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Chapter 1

Introduction

1.1 RNA processing and gene expression

Eukaryotic gene expression is a complex stepwise process: the production of mature, functional
RNA molecules requires a series of fine-regulated reactions in order to obtain protein-coding
RNAs (messenger RNAs - mRNAs) or non-coding RNAs (ncRNA), participating in transcrip-
tion, RNA processing, translation or gene regulation. Precursor mRNAs (pre-mRNAs) are
transcribed by the RNA polymerase II (Pol II) in the nucleus, afterwards the nascent pre-
mRNA passes through a complex network of dynamic interactions and co-transcriptional events
that comprise 5-end capping, introns removal and exons splicing and the 3’-end processing and
polyadenylation. The mature mRNA is then released from the site of transcription and ex-
ported to the cytoplasm for translation [1]. Distinct and highly complex cellular machineries
can carry out each of these steps in the gene expression process, even if more and more evi-
dences suggest that these processes are physically and functionally coupled to one another and

occur co-transcriptionally (fig.1.1) [2—4].

1.1.1 5’-end capping

The capping event occurs co-transcriptionally and comprises the addition of 7-methyl-guanosine
(m”G) to the 5-end of the nascent pre-mRNA. This is fundamental for its stability since it
prevents degradation by 5’-3” exonucleases, mediates export from the nucleus to the cytoplasm

and promotes translation [5-7].
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|

5’-Capping
RNA PROCESSING l Splicing

I

PolyA

- mRNAEXPORT \—F

L

Figure 1.1: A complex network of coupled interactions in gene expression

The major events of gene expression are shown on the left (red, yellow, green and blue boxes) and each
transcriptional step is shown along the top in the red arrow. “Release” indicates release of the mature mRNA
from the site of transcription. The processes within each of the steps are shown below the arrow (colored
boxes). The highlighted splicing step makes part of the RNA processing but is also linked with other steps of
the gene expression. The black arrows indicate physical and/or functional interactions between components of

gene expression machine. Adapted from [1].

1.1.2 3’-end processing and polyadenylation

3’-end processing is a two step reaction that comprises pre-mRNA cleavage and subsequent
polyadenylation at the 3’ end of the transcript. The cleavage and polyadenylation specificity
factor (CPSF) binds specifically to the AAUAAA consensus sequence [8], promoting the cleav-
age at a 5-CA-3’ dinucleotide located 10-35 bases downstream its binding site. After the
cleavage, poly(A) polymerase adds a poly(A) tail composed of 200-250 adenine (A) residues.
During this process the intervention of polyadenylate-binding protein 2 (PABP-2) that binds to

the nascent poly(A) tail stabilizes and protects pre-mRNA from the exonucleases digestion [9].

18



1. Introduction

1.2 pre-mRNA splicing

A typical mammalian gene is composed of several relatively short coding sequences (exons)
that are interrupted by much longer non-coding regions (introns). The coding segments repre-
sent a minor portion of the genetic information, in fact account for no more 1% of the entire
genome. The translation machinery cannot discriminate introns from exons, which means that

the introns have to be removed from the transcript before translation.

The first evidences of the exonic-intronic organization of a pre-mRNA and the discontinuity of
genes and, consequently, the first system used to study splicing, was obtained during studies
on adenovirus infection [10,11]. These studies have been soon after expanded to the entire
eukaryotic world: Jeffreys and Flavell demonstrated that the rabbit S-globin gene contains a
large insert in the coding sequence [12], while a year after, Chambon and collaborators study-
ing the ovalbumin gene structure found that the sequences at the exon-intron boundaries carry
some common features suggesting that common signals on the pre-mRNA have a role in the

excision-ligation processes during splicing [13, 14].

Splicing is a well conserved pre-mRNA processing mechanism, found from unicellular eukaryotic
organism as S. cerevisiae to metazoans. It displays increasing levels of regulation and com-
plexity as the number and the length of introns in multicellular eukaryotes increases [15]. The
basic consensus sequences (see below), that reside in proximity to the exon-intron boundaries,

are also conserved and are found in yeast, plants and vertebrates [16].

To generate correct, mature mRNAs, the introns must be removed from the pre-mRNA and the
exons have to be joined together: it occurs in two transesterification reactions performed in the
nucleus by a large protein machinery, called the spliceosome, which localizes in the nucleus [1]:
its components have a dynamic and particular localization pattern, called the “speckled pat-
tern”. These sub-nuclear structures play a role in the organization of gene-expression ma-
chineries and they are enriched in pre-mRNA splicing factors that cycle continuously between
speckles and other nuclear localizations, such as transcription sites [17,18]. Splicing factors are
recruited from speckles to sites of transcription and when transcription is inhibited splicing fac-
tors accumulate in enlarged, rounded speckles: this aspect supports the idea of nuclear speckles

as regulators of the pool of factors that are accessible to pre-mRNA splicing machinery [19].
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Although splicing occurs in the nucleus, some studies suggest that in particular cell types it can
occur in other compartments [20], such as in rat neuronal dendrites [21] or in human anucleate
platelets [22].

To distinguish exons from introns, the spliceosomal machinery has to recognize several motifs
that reside in proximity of the boundaries: these sequences, which are known as 5" and 3’ splice
sites (ss), exhibit a variable degree of conservation, therefore the presence of some auxiliary

factors, which act in cis and trans are also required for regulating the splicing reaction [23].

1.2.1 The chemistry of splicing reaction

From a chemical point of view RNA splicing is a quite simple reaction, consisting of two
consecutive transesterification steps and involving three reactive groups of pre-mRNA (fig.
1.2) [24]. The initial signals necessary to start the splicing reactions are very conserved motifs
at the intron-exon borders and their proximity: the GU dinucleotide at the 5’-splice site (5’ss),
the AG dinucleotide at the 3’-splice site (3’ss), the A residue at the branch point (BP) and the
polypyrimidine tract ((Y), or PPT), both located upstream of the 3’ss.

First, the 2’-hydroxyl group of the A residue at BP attacks the phosphodiester bond at the
5’ss, leading to the cleavage of the 5-exon from the intron and the concerted ligation of the
intron 5’-end to the BP 2’-hydroxyl group in a lariat form: two reaction intermediates are then
produced, a detached 5’-exon 1 and an intron-3’ exon 2 fragment in a lariat configuration.
The second transesterification step is the attack on the phosphate at 3’-end of the intron by
the 3’-hydroxyl of the detached exon: this step results in the ligation of two exons via a
phosphodiester bond and the release of the intron, still in the form of a lariat. The lariat is

then debranched to give a linear excised intron, that is rapidly degraded [24].

1.2.2 Splicing machinery: the spliceosome

The spliceosome is a highly dynamic macromolecular complex that is assembled on the nascent
mRNA transcript, recognizes the exon-intron junctions, catalyzes the intron removal and joins
the exons and finally is released after the reaction has been completed [26]. The core of the
spliceosome consists of five uridine-rich (U-rich) small nuclear ribonucleoproteins (snRNPs)
U1, U2, U4/U6, and U5 along with a large number (from 150 to 300) of non-snRNP associated

proteins, such as heterogeneous nuclear RNPs (hnRNPs) and serine-arginine rich (SR) proteins.
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Figure 1.2: Splicing occurs in two transesterification reactions

Schematic representation of the pre-mRNA with essential signals for splicing reaction. Exons are light blue
boxes, intron is a black line. The GU and AG dinucleotides at the 5 and 3’ss respectively are indicated in
green, the red A residue of the branch point (BP) and the polypyrimidine tract (Y), are indicated. In the
first transesterification step, the A residue of the BP attacks the phosphodiester bond at the 5’ss of exon 1
generating two splicing intermediates: free exon 1 and lariat-exon2 (lariat intermediate). During the second
transesterification reaction, the 3’-OH group of the detached exon attacks the phosphate at the AG 3’-end of the
intron. Final products of splicing reaction are two exons joined together through phosphodiester bond (mRNA)

and the intron in a lariat form. Phosphates are shown as circled P’s [25].

Each snRNP consists of a small stable RNA bound by a specific set of seven proteins (Smith
(Sm) proteins), plus numerous other less stably associated splicing factors [27]: the number of
these associated proteins vary greatly among the U snRNPs, from 3 only for Ul snRNP to more
than 20 for U2 snRNP. The snRNPs have a critical role in the recognition of correct splice sites
within a multitude of similar sequences. The production of a spliced, mature mRNA requires
extensive specific and dynamic interactions of different nature, such as RNA-RNA base pairing,
RNA-protein and protein-protein binding and a lot of structural changes [28,29].

Some metazoan species and plants contain a second, minor spliceosome responsible for the

excision of a rare class of introns, that is composed of structurally distinct but functionally

analogous U11/U12 and U4atac/U6atac snRNPs, with the U5 snRNP which is common for the
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two spliceosomal machineries [30].

The spliceosome assembly occurs in a stepwise manner, involving assembly/disassembly of
different snRNPs and non-snRNP splicing factors on the preemRNA (fig. 1.3). The assembly
of the spliceosome (early (E) complex or commitment complex) starts with the recognition
of the 5’ss by the Ul snRNP through its 5-end, in a ATP-independent manner. Ul snRNP
associated proteins (U1-70k and U1-C) stabilize this transient interaction [31]. The other im-
portant event that occurs during the E complex formation is the recognition of the 3’ss: the U2
auxiliary factor (U2AF) recognizes with the U2AF65 subunit the polypyrimidine tract [32], the
AG dinucleotide at the 3’ss interacts with the U2AF35 subunit [33], whereas the branch point
binding protein (BBP) binds to the branch point [34]. Subsequent to E complex formation, the
A complex is built: U2 snRNP replace the BBP factor and binds to BP in an ATP-dependent
manner. The base pairing interaction is further stabilized through SF3a and SF3b subunits of
the U2 snRNP [35]. The transition from A to B complex are marked by the ATP-dependent
addition of the U4/U6 and U5 snRNPs as a pre-assembled tri-snRNP. At this step all snRNPs
are present, but the spliceosome is catalytically inactive and requires a conformational and
compositional rearrangement to became active and promoting the first transesterification step
of splicing. In order to activate the spliceosome the following events occur: the displacement of
U1 at the 5’ss by U6, the disruption of the U4/U6 base pairing interaction and the formation
of extensive interaction between U2 and U6 snRNPs [36]. These conformational changes pro-
vide the structural basis to juxtapose the branch site and the donor splice site, promoting the
formation of the activated B complex (B*). The first step of the two splicing transesterification
reactions occurs in the B* complex. This event is followed by the formation of the C complex in
which the second transesterification reaction takes place. The U5, U2 and U6 snRNPs promote
alignment of the exons for the second catalytic reaction, that results in a post-spliceosomal
complex that contains the lariat intron and spliced exons. Finally, the snRNPs are released
and recycled for additional rounds of splicing. The release of the spliced product from the

spliceosome is catalyzed by the DExD/H helicase Prp22 [37,38].
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Figure 1.3: Spliceosome assembly

Schematic representation of pre-mRNA splicing and the spliceosome assembly pathway. Exons are light blue
boxes and intron is a black line; consensus nucleotides are indicated above the line and the A of the BP is in
red. The complex E contains Ul snRNP bound to the 5’ss, BBP bound to the BP, and U2AF65 and U2AF35
bound to the PPT and 3’ss, respectively. In the complex A, BBP is replaced by U2 snRNP at the BP. The
U4/U6.U5 tri-snRNP is recruited to form the B complex. After a series of rearrangements the complex B is
catalytically active (B* complex) and carries out the first catalytic step of splicing, gnerating complex C, which
undergoes additional rearrangements to carried out the second catalytic step, resulting in a post-spliceosomal
complex that contains the lariat intron and spliced exons. The U2, U5 and U6 snRNPs are released and recycled

(dashed arrow) and the spliced product is released from the spliceosome by the Prp22 helicase.
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1.2.3 U2 small nuclear RNP (U2 snRNP)

In humans the U2 snRNP consists of a 186nt long RNA molecule, that forms five stem-loops,
associated with several proteins (fig. 1.4): seven Sm proteins, common to all the U snRNPs (Sm
B, D3, G, E, F, D2 and D1), two U2-specific proteins (U2-A" and U2-B”) and two heteromeric
splicing factors SF3a and SF3b, which consist of three (SF3al20, SF3a66, SF3a60) and seven
proteins (SF3b155 (SF3bl), SF3b145, SF3b130, SF3b49, SF3blda, SF3bldb (pl4), SF3b10),

respectively and are named according to their molecular weight [39].
U2 snRNA Sm Associated
(186nt) proteins proteins
u2-A
U2-B”

5F3a120

U2 snRNP B, D3, G,F, D2, D1 SF3a66
SF3a60

SF3b155
SF3b145
SF3b130
SF3b49
SF3bl14a
SF3bl14b
SF3b10

Figure 1.4: Composition of U2 snRNP

Schematic representation of the U2 snRNP composed by the U2 snRNA and several associated proteins. snRNA
secondary structure formed by five stem-loop and the branch point recognition sequence (BPRS), represented
as a black box, are shown in the first column. The nucleotide length of the RNA molecule is indicated. The

second and third columns report the associated Sm proteins and other associated proteins.

The U2 snRNP plays an essential role in pre-mRNA splicing. In the early stage of spliceosome
assembly, the BP sequence is recognized by the BBP factor, while the U265 and U2AF35 rec-
ognize the PPT and the 3’AG, respectively. Subsequently, in an ATP-dependent manner, the
U2 snRNP replaces the BBP/SF1 factor, inducing the A complex formation (fig. 1.5). Stable
binding of U2 snRNP to the BP requires an initial base-pairing interaction between the BP
site and a region of U2 snRNA known as the branch point recognition sequence (BPRS) [40].
This base-pairing involves the entire BP sequence, except for the A residue, that is forces to flip
out and be exposed. To further stabilize this interaction the SF3b1 subunit interacts with BP
both upstream and downstream sequences [41], highlighting the role for this factor in tethering
U2 snRNP in the proximity of the BP, while the BP adenosine, which is bulged out from the

base-paired region, is directly bound by the pl14 factor [42].
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The central function for SF3b1l in U2 snRNP recruitment and splicing catalysis is also sug-
gested by its interaction with U2AF65. In addition, U2 snRNP binding serves as a platform for
additional RNA-RNA and protein interactions. This will lead to recruitment of the U4/U6.U5
tri-snRNP and formation of mature spliceosome complexes, within which numerous RNA rear-

rangements and changes in protein composition facilitate splicing catalysis.

ComplexA ([ AGJGURAGU——————YNYURAC—(Y) —VYAGG_____ )

U2 snRNP

Figure 1.5: U2 snRNP assembly on branch point

U2 snRNP binds BP, inducing complex A formation. U2 snRNP assembly involves base-pairing interactions
between the BPRS (black box) in U2 snRNA and nucleotides flanking the BP adenosine, with the A (red)
bulged out from the base-paired region. SF3bl (orange) interacts with both 5 and 3’ of the BP, while p14

(blue) contacts the BP adenosine.

Somatic mutation of SF3b1 factor were observed in patients with different hematological ma-
lignancies, such as myelodysplastic syndromes [43,44], uveal melanoma [45,46], skin melanoma,
breast, endometrial and bladder cancers, pancreatic ductal adenocarcinoma and adenoid cystic
carcinomas [47]. SF3bl mutations have also ben reported, with high mutation rates, among
chronic lymphocytic leukemia (CLL) patients and are predictive of a poor outcome, with earlier
need for treatment and shorter survival [48,49]. Almost all SF3b1 mutations localize to its C-
terminal, which comprises 22 HEAT repeats. In particular, the mutations have been detected
between the fifth to the eighth HEAT repeats (encoded by exons 14-16). K700, G742, K666,
E622, R625 and H662 are the most frequently mutated sites [50]. In line with the role of SF3bl
in splicing, mutations of this factor result in aberrant splicing of a sub-population of exons,
but, despite these evidences, the contribution of these mutation to cancer development in non

completely understood.
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1.2.4 Recognition of the exon: the canonical cis-acting elements

Several motifs in the nucleotide sequences near the exon/intron boundaries are required for
proper exon definition (fig. 1.6): these elements are short consensus sequences surrounding the

3’ and 5’-end of the introns, which are known as 3’ss and 5’ss, respectively [51].

[ Emn-g 2101 234556 I—Et-ratog-z 10 1 324l Exon 2——
([ MAGGURAGU YNYURAC—(Y) —VYAG(G___ ]}
S'ss BP PPT 3'ss

Figure 1.6: Overview of canonical cis-acting splicing signals
Consensus GU at the 5’ss (blue), the A residue of the BP (red), the PPT (Y), preceding the AG at the 3’ss
(blue) are shown in a two-exon pre-mRNA. The sequence motifs that surround these conserved nucleotides are

shown. Numbers indicate the position of the nucleotides in the consensus sequence.

1.2.4.1 5’ splice site (5’ss) or donor site

The 5’ss marks the exon/intron junction at the 5-end of the intron. Its consensus sequence
consists of 9 partially conserved nucleotides, MAG|GURAGU (M indicates A or C, R indicates
purines A or G and the | the exon/intron boundary), located on both sides of the exon/intron
boundary: the sequence, indeed, spans from position -3 to +6. The underlined GU dinucleotide
is almost universally conserved as it is found in more of 98% of human donor splice site and
mutations in this dinucleotide lead to splicing defects [52].

A minority of 5’ss (<1%) has a GC dinucleotide at the exon/intron boundary. Nevertheless
the entire consensus donor splice site determines the 5’ cleavage site, not only the invariant GU

dinucleotide [53].

1.2.4.2 3’ splice site (3’ss)

The intronic element that identifies the 3’ss usually appears several thousand bases downstream
the 5’ss. It is composed of three different elements: the branch point (BP), the polypyrimidine
tract (PPT) and the terminal AG dinucleotide (or acceptor site) [54].

The branch point is characterized by the presence of a conserved A (underlined), surrounded

by a highly degenerated motif YNYURAC (Y indicates pyrimidines, R indicates purine and
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N any nucleotide) and is the site involved in first transesterification reaction. It is commonly

found 18-40 nucleotides upstream of the acceptor site [55].

The polypyrimidine tract is composed of a stretch of pyrimidines, in particular uridines,
and is located between the BP and the terminal AG at the intron/exon junction. The PPT
is essential for promoting splicing reaction: it has been shown that progressive deletion of the

PPT impairs splicing, while elongating its lenght can improve its efficiency [56].

The AG dinucleotide is located just downstream the PPT and defines the 3’ border of the
intron. This site is characterized by the short YAG|G sequence (Y is a pyrimidine and | is the
intron/exon boundary), where the AG (underlined) is highly conserved and it is fundamental

for the second transesterification step of splicing reaction.

1.2.5 Auxiliary cis-acting elements

The degenerate nature of the 5" and 3’ss allows for the existence of a wide range of natural
splice sites within intron sequences: these pseudo splice sites largely outnumber real splice
sites and, in many cases, their strength can surpass that of correct splice sites [57]. They
match the consensus but are not selected during the process. Thus, the splicing machinery
is able to recognize the real splice sites, although they are weak, distant from each other and
surrounded by several pseudo 5’ and 3’ss: this suggest that the consensus elements are not
sufficient to define exon/intron junctions and recognition of correct splice sites is the result of
a combinatorial regulatory mechanism that involved other cis-acting elements [23].

These additional elements are located both in introns and in exons (fig. 1.7) and, depending on
their position and function, are identified as exonic or intronic splicing enhancers (ESEs, ISEs)
and silencers (ESSs, ISSs) [23]. Even if they are conserved among species, their sequences are

highly degenerated and their functions may overlap [58].
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Figure 1.7: Auxiliary cis-acting elements in pre-mRNA splicing

Schematic representation of possible distribution of canonical and additional splicing cis-acting elements, along
with trans-acting factors. The canonical splicing signals that define exon boundaries are relatively short and
contain poorly conserved sequences. Only the GU at the 5-end and the AG at the 3’-end together with the
BP adenosine, all highlighted in red, are strongly required and invariant. A PPT of variable length (Y), is
reported upstream of the 3’ss. The basal components of the splicing machinery bind to the consensus sequences
and promote assembly of the splicing complex. The Ul snRNP binds to the 5’ss, the U2 snRNP binds the BP
and the U2AF, through its two components U2AF65 and U2AF35, interacts with and recognizes the PPT and
the AG at the 3’ss, respectively. Auxiliary cis-acting enhancer and silencer elements in the exons (ESE, ESS)
and/or introns (ISE, ISS) allow the correct splice site to be distinguished from the many pseudo splice sites.
Trans-acting splicing factors interact with the regulatory sequences and, accordingly to their general functions,

are divided into SR proteins family with enhancer activity and hnRNP protein family with inhibitory activity.

In addition, it has been reported an overlapping functions of enhancer and silencer for some
regulatory sequences, as in the case of composite exonic regulatory elements of splicing (CERES)
identified in the cystic fibrosis transmembrane conductance regulator gene (CFTR) exons 9
and 12 [58]. Regulatory elements, if present in multiple copies, can operate in additive manner:
they can increase the affinity of the associated trans-acting factors [59,60]. Different regulatory
elements may cooperate to promote the recognition of an exon [61]. This fine-tuned balance of
splicing factors is of extreme importance for the alternative splicing mechanism that, in turn,

contributes in a significant way to gene expression regulation [62].

1.2.5.1 Splicing enhancers

Splicing enhancers are regulatory elements that reside in both exonic and intronic regions and

stimulate exon inclusion.

Exonic splicing enhancers (ESEs) are short (6-8 nucleotides), degenerate and partially
overlapping sequences, that are typically recognized by members of serine/arginine-rich (SR)

protein family [63]: they act by directly recruiting the splicing factors and/or by antagonizing
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the action of nearby silencer elements [23]. These two models of splicing enhancement are not
necessarily mutually exclusive, as they might reflect different requirements in the context of
different exons.

There are more than twenty different SR proteins and SR-like proteins in humans. SR proteins
have an RNA recognition motif (RRM) at their N-terminus, which allows them to bind to
specific RNA sequences, and a C-terminal domain that is highly enriched in arginine/serine
dipeptides (RS domain) that is involved in protein-protein interactions.

Several functional systematic evolution of ligands by exponential enrichment (SELEX) experi-
ments done in vitro [64,65] or in vivo [66] have shown the existence of several types of ESEs:
these motifs have been classified as purine-rich enhancers, AC-rich enhancers or pyrimidine-rich
enhancers. In addition, many different ESEs with unique sequences have been also described.
Using the sequences that resulted from the functional selection procedure, Cartegni and collab-
orators [67] calculated the frequencies of individual nucleotides at each position and these data
were used to create matrices in order to predict the location of putative SR protein-specific
ESEs. The implementation of the motif-scoring matrices was inserted in a web-based pro-
gram called ESEfinder (release 3.0; http://rulai.cshl.edu/tools/ESE) which allows scanning of
nucleotide sequences to predict putative ESEs responsive to the human SR proteins SRSF1
(SF2/ASF), SRSF2 (SC35), SRSEF5 (SRp40) or SRSF6 (SRp55). How the SR proteins bound
to ESE facilitates exon definition and correct selection of splice sites is described below in the

paragraph that consider these trans-acting factors.

Fewer large-scale studies [68] have been conducted for intronic splicing enhancers (ISEs)
and many more intronic elements are expected to be identified in future studies. Most of
the ISEs have been identified by the study of disease-causing point mutations: some of them
occur 20-40bp downstream of the 5’ss, causing exon skipping [69]. These sequences can be
fundamental for constitutive exon recognition or can be regulated in a tissue or developmental

specific manner [70].

1.2.5.2 Splicing silencers

Splicing silencers are regulatory elements located in introns (intronic splicing silencers,

ISSs) or in exons (exonic splicing silencers, ESSs), that are responsible for splicing inhi-
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bition. About one-third of randomly selected short, human DNA fragments showed splicing
inhibitory activity in vivo, when inserted into the middle exon of a three-exon minigene [71]:
these data suggested that silencers are very frequent, even though only limited number has
been characterized by mutational analysis.

Splicing silencers can be purine or pyrimidine-rich and bind a diverse array of proteins. Silencers
usually work by interacting with negative regulators, which often belong to the heterogeneous
nuclear ribonucleoprotein (hnRNP) family, a class of diverse RNA-binding proteins that asso-
ciate with nascent pre-mRNAs [72,73]. Similar to SR proteins, hnRNP proteins have a modular
structure, which consists of one or more RNA-binding domains associated with an auxiliary
domain that is often involved in protein-protein interactions.

Not only hnRNPs have been implied in the silencing but also other factors such as the PPT-
binding protein (PTB) [74,75] or, in peculiar cases, also the SR proteins [76]. Silencers can
regulate splicing in different ways: by antagonizing the function of a nearby ESE or by recruit-
ing factors that interfere with the splicing machinery by direct binding, exon looping or by

nucleation and cooperative binding [23].

1.2.5.3 RNA secondary structure

RNA molecules have a natural tendency to form highly stable secondary structures: these
structures might act as cis-acting elements, influencing splicing process [77].

RNA secondary structure may hinder the accessibility of splicing factors to functional sequences,
either splice sites or other regulatory sequences, present in the pre-mRNA by sequestering them
in stems or looping them out [78].

RNA secondary structure can also affect the relative distance between splicing elements de-
termining a considerable variation in the splice site recognition [77] or, for example, splicing

process can be stimulate when silencer elements are trapped within a RNA structure.

1.2.6 Trans-acting factors

Proteins involved in the splicing reaction can be divided in two major groups: the snRNPs
and the non-snRNPs. These splicing factors, independently of their functional characteristics,
share some similar structural features such as the RRM and/or protein binding domains and

usually target short sequence elements adjacent to site of regulation.
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As described above, the U1, U2, U4, U5 and U6 snRINPs are the main components of the
spliceosome and catalyze the splicing reaction [79]. Each snRNP particle is composed of U-rich
snRNA molecule, seven Sm or Sm-like proteins and several splicing factors [80]. The snRNAs

are characterized by their small size, stability and show high level of sequence conservation [81].

RNA Pol II transcribes all U snRNAs with the exception of U6 snRNA that is transcribed
by RNA Pol IIT [80]. Upon transcription, the assembly of U6 snRNP probably takes place
in the nucleus, whereas the other snRNAs are transported to the cytoplasm where snRNP
assembly initiates [82]. Following their export to the cytoplasm, the snRNA precursors bind
seven Sm proteins in order to form the structural core of snRNPs. A properly assembled Sm
core, together with cap hypermethylation and 3’-end processing of the snRNA, are required for
nuclear import [82]. Apart from the Sm and Sm-like proteins, that are required for U6 snRNP

assembly, snRNPs also contain a certain number of other particle-specific proteins.

For instance, the mammalian Ul snRNP has three proteins that are specific for this particle:
U1-70K and Ul-A interact directly with the RNA and are important for splice site selection,
U1-C establishes interaction with Ul-70K and Sm proteins, thus contributing to the stabiliza-
tion of the Ul snRNP particles [83].

The non-snRNPs proteins are involved in the regulation of both general and tissue-specific
splicing events. In particular, two families of RNA binding proteins, SR proteins and hnRNPs,
have been found as components of distinct regulatory complexes with functional specificity in

splicing [84].

The SR proteins are a family of highly conserved nuclear phosphoproteins that play multiple
roles in splicing and in general cell metabolism [85]. All SR proteins have a modular structure
and contain one or two N-terminal RRMs that interacts with the pre-mRNA and a C-terminal
RS domain rich in arginines and serines [86], that mediates protein-protein interaction with
members of spliceosome [87]. Two non-exclusive models have been proposed to explain the
role of SR proteins in pre-mRNA splicing: SR proteins that are bound to ESEs act by directly
recruiting the splicing machinery through their RS domain (RS-domain dependent mechanism)
and/or by antagonizing the action of nearby silencer elements (RS-domain independent mech-

anism) [63].

31



1. Introduction

Sequence specificity is essential for SR protein binding, but the consensus sequence is highly
degenerated [88]: for this reason SR proteins can bind the target sequence of some other family
member, thus contributing to functional redundancy [89], even if is not a rule, because some
members cannot be replaced [90]. The activity of SR proteins is regulated through phospho-
rylation/dephosphorylation cycles, that influence the sub-cellular localization of the protein
and its activity [18]. The RS domain phosphorylation is determinant for the localization of SR
proteins, that is preferentially nuclear, but can rapidly shuttle between the nucleus and the cyto-

plasm [91]. Moreover phosphorylation increases the RNA-binding specificity of SR proteins [92].

The hnRNP protein family is a class of several RNA-binding proteins that associate with
nascent pre-mRNA until its processing is completed. Although these factors are predominantly
localized in the nucleus, a subset of these proteins shuttles continuously between nucleus and
cytoplasm: this indicates a role of these proteins in mRNA export from nucleus to cytoplasm
and in other cytoplasm processes [93,94]. This family includes more than twenty members, each
of theme with multiple splicing isoforms and different post-translational modifications, such as
phosphorylation, arginine methylation and SUMOylation [72]. These proteins are expressed
in all tissues but the relative amount of different hnRNPs vary among cell types and show
stage-specific expression pattern: some hnRNPs are extremely abundant (about 100 million
copies per nucleus), while others are present in a lower amount [95].

The structure of hnRNPs contains one or more RRMs associated with auxiliary domains that
have been shown mediate protein-protein interactions [72]. The hnRNP proteins usually me-
diate splicing inhibition, particularly through the interaction with ESS elements or by sterical
interference with other splicing factors (23|, antagonizing directly or indirectly SR proteins.
Nevertheless, depending on the position of the splicing regulatory elements hnRNPs can also
associate with enhancer elements to help exon inclusion [96], indicating that hnRNPs can have
various roles in pre-mRNA splicing.

However, assemblies of tissue-specific factors and proteins of the SR and hnRNP families can
have positive or negative roles depending on their precise location, composition and state of

modification of their components [97].
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1.2.7 Alternative splicing

The proteome diversity is guaranteed by several cellular events that allow the generation of
different polypeptides from a single gene. These mechanisms include the usage of multiple
transcription start sites, alternative pre-mRNA splicing, polyadenylation, RNA editing and
post-translational modifications. Alternative splicing (AS) splicing is considered one of the
most important source of proteome diversity. It has been described in nearly all metazoans
and almost all genes are subjected to at least one alternative splicing event [98,99]. This
process generates a large number of mRNAs that encode proteins with different or even opposite
biological functions with crucial consequences on cells metabolism [100]. Non-coding transcripts
also show alternative splicing patterns [101]. AS is a highly regulated process that plays a key
role many cellular processes, such as sex determination, cell differentiation, cell transformation
or apoptosis [62,102]. Many different alternative splicing events are present in nature (fig.
1.8). A single cassette exon can reside between two different constitutively spliced exons and
can be either spliced out from the mature mRNA (exon skipping) or retained (exon inclusion).
Alternative 3" and 5’ss can be used and therefore exon length and sequence can vary. Moreover,
multiple cassette exons can be located between the two constitutive exons and the splicing
machinery chooses between them (mutually exclusive exons). In addition, intronic sequences
can be included in the mature mRNA and, in turn, translated into proteins whose functionality
depends on the maintenance of the correct protein reading frame (intron retention). Different
5’ starting point can be used by the selection of different promoters (alternative promoters), as
well as alternative polyadenylation signals (alternative poly(A) sites) can regulate the usage of
the 3’-terminal exon. All these patterns can be combined in a single transcript to produce a
complex array of splice isoforms [62,97].

The mechanisms that promote which splice site will be used and/or which exon will be included
in mature mRNA in different cell types or developmental stages have been studied in recent
years, although it is clear that further studies are required to fully understand the molecular
mechanisms at the basis of this phenomena. Most alternatively spliced exons are thought to be
controlled by multiple auxiliary cis-acting elements and trans-acting factors in a combinatorial
manner [62]. Moreover, in the last years it has became more clear that splicing decisions

are tightly coupled to epigenetic factors, such as RNA Pol II elongation rate, nucleosome
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positioning and chromatin remodeling. All these events can have an impact on exon definition
and fate [103-105]. Thus, the emerging picture of AS events underlines its extreme complexity

and its precise regulation, what makes it a central event in the regulation of gene expression

J— ﬁ:) Alternative 3'ss

and cell fate.
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Figure 1.8: Schematic representation of alternative splicing patterns.

The light blue boxes represent constitutive exons, the purple ones alternative exons and introns are black
lines. The lines above and below the boxes indicate the normal (green) and the alternative splicing events (red).
Arrows indicate promoters, while circled A’s alternative poly(A) sites. AS of internal exons includes the cassette
exon, alternative 3’ss, alternative 5’ss, mutually exclusive exons and intron retention. The usage of alternative
promoters leads to the selection of one of the multiple first exons, while the usage of alternative terminal exons

generates mature transcripts with different poly(A) sites.
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1.3 miRNA biogenesis, localization, function and regulation

microRNAs (miRNAs) are a family of ~22 nt non-coding, small, single-stranded RNAs (ssRNAs)
generated from endogenous transcripts that contain a local hairpin structure [106]. miRNAs
comprise one of the more abundant classes of gene regulatory molecules in multicellular organ-

isms and likely influence the output of many protein-coding genes.

28645 precursor miRNAs, expressing 35828 mature miRNA sequences, found in 223 different
species, have been reported in the miRBase database, including 1881 precursor and 2588 ma-
ture entries in human (http://mirbase.org; Release 21: June 2014), although the functional
importance of many of these miRNA annotations remains to be determined [107]. With the
number of identified miRNA increasing rapidly, rules of annotation have been suggested to
designate individual miRNAs [106], such as hsa-miR-34, with “hsa” standing for the species,
homo sapiens, “miR” for microRNA, and the number indicating the order of being discovered.
miRNAs with similar sequence add a letter after the number (miR-34a, miR-34b, miR-34c),
while miRNAs with identical mature sequence, coming from different precursors add another
number after the letter (miR-92a-1, miR-92a-2). Two mature miRNAs originate from the same
precursor: miRNA-3p and miRNA-5p arise from the 3’ arm and the 5’ arm, respectively.
They negatively regulate gene expression at the post-transcriptional level: miRNAs function
as guide molecules in post-transcriptional gene silencing by base pairing with target mRNAs,
which leads to mRNA degradation or translational repression. However, recent findings indi-
cate that miRNA-mediated repression can be reversed, prevented or even act as translational
activators [108] and also an epigenetic mechanism of miRNA-directed transcriptional gene si-
lencing, through the heterochromatin formation, has been described [109].

Several studies have revealed that miRNAs have key roles in various cellular activities, such as
control of developmental timing, cell differentiation, cell proliferation, cell fate determination
and apoptosis. Additionally, miRNAs have been shown to participate in multiple biological
processes including cardiogenesis, skeletal muscle proliferation and differentiation, brain mor-
phogenesis, hematopoietic lineage differentiation and tumorigenesis [110].

Improvements in the characterization of miRNAs revealed their roles not only in various cellular

processes, but also abnormal pattern of miRNA expression in various diseases.
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1.3.1 Discovery of miRNAs

miRNAs have been first described in 1993: the groups of Ambros and Ruvkun [111,112],
that conducted studies in C. elegans, discovered that lin-4 did not encode for a protein but,
instead, produced short RNA transcripts each regulating the timing of larval development by
translational repression of lin-14, which encodes a nuclear protein. They postulated that this
regulation was due in part to sequence complementarity between lin-4 and unique repeats within
the 3" untranslated regions (3’'UTR) of the lin-14 mRNA, downregulation of which at the end
of the first larval stage initiates developmental progression into the second larval stage.

