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Abstract

MiRNAs are a class of small non-coding RNA of about 19-23 nucleotides in length
able to act as regulators of gene expression thanks to their ability to bind the 3’UTR which
results in inhibition of translation or in mRNA degradation. Due to their short sequence, they
can bind more than one transcript, so they may be involved in more than one biological
pathway. Since their first identification in 1993, they have been associated to a long list of
physiological or pathological conditions. The dysregulation of miRNA profile may be
associated to several diseases, so therapies based on the restore of physiological miRNA
levels may have huge impact on several pathologies, for this reason molecules able to both

increase or decrease miRNA levels have been recently developed.

Through miRNAs levels regulation is possible to indirectly regulate their targets
levels. This evidence was investigated in this thesis to reduce levels of BCL11A, one of the
principal repressor of y-globin gene. The following key results: a) miR-210 interaction with
BCLI11A coding region was demonstrated with SPR-based analysis, b) the increase of miR-
210 intracellular levels leads to a decrease of BCL11A transcript and protein, encouraged us
to consider the employment of miR-210 mimicking molecules as possible therapeutic

approach to reduce BCL11A expression in the field of B-thalassemia treatment.

Modulation of miRNAs levels into cells can be achieve with different kinds of
molecules and most of them generally require an appropriate vehicle. At this propose we
investigated with encouraging results a calixarene-based structure compound called ML122,
previously used for DNA delivery, to vehicle miRNA-based molecules and PNAs. a) High
transfection efficiency, associated with b) evident biological effects obtained when both
premiRNA molecules and PNAs are vehicled with ML.122, allow us to consider ML122 as

a possible alternative to commercial available transfection agents.

MiRNAs are present not only into cells but as demonstrated by Chim and colleagues
they were found also in several body fluids, including plasma, in which have been
demonstrated to be very stable. Several groups employed circulating miRNAs at diagnostic
or prognostic propose opening a new important issue in the field of the non-invasive

diagnostic techniques.



In the present thesis we employed the non-invasive diagnostic technique in two
different fields. First, we considered circulating miRNA in colorectal cancer diagnosis and
management. In this section, three important massages were obtained a) miRNA are
normally released by cells, the release pattern is different in each cell line and often differs
from the miRNA pattern into cells, b) a comparison between two different techniques,
RTgPCR and ddPCR, demonstrates how the two techniques gave comparable results, even
if ddPCR for technical issue is more suitable for miRNA quantification in plasma samples,
c) analysis of the three selected miRNAs in CRC patients and healthy controls demonstrates
how additional miRNAs (at 6 or 7 miRNAs) are needed to identify patterns associated to
CRC patients.

The analysis of cmiRNAs was also, not applied to a health problem but to identify
an illicit practice in sport such as autologous blood transfusion. The analysis of a limited
number of samples using a high-throughput miRNA analysis method, i.e. microarray, allow
us to identify two different list of miRNAs possible biomarkers for the detection of ABT:
(a) a list of 8 miRNAs which modulation may be related to different oxygen availability
immediately after the two key steps of ABT practice i.e. blood withdrawal and blood
reinfusion. Moreover, a second list (b) was obtained considering all expressed miRNAs in
our plasma samples. Despite the number of analysed samples is limited (6 ABT trained
subjects and 3 control pools) preliminary encouraging data were obtained, which of course

need to be confirmed increasing the samples size.
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Preface

The work that we are going to present in this thesis was possible thanks to the
collaboration between professor Gambari research group and several others research groups

which have a key role in this work.

The analysis of circulating miRNAs in CRC was performed as part of
ULTRAsensitive PLAsmonic devices for early CAncer Diagnosis project, funded by the
European Union’s Horizon 2020 research and innovation programme. The
ULTRAPLACAD principal aim is the development of a compact plasmonic-based device
with an integrated microfluidic circuit and functionalized nanostructures for the detection of
DNA, microRNA and tumor autoantibodies. The project is coordinated by Professor
Giuseppe Spoto (Istituto Nazionale Biostrutture e Biosistemi, University of Catania), who
for a long time have developed SPR-based techniques for detection and quantification of
biological molecules. Moreover, our work would not has been possible without the
collaboration with PhD Patrizio Giacomini and PhD Matteo Allegretti who are responsible

for CRC patients recruitment.

Analysis of cmiRNAs in ABT trained athletes was performed in the context of
MARATHON (novel Molecular biomARkers for detection of Autologous blood
Transfusion in sport: fetal HemOglobin and microRNAs) project, founded by WADA
(World Anti-Doping Agency). The projects was born from the collaboration with MD Fabio
Manfredini team (Department of Biomedical and Surgical Specialties Sciences, Section of
Sport Sciences, University of Ferrara), who for a long time has worked on assessment of
physical performance in the sport and has studied factors and limiting or favouring athletic
performance. The project realization was possible thanks to the precious help of Blood

Transfusion Service (Ferrara Hospital), coordinated by MD Roberto Reverberi.

Moreover, ErPCs isolation and culture were perform thanks to kind collaboration of
beta-thalassemia patients who have donated their precious blood, and to ‘Day Hospital della
Talassemia e delle Emoglobinopatie’, (Ferrara Hospital) coordinated by MD Maria Rita

Gamberini, who has collaborated for a long time with Professor Gambari. Moreover,



Professor Alessandra Romanelli (Department of Pharmacy, University of Naples ‘Federico
Il’, Napoli) and her research team, synthesized PNAs employed for fetal haemoglobin

induction studies.

MLI122 and its analogues were kindly donated by Professor Francesco Sansone
research team, which for a long time has studied calix[n]arene scaffolds as cationic synthetic
vectors for DNA delivery. Moreover, PNA employed for PNA delivery experiments were
synthesized by Professor Roberto Corradini research team (Department of Chemistry, Parma

University).
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Non Coding RNA

Non coding RNAs (ncRNAs) are a class of RNA molecules that are able to regulate
gene expression at transcriptional or at post-transcriptional level. NcRNAs can be divided in
two main groups: short or small ncRNA, that are generally, less than 30 nucleotides in length,

and long ncRNAs (IncRNAs) that are characterized by a length of at least 200 nucleotides.

High-throughput sequencing and microarray analysis demonstrate that the alteration of
ncRNA profile is the base for different types of diseases. Cancer is only an example of
pathology in which ncRNAs dysregulation plays a key role. In particular, different works
correlate ncRNA profile with neoplastic phenotype or disease progression suggesting
ncRNAs not only, as biomarkers for diagnosis or prognosis but also, as targets for novel

agents in cancer therapy [Cowie et al., 2015].

1.1 Long non coding RNA

LncRNA are a class of protein non-coding RNAs with a length greater than 200
nucleotides, which transcripts generally, reside in the introns of protein-coding genes.
Currently, only a fraction of the thousands of mammalian IncRNA have been characterized.
Increasing evidences suggest that they are involved in a broad spectrum of biological
processes including cell proliferation, differentiation, apoptosis and stem cell self-renewal.
Owing to their ability to bind DNA and RNA they are able to modulate protein activity
[Quinn et al., 2015]. These regulatory RNAs are heterogeneous as regards characteristics,
localization and modes of action. The subcellular localization of IncRNA is considered a
good indicator of their mode of action [Kung et al., 2013]. LncRNA localized in the nucleus
are involved in gene regulatory processes, including promoter-specific repression, activation
of transcription or epigenetic gene regulation. Furthermore, several nuclear IncRNA were
found to regulate the maintenance of nuclear architecture, particularly, they seem to regulate
the abundance of nuclear structures called paraspeckles, that are involved in mRNAs
retention [Chen et al., 2009]. On the contrary, IncRNAs localized in the cytoplasm seem to
be involved in the post-transcriptional gene regulation processes like regulation of mRNA
stability, regulation of miRNAs accessibility or translation pathways [Yoon et al., 2013].

Increasingly strong evidences have proposed IncRNA as molecules with a key role in

13



neoplastic disease; in fact, these RNA molecules can act as oncogenes or as tumor
suppressor, depending on the signalling pathway in which they are involved. For example,
HOTAIR, one of the most studied IncRNA, in colorectal cancer (CRC) seems to be related
to tumor invasion and metastasis, indeed has been demonstrated that CRC patients with
higher HOTAIR expression have higher recurrence rates and shorter overall survival

compared with patients with lower HOTAIR expression [Wu et al., 2014].

1.2 Small non coding RNA

In the recent years, small non coding RNAs have emerged as key regulators of gene
expression in different pathways and a growing number of small regulatory RNA classes
have been discovered. MicroRNAs are still, the best-characterized class; however, other
small RNA molecules have been investigated, such as piwi-associated RNAs (piRNAs) and
small nucleolar RNAs (snoRNAs).

1.2.1 PiRNAs

PiRNAs (24-32 nucleotides in length) performed their main activity in the germline
where they target and repress expression of transposable and repetitive elements to maintain
genomic stability [Siomi et al., 2011]. They are processed from single-stranded RNA
precursors that are transcribed from intergenic repetitive elements called piRNA clusters.
Unlike miRNA, they are processed by a Dicer-independent mechanism. As the name
suggest, piRNAs are associated with PIWI proteins, which are germline-specific members
of AGO protein family. The association between piRNA and PIWI proteins forms the
piRNA-induced silencing complex (piRISC) that recognizes and silences complementary

targets RNA.

1.2.2 SnoRNAs

Small Nucleolar RNAs (snoRNAs) are well-conserved, abundant, short non-coding
RNA molecules, 60-300 nucleotides in length. They are localized in the nucleolus into
eukaryotic cells nucleus and are involved in the chemical modification of ribosomal RNA.

The majority of snoRNAs are encoded in the introns of protein coding genes and are
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transcribed simultaneously by RNA Polymerase Il [Sana et al., 2012]. Despite, they are
frequently used as reference genes in miRNA expression analysis, snoRNA are significantly

modulated in several diseases, including cancer.

1.2.3 MicroRNA

MicroRNAs (miRNAs or miRs) are a family of small (19-25 nucleotides in length)
non-coding RNAs that have a key role in the regulation of gene expression through the

inhibition or the reduction of protein synthesis. They will be discussed in detail in the chapter

2.
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MicroRNA

MicroRNA are non-coding small RNA molecules, found in both prokaryotes and
eukaryotes, that are able to negatively regulate gene expression at post-transcriptional level
by targeting mRNA. They were firstly introduced in 1993, when Lee [Lee et al., 1993] and
Wightman [ Wightman et al., 1993] independently reported that a small transcript: /in-4 binds
the 3’ untranslated (UTR) region of the C.Elegans gene lin-14, negatively regulating lin-14
protein expression. By this discovery several others miRs have been found, and at moment
the known human mature miRNAs registered in miRBase are 2588 (miRBase.org, release

21, June 2014), and probably, will continue to increase.

2.1 Nomenclature of miRNA

The complete name of a miRNA can be divided into three parts: the first part,
composed generally by three characters is referred to the species; ~sa (Homo sapiens), mmu
(Mus musculus) and cel (Caenorhabditis elegans) are only some examples. ‘miR’ is the
second part and it is universal, followed by the third part, that is a number, specific for every
miRNA sequence. At this general scheme can be added some others information for

example:

If two miRNAs with identical sequence are transcribed from different gene loci of
the genome, they get a second number, after the identification number: for example

miR-92-1 and miR-92-2.

- If two miRNAs differ only in one or two nucleotides, they get a character after the

number: for example, miR-200a and miR-200b.

- If both strands of miRNA duplex maturate the less abundant is marked by a “*’

- If the miRNA precursor is cleaved close to 5° end the miRNA name is followed by -

5p, instead if the cleavage is closer to the 3’ end the miRNA name is followed by -

3p.

16



2.2 microRNA Genes

MiRNA genes are distributed not randomly in human genome and have been found
in all chromosome except in Y chromosome [Ghorai et al., 2014]. As regard miRNA genes
location, it has been demonstrated that miRNA can be divided in two groups: intragenic
miRNA and intergenic miRNA. Intergenic miRNAs are located between genes and their
transcription is independent of coding gene, in fact they are generally transcribed by RNA
polymerase III (RNApol IIT). Moreover, some studies reported that intergenic miRNAs are
more evolutionary conserved than intragenic miRNA [Schanen et al., 2011]. Intragenic
miRNAs are embedded within exon or introns of protein-coding genes, so are co-transcribed
with their host genes by RNA polymerase II. Moreover, a small percentage of miRNAs have
been found to be interspersed among repetitive elements and transcribed by RNApol III.
MiRNA expression is regulated by transcription factors (TFs), enhancers and silencing
elements and the regulation is development- and tissue-specific. The protooncogene c-MYC
is only an example of transcription factor that is able to regulate miRNA expression
[O’Donnell et al., 2005]. MiRNAs are generally located in cluster or miRNA families such
as miR-200 family that presents two different clusters one in human chromosome 1, which
expresses miR-200a, miR-200b and miR-429, and a second cluster located in human
chromosome 12 which expresses miR-141 and miR-200c [Korpal et al., 2008]. MiRNA

clusters generally include miRNAs with the same target site or with the same function.

2.3 miRNA Biogenesis

The first step of miRNA biogenesis takes place in the nucleus, where the transcription
of miRNA gene locus by RNApol II or RNApol III generates a long primary RNA called
pri-miRNA, that can contain more than one miRNA sequence. MiRNA precursor is several
kilobases-long and presents a 7-methylguanosine cap in 5° position and a poly-adenyl tail in
3’. Pri-miRNA fold is into a hairpin, which contains a terminal loop, a stem (dsRNA) of
about 33 bp and two flanking regions of single stranded RNA. This structure is processed
by miRNA processor complex that is composed by Drosha and DGCRS8 (DiGeorge
syndrome critical Chromosome Region 8) also called Pasha (Partner of Drosha). Drosha is
a member of class II ribonuclease III proteins and presents an amino-terminal proline-rich
and serine-arginine- rich region responsible for the nuclear localization, a middle region that

interacts with DGCRS, two RNase III domain (RIIIDs) that interact with each other to make
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a dimer with catalytic activity, and a double stranded RNA-binding domain (dsRBD) [Han
et al., 2006]. In the first step (substrate recognition) DGCRS recognises the sSSRNA-dsRNA
junction (SD) and the 33 bp stem in the pri-miRNA followed by the interaction between

Drosha and DGCRS that activates the second step (catalytic reaction).

Pri-miRNA
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Figure 1: Pri-miRNA processing. DGCRS8 recognises the ssSRNA-dsRNA junction, then Drosha interacts
with the substrate for catalysis. Picture taken from Han et al., 2006.

Drosha interacts with DGCR8 anchored stem in a region that is 11 bp from SD junction and
cleaves the two strands generating a smaller hairpin-like miRNA precursor called pre-
miRNA, containing 2 nucleotides 3’ overhang. Exportin-5 receptor (EXP-5) associated with
RanGTP (Ran Guanosine Tri-Phosphate) recognises the 2 nt overhang of the pre-miRNA
and actively transports pre-miRNA from the nucleus to the cytoplasm [Bartel, 2004]. Once
in the cytoplasm, pre-miRNA undergoes to two important modifications: 1) urilydation or
less frequently adenylation, at 3’UTR and 2) methylation at 5’end. These modifications are
very important because affect the pre-miRNA stability and allow an accurate cleavage in the

following step [Park et al., 2011].
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Figure 2: Canonical pathways for miRNA maturation. After transcription, the initial pri-miRNA transcript
is processed by the Drosha/DGCR8 complex. The resultant intermediate precursor, pre-miRNA, is a 70-nt
hairpin that is exported from the nucleus into the cytoplasm by Exportin 5. In the cytoplasm pre-miRNA is
recognized by Dicer complex/miRNA-RISC-loading complex. Upon disassembly of the RISC-loading
complex, AGO protein has a key role in strand selection. Picture taken from Emde et al., 2014.
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A protein complex: RISC Loading Complex (RLC) binds to pre-miRNA to cleavage it. RLC

is composed by three principal elements:

- Dicer: an endoribonuclease that takes part of RNase III-family and is essential for
miRNAs maturation. Dicer presents several domains and between these, particularly
important is PAZ (Piwi/Argonaute/Zwille) domain that has two pockets: the first one
recognises and binds 2 nucleotides overhang at the 3’ of the pre-miRNA. The second
one, that is positively charged, binds the 5’ terminal, negative charged phosphate
group of the hairpin duplex [Macrae et al., 2006]. Moreover, essential for the pre-

miRNA cleavage are the two catalytic RNase III domains.

- Double-Stranded RNA-Binding Proteins (dsRBPs) bind one of Dicer domain,
generating a conformational rearrangement that results in Dicer activation.
Moreover, as Wilson and colleagues described, these proteins, in particular TRBP

(Tar RNA-Binding Protein) have an important role in strand selection [Wilson et al.,

2015].

- Argonaute-2 (AGO2) is a member of Argonaute family, which includes 8 different
proteins, but between these only one, AGO-2 presents catalytic nuclease activity,
while others one inhibit the translation, but the mechanism of action is at moment

not clear [Hock et al., 2008].

After the cleavage by Dicer miRNA duplex is transported by Dicer to one of Argonaute
proteins (AGO). The bind between miRNA duplex (5p strand-3p strand) and AGO is
possible thanks to Hsp90 (Heat Shock Protein 90) that mediates a conformational change in
AGQO, allowing the bond [Pare et al. 2009]. AGO-2 binds at N-terminal PAZ domain the
3’end of the guide strand (5p strand) of the miRNA duplex, starting the duplex unwinding.
Generally, the strand with the weaker bind at 5’end is chosen as guide strand, maybe because
duplex opening is easier there. The other one (generally, 3p strand) is normally degraded,
but there are several cases, in which is equally or even more important of 5p strand. The
mature single strand, AGO proteins, and several others, not fully understood, proteins are
part of a complex called miRISC (miRNA Induced Silencing Complex) that represents the

functional unit of miRNA-mediated gene regulation.
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2.4 miRNA Target Recognition

MiRNA associated with RISC in the miRISC complex is able to exert its function
through the recognition of its complementary sequence in target mRNA. Nucleotides in
miRNA sequence that are essential for the bond with the target mRNA, constitute the seed
region. Seed region generally takes place from the 2" and the 7" nucleotide on the 5’end of
the mature miRNA and in most of cases recognises a complementary sequence in the 3’UTR
of the target mRNA. However, is not uncommon that miRNAs can recognise target
sequences also in 5’UTR and in highly conserved sequences of the coding domain sequence
(CDS). If the role of miRNA targeting 3°’UTR is well characterized, the regulatory functions
of miRNAs targeting CDS or 5’UTR appear currently not completely clear [Brummer et al.,
2014] and the issue is still much debated. Some authors argue that gene regulation is less
effective when miRNA target sequence is located in the coding region [Marin et al., 2013]
or in the 5’UTR [Grimson et al., 2007]. In fact, these authors postulate that in the CDS is
possible that ribosomes displace RISC from the target site before RISC effects the
translational repression. Others, as Hausser and colleagues, demonstrate that CDS and
3’UTR target sites have, not only similar sequence and structure proprieties, but also present
similar efficiency in inducing translational repression of the mRNA; with an important
difference: miRNAs targeting 3’UTR are more effective in inducing mRNA degradation
[Hausser et al., 2013]. MiR-148 is only an example of miRNA that is able to down-regulate
its target (the protein DMNT3b) through the bond with the complementary mRNA in the
coding region [Duursma et al., 2008]. The seed sequence of miRNA can pair with target
mRNA in different ways. The canonical way takes place when the seed region pairs with

mRNA with 7 seed region nucleotides and

- the nucleotide opposite the 1** miRNA nucleotide is adenine (7mer-Al site)
- the 8™ nucleotide pairs with the opposite nucleotide (7mer-m8 site)

-in the first place is adenine and the 8™ nucleotide pairs (8mer site).

To predict miRNA possible mRNA targets several methods are available, even if, generally
the first step is a bioinformatics analysis through which is possible to predict miRNA targets
in silico. This kind of analysis uses bioinformatical algorithms that allow to analyse three

important parameters:

- Watson-Crick complementary between seed region of the miRNA and its target
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- Evolutional conservation of the sequence through the species

- Thermodynamic proprieties of the target mRNA
For this propose several software are free available such as TargetScan
(www.TargetScan.com), miRWalk (Wwww.umm.uni-heidelberg.de/apps/zmf/mirwalk). After

this first step the confirmation of in silico data must be performed.

2.5 miRNA detection techniques

The unique characteristics of miRNA, such as small size, low abundance and
sequence similarity among family members make miRNA detection very complex. Because
of the small miRNAs size, the GC content in miRNA sequences is very variable, leading to
a wide range of melting temperature (Tr). Also, short primers are required for Polymerase
Chain Reaction (PCR) leading to low oligonucleotide annealing temperature that causes the
decrease of hybridization stringency and the consequent increase of cross-hybridization risk
[Pritchard et al, 2012]. Furthermore, miRNAs represent only the 0.01% of total RNA [Dong
et al., 2013], so bioanalysis devices must be able to differentiate very small amount of
miRNA in the presence of total RNA. Another important characteristic to consider, is the
extremely variable abundance of miRNAs, that can vary from a copy to 50.000 copies for a
single cell [Bartel, 2004]. Currently a wide range of approaches have been explored for
miRNA profiling. Besides traditional methods strategies as RTqPCR (Quantitative Reverse
Transcription PCR), Northern Blot, microarray and RNA Seq, others strategies based, for
example, on Surface Plasmon Resonance (SPR) are emerging. All of them require different
sample input and present different Limit Of Detection (LOD) that is the lowest quantity of
analyte that can be distinguished from the blank value. Moreover, some of these techniques
present the ability to analyse multiple targets in the same run. It is important to underline
that sample processing and RNA extraction have a substantial impact on the results of

miRNA profiling.

2.5.1 Conventional Techniques
2.5.1.1 Quantitative Reverse Transcription Polymerase Chain Reaction

Actually is considered the gold-standard for miRNA detection, but it is used for

single or small panel, miRNA detection. This technique is characterised by a wide dynamic
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range, high sensitivity: few nanograms of total RNA are sufficient, high accuracy, low assay
cost and can easily provide absolute miRNA quantification [Baker, 2010]. The technique
relies on reverse transcription of miRNA to cDNA followed by quantitative real time

polymerase chain reaction, monitoring the accumulation of reaction product.
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Figure 3: PCR-based miRNA detection. Panel a: miRNA specific reverse transcription using stem-loop
primer followed by qPCR amplification using TagMan probe (Panel c). Panel b universal miRNA reverse
transcription and relative qPCR amplification using LNA primers and SYBR Green (Panel d). The Figure was
taken from Hunt et al., 2004.

Two main strategies are used for priming the reverse transcription of miRNA to cDNA: the
addition of a polyA tail at 3’ of all miRNAs by E.Coli poly(A) polymerase (PAP), followed
by reverse transcription using universal primers consisting on an oligo dT sequence. The
PCR product formation is then quantified using a dsDNA-intercaling dye, such as SYBR
Green [Pritchard et al., 2012]. Some researchers consider this method more suitable to
detect miRNA from small amount of starting material (for example plasma sample). Another
reverse transcription method is based on the use of stem loop primer: miRNA-specific
primers that reversely transcribe only a particular miRNA. Stem loop primers are designed

to contain 6-8 nucleotide overhang on the 3’ end that is complementary to target miRNA.
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After the hybridization between primer and the complementary miRNA the reverse
transcription extends from miRNA 3’ end. These kind of primers are able to differentiate
between mature miRNA and pre- or pri-miRNA and present more specificity thanks to the
optimization of Tm. Every stem loop primer can be recognized by a standard PCR primer, so
the PCR amplification is performed using a universal reverse primer that binds to the
conserved stem loop region of all RT products and a forward, miRNA-specific primer that
recognizes the 3’ and of the miRNA. To increase the specificity, the assay employs a
TagMan probe, that hybridizes in the region between the forward and reverse primer. In both
SYBR Green and TagMan detection method, the signal is measured as a function of cycle
number (CT). In order to use RTqPCR approach for miRNA profiling are commercially
available plates or cards that allows to analyse a small set of miRNA involved in a pathway
of interest, that partially solve the problem of multiplex analysis. The main drawback of
RTqPCR remains the complex primer design and the run to run variability in PCR
amplification, that makes necessary the use of internal controls, as housekeeping genes
[Peltier et al., 2008] or the spike-in of non-natural miRNA before RNA extraction step
[Sarkar et al., 2009].

2.5.1.1.1 Digital PCR

The concept of digital PCR was first introduced by Sykes in 1992, when he proposed
a PCR carried out in limiting dilution conditions, able to detect very rare targets [Sykes et
al., 1992]. Digital PCR is employed to quantify nucleic acid in absolute way thanks to the
partitioning of the analyte molecules into many replicate reactions at limiting dilution,
resulting in one or zero molecules for partition [Hindson et al., 2013]. The partitioned sample
is amplified by endpoint PCR and starting concentration of template is determined by
Poisson statistical analysis of the number of positive (containing amplified target) and

negative (no amplified target detected) partitions.

positive droplets

copies per droplet = —In(1 —

total counted droplets

The major advantage of the dPCR compared to Real Time PCR is the possibility to obtain
absolute quantification of the sample without external references. In the last years, several

dPCR platforms were developed, with two different partition methods. Companies as
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Fluidigm and Life Technologies divide the sample into chambers within specially designed

chips or plates. On the other hand, Bio-Rad and RainDance divide reagents and sample into

Make Droplets PCR Droplets Read Droplets Results

Figure 4: Droplet Digital PCR workflow. About 20.000 droplets are generated using Automated Droplets
Generator (AutoDG), droplets are amplified using a common thermal cycler. Droplets are analysed for their
fluorescence using QX200 droplets reader, applying Poisson law the number of starting copies/uL is
calculated. Picture taken from www.bio-rad.com.

individual droplets, which are water-in-oil emulsion [Baker, 2012]. Bio-Rad platform
divided the sample into about 20.000 nanoliters-sized, uniform droplets, and into each one
the amplification reaction is performed. Droplets are then analysed for their fluorescence
content and classified into positive or negative in order to apply Poisson law and quantify
the target. Digital PCR presents several applications included Copy Number Variation
detection (CNV assay), Rare Mutation Detection (RED Assay), Gene expression Analysis
(GEX Assay), single-cell analysis, detection of pathogen through the research of viral or
bacterial nucleic acids, and SNP genotyping. Digital PCR can be very useful in liquid biopsy
in which target molecules are present at very low concentration. In this case is possible to
quantify very diluted samples with high accuracy and without need of replicates. As well
demonstrated by Miotto and colleagues, ddPCR has been successfully employed in miRNAs
detection, in particularly way in miRNA sample extracted from plasma, in which miRNA
content is very low (less than 1 copy/uL) [Miotto et al., 2014]. Moreover, the same assay

employed in real time PCR can be used with minor changes in digital PCR technology.

