated in p53 processes. One
case is that of multiple myeloma, where there are three specific miRNAs
(miR-192, miR-194 and miR-215) whose transcription is triggered by p53:
after activation, the effect of the three miRNAs is the suppression of Mdm?2
expression through the direct binding of its mRNA, eventually leading to
pb3's protection from degradation (Pichiorri et al. 2010).

Epithelial to Mesenchymal Transition (EMT) is known to be one of the
earliest and fundamental stages in the metastatic process: the inhibition of
E-cadherin induces loss of cell adhesion and at the same time genes linked
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to motility and invasiveness are activated. In cancer, EMT is promoted in
different ways: one of these is through miR-155, that induces EMT by down-
regulating RhoA GTPase, a key regulator of cellular polarity, tight junction
formation and stability (Kong et al. 2008).

There are also miRNAs important for the control of metastatization. One
example is miR-203, whose promoter is hypermethylated in highly metastatic
breast cancer cell, which results in its significant downregulation. There, its
restoration suppresses invasiveness in vitro and the presence of lung metas-
tasis in vivo through the downregulation of SNAI2, and this suggests SNAI2
and miR-203 to be involved in an important regulatory loop in EMT and
metastatization (Z. Zhang et al. 2011).

Angiogenesis is the process that leads to the development of new blood
vessels in order to provide the tumor food and oxygen for growth and inva-
sion. The two most studied angiogenesis-related transcrption factors are the
hypoxia inducible factor (HIF), which is an important hypoxia-response tran-
scription factor, and the vascular endothelial growth factor (VEGF), a fun-
damental angiogenic factor that directs the generation of new vessels from
the endothelium. The most consistently and significantly hypoxia-induced
miRNA is miR-210, whose overexpression in human umbilical vein endothe-
lial cells under normal levels of oxygen induces the creation of structures
similar to capillaries and VEGF-dependent cell migration (Fasanaro et al.
2008).

Abnormal miRNA expression in cancer provides the ability to keep up
proliferation signals, avoid growth suppression, resist apoptosis, induce inva-
siveness and metastatization and promote angiogenesis.

miRNAs may sometimes act as tumor suppressors and others as onco-
genes, depending on the context (Peng and Croce 2016). miRNAs can
regulate many different targets, but their role in tumor settlement is possibly
related to regulation of some peculiar targets, like for example the epigenetic
components.
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Chapter 3

MmiRNAs dynamics and
complexity

We have already mentioned how miRNAs are produced in a cell-type-specific
manner. We have spoken about their heterogeneous location in the genome.
We have listed the different mechanisms through which they are transcribed
and their many different ways of being involved in regulation. Still, this is
describing just the tip of the iceberg of the greater complexity surrounding
miRNAs and their action. This complexity is needed because of the delicate
role that this specific subset of ncRNA has inside of the cell. As a matter
of fact, the presence of miRNAs in the group of gene-regulating molecules
is necessary to buffer gene expression to stability, and therefore their regula-
tion is highly dynamic. A comprehensive understanding of this dynamicity is
necessary to clarify the certainly high robustness of miRNA-mediated gene
regulation. Robustness is achieved by a multi-level management of their be-
haviour, through various mechanisms that include solutions like a functional
compartmentalization, shuttling of the miRISC complex across the cells com-
partments and the presence and abundance of both miRNAs and their target
mRNAs.

These dynamics often ensure that the effect of miRNA-induced transla-
tional repression does not always lead to the same result in different cellular
types. One of the mechanisms by which this can happen is related to the
fact that the minimal miRNA-induced silencing complex (miRISC) indeed
owns its target specificity to the interaction with the target sequences on
mRNA, the miRNA response elements (MREs) (Vidigal and Ventura 2015).
There are cases, for instance, in which alternative splicing and alternative
polyadenylation have effect on the 3' UTRs, or in which some RNA binding
proteins that are specific to a certain cell-type somehow modify the mRNA
secondary structures, and these occurences may lead to modifications in the
availability of the aforementioned MREs, eventually leading to subgroups of
mRNAs that acquire sensitivity to a specific miRNA or become instead insen-
sitive to their regulation, and this usually happens according to the specific
cell-type or context that is considered.

According to the complementarity levels of the miRNA seed sequence and
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its responsive elements on the mRNA, it is possible to determine if the target
mRNA will be sliced by AGO2 or if its translation will be inhibited by the
miRISC complex with the consequent mRNA decay. A perfect complementar-
ity between miRNA and MRE triggers AGO2 endonuclease activity, causing
mRNA cleavage. Nonetheless, this strong complementarity undermines the
interaction of AGO with the miRNA inducing its degradation (Vidigal and
Ventura 2015) and this mechanisms can be found mainly in plants (Park and
Shin 2014). An imperfect complementarity would instead lead to mRNA
decay or translational repression.

As already mentioned, miRNAs target recognition is primarily determined
by the seed-sequence, which will recognize the MRE on the target messenger
RNA. The vast majority of 3' UTRs have one single conserved MRE respond-
ing to a particular seed, but at the same time they usually have more than
four conserved miRNA binding sites in total, thus allowing for combinatorial
and overlapping regulation (Bartel 2009). Moreover, the shortness of the
sequence required for targeting causes individual miRNAs to have the poten-
tial to regulate myriad of targets, even if the result on the single genes is
commonly mild. Furthermore, more than one miRNA can control one single
gene and at the same time whole cellular pathways can be controlled by
one miRNA or clusters (Gebert and MacRae 2019), causing an increasing
complexity in miRNAs regulation understanding.

There is also evidence of the difficulties of translating miRNA in vitro
experiments results to in vivo contexts. Even in those cases in which the
miRNAs and their targets tend to be negatively correlated in vitro (Baek et al.
2008), the data extracted in vivo are not always this clear, rendering difficult
to have a perfect pairing between miRNAs experiments and their effect, like
knockout and ectopic expression studies and their resulting phenotypes.

It is also important to keep in mind that the ability of a miRNA to
repress the targets is strictly linked to its expression levels. This makes
way more difficult to frame the biological roles of miRNAs and find clear
interactions. miRNAs role of maintaining a steady state across the cells make
their inactivation resulting in a very moderate upregulation of the mRNAs
they control, typically lower than two-fold even for highly abundant miRNA,
even if this may still have severe phenotypical consequences, especially if the
targets are functionally linked (Vidigal and Ventura 2015).

In part, this non-intuitive behaviour is due to the fact that miRNAs
do not act alone. One fundamental characteristic of these small non-coding
RNAEs is their positioning within gene regulatory networks, in particular within
feedback and feedforward loops.

To sum up, two of miRNAs characteristic features are redundancy and
involvement in interactions with other regulatory elements, often establishing
with them regulatory loops. These, though, are also two common strategies
used to achieve the stabilization of biological outcomes against genetic, en-
vironmental, and stochastic perturbations. This has led to the idea that
miRNAs play a crucial role in precisely tweaking the cell environment with
the aim of avoiding the small changes arising from such perturbations to have
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a detrimental impact on homeostasis and of maintaining the steady state.
In summary, the complexity surrounding miRNAs regulation is achieved in
different ways and can end up either switching off or precisely tweaking
expression levels, consequently buffering to oppose to random fluctuations
(‘noise’) in gene expression (Gebert and MacRae 2019).

3.0.1 Introduction to epigenetic interactions

A huge part of the fine tuning that characterizes miRNA action is due to
their being positioned in the middle of regulatory networks. In the last years
it has been seen that in many cases these regulatory networks belong to the
epigenetic pathways. In general, it is possibile to highlight many different
kind of interactions between the ncRNA field and the epigenetic field. In-
teractions between epigenetic components and RNA can be enclosed in two
main contexts: the one of the epigenetic components directly targeting the
RNA and epigenetically modifying it and the one of the epigenetic compo-
nents and the RNA being two different actors in transcriptional regulation,
interacting at different levels.

The first case is mainly related to long non-coding RNAs (IncRNAs) and
messenger RNAs (mRNAs). The internal modifications on these subsets of
RNAs have been neglected for a long time, even though they are long known.
It was in the 1970s that these modifications were firstly discovered, identify-
ing the most abundant internal mMRNA /IncRNA modification, the N6-methyl
adenosine (m6A), which is present on average in over 3 sites per mRNA
molecule (N. Liu and Pan 2015). Furthermore, many other types of modi-
fications have been studied that can occur directly on the RNA molecules,
such as m5C or 2'0O-methylated nucleotides, and many m5C modification
sites have until now been identified (N. Liu and Pan 2015).

The interest around these modifications was brought back to life by the
discovery of the first RNA de-modification enzyme, FTO, which catalyzes
oxidative reversal of methylated DNA and RNA and which is highly associated
with diabetes and obesity in the human population. This enzyme uses m6A
in mMRNA /IncRNA modification as substrate and this discovery indicates that
m6A modification is subject to a complex cellular control, also highlighting
the idea that RNA modifications may act as epigenetic markers and control
akin to DNA methylation and histone modification (N. Liu and Pan 2015).
Although this field is very promising, it is still quite young and not well
explored.

More is known about the interaction across epigenetic components and
RNAs. In these relationships a huge role is covered by those RNAs that
operate in a mechanism called 'Post Transcriptional Gene Silencing’ (PTGS).
This silencing mechanism is performed by three classes of small RNA that
target transcripts in the cytoplasm, and the main pathways are described in
Figure 3.1.

e miRNAs, are RNAs generated from hairpin structures, whose incom-
plete pairing to mRNAs leads to translational repression;

41



miRNAs dynamics and complexity

MicroRNA Small Interfering RNAs Piwi-interacting RNAs
(’ -\ . Bidirectional Transcription \ "r N
RNA paol mIRNA gene: PIRMNA cluster
Pri-MiRNA , Pre-miRNA i
drosha/ P e
DROSHA hochar Inverted repeats PIRNA precursor
%GCRE
_— dSRNA i ‘Transposon
5 Cap S
| MNucleus  XPO5 |RiN _ 1 Nucleus | Nucleus Silencing
Cytoplasm Exp-5 Ran-GT| Cytoplasm Cytoplasm

Exp-5
: D]]]IDI[ | Zuc Piwi
Dcr-1/ DICER1 Der-2 @
1 ﬁ Primary piRNA

logs/ TARBP2 M T l TR

miRNA l TR

duplex
uIITTITIIT™ - o AT ' l

M AGO1/ EIF2C1 21nt siRNA

RISC AGO2/ EIF2C2
22 nt mature RISC Piwi / Aub Ago-3
MIRNA @ Secondary Processing #7

Der-1/ DICERT (Ping-Peng Cycle)
Amplification
Y AGO1/EIF2C1 RISC  AGo2/EIF2C2 4
RISC Ago-3
Der-2 logs/ TARBP2 - M
5 Cap AAAA| | 5 Cap AAAA L B«
mRNA  Der-1/ DICER1 mMRNA

N AN J\ J

Figure 3.1: Overview of the small RNAs acting in the post-transcriptional gene silencing
process. Image from (RNA interference n.d.)

e small interfering RNAs (siRNAs), pair perfectly to their targets, that
are subsequently degraded;

e while PIWI-interacting RNAs (piRNAs) targets' are the transposon
transcripts in animal germ lines (Castel and Martienssen 2013).

The interactions between these small ncRNA categories and epigenetics
have been widely studied in S. pombe. In this model, there is evidence
of these small RNAs interacting with members of the mechanism related
to histone lysine methylation. From Arabidopsis thaliana in vivo analysis
resulted that siRNAs can lead DNA methylation and its maintenance at
specific unsymmetrical sites. This event shows an high number of physical
associations among the molecules that are part of this pathway, establishing
the ground of an epigenetic loop with self-reinforcement features. siRNA-
mediated epigenetic regulation in Arabidopsis is led by AGO4, a specific
member of the argonaute family, which is needed for siRNA accumulation
and DNA and histone methylation (Holoch and Moazed 2015). In mice,
piRNAs cause transposons silencing in the male germ line by causing de novo
DNA methylation in two specific developmental stages: late development of
the embryo and early neonatal (Aravin et al. 2008; Kuramochi-Miyagawa
et al. 2008).

There are many other known interactions between epigenetics and ncR-
NAs, including also other subtypes of non coding RNAs. For example, there
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is evidence that promoter-associated and nascent RNAs can regulate tran-
scription via epigenetic mechanisms, apparently attracting other RNAs or
acting as recruiters of regulatory and effector proteins (Mattick et al. 2009).
It has been established that signal-induced ncRNAs can act as selective lig-
ands for a specific RNA-binding protein, namely TLS (for translocated in
liposarcoma). This association in turn ends up inhibiting the histone acetyl-
transferase activity of the CREB-binding protein (CBP) and p300 and in
transcriptional repression (X. Wang et al. 2008).

These are just a few examples of RNA-epigenetics interactions, hints of
how these two elements, together with their resulting modifications, cooper-
ate on different levels to give rise to those specific chromatin states that are
crucial for governing genomic functions.

3.0.2 miRNAs - epigenetic pathways interactions

The interactions among miRNAs and epigenetic components can act at dif-
ferent levels of the regulation and it is bilateral, meaning that miRNAs can
affect epigenetic components as much as epigenetic components can affect
miRNAs in return. About 50% of the miRNA genes surround CpG islands.
For example in tumors, there are some miRNAs that are controlled by DNA
methylation in a cancer-specific manner: this happens for instance for miR-
31 in breast cancer and for miR-124a in colon cancer (Bianchi, Renzini, et al.
2017).