The discovery of lin-4 and its target-specific translational inhibition hinted at a new mechanism
of gene regulation during development. In 2000, almost seven years after the initial identification
of lin-4, the second miRNA, let-7, was discovered, in worms. Similar to lin-4, let-7 performs its
function by binding to the 3’UTR of lin-41 and hbl-1 (lin-57), and inhibiting their translation
[113]. The identification of let-7 not only provided another vivid example of developmental
regulation by small RNAs, but also raised the possibility that such RNAs might be present
in species other than nematodes. Since the discovery of let-7, several miRNAs have been
identified in other organisms. The researchers shown that let-7 is evolutionarily conserved
throughout metazoans, with homologues that were detected in flies, mice and humans [114].
Almost all human miRNAs are conserved in mouse [115] and one-third of C. elegans miRNAs
have vertebrate homologs: this conservation indicates a more general role of small RNAs in

developmental regulation [116].

1.3.2 Canonical miRNA biogenesis
1.3.2.1 miRNA genes transcription

The transcription of most miRNA genes is mediated by RNA Pol IT (fig. 1.12): these non-coding
primary transcripts, referred as pri-miRNAs, have a 5’ m”’G cap, and a 3’ poly(A) tail, similar to
mRNAs, and are usually several kilobases long and contain a local hairpin structure [117,118].
However, miRNA that are part of a repetitive elements such as Alus, are usually transcribed
by RNA Pol IIT [119].

A typical metazoan pri-miRNA has a stem-loop secondary structure of ~80 bp, with a stem of

~33 bp, a terminal loop and flanking ssRNA segments.
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1.3.2.2 Nuclear processing by Microprocessor complex

Human Microprocessor complex (MPC) is a heterotrimeric complex of ~364 kDa composed
of one Drosha and two DGCRS8 molecules (fig. 1.9 - left panel) [120]. MPC is the machinery
involved in the first step of miRNAs maturation: it recognizes and crops the pri-miRNA hairpin
into precursor miRNA (pre-miRNA). Drosha is a 159 kDa nuclear type III RNase protein, it
contains a proline-rich (P-rich) and a RS-rich N-terminal domains, a central domain (CED), two
RNase I1I domains (RIIIDa and RIIIDb) and a double-stranded RNA binding domain (dsRBD)
at the C-terminus. Its cofactor DGCRS8 (DiGeorge syndrome critical region 8) is a 86 kDa
protein, which contains a nuclear localization signal (NLS) located in the N-terminal region, a
central RNA-binding domain (Rhed), two dsRBDs (dsRBD1 and dsRBD2) and the C-terminal
tail region (CTT) (fig. 1.9 - right panel) [120]. Drosha recognizes the ssRNA-dsRNA junction
(basal junction) and interacts with the UG motif here located, while the DGCR8 dimer contacts
the UGU motif at the apical junction. Therefore, the UG and UGU motifs are fundamental
to assure the correct orientation of the complex. Drosha functions as a ruler, cutting 11 bp
from the basal juction to generate a stem-loop precursor of ~70 nt with a 2 nt 3’-overhang (fig.

1.12) [121]. DGCRS binds and stabilizes Drosha, enhancing its processing efficiency [120].

1.3.2.3 Nuclear export by Exportin-5

The pre-miRNA is exported from the nucleus into the cytoplasm by Exportin-5 (Exp5) (fig.
1.12), a member of the nuclear transport receptor family: in particular, Exp5 is a RanGTP-
dependent nuclear export receptor that recognizes a dsRNA stem of >16 bp and a short 3’-
overhang [122]. It binds cooperatively to the pre-miRNA and the GTP-bound form of the
cofactor Ran in the nucleus, and releases its cargo in the cytoplasm, following the hydrolysis
of GTP to GDP [123]. Exp5 has been first characterized as a minor export transporter for
tRNAs [124], because it can transport tRNAs when the primary export factor is depleted or
overloaded, but the major substrate for its activity are pre-miRNAs [123].

When the cells are depleted of Expb, the pre-miRNA level and the mature miRNA level are
reduced in the cytoplasm [122]. Notably, pre-miRNA does not accumulate in the nucleus sub-
sequent to the depletion of Exp5. This indicates that pre-miRNA might be relatively unstable
and also that pre-miRNA might be stabilized through its interaction with Exp5.
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Figure 1.9: Human Microprocessor complex: Drosha and DGCRS8 domain organization

[Left panel] Functional human Microprocessor complex on a pri-miRNA molecule (shown as a grey line, with
the mature miRNA and miRNA* highlighted in orange and blue, respectively). Drosha (light blue) recognizes
the ssRNA-dsRNA junction, interacts with the UG motif and functions as ruler, measuring 11 nt from the basal
junction. DGCRS dimer (green) binds and stabilizes Drosha with CTT, interacts with stem via its dsRBDs and
recognizes the apical junction with the UGU motif through the Rhed domain. [Right panel] Drosha contains
a P-rich and a RS-rich N-terminal domains, a central domain (CED), two RNase III domains (RIIIDa and
RIIIDb) and a double-stranded RNA binding domain (dsRBD) at the C-terminus. DGCRS contains a NLS in
the N-terminal region, a central RNA-binding domain (Rhed), two dsRBDs (dsRBD1 and dsRBD2) and the
C-terminal tail region (CTT).

1.3.2.4 Cytoplasmatic processing by Dicer

In the cytoplasm, pre-miRNA are cleaved near the terminal loop and processed into ~22 nt
miRNA duplexes by the cytoplasmatic RNase III Dicer [125] (fig. 1.12). Dicer’s domain struc-
ture comprises a long N-terminal segment that contains a large helicase domain (which itself is
composed of three predicted globular domains (HEL1, HEL2i and HEL2)), that contributes to
pre-miRNA binding, followed by DUF283, a small domain of unknown function. Next there are
a structure known as Platform and the PAZ domain, that binds to the 3’ protruding end of the
substrate [125]. The PAZ domain is separated in space from the catalytic core of the enzyme,
composed of two tandem RIIIDs (RIIIDa and RIIIDb) and a dsRBD, located at C-terminal
end. This region acts as a ruler for the enzyme to produce small RNAs of given size. (fig.
1.10) [126]. Like Drosha, Dicer interacts with two closely related proteins, the trans-activation
response RNA-binding protein (TRBP) and the protein activator of PKR (PACT): these part-
ners are not necessary for efficient cleavage, but they seem to contribute in the formation of

the RNA-induced silencing complex (RISC), the effector complex for miRNA function [127].
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The result of the sequential Drosha and Dicer cleavage is a short, imperfect miRNA duplex
(miRNA:miRNA*) that contains both the mature miRNA strand (guide strand) and its com-

plementary strand (passenger strand or miRNA*).

PAZ
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Figure 1.10: Dicer domain organization and mechanism of action

[Left panel] Dicer contains a large helicase domain, a small domain DUF283, followed by a Platform structure
and the PAZ domain. Ruler (dark grey arrow) is followed by two tandem RIIIDs (RIIIDa and RIIIDb) and a
dsRBD. [Right panel] pre-miRNA processing by Dicer: PAZ domain (light fuchsia) binds the 2 nt 3’-overhang.
The separation distance (Ruler) between the PAZ and the RIIIDs domains correspond to the size of substrate

produced. The helicase domain (light pink dotted arrow) is adjacent to the catalytic core.

1.3.2.5 RISC assembly and the AGO proteins

Strand selection is not a very precise process and mature miRNAs from both strands can
be produced at the same frequency: the relative thermodynamic stability of the two ends
of the duplex determines which strand is to be selected. The 5-end that is less stable is
usually kept as the miRNA [128,129]. Mature miRNA is incorporated into effector complex
(fig. 1.12), containing Argonaute proteins (AGO), that is known as miRNA-containing RNA-
induced silencing complex (mi-RISC) [130]. Dicer, TRBP, PACT and AGO proteins form the
RISC loading complex (RLC). The stable strand of the RNA duplex is bound to TRBP, whereas
the other one interacts with the AGO protein [127,131]. An RNA helicase is thought to mediate
the unwinding and removal of the unselected strand of the miRNA duplex.

The details of strand selection and RLC formation have been explicated through RNA interfer-
ence (RNAIi) experiments in D. melanogaster [132]: Dicer 2 and R2D2, which has two dsRBDs
and is a sensor for thermodynamic asymmetry, form a stable heteroduplex and bind to the more
stable end of the siRNA duplex and orientates AGO2 on the RNA duplex, that is responsible

for the removal of passenger strand of siRNA duplex.
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The Argonaute (AGO) family of proteins, that are expressed in all higher eukaryotes, in the
cytoplasm of somatic cells, provide numerous possibilities for RNA-protein interactions that
might underlie the proposed determinants of small RNA strand sorting. The interaction be-
tween AGOs and small RNAs occurs through several contact points in three characteristic

domains of the protein: the PAZ, MID and PIWI domains (fig. 1.11) [133]:

- the PAZ domain has the capacity to bind the 2 nt 3’-overhang of the miRNA [125];

- the PIWI domain, which can fold into a structure similar to that of RNase H [134],
harbours the residues required for catalytic activity: it is responsible for the endonu-
cleolytic (slicing) activity of some AGO proteins (in humans only AGO2 possesses this

characteristics);

- the MID domain, localized between PAZ and PIWI domains, forms a binding pocket that

anchors the 5’ phosphate of the terminal nucleotide of the miRNA.

In humans there are four AGO proteins, AGO1-4, that binds to miRNAs with only few differ-

ences, which suggests that human AGO1-4 might not have significantly differentiated functions.

3~ binding site 5’- binding site catalytic activity

Figure 1.11: Domain organization of an AGO protein

The interaction between AGOs and small RNAs occurs through several contact points in three characteristic
domains of the protein: the PAZ, MID and PIWI domains. The PAZ domain (yellow box) hosts the 3’-
end of the small RNA, whereas the MID domain (orange box) forms a binding pocket that anchors the 5’
phosphate of the terminal nucleotide of the small RNA. The PIWI domain (red box) harbors the residues
required for catalytic activity. Thus, cleavage-competent AGO proteins carry out endonucleolytic cleavage of

target transcripts through their PIWI domain.

Now the miRNA is in its mature form, it binds to the target mRNA and carries out its functions

as guide molecules in translational control or cleavage of certain mRNAs (fig. 1.12).
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molecules in translational control or cleavage of certain mRNAs.
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1.3.3 Transcriptional and post-transcriptional regulation of miRNA maturation

Due to the fact that miRNAs are important regulators of gene expression, their biogenesis
need to be finely controlled. This control can be realized both at the transcriptional and post-
transcriptional level of miRNA processing.

In general, the transcription efficiency of the genes where the miRNAs are embedded determines
the level of their expression and this is typical for miRNAs located in introns of coding genes.
In addition, there are examples of miRNA-containing transcription units activated/regulated
by transcription factors in response to specific stimuli or developmental changes. Several RNA
Pol II associated transcription factors control miRNA gene transcription [117]. For example,
myogenin and myoblast determination factor 1 (MYOD1) bind upstream miR-1, miR-133 and
induce their transcription during myogenesis [135,136]. Two antagonistic transcription fac-
tors, CREB and REST, function in an opposite and temporally regulated manner to control
the expression of miR-9-2. In proliferating cells REST is active on the miR-9-2 promoter and
prevents transcriptional activity. When neuronal differentiation occurs, CREB is phosphory-
lated and it promotes transcription [137]. Similarly some miRNAs are under the control of
tumor-suppressive or oncogenic transcription factors. Indeed, members of the miR-34 family
were originally identified as direct transcriptional targets of the tumor suppressor p53. A p53
responsive element is present in the promoter of miR-~34a and in the putative promoter of miR-
34b and miR-34c (see below for details). In this case the proposed mechanism is that following
a DNA damage, there is an increase in the expression of p53 and, as a consequence, of the
miR-34 family, that downregulates genes of the cell cycle, promoting apoptosis and arrest in
the G1-phase. However, in some tumors, it has been noticed a decrease in the expression levels
of these miRNAs [138-140]. Another example is the miR-17-92 cluster that, activated by the
oncogenic transcription factor MYC, promotes cell growth and angiogenesis [141].

Further level of miRNA transcription regulation may occur through epigenetic control. If CpG-

rich sequences undergo DNA methylation, they may inhibit miRNA expression [142].

Post-transcriptional regulation is another important and not completely understood way of
regulation: frequently in a single transcription unit there are two or more miRNAs, that, even

transcribed at the same time, they do not have the same expression levels.
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Several proteins, activators and/or repressors regulate processing either by interacting with
Drosha or Dicer or by binding to miRNA precursors [143]. For example p53 facilitates Drosha-
mediated pri-miRNA processing of miR-16-1, miR-143 and miR-145 miRNAs, interacting with
p68 and p72 helicases, that are components of the Microprocessor complex [144]. 1in-28 binds
to the terminal loop of pri-let-7 and inhibits pri and pre-miRNA processing, interfering with the
cleavage by Drosha and blocking the processing by Dicer because induces the uridynilation of
the pre-miRNA [145]. SMAD proteins, interacting with Drosha/pri-miRNA complex through
protein cofactors or recognizing consensus site in pri-miRNA, facilitates Drosha-mediated pri-
miR-21 processing [146].

Also several splicing factors function as miRNA processing regulators: SF2/ASF binds to
pri-miR-7 and promotes its cleavage by Drosha [147], hnRNP A1 binds to the loop regions of
pri-miR-18a and facilitates its Drosha-mediated processing [148]. Similarly, the splicing protein
KSRP (K-homology splicing regulatory protein) regulates the processing of a subset of miRNAs
binding to a specific G-rich motif present in the terminal loop and stabilizing the interaction
with Drosha [149].

In addition both chemical modifications and editing, modifying the sequence of the miRNAs
can affect the availability of the miRNAs. Uridylation of pre-let-7 blocks Dicer processing
and facilitates the degradation of the miRNA precursor [145]. Editing of pri-miRNAs or pre-
miRNAs by adenosine deaminases that act on RNA (ADAR1 and ADAR?2) affects accumulation
of mature miRNA and might also influence miRNA target specificity. However editing can
also enhance Drosha processing [150, 151]. Turnover of miRNAs also contributes to miRNA
regulation. Certain miRNAs, such as miR-29b, might be degraded much more rapidly than
other miRNAs [152], suggesting a specific recognition of miRNA sequences by nucleases.

A feedback loop between Drosha and DGCRS is also observed: Drosha downregulates DGCR8
cleaving DGCR8 mRNA, while DGCRS stabilizes Drosha through protein-protein interactions
[153].

1.3.4 miRNA targets and their biological functions

Most mammalian miRNA genes have multiple isoforms, these different paralogues are proba-
bly the result of gene duplication during evolution. Generally, the paralogues have identical

sequence in the 5-end at nucleotide position 2-8 (fig. 1.13): this sequence, known as seed
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sequence, are crucial for the interaction of the miRNAs with their mRNA targets via base
pairing, and, for this reason, it seems that paralogues can act redundantly. It was originally
thought that a perfect base pairing between the seed region and the target was necessary for
the function of a miRNA, however there are functional miRNA sites that contain mismatches
or bulged nucleotides in the seed region, such as the let-7 miRNA that act on lin-41 mRNA in
C. elegans [154]. The 3’ half sequence (position 13-16) of the miRNAs also contribute to target
binding, stabilizing the interaction particularly when the seed matching is suboptimal. The
miRNA-mRNA duplex contains, instead, mismatches and bulges in the central region (position

10-12) to prevent endonucleolytic cleavage of mRNA by an RNAi mechanism.

3’ half sequence Seed Sequence
16151413 8765432
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miRNA 3’
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Figure 1.13: miRNA-mRNA interactions

miRNAs interact with their mRNA targets by base pairing. A perfect base pairing (solid lines) between miRNA
and its target is present at nucleotide position 2-8 (seed sequence , shown in red). Bulges or mismatches are
present in the central region of the duplex. A good base pairing (dotted lines) between miRNA 3’ half sequence

and target (green) also stabilize the interaction. Nucleotide position is indicated above the miRNA sequence.

Moreover, the mature sequence of a miRNA is not constant, the 5" and 3’ ends can be heteroge-
neous and the situation is further complicated by the evidence that some functional target sites
do not contain the seed matching sequence, but instead exhibit 11-12 continuous base pairs in
the central region of the miRNA [155].

The majority of miRNA binding sites are located in the 3'UTR of the target mRNA, even
if there are evidences for target sequences in the 5’'UTR and coding region of a gene [156].
Multiple sites for the same or different miRNAs are frequently found on the same target. They
are required for effective repression and they tend to act cooperatively [157].

The exact mechanisms of gene repression are still being elucidated, miRNA can either inhibit
translation, at the initiation or post-initiation step, of target mRNAs or induce mRNA degra-

dation through deadenylation and/or destabilization of the target mRNA.
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1.3.4.1 Translation repression
1.3.4.2 Repression at the initiation step

mRNAs without a functional 5’-cap structure, or mRNAs containing internal ribosome entry
sites (IRESs), which translation is cap-independent are refractory to miRNA-mediated transla-
tional repression [158]. miRNAs interfere with elF4E function or its recruitment to the 5-cap.
One mechanism by which miRNAs impede the cap recognition step of translation initiation has
been proposed by Kiriakidou et al. [159]: they observed that the AGO2 MID domain contains
a structure similar to the cap-binding protein elF4E, suggesting that AGO2 can binds directly
to the cap structure and competes with elF4E. Moreover Kinch and Grishin [160] indicated
that AGO2 shares extremely limited structural similarity to elF4E; therefore remain to be un-
derstood if AGO proteins bind directly to the cap structure.

Other hypotheses suggest that the miRISC inhibits the formation of ribosome initiation complex
by interfering with elF4F-cap recognition and 40S small ribosomal subunit recruitment [161], by

antagonizing 60S subunit joining [127] and preventing 80S ribosomal complex formation [162].

1.3.4.3 Repression at post-initiation steps

Several studies try to demonstrate that miRNAs inhibit translation at post-initiation steps. The
first observation originate from polysomal sedimentation analyses: the researchers showed that
in C. elegans lin-14 and lin-28 mRNAs, which are targets of lin-4 miRNA, remain associated
with polysomes during larval development in spite of reduced protein levels [163] and similar
result were seen also in mammalian cells. Some reports indicate that IRES-driven mRNA
translation is sensitive to miRNAs and in particular Sharp et al. [164] proposes that miRNAs
can antagonize elongation by causing premature termination and ribosome drop-off.

Another hypothesis is that miRNA machinery recruits proteolytic enzymes to polysomes, that
can degrade the nascent polypeptides [165], but this idea does not seem to be real because

endoplasmic reticulum is thought to protect polypeptides from proteolytic cleavage.

The initiation and post-initiation mechanisms are not mutually exclusive: it is possible that
initiation is always inhibited, but when the elongation step is also repressed, ribosomes would

queue on the mRNA, thereby masking the effect of an initiation block.
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1.3.4.4 mRNA deadenylation

mRNA degradation initiates with the shortening of the poly(A) tail, that requires a 3’—5’
exoribonucleases and the CCR4-NOT'1 complex or the 5-cap is first removed by the decapping
DCP1-DCP2 complex and then the RNA is degraded by XRN2, a 5’—3’ exonuclease. The
miRNA-mediated deadenylation require the AGO and GW182 proteins [166]. The GW182-
AGO interaction is mediated via GW repeats in the GW182 N-terminus through binding to
the AGO MID/PIWI domains. GW182 is able to mediate repression of the target even in
the absence of AGO proteins, meaning that AGO is a scaffold to recruit GW1182 to mRNA.
GW182 can be tethered to the 3'UTR of the target mRNA and recruits the CCR4-NOT1
complex to promote deadenylation [166]. Translation inhibition and deadenylation are the two
main mechanisms that have emerged from experimental research. It is possible that there
are other events that participate in miRNA function and that they can overlap in a cell or
developmental dependent manner. It is also possible that the experimental design can favor
one mechanism over another. Much evidence exists indicating that many components of the
miRNA machinery and the repression process itself may not be localized in the cytosol but that
they occur in association with different cellular organelles or structures. miRNA can accumulate
in discrete cytoplasmic foci, such as P-bodies. Some studies have demonstrated that AGO1-
2 are localized to mammalian P-bodies, indicating a functional link between P-bodies and a

miRNA-induced repression [167].

1.3.4.5 Translation activation

miRNAs binding to 3'UTR or 5’'UTR of target mRNAs, in specific situations, activate rather
than repress translation [168]. Although “RNA activation” mechanism remains to be elucidated,
the process may require the AGO2 protein and could be associated with histone changes linked
to gene activation. The importance of faithful miRNA expression has been implicated in nu-
merous biological and cellular events. miRNAs can potentially regulate every aspect of cellular
activity and they are related to the molecular mechanisms of various clinical diseases and they
were also well documented in cancer. miRNA signatures have diagnostic and prognostic value,
and may become valuable clinical tools in cancer therapy. They could have therapeutic impli-

cations, in which disease-related miRNAs could be antagonized or functional miRNAs restored.
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1.3.5 Genomic localization of pri-miRNA and pri-miRNA-like hairpins

miRNA genes are either intergenic, located in non-coding regions >1 kb away from annotated
genes, or intragenic, located, in sense or antisense orientation, within protein coding genes or
in non transcriptional units (TUs). The position of miRNA hairpins in the “transcriptome” is
mostly derived from bioinfomatics analysis with gene and miRNA annotations and revealed that
most of them are located in introns [169]. Approximately 62% of miRNAs are located in the
intronic region of both protein-coding (43%) and non-coding TUs (19%), 9% in exonic regions or
UTRs and 2% in alternatively spliced exons [169]. A small fraction of miRNA hairpins (1-2%),
named Splice site Overlapping (SO)-miRNAs are also juxtaposed either to donor or acceptor
splice sites (fig. 1.14) [170,171]. In addition, according to recent CLIP data in HEK293T cells,
45% of DGCRS targets are mapped to intergenic regions, 43% to protein-coding genes and 5%
to long non-conding RNAs. Most of these DGCRS targets are real pri-miRNA hairpins but a a
significant amount does not have a corresponding miRNA in database. These pri-miRNA-like
hairpins have a major role in regulating the fate or quality of the transcript [172]. miRNAs
hairpins may be situated alone or grouped into clusters. In protein-coding genes, 26% of the
clusters were in introns, followed by exons (12%). In some cases the same miRNA, depending
from the promoter used, can originate from different T'Us, but few data are available regarding
this aspect. miRNAs have also been mapped in repetitive elements, such as Alu repeats or long

interspersed nuclear elements [173].

1.3.6 Intronic hairpins

The majority of pri-miRNA hairpins are located in larger introns (62%), far away from splice
sites, to avoid interference between the MPC and the spliceosome [169, 174]: miRNA cleavage
from introns, that occurs co-transcriptionally before intron splicing, does not alter, in general,
the levels of mature mRNAs [169).

According to the exon-tethering model, the C-terminal domain of RNA Pol II can tether an
upstream exon before reaching the next one, even if the intervening sequences are cleaved by
the MPC [175]. In this case, the MPC can excise the pre-miRNA co-transcriptionally from the

intron, without affecting the recognition of the flanking splice sites by the spliceosome.
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Figure 1.14: Genomic location of pri-miRNA and pri-miRNA-like hairpins

pri-miRNA and pri-miRNA-like hairpins can be divided into three groups according to their position in the
nascent transcript. The intronic group contains the intronic hairpins, the mirtrons/simtrons and the tailed
mirtrons. The exonic group includes hairpins located in central exons and in the 5" and 3’UTRs (or in corre-
sponding first and terminal exons for non-coding transcripts). In the Splice site Overlapping (SO) group, the
hairpins overlap with the 5’ or the 3’ splice sites. Blue boxes represent the exons, thin lines the introns and the

thick black lines the 5’ or 3'UTRs.

This interesting model might be important for longer introns before the polymerase reaches
the next exon, whereas in shorter introns miRNA cropping might occur when the two flanking
exons are already engaged in splicing or even later on the excised lariat. In any case, as a
common precursor generates both the miRNA and the mRNA, one pre-mRNA molecule will
produce one miRNA precursor and one mRNA. However, in experimental systems, where the
miRNA hairpins are relatively distant from splice sites, MPC-dependent cropping was shown
to have a small influence on splicing, either in a positive [169, 176] or negative [174] man-
ner. Furthermore, spliceosome assembly can facilitate cropping [176,177]. In the case of the
melanoma invasion suppressor miR-211, expressed from intron 6 of melastatin, mutation of the

5’ss was shown to reduce the biosynthesis of the miRNA and the recruitment of Drosha to the
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pri-miRNA hairpin. Moreover, knockdown of the Ul snRNP specific factor U1-70K globally al-
tered the production of intronic miRNAs [176], suggesting that the 5’ss has a positive influence

on cropping of intronic miRNAs.

1.3.6.1 Alternative intronic miRNA biogenesis pathways: mirtrons and simtrons

Apart the canonical miRNA biogenesis, several alternative miRNA biogenesis pathway have
emerged in the last few years. Different type of miRNAs are processed by non-canonical miRNA
biogenesis pathways. These comprehend mirtron and the recently reported simtron pathways
(fig. 1.15).

Mirtrons, that were originally recognized in flies and worms [178,179] and recently validated
in mammals [180], are small RNAs that are located in the introns of the mRNA encoding host
genes. The small RNA-generating hairpin can be defined either by the entire length of the
intron in which it is located, starting and ending precisely with splice donor and splice acceptor
sites (canonical mirtron) or can be resides at one end of the intron: the 3’ tailed mirtron, in
which the 5" end of this mirtron hairpin locates at the 5’-end of the intron, while the 3’-end
is produced from the middle of the intron; and the 5’ tailed mirtron, where the 3’-end of this
hairpin corresponds to the 3’-end of the intron.

The first processing step is performed by the splicing machinery and not by Drosha: the pre-
miRNA excised by splicing is initially in the form of an intron lariat, in which the 3’ branch
point is ligated to the 5-end of the intron; the structure is subsequently linearized by the
debranching enzyme (DBR1 in humans) and the intron, adopting a pre-miRNA fold, can be
exported to the cytoplasm by Exp5, and then recognized and cleaved by Dicer to form a mature
miRNA [179]. However, splicing inhibition is compensated by canonical MPC processing.

In the case of 3’ tailed mirtrons (such as miR-1017 in D. melanogaster), after splicing and
debranching, the 3’ tail following the hairpin is trimmed by the RNA exosome, the major
eukaryotic 3’—=5’ exonuclease complex. The trimming reaction occurs in the nucleus and is
prerequisite to shorten the tail sufficiently to serve as an Exp5 substrate [181]. No 3’ tailed
mirtrons have yet been identified in vertebrate species; instead some 5’ tailed mirtrons have
been found in various mammals. The 5’ tail can be trimmed by XRN1/2, the major 5 —3’

exonucleases in eukaryotes, although this remains to be tested (fig. 1.15).
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In 2012 Havens et al. identified some splicing-independent mirtron-like miRNAs, the simtrons
[182]. They showed that two miRNAs, miR-1225 and miR-1228, originally predicted to be
mirtrons, due to their predicted hairpin structure and genomic location spanning short introns,
are not processed by the mirtron-processing pathway (they do not require splicing for their
biogenesis) or by the canonical miRNA pathway: their maturation involves Drosha (and an
unknown binding partner), but does not require the others miRNA biogenesis components
DGCRS, Exp5 and Dicer, even if they enter the RISC complex with any of four human AGO
proteins and are functional in targeted gene silencing (fig. 1.15). However, Drosha processing
may not be a strict requirement. In particular, simtrons seem to be sensitive to Drosha ac-
tivity when splicing is inactive, indicating that simtrons can be excised by either the mirtron

processing pathway or by a pathway involving Drosha.

1.3.7 Exonic hairpins

Exonic pri-miRNA or pri-miRNA-like hairpins constitute a small part (9%) of the known human
miRNAs. Most of them are located in non-coding genes or in UTRs of coding transcripts,
possibly to avoid the interference with the protein-coding sequences and splicing regulatory
elements. However, there are some cases in which the exonic position of the hairpin influences
the quality of the mRNA or its function, as for example the pri-miRNA-like hairpin located in
the 5’UTR of DGCRS gene and the pri-miR-~198 in the 3’'UTR of FSTL1 gene.

The pri-miRNA-like hairpin in the 5’UTR of DGCRS has an important effect on the fate of the
transcript. This stem-loop structure is a substrate for the MPC and, once it is cropped, the
transcript cannot be processed further, with a decrease in both the DGCR8 mRNA and protein
[153,183]. The presence of a second hairpin in the first exon also contributes to the DGCRS
regulation. Therefore, the DGCR8 5’UTR hairpin mainly promotes mRNA degradation and is
a useful system to finely tune the levels of DGCRS. Moreover, it constitutes a feedback loop
mechanism to control the levels of the MPC itself, because DGCRS stabilizes Drosha through

protein—protein interactions [153].
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Figure 1.15: The mirtron and simtron pathways

Mirtrons are pre-miRNA-like hairpin introns that are directly produced by splicing and debranched, exported
from the nucleus by Expb, cleaved by Dicer and enter the RISC complex. Tailed mirtrons also undergo splicing
and debranching, after which the tails on the resulting hairpins are trimmed back. Simtrons are splicing-
independent mirtron-like miRNAs, that are processed by Drosha and an unknown binding partner. They are

further processed by unknown factors (?) and enter the RISC complex, producing functional mature miRNAs.
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Another example of MPC-dependent transcription regulation occurs on the follistatin-likel
(FSTL1) gene and its 3'UTR pri-miR-198 hairpin, where it switches a protein-coding toward
a miRNA-producing transcript in wound healing [184]. In normal conditions, human skin ker-
atinocytes express miR-198 but not FSTL1, indeed the transcript is retained in the nucleus
where it is used to produce only the miRNA. When skin is wounded, cells start to migrate,
produce FSTL1, and progressively reduce miR-198 expression: after injury, the mRNA is not
cleaved by the MPC and goes to the cytoplasm where it is translated into protein. As FSTL1
and miR-198 have anti-migratory and pro-migratory effects, respectively, the switch between
the two alternative gene products contributes to wound re-epithelialization. A major player in
regulating this switch is the RNA-binding protein KSRP. This factor was previously shown to
regulate cropping efficiency of a set of miRNAs through its interaction with G-rich sequences
in the stem—loop [149]. KSRP binds to a GUG motifs within the terminal loop of pri-miR-198
and promotes its cropping. As the 3’'UTR MPC-dependent hairpin found in FSTL1 is proxi-
mal to the polyadenylation site, it is not clear if the miRNA cropping occurs before or after
the polyadenylation process. However, it is possible that in particular conditions the miRNA
cropping can function as an alternative 3’-end processing mechanism in competition with the
classical one, as Drosha silencing was shown to increase the levels of FSTL1 protein.

This peculiar type of post-transcriptional regulation might be present in other genes that con-
tain miRNA hairpins located on 3’'UTR. For example, the coding DCP1A, HOXA7, SNX12
and INOSOE genes contain pri-miRNA-like secondary structures in their 3’'UTR, which are
DGCRS8-binding sites according to DGCR8 HITS-CLIP data [172]. In addition, Céceres and
collaborators identified also some hairpin structures located in alternatively spliced exons of
coding genes. Detailed analysis of four cases showed that silencing of either Drosha or DGCRS
changes their pattern of splicing, suggesting that the MPC specifically cleaves and destabilizes
the mRNA isoforms that contain the hairpins, regulating alternative splicing [172].

An additional example is represented by the pri-miR-133b, located in the terminal exon of the
long noncoding linc-MD1 gene, whose biosynthesis is regulated by the splicing factor HuR, [185].
linc-MD1 acts in the cytoplasm repressing target genes that promote myogenesis and this effect
is partially mediated by its ‘sponge’ activity on its own producing miR-133b. If Drosha crops
pri-miR-133b in the nucleus, the pre-mRNA linc-MD1 will be used to generate the miRNA;
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alternatively, if linc-MD1 is not processed by the MPC, it will act as a sponge in the cytoplasm
for miR-133b and probably for other miRNAs of the same family [101,185]. Thus, the decision
to cleave a pri-miRNA hairpin located in a terminal exon switches between two alternative and

antagonistic gene products: a cytoplasmic sponge RNA and a miRNA.

1.3.8 Splice site Overlapping miRNAs

Splice site Overlapping (SO)-miRNAs are characterized by the presence of overlapping miRNA
hairpins and splice sites on the nascent transcripts [170,171]. The hairpins can be juxtaposed
either with the donor or the acceptor splice sites and, accordingly, they are classified as 5’
SO-miRNAs or 37 SO-miRNAs, respectively. SO-miRNAs are present in vertebrates and non
vertebrates and represent a small but significant fraction of annotated miRNAs (1-2%). They
are very heterogeneous in respect to the position of the splice site in the hairpin, that can be lo-
cated either near the ssRNA-dsRNA junction at the base of the hairpin or more internally in the
stems. Interestingly, the majority of SO-miRNAs are embedded in protein-coding transcripts,
some are encoded by putative open reading frames (ORFs) and others are within annotated
non-coding transcripts. The majority of SO-miRNAs are poorly described in literature, even if
for some of them there are clearly correlations with physio-pathological conditions. For example
miR~205 is described both as a tumor suppressor and an oncogene. It can inhibit or favor cell
proliferation and invasion, depending on the tumor considered and the target genes [186], and
has a protective role against oxidative stress and endoplasmic reticulum stress in renal tubular
cells [187]. miR-~133a-2 is described as a tumor suppressor deregulated in colorectal and blad-
der cancers [188,189] but its main functions are in maintaining the structure and biogenesis of

skeletal muscle [190] and heart [191].

1.3.9 miR-34 family

In mammalians, the miR-34 family comprises three processed miRNAs: miR-34a, miR-34b and
miR-34c that originate from two distinct genomic location: miR-34a is located on chromosome
1 and originates from the EF609116 transcript, whereas miR-34b and miR~34c share a common
transcript BC021736 from chromosome 11. The three miRNAs are 80% homologous with a
perfect sequence identity in their seed regions.

BC021736 is a non-coding transcript with two exons: the 3’ SO-miR-34b overlap with the
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junction between intron 1 and exon 2, while miR-34c is located in exon 2. The transcript is
poorly conserved in vertebrates. The only conserved regions are the p53-responsive promoter
[192], the 5’ss of exon 1, a CpG island upstream of the miRNAs; the 3’ss of exon 2, the miRNAs
themselves and the polyadenylation site. According to Lujambo et al. [193], the CpG island
can also function as a promoter and therefore there are two possible transcription start sites

(TSSs), one located at the 5’ side of exon 1 and the other upstream of exon 2 (fig. 1.16).

TSS miR-34b miR-34c¢
T,
CpGisland
BC021736 _.E | 3
| Il | |
T0.2kb T 2.1kb I 0.8 kb !

1 Vertebrate Conservation by FhastCons

— Ml T L b

Figure 1.16: miR-34b/c transcript and vertebrate conservation

[Upper panel] Schematic representation of the BC021736 non-coding transcript. Light blue boxes represent
exons, thin line the intron and hairpin the miRNAs. The black arrow is the p53-responsive promoter, the
curved black arrows the TSSs and the thick black line a CpG island. miR-34b and miR-34c hairpins are
indicated. The kb lenght of exons and introns is reported under the picture. [Lower panel] Conservation profile
of the transcript in vertebrates. The transcript is poorly conserved, except for the promoter region, the splice

sites, the CpG island, the miRNAs themselves and the poly(A) signal.

The predicted miR-34b hairpin has a typical pri-miRNA secondary structure with three stems
(A, B and C stems) and a terminal loop. The AG dinucleotide of the 3’ss is located near the
end of the hairpin in stem A, four nucleotide above the ssRNA-dsRNA junction. According
to miRBase database, the predominant mature miRNA is the miR-34b-3p, which is expressed
from the 3’ arm (fig. 1.17).