2.5.1.2 MiRNA microarray

MiRNA microarray is well suited for parallel analysis of large numbers of miRNAs,
but presents low sensitivity and requires an RNA input, in the order of micrograms. MiRNAs

are tagged with fluorophore-labelled nucleotides using T4 RNA ligase, after the
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dephosphorylation of the 5° end. MiRNAs detection is allowed by the hybridization of
labelled miRNA with complementary ‘capture’ probes immobilized on a glass slide. The
miRNA expression levels are provided by a two channel fluorescent imaging. It was
demonstrated that T4 RNA ligase prefers some sequences to others, so it creates artefacts,

especially in degraded samples [Baker, 2010].
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Figure 5: Typical microarray work-flow. In the first step miRNA are tagged with fluorophore-labelled
oligonucleotide, than miRNA are recognised by complementary capture probes. Taken by Graybill et al., 2015.

In order to avoid these biases, different studies were performed to develop a labelled-free
method for direct miRNAs detection. For example Lee and co-workers set-up a new direct
miRNA detection method using short (about 10 nucleotides) LNA probes that not only
reduce the cross-hybridization between miRNAs but also is able to detect attomolar miRNA
concentration [Lee et al. 2011]. Generally, microRNA array is used to compare the relative
abundance of a large numbers miRNAs between two or more groups (for example healthy
versus disease status) and is considered a semi-quantitative method due to the absence of a
calibration curve. Moreover, microarray is characterized by low specificity, for this reason,
in most cases, microarray data need to be validated by other detection methods like RTqPCR

or northern blot.

2.5.1.3 Northern Blotting

Northern Blotting is used to identify and quantify specific miRNA since 1993 [Lee
et al., 1993]. The major limit is the high quantity of RNA required, generally in the range of
micrograms and the low sensitivity (nM-pM). For this reason, this technique is not the first
choice especially, for low abundance miRNA. Broadly, the technique includes a first
electrophoretic step in which RNA is separated on the base of size, followed by the transfer
to a positively charged nylon-membrane. MiRNA detection is achieved by hybridization
with labelled oligonucleotide probes. Different probe-labelling techniques have been

reported in the years: the most common is based on the incorporation of radio isotopes (*?P)
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to the probe [Valoczi et al., 2004]. In order to obtain more safe technique and to reduce the
time of exposure, several others labelling methods have been proposed such as Locked
Nucleic Acid (LNA) probes and hapten-labeled probes coupled with enzymatic reaction
methods [Ramkissoon et al., 20006].

2.5.1.4 RNASeq

This technique was made possible thanks to the advent of Next-Generation

Sequencing (NGS). The method is based on the preparation of miRNA cDNA library from
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Figure 6: RNA sequencing analysis. MiRNAs are reverse transcribed into a cDNA library, cDNA are than
immobilized into a solid substrate for data analysis. Taken by Graybill et al., 2015.

RNA of interest, followed by the parallel sequencing of millions of individual cDNA
molecules in the library, in the same run [Metzker, 2010]. Data are analysed by a
bioinformatic analysis that allowed to obtain a relative quantification of both known and
new miRNAs. The estimation of the relative abundance of a miRNA is given from the ratio
between the number of sequence reads for the miRNA of interest and the total reads in the
sample [Tian et al., 2010]. The major advantages of this technique are the detection of both
known and novel miRNA and the precise identification of miRNA sequence. One the other

hand, NGS is expensive and requires computational infrastructure for data analysis.
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2.5.2 Unconventional miRNA detection techniques
2.5.2.1 Biosensors methods

Biosensors are analytical devices that integrate biological sensing elements (probes,
antibodies, enzyme) with a physical transducer (in most cases optical or electrochemical)
whereby the interaction between the target and the recognition-molecule is translated into a
measurable electrical signal [Long et al., 2013]. A large number of works were performed,
in the last decade, regarding miRNA detection using biosensors, introducing new signal
transducer, new type of capture sequences and new signal amplification strategies. However
the most of works are characterized by low levels of multiplexing; in fact most of these,
analyse only 2-3 miRNAs at a time. Between biosensors, the most promising for miRNA

detection are electrochemical and optical devices.

2.5.2.2 Electrochemical Biosensors

Electrochemical sensors represent a great promise for multiplexed miRNA analysis.
Different research team set-up electrochemical sensors with different characteristics, but
generally the basic structure of the sensor is constituted by a electroactive hybridization
indicator and a solid electrode with a immobilized short single stranded nucleotide probe
[Hamidi et al., 2013]. The signal for detection is produced by the interaction between the
immobilized probe (cationic species) and the complementary miRNA (anionic species)
sequence. Generally, the detection is achieved through the measurement of redox signal or
a change in capacitance. Various approaches are continuously investigated in order to
improve the sensitivity of this kind of devices, that is generally in the range of attomolar or
femtomolar [Tosar et al., 2010]. Yang and co-workers propose an electrochemical biosensor
in which gold nanoparticles are used to enhance miRNA detection. They used a sandwich
model, composed of two probes: AuNPs probe hybridized to the complementary target
miRNA and a biotinylated capture probe. The hybridization complex is immobilized on a
streptavidin-coated micro-plate surface. The signal of adsorbed AuNPs is enriched by silver
and is recorded by a microplate reader. Authors declare a LOD of 10 fM miRNA starting
from 2 nanograms of total RNA [Yang et al, 2008].
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2.5.2.3 Optical Biosensors

Optical detection methods have recently become attractive for miRNA expression
analysis because of their high sensitivity, dynamic range and multiplexing capabilities.

Moreover, optical devices have been known to be less susceptible to interference from
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Figure 7: Optical biosensor. Optical biosensor is an analytical device that integrates a biological sensing
element with a physical transducer, whereby the interaction between the target and the bio-recognition
molecules is translated into a measurable electrical signal. Taken from Long et al., 2013.

matrix components than electrochemical devices and are ideally suited to direct miRNA
detection with minimal purification requirements. A wide range of optical detection methods

have explored, here are summarized some of the most interesting, considering LOD.

2.5.2.4 FRET approach

Foster Resonance Energy Transfer (FRET) is one of the most common methods to
obtain a ‘on/off” detection scheme in which the fluorescent signal is ‘off” when no target is
present and ‘on” when target miRNA is present. A simple FRET approach was presented by
Wu and co-workers, in this case a fluorescently tagged DNA capture probe was hybridized
with a quencher. In the presence of the target, the quenching strand is displaced activating
the fluorescent signal. Wu and colleagues obtain a LOD of 1fM and a dynamic range of 4
orders of magnitude, but also a high false positive rate [Wu et al., 2014]. The detection
strategy developed by Wu is stoichiometric: a single miRNA molecule led to a single
fluorophore being turn ‘on’. In order to achieve better gain, was studied a technique in which
a single miRNA can led to multiple fluorophore signatures using a Duplex-Specific Nuclease

(DSN). The enzyme recognizes and cleaves the DNA:miRNA duplex that is employed to
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detect miRNA, releasing the fluorophore to induce a detectable signal and at the same time
after the cleavage, the miRNA is free to bind to another DNA capture probe to repeat the
process [Yin et al., 2012]. In this way a single miRNA can bind thousands of capture probes

increasing the signal levels (LOD 1 fM, range of 5 orders of magnitude).

2.5.2.5 ECL approach

Electrochemiluminescence (ECL) can be used to obtain an optical signal directly
proportional to miRNA concentration in the sample. In this case the presence of the target
causes a luminescent response in presence of ECL reporter molecule. The main advantage,
compared to FRET, is the elimination of background fluorescence due to interfering species
in solution. Using ECL approach a single miRNA was successfully detected in three
different cell lines, obtaining a LOD of 100 pM and a dynamic range of 3 orders of
magnitude [Liu et al., 2014].

2.5.2.6 Silicon photonic microring resonance approach

Recently Graybill and co-workers developed a new miRNA detection technique
using a reverse transcription-enabled enzymatic signal enhancement strategy associated with
silicon photonic microring resonators. This method not only avoid PCR amplification step
but also, is able to analyse at least seven miRNAs per sample. When miRNAs bind the sensor
surface, they generate a change in the refractive index and consequently a resonance shift,
which is directly proportional to the number of molecules that are bound to the sensor
surface. In order to enhance the target miRNA signal, Graybill propose a sandwich-based
protocol that uses the reverse transcription to create a cDNA that is subsequently detected
using horseradish peroxidise reaction. The reverse transcription is performed using stem
loop primers. A biotinylated tag sequence of DNA, complementary to the universal stem
loop region (in this way is possible to avoid the need of multiple tagging sequences)
hybridize cDNA. The hybridization is performed at 72°C to allow the linearization of the
stem loop sequence, that is now able to bind the DNA capture probes on the microring
sensors. After the bond formation a streptavidin-HRP conjugate is flowed across the sensor
surface and the reaction between HRP and a solution of 4-CN (4-chloro-1napthol) causes

the formation of precipitates that shift the resonance wavelengths. The shift is measured in
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A picometers and is directly proportional to the concentration of miRNA in the sample

[Graybill et al., 2016].

2.5.2.7 SPR and SPRI approach

Surface Plasmon Resonance (SPR) is a label-free detection method emerged in the
last two decades and used to study biomolecular interactions. SPR occurs when a photon of
incident light hits a metal surface (generally made of gold). At a certain angle of incidence,
a portion of the light energy couples through the metal coating with the electrons in the metal
surface layer, which then move due to excitation. The movements of electron, called
plasmon, propagate parallel to the metal surface [Nguen et al., 2015]. The SPR angle, at
which resonance occurs, depends on the refractive index of the material near the metal
surface, so when biomolecule attachment occurs there is a small change in the reflective
index and the plasmon cannot be formed. The signal change is described using Resonance

Units (RU). The principal obstacle in the development of SPR based biosensor for miRNA
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Figure 8: Surface Plasmon Resonance (SPR) biosensor. (A) in SPR a incident light is employed, (B)
spectrum of reflected light before and after refractive index change, (C) analyte-biorecognition elements
binding on SPR sensor surface, (D) refractive index changes caused by the molecular interactions.

detection is the small miRNA size. Due to their short size, miRNA hybridization doesn’t
cause a significant change in refractive index in the sensor surface, for this reason several
strategies to improve the signal have been developed. Generally, the increase of the signal is

obtained using a high mass recognition element that is able to bind the probe-miRNA duplex
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[Vaisocherova et al., 2015]. Another important step can be achieved with SPRI, in which a
multi-sample analysis can be performed using a biochip. The chip is prepared in an array
format, in fact it contains several spots (in some case, more than four hundred), and in each
spot a SPR reaction is performed. A broad-beam monochromatic polarized light from a laser
diode, set at a specific wavelength, illuminates the chip and through a high resolution video
CCD camera is possible to detect changes in all spots present in the chip, achieving

information about molecular interaction in real time [Scarano et al., 2010].

2.6 Circulating miRNA

Recently it has been demonstrated that miRNAs are stably present in several body
fluids such as blood, saliva, urine, milk and stools [Chim et al., 2008; Weber et al., 2015].
Moreover, extracellular miRNAs are very stable, even after long term storage of samples.
The function of circulating miRNA (cmiRNA), at the moment, is not well established, some
groups postulate that miRNAs are physiologically released by cells maybe as a ‘mechanism
of communication’ both with cells that are in the immediate vicinity or with far sites and
with others types of cells. Indeed, other groups sustain that cell-free miRNAs are only waste
which enter into body fluids as consequence of cell death [Turchinovich et al., 2012].
Instead, no doubts are there about cmiRNAs involvement in disease, in fact, it is clear that
the cmiRNA profile is very different between physiological and pathological condition. Due
to their easy sampling and their good stability in body fluid, circulating miRNAs are

considered between the best candidates as biomarkers for non invasive diagnosis techniques.

2.6.1 Circulating miRNA release

Cellular machinery involved in miRNAs packaging and release is not still well
understood, all researchers have assumed that miRNAs must be packaged in some way to
avoid nuclease degradation in body fluids. This assumption is supported by the evidence that
if a synthetic miRNA is added into a body fluid, it is immediately degraded by RNase
[Turchinovich et al., 2011]. Several mechanisms of cmiRNA protection have been proposed
and all of them seem to be valid, but at moment it has not been identified a release

mechanism that prevails on the others, maybe because the mechanism depends on several
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Figure 9: Possible miRNA export pathway. Multiple subclasses of miRNA carrier have been identified in
serum, including three types of membrane-derived vesicles: exosomes, micro vesicles and apoptotic bodies.
Additionally, lipoproteins such as high-density lipoproteins (HDL) can incorporate miRNA, and
ribonucleoproteins such as AGO2 bind miRNAs. Taken from Coenen-Stass et al., 2015.

factors such as miRNA sequence, cell type, physiological or pathological condition and
every mechanism has its specific biological role. Some proposed mechanisms require the
inclusion of miRNA into lipid membranes as extracellular vesicles (EVs), exosomes or
microvesicles, even if Wang and co-workers demonstrate that the large majority (about 90%)
of miRNAs released from cells are vesicle-free and are frequently associated to
ribonucleoproteins [ Wang et al., 2010; Wang et al., 2011]. Subsequently, Turchinovich and
colleagues clarify that vesicle-free miRNA are associated with AGO proteins [ Turchinovich
et al., 2012]. In addition, some miRNAs, as miR-126, were also identified into apoptotic
bodies [Zernecke et al., 2009] or associated with high-density lipoprotein (HDL) [ Vickers et
al., 2011].

2.6.1.1 MiRNA vesicular carrier

Extracellular vesicles is a generic name to indicate all membranes that encapsulate
particles and are released by cells. They can further be classified following different

parameters such as size, biological function or biogenesis pathway. Referring to their
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biogenesis, EVs can be classified into three types: exosomes, microvesicles and apoptotic

bodies.

- Exosomes: are small lipid bilayer vesicles, about 30-120 nm in size, originated from
in-budding of endosomal membranes, which in turn form multi-vesicular bodies
(MVBs). MVBs contain intra-luminal vesicles, including exosomes, which are
released in the extracellular environment after the fusion between MVBs and cell
membrane [Diana et al., 2017]. Exosomes contain lipids, proteins, more of these
involved in their biogenesis, and RNAs. Baglio and co-workers reported that in
exosomes not only miRNA are present, but also tRNA, but its function is at the

moment unknown [Baglio et al., 2015].
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Figure 10. MiRNA vesicular carriers. MiRNAs can be included into exosomes, micro vesicles
and into apoptotic bodies.

- Microvesicles: are formed directly from cellular membrane outward budding and
fission and then released into extracellular space [ Chari et al., 2010]. They have a
size generally up to 1000 nm. The function of microvesicles depends on the cargo
they carry, that, in turn, is dependent on the cell type from which they originate. In
microvesicles were found proteins, included transmembrane proteins as integrins or

surface receptors, and both coding and non coding RNAs.
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- Apoptotic bodies: are formed during the process of programmed cell death, also in
this case they are originated by cellular membrane, but they differ from
microvesicles for their size which can reach 2 um and also for their high content of

exposed phosphatidylserine and fragmented DNA.

MiRNAs export through EVs is positively regulated by the protein sphingomyelinase
(nSMase2) which is involved in EVs biogenesis. Several studies demonstrate that
nSMase? inhibition reduces miRNAs export in vesicles [ Trajkovic et al., 2008], but it is
not the only one, others proteins as ALIX or ESCRT present similar effects [Raiborg et
al., 2009]. Studies demonstrate that miRNA profile into EVs is dependent to miRNA
post-transcriptional modifications; for example 3’end uridylated miRNAs are more
frequently secreted into EVs than 3’end adenylated, that are retained into cells [ Koppers-
Lalic et al., 2014]. Several others motifs, called EXOmotifs were found to be very
frequent in EVs released miRNAs, as the sequence GGAG [Villarroya-Beltri et al.,
2013]. At the moment the knowledge about EVs internalization by cells is very limited,
a variety of endocytic pathways have been described, due to the EVs heterogeneity is
very probable that EVs internalization is mediated by multiple uptake mechanisms,
depending on protein and glycoprotein composition of the EVs and target cells surface

[Tian et al., 2013].

2.6.1.2 miRNA non vesicular carrier

Three independent research groups, using different methods for miRNAs separation,
conclude that the large majority of miRNAs are not associated in vesicles, despite this, they
result protected against RNase [Wang at al., 2010; Arroyo et al., 2011; Turchinovich et al.,
2011]. They conclude that miRNAs are in some way protected by degradation, and
hypothesize that they form complexes with proteins. Non vesicular miRNA carriers include

two kind of proteins: lipoproteins and ribonucleoproteins.

- Lipoproteins: lipoproteins form a mono lipid layer with a hydrophobic core, in which can
be contained water-insoluble molecules, that result in lipoprotein particle of about 8-12 nm
in size. HDL lipoproteins are the principal lipoprotein able to vehicle miRNAs, but some

studies reveal that also LDL proteins carry miRNAs even if much lesser than HDL [Vickers
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et al., 2011]. Between miRNAs, for example miR-223 was identified as one of the most

abundant in HDL complexes [Wagner et al., 2013].

- Ribonucleoproteins: several proteins have been shown to carry miRNAs, the most
abundant is nucleophosmin 1 (NPM1) a 33 kDa protein that was shown by Wang and
colleagues to stabilising synthetic miRNAs in presence of RNase A [Wang at al., 2010].
Other proteins as AGO1 and AGO2 were shown to be associated with miRNAs.

2.6.2 Circulating miRNA as clinical biomarkers

All studies demonstrate a correlation between a specific miRNAs profile and human
pathologies, suggesting miRNAs as a new class of biomarkers. As biomarkers miRNAs
present several advantages including stability, specificity for certain physiological or
pathological condition and the possibility to be accessible with non-invasive methods. Of
course, there are still several pitfalls to solve as the standardization of sample preparation,
quality control of samples and data normalization. MiRNA biomarkers can be divided into
two classes: miRNAs originating from tissue or cell injured which have not active role in
disease process but are considered only as signal of injury. For example, miR-133, miR-208
and miR-499 are miRNAs well expressed in heart muscle, and a high release of these
miRNAs in blood has been shown after cardiac infarct [Corsten et al., 2010]. Instead,
miRNAs that are considered to have an active role in disease process are part of the second
class. For example, miR-126 have been shown to be altered in diabetes 2, and its alteration
was shown before disease manifestation, suggesting that miR-126 can be involved in disease

process [Zampetaki et al., 2010].

2.7 miRNA and cancer

A large number of evidences demonstrate that miRNAs and more generally, ncRNAs
have functional roles in both physiological and pathological processes, regulating the
expression of their target genes. In the recent years miRNAs were demonstrated to play a
crucial role in cancer, in particular way, they are involved in cancer initiation and
development, in the metastasis formation and also in the drug resistance. In addition,
miRNAs can be considered as biomarkers for cancer diagnosis and prognosis [Cho et al.,

2010]. MiRNAs expression profile differs, not only from normal and tumor tissues, but most
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importantly differs from tumor types and cellular differentiation status. One of the first
demonstration of the correlation between cancer and miRs, was presented by Calin and
colleagues in 2002 [Calin et al., 2002], when they demonstrated the correlation between
miR-15a and miR-16-1 down-regulation and chronic lymphocytic leukaemia. Depending on
their function, miRNAs can be divided into two groups: tumor-suppressors miR and onco-
miRNAs [Cho et al., 2007]). Tumor suppressor miRNAs enhance genes involved in
apoptosis, tumor suppression and decrease genes with oncogenic activity, while onco-miRs

enhance proliferation, angiogenesis and invasion reducing tumor suppressor mRNA.
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Figure 11: Onco-miRNA e tumor suppressor miRNA in tumorigenesis. Taken from Nagy et al., 2015.

This classification is not so definitive; in fact, in some cases the same miRNA can have
tumor suppressor function in a tissue while in another one presents oncogenic function. Is
the case, for example, of miR-24: its over-expression reduces cell proliferation and invasion
in CRC [Cao et al., 2014], while in hepatocellular carcinoma its inhibition reduces tumor
proliferation. The number of cancer-related miRNAs is extremely high, and is certainly
going to increase, in the next years, thanks to the introduction of more sensitive technology

and new miRNAs discovery.
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2.8 Therapies targeting miRNA

Recently, miRNAs and the protein machinery involved in their biogenesis and

activity have become targets for new therapeutic approach in several diseases. MiRNA

regulation represents a very attractive field of application in the last years and this is

confirmed by the high number of published patents. In fact, as Christopher and co-workers

review the annual number of US and European published patents applications and issued

patents related to miRNAs is close to 500 [ Christopher et al., 2016]. The number of miRNA-

based therapeutic molecules that are in clinical trials is very limited and is summarized in

the following Table.

Target miR  Disease Chemistry  Effect Stage

miR-122 HCYV infection Anti-miR Reduction in viral plasma RNA levels Phase IT a

miR-10b Glioblastoma Anti-miR Blocks cell cycle and induces cell death Preclinical

miR-221 HCC Anti-miR Delayed tumor progression Preclinical

miR-21 Renal fibrosis Anti-miR Redu.ced expression of extracellular matrix Preclinical

proteins

miR-33 Atherosclerosis Anti-miR Regulation of cholesterol homeostasis Completed

miR-34 Liver cancer Mimic Reduction of oncogene expression Phase I

miR-155 Haem atolqglcal Anti-miR Reduced aberrant cell proliferation Completed
malignancies

miR-92 P.erlpheral artery Anti-miR Pmproved functional recovery of damaged Preclinical
disease tissue

. Myocardial . .

miR-15 . . Anti-miR Reduces heart muscle cell death Preclinical

infarction

Table 1: MiRNA-based molecules in therapy. Taken from Christopher at al., 2016.

This new therapeutic approach can have two possible goals: the inhibition or the restore of

miRNA activity, depending on miRNA function.
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2.8.1 MiRNA replacement therapy

This kind of therapeutic approach is based on the use of molecules that are able to
restore physiological levels of miRNA and is particularly useful for example to increase
levels of tumor suppressor miRNAs. The use of miRNA mimics presents several advantages:
one of the most important is that these molecules present the same sequence of the
endogenous miRNA, so they are expected to target the same mRNA, and non-specific off
target effects are expected [Bader et al., 2010]. Moreover, every miRNA presents several
targets, so using a single molecule is possible to influence several pathways. On the other
hand, the delivery of miRNA mimic is not cell-specific and the accumulation of exogenous
miRNA in not-affected cells may influence physiological cellular functions. At the moment,
no significative data are available, about miRNA mimics toxicity in in vivo models. One of
the most studied way to replace physiological miRNA levels is the use of expression vectors
carrying miRNA sequence. For example, miR-26a levels were restored in hepatocellular
carcinoma cells using an adenoviral vector [Kota et al., 2009]. In other cases, synthetic
miRNA mimic are delivered into cells. As Wiggins and colleagues propose the delivery of
a synthetic miR-34a mimic is able to restore miR-34a levels and consequently inhibits lung
tumor growth in mouse models [Wiggins et al., 2010]. In some disease, as in cancer, was
observed a global miRNA down-regulation, in this case the use of a single miRNA mimic
molecule is not sufficient, and a therapy that is able to restore the global ‘miRNAome’ may
be required [Esteller, 2011]. At this propose a molecule called enoxacin was studied for its
ability to promote miRNAs processing. Enoxacin has been tested both in cancer cell lines
and in in vivo models where was shown that it is able to restore the physiological miRNAs

expression pattern, with no effects in normal cells [Melo et al., 2011].

2.8.2 MiRNA inhibition strategies

MiRNA inhibition strategy involves the use of molecules with sequences
complementary to the endogenous miRNA in order to inhibit miRNA function. Several types
of molecules are able to perform this function and each of them presents different chemical
modifications in order to enhance miRNA affinity. Some of these molecules act trapping
endogenous miRNA in a configuration that can not be processed by RISC, in other case can

be use molecules that induce miRNAs degradation.
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2.8.2.1 Anti-miRNA Oligonucleotides (AMOs)

The therapeutically inhibition of miRNAs function is based on the use of Anti-
MiRNA Oligonucleotides (AMOs) a heterogeneous class of molecules that present a
sequence complementary to their target, miRNA. The most important features of these kind
of molecules are the specificity and the high binding affinity with RNA. The bond between

miRNA and the complementary AMO results in miRNA function inactivation as miRNA 1is
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Figure 13: AMO strategy. Reduction in miRNA content can be
obtained using anti-miRNA oligonucleotides (AMOs).

no longer able to bind its natural target. In the last years several modifications were
performed in order to obtain increasing specificity for miRNA. One of the most successful
modification leads to the design of Locked Nucleic Acids AMOs. Locked Nucleic Acids
(LNA) are RNA analogs in which the ribose ring is ‘locked’ by a methylene bridge,
connecting the 2°-O atom and the 4’-C atom. They contain the common nucleobases that
appear in DNA and RNA and are able to form base pairs according to Watson-Crick base
pairing law. LNAs modification leads to a thermodynamically stronger duplex formation
and the bound between the LNA AMOs and miRNA results in inhibition of miRNA function
[Weiler et al., 2006]. Levels of miR-155 were significative decrease in mouse models of B-
cell Lymphoma, using a 8mer complementary LNA [Zhang et al., 2015]. In the most of cases
silencing a single miRNA is not sufficient, for this reason, recently several researchers try

to produce a Multiple-Target anti-MiRNA Oligonucleotide (MTgAMO) that is able to
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inhibit at same time, several miRNA, using a single molecule [Lu et al., 2009]. Lu and co-
workers synthesize an MTgAMO that is able to target at same time three onco-miRNAs:

miR-21, miR-155 and miR-17-5p that are over-expressed in several types of tumor.

2.8.2.2 MiRNA sponges

MiRNA sponges are vectors containing multiple artificial miRNA binding sites,
under the control of strong promoters [ Esteller, 201 1]. In this way, after the transfection, this
vector is able to express high quantities of target multiple transcripts, which will be bind by
the miRNAs, preventing the association between the miRNA and its natural target. The
major advantage is that this kind of molecule is able to block a whole family of related
miRNAs. For example, Ma and colleagues used this strategy to recruit miR-9, involved in
the reduction of E-cadherin protein production that results in tumor metastasis [Ma et al.,

2010].

2.8.2.3 Peptide Nucleic Acids (PNA)

Peptide Nucleic Acids (PNA) are synthetic oligonucleotide that are able to bind with
high specificity and affinity for target DNA or RNA molecules. A more detailed discussion

about PNA will be present in the following chapter.