DNA methylation and histone modifications often associate to modulate
the levels of miRNAs, and this is demonstrated by experiments combining the
inhibition of HDAC with agents that induce DNA demethylation or inhibition
of DNA methylation. It is interesting to see that there is a feedback system of
regulation, because in turn some miRNAs resulted capable of regulating the
expression levels of epigenetic factors. The presence of these feedback loops
once more increases the amplitude of miRNA regulation, thus establishing
a network of miRNAs-epigenetic machinery interactions that increases the
strength and robustness of epigenetic regulation (Bianchi, Renzini, et al.
2017).

miRNAs are generally transcribed by Pol Il, and consequently their ex-
pression can be controlled as any other RNA both spatially and temporally,
and as for any other gene, their regulation can be either activating or re-
pressive. For example, is demonstrated that c-myc is able to trigger the
transcription of the miR-17-92 cluster (Dews et al. 2006; O'Donnell et al.
2005).

Furthermore, methylation on the DNA and histone modifications are able
to influence the expressions of miRNAs. One example is that of miR-127, that
resulted strongly up-regulated in tumor-derived cell lines as a result of the
treatment with inhibitors of DNA methylases and histone deacetylase (Egger
et al. 2004). This combined inhibition leads to a reduction of the levels of
methylation on the DNA and a relaxed chromatin structure, thus restoring
the expression of those genes that were silenced by epigenetic modifications.
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These results suggest that epigenetic regulation have a role in controlling
the expression levels of miRNAs.

On the other hand, miRNAs can affect epigenetics. For example, they
can be implicated in the settlement of DNA methylation marks. In Ara-
bidopsis, miR-165 and miR-166 are necessary to methylate the gene coding
for the PHABULOSA (PHB) transcription factor. These two miRNAs as-
sociate with the new Phabulosa mRNA to modify the chromatin state of
the PHB gene (Bao et al. 2004). This depicts an interesting alternative
mechanism of miRNA-mediated gene expression regulation, different from
the usual post transcriptional gene silencing. Furthermore, it is known that
important enzymes in charge of DNA methylation (DNMT1, 3A, and 3B)
result as miRNAs' predicted target in many cases (Dakhlallah et al. 2013;
S. Wang et al. 2017).

miRNAs can also regulate chromatin structure, through the regulation
of key histone modifiers. For example HDAC4 is a demonstrated target of
miR-140 in mice (Tuddenham et al. 2006).

The processes mentioned thus far outline the interaction between miR-
NAs and epigenetic pathways, describing how miRNAs give their contribution
and have an important role in the epigenetic regulation of gene expression.
This interaction can take place in at least three different ways: with multi-
ple epigenetic pathways regulating the expression of the miRNAs; with the
miRNAs repressing the expression of epigenetic factors; with miRNAs and
epigenetic regulators cooperating to control shared targets.

DNA methylation is indeed a mechanism of miRNA transcription reg-
ulation. As already mentioned, about 50% of miRNA genes contain CpG
islands. DNA methylation on these CpGs is frequently present in a cancer-
specific fashion. For example in a peculiar subtype of breast cancer, the
triple-negative breast cancer of basal subtype, hypermethylation of the pro-
moter is one of the principal mechanisms to induce silencing, causing the
subsequent activation of its pro-metastatic target genes (Bianchi, Augoff,
et al. 2012).

There are many histone modifications that resulted implicated in the
regulation of miRNAs expression levels either in tumor or in the course of
development. For instance a miRNA array analysis from Scott et al. (Scott
et al. 2006) demonstrated a clear alteration of miRNA levels in response to
a potent HDAC inhibitor in the SKBR3 breast cancer cell line, after which
27 miRNA species resulted differently regulated. As mentioned earlier in this
text, DNA methylation and histone modifications often act in cooperative
way to regulate miRNA expression (Z. Wang et al. 2013).

Investigating the role of miRNAs into the epigenetic world unveiled the
strong intertwining of their complicated network of reciprocal interconnec-
tions. miRNAs main role of controlling gene expression at a post-transcriptional
level goes hand in hand with their ability to interact with the epigenetic ma-
chinery, with which they are involved in many regulatory loops. The miRNAs
involved in this kind of complex network are referred to as epi-miRNAs, as
they are miRNAs that can directly or indirectly modulate the expression lev-
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els of parts of the epigenetic layer of regulation and sometimes are regulated
by them, creating feedback regulatory loops (lorio et al. 2010). In the next
paragraphs, a few examples of miRNAs-epigenetic interactions are reported.

In non-small-cell-lung cancer there is an inverse correlation between the
expression levels of the members of the miR-29 family of miRNAs and those
of DNMT3A and -3B and it is known that the same miRNAs down-regulate
the expression of both DNMTs (Fabbri et al. 2007). miR-29 is also the first
epi-miRNA to be ever studied. Its epigenetic function was first observed in
lung cancer, and later in acute myeloid leukemia (or AML) (Garzon et al.
2009).

As miR-29 is known to directly downregulate DNMT3A and -3B expres-
sion, miR-290 is known to be involved in the negative regulation of three
DNA methyltransferases, DNMT3A,-3B, and -1. This is obtained inducing
the upregulation of their repressor, RBL2, that is a demonstrated target of
miR-290 in mouse-derived embryonic stem cells (Benetti et al. 2008).

An experiment done in Hela cells showed that miR-148 down-regulates
DNMT3B expression levels and on the contrary that inducing miR-148 re-
pression through shRNA causes an increasing of DNMT3B expression levels
(Duursma et al. 2008). It has been demonstrated that DNMT1 is directly
regulated also by miR-148a, along with miR-152 and miR-301, in human
cholangiocarcinoma (Braconi et al. 2010).

miR-26a is a miRNA that takes part in many different signaling pathways,
which has a tumor suppressor role in many tumor types, such as melanoma
(Ryu et al. 2013), gallbladder cancer (Zhou et al. 2014), breast cancer (J.
Gao et al. 2013), osteosarcoma (Song et al. 2014) and nasopharyngeal cancer
(L. Yu et al. 2013). A research by Zhuang et al. (Zhuang et al. 2016)
demonstrated that miR-26a is involved in a double negative feedback loop
with EZH2, the catalytic component of PRC2, in hepatocellular carcinoma:
miR-26a is epigenetically repressed by EZH2, and EZH2 is in turn repressed by
miR-26a. In this case, the imbalance in the EZH2-miR-26a double negative
feedback loop axis may contribute to miR-26a dysregulation and consequent
tumor cell proliferation.

miR-1 is a well known epi-miRNA involved in myogenesis and related
diseases. It resulted overexpressed in DNMT1-/- HCT 116 cells, indicating
DNMT1 as the epigenetic component responsible of its silencing. In contrast,
after treatment of HCT cells with 5-AzaC, a DNA hypomethylating agent,
the downregulation of several miR-1 targets including FoxP1, MET, and
HDAC4 was observed (Datta et al. 2008).

miR-140, which is down-regulated in different cancer types, has been
proven to directly target HDAC4 too. There are several studies showing that
histone-modifying enzymes are regulated by miRNAs, as well as miR-1 and
miR-140 do with HDAC4.

HDACL, is frequently overexpressed in many types of cancer and resulted
to be a direct target of miR-449a (Noonan et al. 2009; lorio et al. 2010)
and miR-449a in turn negatively regulates the expression of HDAC1 in PC-3
prostate cancer cells, which makes it fall under the definition of epi-miRNA.
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Polycomb group (PcG) proteins are a group of transcription repressors,
and as such they also act on regulators of the development process in Embry-
onic Stem (ES) cells and in cell lineages already committed to differentiation,
comprising Skeletal Muscle Cells (SMC). Polycomb proteins downregulate
the expression of miR-214 in uncommitted SMC. Once the differentiation
process starts, PcG disengage, activating miR-214 transcription. In turn,
miR-214 negatively targets EZH2 (enhancer of zeste homolog 2) 3'UTR, an
enzyme that represent the catalytic unit of the PRC2 complex, creating a
negative feedback loop between these two elements. Therefore, miR-214 and
EZH2 are involved in a regulatory feedback loop that controls the expres-
sion of those genes that depends on PcG regulation during differentiation in
skeletal muscle and embryonic stem cells (Juan et al. 2009).

EZH2 overexpression in prostate cancer cell lines SKBR3 and DU145 is
inhibited by miR-101. During prostate cancer progression miR-101 expression
decreases and there is a parallel increase in EZH2 expression (Varambally et
al. 2008).

3.1 epi-miRNA regulatory network

As it has been displayed until now, miRNA and epigenetic components ex-
pression and mutual interactions are often highly coordinated. This growing
amount of evidence about the interactions between miRNA and epigenetic
components suggests that epigenetic regulation can be completely under-
stood only considering both elements as two constituents of the same reg-
ulatory network. The characteristics of this network have been described by
Osella et al. (Osella, Riba, et al. 2014): in this epi-miRNA network it is
possible to identify recurrent wiring patterns, and these recurring circuits in
a network are usually called network motifs.

Particular attention should be made on a specific motif, that seems of
peculiar relevance in the epi-miRNA network: the double negative feedback
loop (DNFL), in which a miRNA (or, sometimes, a group of miRNAs that
act cooperatively) targets an epi-R, which in turn regulates the expression of
that same miRNA. This specific network structure is called “toggle switch”,
and this name refers to its ability to act as a genetic switch between different
cell fates (Gardner et al. 2000), which makes it a fundamental gear in the
complex engine of differentiation and developmental processes (Alon 2007).

This, though, is not the only function that it may exert. The same motif
can be useful in many other contexts. The specific dynamics that this motif
can arbour make it able to be used as a “memory unit”, because it is able to
fix a temporary stimulus into a stable expression pattern, persisting even when
the triggering stimulus is over, making the whole system to “remember".
With the aim of best performing this function, the DNFL must be regulated
in a way such that it stays in the bistability region (e.g., it must allow two
competing stationary states), it must have a fine tuned switching threshold,
to avoid undesired accidental transitions between the two alternative states
(e.g., it must be a “robust” switch), but it should also allow a switch-back
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transition, if needed (Osella, Riba, et al. 2014).

In biology there are plenty of systems exploiting the toggle switch motif,
and increasing evidence suggests that in several of these loops one of the
two actors is a miRNA. One peculiar example is that involving ZEB1, a tran-
scription factor and epithelial to mesenchymal (EMT) transition inducer, and
miR-200c. In a work by Burk et al. (Burk et al. 2008) it has been proven via
knockdown experimetns of ZEB1 in SW480, HCT116 colorectal and MDA-
MB231 breast cancer cell clones that ZEB1 is able to downregulate several
miRNAs. The miR-200 family underwent the strongest alterations: ZEB1
binded miR-141 and miR-200c to multiple highly conserved sites in their
promoter, causing their direct suppression. Furthermore, is demonstrated
that ZEB1 is a target of miR-200c, suggesting that invading cancer cell can
establish a feed-forward loop to enhance EMT, and describing a clear case of
toggle switch, which, in this case, is a fundamental element for the transition
between the epithelial and the mesenchymal phenotypes. Another example
of DNFL is the one involving miR-214 and EZH2 that has been discussed
earlier in this text.

It is shown that in this kind of circuit miRNAs are better at providing
robustness in cell fate commitment than transcription factors. This is mainly
due to the mechanism through which miRNAs physically perform their regu-
latory function, that can naturally improve the stability of the circuit steady
states reducing the random fluctuations due to gene expression noise. When
the second partner of the toggle switch is an epi-R, the effect is even greater.
Epigenetic regulation can be itself described as a switch between discrete
states. Combining it with the post-transcriptional nature of miRNA regula-
tion increments both the bistability and the general robustness of the switch
when introduced in a complex network (Osella, Riba, et al. 2014).

The robustness conferred by this kind of switch is well described in a
model by Osella et al. (Osella, Riba, et al. 2014), that will be the theme of
the next section.

3.1.1 The toggle switch: the added value of miRNAs

During the years, several examples of toggle switches and bistable switches
have been recorded, and these usually occur between two transcription factors
(Tian and Burrage 2006). Nevertheless, in the last few years there have been
many indications that suggested that in many of the biological examples
of the switch, a miRNA takes the place of one of the two transcription
factors. The typical example is the molecular switch at the basis of the
EMT, the miR-200-ZEB toggle switch mentioned above, that therefore has
a fundamental part in embryo development and in metastatization (Burk et
al. 2008; M. Lu et al. 2013). In the paper by Osella et al. (Osella, Riba,
et al. 2014) it is shown one of the potential benefits of having a miRNA
as one of the two elements of this type of loop. The mechanism through
which miRNAs regulate their targets is perfectly suited to boost the stability
of the circuit steady states counteracting the random transitions implicit in
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gene expression. This characteristic might be especially significant in the
case in which there is an association between the steady state and a specific
phenotype that needs to be preserved even without the specific triggering
stimulus, as for the miR-200-ZEB example. In the simplest way to think
about it, this happens because miRNAs act at the post-transcriptional level,
decreasing the random fluctuations of target proteins (Levine et al. 2007;
Osella, Bosia, et al. 2011), thus increasing the robustness of the switch.