The miR-34 family is extensively described in literature and involved in several physio-pathological
conditions. miR-34b has been associated with p53 and cell proliferation control. It was ob-
served that miR-34b was strongly downregulated in primary mouse ovarian surface epithelium
cells subjected to acute inactivation of p53 [194] or in p53-deficient mouse embryonic fibrob-
lasts [192]. Several other reports have then confirmed these evidences, and have linked miR-34
family to different types of tumors such as pancreatic cancer [195], prostate cancer [196], hep-
atocellular carcinoma [197], breast cancer [198], neuroblastoma [199], osteosarcoma [200] and

acute myeloid leukemia [201].
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Figure 1.17: Predicted RNA secondary structure of miR-34b hairpin
The secondary structure of miR-34b hairpin has been calculated through the Mfold server. The A, B and C

stems, the AG dinucleotide of the 3’ ss and the predominant mature miR-34b-3p are indicated.

Other reports focused on the relation between miR-34s and epigenetic changes. Epigenetic
silencing of miR-34b and miR-34¢ was found in various malignant tumors including colorectal
cancer [202], ovarian cancer [203], lymph node metastatic cancer [193], small-cell lung can-
cer [142], malignant pleural mesothelioma [204], gastric cancer [205], oral squamous cell carci-
noma [206], causing tumor cell proliferation and invasiveness, in multiple myeloma [207] and in
malignant melanoma in which it correlated with metastatic potential [193,208].

Other than cancers, miR-34 family has a role in spermatogenesis [209], heart function and
pathological cardiac remodeling [210], osteoblast proliferation and bone development [211,212].
Another role of miR-34s occurs in the central nervous system being associated with ageing and
neurodegeneration [167], central stress response [213], neuronal differentiation [214], and neu-
rodegeneration associated to Alzheimer’s disease [215]. miR-34b has been specifically involved

in Parkinson [216] and Huntington’s diseases [217].
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1.4 Molecular architecture and biology of epidermal keratinocytes

1.4.1 Structure of the skin

The skin is the largest organ system of the body, which consists of epithelial layer (epider-
mis), connective tissue layer (dermis) and adipose layer (hypodermis). Its main function is to
form a barrier, that protects the underlying tissues against environmental damage by micro-
bial and other harmful substances, prevents the dehydration of the organism and function to
regulate temperature, produce hormones and vitamins, such as vitamin D, and responds to
environmental factors including ultraviolet (UV) radiation [218].

Hypodermis is the undermost layer of the skin, it is composed of fat and connective tissue
and is fundamental for the body insulation.

Dermis is comprised mainly of connective tissue, collagen bundles and elastic fiber, and is
responsible for the structural strength of the skin. In the layer are also present blood vessels,
nerves, sweat and sebaceous glands and hair follicles. It does not only protect body from the
mechanical injury but also binds water, participates in thermal regulation and contains sensory
receptors.

Epidermis is the outer layer of the skin, it is a stratified, squamous, continually renewing
ephitelium, that forms the protective covering of the skin. Keratinocytes are the predominant

cells type in the epidermis and represent the 90-95% of cells expressed in this layer.

1.4.2 Epidermal growth and differentiation

In the epidermis keratinocytes are sorted and organized into four histologically distinct cellular
layers (fig. 1.18 - upper panel), that correspond to progressive stages of differentiation [219].

The basal layer (stratum basale) is the deepest layer of the epidermis, made up of a single layer
of basal, proliferative and undifferentiated keratinocytes. These cuboidal-shaped cells are the
epidermal stem cells, precursors of all the keratinocytes, that have an high clonogenic potential
and divide to produce one cell that remains in the basal layer and conserved the proliferative
potential and one that is destined to differentiate and is pushed into the other strata [220]. Basal
keratinocytes are structurally and functionally associated with components of the underlying
basal membrane via hemidesmosomes. This association contributes to epidermal structural

integrity and provides regulatory signals to control proliferation, migration and differentiation.
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The spinous layer (stratum spinosum) is spiny, as the name suggests, due to the histological
appearance of the resident keratinocytes, that are join and strength one to each other by the
desmosomes: the formation of ‘spines’; indeed, is a staining process artifact due to shrinking
of the microfilaments between desmosomes. The stratum is composed of different layers of
keratinocytes, that have a polyhedral shape in the lower layer and become larger and more
flattened in the upper layers. As new keratinocytes are produced atop the stratum basale, the
keratinocytes of the stratum spinosum are pushed into the stratum granulosum. At this stage,
the keratinocytes start to synthesize involucrin a soluble, transglutaminase substrate protein,

precursor of the cornified envelope.

The granular layer (stratum granulosum) is a flatter and thin layer of cells with a grainy
appearance, that produce a large amounts of keratin and keratohyalin proteins, which accumu-
lates as lamellar granules within the cells. The granular cells synthesize, modify and cross-link
proteins involved in keratinization and, at the same time produce different cellular organelles

degradative enzymes, that are involved in their own programmed destruction.

The (stratum corneum) is the most superficial layer of the epidermis. It forms a barrier to the
outside environment and contributes to mechanical protection. It is composed of multiple layers
of polyhedral, anucleated, post-mitotic, terminally differentiated keratinocytes (corneocytes)
embedded within a highly hydrophobic lipid matrix. The cell membrane is replaced by a layer
of ceramides which become covalently linked to a rigid cornified envelope. Cells in this layer
are shed periodically during the desquamation process and are replaced by cells pushed up
from the deeper strata: this fine balance between keratinocyte proliferation and differentiation

contribute to the maintenance of epidermal homeostasis [221].

Keratinocytes differentiation from the basal to the cornified layer is marked by several morpho-
logical and biochemical changes. Changes in gene expression profile in vivo, such as increase
involucrin expression from the stratum spinosum to the stratum corneum, are, therefore, used

as marker of keratinocytes differentiation in culture [222].

The epidermis is separated from the underlying dermis by the basement membrane. It consists
of two layers: a clear layer, called lamina lucida and a dense layer, the lamina densa. The
stable attachment between the epidermis, the basement membrane and the dermis, that is of
fundamental importance for maintaining skin integrity and epidermal homeostasis, is mediated

by the epithelial cell adhesion complex containing hemidesmosomes (HDs), anchoring fibrils and
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anchoring filaments (fig. 1.18 - lower panel). HDs, located in the stratum basale, are connect
to the basement membrane through 654 integrin. The extracellular part of the integrin o654
binds laminin 5, which, spanning the lamina lucida, forms a bridge to the lamina densa and
interacts with the collagen VII, forming a continuous structural link between the different
compartments. This connection is further stabilized by anchoring fibrils of collagen XVII,
which play a critical role in maintaining the linkage between the keratinocytes in the stratum
basale and the extracellular structural elements involved in epidermal adhesion [223,224].

Laminin is a family basement membrane proteins, composed of three subunits (alpha, beta,
and gamma) of different types: for example, laminin subunit beta 3 (LAMB3) serves as the
beta chain in laminin 5. The type VII collagen fibril are composed of three identical alpha
collagen chains. COL7A1 encodes the alpha chain of type VII collagen, which interacts with
laminin 5. Collagen XVII transmembrane protein is a homotrimer of three collagen XVII alpha
1 chains (COL17A1). Mutations in LAMB3 and COL7A1 and COL17A1 genes are associated

with various types of epidermolysis bullosa [225].
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Figure 1.18: Epidermal keratinocytes differentiation

[Upper panel] Keratinocytes proliferate within the basal cell layer (stratum basale) and, when the differentiation
program is activated, migrate into the into the spinous (stratum spinosum) and granular (stratum granulosum)
layers, becoming anucleated and increasingly compacted in size in the stratum corneum. Involucrin protein,
produced in the stratum spinosum, increase its expression during differentiation, while the basement membrane
proteins decrease [Lower panel] The adhesion of the epidermis to the underlying basement membrane and
dermis is mediated by the epithelial cell adhesion complex containing hemidesmosomes, connected to with the
underlying connective tissue through integrin «654, laminin 5 and collagen VII, anchoring fibrils of collagen

XVII and anchoring fibers.
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Chapter 2

Materials and methods

2.1 Chemical reagents

General chemicals were purchased from Sigma-Aldrich, Merck, Gibco BRL, Boehringer Mannheim,

Invitrogen, Fluka and Qiagen.

2.2 Standard solutions

All solutions are identified in the text except for the following:

5X TBE: 53g Tris-HCI, 27.5g Boric acid, 20ml 0.5M EDTA, pH 8.0 in 11

- 6X DNA sample buffer: 0.25%w/v bromophenol blue, 0.25%w /v xylene cyanol FF, 30%
v/v glycerol in HyO

- 5X Running buffer: 30g Tris-HCI, 144g glycine, 5 g SDS in 11

- 10X Blotting buffer: 30g Tris-HCI, 144g glycine, 20% methanol in 11

- 10X Protein sample buffer: 20%w/v SDS, 1M DTT, 0.63M Tris-HCI (pH 7.0), 0.2%w/v
bromophenol blue, 20%v /v glycerol, 10mM EDTA (pH 7.0)

- 1X PBS: 137mM NaCl, 2.7mM KCl, 10mM Na,HPO,, 1.8mM KH,POy, pH 7.4
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2.3 Bacterial culture

The E. coli Kq5 strain DH5a: was transformed with the plasmids described in this study and
used for their amplification. Plasmids were maintained in the short term as single colonies
on agar plates at 4°C. Bacteria were amplified by an overnight incubation in Luria-Bertani
medium (LB medium: 10g Difco Bactotryptone, 5g Oxoid yeast extract, 10g NaCl, pH 7.5
in 11). Bacterial growth media were sterilized before use by autoclaving. Then ampicillin

(Sigma-Aldrich) was added to the media at a final concentration of 100pg/ml.

2.4 Preparation of bacterial competent cells

Bacterial competent cells were prepared following the method described by Chung et al. [226].
E. coli strains were grown overnight in 10ml of LB at 37°C. The following day, 150ml of
fresh LB were added and the cells were grown in the shaker at room temperature (RT) until
the ODgoo was 0.3-0.4. Then the cells were put on ice to stop the growth and centrifuged at
4°C, 1000g for 1 hour. The pellet was resuspended in 1/10 volume of cold 1X TSS solution
(10% w/v PEG 4000, 5% v/v DMSO, 35mM MgCly, pH 6.5 in LB medium). The cells were
aliquoted, rapidly frozen in liquid nitrogen and stored at -80°C. Competence was determined
by transformation with 0.1ng of pUC19 control DNA plasmid and was deemed satisfactory if

this procedure resulted in more than 100 colonies.

2.5 Transformation of bacteria

Transformation of ligation reaction were performed using half of the initial reaction volume
(10ul). Transformation of positive clones was carried out using 1ng of the DNA plasmid. The
DNA was incubated with 65ul of competent cells for 30 minutes on ice, followed by a heat
shock at 42°C for 30 seconds and finally the cells were placed again on ice for 1 minute and
then spread onto agarose plates containing the appropriate antibiotic concentration (100ug/ml
of ampicillin). The plates were then incubated for 12-15 hours at 37°C.

When DNA inserts were cloned into (§-galactosidase-based virgin plasmid (pUC19), 30ul of
IPTG 100mM and 30ul of X-Gal (4% v/v in dimethylformamide) were spread onto the surface

of the agarose before plating to facilitate screening of positive clones (white colonies) through
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identification of -galactosidase activity (blue colonies).

2.6 DNA preparation

2.6.1 Small scale preparation of plasmid DNA from bacterial cultures

Single bacterial colony was picked and transferred into 6ml of LB medium containing 100pg/ml
of ampicillin. The culture was incubated overnight at 37°C in a shaking incubator. The
Wizard Plus SV Minipreps DNA Purification System (Promega) was used according to the
manufacturer’s instructions in order to obtain small amounts of pure plasmidic DNA. The final
pellet was resuspended in 100ul of Nuclease-Free water. The quality of extracted plasmid DNA
was verified on 0.8% agarose gels. The DNA was stored at -20°C. Routinely 3ul of such DNA
preparation were taken for the restriction enzyme digestion and 20ul were taken for sequence

analysis (Macrogen).

2.6.2 Medium scale preparation of plasmid DNA from bacterial cultures

For medium-scale preparations (Midiprep) of plasmid DNA that was necessary for the trans-
fection experiments, JETSTAR Plasmid Purification Kit (Genomed) was used according to the
manufacturer’s instructions. In order to get a good amount of plasmid DNA, an overnight

bacterial culture of 50ml of LB medium was used.

2.7 Enzymatic modification of DNA

2.7.1 Restriction enzymes

Restriction enzymes were purchased from New England Biolabs Inc. (NEB). All buffers were
also supplied by the same company and were used according with the manufacturer’s instruc-
tions. In alternative we also used 0.5X, 1X or 2X concentration of 10X OPA buffer (100mM
Tris-acetate, pH 7.5, 100mM magnesium acetate, 500mM potassium acetate). For analytical
digests 300ng of DNA were digested in a volume of 20ul containing the appropriate units (Us)
of the restriction enzyme per pug of DNA. The digest was incubated 2 hours at the optimal

temperature required by the enzyme used.
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Preparative digestions of vectors and inserts were made of 3ug DNA using the appropriate
condition needed by the restriction enzyme in 50ul reaction volume. The enzymatic activity

was stopped by heat inactivation.

2.7.2 DNA Polymerase I, Large (Klenow) Fragment
T4 Polynucleotide Kinase

These enzymes, provided from New England BiolLabs Inc., were used to treat PCR products
for blunt-end ligation during construction of recombinant plasmids.

The Large Fragment of DNA Polymerase I (Klenow) is a proteolytic product of E. coli DNA
Polymerase I, which retains polymerization and 3’ — 5" exonuclease activity, but has lost
5" — 3’ exonuclease activity. This was useful for digesting specific residues added by Tag DNA
Polymerase at the 3’ terminus to create a compatible end for ligation. Briefly the DNA was
dissolved in 1X NEBuffer 2.1 and supplemented with 25uM dNTPs. 1U of Klenow per pug DNA
was added and the mixture (final volume 20ul) was incubated 10 minutes at RT. The reaction
was inactivated by heating at 70°C for 20 minutes.

T4 Polynucleotide Kinase catalyzes the transfer and exchange of phosphate from ATP to the
5’-hydroxyl terminus of ds and ssDNA and RNA. It was useful for the addition of 5’-phosphate
to PCR products to allow subsequent ligation. The proper Us of Kinase, its reaction buffer
(70mM Tris-HCI, 10mM MgCly, 5mM Dithiothreitol (DTT), pH 7.6) and ATP 10mM were
added to the DNA and incubated at 37°C for 30 minutes. The enzyme was inactivated by

incubation at 65°C for 20 minutes.

2.7.3 T4 DNA Ligase

T4 DNA Ligase, provided from Promega, catalyzes the joining of two strands of DNA between
the 5’-phosphate and the 3’-hydroxyl groups of adjacent nucleotides in either a cohesive-ended
or blunt-ended configuration. 20-40ng of linearized vector were ligated with a 5-10 fold molar
excess of insert in a total volume of 20ul containing 1X ligase buffer and 1U of enzyme. Reaction

was carried out at RT for 3 hours.
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2.7.4 Alkaline Phosphatase, Calf Intestinal (CIP)

Calf Intestinal Phosphatase (CIP), provided from New England BioLabs Inc., catalyzes the
removal of 5’-phosphate groups from DNA and RNA. Since CIP-treated fragments lack the
5’-phosphoryl termini required by ligases, they cannot self-ligate. This property can be used to
decrease the vector background in cloning strategies. The standard reaction was carried out in
a final volume of 50ul using 0.5U of enzyme per 1ug DNA at 37°C for 30 minutes. The enzyme

was inactivated by incubation at 85°C for 15 minutes.

2.8 Agarose gel electrophoresis of nucleic acids

DNA sample were size fractionated by electrophoresis in agarose gels ranging in concentration
from 0.8% w/v (large fragments) to 3% w/v (small fragments). The gels contained ethidium
bromide (0.5pug/ml) in 1X TBE solution. Sample containing 1X DNA Loading Buffer (0.4%
bromophenol blue, 60% glycerol, water) were loaded into submerged wells. Horizontal gels were
used for fast analysis of DNA restriction enzyme digestions, estimation of DNA concentration,
or DNA fragment separation prior to elution from the gel.

A fast analysis of RNA samples was obtained by running samples on 0.8% agarose gels.

The gels were electrophoresed at 50-90mA in 1X TBE running buffer for a time depending on
the expected fragment length and gel concentration. Sample was visualized by UV transillu-

mination and the result recorded by digital photography.

2.9 Elution and purification of DNA fragments from agarose gels

The following protocol was applied for purification of both vectors and inserts of DNA for
cloning strategies. The DNA samples were electrophoresed onto an agarose gel as previously
described. The DNA was visualized with UV light and the DNA fragment of interest was
excised from the gel and the QIAquick Gel Extraction Kit (Qiagen) was used for extraction
according to the manufacturer’s instruction. 30-50ul of DNA was obtained: the amount of
recovered DNA was estimated by UV fluorescence of intercalated ethidium bromide in agarose

gel electrophoresis.
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2.10 Amplification of selected DNA fragments

The polymerase chain reaction (PCR) was performed using both genomic and plasmid DNA
as templates and following the basic protocol of Roche or NEB Taq DNA polymerase. The
volume of the reaction was 50ul and comprised: 1X Taq buffer, ANTPs mix (100uM each),
oligonucleotide primers (100nM each), Tag DNA polymerase (2.5U) and 100ng of genomic DNA
or 0.1ng of plasmid DNA. The synthetic DNA oligonucleotides used for PCR amplification were
purchased from Sigma-Aldrich and from Integrated DNA Technologies.

The standard amplification conditions were the following: 94°C for 5’ (initial denaturation),
94°C for 45” (denaturation), 56°C for 45" (annealing), 72°C for 45”7 (extension) for 28-35
cycles and 72°C for 10’ (final extension). PCRs were optimized to be in the exponential
phase of amplification and products were fractionated on agarose gel. The PCR reactions were

performed on a Gene Amp PCR System (Applied Biosystem).

2.11 Sequence analysis for cloning purpose

Sequence analyses of plasmid DNA were performed in Macrogen Europe (Amsterdam, Nether-
lands). 20ul of DNA samples (100ng/ul) in a 1.5ml tubes were shipped to Macrogen. The
primers used for sequencing are either primers specific for plasmid vectors already available in
the Macrogen Europe facility collection (universal primers) or primers binding on the cloned
sequence, that were shipped with DNA samples (2ul of primer at concentration of 5pmol/ul
for each sample). The result of sequencing were analyzed using the FinchTV and DNA Strider

programs.

2.12 Hybrid minigene constructs

Hybrid minigenes are useful construct tools to study cis and trans-acting elements that influence
splicing process, to understand the cell-specific splicing pattern, to identify exonic and intronic
elements that enhance or silence splicing and to determine whether a specific mutation can
compromise the splicing and to establish the role of the splice sites in the exon recognition [227].
This system, after transient transfection and RNA analysis, allows us to study the splicing

outcome.
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2.12.1 pcDNA3pY7 miR-34b hybrid minigenes

A DNA fragment of 196 bp containing the human pri-miR-34b hairpin, located on the junction
between intron 1 and exon 2, with 18 bp of upstream intronic flanking region and 97 bp of exon
2 was cloned in the unique Xhol-Xbal cassette of the pcDNA3pY7 minigene [228] to generate
pcDNA3pY7 miR34b construct, that is the wild type (WT) construct.

The creation of minigene has been done through PCR amplification of the genomic region of
interest, treatment with Klenow-Kinase enzymes as described previously, and cloning in pUC19
vector into the restriction site Smal. Following sequencing, in order to check the nucleotide
sequence to be correct, the subcloning in the final minigene was performed using the enzyme
restriction sites Xhol and Xbal.

The oligonucleotides used to create this new hybrid minigene are the following:

2310 Xhol dir  5-TATACTCGAGCCGCGGGTGCCCGGTGCT-3
2505 Xbal rev  5-TATCTAGACCACGCCGACGCCGCGCT-3’
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Figure 2.1: Schematic representation of pcDNA3pY7 miR-34b minigene
A DNA fragment of 196 bp containing the human pri-miR-34b hairpin, located on the junction between intron
1 and exon 2, with intronic flanking regions (thin line) and 97 bp of exon 2 (orange), was cloned in the unique
XhoI-Xbal cassette of the pcDNA3pY7 minigene. The CMV promoter, the poly(A) site (rhombus), the primers

used for amplification (black arrows) and the cloning restriction sites are indicated.
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2.12.1.1 pcDNA3pY7 miR-34b mutated constructs

To generate the mutated constructs, the sequence of interest was amplified, using standard PCR
conditions, with mutated primers built either for direct or overlapping PCR, according to the
position of the mutation. The pcDNA3pY7 miR-34b as PCR template. The oligonucleotides

used for generation of the mutated constructs are the following:

-CTGCCATCAAAACAAACCACGGCATCAC-¥
-GTGATGCCGTGGTTTGTTTTGATGGCAG-3’

3’ss mut dir

3’ss mut rev

AC2 dir ~-GTACTGTGGTGACTCCACTGCCATCAAAACAA-3’
AC2 rev ~-GGCAGTGGAGTCACCACAGTACAATCAGCTAA-3’
-2U>A dir -GCAGTGTCATTAGCTGATTGTACTGTGGTGGTTACAATCACAAACTCCACTGCCATCAAAACAAGG-3’

A2457-2482 dir  5-AGAAGACGCCGGCTCGGGCATGAGAAGCGCGGCGTCGGCGTGG-3
A2457-2482 rev  5’-CCACGCCGACGCCGCGCTTCTCATGCCCGAGCCGGCGTCTTCT-3
2482 Xbal rev -TATCTAGAGGCATCTTCTCTCGAAGGCTG-3’

ESEmut dir -GCCCGCAGCCTTCGCGCGTATATGCCTGAGAAGCGCGGCGT-3’

5
5
5
5
5
-2U>A rev 5-GCAGTGGAGTTAGTGATTGTAACCACCACAGTACAATCAGCTAATGACACTGCCTACAAACCG-3
5
5
5
5
5-ACGCCGCGCTTCTCAGGCATATACGCGCGAAGGCTGCGGGC-3’

ESEmut rev

2.12.2 pFAN-COL17A1 and pFAN-LAMB3 hybrid minigenes

A DNA fragment of 436 bp containing 36 bp of COL17A1 exon 29, with 200 bp of upstream
and downstream intronic flanking regions was cloned in the unique Ndel site of the pFAN
minigene [229] to generate pFAN-COL17A1 wild type construct. For the generation of the
pFAN-LAMB3 wild type construct a DNA fragment of 505 bp containing 221 bp of LAMB3
exon 15, with 84 bp of upstream intron and 200 bp of downstream intronic region was cloned
in the unique Ndel site of the pFAN minigene. The oligonucleotides used to create this new

hybrid minigenes are the following;:

COL17A1 int28 Ndel dir 5-TACATATGAAAAGAGACAATTGCTGGTT-3’
COL17A1 int29 Ndel rev  5-TACATATGCACATCTGAACTGATAGTTT-3’
LAMBS3 int14 Ndel dir 5-TACATATGGCATGGGCACTGCCGTGGTGGGC-3’
LAMBS3 int14 Ndel rev 5-TACATATGCTCCATGAGAGCTAAGGACCAG-3’

The oligonucleotides used for generation of the mutated pFAN-COL17A1 5’ss mut and pFAN-
LAMB3 3’ss mut constructs are the following:
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COL17A1 5'ss mut dir  5-ACCAAGGCCCAAGAGTTTGGTCACT-3

COL17A1 5’ss mut rev 5-AGTGACCAAACTCTTGGGCCTTGGT-3’

LAMB3 3’ss mut dir 5-GCTTCTCGCCACAACGGCCTTCCGGATGCTGTGCACTGCCTAC-3’
LAMB3 3’ss mut rev = 5-GTAGGCAGTGCACAGCATCCGGAAGGCCGTTGTGGCGAGAAGC-3’

2.12.3 pCI-neo-PISD and pcDNA3pY7-KRT15 minigenes for small RN A-seq data

validation

A DNA fragment of 890 bp containing 139 bp of PISD exon 4, with upstream and down-
stream intronic and exonic flanking regions was cloned in the unique Xhol-Apal cassette of the
pcDNA3pY7 minigene. A DNA fragment of 558 bp containing 83 bp of KRT15 exon 2, with
upstream and downstream intronic and exonic flanking regions was cloned in the unique Xhol-
Notl cassette of the pCl-neo minigene. The oligonucleotides used to create this new hybrid

minigenes are the following:

KRT15 intl Xhol dir 5-TACTCGAGTGGGACAAAACAAGAAATGG-3
KRT15 ex3 Apal rev  5-TAGGGCCCCTCTTCGTGGTTCTTCTTCA-3’
PISD ex3 Xhol dir 5-GGCTCGAGGTGGCTTTGTACAAGTCAGT-3’
PISD ex5 Notl rev 5-GGGCGGCCGCCTGGGAAGTGGCGCCGGTGG-3’

2.13 Eukaryotic cell lines

The eukaryotic cell lines used for the experiments are: HeLa (human cervical carcinoma),
HEK293T (human embryonic kidney), Hep3B (human hepatocellular carcinoma), CFPAC-1
(human cystic fibrosis pancreatic adenocarcinoma), NHEK (normal human epidermal ker-
atinocytes), HaCaT (immortal human keratinocyte), BC-1 (human B-cell lymphoma), and
MEC-1 (human B-chronic lymphocytic leukemia) cells.

2.13.0.1 Maintenance of cells in culture

HeLa and HEK293T cells were grown in Dulbecco’s Modified Eagle Medium (DMEM with
glutamine, sodium pyruvate, pyriodoxine and 4.5g/1 glucose) supplemented with 10% heat-
inactivated fetal bovine serum (FBS - EuroClone) and antibiotic antimycotic (Sigma) according

to the manufacturer’s instruction. A standard 100mm dish containing a confluent monolayer
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of cells was washed twice with 1X PBS solution, in order to remove all the medium residues
as well as the dead cells, treated with 1ml Trypsin (PBS containing 0.045mM EDTA and 0,1%
trypsin) and incubated at 37°C for 2 minutes or until cells were completely detached. After
adding 5ml of medium, to block trypsin, cells were precipitated by centrifugation (1000 rpm for
5 minutes) and resuspended in pre-warmed medium. A sub-cultivation ratio of 1:6 to 1:8 was
used. 1ml of cell dilution was added to 9ml fresh medium and plated in a new 100mm dish.
CFPAC-1 cells were grown Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with
10% FBS and antibiotic antimycotic.

Hep3B cells were grown in minimal essential medium (MEM) supplemented with 10% FBS
and antibiotic antimycotic.

HaCaT cells were grown in DMEM medium supplemented with 10% FBS and antibiotic
antimycotic into T25 flasks. Sub-culturing of the cells was made as described above, but for
this cell type the trypsinization times is much longer (10 minutes).

MEC-1 (kindly provided by Dott. Dimitar Efremov - ICGEB, Monterotondo - Rome) and BC-
1 cells are cells growing in suspension, that were cultured in RPMI-1640 medium supplemented
with 10% FBS and antibiotic antimycotic. Cell suspension was taked out from the flask, putted
in a 15ml falcon and precipitated by centrifugation. The pellet was washed twice with 1X PBS
solution and resuspended in pre-warmed medium. A sub-cultivation ratio of 1:2 to 1:3 was

used. 1ml of this cell dilution was added to 5ml fresh medium and plated in a new T25 flask.

2.13.0.2 NHEK growth and differentiation

Normal human primary epidermal keratinocytes (kindly provided by Dott. Daniele Castiglia
- Istituto Dermopatico dell’Immacolata, Rome) were isolated and cultured as described [230].
Keratinocytes were seeded at a concentration of 1-1.5x10% cells/cm? in serum-free Keratinocyte
Growth Medium (KGM, Invitrogen) containing 0.15mM Ca?*, cultured till confluence, and

then induced to differentiate by culturing in KGM containing 1.2mM Ca?* for 5 days.

2.14 Transfection of recombinant DNA

3x10° HeLa cells were plated as described above into 6-well cell culture dishes in order to

reach a final confluence of 40-70%. The plasmid DNA used for transfection was prepared with
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JETSTAR Purification Kit as previously described.

Transfection of HeLa cells was performed by applying Effectene Transfection Reagent (Qiagen)
according to manufacturer’s instructions. For 6-well cell culture plates, 500ng of plasmid DNA
were first mixed with 150ul of EC buffer and 4ul of Enhancer and the mixture was incubated
at RT for 5 minutes to allow the condensation of DNA. 5ul of Effectene Reagent were then
added to the mixture and incubated for 10 minutes to allow Effectene-DNA complexes to form.
After the addition of 500ul of complete growth medium, the mixture was added to the cells in
1.5ml of the same medium and incubated at 37°C. After 24 hours, cells were harvested and
subjected to further analyses. Each transfection experiment was repeated at least three times

in double.

2.15 Co-transfection of splicing factors

For the different splicing factors co-transfection experiments, 500ng of the minigenes have
been transfected with 500ng of the expressing plasmid. The splicing factors used for the co-
transfections are SRSF1 (SF2/ASF), SRSF3 (SRp20), SRSF4 (SRp75), SRSF7 (9G8), Tra20,
TIA1, PTB1, U2AF35, U2AF65, hnRNP Al, hnRNP A2, and hnRNP H coming from pCG

expressing plasmid.

2.16 RNA preparation from cultured cells

Cultured cells were washed twice with 1X PBS and then 750ul of RNA TRI Reagent (Ambion)
was added. After chloroform extraction, the RNA-containing supernatant was collected and
precipitated by addition of 1 volume of isopropanol. The pellet was rinsed in 70% ethanol. The
final pellet was resuspended in HyO and stored at -80°C. The RNA quality was checked by
electrophoresis on a 0.8% agarose gel.

In the case of DNA contamination, the extracted RNA was treated with RNase-free DNase
(Promega) in 1X DNase Buffer, according to manufacturer’s instructions. The DNA digestion
was performed at 37°C for 30 minutes and the reaction was stopped by adding DNase Stop
Solution and incubating at 65°C for 10 minutes. RNA was then purified using RNeasy Mini

Kit - RNA Cleanup Protocol (Qiagen) according to the manufacturer’s instructions.
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2.17 Estimation of nucleic acid concentration

As both DNA and RNA molecules absorb UV light, this feature is used for measuring the
concentration of nucleic acids with NanoDrop spectrophotometer. The nitrogenous bases in
nucleotides have an absorption peak at 260nm, so an optical density of 1.0 at this wavelength is
usually taken to be equivalent to a concentration of 50pg/ml for dsDNA, 40ug/ml for ssDNA
and RNA and approximately 20pug/ml for ss oligonucleotide sample. The ratio of the absorbance
at 260nm and 280nm is a measure of the purity of a sample: this ratio should be around 1.8 for
pure DNA sample and 2.0 for RNA sample. If the ratio is appreciably lower, it may indicate

the presence of protein, phenol or other contaminants that absorb strongly at or near 280nm.

2.18 The mRNA functional splicing analysis

2.18.1 cDNA synthesis

The first-strand ¢cDNA synthesis was performed with the M-MLV Reverse Transcriptase Kit
(Invitrogen) following manufacturer’s instructions. 3-5ug of total RNA extracted from cells
were mixed with 2ul of random primers (100ng/ul, Invitrogen) and diluited in water to the
final volume of 12ul. To denature the RNA, the mixture was put at 94°C for 2 minutes and
quick chilled on ice. After denaturation 6ul 5X First-Strand Buffer(250mM Tris-HCI (pH 8.3 at
RT), 375mM KCI, 15mM MgCly), 3ul 0.1M DTT, 3ul ANTPs, 0.5ul M-MLV RT were added to
the reaction. The final mixture was then incubated at 37°C for 90 minutes. 3ul of the reaction

were used as a template for the PCR analysis.

2.18.2 PCR analysis

PCR reactions were performed using previously described protocol in a final volume of 25ul.
Oligonucleotides used for PCR analysis, specific for the minigene system used or for the endoge-
nous genes of interest, are listed below. The results of all the transfections are the representative
of at least three independent experiments. PCR products were resolved by agarose gel elec-
trophoresis. Quantification of exon inclusion, exon skipping and intron retention was performed

using ImagelJ 1.440 (http://imagej.nih.gov/ij).
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pY7ex2 dir

2505 Xbal rev
2482 Xbal rev
ASHI1L ex15 dir
ASHI1L ex17 rev
DNM2 ex1 dir
DNM2 ex3 rev
SFRS2 ex1 dir
SFRS2 ex3 rev
NOP5H6 ex1 dir
NOPS56 ex5 rev
WHSC2 ex3 dir
WHSC2 ex7 rev
CIT ex31 dir

CIT ex35 rev
PYROXD2 ex5 dir
PYROXD2 ex9 rev
PISD ex3 dir
PISD ex5 rev
KRT ex1 dir

KRT ex3 rev
NRD1 ex2 dir
NRD1 ex6 rev
PISD ex3 Xhol dir
pCI rev

KRT15 ex3 Apal rev
DUSP11 exb dir
DUSP11 ex7 rev
RBMb5 ex15 dir
RBMS5 ex17 rev
COL17A1 ex28 dir
COL17A1 ex31 rev
LAMBS3 ex14 dir
LAMBS3 ex16 rev
2,3 dir

pFAN 904 rev

5-TACAAGGCTTGTCGAGGAGGACATC-3
5-TATCTAGAGTCCTGCGCAGCCTGC-3’
5-TATCTAGAGGCATCTTCTCTCGAAGGCTG-3
5-GATGTTTGTCGTCTACGAAAGGC-3’
5-GAAGCAGCAAGTCATCTCGGAGCA-3’
5-CATGGGCAACCGCGGGATGGAAG-3
5-GATGCCTTTGTTGGTCCCCGTGAC-3’
5-GGACCGCTACACCAAGGAGT-3’
5-CTTCGATGGACTATGTGGTC-3’
5-GAGCGCGCTAGCCGCATTGC-3’
5-TCACCAGATTGTGGAAGTGC -3
5-AGTGTGAAGCGTCTGCCATGCTGCCACTG-3’
5-GCGTGGACACCAGGGCCGGCTGCGTAGT-3
5-CTGCCCACCGCAAAGCAACG-3’
5-CTGCTTTGGCTGTATTTGCG-3’
5-AGAAGCAGATCGCCCAGTTCTCCCAG-3’
5-TCCATGTGTGGTGGCTGAGCTTGCGA-3’
5-CAACCTCAGCGAGTTCTTCC-3’
5-CTGGGAAGTGGCGCCGGTGG-3’
5-AGCCCAGAATGCGACTACAG-3’
5-GTCAGCTCATCCAGGACTCG-3’
5-GATGACGATGAAGAGGGTTTTGAT-3’
5-CTTGAAGTACTTCCTCTGGACATC-3’
5-GGCTCGAGGTGGCTTTGTACAAGTCAGT-3’
5-GTATCTTATCATGTCTGCTCG-3’
5-TAGGGCCCCTCTTCGTGGTTCTTCTTCA-3’
5-GATTTGCCAGAAACTGTTCCTTA-3’
5-TCTGAAGGTCTTCAATGTAGTTTTGT-3’
5-CGGCTGTAGTGTCCCAGAGT-3’
5-TTGCGAGTTGGGGTCATAAT-3’
5-CGAGCCTGGCATGAGAGGTTTGCCT-3
5-CCTGAGGTCCCTGGGGTCCTGTGAGAC-3
5-GTTGTCCCTTCCGAGAGACCTGGAG-3’
5-CGCTGGAGCTGGGCATTGAAGC-3’
5-CAACTTCAAGCTCCTAAGCCACTGC-3’
5-ATCAGCATTCTCTGAAGTACATCAAC-3’
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2.19 Real Time Quantitative PCR analysis

2.19.1 SYBR Green

SYBR Green-based quantitative PCR (qPCR) was performed using the iQQ SYBR Green Su-
permix (Bio-Rad) in a CFX96 Real-Time PCR system (Bio-Rad), following manufacturer’s
instructions. Briefly, 100ng of cDNA where mixed with the master mix and the forward and
reverse primers and filled with water to a final volume of 15ul. Primers, designed to target
an amplicon size of 100-200 bp, are listed below. Three replicates per RT reaction were per-
formed. The thermal cycling protocol was: 95°C for 10’ (initial denaturation), 95°C for 15”
(denaturation), 60°C for 60” (annealing/extension + plate read) for 40 cycles and 65-95°C,

0.5°C increment 1” /step (Melt Curve analysis).