2.9 MiRNA delivery

One of the major obstacles in the miRNAs based therapy is the delivery of miRNA
or miRNA-targeting molecules. Several problems have been encountered in miRNA
delivery as poor in vivo stability, inappropriate biodistribution, disruption and saturation of
endogenous RNA machinery [Zhang et al., 2013]. Elaboration of miRNA delivery systems
is essential for clinical application of miRNA-based therapy, in fact delivery systems not
only allow cells internalization of the molecules, but also stabilize miRNAs and prevent their
degradation. Even if viral vectors are at the moment the most efficient vehicles, safety
concerns limit their employment and focus the attention of researchers to non-viral
approaches. Between non-viral strategies, lipid-based delivery is probably the most used and

consists in a mixture of cationic lipids and helper lipids (for example polyethylene glycol:
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PEG or 1,2- dioleoylphosphatidylethanolamine: DOPE). Positive charges of cationic lipids
interact electrostatically with negative charged nucleic acids to form lipoplexes that are
internalized by cells through endosomal pathway [Piao et al., 2012]. Liposomes are
routinely used in laboratory practice to perform miRNA or siRNA transfection.
Lipofectamine ® (Invitrogen) or Siport ® (Ambion) are only two common examples.
Despite a big optimization have been reached as regard loading capacity and delivery
efficiency, the major limit is still the toxicity. Several examples of miRNA in vivo delivery
using lipoplexes have been reported. Wu and colleagues employed lipoplexes to deliver
miR-29a both in vitro and in vivo (murine xenografts) models of lung cancer, reaching an
increase of miR-29a content of about five fold. To reduce toxicity and have a more
biocompatible system, exosomes have been proposed as miRNAs vehicles. In term of
composition exosomes are similar to liposomes, both in fact present bilayered phospholipids
but are cells themselves to produce them. Exosomes are small membrane vesicles, in which
endogenous miRNAs are physiologically encapsulated to prevent their degradation in body
fluids. Generally, miRNAs are introduced into exosomes through electroporation of mature
exosomes. Ohno research group isolated exosomes from HEK?293 cells and introduced into
them synthetic miR-let-7 that has been delivered in epidermal growth factor receptor
(EGFR)-expressing breast cancer cells [Ohno et al., 2013]. More importantly Alvarez-Erviti
and co-workers demonstrate that exosomes functionalization with neuron-specific RVG
peptide are able to cross the blood-brain barrier in mouse models opening a new field for the
miRNA-based treatment of brain diseases [Alvarez-Erviti et al., 2011]. Other kinds of
vehicle are borrowed by DNA delivery as the polymer polyethylene imine (PEI) a positive
charged molecule that interact with anionic polysaccharides on cell membranes. Moreover,
studies demonstrate that PEI facilitates miRNAs release from endosomes thanks to their
disruption due to an influx of hydrogen ions and water into endosomes [Boussif et al., 1995].
Interestingly, PEI functionalized with RVG peptide transports through the blood-brain
barrier miR-124a, even if, unfortunately no functional effects were found [Hwang et al.,
2011]. Likewise, PolyLactic-co-Glycolic Acids (PLGA) a family of water insoluble
polymers have been employed mostly for antagomiR molecules transfection because of their
ability to protect nucleic acids from degradation and their high loading capacity. Even these
carriers give good results in in vivo models in which have been transfected a PNA against
miR-155 [Babar et al., 2012]. Often miRNAs can be complexed with nanoparticles.
Materials it constitutes nanoparticles are very heterogeneous but all are monodispersed

particle size and present optical proprieties. Two well-known examples are silica
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nanoparticles and gold nanoparticles [Crew et al., 2012]. As regard silica nanoparticles
miRNA-based molecules are entrapped into the nanoparticles in a non-covalently way and
then are released following the hydrolysis of the matrix. Nanoparticles are functionalised
with receptor-targeting ligand that is essential for the interaction with cells surface and
internalization. GD2 (disialoganglioside) has been employed as receptor-targeting ligand for
the delivery of miR-34a into neuroblastoma cells [Tivnan et al., 2012]. For both, even if the
transfection has been shown to be efficient, several doubts relative to their toxicity and

clearance are still present.
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Liquid Biopsy

Biopsy is a medical procedure in which a sample of cells or tissue is extracted and
analysed in order to determine the presence of a disease and to guide the subsequent
therapeutic approach. Biopsy techniques are very different and generally depend on disease

site.
3.1 Traditional Biopsy Technique

Tumor biopsy is an essential tool for cancer diagnosis, prognosis and prediction of
response to the treatment. There are four principal biopsy methods: surgical biopsy, needle
biopsy, endoscopic or laparoscopic biopsy, and sentinel lymph biopsy. In surgical biopsy we
can distinguish two major cases: excisional biopsy, in which the entire tumor is removed or
incisional biopsy where only a small part of the tumor is removed. Surgical biopsy is the
procedure that provide the greatest amount of tumor tissue, but is, also, most invasive
technique, costly, frequently can lead to clinical complications [Overman et al., 2013] and
obviously is not well-accepted by the patient. Needle biopsies include Fine Needle
Aspiration Biopsy (FNAB) and Core Needle Biopsy (CNB). Both FNAB and CNB are less
invasive and safer than surgical biopsy because the tissue collection is performed through a
needle. In FNAB a very thin needle (23-25 gauche) is employed, but in this case the collected
cells do not preserve their initial structure, while CNB is performed using slightly larger
needle, that allows to collect cells in their natural state. Both techniques provide small tumor
sample, which is not totally representative, because is only a small area of a single tumor
and the heterogeneity of tumor tissue is not well established [Jamal-Hanjani et al., 2015].
In either FNAB or CNB, the needle can be guided by imaging test such as ultrasound or CT
scan. Endoscopic biopsies are performed using an endoscope a thin, flexible and lighted
tube, with a video camera on the end that can take pieces of tissue. Sentinel node biopsy is
a common way to evaluate if the cancer has spread to lymph nodes [ww.cancer.org].
Traditional biopsy present several limits: the greatest limit is that sampling of a single area
of the tumor does not reveal all present mutations, moreover, cancer can readily mutate, so
would be useful monitoring the tumor at frequent intervals to evaluate treatment response or
changing in tumor features and it is not possible with these invasive methods. Another

important point to consider is that generally, biopsy samples are formalin-fixed and paraffin-
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embedded for preservation, but this techniques can alter DNA and RNA making difficult
routine analysis such as RTqPCR.

3.2 Liquid Biopsy

It is now well known that the heterogeneous cells within the tumor constantly, release
into body fluid a large number of biomolecules, as DNA, RNA, proteins, peptides and
metabolites, that can be free, protein- or lipid-bound or contained in extracellular-vesicles.
These molecules, called biomarkers, can be used as diagnostic or prognostic tools, or as tools
to evaluate the response to the therapy. Liquid biopsy proposes the analysis of circulating
biomarkers as an alternative to traditional tissue biopsy, reducing the invasively and offering
a representative sample of the entire tumor. Moreover, this technique is simpler and well-

tolerated by the patient.
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Figure 14: Liquid biopsy. Body fluids are a source of several types of biomarkers that can be detected
and measured qualitatively and quantitatively. Taken from Dakubo, 2016.

3.2.1 Body Fluids

Body fluids are fluid normally produced by physiological body functions, as blood
or cerebrospinal fluids or waste products, as urine. Moreover, the list of body fluids includes:
saliva, sweat, tears, broncho-alveolar fluids, seminal fluids and several others, but fluids
commonly assayed for systemic conditions are generally, blood, urine and saliva. The main

concerns of body fluid analyses is the low copy number of target and possible biomarkers
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degradation due, for example, to nuclease. For this reason sample collection and
management is a key step to avoid pre-analytical variables that can lead to diagnostic
inaccuracies. Despite in the world there are millions of biospecimens, stored in biobanks,
there is not yet standardized protocol for collection, process and storage of bio-sample to

maintain biomarkers integrity.

3.2.1.1 Plasma

Blood is the most investigated body fluid for disease biomarkers, probably because
all cells in the body and all tissue biomarkers are represented in this fluid. Blood is a fluid
connective tissue, which primarily function is the distribution of nutrients and oxygen to
cells and the removal of waste material and carbon dioxide (CO.) from cells. It is composed
by cells (erythrocytes, leukocytes and platelets) and by an extracellular matrix called plasma.
Plasma is composed for the 90% by water in which are dissolve proteins, electrolytes
nutrients, hormones, enzymes and dissolved gases. Plasma is obtained by blood
centrifugation; in fact, after the centrifugation blood gives three different layers: the top layer
is plasma, the middle thin layer is composed by leukocytes and platelets and the lower one
contains erythrocytes. Because of the absence of cells, plasma is an optimal sample for the
investigation of cell-free biomarkers. Following standard protocols to obtain plasma, blood
is collected by venipuncture or by phlebotomy, in EDTA (ethylenediaminetetraacetic acid)
tube and processed within an hour after the collection. There are several protocols for plasma
isolation, usually plasma is obtained by a first low-speed centrifugation followed by higher-
speed spin to remove remaining blood cells without lysis [ Chiu et al., 2001]. Plasma is, then,

frozen at -80°C for further analysis.

3.2.2 Liquid biopsy in cancer management
3.2.2.1 Cancer Biomarkers

The National Institute of Health defines a biomarker as a ‘characteristic that is
objectively measured and evaluated as indicator of normal biologic process, pathogenic
process or pharmacologic response to therapeutic intervention [Biomarkers definitions
working group, 2001]. Cancer biomarkers have a wide range of applications: they can be

used for familiar risk assessment, screening of target population before the disease
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Figure 15: Tumor-linked molecular markers. Cancer cells release tumor markers in blood through various
physiological events as apoptosis, secretion and necrosis. Taken from Bellassai et al., 2016.

occurrence, early cancer detection, differential diagnosis, prognosis, selection of patient for
specific target therapy or monitoring for therapy response. An ideal cancer biomarker should
accurately predict what is intended for and should have some minimal features like: be
present at early stage of the disease, high sensitivity and specificity, be easily measurable
with no-invasive methods and be cost-effective. Cancer biomarkers can be classified in
several ways, one of the most useful is the classification based on their clinic and research

application:

- Risk assessment: these kind of biomarkers change in the early development of cancer,
for this reason are used as alarm of impending cancer development. Alterations in
body fluids of these biomarkers indicate higher risk of cancer-onset for this reason
are used as screening tools in high-risk population. KRAS mutations for colorectal
cancer [Arrington et al., 2012] and BRCA for breast and/or ovarian cancer are only

two examples [Katapodi et al., 2011].

- Early detection and diagnosis: these biomarkers provide evidence of the likelihood

of disease in asymptomatic individuals at risk of a particular disease. These

48



biomarkers are generally investigated in screening programs and positive outcomes
are more deeply investigated with more invasive procedure. In some cases these kind
of biomarkers are used even in symptomatic patients, associated with other

investigational procedures in the establishment of the disease.

- Prognosis: prognosis biomarkers, thus are able to predict, at time of the diagnosis,
the progression of the cancer. Obviously, this is a very helpful tool for physicians to

establish the protocol for tumor management.

- Therapy prediction: they predict the likelihood of a cancer patient responding to a

particular therapeutic agent.

- Recurrence monitoring: they indicate the return to disease state.

3.2.2.2 Mechanism of biomarkers release in body fluid

Several mechanisms explain how biomarkers can enter in the circulation, for example
dead cancer cells or circulating tumor cells can release a large amount of molecules that can
be used for genomic, transcriptomic, proteomic and metabolomic analyses. Moreover, cells
can actively secrete in body fluids proteins, nucleic acid and metabolites. Mechanisms of
biomolecules release include: death by necrosis or apoptosis of cancer cells in tissues or
circulation, active and spontaneous release of metabolites or proteins by cells, release by
tumor-derived microvesicles (as exosomes), tumor angiogenesis and in some cases surgical
procedures may release biomolecules into circulation, but generally their levels return to

normal values in short time.

3.2.2.3 Current Tumor Markers in Clinical Practice

Traditional tumor markers generally consist of secreted proteins, for example PSA,
used in prostate cancer screening [Filella et al., 2016], cell-surface expressed molecules as
HER?2 that is a routine prognostic and predictive factor in breast cancer [Mirabelli et al.,

2013], hormones (for example Calcitonin), enzymes, receptors and oncofetal antigens as
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CEA. The measurement of serum tumor markers levels is an economic and non-invasive
assay, frequently requested by oncologists in order to obtain information about the presence
of disease, but also to have information about disease evolution. Despite their wide use in
clinical practice, the debate about their real usefulness is still opened. The major limit of
these markers is their low specificity, in fact they can be expressed also, in several
physiologic conditions or in others non-cancerous pathologic states. Moreover, most of these
are not specific for a single cancer type; for example, the CarcinoEmbryonic Antigen (CEA)
levels in serum were demonstrated to be modulated in several tumor types as colorectal
cancer [Nollau et al., 1997], endometrial cancer [Bamberger et al., 1998], breast cancer
[Riethdorf et al., 1997] and prostate cancer [Hsieh et al., 1995]. Thus, cancer markers are
now used mostly to evaluate surgical or pharmacological treatment response, in fact markers
usually increase with the disease progression and decrease with the remission of the
pathology [Sharma, 2009]. In the Table 2 are reported some of the most requested serum

tumor markers [Sturgeon et al., 2009].

Tumor Marker Relevant Cancer

Hepatocellular carcinoma (Ertle et al., 2013)
a-fetoprotein
Testicular tumor (Milose et al., 2012)

Calcitonin Medullary thyroid carcinoma (Frangu, 2007)
Cancer Antigen 125 (CA125) Ovarian cancer (Osman et al., 2008)

Cancer Antigen 15-3 (CA15-3) Breast Cancer (Duffy et al., 2000)

Cancer Antigen 19-9 (CA19-9) Pancreatic cancer ( Ballehaninna et al. 2011)
CarcinoEmbryonic Antigen (CEA) Colorectal cancer (Ballesta et al., 1995)
Human Chorionic Gonadothropin (HCG) Testicular cancer (Leman et al., 2010)

Paraproteins (M protein, Bence Jones protein) Multiple myeloma (Cook et al., 2007)
Prostate Specific Antigen (PSA) Prostate cancer (Oesterling, 1991)

Thyreoglobulin Thyroid cancer (Kim et al., 2010)

Table 2: Current cancer biomarker in clinical practice.
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3.2.2.4 Novel biomarkers for cancer detection

Alongside the traditional tumor markers, others possible markers have been proposed
in the recent years as Circulating Tumor DNA (ctDNA), Circulating Tumor Cells (CTC) and
Circulating miRNA (cmiRNA).

3.2.2.4.1 Circulating tumor DNA

The presence of circulating nucleic acids in plasma was firstly described by Mandel
in 1948 [Mandel et al., 1948] however, their potential role in cancer detection was proposed
only some decades after by Leon and co-workers, that not only associated the increase of
circulating DNA (cDNA) with cancer, but also proposed a radioimmunoassay for cDNA
quantification [Leon et al., 1977]. Circulating DNA was found both in healthy individuals
and in cancer patients, in fact even healthy cells, physiologically, release cDNA as a result
of cells turnover process. Quantification data of cDNA in both healthy subject and patients
with different types of cancer demonstrate a significant difference in serum cDNA content
between the two groups: a mean of 13 ng/mL of cDNA was found in healthy subject, while
in cancer patients the mean is 180 ng/mL [Jahr et al., 2001]. Moreover, several studies
demonstrate the correlation between Circulating Tumor DNA (ctDNA) content in
serum/plasma and the tumor stage: as Shao and colleagues showed in their work ctDNA
content is significantly higher in stage III and VI, compared with patient in the early stages
[Shao et al., 2015]. Despite, data about the size of DNA fragment in circulation are very
variable, probably due to extraction technique and sensibility of detection methods, most
authors agree that the distribution of DNA fragments could have a diagnostic significance.
The unbound ctDNA is only a small percent of total ctDNA, in fact it circulates in blood in
different forms: bound to others proteins (for example lipoproteins), attached to erythrocytes
or white blood cells surface: defined csbDNA [Bryzgunova et al., 2015], or as nucleosomal
DNA. Nucleosomes, complexes of DNA and histone proteins, are released during cell death
process: when a cell die the internal endonucleases (for example caspases) cleave chromatin,
at linker regions, generating mono- (180 bp size) or oligo-nucleosomes which enter in blood
circulation [Holdenrieder et al., 2008]. The release of ctDNA in bloodstream is not yet

completely clear, but several mechanisms have been proposed to explain ctDNA release:

- Death of cells by apoptosis or necrosis: generally, apoptosis is a physiological

process of cells turnover and represents the typical mechanism of cDNA release in
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healthy subjects, while, in cancer, DNA is released mostly by necrosis. Macrophages
scavenge the apoptotic or necrotic cells and release cell content, included DNA, into
bloodstream. Generally, apoptotic process release cDNA as nucleosomes, so cDNA
size is 180 bp or multiples of this size in case of oligonucleosomes. While ctDNA
fragments, that are originate from necrotic process, are longer than 10.000 bp [Jahr
et al., 2001].

- Breakdown of micrometastatic cancer cells: circulating disseminated tumor cells can
undergo to lysis, in these cases, they release their content, including nucleic acids,
into circulation.

- Active or spontaneous release of DNA by cells, typical both of healthy and cancer

cells.

Despite the use of ctDNA in oncology is still in the early stages, it seems to have a great
potential in cancer risk assessment, diagnosis, prognosis, cancer management and in
monitoring therapy efficacy. Furthermore, a comparative study of cancer genes mutations
between tumor tissue and plasma sample demonstrates the 76% of concordance between the
two types of sample, suggesting that plasma can be tested as an alternative to metastatic
biopsies [Rothé et al., 2014]. CtDNA analysis allow a qualitative detection of cancer specific
alteration as epigenetic modification (as DNA methylation or hystone modification) or
genetic modification (mutations, SNPs). In analysis of circulating DNA is important to
consider that ctDNA amount is influenced by various issues. First, the difference between
plasma and serum, in fact in serum ctDNA content is higher (about 20-fold) than plasma
[Lee et al., 2001]. The author suggests that most cDNA in serum samples is generated by
the lysis of the residual white blood cells, making serum a worse source for tumor specific
DNA analysis because of the possible presence of wild-type DNA that can decrease the
sensitivity of detection of ctDNA. Another important feature to consider is cDNA
degradation, usually DNases contained in blood are not active against protein-bound DNA,
and however ctDNA is removed by bloodstream through physiological clearance
mechanism. As shown in mouse models, liver is the primary uptake site and obviously, the
uptake rate is related to DNA size [Emlen et al., 1984]. Determination of ctDNA half-life is
quite complex due to the possible presence of occult metastases or residual disease after
resection. More informations are present about the mean half-life of circulating fetal DNA,
that is about 16 minutes and 2 hours post-partum circulating fetal DNA is completely

removed from bloodstream. The situation should be the same for ctDNA [Lo et al., 1999].
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3.2.2.4.2 Colon Cancer-specific Gene Mutations

Several types of DNA alterations have been detected in ctDNA of CRC patients, with
variable frequency, including mutations of oncogenes and tumor suppressors genes, DNA
microsatellite instability, Loss Of Heterozygosity (LOH), hypermethylation of gene
promoters and mutations of mithocondrial DNA [Gold et al., 2015]. Several studies correlate
the detection of KRAS, APA and P53 mutant DNA in CRC patients with diagnosis,
prognosis and response to the therapy [Hsieh et al., 2005]. The overall detection rate of
KRAS mutation in serum or plasma of CRC patients ranges from 25% to 30%, moreover
this mutation has been detected not only in the more advanced stages, where it reaches the
highest levels, but also in the early stages and in premalignant disease [ Kopreski et al., 2000].
The same works demonstrate, also, how the presence of KRAS mutations can be associated
with higher risk of recurrence. Even the rate of APC and P53 mutations have been shown to
be significant in CRC patients and where respectively in 45% [Lecomte et al. 2002] and 40%

of cases [Lecomte et al., 2010].

3.2.2.4.3 Circulating Tumor Cells (CTCs)

Circulating Tumor Cells (CTCs) are metastatic cells detached from primary tumor
and released into vascular or lymphatic circulation to colonize other tissues [Maheswaran et
al., 2010]. Their formation is correlated to the metastatic cascade, and their number is
directly proportional to primary tumor size. Just only a little percentage (0.01%) of released
CTCs are able to colonize other tissue forming metastatic deposits. Several mechanisms
interfere with CTCs activity as physical forces of blood flow, which can destroy cells, or
antitumor immunity able to recognise and destroy these cells. Even if, has been demonstrated
in several tumours as CRC, that the presence of specific membrane receptor, and CD47 is
an example, avoids the recognition of CTCs by dendritic cells and macrophages [Steinert et
al., 2014; Lu et al., 2015]. Analysis of CTCs provides important information by a diagnostic
and prognostic point of view, for this reason CTCs need to be separated from blood cells.
Taking advantage from physical differences between CTCs, that normally have epithelial
origin, and blood cells, several physical property-based separation approaches including
gradient centrifugation, filtration, and use of microelectrochemical systems can be applied
[Vona et al., 2000]. Moreover, more complex methods, based on the use of immunomagnetic

bead, able to identify surface marker specific for epithelial cells have been developed
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[Nagrath et al., 2007]. An isolation system based on this mechanism: CELLSEARCH®
(Veridex) have already been approved by FDA, and is routinely used for automated CTCs
isolation from metastatic breast, colorectal and prostate cancer patients

[www.roswellpark.org/pathology/laboratory-medicine/circulating-tumor-cells]. ~Although

Figure 16: The metastatic cascade. Cells released from primary tumor are transported by blood flow and
can colonize others tissues forming metastatic deposits. Taken from Dakubo, 2016

CTCs analysis is not suitable for early cancer diagnosis, in these case ctDNA or cmiRNA
are more efficiently, they can be employed as prognostic markers. In fact, in some cases,
CTCs characterization has shown to be even superior to conventional imaging and other
clinical metrics of treatment response prediction. Moreover, molecular characterization of
CTCs is very useful to identify therapeutic targets as well as can reveal possible tumor
evolution that can lead to therapy resistance. Indeed, several comparative studies between
primary tumor and CTCs demonstrate that CTCs have different genetic features compared
to primary tumor. For example KRAS mutation status may differ between primary tumor
and CTCs from the same tumor and the presence of KRAS mutant CTCs, explaining
treatment failures with anti-EGFR drugs in CRC patients whose primary tumor have wild-

type KRAS [Kalikaki et al., 2014; Kondo et al., 2017].

3.2.2.4.4 Circulating miRNA

miRNAs have been demonstrated to be present not only into cells, but also in body

fluids, where they are very stable. CmiRNA have already be discussed in detail in chapter 2.
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3.2.3 ULTRAPLACAD project

ULTRAPLACAD (ULTRAsensitive PLAsmonic devices for early CAncer
Diagnosis) is a project funded by the European Union’s Horizon 2020 research and
innovation programme. The aim of the project is the development of a compact plasmonic-
based device with an integrated microfluidic circuit and functionalized nanostructures for
the detection of DNA, microRNAs and tumor autoantibodies (a-TAAs)
[http://ultraplacad.eu/]. The device will be used for cancer early diagnosis and prognosis

and for patient’s follow-up. All analysis will be performed in plasma samples isolated from

DNA/microRNA

Light source NESPRI
PEFSI
‘ M reader

ih

Plasmomc ﬁ

Disposable chip " Plasmonic nanostructures

Disposable chip and reader

GINOLIS

_D ¢> Wi MESAY 0 OFE e (i wlgmss Vg

SCRIBA
e

J@APLA@AD

S AT 32 i € HORBA {i\bB

Figure 17: Concept figure of ULTRAPLA CAD disposable plasmonic chip. Disposable chip is able to detect
at same time ctDNA, miRNAs (using NESPRI) and tumor auto-antibodies (using PEPFSI).

peripheral blood reducing significantly, the invasiveness of the technique. Moreover, at the
moment the platform proposed by ULTRAPLACAD project is the only one system that
allow a comprehensive analysis of DNA, microRNAs and tumor autoantibodies at same
time, using the same device. The project will be set-up employing samples from colorectal

cancer patients, but identifying the appropriate biomarkers, is applicable to almost all cancer

types.

The project has four important goals:
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- Rapid times of analysis: thanks to the employment of PCR free techniques is possible
to perform the analysis within one hour.

- Performed a multiparametric analysis, which includes three different cancer
biomarkers, thanks to the application of two complementary modalities of
ultrasensitive biomarkers detection.

- Reaching attomolar (10"'M) limit of detection for all the three types of biomarkers,
in order to detect cancer even at very early stage.

- Set-up disposable chip easy to used and cost-effective (price lower than 500 euros)

As previously said biomarkers detection using ULTRAPLACAD device does not require
PCR amplification target, and is based on NESPRI (Nanostructures-Enhanced Surface
Plasmon Resonance Imaging) for nucleic acids or miRNAs and PEFSI (Plasmon-Enhanced
Fluorescence Spectroscopy Imaging) for tumor antibodies. Both techniques take advantage
of metallic nanostructures, that increase significantly sensitivity and so allow to detect
biomolecules at very low levels (aMolar). Metallic nanostructures are diffractively coupled
and every sensor is composed by arrays of diffractively coupled metallic nanostructures,
arranged following a refractive index symmetrical geometry. This kind of structure is used

to evaluate the analyte binding using collective localized surface plasmons (cLSPs).

3.2.3.1 NESPRI for nucleic acids detection

As previously described in ‘MiRNA detection methods’ chapter, SPRI is very useful
tool for real time SPR based analysis of interaction. Respect to SPR sensors based on
spectroscopy of surface plasmons SPRI present worse resolution and smaller operating
range. To improve SPRI efficiency two important improvements have been introduced: the
substitution of monochromatic light with polarization contrast, achieving larger operating
range and better resolution, thanks to the improvement of signal to noise ratio [Piliarik et
al., 2010]. The second important improvement was the introduction of plasmonic
nanoparticles: gold nanorods that functionalize the sensor surface to further improve device
performance [Kwon et al., 2012]. This new technique, called NESPRI (Nanostructures-
Enhanced Surface Plasmon Resonance Imaging), was already employed with success by
D’Agata and colleagues for PCR-free detection of single-point mutation in genomic DNA

[D’Agata et al., 2011], and will be applied, with minor changes, for detection of KRAS
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mutations and for the detection of three miRNAs: miR-221-3p, miR-222-3p and miR-141-

3p which have been demonstrated to be modulated in CRC.

3.2.4 Liquid biopsy in prenatal genetic diagnosis

Liquid biopsy can have multiple field of application and cancer diagnosis and
management is only one of these. In the recent times, liquid biopsy was used as very useful
tool in non-invasive prenatal diagnosis of genetic conditions. As for cancer, traditional
biopsy techniques, that in this case are amniocentesis or chorionic villus sampling (CVS),
are very invasive and the risk of procedural related miscarriage is reported at about at 1%.
Several studies demonstrate that DNA release from the fetus: Cell Free Fetal DNA (cffDNA)
is detectable in maternal blood starting from the first week of pregnancy [Guibert et al.,
2003]. CffDNA represents only the 3-6% of total amount of Circulating Free DNA (cfDNA),
unfortunately is still impossible isolate pure fetal DNA, for this reason prenatal diagnosis
using cffDNA is limited to the detection of genetic sequence that are not present in maternal
cfDNA [Lun et al., 2008]. One of the first application of cffDNA in prenatal diagnosis is
fetal sexing, based on the research of specific targets expressed only in Y chromosome in
maternal blood. One of the most used target is SRY, its presence in maternal blood suggests
that the fetus is male, while no SRY amplification indicates that the fetus is female [Hyett et
al., 2005]. Analysis is performed at 7™ week of gestation or later and presents an accuracy
of 95% [Bustamante-Aragones et al., 2008]. After these first important evidences, cffDNA
have been used to detect several autosomal recessive disorders in the cases where the
mutated allele is inherited by the father or maternal and paternal alleles present two different
mutations. For example, Breveglieri and colleagues demonstrate that analysing cffDNA 1is
possible to detect paternal-inherited B-thalassemia mutations starting from the 9" week of

gestation with very good accuracy [Breveglieri et al., 2017].
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Peptide Nucleic Acids (PNA)

Peptide Nucleic Acids (PNA) are synthetic oligonucleotides that are able to bind with
high specificity and affinity target DNA or RNA molecules. In PNA the typical sugar-
phosphate back-bone of nucleic acids is replaced by a synthetic peptide backbone: 2-
aminoetyl glycine and the nucleobases are linked to the backbone with a methyl carbonyl

linker [Gaglione et al., 2011].
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Figure 18: PNA structure. The sugar-phosphate back-bone typical of nucleic acids is replaced by a synthetic
peptide back-bone.