It is interesting to underline that this behaviour is even more intense in
the case in which one of the two elements of the toggle switch is an epi-R. As
mentioned before, epigenetic regulation can be described as a switch between
discrete transcription states of the target genes. Alterations in concentration
of epi-R is therefore greatly non-linear and step-like, compared with the
usually smoother dependence of target activity on the concentrations levels
of its transcription factor. When this characteristic is coupled with the fact
that miRNAs regulatory action takes place at the post-transcriptional level,
it increments the range of bistability of the switch and its overall robustness
when it is considered in a complex network with a wide range of possible
inputs (Osella, Riba, et al. 2014).

These hints suggest that there may be an evolutionary-related reason
behind the choice of miRNA regulation, with respect to transcriptional reg-
ulation, to create toggle switches that have an important role in cell fate
commitment. Quantitatively speaking, this can be measured by a model in
which transcription and translation will be considered explicitly for the epi-
R, in order to entirely consider the stochastic effects that would arise from
the burstiness of gene expression. Moreover, the model considers also the
physical association of miRNAs with their target mRNAs, and the catalytic
and stoichiometric nature of this coupling.

In this mathematical model designed in the work by Osella et al. (Osella,
Riba, et al. 2014) s, m and p denote the number of miRNAs, mRNAs and
proteins respectively. From this derives the description of the dynamics of
the average amounts of the different molecules, in the form of the following
three coupled equations:
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Figure 3.2: Equation (1). Image from (Osella, Riba, et al. 2014)

The parameter k describes the rate of miRNA-mRNA coupling (and de-
pends on the energy of the RNA-RNA connection), while « is the cataliticity
parameter that describes the probability of miRNA degradation following a
miRNA-mediated mRNA degradation event. The limit « — 1 corresponds
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to a stoichiometric mode of action. The opposite case, the limit a — 0,
portrays a perfect catalytic mode, in which the rate of mRNA degradation
becomes simply a linear function of the number of miRNAs (Osella, Riba,
et al. 2014).

The circuit randomly switches between the equilibrium of the two steady
states. The switching rate between these two states is defined as the timing
between these transitions, and the simulations performed with Equation (1)
(Figure 3.2) that miRNA regulation can regulate gene expression fluctuations
by lowering the target burst size (Figure 3.4). This can be derived from the
prior equation as:

kyp
Y tks

b:

Figure 3.3: Equation (2). Image from (Osella, Riba, et al. 2014)

This describes the mean number of proteins that can be produced from
a mRNA, which depends on two parameters that are fundamental in deter-
mining how much noise there is in the protein level, and consequently the
probability of seeing a stochastic transition between the two different steady
states: the average miRNA concentration s and the strength of repression k.
In fact, the switching rate can vary of many orders of magnitude depending
on the degree of miRNA regulation, and therefore on the effective target
burst size (Figure 3.4 B). Finally, the degree of cataliticity of the miRNA-
mRNA interaction apparently plays a relevant role in defining the stability of
the motif. A low degree of cataliticity, portrayed for example from a high
probability of a coupled miRNA-mRNA degradation after their physical in-
teraction, allows a stronger reduction of the switching rate. It is important
to underline that this model results a grainy portrait of the real dynamics
of this kind of circuit, but it is still a good measure of the importance of
having these specific players, the epi-R and the miRNA, involved in this kind
of interaction.
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Figure 3.4: miRNA-mediated regulation increment the stability of the toggle switch. A
Random gene expression noise can lead to transitions between the two stable steady states.
In picture, simulation of the circuit switching between the case in which A is under active
transcription while B is switched off and the opposite one. The timing between these
transitions is set by the switching rate, which is a function of the circuit parameters. B
The switching rate is displayed as a function of the effective burst size in (2), as set by
the level of miRNA regulation. Each curve correspond to a different level of cataliticity o
e. g. the ability of the miRNA to be recycled and not degraded with the targeted mRNA
(see Equation (1)). For greater recycling ability (o« — 0) there is lower circuit stability
dependent on the burstiness of the process (Osella, Riba, et al. 2014).

Despite the robustness and remarkable importance of the toggle switch
motif among the epi-miRNA network, it is obviously not the only circuit
through which miRNAs can interact with the epigenetic mechanisms. Dif-
ferent kind of circuits can be highlighted, and will be reported later in the
text.

3.1.2 Searching for new interactions

This quick overview about miRNAs and epigenetics should have clearly de-
scribed the intrinsic complexity of the network in which these two elements
cooperate. Even though miRNAs are historically known to act as post-
transcriptional gene silencer, and that is indeed their main role, is impossible
to solely categorize the regulatory function of miRNAs as "repressive", when
more and more frequently evidence is found of their effect over a wider range
of targets, not explainable by the simple repression of some common target
mRNAEs.

It is not possible to investigate the role of a miRNA in a particular organ-
ism, cell line or tissue, without taking into consideration its network and its
molecular context of interactions. epi-miRNAs are a growing research field
because thus far, it has been difficult to find a way to unwind this tangle
of interconnections and identify those miRNAs that really act cooperatively
with the epigenetic components: this is what this dissertation is all about.
In the next chapter, a new way to prioritize candidate epi-miRNAs will be
described, together with the obtained results.
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4.1 Introduction to the project

In the last few years, the interplay between miRNAs and the epigenetic lay-
ers of regulation has been intensely investigated. As we stated in the earlier
sections, growing amount of evidence supports the importance of a few se-
lected miRNAs in regulating epigenetic factors (Gruber and Zavolan 2013).
At the same time, several miRNAs (and among them most of known epi-
miRNAs) have been shown to be under strict epigenetic control (Gruber and
Zavolan 2013; lorio et al. 2010; Kunej et al. 2011; Sato et al. 2011; Z. Wang
et al. 2013). The accumulating evidence of their interaction clarifies how
profound this should be and it has been recently suggested that a complete
understanding of epigenetic regulation could be reached only analyzing epi-
Rs and miRNAs as two associated elements of the regulatory circuitries, as
previously discussed in the work by Osella et al. (Osella, Riba, et al. 2014).

Four are the main epigenetic pathways involved in this kind of networks
and considered in our analysis. They have been addressed deeper in the
previous sections and here a short summary is reported. Two out of four are
pathways belonging to the category of Polycomb-group proteins. The Poly-
comb Repressive Complex 1 (PRC1) is a transcriptional repressor complex
consisting of several proteins, among which an important role is played by
the Polycomb group ring finger (PCGF) protein family (in particular BMI1),
and is responsible for the modification of histone H2A. PRC1-dependent
modification of histone H2A involves the monoubiquitylation of (predomi-
nantly) lysine 119 (K119Ub) (Vidal and Starowicz 2017). Belonging to the
same family of repressors, the Polycomb Repressive Complex 2 (PRC2) is
composed of four main subunits: RbAp48, SUZ12, EZH2 and EED. PRC2
can work alone by adding the repressive mark of trimethylated histone H3
at lysine 27 (H3K27me3) to its target genes or in cooperation with NIPP1
(Nuytten et al. 2007) to increase its repressive action. As previously men-
tioned, DNA methyltransferases (DNMTs) are the proteins in charge of DNA
methylation. They have in general a transcriptional repressive role, especially
on CpG-rich promoters because their role is to methylate cytosines, and they
do this through the covalent transfer of a methyl group from S-adenosyl me-
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thionine (SAM) to the carbon C-5 of cytosines to produce 5-methylcytosine,
and methylation can influence the recruitment of transcriptional regulators.
Conversely, transcription factors bound to DNA can also directly recruit the
DNA methylation machinery (Laisné et al. 2018), as in those cases in which
DNMTs are known to interact with HDACs (Geiman et al. 2004), which are
the fourth regulators we considered for our analysis. HDACs are the effec-
tors of histone deacetylation: their action lead to an increase in the ionic
interactions between the histones, with positive charge, and DNA, that has
a natural negative charge, compacting the chromatin structure, thus limit-
ing the access to genes to the transcriptional complexes and consequently
lowering the levels of gene transcription (Ropero and Esteller 2007).

As well as DNMTs and HDACGs, all the mentioned epigenetic pathways
can interact and, for instance, there is evidence of an interaction between
HDAC and PRC1 (and possibly PRC2) (Bommi et al. 2010).

Notwithstanding their importance, the number of experimentally vali-
dated miRNAs involved in regulatory circuitries with the above-mentioned
epi-Rs, those that have been referred to as epi-miRNAs in this dissertation,
is still very small, their identification episodic, and no attempt was performed
up to now for a systematic search. The main goal of this work is to fill this
gap. We propose a simple protocol to identify candidate epi-miRNAs and
try to unveil their mechanism of action by combining gene expression data
coming from experiments of overexpression of a given miRNA and data of
knock-down, knock-out, drug-mediated downregulation or ChIP experiments
(from here on referred to as epi-R ablation) of a given epi-R, taking advan-
tage of the large amount of gene expression data available online, often not
fully exploited.

The whole method is based on a very common tool in computational biol-
ogy, that is the intersection between gene sets. It is a widely used technique
to spot common functions, pathways, and underlying biological interactions.
One of the most used online tool to compare a list of genes to many other
is MSigDB (Subramanian et al. 2005; Liberzon et al. 2015), that we used
to download the epigenetic signatures described later in the text. The in-
tersection method is also used to check the composition of a gene list in
terms of functional annotation. For example DAVID (Huang et al. 2009;
Huang et al. 2008) is an online tool able to investigate enrichment in various
fields: biological terms (GO (Ashburner et al. 2000; Consortium 2019)), Bio-
Carta KEGG pathway and many others. In the same way, PANTHER (Mi
et al. 2019) uses gene sets overlap to check for GO functional enrichment
of gene lists. Another tool exploiting this simple concept is CMap (Con-
nectivity Map), a repository of expression profiles of multiple cell-types that
underwent systematic perturbations, with various types of perturbagens, in
order to obtain an inventory of connections between molecules that allows
to functionally investigate the genome (Connectivity Map (CMAP) 2018).

This procedure can also be used to identify candidate epigenetic interac-
tors of a given miRNA of interest. As an example we studied the case of miR-
214, a promestastatic miRNA (Penna, Orso, Cimino, Tenaglia, et al. 2011;
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Penna, Orso, Cimino, Vercellino, et al. 2013) involved in the coordination of
melanoma tumor cell migration, invasion, adhesion to extracellular matrices,
transendothelial migration, and survival to anoikis in vitro, as well as extrava-
sation from blood vessels and metastatization in vivo (Penna, Orso, Cimino,
Tenaglia, et al. 2011). miR-214 acts through the simultaneous coordination
of a network including over 70 protein coding genes and the anti-metastatic
small non-coding RNA, miR-148b (Penna, Orso, Cimino, Vercellino, et al.
2013). In the present work, it was experimentally demonstrated that the
histone methyltransferase enhancer of zeste homolog 2 (EZH2), the main
component of the polycomb-repressive complex 2 (PRC2), is an interactor
of miR-214, involved, at least partially, in the activation of miR-214 down-
stream players: ITGA5, ALCAM and the small non coding RNA, miR-148b.
Due to the importance of EZH2 as a crucial epi-R involved in the initia-
tion and advancement of melanoma (Mahmoud et al. 2016), the described
miR-214-EZH2 axis could be of potential interest to understand tumor pro-
gression.

Moreover, we investigated the interactions between miRNAs and epige-
netic components in TCGA data from cancer tissue samples. As previously
described, miRNAs are often linked to the dysregulations observed in cancer
and dysregulated miRNAs have a demonstrated role in the known hallmarks
of cancer, from keeping up signals of proliferation, to avoiding growth sup-
pressors, they can also induce resistence to apoptosis, activate invasiveness
and metastatization, and induce angiogenesis. miRNAs are often subjected
to studies as biomarkers for human cancer diagnosis, prognosis and thera-
peutic targets (Peng and Croce 2016). Analysis of epi-miRNA behaviour
in cancer tissue samples highlighted a strong epi-miRNA dysregulation in
cancer and their role in important cancer-related pathways.

4.1.1 Rationale

The rationale behind our approach is that, since most of the considered epi-
genetic pathways are repressors of gene expression, if they are controlled (e.g.
downregulated) by a miRNA then all the genes targeted by that specific epi-
genetic component should be upregulated when the miRNA is overexpressed.

To clarify this concept, lets consider this case: if an epi-R is directly
repressed by a specific miRNA, the overexpression of the miRNA itself should
upregulate the epi-R’s direct targets, given that the epi-R here considered
are mainly repressors. Thanks to this interaction between the miRNA and
the epi-R it would therefore be possible to find a significant intersection
between the genes upregulated in a miRNA overexpression experiment and
the upregulated genes in a epi-R ablation experiment, that should therefore
lead to the same output.

In general, the interaction between a miRNA and a global epi-R could
lead to an epigenetic “amplification” of the miRNA action that may explain
the episodic empirical observation of a large number of genes varying their
expression in miRNA transfection experiments. Evidence that this is indeed
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the case will be provided later in this text.