U6 dir

U6 rev

GAPDH dir
GAPDH rev
Drosha dir

Drosha rev
Involucrin dir
Involucrin rev
RPL13A dir
RPL13A rev

TBP dir

TBP rev

RPLPO dir
RPLPO rev
LAMB3 ex15 dir
LAMB3 ex16 rev
COL17A1 ex28 dir
COL17A1 ex31 rev

5-GCTTCGGCAGCACATATACTAA-3’
5-AAAATATGGAACGCTTCACG-3’
5-GACAGTCAGCCGCATCTTCT-3’
5-TTAAAAGCAGCCCTGGTGAC-3’

5 -CATGTCACAGAATGTCGTTCCA-3’
5-GGGTGAAGCAGCCTCAGATTT-3
5-GAAGCACCACAAAGGGAGAAGTATTGC-3’
5-CCACTGCACCTCCTGCTTCT-3’
5-CTCAAGGTCGTGCGTCTGAA-3’
5-TGGCTGTCACTGCCTGGTACT-3
5-TCAAACCCAGAATTGTTCTCCTTAT-3’
5-CCTGAATCCCTTTAGAATAGGGTAGA-3’
5-CAGATTGGCTACCCAACTGTT-3’
5-GGGAAGGTGTAATCCGTCTCC-3
5-TGAGGCTGGAGATGTCTTCGTTGC-3’
5’-GCCACAGGCTGTGCCATTGTCTTG-3
5’-CGAGCCTGGCATGAGAGGTTTGCCT-3’
5-CCTGAGGTCCCTGGGGTCCTGTGAGAC-3’
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2.19.2 TagMan microRNA assay
2.19.2.1 TaqMan miRNA Reverse Transcription

Total RNA was reverse transcribed using M-MLV Reverse Transcriptase. For each 15ul RT
reaction 1-10ng of total RNA were mixed with 7ul of RT master mix and 3ul of RT primer
(Applied Biosystems) specific for each miRNA. The RT master mix was composed of 1.50ul
dNTPs 10mM, 3ul 5X First-Strand Buffer, 0.25ul M-MLV RT 200U /ul, 0.19 RNase Inhibitor,
20U /ul and 2.06ul of water. The final mixture was incubated for 5’ on ice, followed by 30’ at
16°C, 307 at 42°C and 5’ at 85°C.

2.19.2.2 TagMan miRNA qPCR

PCR reaction was performed in triplicate on a CFX96 Real-Time PCR system. The final
volume of the reaction was 20ul: 10ul of TagMan 2X Universal PCR Master Mix, No AmpErase
UNG and 7.67ul of water were mixed with 1.33ul RT reaction product (dilution 1:10) and 1ul
20X TagMan MicroRNA assay, specific for each miRNA. Thermal cycling parameters are the
following: 95°C for 10" (AmpliTaq Gold enzyme activation), 95°C for 15” (denaturation) and
60°C for 60” (annealing/extension + plate read) for 40 cycles. The predesigned TaqMan assays
(Life Technologies) are the following:

miRNA Assay ID | miRNA  Assay ID

miR-943 002188 miR-936 002179
miR-1287 002828 miR-34b 002102
miR-1178 002777 miR-636 002088

miR-6510 477465 mat | miR-1292 002824
miR-7109 466424 mat | miR-4260 244117_mat
miR-761 002030 miR-555 001523
miR-638 001582 miR-711  241090_mat
miR-26b 000407

Results of SYBR Green and TagMan assays were normalized to different endogenous controls.

Fold changes were determined using the 2722 method.
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2.20 Small interfering RNA (siRNA) transfection

The sense strand of RNAI oligos (Dharmacon), which were used for silencing the expression of

different target genes, were the following:

Drosha 5-CGAGUAGGCUUCGUGACUU-3’
DGCRS 5-CAUCGGACAAGAGUGUGAU-3’
SF3b1 5-CGCCAAGACUCACGAAGAU-3
UBC 5-GUGAAGACCCUGACUGGUA-3’
LUCIFERASE 5-UAAGGCUAUGAAGAGAUAC-3

Non-Targeting siRNA #1 5-UGGUUUACAUGUCGACUAA-3’

2.5x10° cells were plated in 60mm plates to achieve 40-50% confluence the following day when
siRNA transfection was carried out preparing two reaction mixtures. The first comprised 10ul of
Oligofectamine Reagent (Invitrogen) combined with 20ul of Opti-MEM medium (Invitrogen),
whereas the second one consisted of 10ul of 40uM siRNA duplex oligos diluted in a final
volume of 370ul of Opti-MEM. The two mixtures were combined, left at RT for 20 minutes and
finally added to the cells, which were maintained in 1.6ml of Opti-MEM. After 24 hours the
second treatment with siRNA was performed as described above. 6-8 hours later Opti-MEM
was exchanged with DMEM and the cells were transfected with the minigene of interest using
Qiagen Effectene transfection reagents. 1ug plasmid DNA was mixed with 8ul of Enhancer
and 10ul of Effectene Reagent using previously described protocol. After addition of 500ul
of complete DMEM medium, the mixture was added to the cells in 4ul of the same medium
and incubated at 37°C. After 24-72 hours cells were collected and divided in two fractions for
protein and RNA extractions. RT-PCR from total RNA was performed as described above.
The whole protein extracts were obtained by cell resuspension in 1X lysis buffer (100mM KCI,
200uM EDTA pH 8.0, 20mM Hepes pH 7.5, 0.5mM DTT, 1% NP-40, 6% glycerol, 1X proteinase
inhibitor). Each siRNA experiment was repeated at least three times.

SF3b1 siRNA was introduced into MEC-1 cells with the Nucleofector system (Amaxa, Lonza
Cologne). Briefly, 0.6x107 cells were resuspended in 100ul of Cell Line Nucleofector Solution
L and mixed with 2.5ug of siRNA. Nucleofection was performed on an Amaxa Nucleofector
IT device using the C-005 program. 72 hours after nucleofection the cells were collected and

processed as described above.
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2.21 miRNA mimics reverse transfection and cell proliferation assay

miRNA mimics (miRIDIAN miRNA mimics, GE Dharmacon) are double-stranded RNA molecules
designed to mimic the function of endogenous, mature microRNAs.

miRNA mimics used to suppplement miRNA activity were the following:

hsa-miR-936 mimic  5-ACAGUAGAGGGAGGAAUCGCAG-3’
hsa-miR-4260 mimic 5-CUUGGGGCAUGGAGUCCCA-3’
hsa-miR-711 mimic 5-GGGACCCAGGGAGAGACGUAAG-¥

miRNA mimics were transfected into HaCaT cells using a standard reverse transfection pro-
tocol, at a final miRNA concentration of 50nM for 72 hours. Briefly, the transfection reagent
(Lipofectamine RNAiMAX, Life Technologies) was diluted in Opti-MEM medium and left at
RT for 5 minutes. The mix was added to the miRNAs already placed into 96-well plates. 30’
after, 1.0x10% cells were seeded per well. The final volume was of 150ul. Transfection was
optimized using a toxic siRNA targeting ubiquitin C (UBC), which results in the death of all
cells. NT siRNA #1 is used as negative control. The experiment was performed in triplicate.
60h after transfection, the medium was replaced with medium containing 5uM 5-ethynyl-2’-
deoxyuridine (EAU, Thermo Fisher Scientific), a nucleoside analog of thymidine, which was
incorporated into DNA during active DNA synthesis. 12 hours after EAU addition, cells were
washed in PBS, fixed in 4% PFA (Paraformaldehyde) for 20’, permeabilized with 0.5% Triton
X-100 in PBS solution for 20’. EAU detection is carried out using Click-iT EAU Alexa Fluor 488
Imaging Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. Nuclei
were counterstained with Hoechst 33342. Cells were processed for immunofluorescence using
the Molecular Devices ImageXpress Micro High-Content Screening Microscope at the ICGEB
High-Throughput Screening Facility (http://www.icgeb.org/high-throughput-screening.html).

2.22 Small RNA sequencing and bioinformatic analysis

Small RNA sequencing (small RNA-seq) was performed by IGA Technology Services (Udine,
Italy). 2ug of total RNAs from MEC-1 cells, at a minimum concentration of 200ng/ul and with
a 260/280 ratio >1.8, whose RNA quality was checked on a 0.8% agarose gel-electrophoresis and
on an Agilent 2100 Bioanalyzer, were processed with the llumina HiSeq2000 (run lenght 1x50
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bp) platform. One lane in 12-plex was run obtaining 10 millions of single-reads per sample, 50
bp long. Four control sample treated with Luciferase siRNA and four sample treated with the
SF3bl siRNA, derived from four independent experiments were send to sequencing.

Real time image analysis and base calling were performed on the the HiSeq2000 instrument us-
ing the HiSeq Sequencing Control Software (HCS). CASAVA software (version 1.8.2) was used
for de-multiplexing and production of FASTQ sequence files. FAST(Q raw sequence files were
subsequently quality checked using FASTQC software (version 0.11.3 http://www.bioinformatics.
bbsrc.ac.uk/projects/fastqc). We used the Bowtie 2 tool for aligning sequencing reads to long
reference sequences and Bioconductor based Expression analysis. Briefly, reads were trimmed
by removing the index and adaptor sequences. Subsequently, sequences including adaptor
dimers, mitochondrial or ribosomal sequences were discarded. The resulting set of trimmed
reads were then mapped against Human GRCh38/hg38 and to known mature miRNAs (miR-~
Base release 21) using Bowtie 2 software [231], due to the tool accuracy of aligning reads of
about 50 up to 100 bases to long genomes. Rounded Gene counts were used as input to perform
differential gene expression analysis using Bioconductor package DESeq2 (version 1.4.5) [232],
estimating the per-gene Negative binomial distribution dispersion parameter. To detect outlier
data after normalization we used the R package arrayQualityMetrics [233] and before testing
differential gene expression we dropped all genes with low normalized mean counts to improve
testing power while maintaining type I error rates. Estimated false discovery rate (FDR) values
for each gene was adjusted using the Benjamini-Hochberg method. Features with adjusted FDR
value <0.01 and absolute logarithmic base 2 fold change (logaFC) >1 were considered having
a significant altered expression as previously reported. Raw count data were transformed to
log2-counts per million (logCPM) before compute appropriate self-contained gene set test, in
the sense defined by Goeman and Biihlmann [234], using the ROAST [235] gene set test. This
analysis was useful to test for enrichment of a particular group of miRNAs amongst the dif-
ferential expression results from a global analysis. A specific group of miRNAs is treated as a
unit and a single FDR value is evaluated for the group rather than evaluating individual FDR
values for individual miRNAs. Specifically ROAST tests whether any of the genes in the set are
differentially expressed. For assessing differential expression, the empirical Bayes moderated

t-statistics test is used to moderate the standard errors of the estimated log, FC.
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2.23 Denaturing polyacrylamide gel electrophoresis (SDS-PAGE)

30ug of protein were mixed with the appropriate volume of 2X Protein loading buffer (the
max volume that can be loaded is 55ul) and the mixture was incubated at 94°C for 4 minutes
before loading on NuPAGE 4-12% Bis-Tris Gels (Invitrogen Pre-Cast Protein gels). The gels
were run at 115mA in 1X NuPAGE MES SDS Running Buffer, until the desired bands are
well separated. After running and separating on NuPAGE gels, proteins were electroblotted
onto PVDF membrane according to standard protocols (Amersham Bioscences): sandwich was
prepared with 3 pieces of paper, the gel, the membrane (previously activated with 30”7 in
methanol, two times for 1’ in H,O, 5" in 1X Blotting buffer) and other 3 pieces of paper and
everything was wet with buffer. After elimination of air bubbles the sandwich was closed and
put in the blotting support filled with 1X Blotting buffer. The sandwich was blot at 200-250mA

for 75-150 minutes depending on the proteins that have to be transferred.

2.24 Western blotting

The membrane was blocked by incubation in 5% dried milk in 0.1M PBS, 0.1% Tween20. Mem-
branes were probed with different primary antibodies, then incubated with secondary antibodies
conjugated with horseradish peroxidase (HRP) enzyme and the resulting immunoreactive bands
were detected with enhanced chemiluminescence reagent (ECL, Amersham Biosciences).

The primary antibodies that were applied in western blotting analysis are: goat polyclonal
anti-DGCRS8 antibody (Santa Cruz; 1:500), rabbit polyclonal anti-Drosha antibody (Abcam;
1:625), rabbit monoclonal anti-SF3bl antibody (Invitrogen; 1:1000), mouse monoclonal anti-
Tubulin antibody (kindly provided by Dr. Muro; 1:5000). The secondary antibodies are re-
spectively: polyclonal rabbit anti-goat immunoglobulins/HRP (Dako; 1:2000), polyclonal goat
anti-rabbit immunoglobulins/HRP (Dako; 1:2000), polyclonal goat anti-mouse immunoglobu-
lins/HRP (Dako; 1:2000).

2.25 Northern blot analysis of small RNAs

Approximately 30ug of RNA were mixed with Formamide Loading Dye (98% formamide, 10mM
EDTA pH 8.0, Bromophenol Blue and Xylene Cyanol), denatured by incubation at 70°C, 3’

79



2. Materials and methods

and loaded onto 13% polyacrylamide denaturing gels (5g Urea, 3ml 5X TBE, 5ml of Accugel
19:1 40% acrylamide:bis-acrylamide in a final volume of 15ml). The gel was stained with
Ethidium Bromide to check the quality of RNA. The RNA was electroblotted to a nitrocellulose
membrane (Amersham Biosciences) using a semi-dry apparatus (EuroClone) and 2mA per cm?
of membrane for 1 hour. The RNA was UV cross-linked with 1200pJ/cm?. The membrane
was pre-hybridized with Church buffer (0.25M Na,HPO, pH 7.2, ImM EDTA pH 8.0, 7% SDS
in HyO) at 37°C for 1 hour. In the meantime, the probe was prepared by kinase labelling of
DNA using radioactive y-32F ATP. The kinase reaction included 10pmol of DNA probe, 1X
T4 Polynuclotide Kinase Buffer, 20U of T4 Polynucleotide Kinase (New England Biolabs) and
15pmol of the radioactive ATP in a final volume of 50ul. The reaction was incubated 1 hour at
37°C and the DNA was precipitated with ethanol. The probe was added to the membrane and
hybridization was performed overnight at 37°C (for miR-34b) or 2 hour at 37°C (for the U6).
The membrane was washed with 2X SSC (300mM NaCl, 30mM sodium citrate dehydrate) with
0.1% SDS. Membrane was exposed to a cyclone screen overnight (miR-34b) or 30’ (U6) and

the screen was revealed using the cyclone reader. The probes used for the analysis were the

following:

miR-34b probe 5-ATGGCAGTGGAGTTAGTGATTG-3’
U6 probe 5-ATATGGAACGCTTCACGAATT-3’

2.26 Bioinformatic analyses

All data are presented as mean + standard deviation (SD). Statistical analysis was carried
out using Prism Software (GraphPad). RNA secondary structure predictions were performed,
under default parameters, using the freely available Mfold server. This web server uses mfold
(version 3.5) by M.Zuker, 2003 (http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form).
Analysis of splice site strength was performed using the Neural Network program, lowering
the threshold of splice site detection to 0.01 (http://www.fruitfly.org/seq-tools/splice.html).
In silico prediction of protein binding sites was performed using the free access ESEfinder

program (http://exon.cshl.edu/ESE/).
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Chapter 3

Results

3.1 Identification of human Splice site Overlapping miRNAs

To identify pri-miRNA hairpins overlapping with the intron-exon junctions of non-coding and
protein-coding host transcripts, I used an algorithm (designed by Dennis Prickett at CBM,
Trieste, Italy) that compares the coordinates of pri-miRNAs, derived from miRBase database
(release 21) along with the coordinates of putative splice sites derived from spliced expressed
sequence tags (ESTs, GenBank - hg38 assembly). The algorithm compares the position of the 5’
and 3’ss of the ESTs with the position of 5" and 3’ ends of the miRNAs. I selected pri-miRNA
hairpins with a distance from putative EST-derived splice sites <100bp. These candidates
were carefully checked manually in order to pick real SO-miRNAs, excluding miRNAs found on
non-annotated genes, miRNAs transcribed in the opposite direction than the host transcripts
and annotated mirtrons. Through this manual annotation, I identified 52 SO-miRNAs: 32
pri-miRNA hairpins overlap with 3’ss, 18 with 5’ss. In 2 cases, both the 3’ and the 5’ss are
embedded in the pri-miRNA hairpin. 5 SO-miRNAs are encoded by putative open reading
frames and 2 are localized within annotated non-coding transcripts, but the most abundant
group, that comprises 45 SO-miRNAs (28 3’ SO-miRNAs, 15 5" SO-miRNAs and 2 3" — 5’
SO-miRNAs) are embedded in protein-coding genes (table 3.1).
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3’ SO-miRNAs

miRNA  Chr Transcript
miR-~205 1 MIR205HG (nc)
miR-5187 1 TOMMA40L
miR-3605 1 PHC2
miR-3606 2 COL3A1
miR-6513 2 TMBIM1
miR-943 4 WHSC2
miR-5004 6 SYNGAP1
miR-6721 6 AGPAT1
miR-5090 7 LRWD1
miR-939 8 CPSF1
miR-6848 8 DGAT1
miR-6852 9 TLN1
miR-936 10 COL17A1
miR-1287 10 PYROXD2
miR-1307 10 USMG5
miR-34b 11 BC021736 (nc)
miR-~1178 12 CIT
miR-6861 12 HECTD4
miR-5006 13 VWAS
miR-7855 14 SPTB
miR-5572 15 ARNT?2
miR-636 17 SFRS2
miR-4315-2 17 PLEKHM1P
miR-5010 17 ATP6VOA1
miR-6510 17 KRT15
miR-365b 17 AC003101.1 (nc)
miR-3614 17 TRIM25
miR-4321 19 AMH
miR-5196 19 CD22
miR-133a-2 20 C200rf166
miR~1292 20 NOP56
miR-~7109 22 PISD
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5’ SO-miRNAs

miRNA  Chr Transcript
miR~4260 1 LAMB3
miR-761 1 NRD1
miR~555 1 ASHI1L
miR-4793 3 CELSR3
miR~3655 5 IK
miR-4658 7 CTorf43
miR-~202 10 MIR202HG (nc)
miR-611 11 TMEM258
miR~3656 11 TRAPPC4
miR-4721 16 TUFM
miR-~638 19 DNM2
miR-~1909 19 REX01
miR~3940 19 KSRP
miR-6789 19 PLEKHJ1
miR~6800 19 MED25
miR-4758 20 LAMAS
miR-8069-2 21  CH507-210P18.4 (nc)
miR-4761 22 COMT
3’ — 5’ SO-miRNAs
miRNA  Chr Transcript
miR-711 3 COL7A1
miR~937 8 SCRIB

Table 3.1: Human Splice site Overlapping miRNAs (SO-miRNAs)

List of 52 SO-miRNAs identified through a bioinformatics analysis, followed by manual annotation. They are

classified according to the localization of the hairpin on acceptor, donor or both splice sites in 3> SO-miRNAs,

5" SO-miRNAs and 3 — 5° SOmiRNAs, respectively. The genomic position and the correspondent host gene

are indicated. nc: non-coding.
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3. Results

3.2 Relationship between spliceosome and MPC machineries in the

processing of SO-miR-34b

3.2.1 pcDNA3pY7 miR-34b minigene

In order to explore the functional relationship between the spliceosome and the MPC, I initially
focused on 3 SO-miR-34b, located on the intron 1 - exon 2 junction of the non-coding tran-
script BC021736, taking advantage of the pcDNA3pY7 miR-34b minigene, already available in
laboratory. The minigene is composed of the a-tropomyosin exon 2 and the BC021736 exon
2, separated by a 176nt hybrid intronic sequence. It contains the human pri-miR-34b hairpin,
which includes the 3’ss junction between intron 1 and exon 2 (fig. 3.1, upper panel).

HeLa cells were transiently transfected with the wild type (WT) pcDNA3pY7 miR-34b minigene
and the spliced mRNA, treated with DNase to remove any possible DNA contamination, was
analyzed through RT-PCR using pY7 ex2 dir and 2505 Xbal rev oligonucleotides which are
specific for the hybrid minigene sequence. The PCR products detected upon transfection
of the WT minigene showed the presence of two bands (fig. 3.1, lower panel): the upper
one corresponds to intron retention (416 bp) and the lower one to intron splicing (240 bp).
Quantitative analysis of band intensity showed that about 86% of the transcript is spliced. The
identity of the bands was verified by direct sequencing after elution of the bands from the gel.
This result shows that the sequence of miR-34b transcript inserted in the minigene is sufficient
for the correct selection of the 3’ss and therefore this minigene represents a reliable tool to

explore the cis and trans-acting elements involved in splicing regulation.

3.2.2 Acceptor splice site mutation completely abolishes splicing and increases

mature miR-34b production

To evaluate the importance of the 3’ss in splicing process, I made a mutant minigene construct to
disrupt the acceptor site. It contains two mutations in position -1 (-1G>A) and +1 (+1G>C),
that disrupt the consensus 3’ss, plus an additional mutation in position +6 (+6G>C) to disrupt
a downstream AG site. Transient transfection of the 3’ss mut minigene in HeL.a cells completely

impaired splicing and only the intron retention isoform was detected on the gel (fig. 3.2).
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Figure 3.1: pcDNA3pY7 miR-34b minigene splicing pattern

[Upper panel] Schematic representation of the pcDNA3pY7 miR~34b minigene system. Boxes indicate exons, in
particular light blue box is BC021736 exon 2. Thin line represents intron and pri-miR~34b hairpin. The black
superimposed arrows represent primers used for PCR amplification: pY7 ex2 dir and 2505 Xbal rev. [Lower
panel] Splicing pattern of pcDNA3pY7 miR-34b minigene after transfection in HeLa cells. The percentage of
splicing expressed as means +SD of three independent experiments is indicated below the gel. RT: reverse

transcriptase.

To explore the effect of splicing on miRNA processing, I have evaluated the amount of mature
miR-34b in the WT and 3’ss mut minigenes (Chiara Mattioli performed the Northern blot
experiments). Northern blot showed that, in comparison to the WT construct, the mutation at
the 3’ss, which caused a complete splicing inhibition, significantly increases the amount of miR-
34b by 3.5 fold (fig. 3.2). These results suggest a direct competition between the spliceosome
and the MPC machineries on the nascent pre-mRNA.

3.2.3 A consensus branch point sequence within pri-miR-34b hairpin is required

for 3’ss selection

A canonical 3’ss is composed of three different elements: the branch point, the polypyrimi-
dine tract and the AG acceptor site. In order to understand if this peculiar 3’ss, that lacks
polypyrimidine tract, is regulated by a branch point sequence, I created the AC2 minigene: it
contains a 13 bp deletion of the right part of the stem of the hairpin, that spans from 20 to 33
bp upstream of the AG dinucleotide, in accordance with the optimal distance between the BP

and the acceptor site, that ranges from 20 to 40 bp [55].
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Figure 3.2: 3’ss mutation impairs splicing and increases miR-34b expression level

[Upper panel] Schematic representation of pcDNA3pY7 miR-34b 3’ss mut minigene. Red x indicates the muta-
tions. [Lower panel - left] Splicing pattern of pcDNA3pY7 miR-34b WT and 3’ss mut minigenes after transfection
in HeLa cells. The identity of the bands is depicted on the right. Splicing percentage, expressed as means +SD,
is indicated below the gel. RT: reverse transcriptase. [Lower panel - right] Northern blot analysis of miR-34b
and U6 snRNA in WT and 3’ss mut constructs. Numbers below the panel indicate the fold increase of miR-34b

normalized to U6. The abundance of miR-34b in WT minigene is set to 1.

Transfection of the AC2 minigene in HeLa cells severely affected splicing, dropping the per-
centage of intron processing to 15% (fig. 3.3) and indicating, therefore, that the C2 sequence
is fundamental for the correct selection of the 3’ss. Sequence inspection of the C2 portion
showed that it contains the CACUAAC stretch of nucleotides that perfectly matches the highly
degenerated branch point consensus sequence YNYURAC. To perform fine mapping of the pu-
tative branch point, I made a point mutation of the conserved uridine at the position -2 that,
according to Vorechovsky et al. [236], is associated to splicing defects and considered to disrupt
the branch point function more severely than mutations to the adenine. Transfection in HeLa
cells of the resulting -2U>A minigene induced almost complete intron retention. These results
strongly suggest that this sequence is a bona fide branch point and it is fundamental for the

correct processing of the pri-miR-34b transcript.

3.2.4 miR-34b splicing requires a purine-rich exonic splicing enhancer

The recognition of the 3’ss can be influenced by exonic splicing regulatory elements located
downstream of the splice site in exon 2 of the pri-miR-34b transcript. To test this hypothesis,
I analyzed the sequence of the exon and I identified a GAA-rich sequence that may act as an

exonic splicing enhancer (ESE).
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Figure 3.3: A branch point sequence located in the hairpin promotes the 3’ss recognition

Schematic representation of pri-miR-34b hairpin, with the AG dinucleotide highlighted in red. The deleted part
of the stem in AC2 construct is represented as empty tract. Blue ics indicates U>A point mutation on the
branch point site. The lower panel shows the splicing pattern of the WT and mutant plasmids after transfection
in HeLa cells. The identity of the bands is depicted on the right. Splicing percentage, expressed as means +SD,

is indicated below the gel. RT: reverse transcriptase.

To fine map this region, I deleted an internal portion of the exon, spanning from base +50 to
+74 (A2457-2482) as illustrated in figure 3.4. Transfection of A2457-2482 minigene in HeLa
cells drastically reduced splicing efficiency to 6%, confirming the presence of a strong enhancer
element in this region. To fine map the GAA-rich region, I subjected this regulatory element
to site-directed mutagenesis, substituting four purines with pyrimidines. The introduction of
these four nucleotide changes (+63A>C, +65A>C, +67A >T and +69G>T) across the ESE
(ESE mut) has a dramatic effect on the splicing outcome, leading to complete disruption of
splicing (fig. 3.4, lower panel). These data support the hypothesis that the exon contains
a purine-rich element (GAGAGAAGA) located 61 bp downstream of the 3’ss, that facilitate
the AG dinucleotide recognition. Northern blot analysis of A2457-2482 and ESEmut mutant
minigenes revealed that, in comparison to the WT, miR-34b production was increased by 2.0
fold and 4.0 fold, respectively. These experiments indicate that mutations that inhibit splicing,
either at 3’ss or at the ESE, increase the production of mature miR-34b, confirming the direct

competition between the two processing machineries.
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Figure 3.4: ESE mutations impair splicing and increase miR-34b expression levels

Schematic representation of pcDNA3pY7 A2457-2482 and ESE mut minigenes. Thin lines and light blue boxes
correspond to the intronic pri-miR-34b hairpin and exonic sequence, respectively. Red x indicates the ESE
mut minigene mutated nucleotides that are highlighted in red in the sequence. Splicing pattern of pcDNA3pY7
miR-34b WT, A2457-2482 and ESE mut minigenes after transfection in HeLa cells. The identity of the bands
is depicted on the right. Splicing percentage, expressed as means +SD, is indicated below the gel. RT: reverse
transcriptase. Northern blot analysis of miR-34b and U6 snRNA in WT, A2457-2482 and ESE mut constructs.
Numbers below the panel indicate the fold increase of miR-34b normalized to U6. The abundance of miR-34b

in WT minigene is set to 1.

3.2.5 siRNA-mediated silencing of Drosha and DGCRS increases miR-34b exon 2

splicing

Because splicing influences miR-34b production, I was interested in evaluating if the MPC activ-
ity influences splicing efficiency. To this aim, I performed silencing experiments to knockdown
Drosha and DGCRS, the two main components of MPC. HeLa cells treated with siRNA against
Drosha and DGCRS8 alone (siDrosha and siDGCRS) or in combination (siD/D) were transfected
with the pcDNA3pY7 2482 minigene (mutant with deletion of last part of exon 2), in which
approximately 40% of the transcript is spliced, as shown in figure 3.5. Silencing of Drosha and
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DGCRS resulted in a nearly complete disappearance of the corresponding bands in western
blot experiments (fig. 3.5, middle panel). In addition, the expression levels of endogenous ma-
ture miR-26b and transfected miR-34b, evaluated by qRT-PCR, were significantly decreased in
double siRNA-treated cells (fig. 3.5, lower panel). In this construct, siRNA-mediated depletion
of Drosha increased the percentage of splicing of the mutant from 40% to 70%. A smaller but
still significant effect is observed for the depletion of DGCRS and for the combined knockdown
of the two enzymes, with a percentage of about 62% of spliced form (fig. 3.5, upper panel).
The improvement of splicing efficiency after depletion of Drosha and DGCRS indicates that

MPC activity interferes with the splicing reaction acting on the nascent transcript.
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Figure 3.5: Silencing of Drosha and/or DGCRS increases exon 2 splicing efficiency

[Upper panel] Schematic representation of pcDNA3pY7 2482 minigene. Splicing pattern of pcDNA3pY7 2482
minigene in non-treated cells (NO siRNA) and after transfection of a control siRNA (siLUC) or siRNA against
Drosha and DGCRS alone (siDrosha and siDGCR8) or in combination (siD/D). The identity of the bands is
depicted on the right. Splicing percentage, expressed as means £SD, is indicated below the gel. RT: reverse tran-
scriptase. [Middle panel] Western Blot for Drosha, DGCRS8 and control Tubulin. NE: nuclear extract. [Lower
panel] qRT-PCR of transfected miR-34b and endogenous miR-26b, normalized for GAPDH. The abundance of

miRNAs in untreated cells is set to 1.
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3.2.6 Drosha and DGCRS overexpression decreases miR-34b exon 2 splicing

To further clarify the functional role of MPC in pri-miR-34b splicing regulation, I performed
overexpression experiments. HeLa cells were transiently co-transfected with pcDNA3pY7 2482
hybrid minigene along with plasmids coding for Drosha and DGCRS8. Overexpression of either
Drosha or DGCRS (4Drosha and +DGCR8) showed reduced level of splicing, with an increase
in intron retention, in comparison to the untransfected control. Overexpression of both coding
plasmids (+D/D) showed a further decrease of splicing efficiency from 40% to 14% (fig. 3.6).
Overexpression of MPC proteins had, therefore, a negative effect on splicing, increasing intron
retention.
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Figure 3.6: Overexpression of Drosha and/or DGCRS8 decreases exon 2 splicing efficiency

Splicing pattern of pcDNA3pY7 2482 minigene co-transfected with an empty vector (+0) or vectors expressing
Drosha and DGCRS alone (+Drosha and +DGCRS) or in combination (+D/D). The identity of the bands is
depicted on the right. Splicing percentage, expressed as means +SD, is indicated below the gel. RT: reverse

transcriptase.

All together the silencing and overexpression experiments indicate that the MPC-dependent pri-

miR-34b processing interferes with spliceosome and affects the splicing of miR-34b transcript.
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3.3 Relationship between spliceosome and MPC machineries in the

processing of protein-coding SO-miRNAs

3.3.1 SO-miRNA exons are not alternatively spliced, even if mature miRNAs are

produced

Since most of the SO-miRNAs are located on intron-exon junction of protein-coding genes, their
regulated cropping or splicing could affect final protein expression. For this reason, I decided
to analyze if the exons that contain part of the pri-miRNA sequence are included in the final
transcript or if some patterns of alternative splicing are detectable. I performed an RT-PCR
analysis on five different cell lines available in the laboratory (HeLa, HEK293T, Hep3B, BC-1
and CFPAC-1 cells) to amplify nine endogenous SO-miRNA transcripts using primers located
on the exons flanking the one that includes part of the pri-miRNA hairpin (fig. 3.7, left panel).
In almost all cases the exon that contains part of the hairpin was included in the final transcript
and the exon inclusion represents the unique detectable product (fig. 3.7, panels 1-8). The only
exception was the NRD1 transcript: RT-PCR analysis using primers located on exon 2 and
exon 6 showed as major product the amplicon without exon 3 and exon 4, which includes part
of the hairpin of 5 SO-miR-761 (fig. 3.7, panel 9).

To understand the role of splicing on SO-miRNAs biosynthesis, I have evaluated the effect
of SO-miRNA exons inclusion on the production of the correspondent mature miRNAs. For
SO-miR-555 and SO-miR-1178, embedded in ASHIL and CIT transcripts, respectively, the
available TagMan miRNAs are not able to detect the mature microRNAs in the different cell
lines (Ct values >40). The other mature SO-miRNAs are produced in the cells, with different
levels of expression from one cell line to another. SO-miRNAs abundance in HeLa cells is set to
1 and the amount in the other cell lines is expressed as fold increase in comparison to this cell
line (fig. 3.8). Interestingly, the Ct values of SO-miR-761, located on the intron-exon junction
of the NRD1 transcript are significantly lower (Ct<28, data not shown) compared to Cts of
the other miRNAs. Even if a direct comparison between expression levels among different
SO-miRNAs is not reliable, this result suggests that the skipping of the exon that contains a
SO-miRNA is possibly associated with an higher miRNA biosynthesis.
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Figure 3.7: SO-miRNA transcripts amplification in cell lines
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[Left panel] Schematic representation of endogenous SO-miRNA exons, with their flanking exons. Boxes in-

dicate exons. Thin line represents introns. SO-miRNA exons are numbered and highlighted in light blue or

green, depending on the position of the SO-miRNAs on the 3’ or 5’ss, respectively. 3> SO-miRNAs are thick

blue lines and 5 SO-miRNAs thick green lines. The black superimposed arrows represent primers used for PCR

amplification, listed in the material and methods. [Right panel] Panels show the pattern of splicing of nine

SO-miRNA transcripts in five different cell lines, indicated above the gels. (1-8) The strong bands correspond

to exon inclusion. (9) The major product corresponds to exon 3 and 4 skipping. The identity of the bands is

depicted on the right.
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Figure 3.8: Absence of alternative spliced exons does not affect the production of mature SO-

miRNAs in cell lines
Quantitative analysis of mature SO-miRNAs production in five different cell lines. Black, grey, purple, orange
and green column colors correspond to HeLa, HEK293T, Hep3B, BC-1 and CFPAC-1 cells, respectively. TagMan

assays used are listed in the material and methods. Values are normalized to GAPDH and are plotted as fold

increase compared to HeLa cells, set to 1.
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3.3.2 NRDI1 transcript and 5’ SO-miR-761 regulation

3.3.2.1 Co-transfection of splicing factors does not change endogenous NRD1

splicing

To analyze the regulation of splicing of the NRD1 transcript, the only SO-miRNA exon that
showed evidence of alternative splicing, and to identify trans-acting factors involved in exon 3
and 4 regulation, I performed transfection experiments with plasmids coding for twelve repre-
sentative splicing factors. This panel of splicing factors includes SR proteins (SRSF1, SRSF3,
SRSF4, SRSF7, TRA2B), Py-rich binding proteins (TTIA1, PTB1), the general factors U2AF35
and U2AF65 and hnRNP proteins (hnRNP A1, hanRNP A2, hnRNP H). The transient trans-
fection was performed in HeLa cells and the transcripts were analyzed through RT-PCR using
NRD1 ex2 dir and NRD1 ex6 rev primers. As shown in figure 3.9, co-transfection with the
different expression vectors had no effect on exons 3 and 4, which remain almost completely
excluded in the final transcript. The skipping of exon 3 and 4 does not disrupt the reading

frame of the transcript, as the missing portion of the transcript is of 204bp.