This chemical change removes completely the charge (negative charge) that is typical of
nucleic acids and makes these molecules biologically and chemically stable. Despite their
radical change in structure respect to nucleic acids, they are able to hybridize with DNA or
RNA following Watson-Crick rules and the hybrid complex is thermodynamically stable.
Not less important, PNAs present high resistance to both DNase and protease [Dean, 2000].
Thanks to their features, PNAs are employed in several application fields as potential
therapeutic molecules to modulate gene expression [Nielsen, 2010] or as diagnostic probes,
for the detection of mutations and SNPs, in biosensors such as BIAcore [lfonaga et al.,

2016].

4.1 PNA as probes for molecular diagnosis

Thanks to their high affinity for nucleic acids, in the last years, PNAs have been
employed for several types of molecular analysis. For example, have been employed for the

identification of bacterial or viral nucleic acids causing disease. Another, even more
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Figure 19: PNA employed in SPR technology for fB-thalassemia mutations detection. PNA
probes loaded in a gold-chip, recognise normal (PNA-N) or mutated (PNA-M) human B-globin gene.
Taken from Gambari, 2014.

important application, is the use of PNA as probes for the detection of mutations, even in the
case of single nucleotide mutation. For example, Feriotto and colleagues employed PNA
probes associated with SPR to identify the W1282X point mutation in cystic fibrosis. The
employment of PNAs as molecular probes represents one of the most valid alternative to the
PCR methods for mutations detection. D’Agata and co-workers are able to detect -

thalassemia mutation starting from attomolar concentration of not amplified genomic DNA
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using PNA probes applied to nanoparticle enhanced imaging SPR strategy [D’Agata et al.
2011].

4.2 PNA as therapeutic molecules

For their affinity for RNA, that is even higher than the affinity for DNA [Gambari,
2014], PNAs have been proposed as tools for miRNA levels regulation. Even if PNAs are
synthesized to bind miRNAs, the end point of PNA against miRNA strategy is targeting
miRNA-regulated genes. Several works demonstrate that PNAs through miRNA repression
are able to restore levels of endogenous, target of the miRNA, mRNA. For example,
Brognara and colleagues to increase levels of p27-kipl protein, that is one of miR-221
targets, employed a PNA against miR-221 with good results [Brognara et al., 2012].
Interestingly, miRNAs can be inhibited not only at mature state, but also during their
biogenesis. Avitabile and colleagues, synthesize a PNA perfect complementary to the sense
strand of the pre-miRNA. Starting from the evidence that bases belonging to the stem are
not perfectly complementary, they hypothesized that the mismatched duplex of the pre-
miRNA could be easily opened by PNA oligomers, perfectly complementary to the sense
strand of the pre-miRNA [Avitabile et al., 2012]. Data confirmed their hypothesis, providing
an additional strategy for miRNA inhibition. MiRNAs are not the only biological molecules
that can be targeted by PNAs, these kind of molecules, in fact have been also used to block
mRNA transcription from DNA. In this case PNA binds gene promoter forming a triple-
helix structure that inhibits transcription. An example was proposed by Tonelli and co-
workers, which developed an antigene PNA that inhibits NMYC gene transcription in
neuroblastoma cell lines [Tonelli et al., 2005]. Using the same mechanism of action PNAs
can be used also to target Transcription Factors (TFs). Two possible effects can be achieved:
PNA can bind TF, preventing the interaction between TF and gene promoter, this results in
the reduction of gene expression [ Vikers, 1996]. On the contrary, also PNAs, that are able to
interact with gene promoter mimicking the function of true TFs, have been described

[Mypllegaard et al., 1994].
4.3 PNA cellular delivery

To realize PNAs therapeutic potential, an efficient intracellular delivery method is

required. Generally, these molecules present low cellular uptake and eukaryotic cells have
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been shown to be almost impermeable to micromolar concentration of naked PNA, for this

reason several transfection protocols have been set up.

4.3.1 Cellular delivery of unmodified PNAs

At the beginning, a series of techniques that not require PNA sequence modification
have been evaluated to internalize PNAs in cells. Between these techniques is included
microinjection which was probably the first method used for PNA cellular internalization,
but it is very laborious and applicable only in small scale experiment set-ups [ Koppelhus et.,
2002]. After the transfection about 50% of target inhibition was achieved reaching the
estimated concentration of 1 uM of PNA within cells [Hanvey et al., 1992]. A more feasible
transfection method respect to microinjection is electroporation, which have been employed
in several studies with good results. These methods, that can be define ‘physical’ methods,
present the advantage to be efficient and selective, but are also harmful for cells and above
all are not applicable in vivo. Another effective strategy for PNA delivery is co-transfection.
In this case PNA is hybridized with a partially complementary DNA oligomers and the
resulting PNA-DNA complex is than, conveyed into cells using cationic lipids [Hamilton et
al., 1999]. Others researchers pre-treated cells with streptolisyn-O to permeabilize cells for
PNA up-take but using fluorescent labelled PNA have demonstrated that a large amount of
PNA was located in cytoplasm, while only a little percentage was internalized in the nucleus
[Farugi et al., 1998]. Others methods that do not require PNA modification are the
internalization of PNA in cationic liposomes [Borgatti et al., 2002], microsphere
[Chiarantini et al., 2006] or more recently, nanoparticles [Fang et al., 2009], but in these

case is important to consider the toxicity of the vehicles, especially in primary cells.

4.3.2 Cellular delivery of modified PNAs

In these case cell permeability is obtained modifying directly the PNA molecule
itself. At this propose, several modifications have been attempted during the years, with
different results. Several research groups proposed the conjugation of PNA with lipophilic
moiety such as Adamantyl Acetic Acid (Ada) [Ljungstrom et al., 1999] or
triphenylphosphonium cation [Muratovska et al., 2001] but in both cases transfection

efficiency is closely related to cell type and specific PNA sequence. In other cases PNAs
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were conjugated with short peptides named Cell Penetrating Peptide (CPP) and able to
transport molecules such as oligonucleotides across cellular membrane, without involving
membrane receptors. The mode of action of CPPs is still unclear. Penetratin
(RQIKIYFQNRRMKWKK) a 16 residues peptide, was the first small peptide used at this
propose and allow a diffuse PNA distribution both in cytoplasm and nucleus [Simmons et
al.,1997]. CPPs are normally classified into two main groups, depending on the way they
interact with PNA. Some CPP are covalently bounded to PNA, such as polyarginine peptide
(Rg) sequence. In another cases, peptides can form non-covalent complex with PNA.
Generally, are employed short amphipathic peptide carriers consisting of a hydrophilic
(polar) domain and a hydrophobic (non-polar) domain, as Pep-1. The mode of action of CPPs
is still unclear. All data confirm that an important role is played by positive charges in the
peptide sequence, which interact with phospholipids in the cellular membrane. Some authors
hypothesize that PNAs are internalised with an endocytosis-like mechanism and transferred
in the cytoplasm trapped into vesicles [Richard et al., 2003]. Another possibility is that CPPs
interacts with negatively charged phospholipids, inducing the formation of an inverted
micelle inside the lipid bilayer [Derossi et al., 1996]. Maybe, these mechanisms could also,
occur simultaneously [Drin et al., 2003]. Often, is particularly important to vehicle PNAs
only in specific cells to avoid adverse side-effects, for these reason PNAs functionalized
with peptide sequence that is bounded only by specific cell surface receptors have been

developed [Basu et al., 1997)].
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Calix[n]arenes

Calix[n]arenes are a class of macrocycle oligomers, which have a hydrophobic cavity
that can contain small molecules or ions making these molecules ideal as drug carrier. They
are obtained by a reaction of hydroxyl alkylation between phenol and formaldehyde in the

presence of strong acid or base as catalyst [David, 1989]. They can be modified in two
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Figure 20: Calix[4]arene cup-shaped representation. Taken from Yousaf et al., 2015

different places: in the phenolic hydroxyl groups, that are located in the lower rim of
calix[n]arene structure, or at p-positions of the phenol molecule. Calix[n]arenes present
several applications in pharmacological field as drugs and, also, as drugs carriers. The field
of application includes antibacterial, antiviral, antifungal and anticancer activity. Some of

the possible modification and relative activities as drugs, are reported in the Table 3.

5.1 Calix[n]arenes as drug carriers

Because of their cup-shape calix[n]arenes can accommodate several compound forming
complexes though no-covalent bonds as Van Der Waal’s interactions, and hydrogen bonds
[Brown et al., 2012]. Calix[n]arenes are used, for example, for the transport of Imatinib an
anticancer drug used for its tyrosine kinase III inhibition activity. The investigation about
the interaction between calix[n]arene and imatinib, performed by Galindo-Murillo and

colleagues demonstrates that calix[n]arene cavity size in association with the proprieties of
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Modification

Activity

Mechanism of action

Reference

Calix[4]arenes

Methylenebisphosphonic
acid groups

Platinum II
Glyco-conjugation
Phosphonic acid residues

Hydroxymethylphosphonic
acids

Thymine/adenine
2’deoxynucleotide

p-sulfonated

Tetra-amines on the lower
rim and tert-butyl at upper
rim

Tn antigen glycomimetic
units

Platinum

Polyethylene glycol

Anti-obesity
Anti-diabetic

Anti-cancer
Anti-cancer
Anti-cancer
Anti-cancer
Anti-cancer
Anti-bacterial
Anti-cancer

Anti-cancer

Anti-cancer

Anti-cancer

Anti-cancer

Inhibition  of  protein
Tyrosine Phosphatase 1B

Growth inhibition
Reduction in tumor growth
Inhibition of phosphatase

Inhibition of glutathione S
transferase

Inhibition of DNA

replication
Prevention of angiogenesis

Inhibition of angiogenesis

Immune system stimulator
against cancer

inhibit tumor growth

photodynamic therapy

Trush et al., 2013

Nasuhi et al., 2014
Hulikov4 et al., 2010
Cherenok et al., 2012

Cherenok et al., 2006

Consoli et al., 2007

Dings et al., 2006

Dings et al., 2013

Viola et al., 2010

Galindo-Murillo et al., 2014

Piette et al., 2003

Calix[6]arenes

Polycationic modification

Imidazole

p-sulfonated

Anti-cancer

Anti-cancer

Anti-cancer

inhibits growth

Upregulates tumor
suppressor gene, p53 gene

Photodynamic therapy

Dings et al., 2013

Kamada et al., 2010

Gutsche et al., 1985

Calix[8]arenes

Glycoxylation

TLR2 ligands

Anti-cancer

Anti-cancer

Prevent tumor migration
and proliferation

Stimulate B lymphocytes
for antibody production

Geraci et al., 2013

Brown et al., 2012

Table 3: Therapeutic application of calixarenes. Taken from Yousaf et al., 2015
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functional groups are essential for the stability of the complex [Galindo-Murillo et al., 2014].
An essential point to consider is the mechanism behind drugs are released from
calix[n]arene. All studies demonstrate that pH, play a key role in the drugs release,
particularly, the release increase significantly at non physiological pH value. This is
extremely important because while in physiological condition tissues have a pH of about
7.4, in cancer condition a decrease of pH values was shown (from 5.7 to 7.8) so
calix[n]arenes can be very useful for controlled delivery of anticancer drugs [Lee et al., 2007]

in order to reduce problems due to the non-selectivity of chemotherapies.

5.2 Calixarenes for DNA delivery

Cup-shape of calix[n]arenes is useful not only for drugs delivery but also for DNA
delivery, in fact several researches, the pioneers in this field were Aoyama and Ungaro,

demonstrate that thanks to their cup-shape calix[n]arenes make complexes with DNA.

~5-6nm

~50nm

Figure 21: Model of DNA complexation with calix[n]arenes. Calix[n]arenes initially form micelles, who
themselves form more complex structure complexing DNA. Taken from Rodik et al., 2014.

It has been shown that calix[n]arenes, and in particular, calix[n]arenes with amphiphilic
structure complex DNA with a two steps mechanism. In the first step, calix[n]arenes are
assembled into micellar building blocks (about 6 nm in diameter) which in turn form small
virus-sized DNA nanoparticles (50 nm diameter) with high transfection efficiency and low

toxicity [Rodik et al., 2014].
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5.3 ML122

In the last years, Ungaro and co-worker synthetized several calix[n]arene-based
molecules in order to identify the best DNA carrier. Very promising results were obtained
by a molecule with calix[4]arene scaffold in which at the upper rim is functionalized with
four single units of arginine covalently attached to the p-position of the aromatic units, while
the low rim is composed by hexyl chains which allow cell penetration even in absence of
helper lipids as DOPE [Bagnacani et al., 2013]. The molecule so drawn presents a polar

region corresponding to the upper rim and an apolar region at lower rim. Due to the presence

X= NH(C=NH,")NH,

MW=1737,61

Figure 22: ML122 structure.

of aliphatic chains at lower rim, ML122 presents low solubility in water and tends to form
aggregates. Solubility can be improved adding little amount of ethanol or dimethylsulfoxide
(DMSO). ML122 was tested for its transfection efficiency in human rhabdomyosarcoma
(RD-4) cells, notoriously very difficult to be transfected. Transfection efficiency of ML122
is very good, even better than reagent routinely used for DNA delivery, in fact ML122 at 10
UM concentration, is able to transfect 75% of cells, while Lipofectamine LTX used
according to the manufacturer’s instructions, transfects only 35% of cells. Moreover, toxicity

of ML122 is comparable with commercial available transfection agents.
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CRC

Colorectal cancer (CRC) is the second most commonly diagnosed cancer and the
second leading cause of cancer death in Europe, with an incidence of 43600 new cases
between 2007 and 2008 [Ferlay et al., 2010]. The majority of cases, about 90%, occur in
subjects over 50 years old [Imperiale, 2012] and generally, are preceded by slow progressive
premalignant lesions, as adenomatous polyps, that can be removed leading to cancer

prevention.

6.1 CRC premalignant lesions

The first step of CRC carcinogenesis is the development of neoplastic polyps in the
colonic mucosa. From a histologic point of view, polyps can be divided into two groups:
hyperplastic polyps and adenomatous polyps, these two groups present different features and
different malignant potential. In cells composing adenomatous polyps significant changes in
nucleus shape are described: hyperchromatism, cigar-shaped and palisade pattern are the
main features. The presence of adenomatous polyps is closely related to CRC development
and several studies demonstrate the correlation between Familial Adenomatous Polyposis
(FAP) and colorectal cancer [Stryker et al., 1987]. Patients who present FAP develop
hundreds of adenomatous polyps throughout the colon starting from the puberty and if they
are not submitted to colectomy inevitably develop CRC [Bussey et al., 1975]. FAP is an
inherited condition due to an autosomal dominant mutation of the APC tumour suppressor
gene located on the chromosome 5. APC protein, through B-catenin protein interaction,
regulate cell proliferation [Robbins et al., 2002]. The second type of polyps are hyperplastic
polyps, in these case an increase of glandular cells was shown, but not significant changes
in nucleus shape are observed. In these case no correlation with CRC was observed,
excluding serrated adenoma. Serrated adenoma generally, arises into hyperplastic polyp, but
differs from it for the abnormal proliferation of crypt epithelium and for nuclear atypia.
Serrated adenoma does not present APC mutation, but several others mutations such as

BRAF mutation or extensive DNA methylation were detected [ Chulmska et al., 2006].
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6.2 Molecular genetics of CRC

Most of CRC are sporadic, but a significant proportion, about 5-6% has a genetic
background [Marra et al., 1995]. For this reason, colorectal cancers are classified into two

main groups.

- Hereditary Non Polyposis Colorectal Cancer (HNPCC)

Hereditary Non Polyposis Colorectal Cancer (HNPCC), also known as Lynch syndrome is
an autosomal dominant disease characterized by the early onset of CRC in more than two
generations in the family, but in this case the CRC development is not associated with FAP
[Robbins et al., 2002] and more in general very few colonic polyps are present. Cancer is
more frequently localised in the proximal colon and generally, is diagnosed in the early 40
years. HNPCC present sample characteristic features as lymphocytic infiltration, mucinous
character and poor differentiation. Moreover, Lynch syndrome patients tend to develop
tumor extra-colon sites as endometrium, ovary, stomach, urinary tract and pancreas. By a
molecular point of view, the 90% of HNPCCs are characterized by mutations in hMLH1 and
hMLH2 genes, which regulate the DNA mismatch repair system [Lynch et al., 2003]. The
consequence of these mutations is a defective DNA mismatch repair system resulting
acquisition of multiple mutations especially in the microsatellite sequences, in which are

contained growth-regulatory genes [Duval et al., 2002].

- Sporadic colorectal cancer

Non-hereditary CRC, one of the most common cancer in the world, is due to a step-wise
progression from normal colonic epithelium to a malignant growth caused by the
accumulation of molecular anomalies [Kinzler et al., 1996]. In particular, anomalies regard
oncogenes, that are activated, and tumor suppressor genes, that result inactivated [Fearon et
al., 1990]. As shown by Vogelstein and colleagues, in colorectal cancer several
chromosomal segments are deleted, and every cancer presents its unique pattern of deletions
[Vogelstein et al., 1988]. Several tumor tissues are characterized by Loss Of Heterozygosity
(LOH), and some chromosomal loci are more prone to this event than others. Alleles that
are frequently deleted in CRC are located in position 17p (75% of CRC present these
deletion) where is located the tumor suppressor gene p53. In many cases, the other p53 allele

may be mutated, resulting in a complete loss of p53. P53 has a key role in regulating cell
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cycle, in fact in case of injury cell cycle is arrested by p53 protein to allow DNA repair if it
is possible or in other cases, when the damage is irreversible, p53 induces cellular apoptosis.
So is clear that the loss of p53 results in the uncontrolled replication of possible genetic
errors [Jack et al., 2009]. Another position that is frequently deleted (50% of CRC cases) is
the position 5q where is located APC gene. APC inhibits cell proliferation and promotes
apoptosis by degradations of B-catenin protein [Oving et al., 2002]. Consequently, mutations
in APC gene result in increased cell proliferation and reduced apoptosis. The most common
site for LOH in colorectal cancer is 18q (deleted in 70% of CRC) where are located genes
coding for proteins SMAD-2 and SMAD-4. In addition, in 50% of cases the mutation of the
oncogene KRAS was reported. KRAS protein function is the transmission of extracellular
growth signal to the nucleus. Mutations in KRAS, that commonly occur at codon 12, 13 and

61, lead to a continuous growth signal and consequently to un-controlled cellular growth.

6.3 CRC and inflammation

Already in the early nineteenth century was demonstrated that cancer is often linked
to inflammatory conditions, in some cases inflammatory conditions are present before a
malignant change occurs, on other neoplastic disease, the oncogenic change induces the
inflammation. In both cases the inflammatory condition promotes not only the development
of the tumor, but also the angiogenesis and the metastasis formation. Inflammatory Bowel
Diseases (IBD), autoimmune disorders that include Crohn’s Disease (CD) and ulcerative
colitis (UC), are well-known to be associated with cancer. In patients suffering these diseases
the relative risk for developing CRC is about 5.6 (CD patients) and 30 (UC patients) times
higher in comparison to the general population [Goel et al., 2015]. Inflammatory response
aims to eliminate pathogens and restore homeostasis, this process involves a big number of
molecular mediators and needs to be finely regulate in order to avoid tissue injury. The
dysregulation of the inflammatory response can lead to chronic inflammation and a pro-
tumorigenic environment, which may cause malignant transformation [Shetter et al., 2010].
Several inflammatory mediators are closely related to molecules involved in CRC signalling
pathways. For example, cytokines and chemokines, the responsible of immune cell
activation in the inflammatory pathway, when the process is deregulated, participate in
oncogenesis, sustaining cell proliferation, survival, invasion and metastasis. The
transmission of inflammatory stimuli to the nucleus, performed by cytokines, leads to the

activation of several transcription factors that are involved not only in the inflammation
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pathway. As described in the work of Ben-Neriah, the transcription factor NF-kB, activated
by the cytokine TNF-a (Tumor Necrosis Factor-a) is, not only, the responsible of the of
immune cells activation, but also regulate the expression of genes involved in cell
proliferation (c-Myc), in anti-apoptotic response (Bcl-2) and the regulation of adhesion
molecules (ICAM) [Ben-Neriah et al., 2011]. Another cytokine: IL-6 is able to activate the
protein STAT3. Both STAT3 and NF-kB act in a synergic manner and interfere with the

synthesis of the tumor suppressor p53.

6.4 CRC histology

Colon cancers are classified in well differentiated, moderately differentiated and poor
differentiated depending on the grade of preservation of the glandular architecture and
cytologic features. Poor differentiated condition is normally associated with a high number
of genetic mutations, some of these still unknown, and results in poor prognosis [Hassan et
al., 2005]. Several CRC are characterized by an important accumulation of mucin in the
intracellular regions with the consequent nucleus displacement at the periphery. This type of
colon cancer is defined mucinous and due to the aggressiveness are associated with poor

prognosis [Kang et al., 2005].

6.5 CRC stages

Colorectal cancer starts with a local invasion that can reach contiguous organs by
lymphatic or vascular way. When cancer is confined to mucosa without penetration of the
muscularis mucosa is defined carcinoma in sifu or high-grade dysplasia. This kind of cancer
is not able to produce metastases because it does not reach lymphatic and vascular channels
that are in the muscularis mucosa. Invasive CRCs were originally classified following
Duke’s classification. According to Duke’s classification CRCs were staging from A to D:
stage A cancer are characterized by penetration in submucosa, in stage B1 tumor penetration
reaches muscularis propria, while in B2 stage muscularis serosa is reached. CRCs that are
classified as C grade are characterized by regional lymph nodes metastases, while stage D
CRC presents distant metastases [Fisher et al., 1989]. Recently, Duke’s classification has
been replaced by Tumor, Node, Metastasis classification (TNM), that considers the mural

depth of primary tumor (T), the presence of local lymph nodes (N) and the presence of distant
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Figure 23: CRC stages. According to TNM classification four different stages are possible, depending of
primary tumor infiltration, lymph nodes involvement and presence of metastasis.

metastases (M). According to this new classification: stage 1 in the TNM classification
corresponds to Duke’s A and B1 stages, stage II corresponds to Duke’s B2 lesion, stage III
is associated at Duke’s stage C, while stage IV corresponds to Duke’s D lesions [Greene et
al., 2004]. As the TNM stage increases, the five-years overall survival declines dramatically,
starting from percentage al 90% in case of stage I and reaching percentage inferior to 10%
in grade IV patients. Most common sites of CRC metastases are regional lymph nodes and
liver. Colorectal cancer metastasizes early in the liver because of venous drainage of the

colon via portal system. Other metastases sites are lungs, peritoneum and pelvis.

6.6 Epithelial-Mesenchymal Transition (EMT)

While for the treatment of primary tumor, the surgical resection, sometimes
associated with adjuvant therapy, can be used with success, metastatic disease is currently

incurable, because of its system nature and the resistance of disseminated tumor cells to the
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Primary Tumor (T)

Tk Primary tumor cannot be assessed

Tis Carcinoma in situ

T Tumor invades submucosa

T, Tumor invades muscularis propria

T;s Tumor invades through muscularis propria into subserosa

Ty Tumor invades others organs or structures or perforates visceral peritoneum

Regional lymph nodes (N)

Nx Regional lymph nodes cannot be assessed
No No regional lymph nodes metastases
N; Metastases in one to three regional lymph nodes

N: Metastases in four or more regional lymph nodes

Distant metastases (M)

My Presence or absence of distant metastases ca not be determined

M, No distant metastases detected

M; Distant metastases detected

Table 4: TNM cancer classification.
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therapeutic agents. For this reason about the 90% of mortality from cancer is due to
metastases [Steeg et al., 2006]. Epithelial to mesenchymal transition is a cellular trans-
differentiation program typical of the embryogenic developmental stages, this process is
aberrantly co-opted by epithelial tumor cells to increase their migratory and invasive
abilities. EMT is involved in the intravasation of the primary tumor cells into the
bloodstream, that is one of the first stage of the invasion-metastasis cascade. Generally
circulating tumor cells disseminated from primary tumor present mesenchymal
characteristics that allow the survival within the bloodstream and consequently the seeding
to distant organs. Cells undergone to EMT display increased resistance to apoptosis, reduced
proliferation rate and also higher resistance to chemotherapeutic drugs and radiations. For
this reason, the presence of cells transitioned into mesenchymal state is associated with
tumor recurrence after the treatment and decrease of patient survival. Several intracellular
pathways are able to activate EMT, including TGF-, Wnt and various grown factors that
are also involved in the control of EMT during embryonic development. Furthermore,
extracellular conditions as hypoxia or inflammation have been shown to induce EMT [ Thiery

et al., 2009].

6.7 CRC Symptoms

If symptoms are common in the late CRC, when prognosis is already poor, no
symptoms are, generally, reported in the early stages. Symptoms depend on cancer location,
size and on the presence of metastases. More frequently, left colon cancer causes partial or
total intestinal obstruction because left colonic lumen is generally narrower than right side.
Moreover, distal cancer can be associated by rectal bleeding, while in proximal cancer blood
becomes mixed with stools or degraded by colonic transit. Most common symptoms
associated with CRC are abdominal pain, change in bowel habits, melena, weakness and

involuntary loss of weight [Oving et al., 1991].

6.8 CRC treatment

Treatment of CRC is essentially based on the stage of the cancer, when is possible

surgical resection is the first choice, but in the later stages surgical resection is not applicable
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or needs to be associated with others therapeutic approaches. Several types of molecules

have been proposed in the last years.

-Fluorouracil: is the first choice in the chemical treatment of CRC. It acts through the
inhibition of thymidylate synthetase, an enzyme involved in nucleotides synthesis [Sobrero
et al., 2000] and is normally administrated with leucovorin a folate that is considered to
stabilize the interaction between fluorouracil and thymidylate synthetase enzyme. Between
metastatic patients treated with the combined treatment fluorouracil and leucovorin about
20% present a reduction of 50% in tumor size and the medial survival is increased from 6
months to about one year [Piedbois et al., 1998]. The most common side effects of this

treatment are neutropenia and stomatitis.