4.2 Materials and methods

4.2.1 The epigenetic components related datasets: MSigDB

Gene sets were downloaded from the MSigDB database (MSigDB, v5.2
updated October 2016) (Subramanian et al. 2005; Liberzon et al. 2015)
which contains gene sets collected from various sources, from on-line path-
way databases to PubMed publications. We selected a panel of gene sets
broadly related to epigenetic pathways as discussed in the main text. We
chose, when possible, multiple sets for a specific component, spanning over
different tissues or experimental conditions. We ended up with a panel of 43
sets, summarized in Supplementary File S1. These sets can be divided into
two main classes: results of ChlP experiments, whose entries allow to directly
identify putative targets of the selected factor; results of gene expression ex-
periments after knockdown, knockout or drug-mediated downregulation of a
particular epi-R. In this case, we downloaded separately both the upregulated
and the downregulated genes: these allowed us to fix also the sign and in
some cases the direction of the regulatory interactions we found.

4.2.2 The miRNA transfection datasets: GEO

Fourteen series of miRNA transfection experiments on five different platforms
by Seki et al. (Seki 2011a; Enokida 2012; Naoko Kikkawa et al. 2014; Seki
2011b; Nijiro Nohata, Toyoyuki Hanazawa, et al. 2011; Moriya et al. 2012;
Fuse et al. 2012; Yoshino et al. 2011; Yamada, Sugawara, et al. 2018; N.
Nohata, T. Hanazawa, N. Kikkawa, et al. 2011; Nijiro Nohata, Sone, et al.
2011; Hidaka et al. 2012; Yamasaki et al. 2012; Takashi Kinoshita et al.
2012; T. Kinoshita et al. 2013; Goto, Kojima, Nishikawa, et al. 2015; R.
Matsushita et al. 2015; Goto, Kojima, Kurozumi, et al. 2016; Ryosuke Mat-
sushita et al. 2016; Kumamoto et al. 2016; Yonemori et al. 2017; Yamada,
Koshizuka, et al. 2018; Yamada, Arai, Sugawara, et al. 2018; Yamada, Arai,
Kojima, et al. 2018a; Arai et al. 2018; Yamada, Arai, Kojima, et al. 2018b),
for a total of 157 gene expression datasets involving 59 miRNAs transfected
in different human cancer cell lines were downloaded from GEO. An experi-
ment series from Misiewicz-Krzeminska et al. (Misiewicz-Krzeminska et al.
2013), containing data from miR-214 expression in H929 myeloma cell lines
was also downloaded to support our experimental data. As reported by
the authors, these gene expression data were obtained using Agilent whole
genome microarrays. The data were LOWESS normalized and background
subtracted from logl0 of processed Red signal/processed Green signal by
the author through Agilent software. Some of the gene names annotated to
the probes were obsolete and we updated them, exploiting the bioconductoR
(Bioconductor 3.2, R 3.2.3) package biomaRt (v. 2.34.2) (Durinck et al.
2009). Then the probes with the highest fold change across each platform

54



Project

were selected, and a unique set of genes conform to all the experiments
considered was computed in order to have the universe gene set to use for
the hypergeometric test. This contained 17024 genes. The last step was
to compute for each experiment the group of the up- and down- regulated
genes. To do this, for each transfection experiment we applied an arbitrary
threshold of t = 0.5 on the logl0 (fold change).

4.2.3 The hypergeometric test

As already mentioned, the interaction between miRNAs and the epi-Rs could
possibly lead to a group of genes in common between the genes differentially
regulated in a miRNA overexpression experiment and in an epi-R ablation
experiment. Finding this kind of intersection, whether significant, would be
the evidence that there is indeed an interaction. The method that will be
described to identify candidate epi-miRNA is based on this simple concept.
For each experiment analyzed with our pipeline, we computed the intersection
between the miRNA and the epi-R gene sets and the significance of this
intersection was computed with the hypergeometric distribution test.

The hypergeometric distribution is built to compute the probability in a
scenario similar to the one described here: in a jar containing 10 red marbles
and 90 blue marbles, 10 of them are collected by the user. The hypergeo-
metric distribution computes the probability of collecting k red marbles. In
this case, collecting none or one red marble seems intuitively most likely.

If the result would instead be shifted towards a higher number of red
marbles, this could be a sign of some non-random process acting underneath.
These kind of non-random processes are those in which we were interested.
If an intersection contained a significantly higher than expected number of
genes, this would have been the sign of a possible interesting interaction
between the miRNA and the epi-R.

More in detail, the hypergeometric distribution is characterized by 3 pa-
rameters:

e The population size, usually denoted N, that describes the total number
of items. In the jar case it is 100.

e The number of “successes” in the population, usually denoted K, in
the example described as the number of red marbles in the jar: 10.

e The sample size, usually denoted n. Here it is the number of draws
from the jar, 10.

The hypergeometric distribution is defined as:
()G or)
k n—=k
()

n

Pz =k)=

55



Project

Example: x, M, n, N = 20, 100, 40, 35
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Figure 4.1: Example of application of the hypergeometric distribution.

where N is the population size, K is the number of success states in the
population, n is the number of draws (e.g. quantity drawn in each sample)
while k is the number of observed successes and the notation

a
()
depicts a binomial coefficient.

In our case, N describes the universe of genes we were working with,
meaning the whole group of genes used in our experiments. K, instead, is
the number of genes present in the epi-R experiments; n is the number of
genes present in the miRNA expression gene set and k is the the number of
genes found in the intersection. In practice, we developed a Python (v3.7.1)
algorithm with the aim to compute the intersections and their significance,
retrieving the |scipy.stats.hypergeom|method from the Scipy package
(v. 1.2.0). In this method, the parameters are named after a different naming
convention than what have been described earlier:

e M is the population size (previously N)

e n is the number of successes in the population (previously K)
e N is the sample size (previously n)

e x is the number of drawn “successes”.

With this algorithm, we were able to compute the probability of finding
a number of genes in the intersection equal or bigger of the one obtained.
We computed the p-value as the area under curve of the right tail of the
the Probability Mass Function distribution, that comprised those values that
were equal or higher than the number of genes in the obtained intersections,
as shown in Fig. 4.1.
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4.2.4 miRTarBase

To identify putative targets broadly related to the epigenetic pathways we

were interested in, we analyzed data from miRTarBase (http://mirtarbase.
mbc.nctu.edu.tw/, release 6.0), a database which brings information re-

lated to experimentally validated miRNA-target interactions (MTIs) (Chou

et al. 2017). We differentiated among weak (validated by CLIP-seq) or strong

(validated using reporter assays or western blots) miRNA-target interactions

by the database annotation.

4.2.5 TargetScan

TargetScan (http://www.targetscan. org/vert72/) (Agarwal et al. 2015)
is a database of predicted biological targets of miRNAs. It was used to com-
pare our results with those expected by a canonical miRNA-target direct-
repressive interaction. We downloaded the files for conserved and not con-
served miRNA families and sites of interaction (TargetScan release 7.2,
March 2018) and we computed the number of predicted targets with no
regard for the conservation or the score given to a specific site, in order to
maximize the number of miRNA we could add to the analysis. To avoid
repetitions, we performed the statistical analysis only on those miRNAs that
resulted either normal miRNAs or candidate epi-miRNAs.

4.2.6 TCGA data retrieval

Data were downloaded from TCGA GDC Data Portal (https://portal.
gdc.cancer.gov/ , v16.0). For each project, matching files for miRNA
expression and mRNA expression were downloaded for each patient case,
for both tumor and normal tissue samples. For mRNA expression, FPKM (a
normalized expression value that takes into account each gene length and the
number of reads mapped to all protein-coding genes (GDC Data User Guide
n.d.)) data were retrieved; for miRNA expression data, miRNA Expression
Quantification files were downloaded (a table that associates miRNA IDs

with read count and a normalized count in reads-per-million-miRNA-mapped
(GDC Data User Guide n.d.)).

4.2.7 Differential expression of miRNAs in TCGA data

Matching tumor-normal tissue samples for each miRNA expression dataset
were analyzed to compute the differential expression. The analysis was per-
formed using DESeq2 (Love et al. 2014) package of Bioconductor (DESeq2
v. 1.14.1, R v. 3.6.1), after removal of the probes whose row counts sum
was very low (<10), with standard parameters, comparing tumor samples vs.
normal samples. We have set the threshold for differential expression to +0.5
of the log2(Fold Change). Values of differential expression were considered
significant where their p-values resulted lower than 0.01 (p-value <0.01).
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4.2.8 wmicro RNA - epi-R correlation in TCGA data

Correlation was computed across-samples with the Pearson method, be-
tween each of the analyzed miRNAs and each epi-R component for every
TCGA project analyzed. We computed Pearson correlation exploiting the
Python (v3.7.1) scipy.stats.pearsonr(x, y) command retrieved from
the Scipy package (v1.2.0). Only significant correlations were considered
(p-value <0.01).

4.3 Results

4.3.1 Pipeline

For this analysis, we focused on the four main epigenetic and repressive path-
ways that are known to be target of or interact with epi-miRNAs (Amodio
et al. 2015). These pathways, as listed before, are PRC1, PRC2, DNMT
and HDAC. We searched for the gene sets deriving from epi-R ablation in
the state of the art repository of gene signatures, the Molecular Signatures
Database (Subramanian et al. 2005; Liberzon et al. 2015), which stores an-
notated gene sets to use with the Gene Set Enrichment Analysis software.
From this web site, we selected and downloaded all the gene sets related to
all the sub-components of the aforementioned complexes that were present
in the database and that were built according to our criteria of selection.

We obtained a very heterogeneous group of gene sets, including sets of
epi-R ablation experiments obtained through knock-out, knock-down or drug
treatments or sets of genes that derived from ChIP experiments on epigenetic
marks caused by the pathways that we analyzed.

Following these criteria 43 gene sets were retrieved, distributed as de-
scribed in Figure 4.2. The most abundant group of gene sets was related
to the Polycomb Repressive Complex 2 (PRC2), that covered the 46% of
epi-R gene sets; Histone Deacetylases (HDAC) gene sets covered the 26% of
gene sets; 19% of gene sets were related to Polycomb Repressive Complex 1
(PRC1) and 9% to DNA Methyltransferases (DNMTs) (see Figure 4.2). For
the gene sets resulted from epi-R ablation, we downloaded separately both
the upregulated and the downregulated gene sets. The number of genes
contained in the sets ranged from 11 to more than 900, the majority of
them (around 60%) contained up to 150 genes. Some of the sets had a
strong overlap in their gene content and we used them as a cross-check of
the procedure.

To search extensively for epi-miRNAs exploiting available gene expres-
sion datasets, we searched the Gene Expression Omnibus (GEO) database
(Barrett et al. 2012; Edgar et al. 2002). In this database are stored and dis-
tributed for free genomics data, provided by the research community, derived
from a variety of high-throughput analysis (GEO Overview - GEO - NCBI
n.d.). Searching for a consistent and well curated group of gene sets, we fi-
nally chose 14 experiment series (Seki 2011a; Enokida 2012; Naoko Kikkawa
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et al. 2014; Seki 2011b; Nijiro Nohata, Toyoyuki Hanazawa, et al. 2011,
Moriya et al. 2012; Fuse et al. 2012; Yoshino et al. 2011; Yamada, Sug-
awara, et al. 2018; N. Nohata, T. Hanazawa, N. Kikkawa, et al. 2011; Nijiro
Nohata, Sone, et al. 2011; Hidaka et al. 2012; Yamasaki et al. 2012; Takashi
Kinoshita et al. 2012; T. Kinoshita et al. 2013; Goto, Kojima, Nishikawa,
et al. 2015; R. Matsushita et al. 2015; Goto, Kojima, Kurozumi, et al. 2016;
Ryosuke Matsushita et al. 2016; Kumamoto et al. 2016; Yonemori et al.
2017; Yamada, Koshizuka, et al. 2018; Yamada, Arai, Sugawara, et al. 2018;
Yamada, Arai, Kojima, et al. 2018a; Arai et al. 2018; Yamada, Arai, Kojima,
et al. 2018b) (Supplementary file S2). This particular panel of transfections
was chosen among the hundreds of miRNA transfection experiments avail-
able in the GEO database, because they are characterized by a high level of
homogeneity and consistency both from the point of view of the experimental
protocol and from that of the data curation. Each series contained an high
number of experiments, many of which were performed following protocols
of siRNA transfection or drug treatment. Given that we were only interested
in the effects of miRNAs on the epigenetic machinery, we selected only those
experiments where cell lines were subjected to miRNA transfection. This led
us to a total of 157 miRNA transfection experiments (Supplementary file S3)
involving 59 different miRNAs on 26 different cell lines, providing us a good
variety of both.

We applied our pipeline as depicted in Figure 4.3. After the first step of
data acquisition and preparation, we have implemented a script to intersect
each of the miRNA transfection gene sets of up-/down-regulated genes with
each of the gene sets derived from the MSigDB. A significance score was
given to each of these intersections computing the hypergeometric test as
described before.
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Figure 4.3: Graphical description of the applied pipeline. Each miRNA transfection ex-
periment gene set was divided in up-/down-regulated gene sets, and for each of them was
computed the intersection with the MSigDB gene sets. The significance of these intersec-
tions has been evaluated through a Hypergeometric test and corrected for multiple testing
by the Benjamini-Hochberg procedure. All of the miRNAs involved in intersections with
BH corrected p-value lower than 0.001 were selected as candidate epi-miRNAs. Results
were further refined through GSEA, DAVID, miRTarBase or TargetScan analysis, and each
miRNA-epi-R interaction was labeled on a specific theoretical circuit based on the sign of
the miRNA gene set and the type of epigenetic gene set involved in the intersection. BH
= Benjamini-Hochberg.