NRD1

SR5F1  SR5F2 SR5F4  SRSF7  TRAZBE TIAI FTB1  UZAF3S UZAFSS hnRNP AThnRNP A2 hnRNF H
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Figure 3.9: Co-transfection of a panel of splicing factors does not change the percentage of NRD1
exon 3 and 4 inclusion

RT-PCR analysis of endogenous NRD1 transcript after overexpression of twelve different splicing factors in
HeLa cells. The identity of the bands is indicated on the right. Exon 4, containing a portion of 5> SO-miR-761,
is highlighted in green.

3.3.2.2 MPC activity does not influence splicing of endogenous NRD1 transcript

In order to understand if the Microprocessor activity modulates NRD1 splicing efficiency, I made
silencing experiments to knockdown its two main components Drosha and DGCRS in HeLa cells.
The efficiency of silencing was assessed at mRNA level through RT-PCR analysis using Drosha

dir and Drosha rev primers and shows a nearly complete disappearance of the corresponding
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band. GAPDH amplification served as a control (fig. 3.10, upper panel). Analysis of the
endogenous NRD1 showed that, even if the silencing of Drosha and DGCRS (siD/D) is effective,
the knockdown had no effect on splicing efficiency if compared with the untreated sample (NO
siRNA) and the sample treated with a control siRNA (siRNA against luciferase - siLUC). The
percentage of exon inclusion was not increased after the treatment and exons 3 and 4 remained
almost completely skipped (fig. 3.10, middle panel). Moreover, I performed a qRT-PCR on the
endogenous miR-761 and miR-26b, as a control: the levels of mature miRNAs, as expected,
were significantly decreased after silencing, in comparison to NO siRNA and siLUC samples

(fig. 3.10, lower panel).
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Figure 3.10: Silencing of Drosha and DGCRS8 does not improve NRD1 splicing efficiency

Splicing pattern of endogenous NRD1 transcript after transfection of a control siRNA (siLUC) or combined
silencing of Drosha and DGCRS (siD/D). Bands identity is indicated on the right. RT-PCR analysis of Drosha
and GAPDH is shown in the upper panel. Histograms show the fold change of mature miR-761 and control
miR-26b, normalized to GAPDH gene. The abundance of miR-761 and miR-26b in non-treated cells (NO
siRNA) is set to 1.
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3.4 SF3bl-mediated splicing inhibition and SO-miRNAs profile

3.4.1 SF3bl positively affects the production of miR-34b in the minigene system

To establish a more direct link between splicing and miRNA changes, I decided to knockdown
the SF3bl factor, that is part of the U2 snRNP and is involved in the recognition of the 3’ss
during the first step of splicing. I treated HeLa cells with an siRNA against SF3b1 and analyzed
the splicing pattern of transfected pcDNA3pY7 miR-34b minigene. As shown in figure 3.11,
treatment with SF3b1l siRNA induced intron retention in the pcDNA3pY7 miR-34b construct,
decreasing the percentage of splicing from 86 to 52%, while increased the biosynthesis of the
mature miR-34b by 1.5 fold (fig.3.11). These results indicate that SF3b1 positively affects miR~
34b biosynthesis through the modulation of splicing of the pcDNA3pY7 miR-34b minigene.
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Figure 3.11: SF3bl silencing on pcDNA3pY7 miR-34b minigene increases the production of miR-
34b

[Upper panel] Splicing pattern of pcDNA3pY7 miR-34b minigene after treatment with a control siRNA (siLUC)
or siRNA against SF3bl (siSF3bl). Band identity is depicted on the right. Splicing percentage is indicated
under the panel. RT: reverse transcriptase. [Lower panel] Quantitative analysis of mature miR-34b derived
from pcDNA3pY7 miR-34b minigene, normalized to U6. The abundance of miR-34b in non-treated cells (NO
siRNA - black column) is set to 1.
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3.4.2 SF3bl silencing and small RNA sequencing
3.4.2.1 SF3bl silencing in MEC-1 cells

Based on the observations that changes in pre-mRNA splicing of miRNA-containing transcripts
can directly interfere with the miRNA biosynthesis and that SF3b1 is one of the most frequently
mutated spliceosomal gene [237] with particular enrichment in hematological malignancies and
in solid tumors, I thought to investigate the global effect of SF3b1 silencing on miRNA biosyn-
thesis. As an extremely high frequency of SF3b1l mutations has been reported among chronic
lymphocytic leukemia patients and it is predictive of a poor outcome [48,49], I took advantage
of a B-chronic lymphocytic leukemia cell line, the MEC-1, available in the laboratory.

To determine the role of SF3bl on miRNA biosynthesis, I induced SF3b1 depletion in MEC-1
cells by nucleofection. As detected by Western blot, SF3b1 silencing induces a nearly complete
disappearance of the corresponding protein band (fig.3.12, left panel). In addition, I have
evaluated through RT-PCR the effect of SF3b1 depletion on the alternative splicing of two
previously reported target genes, DUSP11 and RBM5 [243]. As shown in the right panel of
figure 3.12, nucleofection with siRNA against SF3b1 resulted in increased levels of DUSP11
exon 6 and RBM5 exon 16 skipping, confirming the efficacy of SF3bl knockdown.
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Figure 3.12: SF3b1 silencing in MEC-1 cells is confirmed by western blot and alternative splicing
changes of selected genes

[Left panel] Western blot analysis of MEC-1 cells, untreated cells (NO siRNA), and cells treated with a control
siRNA (siLUC) or siRNA against SF3bl. Tubulin serves as protein loading control. [Right panel] RT-PCR
analysis of alternative splicing changes upon SF3b1 depletion in the DUSP11 and RBM5 genes. Band identity
is depicted on the right. The percentage of DUSP11 exon 6 and RBM5 exon 16 inclusion, expressed as means
+SD, is indicated below the gel.
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3.4.2.2 Global small RNA-seq analysis of MEC-1 cells after SF3b1 silencing

To analyze the effect of SF3b1 depletion on miRNA production in MEC-1 cells, I assessed global
miRNA expression changes by deep-sequencing total RNAs extracted from four samples treated
with the control siRNA against luciferase (siLUC) and four samples treated with SF3b1 siRNA
(siSF3b1), derived from four independent biological replicates. In particular, I performed a
small RNA-seq with the llumina HiSeq2000 platform in order to obtain a global analysis of
miRNA differential expression between untreated and siSF3b1 treated samples. Reads derived
from the sequencing are counted and mapped against human reference genome and to known
mature miRNAs using the Bowtie 2 software. For each miRNA, I have considered both the
mature product derived from the 3’ arm of the hairpin (miRNA-3p) and the one arising from
the 5’ stem (miRNA-5p). To identify differentially expressed miRNAs, I performed statistical
analyses using the Bioconductor package DESeq2. This package firstly normalizes the data,
then calculates the variance based on the replicates for each condition and finally computes
statistical tests to find differentially expressed miRNAs. I analyzed miRNA expression differ-
ences between MEC-1 cells with depletion of SF3bl and control cells. As shown in figure 3.13,
the MEC-1 cells depleted of SF3bl had a differential miRNA expression profile compared to
the control ones. To screen up or downregulated miRNAs I used a fold change >2.0 and a
FDR value <0.01 as threshold. A total of 266 miRNAs (13.2% of 2020 miRNAs analyzed) were
differentially expressed between the siSF3bl-treated and non-treated cells. 212 miRNAs are
downregulated in siSF3bl-treated cells, 54 are upregulated, while the expression levels of the
remaining 1754 miRNA are not affected by the depletion of SF3b1. Full lists of differentially
expressed miRNAs, logarithmic base 2 fold changes and FDR values are reported in appendices
1 and 2. T employed an unsupervised hierarchical clustering based on the variation of expres-
sion for each miRNA across the samples examined to explore the correlation between the four
biological replicates. As expected, the four control samples were clustered together, as well as

the four SF3bl-treated samples (fig. 3.13).
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Figure 3.13: Heat map representation of differential miRNA expression profile of MEC-1 cells with
depletion of SF3bl and control cells

Heat map of differentially expressed human mature miRNAs in four siSF3b1 treated samples and four control
samples (siLUC). Each column represents an individual sample and each row represents one miRNA. Differ-
entially expressed miRNAs are plotted on Y-axis. Cluster of untreated and SF3bl-treated samples is shown
by hierarchical tree on the X-axis. Colors represent the expression level fold changes: upregulation - blue,

downregulation - light green.
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3.4.2.3 Enrichment of upregulated SO-miRNAs after SF3b1l knockdown

To deeply analyze the differential expression profile of miRNAs in MEC-1 cells after knockdown
of SF3bl, I divided the miRNAs into three groups:

- the SO-miRNAs group, that comprises the 3’ SO-miRNAs, the 5> SO-miRNAs and the
3’-5” SO-miRNAs (table 3.1);

- the mirtrons group, the peculiar class of intronic Drosha-independent miRNAs, that

includes the pure mirtrons, the 3’ and the 5 tailed mirtrons;

- the group of intronic and exonic miRN As, composed of the canonical intronic miRNAs,

plus the small number of exonic miRNAs.

The differential expression of mature miRNAs within the three categories was evaluated using
the ROAST gene set test, which allows the analysis and the assignation of a single FDR value
to a group of miRNAs as a unit.

Differential expression analysis of SO-miRNAs group revealed that the depletion of SF3bl in
MEC-1 cells had the tendency to increase the expression levels of the SO-miRNAs. The ROAST
gene set test showed that there was a statistically significant (FDR=0.0007) enrichment of
upregulated SO-miRNAs in the SF3bl treated cells, compared to the control cells. As shown
in figure 3.14, there was an accumulation of SO-miRNAs in the pink region of the bar that
corresponds to upregulated miRNAs. The expression of 39% of mature SO-miRNAs increased
after the silencing of SF3b1. For example, among the most upregulated SO-miRNAs, I founded
the 37 SO miRNAs miR-205-3p, miR-5187-3p, miR-6510-5p, miR-~3614-3p, miR-7109-5p, and
the 5’SO miRNAs miR-4260, miR-3655, miR-3656 and miR-8069. These results indicate that
splicing inhibition mediated by SF3b1 depletion has a global positive effect on the production
of SO-miRNAs.
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Figure 3.14: SF3b1 silencing increases the level of SO-miRNAs in MEC-1 cells

Graphic representation of SO-miRNAs differential expression in MEC-1 cells treated with an siRNA against
SF3bl, in comparison to untreated cells. The SO-miRNA enrichment is plotted on the Y-axis in the upper
panel. In the bottom panel each black vertical line represents a single SO-miRNA. Pink, grey and light blue
regions correspond to upregulated, invariant and downregulated miRNAs. The logoFC of each single miRNA
is indicated above and below the panel as red and blue line, according to their positive or negative value,
respectively. The differential expression, expressed by the empirical bayes moderated t-statistics is plotted on

the X-axis. The FDR value of ROAST gene set test is indicated.
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3.4.2.4 SF3bl depletion slightly decreases the production of mature intronic and

exonic miRNAs

In order to verify that splicing manipulation through SF3b1 knockdown has a specific positive
effect on the production of SO-miRNAs, I considered the big group of intronic and exonic
miRNAs, whose pri-miRNA hairpins are located in larger introns or in the middle of exons far
away from splice sites, avoiding interference between spliceosome and the MPC. Differential
expression analysis of this group of miRNAs revealed that depletion of SF3b1 slightly decreases
the production of mature intronic and exonic miRNAs in a global manner. Indeed, I observed
a small, but statistically significant (FDR=0.001) reduction in the expression levels of intronic
and exonic miRNAs (fig. 3.15). 32% of intronic and exonic miRNAs are downregulated in
SF3bl depleted cells (fig. 3.15, light blue region). These data indicate that the effect of
splicing manipulation is not general on the production of all mature miRNAs, but is closely

related to the position of the pri-miRNA hairpins across the transcripts.

3.4.2.5 Enrichment of upregulated mirtrons after SF3b1l knockdown

In addition, I analyzed the effect of SF3b1 depletion on the peculiar class of mirtrons that arise
from spliced-out introns, bypassing Drosha processing. Surprisingly, the differential expression
analysis of the mirtrons group revealed that knockdown of SF3bl had the tendency to upreg-
ulate the production of mirtrons. The analysis showed that the production of 41% of mirtrons
was significantly (FDR=0.001) increased in the MEC-1 cells treated with the siRNA against
SF3b1, compared to the control cells (fig. 3.16, pink region). Together these findings suggest
that although this peculiar class of miRNAs is recognized and processed by the spliceosome,
via a Drosha-independent pathway, splicing inhibition may enhance recognition of pri-mirtron

hairpins by Drosha, inducing the production of mature miRNAs, as previously suggested [179].
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Figure 3.15: SF3b1 silencing slightly decreases the production of intronic and exonic miRNAs

Graphic representation of intronic and exonic miRNAs differential expression in MEC-1 cells treated with an
siRNA against SF3bl, in comparison to untreated cells. The miRNAs enrichment is plotted on the Y-axis in
the lower panel. In the upper panel, pink, grey and light blue regions correspond to upregulated, invariant and
downregulated miRNAs. The logoFC of each single miRNA is indicated above and below the panel as red and
blue line, according to their positive or negative value, respectively. The differential expression, indicated by
the empirical bayes moderated t-statistics is plotted on the X-axis. The FDR value of ROAST gene set test is

indicated.
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Figure 3.16: Upregulation of mirtrons after SF3b1l depletion
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Graphic representation of mirtrons differential expression in MEC-1 cells treated with an siRNA against SF3b1,

in comparison to untreated cells. The mirtrons enrichment is plotted on the Y-axis in the upper panel. In the

bottom panel each black vertical line represents a single mirtron. Pink, grey and light blue regions correspond to

upregulated, invariant and downregulated miRNAs. The logaFC of each single miRNA is indicated above and

below the panel as red and blue line, according to their positive or negative value, respectively. The differential

expression, indicated by the empirical bayes moderated t-statistics is plotted on the X-axis. The FDR value of

ROAST gene set test is indicated.
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3.4.2.6 pClI-neo-PISD and pcDNA3pY7-KRT15 minigene systems for small RNA-

seq data validation

To validate the differential expression of SO-miRNAs in the MEC-1 cells depleted of SF3b1,
I set up two different minigene systems. The pri-miR-7109 hairpin, located on the intron
3 - exon 4 junction of PISD transcript and the pri-miR-6510, overlapping with the exon 2
of KRT15 transcript, along with their flanking regions, were cloned into the pCl-neo and
pcDNA3pY7 constructs, in order to obtain the pCl-neo-PISD and the pcDNA3pY7-KRT15
constructs, respectively (fig. 3.17, upper panel). I chose these two 3’ SO-miRNAs because
they had a high number of normalized counts both in the control samples and in the samples
with SF3b1 deletion, as shown in the normalized counts plot (fig. 3.17, middle panel). SF3bl
knockdown induced an increase of expression of these two SO-miRNAs by about 2.0 fold. I
induced SF3b1 depletion in HeLa cells and transiently transfected the pCl-neo-PISD and the
pcDNA3pY7-KRT15 constructs. TagMan miRNA analysis of the transfected mature miR-7109
and miR-6510 showed that both miR-~7109 and miR-6510 are upregulated in the siSF3b1-treated
cells by about 2.0 fold, as determined by the RNA-seq analyses. In addition, I analyzed the
effect of SF3b1 depletion and miRNA biosynthesis upregulation on the splicing pattern of
PISD and KRT15 minigenes. Splicing pattern analysis did not show any difference between
the untreated samples and samples with silencing of SF3bl. These results indicate that the
depletion of SF3bl increases the production of SO-miRNAs, but does not directly affect the

splicing patterns of the corresponding exons.
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Figure 3.17: Validation of small RNA-seq data in the pCI-neo-PISD and pcDNA3pY7-KRT15
minigenes

[Upper panel] Schematic representation of pCI-neo-PISD and pcDNA3pY7-KRT15 minigenes. Light purple
and light red boxes are PISD exon 4 and KRT15 exon 2, respectively. pri-miR-7109 and pri-miR-6510 hairpins
are highlighted in purple and red. [Middle panel] small RNA-seq normalized counts plot of siLUC and siF3B1
MEC-1 treated cells. Colored dots indicate the counts of each single sample sent to sequence. [Lower panel]
Quantitative analysis of mature miR-7109 and miR-6510 expression from minigenes, normalized to U6. The
abundance of miR-7109 and miR-~6510 in siLUC treated samples is set to 1. Splicing pattern of PISD and
KRT15 minigene upon SF3bl depletion in HeLa cells. Band identity is depicted on the right.
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3.5 SO-miRNAs and keratinocytes

Analysis of host transcripts that contain SO-miRNAs revealed that three of them correspond
to SO-miRNA coding genes highly expressed in keratinocytes (fig.3.18):

- the 3’ SO-miR-936 hairpin overlaps with the intron 28 - exon 29 junction of COL17A1

transcript;

- the 5 SO-miR-4260 hairpin overlaps with the exon 15 - intron 15 junction of LAMB3

transcript;

- the 3’-5" SO-miR-711 hairpin overlaps with both the exon 62 3’ and 5’ss of COL7A1

transcript.
miR-936
—{ (29 F—{__J} COL17A1 (Chr 10), 3'SO-miR-936
miR-4260
—C}—C}—i@ LAMBS3 (Chr 1), 5'SO-miR-4260
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—_ | —
—(_—T®& )} _J coL7A1 (Chr 3),3-5S0-miR-711

Figure 3.18: Three SO-pri-miRNA hairpins overlap with the intron-exon junction of genes ex-
pressed in keratinocytes

Schematic representation of keratinocytes SO-miRNAs and their host transcripts: 3’ SO-miR-936 (orange) is
embedded in COL17A1 transcript (light orange), 5 SO-miR-4260 (green) is embedded in LAMB3 transcript
(light green) and 3’-5" SO-miR-711 (blue) is embedded in COL7A1 transcript (light blue). Thin lines, thick
colored lines and boxes represent the introns, the pri-miRNA hairpins and the exons, respectively. Exons

containing part of the hairpins are colored and the exon number sare indicated.

These three genes are highly expressed at the basal layer of epidermis, where keratinocytes
proliferate and mediate the adhesion of the epidermis with the underlying dermis. As basal

membrane proteins, their expression levels decrease during differentiation [223,224].
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For this reason, to investigate the crosstalk between the spliceosome and MPC in a physiological

context, I took advantage of a normal human primary epidermal keratinocyte (NHEK) culture.

I used the following model of keratinocytes differentiation: basal proliferative NHEK were
grown in KGM medium in absence of calcium and then I induced differentiation of NHEK
cells by increasing calcium concentration in the medium to a final concentration of 1.2mM.
Calcium supplementation of the growth medium activated the differentiation program: the
cells stratified after 1-2 days and were terminally differentiated after 3-5 days. I set up three
independent NHEK cultures, collecting total RNA samples of time 0 proliferative keratinocytes

and after 1 to 5 days of calcium treatment.

In order to verify the successful induction of the differentiation process, I performed a qRT-PCR
analysis of the differentiation marker involucrin, which expression increases with differentiation,
at each different time of keratinocyte culture (fig.3.19). All the data were normalized with the
geometric mean of TBP, RPLP0 and RPL13A that are used as housekeeping genes (HKGs) to
study differentiation of keratinocytes by qRT-PCR, as reported in literature [238].
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Figure 3.19: Expression of involucrin differentiation marker in calcium-treated NHEK cells

qRT-PCR analysis of involucrin marker in undifferentiated keratinocytes (t0) and in calcium-induced differen-
tiated keratinocytes (t1 to t5). The expression of involucrin in undifferentiated cells is set to 1. All data were
normalized to the geometric mean of TBP, RPLP0 and RPL13A. Results were presented as mean +SD of three

independent cell cultures.
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3.5.1 Keratinocyte differentiation: transcripts abundance and SO-miRNAs inverse

correlation

In order to confirm that the differentiation process is associated with a decreased expression
of the basal membrane proteins collagen XVII and laminin 5, I analyzed the abundance of
the COL17A1 and LAMB3 transcripts at the various time points by qRT-PCR. As expected,
the assay showed that the expression levels of COL17A1 and LAMB3 mRNAs were decreased
during differentiation (fig.3.20).
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Figure 3.20: Keratinocytes differentiation is associated with decreased expression levels of
COL17A1 and LAMBS3 transcripts

qRT-PCR measurement of involucrin (grey), COL17A1 (light orange) and LAMB3 (light green) mRNAs. The
abundance of the transcripts amongst the different stage of differentiation is expressed as fold change relative to
undifferentiated cells, set to 1. All data were normalized to the geometric mean of TBP, RPLP0 and RPL13A.

Results were presented as mean £SD of three independent cell cultures.

Subsequently, I wanted to determine if the decrease in the production of COL17A1 and LAMB3
mRNAs during differentiation from the basal layer to the cornified stratum correlates with an
increased production of the corresponding miRNAs. TagMan miRNA assay at various time
points during differentiation revealed that the expression of miR-936 and miR-4260, embedded
in the COL17A1 and LAMB3 transcripts, respectively, was significantly upregulated as shown

in figure 3.21.
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Quantification of mature miR-711 was not included in the analysis because the available Taq-
Man miRNA assay did not detect the mature miRNA, and therefore also the corresponding

mRNA quantification was excluded from the analysis.
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Figure 3.21: Keratinocytes differentiation is associated with an upregulation of mature miR-936
and miR-4260

Quantitative analysis of mature miR-936 (orange) and miR-4260 (green) in the undifferentiated cells, set to 1
and after 1 to 5 days of calcium treatment. The graphic summarizes the effect of keratinocytes differentiation on
transcript abundance, as shown in previous figure (COL17A1 light orange and LAMB3 light green) and on the
mature miRNAs production. All data were normalized to the geometric mean of TBP, RPLP0 and RPL13A.

Results were presented as mean +SD of three independent cell cultures.

To assure that upregulation of mature miR-936 and miR-4260 was strictly related to changes of
the corresponding mRNAs expression levels, and was not a general effect of the differentiation
process, I decided to quantify the expression level of an intronic miRNA, the miR-330 embedded
in the intron of an unrelated gene (EML2). TagMan miRNA assay showed that, as expected,
the expression of the miR-330 did not vary amongst the different steps of differentiation (fig.
3.22).

At the same time, I also quantified the abundance of the major MPC component Drosha, to be

sure that changes in mature miRNAs levels are not due to an upregulation of cropping activity.
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As shown in figure 3.22 the expression level of Drosha was not significantly affected during

differentiation.
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Figure 3.22: Unchanged expression levels of intronic miR-330 and Drosha during differentiation

Quantitative analysis of intronic miR-330 (grey) and MPC major component Drosha (dark blue) in the un-
differentiated cells, set to 1, and after 1 to 5 day of calcium treatment. The graphic summarizes the effect of
differentiation on keratinocytes related miRNAs, as shown in previous figure (miR-~936 orange and miR-4260
green) and on the mature miR-330 and Drosha production. All data were normalized to the geometric mean of

TBP, RPLP0 and RPL13A. Results were presented as mean +SD of three independent cell cultures.

All together these data indicate that, upon differentiation from basal layer to cornified stratum,
the SO-miRNAs expression level and the corresponding transcripts abundance are inversely
correlated: decrease in the expression of SO-miRNA transcripts associates to an upregulation
of the corresponding SO-miRNA levels, reinforcing the idea of a direct functional relationship

between the spliceosome and the MPC.

3.5.2 Splicing pattern of SO-miRNA exons does not change upon keratinocytes

differentiation

To further characterize the relationship between the two processing machineries and to verify

if increased SO-miRNAs biosynthesis in differentiated keratinocytes was associated to changes
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in the splicing pattern of the exons that comprise part of the pri-miRNA hairpins, I performed
an RT-PCR analysis on COL17A1 and LAMB3 transcripts, using primers located on the exons
flanking the SO-miRNA exons.

The result showed that both COL17A1 exon 29 and LAMB3 exon 15 were always included in
the final transcript and no alternative spliced isoforms were detectable at the different time

points of differentiation (fig. 3.23).
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Figure 3.23: Keratinocytes differentiation is not associated with COL17A1 and LAMBS3 splicing
pattern changes

[Left panel] Schematic representation of COL17A1 and LAMB3 transcripts: exon 29 and 15 are highlighted in
light orange and green, respectively. The black arrows represent primers used for RT-PCR amplification. [Right
panel] Splicing pattern analysis of COL17A1 and LAMB3 transcripts in the undifferentiated cells (t0) and after
1 to 5 day of calcium treatment (t1 to t5). Band identity is depicted on the right.

3.5.3 Anti-proliferative effect of miR-936, miR-4260 and miR-711 on keratinocytes

To better characterize the functional significance of this regulatory switch in the control of
keratinocytes differentiation, I decided to test the effect of miR-936, miR-4260 and miR-711
overexpression on keratinocytes proliferation. Since primary keratinocytes have only a finite
life span, that does not allow long-term investigations, I decided to perform the experiments
in HaCaTT cells, a well-known immortalized human keratinocyte cell lines, that can be grown
in traditional media and can be maintained in culture for long periods of time. To investigate
the effect of exogenous SO-miRNAs administration, HaCaT cells were transfected with the
three miRNA mimics separately and EdU incorporation experiments were performed to assess
their proliferation. As shown in figure 3.24, overexpression of mir-936, miR-4260 and miR-711

decreased HaCaT cells proliferation.
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The strongest effect was obtained with miR-4260, that reduces the percentage of EdU-positive
cells from 60% to 22%, while miR-936 and miR-711 reduces the percentage to 36% and 38.8%,

respectively.
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Figure 3.24: Effect of miRNA mimics transfection on HaCaT cells

[Left panel] Proliferating HaCaT cells were labeled with EQU. The Click-it reaction revealed EAU staining (red).
Cell nuclei were stained with Hoechst 33342 (blue). The merged images are representative of the data obtained.
[Right panel] The percentage of EdU-positive HaCaT cells was quantified. Results were presented as mean
+SD.

The inhibitory effect of miR-936, miR-4260 and miR-~711 on HaCaT cells proliferation empha-
sizes the importance of the inverse correlation between the expression of COL17A1, LAMB3
and COLTA1 transcripts and their corresponding SO-miRNAs in the transition from basal
proliferative to highly differentiated keratinocytes.

3.6 Microprocessor-mediated termination of SO-miRNAs transcripts

Recently, some miRNA hairpins located in the last exons of long non-coding genes were shown to
be involved in transcriptional termination [239]. The hypothesis of a Microprocessor-mediated
mechanism of transcriptional termination was proposed by Proudfoot and colleagues, using a
genome-wide chromatin RNA-seq analysis where the authors found that MPC mediates the
transcriptional termination of pri-miR~122 long non-coding RNA (IncRNA) and other Inc-pri-
miRNA transcripts. They demonstrated that Inc-pri-miRNAs 3’-ends were generated by the
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MPC and that MPC cleavage inhibition by depletion of either Drosha or DGCRS leads to an
extensive transcriptional read-through downstream of Inc-pri-miRNAs.

To test the hypothesis that the MPC could also be involved in transcriptional termination and
3’-end formation of SO-pri-miRNA transcripts, I took advantage of the chromatin RNA-seq
data deposited in the Gene Expression Omnibus database (accession number GSE58838). 1
analyzed the effect of Drosha depletion on SO-pri-miRNA transcripts comparing the chromatin
RNA-seq data from HeLa cells treated with a control siRNA (siCTR) and with an siRNA against
Drosha (siDrosha). I have considered a region of 0.8kb, which includes 400 bp upstream and
downstream of the SO-miRNA hairpin and I have counted the reads upstream and downstream
of the SO-pri-miRNA hairpin, normalizing these latter for the first ones. Finally, I made
the ratio between the normalized read counts (RPKM) of Drosha siRNA and control siRNA-
treated cells. I expressed this ratio as fold increase of siDrosha-treated cells in comparison to
siCTR-treated one (3.25, middle table). Fold increase of SO-miRNAs, for which the RNA-
seq gives reads and therefore are expressed in HeLa cells, were plotted in a graph. As shown
in figure 3.25 the ratio for SO-pri-miRNA transcripts is greater than 1, with the only two
exceptions of SO-pri-miR-~1287 and pri-miR~-636. This means that there is an accumulation of
reads downstream of the hairpins after Drosha depletion. I observed variable fold increase values
after Drosha knockdown among different SO-pri-miRNA transcripts. For example, cropping
inhibition had a strong effect on transcription extension downstream of SO-pri-miRNAs on
AHM, NOP56, LAMB3 and DNM2 transcripts (fold increase> 2.0) and a mild effect on NELFA,
CIT, PLEKHM1P, NRD1, ASH1L, COL7A1 and SCRIB transcripts (1<fold increase<2). All
together these data suggest that MPC cleavage could mediate transcriptional termination on

some endogenous SO-miRNA transcripts.
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upstream reads I
0.4kb

downstream reads |
04kb

Normalized read counts (RPKM) | Fold increase
SO-miRNA Transcript | siCTR ratio siDro ratio siDrosha
hsa-miR~943 NELFA 33,11 40,84 1.23
hsa-miR-~-1287 | PYROXD2 13,14 5,12 0.39
hsa-miR-~1178 CIT 8,02 10,81 1.35
hsa-miR-636 SFRS2 0,10 0,08 0.79
hsa-miR-4315-2 | PLEKHM1P 0,26 0,41 1.56
hsa-miR-4321 AMH 0,21 0,73 3.46
hsa-miR-~1292 NOP56 267,34 124431 4.65
hsa-miR~4260 LAMB3 1,15 3,91 3.40
hsa-miR-761 NRD1 0,62 0,75 1.22
hsa-miR~555 ASHI1L 14,91 29,08 1.95
hsa-miR-638 DNM2 7,54 20,82 2.76
hsa-miR-711 COL7A1 0,57 0,92 1.59
hsa-miR-937 SCRIB 0,11 0,14 1.32
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Figure 3.25: Chromatin RN A-seq analysis of Drosha depletion effect on SO-pri-miRNA transcripts
expressed in HeLa cells

[Upper panel] Schematic representation of SO-pri-miRNA transcript. Chromatin RNA-seq reads were counted
0.4kb upstream and 0.4kb downstream of the SO-miRNA hairpin. [Middle table and lower panel] Chromatin
RNA-seq analysis of SO-miRNAs expressed in HeLa cells. Fold increase of Drosha siRNA-treated cells, in
comparison to siCTR-treated cells were plotted in the graph. 3’, 5 and 3’-5" SO-miRNAs are indicated in
black, grey and white, respectively. Red dotted line is set to 1.
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Chapter 4

Discussion

4.1 miRNA biogenesis in light of pre-mRNA splicing

Cropping of pri-miRNAs and cleavage of pre-mRNAs mediated by the MPC and the spliceo-
some, respectively, are two processes that occur co-transcriptionally in the nucleus [4,169] on
nascent transcripts. They generate mature miRNAs and spliced mature transcripts, respec-
tively. Most of pri-miRNA hairpins are hosted in the intronic environment, far away from
splice sites, a position that could limit the interference between the two processing complexes.
However, also for miRNAs located in large introns, splicing and miRNA processing can be con-
nected and co-regulated. Some studies showed that MPC cropping of the pri-miRNA hairpins
can either enhance splicing efficiency [169, 176] or, conversely, diminish its processivity [174].
On the other hand, the levels of pri-miRNA transcribed from introns can be increased in the
presence of flanking exons, due to prolonged retention of the nascent transcript at the site of
transcription [177], suggesting that changes in splicing can affect miRNA biosynthesis. In addi-
tion, several splicing factors can act like a bridge between splicing and miRNA biogenesis. For
example, SF2/ASF, hnRNP A1l and KSRP splicing factors can promote cleavage by Drosha
on specific pri-miRNA hairpins [147-149]. All together these evidences suggest a functional

connection between the spliceosome and the MPC.

The purpose of my research was to study the relationship between pre-mRNA splicing and
miRNA biogenesis in a newly identified group of miRNAs, the SO-miRNAs, which have an in-

triguing genomic location: their pri-miRNA hairpins are juxtaposed to an intron-exon junction
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in their hosting transcript. I focused initially on one of these SO-miRNAs, the 3> SO-miR-34b,
which derives from a non-coding transcript and its hairpin is located on the 3’ss of the last
exon. Using minigene reporter assay I identified the cis-acting elements involved in splicing
recognition and showed that the Microprocessor complex and the spliceosome compete on the
nascent transcript: only the spliced RNA or the mature miRNA, but not both, can derive
from the shared transcript. To better clarify the mechanism that regulates primary transcripts
processing into both mature miRNA and mRNA in this novel class of SO-miRNAs, I looked
more in detail at the fate of the resulting mRNAs. To this aim I performed a global analysis
of miRNAs changes in a splicing inhibition context and evaluated the changes in splicing pat-
tern and SO-miRNA expression in a more physiological context of keratinocytes differentiation.
Small RNA-seq showed that, in comparison to other miRNAs, SO-miRNAs are significantly
upregulated in the SF3bl depleted cells, indicating that splicing has a direct influence on the
biosynthesis of SO-miRNAs. Similarly, quantitative analysis of mRNAs and miRNAs expression
levels showed that keratinocyte differentiation is associated to a decreased mRNAs expression
and to an increased biosynthesis of the corresponding SO-miRNAs. My results showed also
that the competition between the MPC and spliceosome processing machineries is not asso-
ciated with the generation of alternative spliced transcripts at the SO-miRNA exons. Thus,
the competition between splicing and SO-miRNA cleavage seems an important way to regulate
the production of two alternative gene products, a mature miRNA and a full-length spliced
mRNA, from a single shared transcript. My results suggest that MPC-mediated cropping of

the SO-miRNA hairpins causes the premature termination of the transcript.

4.2 Identification of SO-miRNAs

To identify pri-miRNA hairpins located at the intron-exon boundary, I performed a bioinfor-
matics analysis using an algorithm drew to compare the coordinates of annotated miRNAs with
putative splice sites derived from ESTs, followed by a manual annotation to discard from the
bioinformatics outputs miRNAs located on non-annotated genes, miRNAs that are transcribed
in the opposite direction than the host gene and annotated mirtrons. With this approach, I
have identified 52 bona fide SO-miRNAs (table 3.1). Considering the 1881 precursor miRNAs

annotated in human genome (miRBase, release 21 - June 2014), the SO-miRNAs represent a
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small, but significant portion of annotated human pri-miRNAs (2.76%). They can be located
on acceptor or donor splice sites in either non-coding or protein-coding transcripts (table 3.1).
The majority is placed in protein-coding transcripts (45 miRNAs) and only five in non-coding
genes. Taking into account the localization of the SO-miRNAs hairpins in the genomic context,
in all protein-coding transcripts and in two non-coding transcripts (miR-202 and miR-8069-2),
their hairpins are located on internal exons and thus can potentially be associated to alternative
splicing. Only three non-coding transcripts (miR-~205, miR-34b and miR-365b) are located in
the last exon, which cannot be alternatively spliced. Interestingly, there are reports describing
their role in physio-pathological conditions mainly for non-coding SO-miRNAs. For example,
miR-205 is both a tumor suppressor and an oncogene [186], and miR-133a-2 is fundamental
for the maintenance of skeletal muscle structure [190] and in orchestrating cardiac development
and function [191]. miR-~34b is part of the p53 tumor suppressor network [192,194], is involved
in osteoblast proliferation [211], in pathological cardiac remodeling [210], Parkinson [216] and
Huntington’s diseases [217]. To clarify the functional relationship between the spliceosome and
the MPC I focused on this last SO-miRNA, due to its already established role in several physio-
pathological conditions. SO-miR-34b is positioned in the last exon on the junction between

intron 1 and exon 2 of the non-coding BC021736 transcript.