- Irinotecan: is a semi-synthetic derivate of camptothecin, a natural alkaloid. It acts inhibiting
topoisomerase I enzyme, that regulates DNA replication, resulting in DNA fragmentation
and programmed cell death [Garcia-Carbonero et al., 2002]. Principal side effects includes:

diarrhea, myelosuppresion and alopecia [Rougier et al., 2008].

-Oxaliplatin: is a diaminocyclohexane platinum compound that leads to impaired DNA
replication and cellular apoptosis [Raymond et al., 1998]. Oxaliplatin used as single drug
presents very limited efficacy, for this reason is, generally, used in combined therapy with
fluorouracil and leucovorin, in a mixed compound called FOLFOX that is able to increase

disease-free survival and overall survival [Giacchetti et al., 2000].

-Bevacizumab: is a humanized monoclonal antibody against VEGF normally used in
combination with chemotherapy [Hurwitz et al., 2005]. Bevacizumab inhibits the Vascular
Endothelial Growth Factor (VEGF) involved in neo-angiogenesis formation during
malignant proliferation. Generally, it is well tolerated even if rarely serious side effects were
observed as bowel perforation (risk of 1-2%), serious bleeding (risk of 2-3%) and arterial

embolic events (risk of 2-3%) [Glusker et al., 20006].

-Cetuximab: is an antibody direct against the extracellular domain of Epidermal Growth
Factor Receptor (EGFR), a transmembrane glycoprotein, which interacts with pathways
involved in cellular growth, proliferation and programmed cell death [Baselga et al., 2002].

Cetuximab has been tested in patients whose disease had progressed with standard therapy
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based on fluorouracil and oxaliplatin, with improvements in overall survival [Jonker et a.,

2007].

Despite, the improvements in pharmacological treatment of CRC, patients who receive all
of these available therapies can expect a median overall survival of about two years [Brian

et al., 2008].

6.9 CRC detection

Early detection of CRC has a key role in prevention and treatment of CRC,
unfortunately current CRC screening methods are still inadequate because of their low
sensitivity and specificity, their high cost and low compliance due to their high invasivity.
Screening is the process of looking for cancer in people who have no symptoms of the
disease. Generally, population is divided into two different categories: average risk and high
risk and each category is targeted with a different screening program. High risk category
includes subjects with family history of CRC, personal history of polyps or affected by IBD:
these cases are generally screening directly with a total colonoscopy (TC). The second class:
average risk, includes over 50 years old subjects without CRC history, no polyps or IBD,
these cases are screened by less-invasive methods. In the recent years, several studies try to
set-up less-invasive methods based on available biological samples such as urine, serum or

plasma, stool or breath for CRC detection [Di Lena et al., 2013].

6.9.1 CRC detection: Traditional screening methods

Clinically validated screening strategies includes Fecal Occult Blood Testing
(FOBT), Total Colonoscopy (TC), Flexible Sigmoidoscopy (FS), and radiographic imaging
as double contrast barium enema. European guidelines recommend annual screening with
FOBT. Between non-invasive screening, FOBT is the most used method, because it is safe
and acceptable by patients, however it has poor sensitive and specificity for CRC diagnosis,
in fact FOBT screen reduces the risk associated with CRC-related mortality only by 16-25%
[Mandel et al., 1993]. Actually two types of FOBTs are used in clinical practice: guaiac
FOBT (gFOBT) which works by detecting peroxidise-like activity of the heme molecule.

The major limit of this method is that this test is not automated and its interpretation is not
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objective [Imperiale, 2012]. There is also a more recent method: FIT which uses antibodies,
against globin, to detect human blood in stools, in this case the test is automated and
objective. There are several studies that compare the two methods, generally, FIT seems to
have greater sensitivity, but slightly lower specificity. There are also methods based on the
research of circulating proteins, that are conventional cancer biomarkers, such as CEA
(Carcino-Embryonic Antigen) or CA19-9. These biomarkers permit early detection, but this

approach has a limited specificity [Toiyama et al., 2014].

6.9.2 CRC detection: New approaches for CRC screening

In the last years researchers are looking for more effective screening test based on
genomic (genetic or epigenetic alterations), transcriptomic (mRNA) proteomic (cancer
related antigens or mutated proteins) metabolomic (organic metabolites) techniques [Di
Lena et al., 2013]. Between biological samples, stools are one of the most investigated and
several studies were performed in order to identify fecal DNA hyper-methylation. In
particularly way, researchers proposed the analysis of a fecal DNA mutations panel, such as
the first stool-based colorectal cancer screening test (Cologuard®), approved in 2014
[www.esmo.org]. Cologuard® is able to detect the presence of both haemoglobin (using
ELISA technology) and DNA mutations. The panel of DNA alterations analysed in this test
includes: the analyses of aberrant gene promoter region methylation: NDRG4 (N-Myc
Downstream-Regulated Gene 4) and BMP3 (Bone Morphogenetic Protein 3) that have been
shown to be hypermethylated in CRC, and the analyses of point mutations in KRAS gene:
in particularly the test is able to identify 7 mutations in exon 2 of KRAS, that represent the
98% of KRAS mutations. Test, also uses B-actin as reference gene for the quantification of
total human DNA amount [Kadiyska et al., 2015]. Others molecular screening strategies are
based on fecal mRNA amplification using RT-qPCR [Ahmed et al., 2014], or on mRNA
markers in blood. From a proteomic point of view, some antigens like urokinase-type
plasminogen or small intestinal mucin antigen were proposed as potential biomarkers, but
actually, none of these have demonstrate an acceptable reliability in clinical testing. With

the exception of Cologuard®, none of these methods has been independently validated.
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6.9.2.1 Non-coding RNAs as biomarkers for CRC diagnosis

In the last 10 years, hundreds of studies proposing non-coding RNA as biomarkers
in CRC have been published. In particularly, the most frequently studied subclass of non-

coding RNA are miRNA. In addition, for miRNAs based screening, stools represent a good

Diagnostic biomarker
Identification of early-stage CRC
IR, W - Recurrence detection
» . P - High-risk individuals monitoring
PITTTTR I Prognostic biomarker
) ; - Correlation with overall survival
Correlation with response to therapy
Circulating
non-coding RNA
(microRNA, lincRNA, ...)

Figure 24: Non coding RNA as colorectal cancer biomarkers. Taken from Ferracin et al., 2016.

biological sample, in fact colonocytes are replaced every 3 or 4 days and continuously shed
into the fecal stream, and the release rate is higher in the case of neoplastic cells. Moreover,
a high number of miRNAs are released from the tumor directly in the intestinal lumen and
these miRNAs have been shown to be extremely stable [Ragusa et al., 2015]. The first study
reporting stool miRNAs as biomarkers in CRC was performed in 2009, by Ahmed an
colleagues [Ahmed et al., 2009], in this case authors analysed miRNAs expression in
colonocytes isolated from stools and identified a panel of 7 up-regulated miRNAs and a
second one, composed by 7 down-regulated miRNAs in CRC patients. Other researchers
focused their attention on cell-free miRNAs in stool, leading to identify miR-21 and miR-
106a as up-regulated miRNAs in stools of CRC patients [Link et al., 2010]. Very interesting
is miR-221 that is not only increased in tumor tissue and in plasma, but also in stool samples
of stages I-IV CRC patients [Yau et al., 2014]. Recently, was also considered the combined
miRNAs expression analysis in both stool and blood sample. The combined approach
demonstrates more specificity and higher sensitivity and allows to identify two miRNAs that
are up-regulated in both biological samples: miR-223 and miR-92a [Chang et al., 2016].
Although miRNAs analyses in stool seems to be promising, the major limitation is the
standardization of the procedure, in fact stools are more prone to daily changes than plasma

or serum samples.
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miRNA Sample Change Reference
miR-17-3p Plasma Up-regulated Ng et al., 2009
miR-92 Plasma Up-regulated Ng et al., 2009
miR-92a Up-regulated

miR-29a Plasma Up-regulated Huang et al., 2010
miR-221 Plasma Up-regulated Puetal., 2010
miR-601 Down-regulated

miR-760 Plasma Down-regulated Wang et al., 2012
miR-409-3p Up-regulated

miR-7 Plasma Down-regulated Wang et al., 2015
miR-93 Down-regulated

miR-21 Serum Up-regulated Toiyama et al., 2013
miR-21 Up-regulated .

miR-92a Serum Up-regulated Liuetal., 2013
miR-21 Up-regulated

let-7g Up-regulated

miR-31 Down-regulated

miR-92a Serum Down-regulated Wang et al., 2014
miR-181b Down-regulated

miR-203 Down-regulated

miR-155 Serum Up-regulated Lvetal, 2015
miR-223 Up-regulated

miR-92a Plasma Up-regulated Chang et al., 2016
miR-145 Down-regulated

miR-106a Serum Up-regulated Lietal, 2015
miR-17-3p Up-regulated

miR-106a Plasma Up-regulated Chen et al., 2015
miR-20a Plasma Up-regulated Chen et al., 2015

Table 5: Circulating miRNAs modulated in CRC patients.

6.9.2.2 Circulating miRNAs as diagnostic biomarkers in CRC

After the discovery of miRNAs in blood plasma by Lawrie and co-workers [Lawrie
et al., 2008] a great number of studies was performed in order to evaluate circulating
miRNAs expression in a wide range of diseases, considering miRNAs as a tool for cell to

cell communication within the tumor or between tumor and host cells. The first miRNA
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expression profiling study in CRC patients was performed by Ng and colleagues who
evaluate miRNA expression alterations in tissue and plasma samples from CRC patients and
identify two miRNAs: miR-92a and miR-17-3p which are up-regulated in CRC patients [Ng
et al., 2009]. After this first study tens of studies have been performed, some of the most
interesting results are summarized by Ferracin and co-workers and reported in Table 6
[Ferracin et al., 2016]. Considering the heterogeneity in CRC carcinomas is clear that the
identification of a single miRNA is not sufficiently adequately, for this reason several
articles propose panels of miRNAs to increase the accuracy of the analysis [Kannan et al.,

2013].

6.9.2.3 Circulating miRNAs as prognostic biomarkers in CRC

The first work demonstrating the association between miRNA expression and CRC
prognosis was performed by Xi and co-workers [Xi et al, 2006]. In his work, Xi
demonstrated that CRC patients with higher miR-200c-3p levels had shorter survival time
compared with patients with lower expression. Several others studies demonstrate that
miRNAs levels in plasma or serum are good markers for cancer prognosis prediction. Also
miR-221 was proposed as prognosis biomarker, in fact, not only high levels of miR-221 are
associated with poor overall survival, but in addition was demonstrated a strong correlation
between high levels of miR-221 in plasma and p53 expression, that candidates miR-221 as
both diagnostic and prognostic biomarker [Pu et al., 2010]. If miR-221 can be detected even
in the first stages, miR-141-3p expression is significantly increased in the IV stage, and its
high levels are associated with poor survival [Cheng et al., 2011]. Several others miRNAs
are associated with lymph node infiltration (miR-183-5p), metastasis formation (miR-29a-

3p) and short disease-free or overall survival (miR-155-5p and miR-17-3p).
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Plasma Serum
miRNA Reference miRNA Reference
miR-15b-5p Giraldez et al., 2013 Let-7 g-5p Wang et al., 2014
miR-17-5p Kanaan et al., 2013 miR-21-5p Wang et al., 2014
miR-17-3p Ng et al., 2009 miR-23a-3p Young et al., 2013
miR-18a-5p Giraldez et al., 2013 miR-31-5p Wang et al., 2014
miR- 19a-3p Giraldez et al., 2013 miR-92a-3p Wang et al., 2014
miR- 19b-3p Giraldez et al., 2013 miR-181b-5p Wang et al., 2014
miR- 20a-5p Luo et al., 2013 miR-193a-3p Young et al., 2013
miR- 21-5p Luo et al., 2013 miR-203a Wang et al., 2014
miR- 29a-3p Giraldez et al., 2013 miR-338-5p Young et al., 2013
miR- 92a-3p Ng et al., 2009
miR- 106b-5p Luo et al., 2013
miR- 133a-3p Luo et al., 2013
miR- 142-3p Kanaan et al., 2013
miR- 143-3p Luo et al., 2013
miR- 145-5p Luo et al., 2013
miR- 195-5p Kanaan et al., 2013
miR- 331-3p Kanaan et al., 2013
miR- 335-5p Giraldez et al., 2013
miR-378a-3p Zanutto et al., 2014
miR-532-5p Kanaan et al., 2013
miR-532-3p Kanaan et al., 2013
miR-652-3p Kanaan et al., 2013
miR-601 Wang et al., 2012
miR-760 Wang et al., 2012

Table 6: Circulating miRNA as diagnostic biomarkers in CRC. Taken from Ferracin et al., 2016.
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miRNA Modulation Effect Reference
Plasma sample
miR-221-3p Increase Shorter survival and reduced p53 expression in  Pu et al., 2010
CRC.
miR-141-3p Increase Advanced stage and shorter survival Cheng et al., 2011
miR-183-5p Increase Shorter disease-free survival and overall Yuan etal., 2015
survival.
Lymph-node metastases, distant metastases
miR-182-5p Increase Decrease after surgical tumor removal Perilli et al., 2014
miR-378a-5p  Increase Decrease after surgical tumor removal Zanutto et al., 2014
miR-24-3p Decrease Increase after surgical tumor removal. Fang etal, 2015
miR-320a Decrease Increase after surgical tumor removal Fang et al., 2015
miR-423-5p Decrease Increase after surgical tumor removal Fang et al., 2015
Serum sample
miR-372-3p Increase Shorter overall survival Yuetal., 2016
miR-592 Increase Correlation with distant metastases. Liu et al., 2015
miR-106a-5p Increase Shorter overall survival. Lietal, 2015
miR-29a-3p Increase Early detection of CRC with liver metastases. Wang et al., 2012
miR-199a-3p  Increase Correlation with deep wall invasion. Nonaka et al., 2014
miR-200c-3p Increase Lymph node metastases, tumor recurrence, Toiyama et al., 2014
distant metastasis.
miR-155-5p Increase Shorter progression-free and overall survival. Lvetal., 2015
miR-17-3p Increase Shorter progression-free and overall survival. Lietal, 2015
miR-19a-3p Increase Lymph node metastases, liver metastases. Matsumura et al.,
2015
miR-92a-3p Increase Shorter survival. Liu et al., 2013
miR-21-5p Increase Tumor size, metastases, poor survival. Toiyama et al., 2013
miR-21-5p Decrease High local recurrence and increased mortality. Menendez et al., 2013
miR-145-5p Decrease Increase after surgical tumor removal. Lietal, 2015
miR-218-5p Decrease Increase after surgical tumor removal. Yuetal, 2013
miR-148a-3p  Decrease Early relapse after tumor resection. Tsai et al., 2013
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Continue from page 70

miRNA Modulation Effect Reference

Serum sample

miR-20a-5p Chemosensitivity prediction. Zhang et al., 2014
miR-130

miR-145-5p

miR-216a-5p

miR-372-3p

miR-19a Increase Resistance to therapy. Chen et al., 2013

Table 7: MiRNAs prognostic biomarkers in CRC. Taken from Ferracin et al., 2016.
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Blood doping

Blood doping is the illegal use of techniques and or substances to increase red cells
mass, that results in an increase of oxygen transport to muscles and consequently an increase
of athletic performance [www.wada-ama.org]. Doping includes several types of practice as
blood transfusions, administration of drugs stimulating erythropoiesis, administration of
blood substitutes, employment of altitude facilities and innovative gene therapies. First
evidences that the increase of haemoglobin (Hb) increases also the volume of transported
oxygen and consequently the athlete’s performances, were shown by Ekblom and colleagues
[Ekblom et al., 1972]. In his study Ekblom, not only correlates Hb level with the maximal
aerobic capacity (VO2max), but also demonstrates that the effects are equally present in

subjects with either high or low basal haemoglobin levels.

7.1 Gene doping

Gene therapy is the new field in doping strategies and is based on the introduction of
a specific gene in the athlete cells through the use of viral vectors. The most relevant targets
are gene which naturally occurring mutations as Myostatin gene (MSTN) or Erythropoietin
Receptor EPOR [Juvonen et al., 1991]. Recently, was developed an adenovirus vector
containing EPO gene, under the control of O2-dependent hypoxia response element
(Repoxigen). The vector was developed for the treatment of chronic anaemia and has been
tested in mouse models, even if tests were stopped before the beginning of clinical trials in
human because of the lack of safety [Binley et al., 2002]. These kinds of doping strategies
are at moment undetectable, even if both World Anti Doping Agency (WADA) and
International Olympic Committee (IOC) included gene doping in the list of prohibited

substances and methods.

7.2 Erythropoietin

Erythropoiesis is a part of the more complex haematopoietic pathway: the
responsible for the production of mature cells composing blood and lymphoid organs [ Koury

et al., 2002]. Even if the haematopoietic pathway is continuously active, for the normal turn
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over of hematopoietic cells, when an abnormal loss of erythrocytes takes place, the
production of erythrocytes markedly increases. The production of erythrocytes takes place
in bone marrow, where are present stem cells that proliferate and differentiate in order to
produce blood cells component. Briefly, the erythropoiesis starts from Burst Forming Unit-
Erythroid (BFU-E): the most undifferentiated stage of erythroid progenitors. The result of
BFU-E differentiation is the formation of Colony Forming Unit- Erythroid (CFU-E), which
descendants are erythroid precursor cells, that include proerythroblasts, basophilic
erythroblasts, polychromatophilic erythroblasts and orthochromatic erythroblasts. This last,
do not divide but, enucleate forming reticulocyte. Erythropoiesis pathway is regulated by
Erythropoietin (EPO) a glycoprotein hormone produced in cortical interstitial cells of the
kidney. The absence of oxygen in tissues, also called hypoxia condition, is sensed by
intracellular molecules that interact with enhancer elements of EPO gene promoter, inducing
EPO gene transcription, that is, then, released in plasma [Ebert et al., 1999]. EPO is carried
by blood flow in bone marrow where recognises and binds specific cell surface receptors in
CFU-E and pro-erythroblasts cells increasing their ability to survive and reach the
reticulocyte stage [McMullin et al., 1999]. In doping practice, EPO is used to stimulate red
blood cells production and consequently the oxygen-carrying capacity. On the contrary, due
to the increase of erythrocytes percentage, blood becomes thicker resulting in risk of heart
failure, for this reason, the International Olympic Committee banned EPO in 1990. The
detection of recombinant human EPO (rHuEPO) can be performed using two different
methods. The first one is based on the detection of indirect blood markers such as
haemoglobin concentration in erythrocytes (MCH: Mean Corpuscular Haemoglobin) and
Mean Corpuscular Volume (MCV) [Casoni et al., 1993]. The major advantage of this
technique is the possibility to detect rHuEPO administrated more than a week before that is
not possible for direct methods. In fact, with direct methods is possible to identify only
administration of rHuUEPO performed less than 3 days before. Direct methods take advantage
from the slightly differences between endogenous and recombinant EPO [Rush et al., 1995].
Indeed, the two forms present a different glycosylation pattern that result in different charge
status, thanks to this difference is possible to separate endogenous EPO from recombinant
one [Wide et al., 1995]. Recently, studies demonstrate that several drugs which are able to
induce endogenous EPO synthesis can be used as alternative to rHuEPO, even only a little
part of these drugs have been tested in human. For example, prolyl-hydroxylase inhibitor, in

phase 1 clinic trial was shown to increase EPO synthesis [Bernhardt et al., 2010].
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7.3 Blood transfusion

Blood transfusion is an old practice originally developed for the treatment of subjects
that present severe anaemia. In some cases, especially in the cases in which a surgical
practice is expected, is possible to proceed with a pre-operative collection of blood, that is
re-infused in the post-surgical stages. The major advantage of autologous blood transfusion
is the reduction of risks due to exposure to allogenic-blood such as red-cells allo-
immunization, onset of transfusion-trasmitted diseases and in general can prevent
transfusion related-reactions [Lawrence et al., 1998]. Starting from 1970s blood transfusions
were improperly used to improve the performance in sport. As for the therapeutic practice,
even in doping practice two kind of blood transfusions are possible: homologous blood
transfusion: the athlete receives the blood from an external donor and autologous blood

transfusion: the blood donor and the recipient are the same person.

7.3.1 Homologous blood transfusion

Homologous blood transfusions are not common in doping practice, partly due to the
greater side effects that this practice presents, but, most of all, because are very easy to detect.
Modern practice, as erythrocytes phenotyping through FACS analysis or erythrocytes
genotyping by DNA sequencing, allow to easy detect the blood transfusion. Detection of
homologous blood transfusion is based on the evidence that membrane of RBCs expresses
several blood group antigens, which are genetically determined and consequently unique for
each subject. So using specific fluorescence-labelled antibody is possible, using FACS
analysis, to discriminate donor RBCs from receiver one [Nelson et al., 2002]. Using this
technique is possible to identify also small population, less than 5%, of exogenous RBCs
with high sensitivity. Moreover, is possible to detect the illicit practice, for a long period, in
fact in an athlete, generally red blood cells remain in circulation for about 60-90 days [Nelson
et al., 2003]. An alternative method, is the screening of RBCs antigens through the analysis
of genomic DNA and the associated Single Nucleotide Polymorphisms (SNPs). This kind of
analysis allow to distinguish receiver cells from donor cells using a PCR related technique.
The assay is fast and cheap, but presents all the issues associated to a PCR reaction, such as

the possible amplification of contaminations [Flegel et al., 1998].
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7.3.2 Autologous blood transfusion (ABT)

First cases of Autologous Blood Transfusion (ABT) date back to 70s, that due to high

number of athletes, which have employed ABT to enhance their performances, was called

Autologous Blood Transfusion

1. Blood Collection 4. Blood Re-infusion

2. Blood ( ' 7} 3. Blood
Processing NS o Cryopreservation
-

Figure 25: Autologous Blood Transfusion (ABT) work-flow. Blood is collected from the athlete, processed,
to reduce volume and stored at +4°C or -80°C. Blood is than re-funded in the athlete immediately before the
performance.

‘the transfusion era’. In the next decennium, EPO replaces, almost completely, ABT thanks
to its easier administration. The development of new and more sensitive tests to detect EPO
administration, induces athletes to go back to autologous blood transfusion [ Waddington et
al., 2008]. The traditional procedure for ABT consist in withdrawal of one to four units of
blood several weeks before the competition, in order to restore physiological levels of Red
Blood Cells (RBCs). Each unit is composed of about 450 mL of blood and is immediately
centrifuged to concentrate RBCs in a final volume of 225 mL. Samples are stored at -80°C
or at +4°C, until some day before the competition. Generally, reinfusion is performed from
one to seven days before the competition [Leigh-Smith et al., 2004]. In most of cases blood
is conserved at -80°C, in fact this technique offers two main advantages: the blood can be
stored for longer time, while +4°C stored blood must be reinfused within 40 days from
withdrawal, new techniques for blood cryopreservation at -80°C allow to store sample for
more than ten years [Chang et al., 2017]. Moreover, some studies demonstrate that +4°C
storage results in decreased activity of several enzymes involved in energy metabolism

[Lolla et al., 2017]. On the other hand, cryopreservation at -80°C is more complex, in fact
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to protect cells by freeze the addition of cryopreserving compounds is required. Several
molecules were studied at this propose, and probably the most extensively studied is
glycerol. Even if glycerol presents very low or no toxic effects, its high intracellular
concentration makes necessary to remove it after thawing to avoid osmotic cell lysis
[Lovelock, 1953]. Several techniques can be employed to remove glycerol as dialysis, Cohn
fractionation, serial centrifugation or reversible agglomeration, but all of them are damaging
for red blood cells [Meryman et al., 1977] and with no differences between methods, about

15% of cells are haemolysed, during the process.

7.3.3 Detection of ABT

Even if ABT is forbidden by WADA since several years, at the moment no detection
methods for ABT are available. Several indirect methods have been proposed, and all of
them are based on the identification of significant deviations from the individual
physiological haematological profile. Several physiological adjustment of hematopoietic

response were detected immediately after blood withdrawal, including [Smith et al., 1996]:
- Increase (about 4 fold) of serum erythropoietin levels within 1 day from blood withdrawal
- Increase (about 2 fold) of RBCs count in the seven days following blood withdrawal

- Reduction (decrease of 15%) of haemoglobin content for two weeks

- Change in iron metabolism: decrease of serum levels of ferritin associated with increase

(until 60%) of soluble transferrin receptor levels, until 14 days after blood withdrawal.

- Increase of hypochromic reticulocytes starting from the first day after the withdrawal and

reaching the maximum increase at the 9th day after the practice.

At the same way, even blood reinfusion modifies athlete blood profile, in this case the major

changes are [Damsgaard et al., 2006]:

- Increase of reticulocytes count, starting from the first day after re-infusion, and reaching
the maximum increase of 55%. Their levels then, decline progressively from the 7th to the

21th day after the reinfusion.

- Increase of haemoglobin concentration until 14% compared to pre-infusion levels
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- Decrease (in some cases the decrease reaches 50%) of EPO production within 24 hours

from the reinfusion.
- Increase (until 68%) of ferritin concentration

All these changes offer only an indirect proof of blood manipulation, and may be affected

by several other events, such as pathologies or changes in life style.

Whole blood
e — Athlete Biological Passport

— Haematologic parameters

Serum / Plasma /Buffy Coat
— Plasma Leukocytes

— Micro RNA

— Plasma Volume

Red blood cells
— Total haemoglobin mass
— Red cells subpopulations -

Red cell membranes
— Proteome variations

Shost

Urine
— Plasticizers from blood bags

Figure 26: Possible biological matrices and methodologies for ABT detection. Taken from Segura et al.,
2014.

Between proposed tests for ABT detection, an example is the analysis of plastic residues that
may be contained in some blood bags [Solymos et al., 2011]. Solymos and colleagues
demonstrate that in the urines of athletes undergo to ABT, increased levels of 2-ethylhexyl
phthalate (DEHP) metabolites are present. DEHP derives from materials composing blood
bags and is released into the stored blood, but such event involved only some bags. Another
possible method is based on the evidence that red blood cells reinfusion causes gene
expression alteration in white blood cells. Pottgiesser and colleagues analyse the
transcriptional response in T-lymphocytes after ABT and identify more than 700 genes
altered after blood reinfusion. In particularly, apoptosis-associated tyrosine kinase (AATK)

transcript expression is upregulated 72-96 hours after the blood reinfusion [Pottgiesser et
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al., 2009]. However, is important to underline that the expression of this gene can be altered
in several others cases as in infection or haemolysis. Furthermore, also iron metabolism was
investigated as possible ABT marker. In particular, hepcidin a 25 amino acids hepatic
peptide regulating iron absorption was found significantly increased (from 4 to 7 fold) 12-
24 hours after blood reinfusion [Leuenberger et al., 2016]. Hepcitin can be easy detected in
serum or plasma, using liquid chromatography, but even in this case ABT can be detect only

immediately after reinfusion.