Next, we corrected the p-value obtained with the hypergeometric test
with the Benjamini-Hochberg procedure. Looking at the distribution of the
obtained BH corrected p-values (Figure 4.4), it was clear that there was a
general propensity of miRNAs to interact with the epigenetic layer. Still,
these interactions seemed to follow two different behaviours: their bulk re-
sulted in high BH corrected p-values, and could be therefore considered as
shallow interactions; on the other side there was, instead, a long tail of
interactions that obtained very low BH corrected p-values, and these may
represent higher-level interactions.

We decided to set a threshold on the BH corrected p-value that could
discriminate between these two behaviors and, looking at the BH corrected
p-values' distribution, the choice of the threshold fell on 0.001. All the
miRNAs that appeared in the intersections with a lower BH corrected p-
value were considered as candidate epi-miRNAs and the epi-Rs analyzed
in the gene sets showing significant intersections were considered as their
candidate epigenetic interactors.

To exclude possible bias in our analysis, we generated a simple random
model, randomizing the original gene expression data by shuffling the gene
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Figure 4.4: The frequency of the BH corrected p-values obtained with our analysis is
plotted on the y axis in log scale, while the BH corrected p-values are plotted on the x
axis as -logl0(BH corrected p-value) transformed values. BH = Benjamini-Hochberg.

Histogram of the BH corrected p-value for the obtained intersections with the random sets
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Figure 4.5: The analysis performed on the randomized data didn't lead to any significant
BH corrected p-value, excluding the possibility of bias in our analysis. BH = Benjamini-
Hochberg.

labels. New random gene sets were created using the same threshold t =
+0.5 on the logl0 (fold change) of the expression levels and the analysis
was repeated on these random gene sets as described before. The results
obtained from the random data didn’t lead to any significant BH corrected
p-value, as shown in Figure 4.5 indicating that our algorithm was bias-free.

From this pipeline, we found that more than half (57%) of the analyzed
miRNAs are involved in epigenetic interactions. As a matter of fact, we
found that 34 out of 59 miRNAs resulted as candidate epi-miRNAs: 19 of
them were already known to interact with the epigenetic layer of regulation
and are reported in Table 4.1, while 15 were identified as new epi-miRNAs;
a piechart showing the distribution of the different classes of miRNA /epi-
miRNA is shown in Figure 4.6.

For each of the analyzed miRNAs, we tried to map the interactions found
between them and the epi-Rs showing significant intersections on simple
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miRNA Known Reference

miR-1 Yes (Gruber and Zavolan 2013)

miR-133a  Yes (Chavali et al. 2012)

miR-138 Yes (Rastgoo et al. 2016; Osella, Riba, et al. 2014)
miR-141 Yes (Tamagawa et al. 2014)

miR-144 Yes (Suzuki et al. 2013)

miR-145 Yes (Noh et al. 2013; Ramassone et al. 2018)
miR-145-5p No

miR-149 No

miR-150 No

miR-183 Yes (Gruber and Zavolan 2013)

miR-185-5p No

miR-199 Yes (Osella, Riba, et al. 2014)

miR-200a  Yes (Bracken et al. 2008; Memari et al. 2018)
miR-205 No

miR-210 No

miR-218 Yes (Ramassone et al. 2018)

miR-221 Yes (Ramassone et al. 2018)

miR-222 Yes (Memari et al. 2018)

miR-223 Yes (Vasilatou et al. 2013)

miR-223-5p No

miR-224 No

miR-23b No

miR-24 Yes (Yao et al. 2019)

miR-27b Yes (Poon et al. 2016)

miR-29a Yes (Gruber and Zavolan 2013; Ramassone et al. 2018; Osella, Riba, et al. 2014)
miR-30a-5p No

miR-31 No

miR-375 Yes (Bi et al. 2018)

miR-451 No

miR-504 No

miR-517a No

miR-874 Yes (N. Nohata, T. Hanazawa, T. Kinoshita, et al. 2013)
miR-96 No

miR-99a Yes (Coppola et al. 2014)

Table 4.1: Known and new epi-miRNAs among the 34 candidate epi-miRNAs.
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theoretical circuits. To do this, we relied on the kind of information that we
could retrieve from the gene expression dataset. The sign of the gene sets,
whether they contained up or down regulated genes, has been fundamental to
investigate the kind of circuitries in which the two elements where involved.
What we obtained is depicted in figure 4.7. All cases in which no significant
intersection was observed between the miRNA and the epi-R regulated genes
(see Fig. 4.7A) were not further considered in our analysis because we
assumed that the two players did not act cooperatively. Regulatory circuitries
were instead considered when we found significant intersections in one of the
following occurrences:

e between the downregulated genes following miRNA overexpression and
the upregulated genes in epi-R ablation experiments (Fig.4.7B);

e between the downregulated genes following miRNA overexpression and
the epi-R ablation (Fig.4.7C);

e between the upregulated genes observed in both conditions (miRNA
overexpression and epi-R ablation, Fig. 4.7D);

e when the intersections described in Fig. 4.7C and 4.7D were identified
for the same miRNA in the same epigenetic pathway (Fig. 4.7E).

It is clear that in this simplified view we cannot take into account undirect
interactions and more complex regulatory networks that can lead to similar
expression patterns. Therefore, the regulatory circuits in Fig. 4.7 should be
seen as the most basic interactions between miRNAs and epi-Rs compatible
with the experimental expression patterns. There are cases that are difficult
to categorize on the base of these data, for example those in which intersec-
tions were found between genes upregulated after miRNA overexpression and
genes downregulated after epi-R ablation. This kind of interactions cannot
be explained by these simple circuitries and would instead require additional
regulatory players.

The overall results of the best intersections obtained for each candidate
epi-miRNA and the associated epigenetic pathways are summarized in Fig-
ure 4.8. The first column lists the 34 candidate epi-miRNAs we identified.
In the second column the association of each miRNA to the putative tar-
geted epigenetic pathway is shown. In third, fourth, fifth and sixth column,
the potential loops between the candidate epi-miRNA and epi-R belonging
to the categories described in Figure 4.7 are indicated. Finally, in the last
column the results obtained searching the miRTarBase database of exper-
imentally validated miRNA-target interactions are indicated (complete list
of miRTarBase results in Supplementary file S4). Pathways displaying very
strong significance on their intersections (BH corrected p-value< 107%) are
reported in bold face (complete list of intersections in Supplementary file
S5).

As said at the beginning, more than half (34) of the 59 miRNAs trans-
fected in the analyzed panel of experiments turned out to be candidate epi-
miRNAs. It is important to notice, however, that this observation can be
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Figure 4.7: miRNA overexpression or epi-R ablation or ChIP experiments were used to
identify the pattern of miRNA and epi-R interactions. The putative circuitries between
miRNA and epi-R are here depicted. In A, miRNA and epi-R do not interact and regulate
distinct sets of genes; in B, they repress an overlapping set of genes; in C, the epi-R
represses the miRNA; in D, the miRNA represses the epi-R; in E, both (C) and (D)
situations are present for the same miRNA and the same epigenetic pathway. The up
arrows indicate the sets of genes upregulated in the depicted experiments, while the
down arrows indicate the sets of downregulated genes. Cases in which the genes were
upregulated after miRNA overexpression and downregulated after epi-R ablation were not
took into consideration because it was not possible to identify an hypothetical circuit
describing their interaction.
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miRNA Associated Pathway B C D E MirTarBase
mRNA  epi-R | mMRNAF—epi-R| miRNA—iepi-R | % >
\, ( L miRNA epi-R
o O O ~—
miR-1 PRC1, PRC2, HDAC PRC2, HDAC PRC2 PRC2 PRC2 HDAC
miR-133a PRC1, PRC2, HDAC PRC2 PRC2, HDAC PRC1, PRC2, HDAC PRC2, HDAC
miR-138 PRC1, DNMT, PRC2, HDAC  |PRC1, DNMT, PRC2, HDAC
miR-141 PRC2 PRC2
miR-144 PRC2, HDAC PRC2, HDAC PRC2
miR-145 PRC2, HDAC, PRC1, DNMT PRC2 PRC2 ,PRC2 PRC1, DNMT, HDAC|PRC2
miR-145-5p PRC2, PRC1 PRC1, PRC2
miR-149 PRC1, PRC2, HDAC HDAC PRC1, PRC2
miR-150 PRC2 PRC2
miR-183 PRC2, HDAC PRC2 PRC2,HDAC PRC2 PRC2
miR-185-5p DNMT DNMT DNMT
miR-199 PRC2 PRC2
miR-200a PRC2 PRC2 PRC2
miR-205 PRC2 PRC2 PRC2 PRC2 PRC2
miR-210 PRC1, PRC2, HDAC PRC1, PRC2, HDAC
miR-218 PRC2, DNMT, PRC1 PRC2 PRC2 PRC1, PRC2 PRC2
miR-221 HDAC, PRC2, PRC1 PRC2, HDAC PRC2 PRC2 PRC2
miR-222 PRC2, PRC1, HDAC PRC2 HDAC PRC2
miR-223 PRC1, PRC2, HDAC HDAC PRC2
miR-223-5p PRC2 PRC2 PRC2
miR-224 PRC2 PRC2 PRC2
miR-23b HDAC, PRC2, PRC1 PRC2 HDAC, PRC1 PRC2, HDAC HDAC
miR-24 PRC2, HDAC, PRC1 PRC2 PRC2, HDAC PRC1, PRC2 PRC2 PRC1, HDAC
miR-29a PRC1, PRC2 PRC1, PRC2
miR-27b PRC2 PRC2
miR-30a-5p PRC1, PRC2 PRC2, PRC1 PRC2
miR-31 DNMT, PRC2, HDAC PRC2, HDAC
miR-375 PRC2, PRC1, HDAC PRC2 HDAC PRC1, PRC2, HDAC HDAC
miR-451 PRC2, PRC1 PRC1, PRC2
miR-504 PRC2 PRC2
miR-517a PRC2, HDAC PRC2, HDAC
miR-874 PRC2 PRC2
miR-96 PRC2, PRC1, HDAC PRC2 PRC1, PRC2, HDAC
miR-99a PRC2, HDAC PRC2 PRC2, HDAC PRC2 PRC2

Figure 4.8: Table of the identified epi-miRNA interactions. For each candidate epi-miRNA,
we list in the second column the pathways in which they are involved (associated path-
ways): in some cases, a significant intersection was found between the genes upregulated
after miRNA overexpression and downregulated after epi-R ablation. These cases were
not further analyzed because it was not possible to group them under a single common
theoretical circuit. The other cases are listed in columns third, fourth, fifth and sixth,
where the involvement of the epi-miRNA in the different loops described in Figure 4.6
is indicated in the headings of the table. The bold face in these columns refers to the
pathways associated with very strong signatures (BH corrected p-value < 10~% ). Finally,
in the last column, the results of miRTarBase analysis are reported: the italic face in this
column indicates the functional targets supported by strong experimental evidence, based
on the indications of miRTarBase. BH = Benjamini-Hochberg.
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influenced by the fact that most of the miRNAs included in the panel are
known to be involved in cancer or in differentiation processes and thus more
likely to be involved in epigenetic pathways. In a high number of cases (182
intersections corresponding to 55 different miRNA transfection experiments)
we found very low BH corrected p-value for the intersections of the genes
upregulated after miRNA transfection with the MSigDB sets, which could
be compatible with a direct interaction of the miRNA with an epi-R.

Interestingly, we also found quite a few examples (93 intersections corre-
sponding to 38 different transfection experiments) of significant intersections
for the downregulated genes. In a few cases, when transfection experiments
of the same miRNA in different cell lines were available, we found that the
same miRNA may act as an epi-miRNA in one particular cell line and show
no epigenetic effect in the other cell lines.

The results showed a few clear correlations between the different epige-
netic pathways analyzed. In general, for several miRNAs, we found signatures
for more than one epigenetic pathway (23/34 epi-miRNAs, see Figure 4.8).
In some cases, it is difficult to disentangle if these are due to a direct inter-
action of the miRNA with the epi-R or are triggered by the dysregulation of
other epigenetic pathways.

Furthermore, we observed that transfection experiments for our candidate
epi-miRNAs are characterized by a large number of regulated genes (Figure
4.9 A-B) with a slight tendency toward upregulated versus downregulated
genes (Figure 4.9A), a signature compatible with a widespread action caused
by the interactions with the epi-Rs.

As shown by the box-plot analysis, the total number of differentially
expressed genes resulted significantly higher for the experiments where the
miRNA turned out to be a candidate epi-miRNA compared with experiments
where the same miRNA was not identified as a candidate epi-miRNA (Figure
4.9B).

The categorical scatter plot (Figure 4.10A) shows the amount of the dif-
ferentially expressed genes in the different transfection experiments for each
candidate epi-miRNA. Histogram in Figure 4.10B shows that the difference
between the distribution of the total number of differentially expressed genes
for each transfection experiment and each analyzed miRNA is significantly
higher in miRNAs acting as epi-miRNAs as assessed by Mann—Whitney U
two-tailed test.

Moreover, a TargetScan analysis of predicted targets of the candidate
epi-miRNAs did not show a significant difference in number compared with
the predicted target genes of the other miRNAs (Figure 4.11B).