4.3 Spliceosome and MPC have an antagonistic effect on the pro-

cessing of miR-34b transcript

To clarify the functional relationship between the spliceosome and the MPC I focused on SO-
miR-34b. I initially identified the key splicing regulatory elements required for the recognition
of the 3’ss of pri-miR-34b. To this aim I prepared a minigene carrying the genomic region
of the miR-34b hairpin (fig. 3.1). Through the generation of a series of mutant minigenes, I
have identified two important cis-acting elements, localized within the hairpin structure and
in the exon sequence, that are required for the recognition of the 3’ss of pri-miR-34b. The
recognition of correct splice sites is the result of a combinatorial regulatory mechanism that
involves canonical and auxiliary cis-acting elements [23]. In my case two elements contribute
to the identification of the 3’ss: the BP and the ESE. The branch point is located in the 3’-arm

of pri-miR-34b hairpin, 18 bp upstream of the 3’ss AG dinucleotide (fig. 3.3), and its sequence
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perfectly matches the consensus branch point sequence [55]. Deletions or point mutations
that functionally inactivate this element completely inhibit splicing (fig. 3.3). The ESE is a
purine-rich exonic splicing enhancer and is located 61 bp downstream of the 3’ss (fig. 3.4). In
general, purine-rich ESE binds to SR proteins, which are well-established activators of splicing,
facilitating the recognition of splice sites [63]. In the future, it would be interesting to identify
the trans-acting factor(s) that bind to this ESE and promote recognition of the upstream 3’ss.
The identification of the critical cis-acting elements involved in the recognition of the 3’ss of
pri-miR~34b was used to clarify the effect of the spliceosome on the MPC. For this I have tested
splicing defective minigenes for miR-34b production by northern blot. My results clearly show
that splicing inhibition obtained either affecting the AG dinucleotide of the 3’ss (fig. 3.2) or
the ESE (fig. 3.4), significantly increases the production of mature miR-34b by ~3.5-4 fold.
These results provide evidence that splicing modulation affects the biogenesis of the 3" SO-
miR-34b. In this experiment I could not use the splicing defect induced by disruption of the
BP as mutants that affect this element also change the miRNA sequence. On the other hand,
I obtained two complementary evidences that cropping inhibition affects splicing. Silencing of
Drosha and DGCRS, the two major components of MPC, increases the splicing efficiency of
pri-miR-34b transcript (fig. 3.5) and conversely, overexpression of these two proteins has the
opposite effect, reducing splicing efficiency (fig. 3.6).

All together these experiments indicate that the MPC and the spliceosome act on the pri-miR-
34b transcript in a mutually exclusive manner. The preferential recognition of the transcript
by the spliceosome machinery leads to the production of the mature spliced transcript, while
the mature miR-~34b is not produced. On the other hand, reduction of spliceosome efficiency
gives to the MPC more substrate, favoring the cropping of the pri-miRNA hairpin and the
production of the mature miR-34b, but blocking the production of the mature transcript (fig.
4.1). Therefore, either blocking the spliceosome or the MPC gives to the other machinery more
substrate for processing, allowing us to hypothesize that the interference between these two
complexes is important for the regulation of miRNA expression.

In addition, my results indicate that the miR-34b is not processed as a 5’ tailed mirtron.
This hypothesis arises from the observation that the usage of the BP that I have identified will
produce a lariat that binds exactly in the correspondence of the mature miR-34b sequence. Since

mirtron pathway requires the debranching enzyme DBR1 to adapt a pre-miRNA fold [179], it
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might be possible that the pri-miR-34b can be processed as a non canonical mirtron and that the
debranching enzyme is required for the complete processing of miR-34b. However, in contrast
to this hypothesis, I showed that the silencing of Drosha and DGCRS8 reduced the levels of
miR-34b derived from the minigene. This excludes that miR-34b is processed as a 5’ tailed

mirtron since this group of miRNAs does not need Drosha for its maturation [179].

hsa-miR-34b

splicing miRNA biosynthesis

l i

spliced transcript

3 L

Figure 4.1: Competition between MPC and spliceosome on non-coding 3’ SO-miR-34b

Schematic representation of the human BC021736 non-coding transcript. pri-miR-34b hairpin overlaps with the
3’ss of the last exon (exon 2) of the gene. Light blue boxes represent exons, thin line the intron and hairpin
the miRNA. The mature miR-34b is highlighted in orange. [Left panel] When splicing processing prevails
(spliceosome assembly on the 5" and 3’ss is schematic represented as light green, orange and violet circles) the
transcript is preferentially spliced and the mature miR-34b is not produced. [Right panel] The preferential
recognition of the hairpin by the MPC (Drosha (green) and DGCRS8 (yellow) complex) induces the biosynthesis
of the mature miR-34b (orange line) that is incorporated in the miRISC complex (blue circle). The continuos
and dashed lines indicate the processed and unprocessed part of the transcript, respectively. Red ics indicate

the inhibited processes.

The competition between the MPC and spliceosome in the processing of SO-miRNAs was
confirmed by the work published in 2013 by the Gil Ast group [171]: they analyzed the ge-

nomic location of miRNA precursors within the hosting genes of 18 invertebrate and vertebrate
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species, including human. They identified 24 human-specific SO-miRNAs, 15 of which are in
common with my analysis. They focused on the mouse 3’SO-miR-412 (mmu-miR-412), which
is located on an alternatively spliced exon of the non-coding Mirg gene, providing evidence the
biogenesis of miR-412 is regulated by alternative splicing: exon inclusion negatively influenced
the production of mature miRNA. In addition, overexpression of Drosha reduced the levels of
spliced Mirg transcript. These data confirmed that the MPC and the spliceosome compete for
processing of the same RNA region and that only one mature product can be generated from

the shared transcript.

4.4 SO-miRNAs embedded in protein-coding transcripts

Whereas the analysis performed on miR-34b using artificial minigenes clearly shows a com-
petition between the spliceosome and the MPC, it presents some limitations. In fact, the
SO-miR-34b is positioned in the last exon of a non-coding transcript and accordingly cannot
generate in vivo exon skipping isoforms while the majority of SO-miRNAs I have identified is
embedded in protein-coding transcripts and in theory can generate alternatively spliced tran-
scripts, being located in central exons (table 3.1). In addition, the competition between the
MPC and the spliceosome on protein-coding transcripts may have an influence not only on the
biosynthesis of miRNAs but also on the mRNAs and the corresponding proteins.

To answer to these questions, I looked in vivo at the splicing pattern of nine protein-coding
genes that contain a SO-miRNA in an internal exon. I analyzed the pattern of splicing of these
transcripts in five different cell lines (fig. 3.7) in order to examine if the presence of a hairpin on
the splice sites can modulate splice-site selection and induce alternative splicing. Surprisingly,
I did not see alternative splicing of the SO-miRNA exons that remained always included in
the final transcript amongst the different cell lines. The only exception that emerged from
the analysis was the NRD1 gene (see next paragraph). In parallel, I examined the amount
of mature miRNAs produced and qRT-PCR analysis showed that the different cell lines pro-
duced different amounts of SO-miRNAs (fig. 3.8). This suggests either that cropping of the
SO-miRNAs does not necessarily result in alternatively spliced isoforms that lack the target
SO-miRNA exon or that the levels of alternative splicing are minimal and below the level of

detection of the assay. In addition, even if I cannot compare the absolute Ct values of different
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miRNAs, the lower number of Ct cycles for the miR-761 embedded in the NRD1 transcript
suggests, at least in a semi-quantitative way, that there were more copies of miR-761 compared

to all the other miRNAs.

4.5 NRD1 transcript and 5’ SO-miR-761

As NRD1 was the only SO-miRNA transcript that showed some evidence of alternative splicing,
I have evaluated more in detail this gene. Interestingly, in this case skipping affects not only
the SO-miRNA exon 4, but also exon 3 suggesting a complex regulation (fig. 3.7, panel 10).
To understand the possible functional relationship between alternative splicing pattern and
miRNA biosynthesis in this gene, I tested the effect of the MPC, as well as of several splicing
factors in regulating the alternative splicing of the NRD1 transcript. Co-transfection of a panel
of twelve splicing factors in HeLa cells had no effect on splicing of the endogenous NRD1 exons
3 and 4 (fig. 3.9), suggesting that other trans-acting factors might be involved in alternative
splicing regulation. On the other hand, silencing of the two MPC components Drosha and
DGCRS reduced the amount of miR-761 but did not change the alternative splicing pattern of
NRD1 transcript (fig. 3.10). Thus, inhibition of MPC-dependent cropping probably provides
more substrate to the spliceosome but this does not lead to the production of more full-length
transcript. This suggests that also in this particular case, miRNA cropping efficiency does not

influence alternative splicing of the SO-miRNA exon.

4.6 SF3bl-mediated splicing inhibition and SO-miRNAs profile

To investigate the effect of splicing on processing of the SO-miRNAs on a global basis, I decided
to inhibit splicing by silencing the SF3b1 factor. SF3bl is a well-studied spliceosome component
that is involved in 3’ss recognition during the early stages of RNA splicing and its knockdown
alters the fidelity of branch site recognition by the U2 snRNP [243]. T induced SF3b1 silencing
in MEC-1 cells and afterwards, I performed a comprehensive analysis of miRNAs expression
changes. I take advantage of the small RNA sequencing technology to analyze the differences
in miRNAs expression between wild type samples and SF3bl-depleted samples. To verify if
changes in pre-mRNA splicing of miRNA-containing transcripts can directly interfere with the

miRNA biosynthesis, I analyzed the differential expression of miRNAs after SF3b1 knockdown:
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in total 266 miRNAs are differentially expressed in the siSF3bl-treated samples, compared to
untreated ones (fig. 3.13). To analyze more in detail the effect of splicing manipulation, I
took into consideration the location of the miRNA hairpins in the corresponding pre-mRNA
transcripts. As expected, and consistently with a competition between the spliceosome and the
MPC on SO-miRNAs, miRNA expression profile in SF3bl-depleted samples revealed a signifi-
cant enrichment of upregulated SO-miRNAs (fig. 3.14). SF3bl silencing treatment positively
affects the level of expression of several SO-miRNAs, suggesting that SF3bl-associated changes
in pree-mRNA splicing can affect their MPC-dependent cropping. In addition, I analyzed the
effect of changes in splicing efficiency on the large group of intronic and exonic miRNAs: the
differential expression analysis showed a slight downregulation of intronic and exonic miRNAs
after depletion of SF3bl (fig. 3.15). These results on a global basis are consistent with pre-
vious analysis that suggested that spliceosome assembly might facilitate cropping of intronic
pri-miRNA hairpins, increasing the mature miRNAs production [177]. Moreover and unexpect-
edly, I observed that knockdown of SF3b1 altered the production of mirtrons, with the tendency
to upregulate the production of this peculiar class of miRNAs (fig. 3.16). Since the mirtron
pathway utilizes splicing rather than microprocessor processing to generate intermediates of
the RNAi pathway [179]. T would have expected a decrease in mirtrons processing efficiency
after the knockdown of SF3bl. However, it is also possible that the MPC can efficiently pro-
cess mirtrons when they are not processed by the spliceosome. Although the contribution of
Drosha in pri-miRNA processing is less crucial for mirtrons rather than for canonical miRNAs,
its role in the first step of miRNAs processing could not be totally excluded. Indeed, there
are evidences that indicate that whereas in normal situations mirtrons are processed by the
spliceosome, in a splicing-inhibition context Drosha cleavage become effective [178]. It is known
that the miRNA pathway is saturable, with Drosha processing appearing to be a rate-limiting
step [244]. Therefore the mirtron pathway could be emerged as a mean of generating important
miRNAs using the non-saturable splicing pathway. It is highly possible that in our context,
the inhibition of splicing through the depletion of SF3b1 provides more substrate to the MPC,
which crops more efficiently the pri-mirtron hairpins, inducing an increase in the production of
mature miRNAs.

In order to validate the results of the small RNA-seq and to confirm the central role of the

pri-miRNA hairpins position across the transcripts, I prepared two hybrid minigenes derived

124



4. Discussion

from PISD and KRT15 genes and containing the 3 SO-miR-~7109 and 3" SO-miR-6150 hairpins
and their flanking regions, respectively (fig. 3.17). Analysis by TaqgMan assay of the mature
miRNAs expression levels derived from the transfection of the minigenes in HeLa cells confirmed
that both miRNAs are upregulated in the SF3b1 depleted samples (fig. 3.17). Moreover, I an-
alyzed the effect of SF3bl depletion on the splicing pattern of the two minigenes: silencing of
SF3b1 increases the production of SO-miRNAs, but does not reflects in changes of alternative
splicing pattern of the PISD and KRT15 transcripts (fig. 3.17, bottom panel). Valcércel and
collaborators showed that 3’ss of genes have a different sensitivity to SF3b1l knockdown and,
therefore, SF3b1 depletion does not cause a general inhibition of splicing, but rather is involved
only in a minor subset of alternative splicing events [243]. Thus, it is possible that either splic-
ing of PISD and KRT15 transcripts is not SF3bl-dependent or that the effect on alternative

splicing is minimal and below the sensitivity of our assay.

In the last years, several publications reported the association of defined hotspot mutations in
SF3b1 with hematological tumors [43-49]. According with the well-established role of SF3b1 in
splicing, mutations of this factor have been found to cause aberrant splicing of a sub-population
of transcripts in sample from CLL patients [48]. At the same time, changes in the expression
level of miRNAs have been detected initially in CLL [245] and subsequently in many types
of human tumors [246], contributing to oncogenesis either as tumor suppressors or oncogenes.
Since our evidence indicates that splicing can directly influence miRNA biosynthesis, it will
be interesting to investigate the connections between splicing alteration and miRNA biogenesis
in tumors associated to SF3bl mutations. Changes in miRNAs expression levels induced by
SF3b1l mutations might be relevant for the development and the progression of these types of

tumors.

4.7 SO-miRNAs and keratinocytes differentiation

Among the 45 coding SO-miRNAs I have identified, miR-936, miR-4260 and miR-711 are hosted
in three genes (COL17A1, LAMB3 and COLT7A1, respectively) that are highly expressed at the
basal layer of epidermis (fig. 3.17). The epidermis is composed of a basal layer of proliferating
cells, a spinous post-mitotic cell layer, a granular layer, and a stratum corneum of terminally

differentiating keratinocytes. Keratinocyte differentiation is a multistep process that requires
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a highly coordinated program of gene expression. To study skin differentiation process in vitro
I used the calcium-induced NHEK differentiation system and involucrin as a marker for dif-
ferentiation. In this model involucrin expression starts to increase when cells reach confluence
and increases four fold in cells after 5 days of treatment with calcium (fig. 3.19). At the same
time, during differentiation I observed a decrease in the expression of COL17A1, LAMB3 and
COL7A1, which are basal membrane components that mediate the adhesion of the epidermis
with the underlying dermis (fig. 3.20). In order to analyze if there is a correlation between
the levels of SO-miRNA hosting transcripts and the production of mature miRNAs, I analyzed
through TagMan miRNA assays the expression of two SO-miRNAs, miR-936 and miR-4260
contained in COL17A1 and LAMBS3 gene at the different time points of differentiation. In my
experimental condition I could not detect miR-711. As shown in figure 3.21, I observed an
inverse correlation between the expression of the SO-miRNA hosting transcripts and the ex-
pression of the corresponding mature miRNAs: during differentiation COL17A1 and LAMB3
are downregulated, whereas the corresponding SO-miRNAs are upregulated. As a control, the
levels of intronic miR-330 and the amount of Drosha were not significantly affected during
keratinocytes differentiation (fig. 3.22).

To go further into the biological meaning of this switch, I overexpressed miR-936, miR-4260
and miR-711 by miRNA mimics. I tested the effect of miRNAs overexpression on the prolif-
eration of the immortal human keratinocyte line HaCaT that is commonly used in scientific
research for its high capacity to differentiate and proliferate in vitro. Consistent with their role
in regulating keratinocyte differentiation, the EAU proliferation assay showed that the three
SO-miRNAs have an anti-proliferative effect on keratinocytes (fig. 3.24). The inverse corre-
lation between the expression of COL17A1 and LAMBS3 transcripts and their corresponding
embedded SO-miRNAs let us hypothesize the existence of a regulatory switch that controls
keratinocytes transition from the basal to the cornified layer. In the basal layer, where ker-
atinocytes proliferate, there is a high expression of COL17A1, LAMB3 and COL7A1 proteins
and a low expression of corresponding miRNAs, possibly due to a low MPC-dependent cropping
of the SO-miRNAs. The activation of the differentiation program shifts the balance toward a
preferential cropping of the nascent transcripts that increases the production of mature SO-
miRNAs, dropping the expression of the mature transcripts.

A regulatory switch between two alternative gene products has been recently described in the

126



4. Discussion

FSTL1 mRNA and is fundamental to orchestrate keratinocyte migration, re-epithelialization
and wound healing [184]. In this case in the healthy epidermis the FSTLI1 primary transcript is
preferentially processed, in a KSRP-mediated manner, by the MPC that crops the pri-miR-198
hairpin, located in the 3’'UTR of the transcript. When epidermis is wounded, the downreg-
ulation of KSRP by the TGF-3 factor drops off the expression of miR-198, switching on the
production of FSTL1 protein and other wound healing factors.

More in general, miRNAs play an important role in regulating keratinocyte proliferation and
differentiation. Their global inhibition in vivo by epithelium specific depletion of Dicer or
DGCRS genes leads to barrier defects, abnormal hair follicle development, and hyper prolifera-
tion of basal interfollicular keratinocytes [247-249]. miR-203 promotes epidermal differentiation
by restricting proliferative potential and inducing cell-cycle exit by silencing p63, which is an
essential regulator of stem-cell maintenance in stratified epithelial tissue [250]. In addition
other miRNAs have been found to be associated with human keratinocyte differentiation in
vitro and in vivo [251]. The three miRNAs I have identified here can be inserted in the list of

miRNAs that regulate keratinocyte differentiation.

4.8 Does the MPC induce premature transcriptional termination of

SO-miRNA transcripts?

I observed that the vast majority of SO-miRNA exons does not undergo alternative splicing
in vivo: in different cell types, in MEC-1 cells after SF3b1 splicing inhibition and also dur-
ing keratinocyte differentiation I could not observe changes in alternative splicing pattern. In
keratinocytes, the increased biosynthesis of miR-936 and miR-4260 had no apparent effect on
the inclusion of the exons that contain part of the pri-miRNA hairpins. Indeed, although the
levels of expression of the two miRNAs significantly increase during differentiation, exon 29 of
COL17A1 and exon 15 of LAMB3 are always included in the final transcript (fig. 3.23). There
are two possibilities that could explain the absence of detection of alternative spliced RNA
isoforms: either the amount of alternative splicing is very low and below the detection limit of
our experimental assay or the SO-miRNAs may function as dead-end processing signal inside
genes. To explore the hypothesis that SO-miRNA hairpins represent potential site of transcrip-

tion termination inside genes, I took advantage from the available chromatin RNA sequencing
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data from HeLa cells [239]. I found that Drosha depletion leads to extensive transcriptional
readthrough downstream of the pri-miRNA hairpins in eleven SO-miRNA transcripts out of
the thirteen that are expressed in HeLa cells (fig. 3.25). These results suggest the possibility
that MPC cropping of SO-pri-miRNA hairpins may be important for transcriptional termina-
tion inside the transcripts. The MPC-mediated cleavage generates the mature SO-miRNAs
and shorter, non-polyadenylated transcripts that are unstable and, therefore, rapidly degraded.
As suggested for IncRNA transcripts [239], this non canonical transcriptional termination at
SO-pri-miRNA sites may represent a way to regulate the production of two alternative gene
products from a single shared transcript, allowing the production of high amount of mature
SO-miRNAs, without the concomitant generation of high levels of host transcripts.

The data presented in this thesis support the view that when the miRNA hairpins overlap with
the splice sites the competition between the MPC and the spliceosome processing machineries
regulates the production of mature mRNA and miRNA from a shared precursor RNA tran-
script. On the nascent transcript the relative activities of the spliceosome and the MPC will
determine the execution of one process rather than the other: in the presence of more splicing
enhancing regulatory factors, the spliceosome will prevail and the transcript will be preferen-
tially spliced. On the other hand, an increase in the relative activity of the MPC will cause the
production of mature miRNA and the generation of a dead-end transcript (fig. 4.2).

In general, transcription termination of mRNA is normally achieved after polyadenylation by an
XRN2-dependent 5°-3" exoribonuleolytic degradation of the downstream transcript. Polyadeny-
lation sites are normally located at end of genes but in several cases they can also be present
inside genes as alternative poly(A) sites. In the last years a series of alternative transcriptional
termination mechanisms have been described. For instance, IncRNA MALAT1 termination is
mediated by enzymes normally involved in tRNA processing [252], histone mRNAs possess a
hairpin structure and a downstream purine-rich element that recruit the U7 snRNP to ter-
minate transcription [253]. In yeast, RNA transcripts are processed by the RNase IIl-type
enzyme Rntl and do not require polyadenylation signals for termination [254]. An additional
non-canonical mechanism of transcriptional termination involves the human RNase III-type en-
zyme Drosha [239]. Similar to the mechanism we are proposing here for SO-miRNA hairpins,
the authors showed that the MPC could mediate transcriptional termination. This effect was

reported to occur mainly on miRNA hairpins located in the last exon of non-coding genes, just
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upstream of the poly(A) site [239]. By sequencing analysis of chromatin-associated RNA from
HeLa cells, they identified defects in transcriptional termination after MPC depletion that led
to extensive transcriptional readthrough of Inc-pri-miRNA transcripts. In addition, a previous
study showed that Drosha processing of pri-miRNA hairpins can attenuate downstream tran-

scription by providing an entry site for XRN2 [255].

In the big group of protein-coding SO-miRNA transcripts, the peculiar position of the pri-
miRNA imposes an additional level of transcriptional regulation. The competition between the
spliceosome and the MPC apparently does not produce alternatively spliced transcripts, but
it is a way to regulate the production of a mature miRNA or a mature mRNA from a shared
transcript. When the transcript is preferentially recognized by the spliceosome, the mature
mRNA is produced. On the other hand, if the pri-miRNA is a preferential substrate for the
MPC, the mature miRNA is produced, but the cropping of the pri-miRNA hairpin serves as
a transcriptional termination signal inside the transcript, that does not produce an alternative
spliced mRNA, but instead a shorter, non-stable and non-polyadenylated transcript, with the
3’-end defined by Drosha cleavage, that is retained in the nucleus and rapidly degraded (fig.
4.2). Therefore, the MPC-mediated transcriptional termination replaces the canonical cleavage
and polyadenylation pathway, inducing the production of mature miRNAs, but preventing the
accumulation of potentially undesirable high amounts of mRNAs. In addition, since some SO-
miRNAs are found in cluster with other pri-miRNA hairpins, it will be interesting to investigate
if the MPC-mediated transcriptional termination at the level of the SO-miRNAs may affect the
processing and the relative expression of the clustered miRNAs, providing an additional level

of miRNA biogenesis regulation.
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4. Discussion

protein-coding SO-miRNA

miRNA biosynthesis &
splicing MPC-mediated termination

| |

premature terminated transcript

spliced transcript unstable and degraded

Figure 4.2: Competition between MPC and spliceosome on protein-coding SO-miRNAs

Schematic representation of a SO-miRNA overlapping within a protein-coding transcript. Exons flanking the
SO-miRNA and the exon containing part of the pri-miRNA hairpin are represented as light blue and blue
boxes, respectively. Black thin line and hairpin represent the intron and the miRNA, respectively. The mature
miRNA is highlighted in orange. [Left panel] When splicing processing prevails (spliceosome assembly on the
5 and 3’ss is schematic represented as light green, orange and violet circles) the transcript is preferentially
spliced and the mature SO-miRNA is not produced. [Right panel] The preferential recognition of the hairpin
by the MPC (Drosha (green) and DGCRS (yellow) complex) induces the biosynthesis of the mature miRNA
(orange line) that is incorporated in the miRISC complex (blue circle). In addition, MPC cropping of the
SO-pri-miRNA hairpin mediates the premature termination at the site of cropping of the host transcript that
is non-polyadenylated, unstable and, therefore, rapidly degraded. The continuous and dashed lines indicate the

processed and unprocessed part of the transcript, respectively.
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Appendix 1: List of dowregulated miRNAs in SF3bl-depleted MEC-1 cells

hsa miRNA Deseq2 Deseq2 miRNA Deseq2 Deseq2 miRNA Deseq2 Deseq2
log,FC FDR log,FC FDR log,FC FDR
hsa-miR-7974 -3,402 1,98E-49 hsa-miR-4801 -1,498 8,51E-04 hsa-miR-4475 -1,227 5,08E-03
hsa-miR-155-3p -2,954 5,43E-20 hsa-let-7f-5p -1,495 1,86E-06 hsa-miR-363-3p -1,227 6,42E-04
hsa-miR-4454 -2,833 5,67E-49 hsa-miR-5000-3p -1,485 1,09E-04 hsa-miR-24-3p -1,226 1,36E-03
hsa-miR-29b-1-5p -2,729 3,37E-19 hsa-miR-27b-3p -1,482 1,90E-08 hsa-miR-374a-5p -1,210 3,81E-03
hsa-miR-573 -2,409 2,24E-18 hsa-miR-4443 -1,478 5,09E-04 hsa-let-7b-5p -1,205 2,52E-06
hsa-miR-4455 -2,358 2,14E-16 hsa-miR-106a-5p -1,474 4,02E-04 hsa-miR-30a-5p -1,197 5,89E-03
hsa-miR-148a-5p -2,351 3,01E-25 hsa-miR-3150a-5p -1,474 5,41E-05 hsa-miR-660-5p -1,194 4,96E-04
hsa-miR-23a-5p -2,263 1,74E-19 hsa-miR-1260b -1,466 6,28E-04 hsa-miR-33a-5p -1,194 5,08E-03
hsa-miR-27b-5p -2,237 3,01E-25 hsa-miR-138-5p -1,462 1,31E-04 hsa-miR-93-5p -1,191 1,07E-03
hsa-miR-608 -2,192 3,11E-14 hsa-miR-181b-3p -1,462 6,18E-06 hsa-miR-499b-3p -1,188 5,35E-03
hsa-miR-27a-5p -2,181 3,43E-10 hsa-miR-548x-5p -1,455 3,82E-04 hsa-miR-93-3p -1,187 2,14E-03
hsa-miR-92a-1-5p -2,174 4,35E-18 hsa-miR-589-3p -1,452 5,80E-07 hsa-miR-6742-3p -1,182 3,81E-03
hsa-miR-92b-3p -2,160 3,37E-19 hsa-miR-3150b-3p -1,450 6,93E-04 hsa-miR-499a-5p -1,179 4,90E-03
hsa-miR-32-3p -2,112 1,80E-09 hsa-miR-562 -1,446 1,08E-03 hsa-miR-548k -1,177 2,77E-03
hsa-miR-3692-3p -2,109 4,62E-08 hsa-miR-454-5p -1,439 8,07E-05 hsa-let-7c-5p -1,175 1,77E-06
hsa-miR-558 -2,100 3,93E-07 hsa-miR-744-3p -1,428 8,67E-04 hsa-miR-25-5p -1,174 3,09E-05
hsa-miR-3122 -2,064 1,43E-13 hsa-miR-3186-5p -1,427 5,33E-05 hsa-miR-642b-5p -1,173 7,33E-04
hsa-miR-5194 -2,061 3,16E-07 hsa-let-7g-5p -1,424 3,62E-04 hsa-miR-4731-3p -1,171 1,72E-04
hsa-miR-20b-5p -2,026 1,52E-11 hsa-miR-3613-3p -1,407 1,08E-03 hsa-miR-1268b -1,164 8,52E-06
hsa-miR-7977 -2,017 2,66E-13 hsa-miR-6782-3p -1,403 1,58E-04 hsa-miR-450b-5p -1,163 1,57E-03
hsa-miR-98-5p -1,961 4,03E-09 hsa-let-7f-2-3p -1,402 8,08E-04 hsa-miR-769-5p -1,163 1,26E-03
hsa-miR-6773-3p -1,936 1,13E-06 hsa-miR-4284 -1,394 1,52E-04 hsa-miR-501-3p -1,161 9,07E-03
hsa-miR-4729 -1,919 1,85E-08 hsa-miR-130b-5p -1,392 1,24E-03 hsa-miR-181a-2-3p -1,159 3,19E-05
hsa-miR-4483 -1,893 1,42E-08 hsa-miR-6832-3p -1,386 6,14E-04 hsa-miR-186-3p -1,159 7,07E-03
hsa-miR-30b-3p -1,885 1,06E-06 hsa-miR-20b-3p -1,371 1,19E-03 hsa-miR-361-5p -1,150 1,28E-03
hsa-miR-941 -1,885 1,04E-07 hsa-miR-421 -1,364 2,23E-05 hsa-miR-15b-5p -1,150 7,78E-03
hsa-miR-21-3p -1,857 2,38E-08 hsa-miR-942-5p -1,358 5,69E-04 hsa-miR-183-5p -1,149 4,41E-03
hsa-miR-671-3p -1,841 1,79E-21 hsa-miR-371b-5p -1,356 9,09E-05 hsa-miR-3128 -1,139 9,61E-03
hsa-miR-374b-3p -1,835 2,14E-08 hsa-miR-873-3p -1,354 1,17E-03 hsa-miR-28-3p -1,138 9,52E-05
hsa-miR-149-5p -1,817 2,25E-05 hsa-miR-7158-3p -1,349 2,44E-03 hsa-miR-1287-5p -1,132 1,48E-03
hsa-let-7b-3p -1,813 2,14E-07 hsa-miR-589-5p -1,346 5,39E-04 hsa-miR-365a-3p -1,130 8,55E-03
hsa-miR-3935 -1,776 2,23E-08 hsa-miR-7-5p -1,341 2,55E-04 hsa-miR-331-5p -1,126 3,63E-04
hsa-miR-1247-3p -1,757 9,40E-12 hsa-miR-653-3p -1,331 1,52E-03 hsa-miR-378h -1,126 1,26E-03
hsa-miR-6715b-3p -1,732 2,40E-07 hsa-miR-186-5p -1,331 1,80E-04 hsa-miR-200c-3p -1,123 1,45E-04
hsa-miR-3617-3p -1,730 5,53E-07 hsa-miR-548b-5p -1,330 6,42E-04 hsa-miR-3182 -1,120 7,10E-03
hsa-miR-744-5p -1,726 4,71E-12 hsa-miR-3074-5p -1,328 1,99E-04 hsa-miR-378a-3p -1,117 4,82E-04
hsa-miR-3529-3p -1,722 5,91E-07 hsa-miR-26b-3p -1,325 4,62E-08 hsa-miR-222-5p -1,115 3,96E-04
hsa-miR-148a-3p -1,722 1,15E-09 hsa-miR-340-5p -1,325 1,69E-05 hsa-miR-146b-3p -1,114 6,88E-04
hsa-miR-374a-3p -1,717 1,08E-07 hsa-miR-7706 -1,325 8,51E-04 hsa-miR-3168 -1,110 7,07E-03
hsa-miR-30d-3p -1,699 1,42E-06 hsa-miR-500a-3p -1,322 7,97E-05 hsa-miR-128-1-5p -1,108 1,42E-03
hsa-miR-1272 -1,694 3,47E-07 hsa-miR-1260a -1,320 3,04E-03 hsa-miR-6759-3p -1,098 6,93E-04
hsa-miR-766-3p -1,684 5,16E-09 hsa-miR-5195-3p -1,317 3,29E-05 hsa-miR-2467-5p -1,090 3,63E-04
hsa-miR-335-3p -1,681 2,08E-05 hsa-miR-17-3p -1,315 1,83E-03 hsa-miR-502-3p -1,086 3,29E-03
hsa-miR-26a-2-3p -1,677 4,60E-06 hsa-miR-6851-3p -1,314 3,22E-06 hsa-miR-6846-5p -1,084 6,32E-03
hsa-miR-3136-3p -1,647 7,86E-06 hsa-miR-6871-3p -1,311 1,24E-03 hsa-miR-4668-5p -1,081 7,04E-03
hsa-miR-20a-5p -1,642 5,68E-05 hsa-miR-548c-5p -1,310 1,99E-03 hsa-miR-210-3p -1,079 1,04E-03
hsa-miR-6835-5p -1,626 4,60E-06 hsa-miR-330-5p -1,301 2,16E-03 hsa-miR-6799-3p -1,072 1,97E-03
hsa-miR-4518 -1,622 1,98E-07 hsa-miR-629-5p -1,297 9,74E-05 hsa-miR-185-5p -1,065 1,24E-03
hsa-let-Te-5p -1,608 1,30E-06 hsa-miR-125a-5p -1,291 4,41E-03 hsa-miR-548e-5p -1,062 7,05E-03
hsa-let-7f-1-3p -1,607 2,71E-07 hsa-miR-30e-3p -1,291 4,14E-05 hsa-miR-342-3p -1,058 1,45E-04
hsa-miR-5589-5p -1,604 1,52E-04 hsa-miR-15a-3p -1,285 1,87E-03 hsa-miR-3937 -1,055 3,40E-04
hsa-miR-645 -1,604 1,31E-04 hsa-miR-9-5p -1,285 1,36E-07 hsa-miR-5705 -1,053 1,04E-03
hsa-miR-17-5p -1,603 4,48E-05 hsa-miR-484 -1,278 2,28E-03 hsa-miR-574-3p -1,052 1,09E-04
hsa-miR-6834-3p -1,599 2,03E-06 hsa-miR-1303 -1,278 4,81E-04 hsa-miR-1972 -1,050 3,95E-03
hsa-miR-548aa -1,598 5,04E-05 hsa-miR-30c-1-3p -1,277 6,13E-07 hsa-miR-103a-3p -1,047 8,73E-04
hsa-miR-98-3p -1,597 1,12E-07 hsa-miR-708-3p -1,271 1,69E-03 hsa-miR-4428 -1,038 1,85E-03
hsa-miR-212-5p -1,591 1,58E-05 hsa-miR-4448 -1,261 3,88E-03 hsa-miR-574-5p -1,037 6,88E-04
hsa-miR-151a-5p -1,589 1,08E-06 hsa-miR-588 -1,258 2,77E-03 hsa-miR-503-5p -1,036 6,34E-03
hsa-miR-3184-3p -1,587 1,33E-07 hsa-miR-8077 -1,256 1,28E-03 hsa-miR-132-3p -1,035 6,28E-04
hsa-miR-378a-5p -1,568 4,84E-08 hsa-miR-5480-3p -1,255 3,82E-04 hsa-miR-6735-3p -1,030 2,22E-03
hsa-miR-143-3p -1,566 5,39E-07 hsa-miR-1269b -1,254 5,65E-03 hsa-miR-130b-3p -1,028 9,10E-04
hsa-miR-16-2-3p -1,563 2,62E-06 hsa-miR-18a-5p -1,251 1,78E-03 hsa-let-7i-5p -1,027 9,92E-04
hsa-miR-423-5p -1,555 9,47E-08 hsa-miR-7-1-3p -1,244 1,61E-03 hsa-miR-1285-3p -1,024 5,69E-04
hsa-let-7d-5p -1,551 4,29E-09 hsa-miR-155-5p -1,237 2,30E-06 hsa-miR-126-5p -1,021 8,46E-03
hsa-miR-1268a -1,539 4,67E-09 hsa-miR-664b-3p -1,236 2,60E-03 hsa-miR-378¢c -1,020 1,23E-03
hsa-let-7a-5p -1,529 4,62E-06 hsa-miR-10a-5p -1,233 4,00E-04 hsa-miR-598-3p -1,015 2,04E-03
hsa-miR-5188 -1,525 4,26E-05 hsa-miR-339-3p -1,233 1,36E-03 hsa-miR-133b -1,012 8,88E-04
hsa-miR-92a-3p -1,521 5,99E-06 hsa-miR-561-5p -1,230 6,69E-03 hsa-miR-150-3p -1,008 5,80E-04
hsa-miR-4743-5p 1,512 2,14E-08 hsa-miR-548g-5p -1,229 3,08E-03 hsa-miR-148b-3p -1,006 9,93E-03
hsa-miR-18a-3p -1,510 9,67E-07 hsa-miR-1273h-3p -1,228 5,76E-04 hsa-miR-101-3p -1,000 3,22E-03
hsa-miR-486-5p -1,505 5,57E-08 hsa-miR-133a-3p -1,228 5,36E-06