7.3.3.1 Athlete Biological Passport

Athlete Biological Passport (ABP) seems the best currently available tool for
detection of ABT, even if, with this method is not possible to establish at 100% that an
athlete has practiced doping. In fact, ABP is an indirect evidence of blood manipulation that
underlines only anomalies in athlete’s blood profile through a longitudinal comparison of
data. ABP was firstly proposed by Cazzola in 2000 [Cazzola et al., 2000]. He proposed to
monitor a personalised panel of biomarkers indicative of doping, in order to detect several
types of doping practices. As regard blood doping, parameters as red blood cells count or
haemoglobin concentration or haematocrit are considered using a software system. Repeated
evaluation over a period of time, of several parameters were performed in order to design a
haematological profile that is supposed to be stable in time. Generally, at least five sequential
determinations during the time, were performed in order to define a subject-specific
reference range. Values exceeding this range may be due to illegal practice. In the first step
the analysis is performed using a software that is able to identify abnormal blood profiles,
that are then submitted to an experts committee. Experts evaluate each case, and eventually
open the disciplinary procedure. Morkerberg and colleagues apply ABP protocol in a
controlled autologous blood transfusion study, with disappointed results, ABP protocol
demonstrate a sensitivity rate lower than 20% [Morkerberg et al., 2011]. In fact, several
parameters can affect results, such as altitude, sample manipulation and type of instruments
used to perform the analysis. Some of these drawbacks can be solved standardizing

protocols, for others solutions are at moment not available.
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7.3.3.2 microRNA as ABT biomarkers

Recently Leuenberger and colleagues analysed the expression profile of a panel of
miRNAs in plasma isolated from athletes which underwent to ABT. Volunteers donate a bag

of blood (about 500 mL), blood was processed and store at +4°C, then after 42 days blood

Donation Reinfusion
42 days storage
Blood
1 LI | I I I 1
I | I I 1
Plasma/ vV Vv 7 v v
Urine D-1 3h 6h| D+1 D+3 D+7 D+10

Circulating miRNA

o o
RT-qPCR screening ﬂ ﬂ ﬂ
O L

Hematologic / plasma measures

Figure 27: Study design performed by Leuenberger and colleagues. Samples were taken at different time
points after blood reinfusion. For the control group, no samples were collected at 3 (3 h) and 6 hours (6 h).
Taken from Leuenberger et al., 2013.

was reinfused. MiRNAs levels were verified at different times points, as indicated in Figure,
and data were compared to miRNAs levels present at the day before the reinfusion. All data
were compared to a control group, that do not undergo to ABT. Ten miRNAs were identified
as possible biomarkers of ABT (Table 8) and between these miR-26a, miR-30c and miR-
30b were selected as the best candidates. Even in this case best results were obtained in time
points immediately after blood transfusion (from 3 to 24 hours after reinfusion) while no
significative changes in miRNA expression were shown at longer time points. Moreover,
Donati and co-workers analysed a panel of eight selected miRNAs, in blood samples taken
from athletes. Samples were collected and miRNAs content was analysed at three different
time points: at moment of collection, after 15 days-storage and after 30 days-storage. The
expression of miR-144 and miR-923 was founded to change consistently during the blood
storage, demonstrating that storage methods can affected significantly circulating miRNA

data [Donati et al., 2015].
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Modulated MiRNA

Reference

let-7d-5p

let-7d-5p
let-7g-5p

miR-103a-3p
miR-142-3p
miR-144-3p
mir-150-5p
miR-196a-5p
miR-197-3p
miR-26a-5p
miR-26b-5p
miR-30b-5p
miR-30c-5p
miR-339-5p
miR-451a
miR-923

miR-96-5p

Leuenberger et al., 2013
Leuenberger et al., 2013
Leuenberger et al., 2013
Leuenberger et al., 2013
Leuenberger et al., 2013
Donati et al., 2015
Donati et al., 2015
Donati et al., 2015
Donati et al., 2015
Leuenberger et al., 2013
Leuenberger et al., 2013
Leuenberger et al., 2013 and Donati et al., 2015
Leuenberger et al., 2013
Leuenberger et al., 2013
Donati et al., 2015
Donati et al., 2015

Donati et al., 2015

Table 8: Principal miRNAs founded to be modulated in ABT.

91



Beta thalassemia

Beta thalassemia (B-thalassemia) is an autosomal recessive genetic disease, caused
by mutations within or near the beta () globin gene. Mutations generally, result in absence
of synthesis of B-globin chains (B’-thalassemia) or in reduced synthesis: called B*-
thalassemia [Olivieri, 1999]. B-thalassemias can be classified in different ways, by a

genotypic point of view is possible to identify three genotypes:

-heterozygosity: with a wild type allele, while the second one carries the mutated -globin
gene. These subjects, called microcitemic, are able to transmit the mutated allele to their
offspring. The offspring of two microcitemic subjects with the same mutation have the 25%
of probability to be wild type for the mutation, 50% to be heterozygotes as their parents and

25% to be homozygotes for the mutation.

-heterozygosity for two different B-globin gene mutations, in this case the severity of the

disease depends on the type of mutations.

-homozygosity for the same mutation, generally, it is the most severe condition and is called
thalassemia major or Cooley’s disease, from the surname of the doctor who first described
the disease. Even in this case the severity of disease depends on mutations type, in fact
several mutations result in reduction of B-globin production, others led to the complete lack

of B-globin chains production.
Subjects affected by B-thalassemia, present different phenotypes:

- silent B-thalassemia: their haematological parameters do not present anomalies and only a
slight imbalance in the in vitro chain synthesis can be observed [Gonzalez-Redondo et al.,

1989]. These subjects, generally present a heterozygote genotype [Moi et al., 2004].

- B-thalassemia trait (microcitemic subject): they present a mild anaemia, decreased
haemoglobin (Hb) levels, reduction in Mean Corpuscular Volume (MCV) and in Mean
Corpuscular Haemoglobin (MCH). These individuals are generally, heterozygous for a [3-

globin gene mutation, and the severity of disease is related to mutation type.

- B-thalassemia intermedia: in some cases, patients present a reduced disease severity thanks
to the inheritance of mild B-thalassemia mutations, that allow the production of good
quantity of B-globin chains. In other case, despite the subject presents the complete absence

of B-globin chains, is able to compensate this absence, with high production of B-like globin,
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like gamma (y) globins. On the contrary, in some cases, heterozygous patients present
unusually severe -thalassemia disease, due to the co-inheritance of -globin gene mutation

and extra alfa (o)) globin gene [Danjou et al., 2011].

- B-thalassemia major: is the most severe form of B-thalassemia, characterized by very low
or absent production of -globin chains. Generally, is typical of homozygosity for the same
B mutation or heterozygosity for a B° and a B* mutation. Patients present a severe anaemia

and need regular blood transfusions to survive [Danjou et al., 2011].

8.1 Beta globin cluster

B-globin gene cluster is located in the short arm of chromosome 11 and contains
inside five B-like genes, arranged in order of expression during development [ Efstratiadis et
al., 1980]. Upstream of the globin genes there is the Locus Region Control (LCR), that is
the major regulatory element of the [-cluster and contains four erythroid-specific
hypersensitive sites (HS), present at all stages of erythroid development. Cluster beta is
composed by the embryonic gene &, that is expressed until the 8" week of gestation, by the
fetal ‘block’ composed by the two genes “y and “y which codify for two similar globin chains

that differ only for an amino acid located in the position 136. The two gamma genes are

Chromosome 11
5 —fisy<asy=asy=asy-asp—el- S v N>
105 146 /

CACCC 1 30 31 104

C ATG GT AG GT AG TAA |P

ATAAA AATAAA

Figure 28: Cluster p and B-globin gene sequence.

active starting from the 8™ week of gestation, until the 3" month after the birth, when fetal
block is silenced and replaced by the adult block. Adult block is composed by two genes: 0
and P producing similar globin chains that differ only for ten amino acids [Efstratiadis et al.,

1980]. The genomic sequence of B gene is composed by three exons, interrupted by two
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introns (IVS). Exons 1 and 3 encode for the non-heme region of B-chains, while exon 2
codifies for the region involved in heme binding [Joy et al., 2000]. B-globin genes are fine
regulated during the development, initially, in the embryonic period three types of
haemoglobin are produced: Gower I, Portland and Gower II, composed as indicated in Table
9. Subsequently, embryonic gene is gradually silenced and replaced by gamma genes,

codifing for y-globin chains that constitute fetal haemoglobin, which is gradually replaced

by adult haemoglobin after birth [Cao et al., 2002].

a-like No a-like

chain chain Hb composition Hb name Stage of production

¢ € (2¢2 Gower 1 First 8 weeks of gestation

o € o2g2 Gower 2 First 8 weeks of gestation

¢ Y 2y2 Haemoglobin Portland First weeks of gestation
and hydrops foetalis due
to homozygous o-
thalassaemia

o v o2y2 Fetal Haemoglobin (HbF) From 6" week of
gestation to the first
month after birth

o B a2p2 Adult Haemoglobin (HbA)  Dominant haemoglobin
in normal adult

o d 252 Adult Haemoglobin 2 About 3% of total

(HbA2) haemoglobin in normal

adult

Table 9: Principal haemoglobin produced during development.

Mutations involving -globin gene are very heterogeneous, in fact, more than two hundred
mutations causing B-thalassemia have been characterized. The majority of these mutations
involves only a single nucleotide and in particular are characterized by single nucleotide
substitution, deletion or insertion leading to frameshift, while rarely disease is due to the
complete gene deletion [Cao et al., 2010]. Point mutations, causing p-thalassemia can be

divided into free principal groups:

- Mutations leading to defective beta-gene transcription: in most of cases they involved [-
globin gene promoter. Three functionally important sequences are involved: CACCC,
CCAAT and ATAA boxes. Normally mutations within promoter sequence reduce but not

completely inhibit B-globin production so lead to mild thalassemia phenotypes. Studies
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demonstrate that these kind of mutations causes a decrease in B-globin mRNA production

between 10 and 25% [Treisman et al., 1983].

- Mutations affecting messenger RNA (mRNA) maturation: different types of mutations can
interfere with primary mRNA processing. For example, mutations that alter normal splicing
sites, which can occur both within exon or intron. When the mutation is located in the exon,
results in the creation of new splicing sites, that are preferred to the normal splice sites,
leading to the production of abnormal protein. While mutations located in introns can disrupt
the normal splice junction formed by the dinucleotides GT and AG, resulting in the
repression of splicing process and consequently to a f°-thalassemia phenotype. The mutation
IVS1-110 (G->A), that is frequent in Mediterranean population, is an example of mutation
affecting splicing process, in fact the replacement of guanine with an adenine results in the
formation of an alternative splice site, which is preferred in the 80-90% of the transcripts,
resulting in a severe °-thalassemia [Busslinger et al., 1981]. In other cases, mutations
involve the polyadenylation signal sequence (AATAAA) and result in very unstable mRNA.
In fact, due to the presence of the mutation, the polyadenylation takes place beyond the
normal polyadenylation site, resulting to a longer transcript, even 900 bp longer than the

normal one, that is not stable [Orkin et al., 1985].

- Mutations resulting in abnormal mRNA translation: about half of -thalassemia cases are
due to the introduction of premature stop codon, that can be caused both by a single point
mutation or by insertion or deletion of a nucleotide leading to a change in the reading frame.
One of the best characterized and more common mutation occurs at the codon 39 and is due
to the substitution of a cytosine with a thymine (CAG->TAG) [Humphries et al., 1984].
Genes carrying this mutation are normally transcribed, but the produced RNA seems to be
unstable, probably because of the Nonsense Mediated Decay (NMD) quality-control

mechanism [Isken et al., 2007].

8.2 Physiopathology of B-thalassemia

The reduced or absent synthesis of B-globin chains in B-thalassemia results in a
excess of un-matched a-globin chains that are not able to form tetramers, so precipitate into
erythroid precursors in bone marrow, leading to their premature death and to ineffective

erythropoiesis [Galanello et al., 2010].
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Figure 29: Physiopathology of p-thalassemia.

This results in a severe reduction of mature red blood cells that are able to reach blood
stream. Moreover, cells that are able to enter into the general circulation are generally,
damage, with low elasticity and smaller, so once in the spleen they are degraded resulting in
increased bilirubin and more importantly, in increased activity of spleen that leads to one of
the principal features of B-thalassemia patients: splenomegaly [Galanello et al., 2010]. The
most important manifestation of B-thalassemia is anaemia, due to the lack of B-globin chains
and the consequent reduction or absence of adult haemoglobin (HbA). Direct consequence
of anaemia are increase of erythropoiesis that results in expansion of bone marrow and
consequently skeletal deformities and iron overload (also known as hemocromatosis) due to
blood transfusions and to the increased gastrointestinal iron absorption. Iron stores are
located especially in heart and in the endocrine organs, liver and spleen. Iron excess is
extremely toxic and causes irreversible organic damages as cirrhosis, diabetes,
hypogonadism and heart disease [Leecharoenkiat et al., 2016]. In particularly cardiac

diseases are one of the most frequent causes of death in B-thalassemia patients.
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8.3 Management of p-thalassemia

Therapies for the treatment of -thalassemia can be divided into two main groups:

definitive therapies and maintenance therapy.
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Figure 30: Principal therapeutic approach for p-thalassemia.

Definitive therapies goal is to completely resolve the disease and two main therapeutic

approach are considered:

-Bone Marrow Transplantation (BMT): the essential pre-requisite to apply this approach is
the availability of a compatible donor. Only after the identification of a possible donor, the
patient is subjected to ablation of the hematopoietic and immune systems by the combined
treatment with busulfan (hematopoietic system inhibitor) and cyclophosphamide (immune
system inhibitor) [Lucarelli et al., 2012]. The patient is than transplanted by the infusion of

bone marrow cells into a peripheral vein. Main complications are reject of the transplant or
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a disease named Graft Versus Host Disease (GVHD) that is due to the immune response of
donor lymphocytes against the recipient lymphoid tissue. GVHD can affect several organs
with different degrees, but the most frequently affected are skin, gastrointestinal tract, and
liver and in some cases can be lethal. Frequently, even if BMT is successful, iron chelation
therapy is anyway necessary to reduce iron overload generated in the period before the
transplant [Lucarelli et al., 2002]. To reduce GVHD is also, possible to replace bone marrow
transplantation with umbilical cord blood cells transplantation, even if this technique is not

yet widely used for the treatment of B-thalassemia [Hall et al., 2004].

-Gene therapy: B-globin gene transfer into hematopoietic stem cells is a widely studied
method to treat B-thalassemia. The main advantage derives from the use of patient own cells,
so no compatible donors are required resulting in reduction of immunological complications
associated with bone marrow transplantation. Gene therapy strategy has four principal goal:
a) the transfer of a single gene in specific hematopoietic stem cells, b) the endogenous
expression of the transgene at high levels, c) the maintenance of that expression over time

and d) the use of not pathogenic vectors. Most of methods currently available do not satisfy
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Figure 31: Schematic work-flow of gene therapy. Taken from Finotti et al., 2015

B-thalassemia
patient

all the four features. Even if the concept of gene therapy for -thalassemia was introduced

several years ago, the first promising results were obtained only in the last years [Kolata et
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al., 1980]. One of the major issue was the identification of the regulatory sequences required
to obtain high expression of the transferred gene. In this field, the identification of the LCR
sequence upstream the globin genes, has played a crucial rule in the design of strong
expressed B-globin vectors [Talbot et al., 1989]. Another important step was made thanks to
the replace of retroviral vectors (RVs) by the more safety lentiviral vectors (LVs). LVs are
not only safer, but also are able to transfer longer sequences than RVs and furthermore, are
able to transduce no-dividing cells [Naldini et al., 1996]. Despite this several issues are still
unsolved, for example was well demonstrated that LVs [Bushman et al., 2005], including -
globin-LVs [Imren et al., 2004] generally, integrate into active genes, changing their
expression. At moment several in vivo transfection in mouse model were performed, and
also some clinical trials are in progress, but the major limit is still the low number of
transduced stem cell, which is between 10 and 20%. Some of the most promising vectors in

clinical trial are summarize in Table 10.

Vector Hb levels post-transplant Transfus10n Reference
independent

HPV569 Subject 1: 8-9 g/dl Yes Cavazzana-Calvo et al., 2010
Subject 2: No

HGB-205 Subject 1: 10.2 g/dl Yes Cavazzana et al., 2014
Subject 2: 13.4 g/dl Yes

HGB-204 Subject 1+2: 8.6 and 9.6 g/dl Yes Thompson et al., 2014
Subject 3-5: data not available = Data not available

TNS9.3.55  Subject 1-3: not declared Not declared Boulad et al., 2014

Table 10: Principal clinical trials using lentiviral vectors carrying p-globin gene.

Maintenance therapies: the recommended therapeutic protocol to treat B-thalassemia is
normally based on blood transfusions, to fight anaemia, and iron chelation therapy in order

to reduce iron tissue accumulation.

- Blood transfusions: principal goals of blood transfusion are the reduction of anaemic state
and consequently the suppression of erythropoiesis and the reduction of gastrointestinal iron
adsorption. Generally, -thalassemia patients are subjected to blood transfusion when their
Hb levels are below 7 g/dl for more than two weeks [Galanello et al., 2010]. Frequency of
transfusions depends on the severity of the disease, but are normally performed every two-
three weeks, and the amount of transfused RBCs is about 15-20 ml/kg/day, infused at a

maximum rate of 5 ml/kg/hour, to avoid a fast increase in blood volume. Before the
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transfusion RBCs are deprived of leukocytes to avoid feverish reactions. Thanks to the new
diagnostic techniques, that allow the early detection of the pathology, blood transfusions in
patients with severe B-thalassemia, are started from the second half of the first year of life.
Although blood transfusions are necessary for -thalassemia patients, they present several
risks: one of the major is the risk of infections, as hepatitis B or C, due to infected blood.
Moreover, continuous blood transfusions increase significantly the assumption of iron,
which is added to the increase of gastrointestinal adsorption due to the anaemic state, leading

to the large formation of deposits.

- Iron chelation therapy is necessary in all B-thalassemia patients that require regular
transfusions and generally is initiated prophylactically, before the onset of symptoms due to
iron overload [Olivieri et al., 2013]. One of the first agents used for iron-chelation was
deferoxamine (Desferal), a hexadentate chelator, able to bind iron at 1:1 molar ratio,
rendering it inactive. The resulting complex is then excreted through urines and stools.
Deferoxamine is poor absorbed orally, for this reason it must be administered by prolonged
parenteral infusion, normally by subcutaneous way, using a portable pump, for about 8 hours
a day, every day [Propper et al., 1977]. The complex method of administration associated
with side effects limits the acceptability. Recently others iron chelation molecules were
introduced in therapy, between these, Deferasirox (Exjade), a tri-dentate iron chelator, that
is administrated once a day orally. Deferasirox chelates iron stored in hepatocytes, forming
a complex that is excreted by bile. Another oral-administered, iron-chelator molecule is
Deferiprone (Ferriprox), which is a bidentate chelator that binds to iron in a 3:1 ratio [Olivieri
et al., 2013]. While deferoxamine is able to remove only bound or unbound iron in plasma
or bile, both Deferasirox and Deferiprone are able to enter into cells and remove intra cellular

iron deposits, for this reason a combined therapy has been proposed [Roberts et al., 2007).

-Fetal haemoglobin induction: it was demonstrated that high level of fetal haemoglobin
reduces the severity of B-thalassemia and ameliorates the symptomatology, for this reason
several molecules that are able to increase HbF levels were studied. Fetal haemoglobin
inducers can be divided into two main classes: natural compound and epigenetic modifiers,
which in turn can be classified in several classis depending on their mechanism of action.
Between natural compound particularly interesting is Mithramycin, a DNA binding drug,
isolated from Streptomyces, that was shown to induce y-globin mRNA accumulation and

HbF production in erythroid precursors isolated from B-thalassemia patients [Fibach et al.,
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2003]. Several others molecules were investigated with promising results and some of the

most promising are summarized in the Table 11.

Molecule Biological Effect Reference
Bergaptene Erythroid differentiation of K562 cells Lampronti et al., 2003
Angelicin HbF production Lampronti et al., 2003
Rapamycin HbF production Mischiati et al., 2004
Resveratrol HbF production Rodrigue et al., 2001
Mitramycin HbF production Bianchi et al., 1999
Zi:l lihengXue Errg;t:lrcczg Iiiifferentiation of K562 cells and HbF Zhang et al., 2008

Cucurbitacn D

HbF production and Erythroid differentiation of

K562cells

Terminalia catappa
distilled water active

fraction (TCDWF)

Erythropoiesis, cell proliferation, and transcription

Liu et al., 2010

Aimola et al., 2014

Table 11: Principal natural fetal haemoglobin inducers.

Class Mechanism of action Compounds
Cytotoxic agents Increase erythroid re- Vinblastin
generation Busulfan,
Cytosine arabinoside
Hydroxyurea.
Short-chain fatty acids Enhance both fetal and total Sodium phenylbutyrate
(SCFAs) hemoglobin levels Arginine butyrate
DNA  methyl transferase Inhibit CpG methylation in the 5-azacytidine
(DNMT) inhibitors promoter of y-globin gene Decitabine
adenosine-2 3-dialdehyde
(Adox)
Histone Deacetylase (HDAC) Inhibit Histone deacetylation Trichostatin
inhibitors in y-globin gene Apicidin
Scriptaid

Table 12: Principal synthetic fetal haemoglobin inducers divided for classes.

Between epigenetic modifiers, particularly important is Hydroxyurea (HU) a cytotoxic agent

that was shown to increase HbF expression. Normally used for the treatment of Sickle Cell

Disease (SDC), in some cases can be administrated also in B-thalassemia patients, even if
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modest responses have been observed and it is not able to prevent blood transfusions. Others

epigenetic modifiers are present in the Table 12.

8.4 Hereditary Persistence of Fetal Haemoglobin

Hereditary Persistence of Fetal Haemoglobin (HPFH) is a state in which the
haemoglobin pattern typical of the fetal stage continues into adult life. In other words, even
if subjects with HPFH are adult they continue to produce fetal haemoglobin, with no
apparent clinical effects. HPFH becomes clinically relevant when it is inherited together with
B-thalassemia, because in the case y-globin chains partially replace the absence of -globin
chains, ameliorating symptomatology. HPFH is generally, the result of single point
mutations not only in the y-globin gene promoter. In fact, three major loci were identified as
able to influence HbF levels: a) the C—T single nucleotide polymorphism at position —158
of the Gy—gene, creating a restriction site for the enzyme Xmnl [Gilman et al., 1985]; b) a
polymorphism in the long arm of chromosome 6 (6q23) located in a non-coding region
between genes HBS1L and MYB [Creary et al., 2006]; and c) the polymorphism located
into the intron 2 of B-cell lymphoma/leukemia 11A (BCL11A) gene, which encode for a

zinc finger transcription factor [Sankaran et al., 2008].

8.5 Molecular control of y-globin gene expression

The switch from fetal haemoglobin to adult haemoglobin is regulated by several
transcription factors, generally, acting as multi-protein complexes. Probably one of the

widely studied is the transcription factor BCL11A.

BCL11A (B-cell lymphoma/leukemia 11A) is a multi-zinc finger transcription factor, which
recently was suggested to have a key role in y-globin gene silencing [Xua et al., 2013]. The
key role played by BCL11A was demonstrated by studies based on the use of lentiviral short
hairpinRNA (shRNA)-mediated knock-down of BCL11A. Studies demonstrate that at 97%
of BCL11A knock-down corresponds an increase of y-globin expression of about 6.5 fold
[Sankaran et al., 2008]. Resulting from alternative splicing processes, at least four BCL11A
isoforms were characterized: eXtra-Long isoform (XL), transcript is 5.9kb long and the

resulting protein 125 kD in weight; Long isoform (L), transcript 3.8 kb and protein 100 kD
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in weight; Short isoform (S), mRNA 2.4 kb in long and protein 35 kD in weight, while eXtra-
Short (XS), transcript 1.5 kb in long and protein 25 kD in weight [Liu et al., 2006].
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Figure 32: BCL11A principal isoforms and mechanism of action. (A) BCL11A presents four well
characterized isoforms: XL, L, S, XS. Taken from Liu et al., 2016. (B) Molecular regulation of ‘to fetal from
adult haemoglobin switch’, in which BCL11A play a key role. Taken from Sankaran et al., 201 1.

Exons 1 and 2 are common to all isoforms, while a portion of exon 4 is common to XL, L
and S isoforms. The different portions of exon 4 leads to a variable number of C2H2 zinc
fingers at the N-terminus between isoforms. In primary adult erythroid cells, major BCL11A
isoforms are L and XL, starting from this evidence Sankaran and colleagues performed
several studies and concluded that BCL11A is developmentally regulated and the longer
isoforms are typical of the adult stage, and probably the major responsible for y-globin gene
repression [Sankaran et al., 2008]. As suggested by chromatin immunoprecipitation (ChIP)
analysis, BCL11A is able to bind both LCR at the third hypersensitive site (HS3) and also,
an intergenic region between “y-globin gene and the §-globin gene, which is commonly
deleted in subjects presenting HPFH [Sankaran et al., 2008]. The activity of BCL11A is the
result of the interaction with several other transcription factors, such as SOX6 [Xua et al.,

2013].

KLF-1, also called EKLF (Erythroid Kruppel-Like Factor) is a zinc finger-containing,
erythroid-specific transcription factor binding a conserved DNA sequence (CACCC) present
in several erythroid-specific promoters, included 3-globin gene promoter [ Feng et al., 1994].
A study performed by Borg and colleagues demonstrates the correlation between HPFH
phenotype and a nonsense mutation in KLF-1 gene, which ablates the complete zinc finger

domain and therefore abrogates DNA binding of the mutant protein [Borg et al., 2008]. In

103



addition, KLF-1 was shown to bind also BCL11A gene promoter, activating its expression.
So, KLF-1 is able to regulate fetal to adult haemoglobin switch acting through two different

mechanisms and acting both in -globin gene and BCL11A promoters.

HBSLI-MYB DNA Region: the intergenic region between HBSL1 and MYB contains three
hypersensitive sites that show features of active chromatin only in erythroid cells [ Wahlberg
et al., 2009]. If MYB is strictly related to erythroid development, HBSL1 is considered an
house keeping gene due to its stable expression in all tissues. Both genes were shown to be
down-regulated in subjects presenting HPFH, but while MYB over-expression was shown
to inhibit y-globin gene, probably in indirect way through the activation of LMO2 and KLF-

1, no effects were shown in case of HBSL1 over-expression [Bianchi E et al., 2010].

SOX6: is able to interact with BCL11A to bind y-globin gene promoter, though a mechanism
that probably involves chromatin looping [Xu et al., 2010]. Studies demonstrate that SOX6

alone is able to inhibit only in a little percentage HbF expression.