We describe below a few instances of our results, which we chose both
for the relevance of the pathways in which the candidate epi-miRNAs are
involved and because they represent paradigmatic examples of the different
combination of entries that we found in our analysis.
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Figure 4.9: epi-miRNAs regulate a higher number of genes than miRNAs not interacting
with the epigenetic layer. A Scatter plot showing the distribution of the difference among
up- and downregulated genes (upregulated genes — downregulated genes) versus the to-
tal number of differentially expressed genes for all analyzed transfection experiments on
the basis of the significance of their intersection with the MSigDB sets. Each symbol
represents one of the transfection experiments listed in Supplementary File S3. The epi-
miRNAs and miRNAs identified by the MSigDB intersection analysis are shown in red
color gradation as indicated in the BH corrected p-value color bar. B Box plots repre-
senting the total number of differentially expressed genes for the indicated (n) number
of experiments, discriminating between those where the miRNAs turned out to behave
as epi-miRNAs (red, left) and those where they acted as regular miRNAs (blue, right).
In (A) BH corrected p-value was obtained using a Benjamini-Hochberg procedure. In
(B), significance was assessed using a Mann-Whitney U two tailed test, ****p-value <
0.0001; - a non statistically significant p-value. BH = Benjamini-Hochberg.
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Figure 4.10: Single candidate epi-miRNA experiments show a larger number of differen-
tially expressed genes than miRNAs not interacting with the epigenetic layer.A Categorical
scatter plot representing the total number of differentially expressed genes in all the con-
sidered experiments for each identified epi-miRNA. Red color indicates experiments in
which the miRNA was considered an epi-miRNA (BH corrected p-value threshold 0.001),
while blue color indicates experiments where the miRNA was not considered an epi-miRNA
(BH corrected p-value >0.001).B Histogram showing the distribution of the average of
the total number of differentially expressed genes for each transfection experiments and
each analyzed miRNA. Red: experiments where the miRNA was considered an epi-miRNA.
Blue: all the experiments in which the miRNA was not considered an epi-miRNA. BH =
Benjamini-Hochberg.
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Figure 4.11: Analysis of the difference be-
tween upregulated and downregulated genes
for candidate epi-miRNA and miRNA. A
Box-plots representing the difference among
the number of up and downregulated genes
of the indicated (n) number of experiments
for both candidate epi-miRNAs and miRNAs.
B Box-plots representing the number of Tar-
getScan predicted genes for both candidate
epi-miRNAs and miRNAs. miRNAs behaving
only as epi-miRNA or only as a plain miRNA
in all related experiments were considered for
the analysis. In (A) and (B) significance
was assessed using a Mann-Whitney-U two
tailed test, ****=p-value < 0.0001; - a non-
statistically significant P-value.
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4.3.2 Examples of candidate epi-miRNAs identified with
our pipeline

miR-31

In the panel of the analyzed transfection experiments, miR-31, a typical
miRNA deregulated in cancer, was present in a single transfection experiment
in the human highly metastatic prostate cancer cell line, PC3. Looking at the
intersections with our gene sets, four entries were observed (BH corrected
p-value < 0.001, see Supplementary File S6). All of them were for the set
of genes upregulated after transfection (NUYTTEN_EZH2_TARGETS_UP,
SENESE_HDAC1_TARGETS_UP, SENESE_HDAC3_TARGETS_UP and
GSE27434WT_VS_DNMT1_KO_TREG_DN). Three sets contained genes
upregulated after knockout of EZH2, HDAC1 and HDAC3, suggesting a
direct inhibition of these three genes by miR-31 or more generally on the
corresponding epigenetic machinery as shown in the third column of Figure
4.8.

miR-205

miR-205 was not previously known as an epi-miRNA. For miR-205, three
experiments on three prostate cancer cell lines (PC3, DU145 and C4-2)
were present in our panel. A larger number (seven) of significant inter-
sections with our gene sets both for the upregulated and downregulated
genes was observed with very low BH corrected p-value (Supplementary File
S6). Interestingly, for one of the EZH2-related files, the BH corrected p-
values are really low (down to 107%) and genes show consistent signatures
in the upregulated and downregulated sets. More precisely, the upregulated
genes are the same found upregulated after knockout of EZH2 (NUYT-
TEN_EZH2_TARGETS_UP, BH corrected p-value= 1072!) and downreg-
ulated those which are downregulated after knockout of EZH2 (NUYT-
TEN_EZH2_TARGETS_DN, BH corrected p-value = 107%%).

miR-138

Differently from the previously described miRNA, miR-138 is a well-known
epi-miRNA (Gruber and Zavolan 2013), in this case only one transfection
experiment in the A498 kidney carcinoma cell line was present in the con-
sidered datasets. Eight intersections (BH corrected p-value < 0.001) were
observed and all of them in the set of genes downregulated after transfec-
tion. Noteworthy, in all these cases, the gene sets are incoherent with respect
to the expected epi-miRNA interaction. For instance, we found among the
downregulated genes a large number (BH corrected p-value = 107'8) of
genes upregulated after knockout of EZH2. This means that these genes
are simultaneously targets of miR-138 and EZH2. We report as an example
the intersection corresponding to the file NUYTTEN_EZH2_TARGETS_UP
mentioned above. This intersection is composed by 95 genes which are listed
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Figure 4.12: GO analysis for miR-138 and miR-1. A—C Bar plots of the best entries for
DAVID GO analysis performed for the genes of the best intersections with MSigDB sets
obtained for (A) miR-138 and (B—C) miR-1. For each entry, the logl0 of the Bonferroni
corrected p-value is shown (cutoff on the Bonferroni corrected p = 0.001).

in the Supplementary File S6 (BH corrected p-value = 107'%). Performing
a Gene Ontology analysis (DAVID tool online https://david.ncifcrf.
gov/home. jsp) (Huang et al. 2009; Huang et al. 2008), entries related
to immune response with a low Bonferroni corrected p-value of 10~ were
observed (Figure 4.12A), suggesting that a large portion of these genes is
activated only following a perturbation of the immune system and should be
otherwise kept silenced.

miR-145

The well-known epi-miRNA, miR-145, is the miRNA with the largest number
of available transfection experiments of our panel, in some cases on the same
cell lines. miR-145 is simultaneously involved in several different epigenetic
pathways (see Figure 4.8). In particular, we found strong evidence of a
direct involvement in the regulation of the two Polycomb pathways, PRC1
and PRC2, and of the DNMT machinery. Most relevantly, the same pathway
is regulated in several different cell lines, for instance, PRC2 is downregulated
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not only in LNCap but also in PC3 and DU145 prostate cancer cell lines.
Interestingly, a direct inspection shows that the effect of the downregulation
of PRC2 is very similar in the three cell lines. In other words, there is a
large overlap among the genes that are upregulated in the three experiments
(notwithstanding the difference in cell lines) and these upregulated genes are
exactly those which are targeted by PRC2 (data not shown).

miR-1

A very interesting pattern was found in the case of the well-known epi-
miRNA, miR-1 (Gruber and Zavolan 2013), which appeared in ten entries
of our panel of transfection experiments, but only for two of them, corre-
sponding to the PC3 (prostate cancer) and EBC-1 (lung cancer) cell lines,
the intersection had a BH corrected p-value < 0.001. In particular, in lung
cancer EBC-1 cells, there was a strong indication supporting a direct down-
regulation of PRC2. What is relevant is that this signature appears in a
consistent way both in the set of the upregulated and downregulated genes
(see data in Supplementary File S6). We found a large overlap (BH cor-
rected p-value = 107 7?) between the set of genes downregulated after trans-
fection of the miRNA and the genes downregulated after knockout of EZH?2
and, simultaneously, a large overlap (BH corrected p-value = 1071%) of the
genes upregulated after transfection with those upregulated after knockout
of EZH2. The set of common upregulated genes shows a strong overlap
with the same GO categories mentioned above on immune response (Figure
4.12B), while a GO analysis of the set of downregulated genes shows that
most of these genes are associated to cell cycle (Figure 4.12C). GO categories
for miR-31, miR-145 and miR-205 are shown in Figure 4.13.

4.3.3 Identification of the putative epigenetic interac-
tors of a given miRNA

The Dataset

The procedure we proposed can be used, in addition to identifying epi-miRNA
candidates, given a miRNA of interest, to identify its candidate epigenetic
interactors. Due to the relevance of miR-214 in tumor progression, the
Taverna laboratory at the Molecular Biotechnology Center (MBC) in Turin
is continuously investigating unknown mechanisms through which miR-214
could coordinate tumor metastatization, and this gave us the opportunity to
test our approach on the original dataset that they provided.

In the attempt to identify new genes directly or indirectly modulated
by miR-214, MA-2 (Penna, Orso, Cimino, Tenaglia, et al. 2011) aggressive
melanoma cells were transiently transfected with a precursor for miR-214
(pre-miR-214) or negative controls (pre-control). RNA was extracted 72 h
following transient transfection and miR-214 expression levels verified by real-
time PCR (data not shown). RNA was used to perform whole human genome
gene expression analysis (GSE124965). A total of 493 differentially expressed
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Figure 4.13: GO analysis for miR-31, miR-145 and miR-205. A-C Bar-plots of the ten
best entries for DAVID GO analysis performed for the genes of the best intersections with
GSEA sets obtained for (A) miR-31 and (B) miR-205 (C) miR-145. For each entry, the
log10 of the Bonferroni corrected p-value is shown.
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genes (342 upregulated; 88 downregulated) were found, considering a 14.2%
FDR. Surprisingly, 342/493 of the differentially expressed genes resulted to be
upregulated, suggesting a possible indirect regulation of these genes by miR-
214 via a potential crosstalk with an epi-R. Similar observation came from
the analysis of another miR-214 dataset (GSE35948) in human myeloma cell
lines, NCI-H929 and MM1S (Misiewicz-Krzeminska et al. 2013). The first
hypothesis we made was that miR-214 could influence the expression of this
huge amount of genes via an epigenetic mechanism. For this reason, the list
of the differentially expressed genes was subjected to the analysis described
above to identify candidate epigenetic interactors of miR-214. The lists of
the differentially expressed genes used for the analysis is available in Supple-
mentary File S7. The heatmaps of differential expression for both datasets
are shown in Figure 4.14 A and B, where it is qualitatively appreciable the
increased number of upregulated genes compared with downregulated ones
following miR-214 overexpression.

Eight MSigDB sets were identified, across up- and downregulated gene
sets using both our (GSE124965) and GSE35948 (Misiewicz-Krzeminska et
al. 2013) datasets (Supplementary File S8), showing evidence of a direct
regulation of the miRNA on the considered epigenetic pathways. Five of
them correspond to the PRC2 pathway, two correspond to HDACs and one
to the PRC1 pathway. In particular, the PRC2 sets are related to the si-
lencing of the enhancer of zeste 2 polycomb-repressive complex 2 subunit
(EZH2) and to the silencing of the EZH2 interactor NIPP1 (Supplementary
File S8), suggesting EZH2 as the candidate gene directly targeted by miR-
214 and responsible for the vast upregulation observed in the experimental
dataset. GSEA analysis of the genes belonging to the best PRC2 intersec-
tion, described above, shows a significant enrichment with sets related to
epithelial-to-mesenchymal transition and TGFb pathway in agreement with
the prometastatic role of miR-214 (Figure 4.15).

miR-214 downregulates EZH2

In order to prove that miR-214 targets EZH2 gene in a melanoma cell con-
text, miR-214 was overexpressed in MA-2 melanoma cells, and EZH2 protein
expression levels were analyzed. As shown in Figure 4.16A, miR-214 overex-
pression leads to a 60% reduction of EZH2 protein levels.

Further analysis were performed to check if EZH2 silencing could pheno-
copy miR-214 overexpression effects on the activation of miR-214-dependent
downstream pathway. ITGA5, ALCAM and miR-148b expression levels were
analyzed. As shown in Figure 4.16B and C, EZH2 silencing (60%) was able to
induce an upregulation of ALCAM (32%) and ITGAS5 (60%) expression, thus
phenocopying the effects observed following miR-214 overexpression (Bommi
et al. 2010). Interestingly, ALCAM and ITGA5 were not consistently modu-
lated at the mRNA level. In order to asses if EZH2 could be partially involved
in miR-214-mediated miR-148b down-modulation, miR-148b expression lev-
els were tested following EZH2 silencing as shown in Figure 4.16D. EZH2
silencing was able to decrease miR-148b expression, suggesting a partial con-
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Figure 4.14: Heatmaps of the expression levels of miR-214-regulated genes. A Heatmap
representing the results of the microarray analysis performed on MA-2 melanoma cells 72
h following miR-214 transient overexpression (GSE124965). B Heatmap representing the
results of the microarray analysis of GSE35948 dataset.
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Figure 4.15: Functional enrichment for the best miR-214 intersection with MSigDB sets.
Best entries for enrichment analysis performed on GSEA hallmark collection for the best
intersection of miR-214 regulated genes with MSigDB sets. For each entry, the logl0 of
the FDR g-values is shown. FDR: False discovery rate

tribution of EZH2 in miR-214-mediated control of miR-148b. All these data
suggest that miR-214 could potentially act, at least partially, through an
epigenetic mechanism together with the classical mechanism of action in
controlling metastatization.