Appendix 2: List of upregulated miRNAs in SF3bl-depleted MEC-1 cells

X Deseq2 Deseq2 ) Deseq2 Deseq2
hsa miRNA log,FC FDR miRNA log,FC FDR
hsa-miR-3196 1,004 6,92E-05 hsa-miR-1281 1,172 5,32E-03

hsa-miR-3622a-5p 1,009 9,94E-03 hsa-miR-4632-3p 1,195 1,43E-06
hsa-miR-1471 1,018 3,29E-04 hsa-miR-6776-3p 1,199 4,93E-03
hsa-miR-550b-3p 1,018 4,41E-03 hsa-miR-4651 1,216 4,60E-04
hsa-miR-631 1,019 1,58E-04 hsa-miR-337-3p 1,233 1,36E-03
hsa-miR-219a-2-3p 1,024 5,50E-03 hsa-miR-5047 1,239 2,45E-03
hsa-miR-489-3p 1,029 1,10E-03 hsa-miR-6508-5p 1,242 1,13E-04
hsa-miR-4781-5p 1,040 1,11E-03 hsa-miR-3141 1,284 6,42B-04
hsa-miR-4707-3p 1,058 6,28E-04 hsa-miR-6769a-3p 1,291 1,21E-04
hsa-miR-1825 1,063 1,12E-03 hsa-miR-3656 1,307 5,33E-07
hsa-miR-6831-5p 1,064 1,36E-03 hsa-miR-6751-3p 1,318 3,67TE-05
hsa-miR-8058 1,065 6,15E-03 hsa-miR-5003-3p 1,337 2,87E-03
hsa-miR-1236-3p 1,075 8,66E-03 hsa-miR-4474-5p 1,350 1,36E-04
hsa-miR-4512 1,081 1,71E-05 hsa-miR-6886-5p 1,353 6,04E-08
hsa-miR-3161 1,082 8,90E-03 hsa-miR-550a-3-5p 1,380 6,73E-04
hsa-miR-7155-5p 1,094 1,35E-03 hsa-miR-3655 1,408 5,91E-06
hsa-miR-1976 1,115 6,71E-03 hsa-miR-483-3p 1,411 1,01E-04
hsa-miR-1910-3p 1,117 4,85E-03 hsa-miR-4426 1,417 4,98E-04
hsa-miR-7107-5p 1,125 4,53E-03 hsa-miR-3177-3p 1,420 2,58E-06
hsa-miR-6879-5p 1,128 1,28E-03 hsa-miR-6090 1,427 5,33E-07
hsa-miR-6732-3p 1,142 3,11E-03 hsa-miR-4741 1,457 8,48E-11
hsa-miR-320c 1,142 5,18E-03 hsa-miR-8069 1,671 9,81E-11
hsa-miR-6726-3p 1,149 5,76E-04 hsa-miR-205-3p 1,812 4,71E-06
hsa-miR-4749-3p 1,153 3,08E-03 hsa-miR-4800-3p 1,888 2,16E-09
hsa-miR-6131 1,153 9,78E-05 hsa-miR-4516 2,015 8,53E-15
hsa-miR-2116-3p 1,171 1,15E-03 hsa-miR-5088-3p 2,030 1,52E-11
hsa-miR-3614-3p 1,172 1,05E-03 hsa-miR-1236-5p 2,511 5,04E-15
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ABSTRACT

We have explored the functional relationships
between spliceosome and Microprocessor complex
activities in a novel class of microRNAs (miRNAs),
named Splice site Overlapping (SO) miRNAs, whose
pri-miRNA hairpins overlap splice sites. We focused
on the evolutionarily conserved SO miR-34b, and
we identified two indispensable elements for recog-
nition of its 3’ splice site: a branch point located in the
hairpin and a downstream purine-rich exonic splicing
enhancer. In minigene systems, splicing inhibition
owing to exonic splicing enhancer deletion or AG
3'ss mutation increases miR-34b levels. Moreover,
small interfering-mediated silencing of Drosha and/
or DGCRS8 improves splicing efficiency and abolishes
miR-34b production. Thus, the processing of this 3
SO miRNA is regulated in an antagonistic manner by
the Microprocessor and the spliceosome owing to
competition between these two machineries for the
nascent transcript. We propose that this novel mech-
anism is commonly used to regulate the relative
amount of SO miRNA and messenger RNA
produced from primary transcripts.

INTRODUCTION

MicroRNAs (miRNAs) are 21-23-nt long non-coding
RNAs that regulate gene expression by affecting transla-
tion and/or stability of messenger RNA (mRNAs) (1).
Embedded in coding or non-coding genes, the hairpin sec-
ondary structure of primary (pri)-miRNAs is initially
cropped in the nucleus by Drosha, an RNase III-like
enzyme that is part of the Microprocessor Complex
(MPC), along with its cofactor DGCRS (2). The resulting
precursor (pre)-miRNA is ~70nt long and is exported to
the cytoplasm where it is cleaved by Dicer to obtain the

final mature form. On the nascent transcript, the MPC-
dependent processing of the pri-miRNA hairpin is an im-
portant and early regulatory event involved in miRNA
biogenesis. Indeed, several proteins interfere with the
activity of the MPC, including RNA-binding proteins
that either affect components of the MPC (3,4) or
directly interact with the pri-miRNA hairpins (5-8).

The splicing reaction allows the maturation of a precur-
sor (pre)-mRNA through the joining of the exonic se-
quences and the excision of the introns; to correctly
identify exons, the splicing machinery recognizes the
core cis-acting elements (9,10) that consist of the 5 and
3’ splice sites (ss) and include the polypyrimidine tract and
the branch point (BP) near the 3’ss. Recognition of the
exon requires also splicing regulatory elements that are
classified, depending on their location and effect on
splicing, as exonic/intronic splicing enhancer and exonic/
intronic splicing silencers (9,10). These elements are
crucial for alternative splicing regulation, a mechanism
present in the majority of human genes that enormously
increase the transcript diversity through the selection of
alternative splice sites (9). The exonic elements are
composed of largely degenerated poorly conserved se-
quences and interact with splicing factors that may have
a positive (serine/arginine-rich (SR) proteins) or a negative
heterogeneous nuclear ribonucleoproteins (hnRNPs)
effect on exon recognition (11).

Several polymerase II (Polll) precursor transcripts are
processed co-transcriptionally by the spliceosome and the
MPC into spliced mRNAs and miRNAs, respectively. In
the case of intronic miRNA hairpins, which represent
almost half of miRNAs (12), Drosha cleavage occurs
before splicing and does not significantly affect the
amount of mRNA (12,13). On the other hand, intronic
pri-miRNA hairpins, both in coding or non-coding tran-
scripts, are preferentially located at a distance from splice
sites to avoid possible interference between the two pro-
cessing machineries (12,13). Experiments using minigenes
and in vivo analysis indicate that Drosha cleavage
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at intronic pri-miRNAs can both increase (12,14) and
decrease (13,15) the splicing efficiency. pri-miRNA pro-
cessing is more efficient if hairpins are retained at the
sites of transcription (16), and, in some constructs,
splicing disruption of both the 5'ss and 3’ss was found
to affect miRNA biosynthesis (13). However, for the
intronic miR-211, only mutations at the 5ss were
reported to reduce the biogenesis of the miRNA.

miR-34b, along with the related miR-34a and miR-34c,
is involved in several physiological and pathological con-
ditions. Originally identified as a tumour suppressor
miRNA (17-19), miR-34b is involved in osteoblast prolif-
eration (20,21), pathological cardiac remodelling (22) and
Huntington and Parkinson diseases (23,24). miR-34b and
miR-34c are part of the same non-coding transcriptional
unit on chrll, possibly regulated by a p53-responsive
promoter (25). The transcriptional unit is composed of
two exons separated by a ~2kb long intron. miR-34c is
part of the last exon, whereas miR-34b is unexpectedly
located on the boundary between intron 1 and exon 2.

In this study, we have identified a peculiar class of
miRNAs, including miR-34b, whose hairpins overlap
with splice sites and whose biogenesis is regulated by
splicing. We have named these Splice site Overlapping
(SO)-miRNAs. SO miR-34b overlaps with a non-canon-
ical 3’ss, whose recognition depends on a strong BP and a
purine-rich exonic splicing enhancer (ESE). Splicing inhib-
ition by mutation of the 3'ss or the ESE, but not the 5'ss,
increases miR-34b biosynthesis, whereas reduction of the
Drosha/DGCRS levels by RNAi knock-down increases
splicing efficiency.

MATERIALS AND METHODS

Cell culture, transfections and reverse transcription-PCR
analysis

HeLa cell culture and transfection, RNA extraction,
reverse transcription (RT)-PCR and quantification of the
percentage of splicing were performed as previously
described (26). For the analysis of spliced isoforms,
pBRA 34b minigenes were amplified with BRC90Bstell
for (ctggtgaccaagtttgccagaaaacaccacatcactttaactaatc) and
glo800 rev (gctcacagaagecaggaacttgtecagg); pcDNA3pY7
miR-34b constructs were amplified with pY7 ex2 dir
(tacaaggcttgtcgaggaggacatc) and miR34b_2505Xbal rev
(tatctagaccacgccgacgecgeget). For co-transfection experi-
ments, HeLa cells were transfected with 500ng of the
minigene construct together with 500ng of an empty
vector or vectors containing the proteins of interest.

Detection of spliced and unspliced miR-34b transcripts
in mouse and human tissues

The human total RNA of 20 tissues was purchased from
Amsbio, whereas the mouse one was extracted from
tissues using TriReagent (Ambion) according to manufac-
turer’s instructions.

The primers used for the RT-PCRs performed to detect
the spliced and unspliced isoforms of human miR-34b
transcripts were as follows: 34b_131 for (agtaggcaatg-
catcttcatgac) and 34b_521 rev (ccttcgagagaagatgectg) for

the splicing form and 34b_233 for (cttttcaaggcatctgaccc)
and 34b_435 rev (aatagtcttcattccattaaca) for the unspliced
one. For the mouse spliced isoform, we used
mmu_34b_4299 for and mmu_34b_6598 rev (CAATGA
TAGCTTTGGATGGAAGC), and for the unspliced
variant, we used mmu_34b 6397 for (agtagtagaaa-
tagectecatece) and mmu_34b_6609 rev (GACAGTTTAT
GCAATGATAGCT). For the control GAPDH gene,
we used GAPDH for (gacagtcagccgeatettet) and
GAPDH rev (ttaaaagcagccctggtgac).

Quantitative RT-PCR

Quantitative (q)RT-PCR to detect the abundance of
mouse and human mature miRNAs was performed
using the TagMan® Assay (Applied Biosystems). Both
RT and PCR were performed according to manufacturer
instructions.

Minigene design

To clone the hairpin structure of miR-34b and its flanking
portions (18 bp upstream and 97bp downstream), we
amplified the region of interest by PCR from human
genomic DNA. To clone in the pBRA plasmid (27),
we used the following set of primers: miR-34b_2310 Xba
for (tatctagacagccgcgggtgcccggtge) and miR34b_2505 Pst
rev (tactgcagccacgecgacgeegeget). To clone the same
region in the pcDNA3pY7 construct (28), we used the
following oligonucleotides: miR-34b_2310 Xho for
(tatactcgagecgegggtgeccggtgct) and miR34b_2505Xba rev
(tatctagaccacgecgacgecgeget). To generate the mutated
constructs, we amplified the sequence of interest with
mutated primers built either for direct or overlapping
PCR according to the position of the mutation.

Small interfering transfection and western blot

Small interfering (siRNA) transfections were performed in
HelLa cells using Oligofectamine Reagent (Invitrogen) as
previously described (26). The sense strand of RNAI
oligos (Dharmacon) that were used to silence the target
genes are as follows: cgaguaggcuucgugacuu (siDrosha)
and caucggacaagagugugau (siDGCRS8). The siLuc was
the siCONTROL Non-Targeting siRNA #2 from
Dharmacon. To check for protein silencing, western blot
was performed with the following antibodies: antiDGS8
(N-19) from Santa Cruz Biotechnologies, antiDrosha
(ab12286) from Abcam and antiTubulin antibody kindly
provided by Dr Muro.

Northern blot for small RNAs

To perform northern blot for small RNA, we followed
an already described procedure (29). Briefly, we loaded
30pg of total RNA on a 13.5% (19:1) acrylamide/
bisacrylamide, 5M urea and a denaturing gel. After the
run, we performed semi-dry transfer for 1h at 2 mA/cm?
and ultraviolet-cross-linking of the membrane with
1200 WJ. We used probes against miR-34b (atggcagtg-
gagttagtgattg) and U6 snRNA (atatggaacgcttcacgaatt).
We radiolabelled 10 pmol of the probe with y->’P ATP
in the presence of T4 Kinase for 1h at 37°C. Probe



hybridization was performed at 37°C for 2h (U6snRNA)
or O/N (miR-34b).

Bioinformatics analysis and manual annotation of SO
pri-miRNAs

The algorithm was designed by Dennis Prickett at CBM,
Trieste, Italy. We downloaded the coordinates of human
miRNAs (www.mirbase.org) and the coordinates of the
spliced expressed sequence tags (ESTs, http://genome.
uscs.edu/). The algorithm was designed to compare the
position of the 5 and 3’ ss of the ESTs with the position
of 5 and 3’ ends of the miRNAs. When the distance was
<100bp, the miRNA of interest was printed. Then,
through manual annotation, we selected the pri-miRNA
hairpins overlapping with splice sites. Donor and acceptor
splice site scores were calculated using the Neural
Network method available at http://fruitfly.org/seq_
tools/splice.html.

RESULTS
Identification of SO pri-miRNAs

To identify pri-miRNAs that overlap with splice sites, we
compared the human annotated pri-miRNA hairpin co-
ordinates (from www.mirbase.org) with the position of the
splice sites derived from the analysis of the spliced ex-
pressed sequence tags (ESTs; extracted from http://
genome.uscs.edu/). This analysis, followed by a careful
manual annotation to exclude inappropriate intron—exon
junctions, identified a group of pri-miRNAs whose pre-
dicted hairpins contain a possible splice site. We found 17
pri-miRNA hairpins overlapping with splice sites that ac-
cordingly were named SO pri-miRNAs. Eleven SO pri-
miRNAs contain a 3'ss, six a 5'ss and eight are evolution-
arily conserved among vertebrates (Table 1). Most are
located within protein-coding genes, three belong to
non-coding transcripts, and two derive from putative
open reading frames (ORFs). The splice sites in the
hairpins can be located at the base of the hairpin, near
the junction between the single-stranded (ss)RNA and the
double-stranded (ds)RNA, or in the stems, but none is in
the terminal loop. The analysis of the splice site strength,
evaluated with a neural network program, showed that
most of the splice sites have a good score, but three 3’ss
(miR-34b, miR-205 and miR-133a-2) were completely
ignored (Table 1). These three non-canonical acceptor
sites lack an obvious polypyrimidine tract. Interestingly,
these miRNAs are implicated in several physio-patho-
logical conditions, and downstream targets mRNAs
have been identified (30,35,39).

The non-canonical 3'ss of SO pri-miR-34b is correctly
used in vivo and in minigene systems

To investigate the dependence of splicing on these peculiar
3’ss that lack a polypyrimidine tract and are embedded in
a pri-miRNA hairpin, we focused on pri-miR-34b. pri-
miR-34b is part of a non-coding transcript composed of
two exons and is located on the distal junction be-
tween intron 1 and exon 2 (Supplementary Figure Sl1).
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Interestingly, evolutionarily conserved sequences are
present at the promoter, at the splice sites, at the pri-
miRNAs and at the polyadenylation site (Supplementary
Figure S1). The predicted miR-34b hairpin has a typical
conserved pri-miRNA secondary structure with three
stems (stems A, B and C) and a terminal loop
(Figure 1). The AG dinucleotide of the 3’ss is located at
the end of the pri-miRNA structure in stem A, four nu-
cleotides above the ssSRNA-dsRNA junction (Figure 1).
To understand whether the non-canonical acceptor site is
effectively used in vivo, we amplified the transcript in a
panel of normal human and mouse RNAs with primers
located on the exons. The results shown in Figure 2a and
Supplementary Figure S2 indicate the presence of the
spliced isoform in several human and mouse tissues, and
direct sequencing of the bands revealed correct usage of
the acceptor site. To understand the role of splicing on
miR-34b biosynthesis, we evaluated spliced and unspliced
transcripts along with miR-34b abundance in human
tissues. In the commercial panel of human total RNAs
(Amsbio), miR-34b is significantly expressed in cervix,
ovary, trachea, testes and lung (Figure 2b). Interestingly,
the relative amount of spliced and unspliced transcripts
showed some tissue-specific differences. For example, the
spliced and unspliced transcripts are evident in trachea
and lung, but the unspliced form is the only product ex-
pressed in testes (Figure 2a). Quantitative RT-PCR
analysis of the human tissues confirmed this tissue-specific
distribution (Supplementary Figure S3). In addition, we
observed high levels of the unspliced form also in mouse
testes, suggesting that in this tissue production of miR-34b
is evolutionarily linked to inefficient intron splicing
(Supplementary Figure S2). All together, these data
suggest that in some tissues, changes in splicing efficiency
might contribute to miR-34b biosynthesis.

To evaluate in more detail how this non-canonical 3'ss
is recognized and to identify the minimal sequences
required for splicing, we inserted the human pri-miR-34b
hairpin structure along with the flanking sequences (18 nt
upstream and 97nt downstream of the ssSRNA—dsRNA
junctions) in two minigene contexts (Figure 2¢): the
pcDNA3pY7 minigene (28) in which the 3’ss is before
the terminal exon and the pBRA (27) where the 3'ss is
part of an alternatively spliced exon. In both minigenes,
transfection and RT-PCR analysis in HeLa cells showed
correct selection of the acceptor site. In particular,
pcDNA3pY7 miR-34b showed two transcripts: the
shorter corresponds to splicing of the intron, whereas
the longer corresponds to intron retention. In pBRA
miR-34b minigene, the upper and the lower bands corres-
pond to exon inclusion and skipping, respectively
(Figure 2¢). In pcDNA3pY7, miR-34b splicing efficiency
was ~86%, whereas in pBRA, it was ~30%. Thus, these
two minigenes are suitable systems to explore the splicing
regulation of this SO pri-miRNA.

Splicing of SO miR-34b requires a BP sequence and a
downstream purine-rich ESE

To identify the splicing regulatory elements involved in
recognition of the non-canonical SO pri-miR-34b, we
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Table 1. Splice site Overlapping miRNAs

miRNA chr miRNA Transcript ss strength References
conservation (neural network)

3’ SO miRNAs

miR-205 1 Y non-coding 0 (30,31,36)

miR-943 4 WHSC2 0.62

miR-936 10 COL17A1 0.96

miR-1287 10 Y PYROXD2 0.85

miR-34b 11 Y non-coding 0 (17,18,23,32-34

miR-1178 12 CIT 0.90

miR-636 17 SFRS2 0.64

miR-4315-2 17 Y PLEKHMIF 0.67

miR-4321 19 AMH 0.58

miR-133a-2 20 Y C200rf166 0 (35,38)

miR-1292 20 NOP56 0.58

5" SO miRNAs

miR-4260 1 LAMB3 0.54

miR-761 1 Y NRDI1 0.95

miR-555 1 Y ASHIL 0.99

miR-1204 8 non-coding PVT1 0.97

miR-611 11 Cllorfl0 0.97

miR-638 19 Y DNM2 0.83 (37,53)

performed mutagenesis experiments in the context of the
pcDNA3pY7 miR-34b minigene. To evaluate the import-
ance of the AG dinucleotide of the 3’ss, we mutated it to
CG, and this activated a 4 bp downstream cryptic acceptor
site, located outside the hairpin (3’ss mut 1 in Figure 3a).
Mutation of both natural and cryptic sites (3’ss mut 2 in
Figure 3a) completely abolished splicing. The disruption
of the 5'ss also resulted in complete splicing inhibition, as
expected (Figure 3a). To identify the splicing regulatory
sequences in the SO pri-miR-34b and explore the possible
contribution of the hairpin secondary structure, we per-
formed selective consecutive 5-14-nt long deletions
(Figure 3b). Deletions were designed to eliminate the com-
plementary sequences that form the three A, B and C
stems of the pri-miRNA secondary structure. Splicing
analysis showed that the mutants of the left part of the
hairpin, either alone (AA1l, AB1 and ACI1) or combined
(AA1+BI1+C1), did not affect splicing (Figure 3b). The
AB2 mutant had only a minor effect. On the contrary,
deletion of the 14bp long C2 (dC2, Figure 3b) or
exchange between C2 and C1 (C1fC2, Figure 3c) signifi-
cantly reduced the splicing efficiency, with only 15% of the
intron excised. Fine mapping of the C2 element (Figure
3c) showed that the effect on splicing depends on the C2b
portion that affects the ‘CACTAAC’ sequence. It perfectly
matches the consensus for BP (YNYURAC, BP
underlined) and is also located 18 bp upstream of the
3’ss, in accordance with the optimal conserved distance
of BP in acceptor sites (40). Substitution of the three A
with G (3A>G) or mutation of the critical T (41) (T>G
and T>A) located upstream the A of the BP inhibited
splicing (Figure 3d), strongly suggesting that this BP is
critical for the processing of the pri-miR-34b transcript.
To identify additional splicing regulatory elements, we
focused on downstream exonic sequences. In several cases,
exonic regulatory sequences act on alternative splicing

regulating the 3’ ss recognition (42,43). We prepared
minigenes with progressive deletions of the exonic se-
quences. Minigenes 2482, 2469, 2457 and 2436 (Figure
4) contain progressive deletions of 23, 36, 48 and 69 bp
of the exon, respectively. Deletion of the last 23 nt of the
exon (mutant 2482) reduced the splicing efficiency to 38%,
whereas further deletions completely abolished splicing
(mutants 2469, 2457 and 2436; Figure 4). To map the
regulatory element involved, we made internal 25 bp dele-
tions (Figure 4), and the results showed that the sequence
deleted in mutant A2457-2482 was sufficient to abolish
splicing. This region contains a 9 bp purine-rich GAGA
GAAGA sequence, and substitution of the four adenines
into pyrimidines induced nearly complete intron retention
(ESEmut, Figure 4).

All together, the experiments with the minigenes
indicate that splicing of the non-canonical SO pri-miR-
34b acceptor site requires an intronic BP located in the
hairpin and a downstream purine-rich ESE. In addition,
the absence of any effect on splicing of the combined
AA1+B1+C1 deletion (Figure 3b) and the results
obtained with the flip mutants (Figure 3c and d) indicate
that the normal secondary structure of the SO pri-miR-
34b is not required for the selection of the acceptor site.

Splicing of SO pri-miR-34b influences miRNA
biosynthesis

To explore the effect of splicing on miRNA biosynthesis,
we analysed the miR-34b derived from processing of the
pcDNA3pY7 miR-34b minigenes. We evaluated the wild-
type construct, 3’ss mut 1 and 3’ss mut 2 that directly
affect the AG dinucleotide (Figure 3a), the 5'ss mutant
(Figure 3a) and the ESEmut minigene (Figure 4). In com-
parison with the wild-type, the amount of mature miR-
34b was significantly increased by the mutants that affect
3'ss splicing efficiency (Figure 5). In particular, 3'ss mut 1,
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Figure 1. Secondary structure of SO miR-34b hairpin. The secondary
structure of SO miR-34b hairpin has been calculated through the
mfold web server (http://mfold.rna.albany.edu/?q=mfold/RNA-Fold
ing-Form) with standard parameters. The three stems, named A, B
and C, the mature form of miR-34b and the AG dinucleotide of the
3’ss are indicated. Lower and upper cases indicate the intronic and
exonic sequences, respectively.
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which reduced the splicing efficiency to ~50%, was
associated with a ~1.6-fold increase in miR-34b
(Figure 5), whereas the 3’ss mut 2 and the ESEmut,
which completely abolished splicing, produced ~4-fold
more miR-34b (Figure 5). On the other hand, splicing in-
hibition caused by mutation of the 5'ss only slightly
reduced the amount of miR-34b (Figure 5). This
decrease can be due to the facilitating effect of
UlsnRNP on Drosha processing, as recently suggested
(14). In northern blot analysis, we did not observe any
band corresponding to the pre-miRNA intermediate
derived from transfection of normal or mutant minigenes.
This may indicate that processing of the pre-miRNA by
Dicer is efficient and is not a rate-limiting step for its mat-
uration. In addition, we can exclude that the mutants
affect miRNA abundance through Dicer-dependent pre-
miRNA processing.

Silencing of the MPC proteins Drosha and DGCRS8
improves SO miR-34b splicing efficiency

As splicing inhibition increases miR-34b biosynthesis, we
decided to evaluate whether the MPC-dependent pri-
miRNA processing affects the splicing efficiency. To this
aim, we silenced Drosha and DGCRS in Hela cells that
do not express miR-34b, followed by the evaluation of the
splicing pattern of transfected minigenes (Figure O0).
Western blotting showed almost complete silencing of
Drosha and DGCRS8 in HelLa cells (Figure 6a and b,
lower panels) and a significant reduction of the control
endogenous miR-26b (Figure 6c).

As the wild-type minigene is nearly completely spliced
(pcDNA3pY7 miR-34b) and thus not suitable to appreci-
ate further splicing improvement, we tested Drosha and
DGCRS8 silencing in pcDNA3pY7 miR-34b 2482
and pBRA miR-34b minigenes. In these two contexts,
~30-40% of transcripts are spliced in normal conditions
(see Figures 4 and 2c, respectively). In pcDNA3pY7 miR-
34b 2482, silencing of Drosha and DGCRS either alone or
in combination increased the percentage of splicing from
38 to ~70% (Figure 6a). Similarly, in the pPBRA miR-34b,
splicing efficiency increased, raising exon inclusion from
30 to ~50% (upper band of Figure 6b). On the control
pBRAT6 minigene, which does not have the hairpin,
we did not observe changes in the splicing pattern
(Figure 6d). In addition, we found that Drosha
and DGCRS silencing reduced miR-34b biosynthesis
derived from co-transfection of pcDNA3pY7 miR-34b
(Figure 6c). As mirtrons (44,45) or 3'-tailed mirtrons
(46) do not require the MPC, our results exclude the in-
volvement of these non-canonical pathways in miR-34b
biosynthesis.

On the other hand, overexpression of Drosha and
DGCRS in co-transfection experiments reduced the
splicing efficiency both in pcDNA3pY7 miR-34b
(Supplementary Figure S4a) and pBRA miR-34b
(Supplementary Figure S4b) and had no effect on the
control pBRA minigene (not shown). Thus, the MPC-
dependent pri-miRNA  processing interferes with
spliceosome and affects the splicing efficiency of SO
pri-miR-34b.
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Figure 2. SO pri-miR-34b transcript is spliced in vivo and in minigene systems. (a) RT-PCR profile of miR-34b transcript in 20 human tissues. The
upper panels show amplification of the spliced and unspliced transcripts, the lower one amplification of the control gene GAPDH. The identity of the
bands was verified through direct sequencing, and quantitative analysis by qRT-PCR is provided in Supplementary Figure S3. (b) qRT-PCR analysis
of the mature miR-34b in the different human tissues. Values are normalized for the GAPDH gene. miR-34b abundance in brain is set to 1. (c)
Schematic representation of the minigene systems: on the left, pcDNA3pY7 miR-34b and on the right pPBRA miR-34b. Thin lines represent introns
and miR-34b hairpin. Boxes indicate exons, and, in particular, the light grey box is exon2 of miR-34b. Arrows indicate primers used for PCR
analysis. On the bottom, the splicing profile of the two systems after transfection in HeLa cells. The identity of the bands is depicted on the right and
was verified through direct sequencing. The numbers under the panel indicate the percentage of splicing (for pcDNA3pY7 miR-34b) or exon
inclusion (pBRA miR-34b) + SD.
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Figure 3. Splicing of SO miR-34b requires the AG dinucleotide and a BP sequence. (a) Splicing pattern of pcDNA3pY7 miR-34b mutants that affect
the 3’ss and 5'ss after transfection in HeLa cells. Thin lines and boxes represent introns and exons, respectively. The position of miR-34b hairpin is
indicated. Splice site mutants are crossed. Lower and upper cases identify intronic and exonic sequences, respectively, and mutated nucleotides are in
bold. The results of splice site selection are indicated on the right of each minigene (underlined AG). (b) The deletion mutants of pri-miR-34b hairpin
are schematically depicted above each lane. The lower panel shows the splicing pattern of the mutant plasmids after transfection in HeLa cells. (c)
Splicing profile of mutants of the C stem of pri-miR-34b. The left and right arms of the C stem are twisted, as indicated in the scheme. (d) Scheme of
the BP mutants. Mutants of the left and right arms of miR-34b hairpin are indicated above the pictures. The lower panel indicates the splicing
pattern after transfection in HeLa cells. The numbers under each panel indicate the percentage of splicing expressed as mean &= SD of at least three

independent experiments.

DISCUSSION

SO miRNAs are a novel class of miRNAs, characterized
by the presence of overlapping pri-miRNA hairpins and
splice sites on the nascent transcripts. In SO miR-34b,
whose hairpin includes an acceptor site, we have shown
that mutations that reduce the 3’ss splicing efficiency
increase the mature miRNA form. Conversely, reduction
of the Drosha/DGCRS levels by RNAi knock-down
improves splicing efficiency, whereas their overexpression
reduces splicing. Thus, in the non-coding SO miR-34b and
possibly in the other SO miRNAs, miRNA biosynthesis
and production of mature mRNAs are regulated by the
competition between the MPC and the spliceosome, owing
to the overlap between pri-miRNA hairpins and splice
sites. This competition represents a novel mechanism to
regulate the level of miRNA biosynthesis through control
of pre-mRNA processing.

The biosynthesis of miRNAs can be affected at the level
of pri-miRNA processing through changes in the effi-
ciency of MPC-dependent cropping of the nascent

transcript (47). Some of the factors that affect cropping,
such as Ars2 (3) or FUS (4), lack specificity, as they
interact directly with component of the MPC to affect
the biosynthesis of multiple miRNAs (4). In some cases,
RNA-binding proteins that directly interact with the
terminal loop sequence of the pri-miRNA hairpin
regulate cropping of miRNAs. For example, LIN-28,
SF2/ASF and hnRNPAT1 bind to the terminal loop of
pri-let-7, pri-miR-18a and pri-miR7, respectively, and
affect their processing either acting on the MPC or
through changes in the RNA secondary structure (5-7).
In SO pri-miRNAs, where the splice sites overlap with the
hairpins, changes in the splicing efficiency represent a
novel system to directly regulate miRNA biosynthesis.
In SO miR-34b, two elements are indispensable for
splicing: a consensus BP located in the hairpin and a
purine-rich ESE. The interaction of the ESE with RNA-
binding protein(s) is the most likely mechanism that
regulates splicing of SO miR-34b and consequently its
biosynthesis. This ESE contains putative binding sites
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Figure 4. Splicing of SO miR-34b requires a purine-rich ESE. Schematic representation of the pcDNA3pY7 miR-34b mutants of the exon. The
lines and black box correspond to the intronic miR-34b hairpin and exonic sequences, respectively. The mutated nucleotides of ESEmut are
indicated. Lower panel shows the splicing pattern of pcDNA3pY7 miR-34b exonic mutants after transfection in HeLa cells. The identity of the
bands is depicted on the right. Numbers below the panel indicate the percentage of splicing expressed as mean=+SD of at least three independent

experiments.

for SF2/ASF (SF2) and Tra2beta (SFRS10), but neither
their overexpression nor silencing affected SO miR-34b
splicing (data not shown), suggesting that other splicing
factors are involved. Additional experiments are required
to identify the mechanism of ESE function and character-
ize the regulatory splicing factors that specifically affect
miR-34b and the other SO miRNAs.

Most of the pre-mRNA processing events occur co-
transcriptionally and are functionally coupled through
the carboxyl-terminal domain of Polll (48,49), but the
precise relationship between splicing and pri-miRNA
cropping is not completely understood. In vivo, MPC-de-
pendent cropping of pri-miRNA hairpins located inside
introns has been reported to facilitate (12,14) or inhibit

(13) splicing. On the other hand, spliccosome assembly
was shown to promote cropping (14,16). However,
splicing inhibition due to mutations that specifically
affect the 5'ss results in a negative effect on production
of miRNAs (12,14). The effect of the 5'ss mutation on the
production of miR-34b that we observed here is not
totally unexpected and consistent with a positive effect
of the donor site and Ul snRNP on the MPC, as
recently reported (12,14). In this case, a functional
donor site, but not the 3’ss, has been shown to be
critical for the biosynthesis of the intronic mir-211.
Mutations of the 5'ss reduced the production of this
miRNA and Drosha recruitment to the miRNA
locus (14). Furthermore, intronic plant miRNAs also
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Figure 5. Splicing of SO pri-miR-34b affects miRNA biosynthesis. Northern blot analysis of miR-34b and U6 snRNA. The analysis was performed
on the AG dinucleotide mutants, on the 5’ss mutant described in Figure 3 (3’ss mut 1, 3’ss mut 2 and 5'ss mut) and on the mutant of the ESE shown
in Figure 4 (ESE mut). Histograms show the fold increase of mature miR-34b normalized to U6. The abundance of miR-34b in the wild-type

construct is set to 1.

require a conserved 5'ss for their optimal expression (50).
Consistent with the proposed enhancing effect of
UlsnRNP on the MPC activity (12,14), we also
observed that the disruption of the 5'ss reduces the
amount of mature miR-34b (Figure 5), in contrast to the
mutations that affect splicing of the 3’ss. However, as
UlsnRNP binding to the first exon can facilitate Polll
initiation (51), we cannot exclude a direct effect of the
5’ss mutation on transcription or stability of the nascent
transcript. According to Morlando ez al. (12), the positive
effect on splicing of the MPC is mediated by the carboxyl-
terminal domain of the Polll through a tethering mechan-
ism that maintains exonic sequences in place during tran-
scription, whereas cropped intronic fragments are
degraded by exonucleases (52). However, in vitro, the
two machineries can compete on preformed transcripts
(15). In the case of SO miR-34b, and possibly for the
other SO miRNAs, when the pri-miRNA hairpins
overlap with a splice site, the MPC and the spliceosome
act in a mutually exclusive manner to cleave the precursor
transcript. The relative proportion of nascent transcripts
that are either spliced or cropped in vivo is difficult to
assess and might depend on individual SO miRNA
features. The analysis of miR-34b in normal human
tissues suggests that the spliceosome processes most of
the nascent transcripts, as we did not observe a strict re-
ciprocal relationship between the miRNA levels and the
amount of spliced RNA. The regulated competition
between splicing and the MPC probably affects only a
fraction of transcripts in normal conditions, and this
explains why in some tissues the levels of mature miR-
34b do not correlate with the corresponding amount
of spliced transcript (Figure 2a and b). In this case,

tissue-specific changes in the splicing efficiency might
regulate the competition between the spliceosome and
the MPC. Interestingly, several pri-miRNA hairpins do
not overlap but are in the proximity of splice sites
(within 100 bp) raising the possibility that, in some cases,
the position of the miRNA hairpin relative to the intron—
exon architecture, along with the presence of intronic
splicing regulatory elements, might determine the extent
and type of interaction between the MPC and the
spliceosome.