TR2/TR4 Direct Repeat (DR) erythroid-definitive complex: is a heterodimer composed by
the two nuclear receptor TR2 and TR4. The dimer is able to bind DRs both in &-globin gene
promoter and y-globin gene promoter [Omori et al., 2005]. As demonstrate by Collins and
colleagues a point mutation in the y-globin gene promoter, associated with HPFH, involved

DR element, inhibiting the heterodimer bond [Collins et al., 1985].

COUP-TFII: was demonstrated to bind y-globin gene promoter in DR sequence [Filipe et
al., 1999] and four different HPFH mutations in the y-globin gene promoter were shown to

reduce COUP-TFII binding.

FOP (Friend Of Protein arginine methyltransferase) is a target of the protein arginine
methyltransferase 1 (PRMT1) which interacts with chromatin [Van Dijk e al., 2010]. Studies
correlate FOP knock-down with the increase of y-globin expression, also associated with the
reduction of SOX6 expression, while no effects were shown in BCL11A expression. This
allows to speculate that FOP is able to increase y-globin expression through SOX6 down-

regulation.

NF-E4: is considered an activator of y-globin transcription, by the interaction with the
ubiquitous transcription factor CP2. The interaction between NF-E4 and CP2 results in the

recruitment of p45 NF-E2 and RNA polymerase II to the promoter [Zhou et al., 2004].
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GATA-1: is a zinc finger transcription factor, playing a key role in erythroid differentiation,
that is able to bind LCR and B-globin gene promoter through the interaction with several
other co-factors. For example, was demonstrated that GATA-1 is able to form a complex
with two others co-factors: FOG-1 and Mi2, which binds y-globin gene promoter, leading to
its silence [Harju-Baker et al., 2008].

STAT3 (Signal Transducers and Activators of Transcription 3): is a transcription factor that
was shown to bind y-globin gene 5’UTR, inhibiting y-globin gene expression [Foley et al.,
2002]. Interestingly, other studies demonstrate that another transcription factor: GATA-1
binds the same target region of STAT3, with opposite effects; in fact the interaction between
GATA-1 and y-globin gene results in increased expression of fetal haemoglobin. The two
TFs was proposed to interact each other, through the formation of a bond between N-terminal
GATA-1 zinc finger and the DNA-binding domain of STAT3. The result of this interaction
is the reduction of the transcriptional effects that each single transcription factor exerts on y-

globin gene [Yao et al., 2009].

LYAR (human homologue of mouse Ly-1 antibody reactive clone): is a nuclear zinc-finger
transcription factor that is able to directly bind a DNA motif (GGTTAT) in the 5’UTR of
the y-globin gene silencing it [Ju et al., 2014].

8.6 Strategies for BCL11A down-regulation

As previously said, BCL11A has a key role in y-globin gene repression, for this
reason several strategies in order to reduce BCL11A expression have been developed. For
example, Pule and colleagues recently demonstrate that a molecule that was longer studied
for y-globin chains induction: Hydroxyurea is able to act directly in BCL11A expression
leading to its significative down-regulation. Moreover, HU was shown also, to reduce the
expression of KLF-1 transcription factor, which in turn is one of the major activator of
BCLI11A gene [Pule et al., 2016]. Others authors such as Vikas and co-workers used a more
specific method based on the use of siRNA against BCL11A obtaining significative but not
sharp decrease of BCL11A mRNA and protein, even if the chosen cellular model is
questionable [Vikas et al., 2013]. In fact, authors chose K562 cell line to perform their
experiments, despite is commonly known that BCL11A, especially the longer isoforms, is
expressed at very low levels in this cellular model [Finotti et al., 2015]. In some cases, also

miRNAs were used to regulate expression of specific mRNA, Lulli and colleagues employed
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this technique to BCL11A; they identified a miRNA: miR-486-3p, which expression is
strongly increased during erythroid differentiation. Studying possible target of miR-486-3p
they identify a miR-486-3p binding site in the 3’UTR sequence of BCL11A mRNA. In
particularly, the target sequence of the miRNA is specific only for the longer isoform of the
transcription factor [Lulli et al., 2013]. Interestingly, the indirect effects of miR-486-3p can
be appreciate also in y-globin gene expression, in fact the treatment of the selected cellular
model: CD34+ Hematopoietic Progenitor Cells (HPCs), with miRNA mimic molecule

results in an increase of y-globin expression.

8.7 MiR-210 and erythroid differentiation

MiR-210 has been studied for a long time for its implication in several diseases.
Several studies correlate miR-210 with an hypoxic state, which was demonstrated to induce
the expression of miR-210 [Camps et al., 2008]. In particular the over-expression of miR-
210 under hypoxic condition is induced by the transcription factor HIF-1a, able to bind
hypoxia-responsive element (HRE) located on the miR-210 promoter [Huang et al. 2009].
Probably due to its role in hypoxic pathway, miR-210 was found to be modulated in several
solid tumours and its levels generally, correlate with a negative clinical outcome [Mircea et
al., 2009]. The number of already validated targets of miR-210 is very high and probably it
is expected to grow up [Attp://mirtarbase.mbc.nctu.edu.tw/]. In a work performed by Bianchi
and colleagues miR-210 was related with erythroid differentiation, in fact authors
demonstrate that the cells treatment with mithramycin (MTH) a well-known fetal
haemoglobin inducer, result in increase of miR-210 expression [Bianchi N et al., 2009] even

if at moment is not clear what is the actual target of miR-210 in this pathway.
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Aim of the thesis



MiRNAs are a class of small non-coding RNA of about 19-23 nucleotides in
length. They were firstly described in 1993 by two different researchers, independently,
Lee [Lee et al., 1993] and Wightman [ Wightman et al., 1993]. Until the first identification,
the number of known miRNAs continues to grow, and at the moment, more 2500 miRNAs

have been identified [http://www.mirbase.org/).

Most of the studies are in strong agreement in defining miRNAs as key players in
regulation of gene expression, thanks to their ability to bind the 3’UTR or less frequently
5’UTR or coding region of target mRNA. The interaction between miRNAs and target
mRNAs results in inhibition of translation or, depending on the interaction type, in mRNA
degradation. In most cases, due to its short sequence, a miRNA can bind more than one
transcript, and this means that a miRNA is able to be involved in more than one biological
pathway. In fact, miRNAs have been associated to a long list of physiological or

pathological conditions.

For these reasons the research field on miRNAs has become very crowded by a
continuously increasing number of publications about the key role of miRNAs and about
their modulation. Thanks to their ability to regulate target mRNA levels, miRNAs have
been proposed as possible therapeutic tools. In fact, using molecules mimicking miRNA
function efficient reduction of the expression of a gene responsible for the pathology can

be reached.

On the contrary, it was show that some miRNAs are overexpressed in pathological
condition, causing the reduction of their target mRNAs. OncomiRNAs are only an example
of miRNAs that are overexpressed in pathological condition, in this case, in cancer.
Several types of molecules able to reduce miRNAs levels, such as peptide nucleic acids
(PNAs) or miRNA sponges, have been developed and proposed as therapeutical tools. In
this respect several molecules have been already employed in clinical trials, such as

antimiR-155, which is currently tested for the treatment of haematological malignancies.

On the other hand, in 2008 Chim and colleagues demonstrated the presence of
miRNAs also in plasma, opening a new important field of research aimed at determining
the importance of miRNAs as diagnosis tools. In fact, starting from this first work, several
others authors demonstrated that miRNAs are present not only in plasma but also in others
body fluids such as serum, saliva, urine or cerebrospinal fluid. The high stability of

miRNAs in body fluids associated with the possibility to obtain samples with no invasive
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procedures makes miRNAs very useful diagnostic reagents. However, despite a large
number of works, which demonstrate the correlation between the disease presence and
change in circulating miRNAs profile, at moment circulating miRNAs are not yet

approved as diagnostic biomarkers.

In this thesis, we consider miRNAs from different point of view, in order to

demonstrate their high flexibility in research practice.

Our first aim was to demonstrate how miRNAs released in body fluids, in particular
plasma, may be useful tools in indicating the presence of a pathological condition, in our
case colorectal cancer (CRC). Moreover we have considered the role of changes in plasma
miRNA profile occurring in other alterations of physiological condition, in our case the

change in oxygen availability after autologous blood transfusion (ABT) in sport.

Our first aim was, therefore, to identify a set of miRNA with modulated levels in
plasma, in the presence of CRC (as example of pathology) and ABT (as example of a
practice requiring efficient detection procedures). Furthermore, we compared different
available miRNAs detection techniques, such as RTqPCR, ddPCR or microarray, and we

tried to identify principal pitfalls of this relative new research field.

In the second part of the thesis, we wanted to validate possible application of
miRNAs for therapeutic purposes, on the basis of miRNAs ability to bind target mRNA
affecting complex regulatory pathways. In our case we wanted to verify whether miR-210-
3p is able to bind the transcription factor BCL11A. In this case the employment of miRNA
mimicking molecules (increasing miR-210-3p intracellular levels and thereby able to
reduce the transcription factor levels) was considered to reach alterations of gene
expression of possible clinical application. Our aim was to verify whether miR-210-3p

levels may be a useful tool for the treatment of B-thalassemia.

In the third part of the thesis, we considered the important issue of the delivery of
molecules altering miRNA activity. In this context we characterized a new possible
delivery system useful for miRNA-based molecules delivery. Specifically, our purpose was
to demonstrate that a calix[n]arene-structure molecule (called ML122), previously
employed for delivery of plasmid DNA, may be useful for the delivery of not only
miRNA-based molecules (such as antimiRNA or premiRNA molecules), but also of

miRNA-targeting PNAs.
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Materials and Methods



1. Blood and blood derived samples collection and management

1.1 Blood withdrawal

450 mL of total blood were collected from each athlete that underwent to ABT,
according to international standard methods of transfusion medicine. Briefly, venous blood
was collected from an antecubital vein and then was either refrigerated or cryopreserved. As
regard +4°C stored blood, packed RBCs and plasma were isolated, and the RBCs were stored
at +4°C in a storage solution composed of saline, adenine, glucose and mannitol. At same
way, packed RBCs were conserved at -80°C using cryopreserving compounds. All samples
were stored for 35 days and then reinfused in athletes. All procedures of blood withdrawal,
storage and reinfusion were performed by qualified personnel at the Blood Transfusion

Service of Ferrara, Arcispedale Sant’ Anna.

1.2 Blood samples collection for plasma isolation

Blood collection represents a key step, for circulating miRNAs analysis for this
reason starting from blood collection all steps need to be standardized. In fact, several studies
demonstrate that variables in phlebotomy step can cause the lysis of erythrocytes or others
blood cells that can affect the final miRNAs quantification. Generally, erythrocytes lysis,
which results in haemoglobin release, can alter final miRNAs concentration in plasma and
as reported by some authors can also inhibit RTqPCR analysis [Moldovan et al., 2014].
Samples which for some reason appeared hemolysed were not considered for analysis. All
whole blood samples were collected in 6 mL tubes containing EDTA (K2
ethylenediaminetetraacetic acid) [Vacutainer Ko EDTA tubes, BD Biosciences, San Jose,
CA, USA] as anticoagulant. No others anticoagulant were employed, in fact several studies
demonstrate that both lithium-heparin and sodium-citrate can affected later applications [A/
Soud et al., 2001]. In fact, while heparin was shown to inhibit reverse transcriptase enzyme,
sodium citrate interferes with PCR amplification [Willems et al., 1993]. Venous blood
samples were collected from an antecubital vein and after the collection, tube was gently
inverted from 8 to 10 times to mix blood with EDTA, which reaches the final concentration
of 1,8 mg for mL of blood. Samples were processed within an hour according to the protocol

established by the project, in order to isolate plasma. As it will be explained, two different
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protocols were employed for plasma isolation, depending on the project. This is not
surprising, in fact analysing literature about circulating miRNAs, very different protocols
were employed and each protocol presents advantages and disadvantages. Independently by
the employed protocol, all plasma samples, are divided into single use aliquots, in order to

avoid freeze-thaw cycles, and stored at -80°C until the moment of the use.
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Figure 33. Plasma isolation protocol. Tube containing EDTA as anticoagulant were employed, tube were
inverted 8-10 times to mix EDTA with blood. Blood was processed within 1 hour after the collection. After
centrifugation three phases can be distinguished: the upper phase containing plasma, a thin white phase
containing white cells and platelets and a lower phase containing red blood cells. Taken from www.physiology
lab.com

1.2.1 Plasma isolation from blood collected from athletes which underwent to ABT

Whole blood samples were collected at different time points established by the study
from both control athletes (12 subjects) and transfused athletes (12 subjects). All samples
were collected before performing others procedures such as blood withdrawal, blood
reinfusion or physical test. Before starting plasma isolation, tubes containing collected blood
were mixed for 5 minutes with a rotator, samples were then transferred in 15 mL
polypropylene tube and centrifuged at 1200g for 10 minutes at 4°C without brake in order
to avoid the interphase disruption. Three different phases can be recognized after
centrifugation the upper yellow phase constituted by plasma, a middle white phase, called
buffy coat, which contains platelets and leukocytes and the lower red phase composed by

red blood cells. The upper phase was collected, transferred into a clean tube and centrifuged

112



twice. The first time at 2400g for 20 minutes at 4°C and then the collected plasma was
centrifuged again, at 1500g for 10 minutes at 4°C to completely remove platelets and others
precipitates. Collected plasma was then divided into small aliquots and stored. The study

was approved by the Ethics Committee of Ferrara (approval number: 06/2014).

1.2.2 Plasma isolation from blood collected from CRC patients and relative healthy

controls

Blood was collected from CRC patients at the moment of diagnosis, before any
surgical or pharmacological treatment. Collected blood was mixed in a rotator for 5 minutes
before starting isolation. Blood was centrifuged at 2000g for 20 minutes at 4°C without
brake. Resulting plasma was collected and transferred in new clean tube and centrifuged
again at 16000g for 10 minutes at 4°C. Obtained plasma samples were stored at -80°C in

single used aliquots.

1.2.3 Plasma isolation from mouse xenografts

Whole blood was taken at the sacrifice, from mouse xenografts. Briefly, isolated
blood was collected in BD Vacutainer K3EDTA tubes, [BD Biosciences, San Jose, CA,
USA], and processed within an hour. Whole blood was centrifuged at 2000g for 20 min at
4°C. Plasma was recovered and further centrifuged at 16000g for 10 min at 4°C to remove
all cell debris. Isolated plasma was divided into small aliquots and stored at -80°C until RNA

extraction.

1.3 Spiked plasma sample preparation

As previously explained, the presence of RNAses enzyme causes the immediate
degradation of naked miRNAs, so in order to create plasma samples spiked with a known
concentration of mature miRNA, plasma was previously treated with a ribonuclease inhibitor
[RNAse inhibitor, Applied Biosystems, ThermoFischer Scientific, Waltham, Massachusetts,
USA] a 50 kDa recombinant enzyme which is able to inhibit the activity of RNAses present
in plasma. A suitable volume of RNase Inhibitor 20U/uLL was added to plasma sample in
order to achieve the final concentration of 0,4 U/uL, and the sample was incubated for 10

minutes at room temperature. After the incubation a suitable volume of synthetic mature
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miRNA (IDT, Integrated DNA Technology, Coralville, lowa, USA) was added to each
sample in order to obtained the final concentrations in plasma of respectively: 100 fM, 10
fM, 1 fM and 0,1 fM. An aliquot of prepared spiked samples was analysed to quantify
miRNA content using ddPCR, while a second aliquot was sent to I.LN.B.B in order to
analysed samples with NESPRI based device. Both aliquots were conserved at -80°C until

the analysis.

2. RNA samples preparation

2.1 RNA extraction from plasma

RNA extraction represents a key point, which can affect substantially miRNAs yield
and consequently miRNAs quantification data. If for miRNAs isolation from cells and tissue
generally, the optimal method is based on the classical phenol-chloroform extraction, more
complex is the RNA extraction from body fluids. Main pitfalls are the generation of large
volumes of aqueous phase and the high content of proteins, which need to be denatured and
removed. MiRNAs isolation techniques from plasma can be essentially divided into two
main groups: techniques based on phenol-chloroform extraction, or column-based miRNA
recovery methods. As regard the first case, a solution of phenol and guanidinium thyocianate
is used to denature proteins carrying miRNAs, and others proteins, such as RNAse enzyme,
and to confer long-term stability at the obtained samples. Denaturation step is followed by
phase separation using chloroform and the consequently RNA precipitation using isopropyl
alcohol. This method is, of course, easy to apply and allows to process several samples at
same time, for this reason it is widely employed for miRNAs isolation despite a recent study
demonstrates that when the phenol-chloroform method is employed a loss of small RNA
molecules with low GC content, such as miR-141, can occur [Kim et al., 2012]. At the same
time, several kits based on the use of columns for miRNAs isolation are available.
Essentially, two kinds of columns can be employed: columns containing a glass-fibre filter
such as miRVana PARIS or a silica-based column system. MiRVana PARIS kit is based in
phenol-chloroform extraction followed by sequential filtrations using incremental
concentrations of ethanol, and allows the collection of an enriched fraction of RNA
molecules below 200 nucleotides. Similarly, miRNeasy Serum/Plasma kit is also based on

phenol-chloroform extraction, but in this case the recovered material is absorbed in a silica-
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based filter, which is then washed with ethanol solutions. This two kits represent only two
of the most employed kit for miRNA isolation, in fact based on the same methods, several
companies developed similar kit with variable recovery yield, which were compared in

several studies [Page et al., 2013].

2.1.1 RNA extraction from plasma using phenol-chloroform method

Total RNA, including miRNAs, was extracted from 800 uL of plasma isolated from
six athletes which underwent to ABT (3 athletes reinfused with +4° stored blood and 3
athletes transfused with cryopreserved autologous blood) and from three pool of control
subjects. Each pool was obtained mixing equal volumes of plasma from three control
subjects. The extraction was performed according to the manufacturer’s instruction. Briefly,
plasma samples were thawed at room temperature for 10 minutes, then 2,4 mL of TRIzol LS
Reagent [Invitrogen, Thermo Fisher Scientific, Waltham, Massachussetts, USA] were added
to plasma maintaining the ratio TRIzol LS:plasma 3:1. The sample was homogenized
pipetting up and down several times and incubated 5 minutes at room temperature. After the
incubation 400 amoles of cel-miR-39-3p [miRVana, Thermo Fisher Scientific, Waltham,
Massachussetts, USA], as exogenous control, were spiked and 600 uL of nuclease free
chloroform [Sigma-Aldrich, Saint Louis, Missouri, USA] were added. Samples were shaken
vigorously for 15 seconds and incubated at room temperature for 5 minutes. After the
centrifugation, performed at 12000g for 15 minutes at 4°C, three phases were separated: a
lower organic phase, a white interphase and an upper colourless phase containing RNA. The
upper aqueous phase, was collected and transferred in a new clean tube. 1,6 mL of nuclease
free isopropanol [Sigma-Aldrich, Saint Louis, Missouri, USA] were added to the aqueous
phase, the mixture was shaken vigorously, 4 uL of 5 mg/mL glycogen [Ambion, Thermo
Fisher Scientific, Waltham, Massachussetts, USA] were added and the sample was incubated
at room temperature for 10 minutes. After the incubation, samples were centrifuged at
12000g for 10 minutes at 4°C. Supernatant was removed and the RNA pellet was washed
with 3,2 mL of 75% ethanol [Carlo Erba, Milano, Italy]. Samples were centrifuged at 7500g
for 5 minutes at 4°C, ethanol was removed and RNA pellet was air-dried for 5 minutes and
re-suspended with 20 uL of nuclease free water [Sigma-Aldrich, Saint Louis, Missouri,

USA]. Obtained RNA was stored at -80°C.
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2.1.2 RNA extraction from plasma using silica columns

Plasma samples from CRC patients and healthy donors were extracted using
miRNeasy Serum Plasma Kit [Qiagen, Hilden, Germany] according to the manufacturer’s
protocol with some minor changes. 150 uL of plasma were lysed with 5 volumes (750 uL)
of Qiazol Lysis Reagent, which contains a solution of phenol and cyanoguanidine. The
mixture plasma-QIAzol was vigorously shaken and incubated at room temperature for 5
minutes. At the end of the incubation 400 amoles of synthetic mature Cel-miR-39-3p
[miRVana, Thermo Fisher Scientific, Waltham, Massachussetts, USA] were spiked into the
mixture as exogenous control to evaluate extraction efficiency. 150 pL of nuclease free
chloroform [Sigma-Aldrich, Saint Louis, Missouri, USA] was added to each sample, the
mixture was shaken vigorously for 15 seconds and then incubated at room temperature for
3 minutes. Samples were centrifuged at 4°C for 15 minutes at 12000g in order to separate
three phases: the lower organic phase, a white interphase and an upper aqueous phase, which
contains RNA. The upper phase was collected avoid touching interphase or organic phases,
and transferred to a new clean tube. The collected aqueous phase was measured and 1,5
volumes of 100% nuclease free ethanol [Carlo Erba, Milano, Italy] was added. 700 pL of
solution were added for each time to miRNeasy MinElute Spin Column, columns were
centrifuged at 8000g for 30 seconds at room temperature and the flow-through was

discarded. This step was repeated until all the volume of the mixture was added to the

miRNeasy Serum/Plasma Kit

: e s S > %
“%“%“@b/ﬁ@ﬁ@g@}

Plasma or Add QlAzol Add Phase Binding total Wash Elute total
Serum Sample Reagent chloroform separation RNA to column column RNA

Figure 34. RNA isolation from plasma using miRNAeasy Serum/Plasma Kit work-flow. RNA is
extracted from plasma using QIAzol Reagent and chloroform, the resulting aqueous phase is added to a silica
column. Column is washed with buffers containing different ethanol concentration and then RNA was eluted
in an opportune nuclease free water volume.

column.

Columns were washed with two solutions, purchased from the kit: RWT Buffer and RPE

Buffer. Firstly, 700 uL of RWT Buffer were added to the columns, which was centrifuged
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at 8000g for 30 seconds at RT and the flow-through was discarded. In the second step, 500
puL of RPE buffer were added to the column, the columns were centrifuged at 8000g for 30
seconds at RT and the flow-through was discarded. Columns were washed with 80% ethanol,
centrifuged at 8000g for 2 minutes at RT. Flow-through was discarded, and collection tube
was replaced with a new collection tube. Columns with open lid, were centrifuged at 12000
rpm for 5 minutes to dry completely the filter. Collection tube was discarded and column
was placed in a new collection tube. 18 puL of nuclease free water were placed in the centre
of the column, without touching walls. After an incubation of 10 minutes at room
temperature, columns were centrifuged at 14000g for 1 minute at room temperature.

Collected RNA was stored at -80°C for further applications.

2.2 RNA extraction from cell-culture supernatants

RNA extraction from cell-culture supernatants was performed as indicated in
Turchinovich et al., 2011 with some minor variations. A combination of phenol-chloroform
and columns based extraction was employed. 400 uL of supernatants, isolated from 72 hours
cell-culture were lysed with 1,2 mL of TRIzol LS Reagent [Invitrogen, Thermo Fisher
Scientific, Waltham, Massachussetts, USA], and incubated for 5 minutes at room
temperature. At the end of the incubation respectively a) 400 amoles of synthetic, mature
Cel-miR-39-3p [miRVana, Thermo Fisher Scientific, Waltham, Massachussetts, USA] and
b) 12 pg of nuclease free glycogen [Ambion, Thermo Fisher Scientific, Waltham,
Massachussetts, USA], were added. 320 puL of nuclease free chloroform [Sigma-Aldrich,
Saint Louis, Missouri, USA] were added, the mixture was vigorously shaken, incubated for
5 min at room temperature and then centrifuged at 14000g for 20 min at 4°C. After phase
separation, the aqueous phase, containing RNA, was collected and transferred in a new tube.
RNA was purified from the collected aqueous phase using miRNeasy Serum Plasma
columns [Qiagen, Hilden, Germany] as explained in detail in ‘RNA extraction from plasma
using silica columns’ chapter. RNA was eluted using 18 pL of nuclease-free water [Sigma-

Aldrich, Saint Louis, Missouri, USA] and stored at -80°C.

2.3 RNA extraction from cells

In order to isolate total RNA cells were isolated by centrifugation at 1200 rpm for 10

minutes at 4°C, washed twice in 1 mL of DPBS 1X [Gibco, Thermo Fischer Scientific,
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Waltham, Massachussetts, USA] and lysed with Tri-Reagent [Sigma-Aldrich, Saint Louis,
Missouri, USA], using the ratio 1 mL of Tri-Reagent for 1x10° cells. After 5 minutes
incubation with Tri-Reagent, 200 uL of nuclease free chloroform [Sigma-Aldrich, Saint
Louis, Missouri, USA] for each mL of Tri-Reagent were added, the mixture was shaken
vigorously and incubated at RT for 3 minutes. Samples were centrifuged at 12000 rpm for
10 minutes in order to obtain phase separation. The aqueous, upper phase was collected and
transferred to a new collection tube, and 500 puL of nuclease free isopropanol [Sigma-
Aldrich, Saint Louis, Missouri, USA] were added for 1 mL of starting Tri-Reagent. The
mixture was incubated at room temperature for 10 minutes and then centrifuged at 12000
rpm for 15 minutes to precipitate RNA. Supernatant was removed and RNA was washed
with 1 mL of cold 75% ethanol. After 5 minutes centrifugation at 12000 rpm at 4°C, ethanol
was aspirated and RNA pellet was air-dried and resuspended in a suitable nuclease free water

volume. Obtained RNA was stored at -80°C for further applications.

2.4 RNA extraction from tumour tissue

Total RNA was isolated from fresh-frozen tumour tissue, obtained by xenograft mice
at the sacrifice. Fresh-frozen tumor tissue, about 20 mg, each one, were thawed at room
temperature for 5 minutes and homogenized with IKA T10 Basic Ultraturrax [IKA Werke
GmbH & Co. KG, Staufen, Germany] in 1 mL of Tri-Reagent [Sigma-Aldrich, Saint Louis,
Missouri, USA] at maximum speed for 1 minute. Samples were incubated at room
temperature for 5 minutes and 200 pl of chloroform [Sigma-Aldrich, Saint Louis, Missouri,
USA] were added. Phase separation was obtained centrifuging at 12000 rpm for 10 minutes
at 4°C and upper aqueous phase was collected and transferred in a new clean tube. 500 uL.
of nuclease free isopropanol were added to each sample, and the mixture was incubated at
RT for 10 minutes. In order to obtain RNA pellet precipitation, samples were centrifuged at
12000 rpm for 15 minutes at 4°C, and supernatant was carefully removed. RNA pellet was
washed with cold 75% ethanol, followed by the centrifugation at 12000 rpm for 5 minutes.
Ethanol was removed and pellets were air-dried and resuspended in 100 uL of nuclease free

water.
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2.5 RNA quantification

If RNA isolated from plasma sample is almost unquantifiable, RNA isolated from
cell samples or tissues have been quantified using a UV-Vis, microvolume
spectrophotometer [DeNovix, Wilmington, Delaware, USA]. 1 puL of starting RNA sample
was added directly in the optical sensor. The instrument is able to measure the absorbance
from 220 to 350 nm. Considering that 1 OD at 260 corresponds to 40 ug/mL of ssRNA, to
calculate RNA sample concentration the absorbance value at 260 nm was multiplied by 40,
the conversion factor for RNA samples. Moreover, in order to evaluate the possible presence
of contaminations, three others wavelength values were considered. We considered the ratio
between the absorbance value at 260 nm and at 280 nm, which indicates the presence of
protein contamination. Generally, the ratio must be higher than 1,8; lower values indicate
the presence of proteins contamination. In fact, proteins which contains amino acids with
aromatic rings adsorbed at 280 nm. Another important value to considered is the absorbance
at 230 nm, generally different compound adsorbed at this wavelength, including salts,
carbohydrates, urea, EDTA, peptides, glycerol used for RNA precipitation or guanidine
thiocyanate. Even in this case ratio between absorbance value at 230 nm and at 260 nm may
be higher than 1,5 and close to 1,8. Moreover, phenol, normally used for RNA extraction
can contaminate RNA samples. Phenol adsorbed at 270 nm, and samples which do not

contain phenol present a ratio 260/270 higher than 1,2.