4.3.4 TCGA Analysis

The results that we are going to report are based upon data generated by the
TCGA Research Network (https://www.cancer.gov/tcga). The Cancer
Genome Atlas (TCGA) is an important tool for cancer research: it contains
more than twenty thousands molecularly characterized samples, both from
cancer and normal tissue, comprising matching cancer-normal samples, de-
rived from 33 different cancer types (The Cancer Genome Atlas Program
n.d.).

More in detail, we began selecting a subset of the projects representing
tumors in which miRNAs were already known to have an important role,
obtaining 18 projects. These 18 projects comprised a great variability in
terms of tumor types and number of samples, from those more common
containing a huge number of samples, to those more rare for which a smaller
number of samples was available.

For this analysis we needed both mRNA and miRNA expression data for
each patient case. Furthermore, each patient case should have had both
tumor and normal tissue samples. Adding these more stringent criteria to
our search, some of the more rare tumors or those tumors that derived
from tissues on which it is difficult to make a biopsy (as brain, e.g.), or
which were obtained from liquid tissues, were excluded. Samples from two
of them, TCGA-READ and TCGA-COAD, were considered together in order
to obtain colorectal cancer data, and will be therefore named TCGA-READ-
COAD from here on. The final number of analyzed TCGA projects is 12. A
list of the analyzed TCGA projects is reported in table 4.2.
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Figure 4.16: Histone methyltransferase enhancer of zeste homolog 2 is a target of miR-214.
A and B EZH2 protein levels were assessed by WB in MA-2 cells 72 h after transfection
with miR-214 precursors or their negative controls (pre-214 vs control) or after EZH2
transient downmodulation (si-EZH2 vs si-control). C ALCAM and ITGA5 protein and
mRNA levels were analyzed by WB and qRT-PCR in MA-2 cells 72 h after EZH2 transient
downmodulation (si-EZH2 vs si-control). D miR-148b expression levels were assessed
by gqRT-PCR in MA-2 cells 72 h after EZH2 transient downmodulation (si-EZH2 vs si-
control). Protein modulations were compute relative to controls, normalized on Actin
(B and C) or GAPDH (D) loading controls and expressed as percentages; results in (C)
and (D) are shown as fold changes (mean SEM) relative to controls, normalized on
GAPDH mRNA or U6 snRNA levels. Two experiments with independent protein and
RNA preparations were performed and representative ones are shown. EZH2: Histone
methyltransferase enhancer of zeste homolog 2; WB: Western blot.
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Project ID Project Name Number of Samples
TCGA-BLCA Bladder Urothelial Carcinoma 405
TCGA-PRAD Prostate Adenocarcinoma 491
TCGA-CHOL Cholangiocarcinoma 36
TCGA-HNSC Head and Neck Squamous Cell Carcinoma 495
TCGA-STAD Stomach Adenocarcinoma 372
TCGA-ESCA Esophageal Carcinoma 161
TCGA-KIRC Kidney Renal Clear Cell Carcinoma 865
TCGA-CESC Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma 304
TCGA-READ-COAD  Rectum Adenocarcinoma, Colon Adenocarcinoma 598
TCGA-LIHC Liver Hepatocellular Carcinoma 367
TCGA-BRCA Breast Invasive Carcinoma 1072
TCGA-PAAD Pancreatic Adenocarcinoma 177

Table 4.2: Description of the TCGA projects analyzed, as reported on the GDC Data
Portal.

miRNA differential expression

Given that the main goal of this last part of the project was to analyze if
the miRNA-epigenetic components interactions that we found were retriev-
able also from tissue samples, the analysis was focused on the 34 miRNAs
that resulted candidate epi-miRNAs from the prior analysis. We tried to
mimic the experimental conditions of the previous pipeline. The condition
most similar to miRNA transfection that we could imagine in tissue sam-
ples was computing where these miRNAs were differentially regulated. As a
consequence we performed a miRNA differential expression analysis on the
matching tumor-normal tissue samples to search for those tumors in which
our candidate epi-miRNAs resulted either up or downregulated. The results
from the differential expression analysis are shown in Figure 4.17.

From the data shown in 4.17, some general considerations can be drawn:

e some miRNAs are downregulated in most of the samples: this be-
haviour is clear for miR-133a, miR-29a, miR-99a, miR-145 and miR-
23b, and it is possible that they may act as oncosoppressors (Frixa
et al. 2015);

e similarly, some other miRNAs are generally upregulated: miR-517,
miR-141, miR-183, miR-210, miR-96 and miR-31 are the examples
of miRNAs that resulted almost always upregulated from the differ-
ential expression analysis; this is usually the case of miRNAs that are
oncogenic (Frixa et al. 2015);

e there are miRNAs whose behaviour is more heterogeneous and there-
fore difficult to categorize: they could be highly upregulated in some
cases and downregulated in others ( like the case of miR-205, or miR-
144);

e for a few miRNAs we obtained a small number of cases in which they
were differentially expressed (like miR-874 or miR-150), and for them
it is difficult to evince a general behaviour.
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Figure 4.17: miRNA differential expression analysis for each TCGA project analyzed.
For each miRNA, the values of differential expression are shown as annotation on the
corresponding cell (tumor tissue samples vs normal tissue samples), and the color coding
helps to visualize whether it is positive or negative. The colorbar indicates the log2FC of
the differential expression. The values in red-dashed cells are those reporting a significant
differential expression (p-value<0.01).
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The overall results show that candidate epi-miRNAs seem strongly involved in
cancer, with almost half of them (16/34) being differentially expressed in 6 or
more of the TCGA projects analyzed. Obviously, the recorded dysregulation
may be partially due to the overall gene expression dysregulation of cancer,
and we put a low threshold on the significance of the differential expression
to be more confident that these fluctuations were not random.

miRNA - epigenetic components correlations

To identify which miRNA resulted up or down-regulated in each tumor type,
a threshold of £0.5 was set on the log2(Fold Change). Next, we focused
on miRNAs interactions with the epigenetic components. More precisely, we
analyzed their correlation with the specific epigenetic components taken into
account in our previous pipeline in each of the TCGA projects considered.

We computed the correlation between the 34 candidate epi-miRNAs and
the epigenetic components, to investigate their relationships. We found a
very heterogeneous landscape from which it was very difficult to evince pre-
cise patterns of interactions. This can be due to two main reasons: we already
realyzed from the previous analysis that miRNAs can act as epi-miRNA in a
cell-type specific manner, and this may be true even for different contexts.
miRNAs may be part of the epigenetic regulatory network in some specific
tumors and not in others. Moreover, correlation does not imply causality,
and a direct interaction between the miRNA and the epigenetic component
is not the only way to explain the correlation between the expression levels of
the two components, but many other undirect interactions could take place
in the middle.

Anyway, the results of the correlations could still be a good measure
of the presence of relationships between the miRNAs and the epigenetic
components, and can be considered as signatures of the importance of these
miRNAs in epigenetic regulation.

The miRNAs showed many positive correlations. As a matter of fact, in
some cases positive correlations are almost the only resulting correlations:
one peculiar example is that of miR-183, reported in Figure 4.18B. From
the prior analysis, it resulted involved in feedback loops with HDAC and
PRC2. From the differential expression analysis, it resulted upregulated in
10/12 TCGA projects, and showed only positive correlations (and no negative
correlations) in 9/10 of them, with all the epigenetic pathways analyzed.
A similar behaviour was observed for miR-96 too, and this is not strange,
considering that miR-183 and miR-96 belong to the same cluster of miRNAs.
miRNAs belonging to the miR-183 family are recurrently highly expressed in
cancer, suggesting that these miRNAs may lead to the gain of some function
which may be beneficial for carcinogenesis (Dambal et al. 2015). Generally
speaking, the miRNAs that resulted upregulated in a high number of tumors,
also resulted strongly positively correlated with the epigenetic components,
suggesting that those miRNAs could be involved in pathways that need to
be upregulated in cancer. Unfortunately, no hypothesis could be made on
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Figure 4.18: Correlations between miRNAs and the epigenetic components in the differ-
ent TCGA projects. In each box, different miRNAs and their correlations are depicted.
For each miRNA the correlations within the tumors where they resulted upregulated are
depicted above the midline, while those within the tumors where they resulted downreg-
ulated are depicted below the line. The pathways that resulted negatively correlated with
the miRNA are listed on blue down arrows, those that resulted positively correlated are
depicted on red up arrows.

the kind of circuits in which the miRNAs and the epigenetic components are
involved based on these kind of information.

In other cases, a high number of negative correlations have been found.
A negative correlation would suggest that the miRNA and the epigenetic
component are involved in some kind of negative feedback loop (similar to
the theoretical loops depicted in 4.7C-D).

For example miR-133a (Figure 4.18A), member of the miR-133 family,
which appears to be dysregulated in many human tumors including gastric
cancer, non-small cell lung cancer and pituitary tumors (Li et al. 2018),
resulted downregulated in 8/12 TCGA projects and in most of them (7/8),
showed negative correlations with all the four epigenetic pathways analyzed.
In TCGA-PRAD, containing samples derived from prostate cancer tissues, it
showed negative correlations with all the four epigenetic pathways, suggesting
a strong epigenetic interplay in that cancer type.

miR-145 expression is reduced in various cancer cell lines (Zeinali et al.
2019) and resulted always downregulated (where significantly differentially
expressed, in 10/12 projects, Figure 4.17) from our analysis too. Again,
in prostate cancer, showed significant negative correlation with all the four
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pathways (4.18D), and they all resulted as its targets in the previous analysis
too (see Figure 4.8D).

Another interesting case is that of miR-31. It is notoriously involved in
cancer, either as tumor suppressor or as carcinogen (T. Yu et al. 2018). In
our analysis, resulted significantly differentially expressed in 5 TCGA projects,
and upregulated in all of them (Figure 4.17). Interestingly, it showed negative
correlations in 4/5 tumors, and the same pathways that resulted to be asso-
ciated with its action from our analysis, DNMT, PRC2 and HDAC, resulted
negatively correlated in these samples (4.18C). Moreover, also PRC1 resulted
negatively correlated to its expression, in TCGA-CESC and TCGA-HNSC. It
is possible that miR-31 interacts in a feedback loop with this pathway only
in the specific tissues from which these samples derived. Many other cor-
relations have been found, between the other miRNAs and the epigenetic
components, and are reported in Supplementary figure S9.
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Chapter 5

Conclusion and future
perspectives

5.1 Discussion

Epigenetics encloses a wide range of pathways and modifications that af-
fect the DNA and its transcription, without affecting the sequence. The
importance of this layer of regulation is even greater once that all the inter-
actors with the epigenetic pathways are taken into account. Among these
interactors, miRNAs result fundamental for the establishment of specific dy-
namics. miRNAs that control epigenetic components, and in some cases are
controlled by them generating feedback loops, are called epi-miRNAs. This
specific category of ncRNAs has been seen to interact with the epigenetic
components at many levels, but their identification was still far from being
exaustive.

We tried to pose the foundations for epi-miRNA identification, devel-
oping a pipeline able to detect which miRNAs have epi-miRNA function or
which are the interactors of a miRNA of interest. We selected a panel of
gene sets which can be considered bona-fide targets of the above discussed
main epigenetic pathways and intersected them with the set of genes respec-
tively upregulated or downregulated in a series of gene expression datasets
coming from publicly available transfection experiments of various miRNAs.
Intuitively, a large intersection could be considered as a signature of an epi-
genetic amplification. The p-value of the intersection was assessed using the
hypergeometric distribution corrected for multiple testing.

The main result of our analysis is that the number of putative epi-miRNAs
is much larger than expected: it is indeed difficult to estimate how broad
the epi-miRNome can actually be. Also, from our analysis resulted that epi-
miRNAs are typically involved in differentiation processes and are likely to
play an important role in cancer development. Indeed, accumulating evidence
shows that epigenetic alterations are very common in cancer and exert pivotal
roles in progression and metastasis. When transfection experiments in more
than one cell line were available we found that the epigenetic role of miRNAs
is strongly tissue dependent. The same miRNA can act as an epigenetic
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switch in a particular tissue or cancer cell line and may have no effect at all
in another cell line. An interesting feature of most of the known epi-miRNAs
is that they are typically involved in complex double inhibitory feedback loops
with their epigenetic targets. It has been shown in Osella et al. (Osella, Riba,
et al. 2014) that this circuit is perfectly suited for tissue differentiation and
more generally to choose among different cell fates and keep memory of this
choice. The nature of the two partners of the feedback loop (miRNA on one
side and epi-R on the other side) ensures an optimal resistance to stochastic
fluctuations and avoids erroneous switching of the loop (Osella, Riba, et al.
2014). Several of the epi-miRNAs that we identified seem to follow this same
pattern, but due to the nature of the data used in our analysis we cannot
close the circuits for all the identified candidate epi-miRNA except for the
ones presented in Figure 4.8, column sixth. Obviously, the circuits described
are highly hypothetical, as it is not possible to confirm each interaction from
the available data, but still they remain a good approximation of the kind
of interactions we were looking for. We discuss here a few topical examples
of these interactions, chosen among the miRNAs that we presented in the
result section.

miR-31 is an important regulator of tumorigenesis. It can function either
as oncomiR or as a tumor suppressive miRNA and it is typically deregulated
in cancer cells. This miRNA has been recently shown to be a transcriptional
target of EZH2 (Kurihara et al. 2016; Q. Zhang et al. 2014). Together
with our finding this observation closes a perfect toggle switch (see Fig.4.7)
which, as mentioned above, is a typical signature of epi-miRNAs. Remarkably
enough, it has been recently shown that such a feedback loop is present with
the other epigenetic pathways. Indeed it was shown that HDAC inhibitors
enhance the expression level of miR-31 (Cho et al. 2015). Moreover, also the
association between the HDAC and the PRC2 pathways that we observed
in our data is confirmed in the literature, for instance it has been shown
recently that in some classes of tumors the inhibition of miR-31 requires the
joint action of EZH2 and HDAC (Koumangoye et al. 2015).