The antagonistic effect between the MPC and the
spliceosome might have important consequences for SO
miRNAs embedded in coding transcripts, which repre-
sent a significant proportion of SO miRNAs identified
(Table 1). In these cases, the balance between cropping
and splicing activities on the nascent transcript might
determine how much miRNA 1is produced at the
expense of the mRNA and therefore of protein synthesis.
Thus, the coding or non-coding nature of the SO
miRNA transcripts targeted by the MPC and the
spliceosome might represent an additional level of regu-
lation of gene expression.

Interestingly, several SO miRNAs are associated to
physio-pathological conditions. Patients with Parkinson
disease or Huntington disease show altered levels of
miR-34b (23,24); miR-638 has been correlated with
lupus nephritis severity (53); impairment of miR-34Db,
miR-205 and miR-133a-2 in several types of cancer is a
well-established phenomenon (30,35,39). In these cases,
the analysis of the splicing pattern of the corresponding
transcripts would unveil the unexpected contribution of
splicing abnormalities that are at the base of the altered
synthesis of miRNAs.
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Figure 6. Silencing of Drosha and DGCRS8 improves splicing efficiency. (a and b) Splicing pattern of pcDNA3pY7 2482 plasmid (see Figure 4) and
PBRA miR-34b (see Figure 2c) after transfection of a control siRNA (siLuc) or silencing of Drosha and DGCRS, alone (siDrosha and siDGCRS8) or
together (siDro+DGC). Bands identity is indicated on the right. Numbers below the panel indicate the percentage of splicing (a) or exon inclusion
(b) = SD; western blot for Drosha, DGCR8 and tubulin is shown in the bottom panel (¢) Quantitative RT-PCR of miR-34b derived from
pcDNA3pY7 miR-34b and control endogenous miR-26b, normalized for the GAPDH gene. The abundance of miR-34b and miR-26b in non-
treated cells (no siRNA) is set to 1. (d) RT-PCR analysis of pBRA T6 after transfection in HeLa cells and silencing of a control gene (siLuc) or
silencing of Drosha and DGCRS8 together (siDro+DGC). The percentage of exon inclusion = SD is indicated below the panel. Western blot for
Drosha, DGCRS8 and tubulin is shown in the bottom panel.
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Cross talk between spliceosome
and microprocessor defines

the fate of pre-mRNA

Chiara Mattioli, Giulia Pianigiani and Franco Pagani*

The spliceosome and the microprocessor complex (MPC) are two important pro-
cessing machineries that act on precursor (pre)-mRNA. Both cleave the pre-mRNA
to generate spliced mature transcripts and microRNAs (miRNAs), respectively.
While spliceosomes identify in a complex manner correct splice sites, MPCs typi-
cally target RNA hairpins (pri-miRNA hairpins). In addition, pre-mRNA transcripts
can contain pri-miRNA-like hairpins that are cleaved by the MPC without generat-
ing miRNAs. Recent evidence indicates that the position of hairpins on pre-mRNA,
their distance from splice sites, and the relative efficiency of cropping and splic-
ing contribute to determine the fate of a pre-mRNA. Depending on these factors, a
pre-mRNA can be preferentially used to generate a miRNA, a constitutively or even
an alternative spliced transcript. For example, competition between splicing and
cropping on splice-site-overlapping miRNAs (S5O miRNAs) results in alternative
spliced isoforms and influences miRNA biogenesis. In several cases, the outcome
of a pre-mRNA transcript and its final handling as miRNA or mRNA substrate can
be frequently closely connected to the functional relationships between diverse
pre-mRNA processing events. These events are influenced by both gene context
and physiopathological conditions. © 2014 John Wiley & Sons, Ltd.
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miRNA BIOGENESIS AND SPLICING
~21-nucleotide

MicroRNAs (miRNAs) are

(nt)-long noncoding RNAs and ~24,000
miRNA precursors belonging to 206 different species
have been identified (www.mirbase.org; release: 20.0,
June 2013). miRNAs have a fundamental role in
gene expression' and their classical biosynthetic
pathway begins in the nucleus (Figure 1), where the
miRNA is transcribed by RNA polymerase II in a
polyadenylated primary (pri-) miRNA transcript. The
typical metazoan pri-miRNA contains an ~80-nt-long
double-stranded RNA secondary structure, with a
stem, a terminal loop, and single-stranded RNA flank-
ing regions (referred here as pri-miRNA hairpin). The
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hairpin is recognized and cleaved, in a process defined
as ‘cropping’, by the microprocessor complex (MPC),
the macromolecular machinery whose basic compo-
nents are the RNase Ill-type protein Drosha and its
cofactor DGCR8.>™* DGCRS recognizes the RNA
substrate, whereas Drosha functions as an endonucle-
ase. The resulting precursor (pre-) miRNA is exported
to the cytoplasm by exportin-5.> There, the RNase
[II-type enzyme Dicer further processes pre-miRNA
(dicing) to produce a 21- to 24-nt-long RNA
duplex, which is then loaded on the RNA-induced
silencing complex (RISC) containing the Argonaute
(AGO) protein. The final single-stranded miRNA
guides the AGO to the target mRNAs that will
be downregulated either through mRNA trans-
lation inhibition or mRNA destabilization.® In
addition, the MPC can have a function independent
from its role in miRNA biogenesis (Figure 1). In
this case, the cleavage of pri-miRNA-like hairpins
is not associated with the production of a miRNA.
One example is the MPC-dependent cleavage of

© 2014 John Wiley & Sons, Ltd.
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FIGURE 1| Canonical microRNA (miRNA) biogenesis, processing of primary (pri)-miRNA-like hairpins, and fate of cleaved RNAs. Transcription of
a coding or noncoding polymerase Il gene generates capped and polyadenylated pre-mRNAs that contain stem—loop structures. In the canonical
miRNA biosynthesis, the pri-miRNA hairpins are cleaved (cropping) by the Drosha/DGCR8 complex (microprocessor complex, MPC) to generate a
~70-nt pre-miRNA, which is recognized by exportin-5 (Exp-5). Following the export in the cytoplasm, Dicer catalyzes the second processing
step—dicing—to produce a ~21-nt miRNA duplex. The miRNA duplex is unwound and one strand (orange) is selected as mature miRNA and
incorporated in the RISC complex to function as guide molecule in cleavage or translational repression of target mRNAs, depending on the degree of
complementarity between the miRNA and the target genes. The other strand (blue) of the miRNA duplex is degraded. In some cases, pri-miRNA-like
structures are cleaved by the MPC or by unknown factors but do not produce a miRNA. The cleaved transcripts originated from pri-miRNA and
pri-miRNA-like pre-mRNA can be either degraded in the nucleus or processed to generate normal or alternatively spliced isoforms, which are then

exported to the cytoplasm.

the hairpin present in the 5 UTR of DGCRS that
directly regulates the mRNA (see below).” Further-
more, a recent global analysis of DGCRS8 protein
through HITS-CLIP (high-throughput sequencing
of RNA isolated by cross-linking immunoprecipi-
tation) experiments has identified predicted RNA
secondary structures that resemble pri-miRNAs but
are not associated with a miRNA.® In addition,
Drosha binding to promoter-proximal regions of
many human genes can regulate gene expression in
an RNA cleavage-independent manner. This function
of Drosha is dependent on its association with CPB80

and RNA polymerase II, probably requires imperfect
hairpins on nascent RNA, and does not result in
miRNA production or RNA cleavage.” The recog-
nition and cleavage of the pri-miRNA by the MPC
represents one of the key regulatory steps in miRNA
biosynthesis, along with transcription and dicing.!”
The presence of a pri-miRNA hairpin on the nascent
transcript may not be sufficient for the MPC-mediated
cleavage and a large number of cofactors facilitates
or inhibits the cropping activity. This can occur in
different manners, either through modulation of com-
ponents of the MPC or recognition of the miRNA

© 2014 John Wiley & Sons, Ltd.
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FIGURE 2| Canonical splicing signal and auxiliary regulatory elements in precursor (pre)-mRNA splicing. Correct identification of exonic
sequences requires classical 5" and 3’ splice sites (5’ss and 3’ss) and a series of auxiliary regulatory elements. In the vast majority of splicing events
(the so-called U1-U2 dependent), the 5’ss is composed of the invariant GU dinucleotide surrounded by partially conserved sequences and is
recognized by U1 snRNP (U1). The 3’ss contains the AG dinucleotide, the polypyrimidine tract [(Y)n], and the branch point (BP), and interacts with U2
snRNP (U2) and proteins of the U2AF complex. Auxiliary cis-acting elements [enhancer and silencer, located in the exon (ESE, ESS) and/or in introns
(ISE, 1SS)] facilitate the exon recognition mainly through direct interaction with trans-acting factors: the SR proteins act on enhancers and have a
positive effect on exon recognition by directly recruiting the splicing factors and/or by antagonizing the action of nearby silencer elements, while
hnRNPs mediate splicing inhibition by sterically interfering with other splicing factors or antagonizing SR proteins. Light blue boxes represent the
exons and thin line represents the intron. Y indicates pyrimidines, R purine, and N any nucleotide.

by accessory proteins, mainly RNA-binding proteins
and/or splicing factors.!! For example, binding of
the splicing factors SRSF1 (SF2/ASF) and hnRNP
A1 to the stem-loop of pri-miR-7 and pri-miR-18a,
respectively, favors Drosha processing.!2~* Similarly,
the splicing protein KSRP (K-homology splicing regu-
latory protein) regulates the processing of a subset of
miRNAs binding to a specific G-rich motif present in
the terminal loop and stabilizing the interaction with
Drosha.'® Details on regulated cropping mechanisms
have been extensively described in recent reviews.!1”
In several cases, MPC and splicing act on the same
transcript. During splicing the exon—intron junctions
located on the pre-mRNA transcript are recognized
and cut, the introns removed, and the exons joined
to generate mature mRNA, which is then exported to
the cytoplasm.'® The 5’ and 3’ splice sites (5'ss and
3’ss) at the junctions have the nearly invariant GU
and AG dinucleotides, respectively. The branch point
and the polypyrimidine tract contribute to the 3’ss
definition, whereas the 5’ss is complementary to the
U1l snRNA (Figure 2). Auxiliary elements, classified
as exonic or intronic splicing enhancers (ESEs or ISEs)
and silencers (ESSs or ISSs), influence the recognition
of the splice sites in a positive or negative manner.
These elements are also important in alternative splic-
ing, a mechanism that increases transcript diversity
through the selection of alternative splice sites.!”20 A
large number of #rans-acting factors recognize these
auxiliary elements. In general, they have a positive
or a negative role on exon definition, similar to the
serine/arginine (SR)-rich proteins and the hetero-
geneous nuclear ribonucleoproteins (hnRNPs), but
in several cases their effect is position and context
dependent.?! At the end, the final decision to include
or exclude a sequence in the mature mRNA is the
result of a complex combinatorial control between
the strength of splicing regulatory elements in ¢is- and

the different trans-acting factors that are assembled
on the pre-mRNA.2?

Both splicing and cropping are known to occur
co-transcriptionally. In this review, we analyze the
effect of the position of the hairpins targeted by
the MPC in the pre-mRNA on the fate of the final
transcript and on miRNA biosynthesis.

LOCALIZATION OF pri-miRNA AND
pri-miRNA-LIKE HAIRPINS IN pre-mRNA
TRANSCRIPTS

The available information regarding the position of
the miRNA hairpins in the ‘transcriptome’ is mainly
derived from bioinformatics analysis with gene and
miRNA annotations and it is common that most
of them are located in introns.”> Analysis of 541
pri-miRNA hairpins in the human genome showed
that ~62% of miRNAs are located in introns (43
and 19% in coding and noncoding genes, respec-
tively), 9% in exons or UTRs, and 2% in alterna-
tively spliced exons.?? A small fraction of annotated
miRNA hairpins (1-2%) are also located either on
donor or acceptor splice sites (splice-site-overlapping
miRNA, SO miRNA).>*?* In addition, according
to recent CLIP data in HEK 293T cells, 45% of
DGCRS targets are mapped to intergenic regions,
43% to protein-coding genes, and 5% to long non-
coding RNAs. Thirty percent of the genomic clus-
ters mapped to repetitive elements. In protein-coding
genes, 26% of the clusters were in introns, followed
by exons (12%). The exonic ones also included those
located in 3’ and 5’ UTRs.® Most of these DGCRS
targets are real pri-miRNA hairpins but a signifi-
cant amount does not have a corresponding miRNA
in databases. These pri-miRNA-like hairpins have a
major role in regulating the fate or quality of the
transcript.
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FIGURE 3| Genomic location of primary (pri)-microRNA (miRNA)
and pri-miRNA-like hairpins. Pri-miRNA and pri-miRNA-like hairpins are
located in different positions relative to the splice sites and the gene in
both coding and noncoding transcripts. The intronic group contains the
intronic hairpins, the mirtrons, and the tailed mirtrons. The exonic group
includes hairpins located in the central exons and in the 5’ and 3’ UTRs
(or in corresponding first and terminal exons for noncoding transcripts).
In splice-site overlapping (SO), the hairpins overlap with 5" or 3’ splice
sites. Blue boxes represent the exons, thin lines the introns, and thick
lines the 5" or 3’ UTRs.

According to their position in the nascent tran-
script, pri-miRNA and pri-miRNA-like hairpins can
be located in introns (including mirtrons and tailed
mirtrons), exons, 5’ or 3’ UTRs, or they can overlap
with splice sites in both coding and noncoding genes
(Figure 3).

Intronic Hairpins

Pure Intronic miRNAs Located at Distance
from Splice Sites

The preferential location of miRNA hairpins in
introns has been interpreted as a way to avoid
the interference between the MPC and the spliceo-
some.?32¢ Accordingly, the most accepted view on
intronic miRNAs, located far from splice sites, pro-
poses that miRNAs are produced without altering
the levels of the mature mRNA?® and that miRNA
production occurs co-transcriptionally before intron
splicing.?? According to the exon-tethering model,
the C-terminal domain of polymerase II can tether
an upstream exon before reaching the next one,
even if the intervening sequences are cleaved by
the MPC.2728 In this case, the MPC can excise the
pre-miRNA co-transcriptionally from the intron,
without affecting the recognition of the flanking
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splice sites by the spliceosome. This interesting model
might be important for longer introns before the
polymerase reaches the next exon, whereas in shorter
introns miRNA cropping might occur when the two
flanking exons are already engaged in splicing or even
later on the excised lariat. In any case, as a common
precursor generates both the miRNA and the mRNA,
one pre-mRNA molecule will produce one miRNA
precursor and one mRNA. However, in experimental
systems, where the miRNA hairpins are relatively
distant from splice sites, MPC-dependent cropping
was shown to have a small influence on splicing, either
in a positive?>?? or negative’® manner. Furthermore,
spliceosome assembly can facilitate cropping.?®-3
In the case of the melanoma invasion suppressor
miR-211, expressed from intron 6 of melastatin,
mutation of the 5’ss was shown to reduce the biosyn-
thesis of the miRNA and the recruitment of Drosha to
the miRNA hairpin. Moreover, knockdown of the U1l
snRNP-specific factor snRNP70 globally altered the
production of intronic miRNAs,?’ suggesting that the
5’ss has a positive influence on cropping of intronic
miRNAs.

Mirtrons Are MPC Independent and Require
Splicing

Mirtrons originate from pri-miRNA-shaped introns;
they were first described in Drosophila melano-
gaster’132 and validated recently in mammals.?3 Of
737 small RNAs in the human and mouse genome,
41 have been classified as bona fide mirtrons.>® The
main characteristic of mirtrons is that the 5’ and 3’
ends of their hairpins exactly correspond to splice-site
junctions and therefore, they are not processed by the
canonical MPC but directly by the splicing machinery.
The spliced pre-mirtron is then exported to the cyto-
plasm where it follows the classical pathway. Other
two variants of splicing-dependent miRNAs have been
described, 3’- and §’-tailed mirtrons. The hairpin of
miR-1017 has the 5 end that corresponds to the
splice site and a 100-nucleotide-long tail that sepa-
rates it from the 3’ss.3* In this case, the entire intron
is cleaved first to generate an intermediate in which
the 3’ tail is processed by an unknown exonuclease
to generate the pre-miRNA. Bioinformatic analysis
has also identified other potential 3’-tailed mirtrons
as well as 5’-tailed mirtrons.?3-** In 5’-tailed mirtrons,
the 3’ end of the hairpin end with the splice site
and a tail separates the secondary structure from the
5’ss. For these cases experimental validation is lack-
ing. To further complicate the picture, two predicted
mirtrons (miR-1225 and miR-1228) are produced
in the absence of splicing. The biogenesis of these
so-called simtrons (splicing-independent mirtron-like
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RNAs) is Drosha dependent but does not require
DGCRS, Dicer, or the splicing process.® It is possi-
ble that the initial processing of simtrons is performed
by an alternative Drosha complex in which DGCRS
is replaced by a yet unidentified adaptor for proper
positioning and cleavage of the pri-simtron.

Exonic Hairpins

Exonic pri-miRNA or pri-miRNA-like hairpins consti-
tute a small part of the known human miRNAs. Most
of them are located in noncoding genes or in UTRs of
coding transcripts, possibly to avoid the interference
with the protein-coding sequences and splicing regula-
tory elements. However, there are interesting examples
in which the exonic position of the hairpin influences
the quality of the mRNA or its function.

Analysis of DGCR8 CLIP has identified some
hairpin structures located in alternatively spliced
exons of coding genes.® Detailed analysis of four cases
showed that silencing of either Drosha or DGCRS,
but not of Dicer, changes their pattern of splic-
ing, suggesting that the MPC specifically cleaves and
destabilizes the mRNA isoforms that contain the hair-
pin. This is an interesting and novel way to regu-
late alternative splicing and is similar to the effect
described for one mouse SO miRNA (see below).
It is not clear if the cleavage products lead to
the generation of miRNAs and it would be inter-
esting to understand if the MPC-dependent cleav-
age occurs co-transcriptionally or after the splicing
decision.

A second intriguing example is the pri-miR-133b
located in the terminal exon of the noncoding
linc-MD1 gene, whose biosynthesis is regulated
by the splicing factor HuR.3” linc-MD1 acts in the
cytoplasm repressing target genes that promote myo-
genesis and this effect is partially mediated by its
‘sponge’ activity on its own producing miR-133b.
If Drosha crops pri-miR-133b in the nucleus, the
pre-mRNA linc-MD1 will be used to generate the
miRNA; alternatively, if linc-MD1 is not processed
by the MPC, it will act as a sponge in the cytoplasm
for miR-133b and probably for other miRNAs of
the same family.?”73° Thus, the decision to cleave
a pri-miRNA hairpin located in a terminal exon
switches between the two alternative and antagonistic
gene products: a cytoplasmic sponge RNA and a
miRNA. This might not be the only case in which a
hairpin can switch between a sponge and a miRNA,
as several pri-miRNA hairpins are located in the
terminal exon of noncoding transcript.

In plants, pri-miRNA hairpins are frequently
located in exons of independently transcribed
units and downstream introns enhance miRNA

Cross talk between spliceosome and microprocessor

production.*® According to Jarmolowski and cowor-
kers,*! a functional 5’ss has a major role in miRNA
biosynthesis, suggesting that Ul snRNP can promote
cropping. Interestingly, a similar enhancing role of U1l
snRNP has been proposed for the intronic miR-211 in
humans.?? Moreover, dcl-1 mutants (Dicer-like 1, the
enzyme that cleaves the stem—loop in plants) increase
intron splicing, suggesting a competition between
splicing and miRNA processing.*? Even if it is not
clear which are the intronic factors involved, the
exonic position of the hairpins in plants is necessary
to improve miRNA biogenesis.

The pri-miRNA-Like Hairpin in the 5’ UTR

of DGCRS8

The stem-loop in the 5" UTR of DGCRS is the only
example of a miRNA hairpin located in the 5’ UTR
of a coding gene with an important effect on the
fate of the transcript. This structure is a substrate for
the MPC and, once it is cropped, the transcript can-
not be processed further, with a decrease in both the
DGCR8 mRNA and protein.”*} The presence of a
second hairpin in the first exon also contributes to
the DGCRS regulation.”** The 5’ UTR hairpin of
DGCRS8 can be considered a pri-miRNA-like hair-
pin, as the mature miRNA has never been detected,
neither with northern blot nor with massive paral-
lel sequencing. Therefore, this structure mainly pro-
motes mRNA degradation and is a useful system to
finely tune the levels of DGCRS8. Moreover, it consti-
tutes a feedback loop mechanism to control the levels
of the MPC itself, because DGCRS stabilizes Drosha
through protein—protein interactions.”

The pri-miRNA Hairpin in the 3' UTR of FSTL1
MPC-dependent cropping of hairpin structures in the
3’ UTR may have important consequences on the
transcript and on miRNA biosynthesis, in particular
when linked to an upstream open reading frame. A
paradigmatic example of a 3’ UTR MPC-dependent
regulation occurs in the follistatin-like 1 (FSTLI)
gene where it switches a protein coding toward
a miRNA-producing transcript in wound healing**
(Figure 4). The FSTL1 gene is composed of 11
exons and contains the primate-specific pri-miR-198
in the 3’ UTR. In normal conditions, human skin
keratinocytes express miR-198 but not FSTL1. After
wound healing, cells start to migrate, produce FSTL1,
and progressively reduce miR-198 expression. This is
not associated with significant changes in the FSTL1
pre-mRNA, suggesting a post-transcriptional regula-
tion. Indeed, in normal conditions, the transcripts
are retained in the nucleus where they are used to
produce only the miRNA. After injury, the mRNA
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FIGURE 4| Cropping of a primary (pri)-microRNA (miRNA) hairpin in the 3’ UTR of FSTLT regulates keratinocytes proliferation/migration.
Pri-miR-198 is located in the 3’ UTR of the follistatin-like 1 (FSTL1), a protein involved in keratinocytes migration. In normal keratinocytes, binding of
KSRP (K-homology splicing regulatory protein) to the terminal loop of the hairpin promotes microprocessor complex (MPC)-dependent cropping of
miR-198 that in turn downregulates the expression of promigratory protein targets (DIAPH1, PLAU, and LAMC2).** After injury, a series of events
induced by Transforming growth factor - g (TGF-p) result in downregulation of KSRP and inhibition of MPC-dependent cleavage. This reduces the
amount of miR-198 and activates promigratory proteins. In parallel, the expression of FSTL1 protein is increased. Gray boxes indicate 5" and 3’ UTR

regions; white boxes and thin line represent exons and introns, respectively.

is not cleaved by the MPC and goes to the cyto-
plasm where it is translated into protein. Impor-
tant controls exclude that miR-198 acts directly on
FSTL1 mRNA and silencing of FSTL1 does not affect
miR-198 expression. As FSTL1 and mir-198 have
antimigratory and promigratory effects, respectively,
the switch between the two alternative gene products
contributes to wound re-epithelialization (Figure 4).
Interestingly, the switch fails in nonhealing diabetes
ulcers, where cells continue to express miR-198 and
FSTL1 is absent. A major player in regulating this
switch is the RNA-binding protein KSRP. This factor
was previously shown to regulate cropping efficiency
of a set of miRNAs through its interaction with G-rich

sequences in the stem—loop.!> KSRP binds to a GUG
motifs within the terminal loop of pri-miR-198 and
promotes its cropping. As silencing of this factor
nearly completely inhibits miR-198 synthesis, it seems
that KSRP is strictly required for miRNA process-
ing. In the absence of KSRP, the pri-miR-198 hair-
pin is a poor substrate for the MPC. As the 3’ UTR
MPC-dependent hairpin found in FSTL1 is proximal
to the polyadenylation site, it is not clear if the miRNA
cropping occurs before or after the polyadenylation
process. However, it is possible that in particular con-
ditions the miRNA cropping can function as an alter-
native 3’-end processing mechanism in competition
with the classical one, as Drosha silencing was shown
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TABLE 1| List of Human SO miRNAs

miRNA  Chr Conservation Gene References
3’ SO miRNAs
205 1 Y MIR205HG (nc) 45.59.60
943 4 N WHSC2
936 10 N COL17A1
1287 10 Y PYROXD2
1307 10 N USMG5
34b 1" Y BC021736 (nc)  527545675861.62
1178 12 N aT
636’ 17 N SFRS2
43152 17 Y PLEKHM1P
4321 19 N AMH
13322 20 Y C200rf166 5063
1292 20 N NOP56
5 SO miRNAs
4260 1 N LAMB3
761 1 Y NRD1
555 1 Y ASH1L
1204 8 N MYC (nc)
611 1 N TMEM258
3656 1 N TRAPPC4
638 19 Y DNM2 64,65
3’ — 5’ SO miRNAs
711 3 N COL7A1
937 8 N SCRIB
SO miRNAs on ESTs
3916 1 N
1248 3 Y 66
302b 4 Y 67—69
3150b 8 N
202 10 Y 70,71
675 1 N 72-75
3613 13 Y
627 15 N 76
3614 17 N
365-2 17 Y 77

nc, noncoding; SO miRNAs, splice-site-overlapping microRNAs; pri-miRNA,
primary microRNA; EST, expressed sequence tags.

3’ SO miRNAs and 5’ SO miRNAs are pri-miRNA hairpins that overlap
with the 3’ or the 5’ss, respectively.>*25 In the 3’ — 5’ SO miRNAs group,
the miRNA secondary structure includes both donor and acceptor sites.
SO miRNAs on ESTs correspond to pri-miRNA hairpins that overlap with
intron-exon junctions of spliced ESTs for which there is no clear gene
annotation.

ImiRNAs classified as potential tailed mirtrons.?333

Cross talk between spliceosome and microprocessor

to increase the levels of FSTL1 protein. This pecu-
liar type of post-transcriptional FSTL1/miR-198 reg-
ulation might be present in other genes that contain
miRNA hairpins located on 3’ UTR. For example,
the coding DCP1A, HOXA7, INOSOE, SNX12 and
NLS1 genes contain pri-miRNA-like secondary struc-
tures in their 3’ UTR, which are DGCRS8-binding
sites according to CLIP data.® These mRNAs are
probably direct targets of the MPC, as depletion
of Drosha and/or DGCRS8 resulted in an increase
of their mRNA levels and because they are cleaved
in vitro by the MPC as normal pri-miRNAs. This
MPC-dependent regulation also affects the corre-
sponding protein levels.® In these cases, however, the
putative factor(s) that regulate the cleavage efficiency
are not known.

Splice-Site-Overlapping miRNA Hairpins

The position of the SO miRNA hairpins in the nascent
transcript determines a direct competition between
two pre-mRNA processing machineries: the MPC and
the spliceosome. SO miRNAs are characterized by
the presence of overlapping miRNA hairpins and
splice sites on the nascent transcripts.?*?> The hair-
pins can be located either on donor or acceptor splice
sites (Table 1). They are present in vertebrates and
nonvertebrates and represent a small but significant
fraction of annotated miRNAs (1-2%). From the evo-
lutionary point of view, in several cases their location
on the splice sites is conserved and most are in cod-
ing transcripts. Some SO miRNAs have a clear phys-
iopathological role in humans. For example, miR-205
is described both as a tumor suppressor and an onco-
gene, depending on the tumor considered and the tar-
get genes,® and has a protective role against oxidative
stress and endoplasmic reticulum stress in renal tubu-
lar cells*®; miR-133a-2 is a tumor suppressor dereg-
ulated in colorectal and bladder cancers*’#% and is
involved in maintaining the structure and biogenesis
of skeletal muscle*” and heart.’® Two 3’ss SO miR-
NAs embedded in noncoding transcripts, the evolu-
tionarily conserved miR-34b and the mouse-specific
mmu-miR-412, have been analyzed in detail and their
biological function is known. The SO miR-34b is part
of a noncoding transcript composed of two exons and
is located on the junction between intron 1 and exon
2. The same transcriptional unit includes miR-34c
in exon 2 and the conserved elements of the gene
are a pS53-responsive promoter region,>! the splice
sites, the miRNA hairpins, and the polyadenylation
site (Figure 5). Originally identified as a tumor sup-
pressor miRNA,3273% miR-34b has roles in cardiomy-
ocytes proliferation,*® neurological disorders,’®” and
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pri-miR-34c. The zoomed image of splice-site-overlapping (SO) miR-34b secondary structure shows the elements involved in splicing regulation: the
AG dinucleotide of the 3’ss, which is embedded in the hairpin, the branch point (BP) consensus, and the downstream 9-bp purine-rich exonic
enhancer (ESE). The mature form of the miRNA is shown in orange. Blue boxes and thin line represent exons and intron, respectively. The black arrow

indicates the promoter and TSS is the transcription start site.

osteoblast differentiation,*® and has been proposed as
a serum marker for Huntington’s disease.’®

In common with other two 3’ SO miRNAs
(miR-205 and miR-133a-2), miR-34b does not have
a polypyrimidine tract and the splice-site strength of
the acceptor site, embedded in the miR-34b hairpin,
is below the threshold of detection using bioinfor-
matics programs. However, the 3’ss is used and the
spliced and unspliced forms are present in vivo in
human and mouse tissues. Detailed molecular anal-
ysis showed that the definition of the 3’ss depends
on two splicing regulatory elements: a branch point
located in miR-34b hairpin and a purine-rich enhancer
in exon 2. The #rans-acting factor(s) binding to
the ESE were not identified, and silencing of splic-
ing factors known to bind to purine-rich sequences
(SRSF1 and Tra2p) had no effect on miR-34b splic-
ing. Interestingly, in minigene assay, splicing inhibi-
tion performed either through mutations of the ESE
or of the AG in the 3’ss increased miR-34b levels,
indicating that splicing influences miRNA biosynthe-
sis. On the contrary, mutation of the 5’ss reduced the
levels of miR-34b. The requirement of a functional

5’ss has also been observed for human intronic?® and

plant miRNAs,*' suggesting that recruitment of Ul
snRNP at the donor site influences the MPC activ-
ity. On the other hand, silencing of the MPC com-
ponents Drosha and DGCRS increased the splicing
efficiency, whereas their overexpression had the oppo-
site effect. Because of the overlap between the hairpin
and the splice sites, the biosynthesis of SO miRNAs
(and production of mature mRNAs) is regulated by
the competition between the MPC and the spliceo-
some (Figure 6) and changes in the splicing efficiency,
regulated by the ESE, will affect the levels of mature
miRNAs.

When SO miRNAs are located in central
exons, the competition between the MPC and the
spliceosome can also occur on alternatively spliced
isoforms. For example, the analysis of the 3’ SO
mmu-miR-412,>5 which is located on an alternatively
spliced exon, indicated that its tissue-specific alterna-
tive usage regulates miRNA biosynthesis. In minigene
system, the induction of exon inclusion by the splic-
ing factor TIA1 reduced the amount of pre-mRNA
substrate for miRNA biosynthesis.

© 2014 John Wiley & Sons, Ltd.



%3 WIREs RNA

miR-34b

| &

| |

Spliced transcript Mature miR-34b

O

Cross talk between spliceosome and microprocessor

mmu-miR-412

l

miRNA biosynthesis miRNA biosynthesis

Mature miR-412

l |

Splicing Splicing

! |

Alternative spliced transcript Spliced transcript

3 Ce

FIGURE 6 | Competition between spliceosome and microprocessor complex (MPC) on splice-site-overlapping (SO) microRNAs (miRNAs). The SO
miR-34b and miR-412 hairpins are located on two different noncoding genes and overlap with corresponding 3’ss: the first is located in the last exon
and the second in an internal exon. In miR-34b, when splicing processing prevails the transcript is preferentially spliced and the mature miR-34b is
not produced. On the contrary, reduction in splicing or preferential recognition of the hairpin by the MPC leads to miR-34b maturation.?*% In
miR-412, when the central exon is skipped, the MPC crops the pri-miRNA hairpin, promoting the production of the mature miRNA. On the other
hand, when the alternative exon is included, the primary transcript cannot be processed by the MPC and the miRNA is not synthesized.?*?> The
continuous and dashed lines indicate the processed and unprocessed part of the transcript.

CONCLUSION

Pri-miRNA or pri-miRNA-like hairpins can be located
in different positions on the nascent transcripts. In the
most common intronic location, the pre-mRNA pro-
duces both the miRNA and the mature RNA through
cropping and splicing, respectively. The general view
regarding intronic miRNAs considers that splicing
and cropping act in an independent manner. How-
ever, these two events may be subtly co-regulated in a
context-dependent manner, according to the presence
of intronic splicing regulatory signals or exon tether-
ing. In mirtrons, an accurate superimposition of splice
sites with the pre-miRNA tails makes the MPC useless,
and therefore the initiation of miRNA biosynthesis
will depend exclusively on splicing. On the contrary, in
SO miRNAs the direct competition between the crop-
ping and splicing machineries on the nascent transcript
will affect miRNA production and/or alternative splic-
ing. A detailed analysis of SO miRNAs behavior has
been performed on a couple of interesting noncod-
ing transcripts. However, most human SO miRNAs
are located on intron or exon junctions of coding
genes, hence their regulated cropping or splicing could
affect final protein expression. In these cases, the
competition between the MPC and the spliceosome

might either change alternative splicing or result in
a switch between mRNA and miRNA. In the FSTL1
gene, the regulated cleavage of a pri-miRNA hairpin
in the 3’ UTR allows a switch between a miRNA
and an mRNA with antagonistic functions on ker-
atinocyte proliferation. The recent identification of
pri-miRNA-like hairpins in the 3’ UTR of other coding
genes might have similar mRNA regulatory implica-
tions, which extend to the yet unidentified miRNAs
that would be produced as a result. Lastly, exonic hair-
pins may regulate alternative splicing or act as miRNA
sponges: these effects reported for few cases can be
more widespread than currently envisaged. In conclu-
sion, the position of pri-miRNA or pri-miRNA-like
hairpins on nascent transcripts relative to splice sites
depending on gene context can have a critical influ-
ence on gene expression through changes in miRNA
biosynthesis and/or by determining the fate of the
processed mature RNA. Future studies will clarify in
more detail what mechanisms may coordinate pri-
mary transcript processing into both mature miRNA
and spliced (or alternatively spliced) mRNA. Finally, it
will be crucially important to establish the functional
consequences of the processing regulation events dis-
cussed in the context of physiopathological condi-
tions.
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