As for the previous miRNA, also miR-205 may act either as a tumor
suppressor through inhibiting proliferation and invasion, or as an oncogene
through facilating tumor initiation and proliferation, depending on the spe-
cific tumor context and target genes. It belongs to the miR-200 family and
it is thus involved in the regulation of EMT. miR-205 was not previously
reported as an epi-miRNA. Also in this case, there is evidence of a double
inhibitory feedback loop with EZH2 (Q. Zhang et al. 2014). Differently from
the previously described miRNA, miR-138 is a well-known epi-miRNA, it is
involved in a double negative feedback loop both with SIRT1 (C.-M. Liu et
al. 2013), which is a member of the HDAC family, and with EZH2 (H. Zhang
et al. 2013; Zhu et al. 2016). These circuits are prototypical examples of
epigenetic feedback loops (FBLs) and were discussed for instance in (Osella,
Riba, et al. 2014). What is interesting is that in all these cases the gene sets
are incoherent with respect to the expected epi-miRNA interaction. This
means that these genes are simultaneously targets of miR-138 and EZH2.
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The type of circuit that we found is depicted in Fig.4.7B. This circuit is very
interesting as it is easy to see it ensures that the target genes are always
silenced, independently from the orientation of the regulatory switch. What
is more important, due to the incoherent nature of the circuit, their expres-
sion levels are not only low but are stable against fluctuations. These target
genes are likely to be important regulator themselves, which in physiological
conditions must be kept under control and are dysregulated during cancer
progression. miR-145 is a known tumor suppressor which impacts on tumor
cell growth and invasiveness, plays important roles in the differentiation of
stem cells and vascular smooth muscle cells and regulates the expression
of core stemness-associated factors, such as OCT4, SOX2, and KLF4 (Xu
et al. 2009). It is interesting to notice that also for this miRNA there are
strong indications suggesting the presence of a double inhibitory feedback
loop with DNMT (Xue et al. 2015). This agrees with independent obser-
vations: for instance it was shown to be suppressed by hypermethylation in
tumors (Suh et al. 2011) and it is down-regulated in lung adenocarcinoma
tissues in cooperation with incremented DNA methylation (Xia et al. 2015).
The DNMT pathway is indeed one of the pathways that we found as direct
targets of miR-145 in our analysis (see Figure 4.8). Finally, a very interesting
pattern is found in the case of miR-1 (Gruber and Zavolan 2013), for which
GO categories show an enrichment in immune response and cell cycle inhi-
bition categories and our findings suggest that miR-1 exerts these functions
by targeting the PRC2 pathway.

Our proposed pipeline can be also used to identify putative epigenetic
interactors of any given miRNA. The prometastatic miR-214 has been used
as an example of the potentiality of our method. Based both on a dataset
from our transfection experiments and from a publicly available dataset, we
identified EZH2 as an epigenetic interactor of miR-214. We demonstrated
that miR-214 regulates EZH2 in melanoma cells and EZH2 is in turn at
least partially responsible of the downstream pathway activated by miR-214
involving ALCAM, ITGA5 and miR-148b. These results were in agreement
with previous data regarding miR-214 regulation of EZH2 during muscle
differentiation (Juan et al. 2009). Moreover, the GSEA analysis performed for
the best intersection of miR-214 regulated genes with the selected MSigDB
sets used in our analysis shows an enrichment in EMT and TGF-b related
genes, perfectly in agreement with prometastatic role of miR-214 during
tumor progression. The identification of miR-214 as an epi-miRNA in a
tumor cell context can highlight new layers of regulation of this miRNA in
the control of tumor progression.

Applying our pipeline to transfection experiments led to appreciable re-
sults, proving that transfection experiments can give good hints of the in-
teractions underlying miRNAs and the epigenetic layer of regulation. It was
one of our goals to be able to develop a method that could help spot epi-
miRNAs in a simple way, being able both to use only one kind of data and
at the same time to exploit the huge amount of data available online. These
results, though, being based on data from transfection experiments, don’t
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necessarily report the natural effect that miRNAs have in the cells where they
are endogenously present. miRNA overexpression experiments can generate
a certain level of skepticism for their ability to produce false positive results
through the artificial increase of miRNAs' concentration levels over the phys-
iological standards, generally obtained with transient transfection (Thomson
et al. 2011). Moreover, miRNA transfection experiments are usually exe-
cuted in a cell environment that is not the natural context of the analyzed
miRNA, and in these cases the native targets of the specific cell-type under
object may be missed (Thomson et al. 2011).

Furthermore, miRNA are known to be involved in cancer dysregulation,
and their differential regulation in cancer is often related or caused by mal-
functions in important cancer-related pathways. To evaluate the relationship
between miRNAs and epigenetic components in cancer tissue samples, we
performed a differential expression and correlation analysis on TCGA data.
We indeed spotted each of the 34 candidate epi-miRNAs as up- or down-
regulated in at least one of the analyzed TCGA projects. Some of these were
always upregulated or always downregulated, and may therefore be miRNA
that behave as oncomiR, in the first case, or as oncosoppressors, as for the
second case, but this can also indicate a cell type specificity related to the
complex mixture of cell types of the tumoral environment. Moreover, some
miRNAs were widely dysregulated, indicating that they may be involved in
pathways fundamental for the cancer cells and that are independent from
the tissue of origin, while some other were differentially expressed in very few
of the analyzed cancer types, suggesting a more cell-type or context spe-
cific function. Cell-type specificity may be evinced also from those cases in
which the behaviour is more heterogeneous, involving different degrees and
directions of differential expression in different tumor types.

Analyzing the correlations between each of the 34 miRNAs that resulted
candidate epi-miRNAs and the epigenetic pathways in the TCGA projects, we
found that many of the interactions spotted by our pipeline remained true. In
some cases it is difficult to disentangle the kind of underlyning interaction, as
for miR-183 and miR-96. In some other cases, the direction of the regulation
and of the correlations gave us the possibility to hypothesize that there should
be at least some negative feedback loop between the two components, as
in the case of miR-133a and miR-31, confirming an interaction between the
epigenetic components and the putative epi-miRNAs even when they are not
artificially overexpressed as in the transfection experiments.

In conclusion, some of our candidate epi-miRNAs agree with already
published findings, representing a positive test of our procedure, but some
of them are new and represent one of our main results, and it would seem
that their role can also be confirmed by in tissue analysis. Altogether our
findings point to a much stronger role of epi-miRNAs in the regulatory net-
work of higher eukaryotes and more generally to a strong interplay between
the post-transcriptional and the epigenetic layers of regulation in shaping the
differentiation process of complex tissues, that lead them to be important
elements in cancer regulation too.
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5.2 Future perspectives

The alteration of the epigenetic mechanisms can cause several serious patholo-
gies, including cancers, cardiovascular, metabolic, neurodegenerative disor-
ders as well as inherited syndromes. Our findings support the evidence col-
lected during the years about the importance of miRNAs influence over epige-
netic regulation. Given this importance and the complexity of their interplay,
the epigenetic mechanisms can be only understood considering the regula-
tory circuitries composed of miRNAs and epi-Rs. Our work contributes to
better elucidate and to identify new players involved in these complex regula-
tory circuits. Although the presented pipeline was applied on gene sets from
tumor origin, it could be applied to different pathologies beside cancers.

Notably, our approach could be used in the future to go more in details
in these regulations to verify how much these circuitries are similar among
cells of the same tissue of origin or cells derived from the same kind of tu-
mors as well as to unravel the pathological implications of new epi-miRNAs.
Potentially, the level of resolution could also be increased in order to dis-
criminate among the different members of the epi-R family involved in the
circuits. The analysis on the TCGA data may profit a higher resolution too,
stratifying the data on a more fine-grained basis and therefore performing
the analysis on specific tumor subtypes, where possible.

The pipeline is designed to find interactions between miRNAs and epi-
genetic components based on the overlap between gene sets, evaluating the
impact of miRNA on the epigenetic layer of regulation. The same pipeline
could be used to analyze the effect of miRNAs on other cellular systems too,
if it would be possible to have access to the right data. For example, it
is known that miRNAs strongly interact with transcription factors (Osella,
Bosia, et al. 2011), and would be therefore itneresting to assess if it is pos-
sible to investigate this interactions with our pipeline.

We have seen that the epi-miRNA-epi-R interactions seem to be strictly
related to the cell type and conditions; also, in some cases, miRNAs result to
regulate epigenetic components, but not the other way around. The strength
of the project was based on being able to detect epi-miRNA in the simplest
way and with the simplest-to-obtain data: the gene expression data. Still,
one step forward could be made by analyzing data coming from ENCODE
or other databases of ChipSeq experiments to search for the presence of
epigenetic marks on miRNA genes.

With our work we have identified several new miRNAs involved in epige-
netic regulation, highlighting the strong importance of the interplay between
miRNAs and epi-Rs.
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Appendix A

Materials and methods from the
MBC wet experiments

A.1 Reagents and antibodies

Pre-miR miRNA Precursor Molecules Negative Control 1, miRNA precursors
hsa-miR-214 (PM12124; Ambion, TX, USA). TagMan miRNA assays for
miRNA detection: hsa-miR-148b (000471) and U6 snRNA (001973) (Ap-
plied Biosystems, CA, USA). siRNAs: siEZH2 (Hs-EZH2- FlexiTube siRNA
S102665166) and All Stars Negative Control siRNA were purchased from Qi-
agen (CA, USA). Primary antibodies: anti-actin pAb I-19 and anti-GAPDH
pAb V-18 were from Santa Cruz Biotechnology (TX, USA); anti-ITGA5
pAb RM10 was kindly provided by G Tarone (University of Torino, Torino,
Italy); anti-EZH2 mAb 612666 (BD, Transduction Laboratories, CA, USA);
anti-CD166/ALCAM mAb MOG/07 (Novocastra Laboratories, Newcastle
Upon Tyne, UK). Secondary antibodies: goat antimouse and goat antirabbit
HRP-conjugated IgG were from Santa Cruz Biotechnology. All antibodies
were used at the producer’s suggested concentrations. Real-Time assays:
QuantiTect Primer Assay (200) Hs-GAPDH-1-SG QuantiTect Primer Assay
QT00079247, QuantiTect Primer Assay (200) Hs-ALCAM-1-SG QuantiTect
Primer Assay QT00026824; QuantiTect Primer Assay (200) Hs-ITGA5-1-
SG QuantiTect Primer Assay QT00080871 (Qiagen, CA, USA).

A.2 Cell culture

MA-2 cells were provided by R.O. Hynes (Massachusetts Institute of Tech-
nology, MA, USA) and maintained as described previously (Penna, Orso,
Cimino, Tenaglia, et al. 2011; Penna, Orso, Cimino, Vercellino, et al. 2013).
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A.3 Transient transfections of pre-miRs and
siRNAs

To obtain transient pre-miR or siRNA expression, cells were transfected using
RNAiFect (Qiagen, CA, USA) reagent, 75 nM pre-miR and 170 nM siRNA,
as described in (Penna, Orso, Cimino, Tenaglia, et al. 2011).

A.4 RNA isolation and quantitative Reverse

Transcription (qRT)-PCR for miRNA or
mRNA Detection

Total RNA was isolated from cells using TRIzol Reagent (Invitrogen Life
Technologies, CA, USA) according to manufacturers’ protocol. qRT-PCRs
were performed as described in (Penna, Orso, Cimino, Tenaglia, et al. 2011).

A.5 Gene expression profiling

Protein-coding expression profiling was carried out using the Whole Human
Genome Oligo Microarray (41,000, 60-mer oligonucleotide probes) from Agi-
lent Technologies. Total RNA (800 ng) was labeled by the Agilent One-Color
Microarray-Based Gene Expression protocol, according to the manufacturer's
instructions. Slides were scanned on an Agilent microarray scanner. Analysis
was performed as described in (Cimino et al. 2013). Gene expression data are
available in the U.S. Center for Biotechnology Information Gene Expression
Omnibus (GEO) database (GSE124965).

A.6 Protein preparation and western blotting

Total protein preparation and western blot analysis were performed as de-
scribed in (Penna, Orso, Cimino, Tenaglia, et al. 2011).

A.7 Statistical analyses for biological experi-
ments

Data are presented as mean standard deviation (SD) or as mean standard
error of the mean (SEM), as indicated, and two-tailed Student’s t-test was
used for comparison, with, p < 0.05; p < 0.01; p < 0.001 considered to be
statistically significant. - indicates a non-statistically-significant p-value.
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Appendix B

Links to pipeline packages and
supplementary files

The pipeline followed for the epi-miRNA identification described in 4.3.1 and

the dissertation’s supplementary files are present at https://github.com/elisaReale/epi-
miRNA. Pipeline for the TCGA analysis in paragraph 4.3.4 is still in a pre-

liminary phase, and will be uploaded as soon as it is completed.
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