2.6 RNA quality control

The most common way to verify RNA quality and integrity is to perform an agarose
gel, RNA check. Generally, for RNA analysis an agarose gel at 0,8 % is prepared dissolving
agarose powder [Sigma-Aldrich, Saint Louis, Missouri, USA] in an appropriate volume of
TAE 1X buffer (40 mM Tris-Acetate, | mM EDTA, pH 8) and boiling until agarose is
completely dissolved. Solution is cooled and 0,5 pg/mL ethidium bromide [Sigma-Aldrich,
Saint Louis, Missouri, USA] was added. Gel was done solidify for about 30 minutes in a
base plate with 0,75 mm combs and then immersed into 1X TAE buffer. A solution
containing 500 ng of RNA sample and 1 pL of loading buffer, composed by 0.25% Orange
G [NEB, New England BioLabs, Ipswich, Massachusetts, USA], 50% glycerol in TE buffer,
was prepared, reaching the final volume of 10 uL with nuclease free water. Samples were
loaded and migration was performed for 30 minutes at 80 Volts. RNA, which is negative

charged, migrates toward the anode in the presence of electric current. RNA was visualised
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using ChemiDoc MP System [Bio-Rad, Hercules, California, USA] and images were
elaborated using Image Lab software [Bio-Rad, Hercules, California, USA]. Mammalian

total RNA presents two intensive band, which correspond to 28s and 18s ribosomal RNA
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Figure 34. Example of RNA sample in agarose gel. Three bands can be distinguished, an upper band, which
is most intense and corresponds to 28s ribosomal subunit of RNA, a middle band which correspond to 18s
subunit and a lower weak band that relative to 5s ribosomal subunit.

and a weaker band which corresponds to 5s ribosomal RNA. Generally, 28s and 18s bands
are present with the ratio 2:1. Furthermore, electrophoretic analysis of RNA can give
information about the presence of possible DNA contamination in the sample; in this case,

a further band at high molecular weight can be detected at UV analysis.

3. MiRNA detection methods

As previously described in the chapter ‘miRNA detection’ several techniques have
been developed in the recent years to detect and quantify miRNAs. In this thesis we
employed two methods: PCR-based methods and microarray method, both methods present
advantages and disadvantages. The choice depends on several factors, including number of

analysed miRNAs, samples type and type of final output.

3.1 PCR-based techniques

PCR-based techniques are considered the gold standard for miRNAs detection, the

low quantity of starting material required, the dynamic range and the relative low costs make
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this technique the first choice for miRNA analysis. The major limit is the low number of
miRNAs, which can be analysed starting from single sample, despite in the recent years
several microfluidic platforms able to profile small or medium panels of miRNAs and based

on PCR, have been developed.

3.1.1 Reverse transcription

All PCR based techniques before the amplification require an additional step, in
which extracted target miRNAs are reverse transcribed to a cDNA, which is then amplified
by PCR. This step is called reverse transcription and at the moment two different reverse
transcription methods are available. The first one, is able to generate a universal cDNA, in
which all miRNAs contained in the starting sample are reverse transcribed. The enzyme
poly(A) polymerase (PAP) catalyses the addition of a poly A tail at the 3’ of all miRNAs
and then a universal primer containing an oligo dT sequence is employed as starter for
reverse transcriptase enzyme. This reverse transcription method is considered very useful
when small amount of starting RNA are available, in fact starting from the same reverse
transcription reaction, several miRNAs can be analysed. The major disadvantage is
associated to the specificity; in fact, this method is considered less specific than method
based on the use of miRNA specific primers. In this case, each reverse transcription reaction
is performed using a stem loop primer, containing 6-8 nucleotide overhang on the 3’ end,
which is complementary to target miRNA. In this case only a miRNA can be reverse
transcribed for each reaction mix, but this method is considered more specific and also, able
to discriminate between mature miRNA and miRNA precursors, such as pre-miRNAs and

pri-miRNAs.

3.1.1.1 MiRNA reverse transcription using universal primer

RNA extracted from plasma and isolated from control group and athletes which
underwent to ABT was reverse transcribed using miRCURY LNA Universal RT microRNA
PCR [Exiqon, Qiagen, Vedbaek, Denmark], which is probably the most used reverse
transcription kit based on the use of universal primers. 3 uL of extracted RNA were reverse
transcribed in a final volume of 10 uL. The reaction mix contains 3 uL of RNA, 2 uL of 5X
Reaction Buffer, 1puL of enzyme mix (10X) and the final volume of 10 uLL was reached using

nuclease free water purchased from the kit. The reverse transcription reaction was incubated
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at 42°C for 60 minutes and then at 95° C for 5 minutes to inactivate the enzyme activity.

Obtained cDNA was stored at -80°C until the moment of use.
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Figure 36. Reverse transcription and amplification using universal primer. A poly (A) was added at the
3’ end of mature miRNA. A universal primer containing a oligo dT sequence is employed as starter for reverse
transcriptase enzyme. Amplification reaction is performed using a couple of miRNA-specific RNA primers
and a DNA binding dye.

3.1.1.2 MiRNA reverse transcription using a specific primer

MiRNAs isolated from plasma of CRC patients and healthy donors, miRNAs
analysed in CRC cells or culture medium, miRNAs analysed in plasma or tissues isolated
from xenografted mouse, miRNAs analysed in ErPCs after the MTH treatment and miRNAs
quantified after the transfection with ML122 or commercial agents were reverse transcribed
using TagMan MicroRNA Reverse Transcription Kit [Applied Biosystems, Thermo Fisher
Scientific, Waltham, Massachussetts, USA]. Reverse transcription was performed starting
from a) 3 uL of eluted RNA, when RNA isolated from plasma samples was employed or b)
300 ng of total RNA when RNA isolated from cultured cells or tissue was employed. In

order to reverse transcribe more than one miRNA for single reverse transcription reaction
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we optimized a reverse transcription protocol in which in a single reverse transcription
reaction we reverse transcribed three miRNAs. Is important to underline that before to
reverse transcribe more than one miRNA for each reaction, miRNA sequence was analysed,

in order to avoid the contemporary reverse transcription of miRNAs with similar sequence,
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Figure 37. MiRNA reverse transcription using specific primer. A specific stem loop primer, containing 6-
8 nucleotide overhang on the 3’ end, is employed to perform reverse transcription. A couple of primers is
employed to performed RTqPCR. While forward primer is specific for each miRNA, reverse primer is
universal for reverse transcription products.

especially at the 3° end. For RNA samples obtained from plasma a) the reverse transcription
reaction was performed in a final volume of 20 uL, while for samples obtained for cells or
tissues the final volume of 30 uLL was reached. In both cases a) and b) a mix of three primers
at final concentration of 25 nM was prepared and RNA was added. The mixture was
incubated at 16°C for 30 minutes in order to allow primers annealing. Then a reverse
transcription mix, composed by dNTP’s (with dTTP) final concentration of 1 mM, 5 U/uLL

of MultiScribe Reverse transcriptase, 1X Reverse Transcription Buffer, 0,25 U/uL of RNase
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Inhibitor, was prepared and added to samples. The reverse transcription reaction was
incubated at 42°C for 30 minutes, followed by a step at 98°C for 5 minutes to inactivate the

enzyme. The obtained cDNA was stored at -80°C until the moment of the use.

3.1.2 RTqPCR using miRNA TaqMan probes

MiRNA assays based on TagMan probes are composed by a couple of primers: the
forward primer is specific for every miRNA and binds the 3’end of the miRNA sequence,
while reverse primer is the same for each assay and binds a sequence present in the stem
loop region of the reverse transcription primer. Moreover, the specificity of the assay is
further increased by the employment of a TagMan probe which binds the region between the
forward and reverse primer. RTqPCR reaction was performed starting from 3 uL of obtained
cDNA, which were mixed with RTqPCR reaction mix composed by TagMan Universal PCR
Master Mix, no AmpErase UNG 2X [Applied Biosystems, Thermo Fischer Scientific,
Waltham, Massachussetts, USA] and 20X miRNA assay (assay name and code are indicated
in the Table 13), in a final volume of 25 pL.

miRNA Assay ID
Hsa-miR-124-3p 001182
Hsa-miR-141-3p 000463
Hsa-miR-210-3p 000512
Hsa-miR-221-3p 000524
Hsa-miR-222-3p 002276
Hsa-let-Tc 000379
Hsa-snRNAU6 001973
Cel-miR-39-3p 000200

Table 13. MiRNA assays employed in the thesis.

Each amplification reaction was performed in duplicate. The following amplification
programme was employed: 95°C for 10 minutes to activate Taq polymerase enzyme, 95°C

for 15 seconds to denature cDNA double-strand structure followed by a step at 60°C for 1
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minute to allow primers and probe annealing. The last two steps were repeated for 50 cycles,
and at the end of each cycle fluorescence was measured. All RTqPCR analysis were
performed using CFX96 instrument [Bio-Rad, Hercules, California, USA], while for data
elaboration and analysis Bio-Rad CFX Manager Software [Bio-Rad, Hercules, California,
USA] was employed. For relative expression analysis, fold change analysis was performed
using Livak method [Livak et al., 20111 (27*2CT). All data were normalised using as
references miR-let-7c and snRNAU6. While for miRNA absolute quantification in cells,
supernatants, tumour tissue and plasma, a standard curve was employed. For each miRNA
(miR-141-3p, miR-221-3p and miR-222-3p) a standard curve was created using a synthetic
mature miRNA [IDT, Integrated DNA Technology, Coralville, lowa, USA] at different
concentrations from 60 amoles to 0,018 amoles. Absolute concentration of samples has been
extrapolated from standard curve using Microsoft Excel. Mature miRNAs employed for

standard curve creation and relative sequences are reported in the Table 14.

miRNA Sequence Length
Hsa-miR-141-3p UAACACUGUCUGGUAAAGAUGG 22 bp
Hsa-miR-221-3p AGCUACAUUGUCUGCUGGGUUUC 23 bp
Hsa-miR-222-3p AGCUACAUCUGGCUACUGGGU 21 bp

Table 14. Mature miRNA employed for miRNA absolute quantification.

3.1.3 Droplet Digital PCR

Droplet digital PCR is a relatively new PCR technology, which is able quantify
nucleic acid in absolute way thanks to the partitioning of the analyte molecules into many
replicate reactions at limiting dilution. The main advantage of this technique is the possibility
to achieve the absolute quantification of the sample without the employment of standard
curve. We employed this technique for the absolute quantification of miRNAs levels, in
different types of biological samples. As for RTqPCR, also ddPCR can be performed using
TagMan probes, labelled with FAM or HEX fluorophores or with DNA-binding molecules,

such as EvaGreen.
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3.1.3.1 ddPCR miRNA analysis using EvaGreen

EvaGreen is a green fluorescent DNA-binding dye, which in the recent years was
employed for several applications including qPCR. Low PCR inhibition, high sensibility and
stability, low or absent toxicity, are only some features that make this dye very useful for
nucleic acids quantification [Mao et al., 2007]. A final volume of 20 uL of ddPCR reaction
was prepared according to the manufacturer’s protocol. Reaction mix was prepared adding
Supermix for EvaGreen 2X [Bio-Rad, Hercules, California, USA], 20X MicroRNA LNA ™
PCR primer set (employed primers set and their ID are reported in the Table 15) [Exiqon,
Qiagen, Vedbaek, Denmark] and 9 pL of 1:50 diluted cDNA. The mixture was loaded in
suitable 96-wells plate [Eppendorf, Hamburg, Germany] and droplets were automatically
generated using Automated droplets generator (AutoDG) [Bio-Rad, Hercules, California,
USA], thanks to the employment of specific cartridges [DG32 Automated Droplet Generator
Cartridges, Bio-Rad, Hercules, California, USA] which contain a microfluidic system able
to generate nanoliter-volume droplets. Number of generated droplets generally, varies from
12.000 and 20.000 droplets for each reaction well. Only samples in which the number of
generated droplets is higher than 10.000 have been taken in consideration and analysed.
Generated emulsion was automatically transferred into a new 96-well PCR plate, which was
sealed with an aluminium foil using PX1 PCR plate sealer [Bio-Rad, Hercules, California,
USA]. Generated emulsion was then amplified using the following amplification
programme: 95°C for 5 minutes to activate Tag-polymerase enzyme, 95°C for 30 seconds in
order to denature double-strand DNA structure and 58°C for 1 minute to allow LNA primers
annealing. Steps two and three were repeated for 40 cycles and ramp rate was set slower than
1.6°C/sec, in order to heat homogeneously the emulsion and to avoid droplets disruption.
Others two steps were added: 4°C for 5 minutes to stabilized the emulsion, followed by a
step at 90°C for 5 minutes to inactivate polymerase enzyme activity. Amplified droplets
were analysed for the fluorescent content using QX200 Droplet Digital PCR system.
Considering the number of positive (fluorescent) droplets respect to total generated droplets
and applying Poisson Law, the absolute concentration of target miRNA was calculated. Data
analysis was performed using QuantaSoft software, version 1.7.4 [Bio-Rad, Hercules,

California, USA], which allows to determine sample absolute concentration.
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miRNA Assay ID

Hsa-miR-425-3p 204038
Hsa-miR-486-3p 339306
Cel-miR-39-3p 203952

Table 15. LNA based probe employed for miRNA quantification using ddPCR.

3.1.3.2 ddPCR miRNA analysis using TaqMan probes

TagMan probes are generally, employed in RTqPCR for their high specificity and
sensitivity, the same features are maintained also in ddPCR, where generally, the same
miRNA assays employed in RTqPCR can be employed with some minor changes. Protocol
for miRNA analysis using ddPCR is similar to that just described for EvaGreen chemistry,
with some minor changes regarding sample dilution and amplification programme. An
appropriate volume of cDNA was added to the ddPCR reaction mix. Starting input of cDNA
generally, depends on types of biological sample and on miRNA expression levels, a) for
cDNA obtained from cells or tissue samples starting cDNA was diluted 1:100 and 1,3 pL of
diluted cDNA were loaded in ddPCR plate, while for supernatants and plasma samples
derived from mouse models 1,3 pL of undiluted cDNA were employed. A further cDNA
volume was employed for human plasma samples obtained from healthy donors or CRC
patients. In this case 1,3 uL of undiluted cDNA were used for both miR-221-3p and miR-
222-3p amplification, while when the very low expressed miR-141-3p, was analysed, 10 uLL
of undiluted cDNA were employed. cDNA was added to a ddPCR mix composed by ddPCR
Supermix for probes (no dUTP) 2X [Bio-Rad, Hercules, California, USA], miRNA assay
20X [Applied Biosystems, Thermo Fischer Scientific, Waltham, Massachusetts, USA] and
water until the final volume of 20 puL. The mixture was partitioned in thousands of droplets
using AutoDG [Automated Droplets generator Bio-Rad, Hercules, California, USA] and the
obtained water in oil emulsion was amplified using the following thermal cycler conditions:
95°C for 10 minutes to activate Taq polymerase enzyme, 40 cycles of 95°C for 15 seconds
to denature cDNA double-strand structure and 60°C for 1 minute (ramp rate 2.5°C/sec) to
allow primers annealing and elongation step, and a final step of 98°C for 10 minutes to
inactivate the enzyme. Each droplet was investigated for its fluorescent content at the end of

amplification programme, using QX200 Droplet Reader [Bio-Rad, Hercules, California,
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USA], and data were analysed using QuantaSoft version 1.7.4 [Bio-Rad, Hercules,
California, USA].

3.2 Microarray analysis

If PCR based method is the gold standard when a limited list of miRNAs needs to be
analysed, when high number of miRNAs must be analysed microarray analysis is generally,
more suitable. If fact, using the most recent miRNA array panels all miRNAs at moment
registered in miRBase can be analysed. We employed this technique to identify miRNAs as
possible markers for detection of ABT. In fact, in this case, we were not only interested in
analysing a short list of selected miRNAs, but we needed to analyse all known miRNAs to
verify their expression in our samples and to identify miRNAs which expression was
modulated after ABT. At this porpoise, microarray miRNA detection technique seemed us
the most suitable technique. 39 RNA samples were analysed for microRNA microarray
profiling. All analysis were performed starting from 8 uL of each RNA sample extracted
from ABT underwent athletes or control subjects. The global microRNAs profiling was
performed using the Agilent Human microRNA microarray v.21.0 [Agilent Technologies,
Palo Alto, CA, USA]. Labelled RNA was hybridized according to the manufacturer’s
procedure. This chip, consisting of 60-mer DNA probes, contains 15000 features, which
represent 2549 microRNAs, sourced from miRBase database (Release 21). MiRNA labelling
and hybridization were performed in accordance to manufacturer’s indications. Microarray
results were analysed using the GeneSpring GX 13 software [Agilent Technologies, Palo
Alto, CA, USA]. Data transformation was applied to set all negative raw values at 1.0,
followed by a quantile normalization. A filter on low gene expression was used to keep only
the probes expressed in at least one sample. Differentially expressed miRNAs were selected
by using fold-change analysis. All fold changes were calculated respect to the T1 (-40) time
point which was taken as control. Both up-regulated and down-regulated miRNAs were
considered at three different time points: T3 (-25), T6 (+3) and T8 (+15). Only miRNAs
which at one of the previously indicated time points presented an absolute fold change upper
than 1.5 were taken in consideration. Microarray analysis was performed by Microarray

facility, LTTA (Laboratorio per le Tecnologie delle Terapie Avanzate), Ferrara University.

128



4. Cellular and animal models
4.1 Colorectal cancer cell lines

As model of CRC we employed three different cell lines kindly provided by PhD
Patrizio Giacomini (IRE, Istituto Regina Elena, Roma, Italy). The human adenocarcinoma
cell line HT-29, which are able to form a monolayer with tight junctions between cells and

a typical apical brush border. Cells were isolated from a primary tumor of a 44 years old

HT29 LoVo Ls174T

Figure 38. CRC cell lines. Three different CRC cell lines were employed as models: HT29, LoVo and Ls174T.

Caucasian female presenting Dukes’C primary tumor. HT-29 cell line presents the
characteristics of mature intestinal cells, such as enterocytes or mucus producing cells [Fogh
et al., 1975]. The epithelial cells LoVo that were isolated in 1971 from a fragment of a
metastatic tumor nodule in the left supraclavicular region of a 56-year-old Caucasian male
patient with a histologically proven diagnosis of Dukes' type C, grade IV, colorectal
adenocarcinoma [Drewinko et al., 1976]. While Ls174T cells are epithelial cells isolated
from a 58-year-old Caucasian female patient with a Dukes' type B, colorectal
adenocarcinoma [Tom et al., 1976]. All three cell lines grown in adhesion and are cultured
in RPMI 1640 with L-Glutammine [EuroClone, Pero, Milano, Italy], supplemented with
penicillin 100 U/mL and streptomycin 100 mg/mL [Pen-Strep, Sigma-Aldrich, Saint Louis,
Missouri, USA] and 10% fetal bovine serum [FBS, Biowest, Nuaillé, France] at 37°C in
humidified atmosphere of 5% CO:. Cells were refreshed twice a week, to obtain the
detachment, cells are washed with DPBS 1X [Gibco, Thermo Fischer Scientific, Waltham,
Massachusetts, USA], and treated with trypsin (0,05% trypsin and 0,02% EDTA) [Sigma-

Aldrich, Saint Louis, Missouri, USA]. Cultures were tested for mycoplasma infection using
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Cellline KRAS BRAF  PIK3CA TP53

HT-29 / V600E P449T R273H
LoVo G13D; A14V  / /
Ls174T GI12D / HI1047R /

Table 16. Principal genetic features of CRC employed cells. Taken from Ahamed et al., 2013.

Myco Alert Mycoplasma Detection Kit [Lonza, Basel, Switzerland] according to the
manufacturer's protocol. For miRNA profile in cells and supernatants cells were cultured for
72 hours to confluence. Collected supernatants were centrifuged twice, firstly at 2000 g for
20 minutes, and then the collected supernatant was centrifuged again at 16000 g for 10
minutes, and immediately stored at -80°C in order to reproduce the same protocol used for

plasma isolation.

4.2 Xenograft models

Xenotransplanted tumours were established by inoculating 5x10° cells of HT-29,
LoVo and LS174T human colorectal cancer cell lines in the flank of 4-month old Nu/CD1
mice [Charles River, Wilmington, Massachusetts, USA]. Tumours (two separate cohorts of
three mice for each cell line) were allowed to grow to 0,5 cm? in size, and were taken at
sacrifice along with blood. Animal studies were performed according to Directive
2010/63/EU and Italian Decree Law 26/2014. They were approved by the EU Research
Executive Agency (REA), the Intramural Regina Elena Board for Animal Welfare, and the
Italian Ministry of Health (prot n. 700-2015-PR, dated July 17, 2015). Xenograft models
preparation was performed by PhD Elisa Tremante at IRE.

4.3 K562 cell line

Human leukaemia K562 cells [Lozzio et al, 1975] were cultured in Roswell Park
Memorial Institute 1640 medium with 2mM L-Glutammine [RPMI-1640, EuroClone, Pero,

Milano, Italy] supplemented with 10% fetal bovine serum [FBS, Biowest, Nuaillé, France],
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100 units/mL penicillin and 100 mg/mL streptomycin [Pen-Strep, Sigma-Aldrich, Saint
Louis, Missouri, USA]. Cells grown in suspension and are refreshed three times a week with
a dilution 1:10 in new fresh medium. Cell cultures were tested routinely for mycoplasma
infection using Myco Alert Mycoplasma Detection Kit [Lonza, Basel, Switzerland]
according to the manufacturer's protocol. As it is possible to see in literature K562 are a very

suitable model for study of compounds with erythroid differentiation activity.

4.4 K562 BCL11A clones
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Figure 39. K562-BCL11A-XL clones characterization. Panel A, K562 cells were transfected with a vector
containing BCL11A sequence and selected in G418. Clones were then characterized as regard mRNA
expression (Panel B) and BCL11A protein expression (Panel C).
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Despite K562 cells are well kwon models for identification and study of compound
able to induce erythroid differentiation, they express at very low levels the transcription
factor BCL11A-XL, which is one of the principal repressor of gamma globin gene
expression. As well explained in Finotti et al., [Finotti et al., 2015] K562-BCL11A-XL
clones were created to verify the activity of compounds, which are able to act directly in
BCLI11A expression. Briefly, K562 cells were transfected with pCDNA3.1-BCL11A-XL
vector, cloned and positive cells were selected by limiting dilutions in the presence of
geneticin [G418, Sigma-Aldrich, Saint Louis, Missouri, USA]. Twelve clones, expressing
different levels of BCL11A transcript and protein were produced. All 12 clones were
characterized for BCL11A transcript expression (RTqPCR) and protein production (western
blot analysis). For data exposed in this thesis we employed K562-BCL11A-XL clone #12,
which expresses at higher levels both BCL11A mRNA and protein. K562-BCL11A-XL
clones are cultured in conditions very similar of K562 cells. A medium composed by RPMI-
1640 with 2mM L-Glutammine [EuroClone, Pero, Milano, Italy], supplemented with
penicillin 100 U/mL and streptomycin 100 mg/mL [Pen-Strep, Sigma-Aldrich, Saint Louis,
Missouri, USA], 10% fetal bovine serum [FBS, Biowest, Nuaillé, France] and G418, final
concentration 0,4 mg/mL [Sigma-Aldrich, Saint Louis, Missouri, USA] is employed. Cells

are maintained at 37°C in humidified atmosphere of 5% CO2.

4.5 Erythroid Precursors Cells culture

ErPCs isolation from peripheral blood is carried out in two phases liquid medium, as
well described by Fibach and colleagues [Fibach et al., 2005]. Generally, 18 mL of blood
are collected, in tube containing lithium-heparin as anticoagulant [BD Vacutainer Heparin
Blood Collection Tubes, BD Biosciences, San Jose, CA, USA], from B-thalassemia patients,
before blood transfusion. Blood is diluted with DPBS 1X [Gibco, Thermo Fischer Scientific,
Waltham, Massachussetts, USA] to the final volume of 40 mL and is stratified and
centrifuged for density gradient on Lympholyte-H [NycogradeTM polysucrose 400 and
sodium diatrizoate, Celbio, Milano, Italy]. Lympholyte-H creates a gradient of dextran and
other substances to facilitate the separation of corpuscular parts of the blood. Centrifugation
is performed at 2000g for 25 minutes at room temperature, without brake in order to avoid
phase separation perturbation. After the centrifugation four separated layers can be
distinguished, from top to bottom: a) plasma, b) a whitish ring containing lymphocytes,
fibroblasts, macrophages and erythroid precursors, c) a cloudy part containing Lympholyte
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with not separated cells and d) a red fund formed by red blood cells. The whitish ring is
taken off, and washed three times with 1X DPBS. After each wash, to remove DPBS 1X,
sample was centrifuged at 1200 rpm for 8 minutes at room temperature. At the end of washes,
collected cells were resuspended in phase I medium, composed by: «MEM medium [o-
minimal essential medium, Sigma-Aldrich, Saint Louis, Missouri, USA], 10% FBS
[Biowest, Nuaillé, France], 10% conditioned medium (CM), obtained from cell cultures of
bladder cancer which are rich in haematopoietic growth factors, 1 pg/mL cyclosporine A
[Sigma-Aldrich, Saint Louis, Missouri, USA]. Culture was maintained at 37°C in humidified
atmosphere of 5% CO2/air, for seven days. After 7 days of culture in phase I medium, not
adherent cells were recovered, washed three times with DPBS 1X and resuspended with
fresh medium of phase II, composed by a-MEM; 30% FBS; 10% deionized bovine serum
albumin [BSA, Sigma-Aldrich, Saint Louis, Missouri, USA], 10 uM B-mercaptoethanol
[Sigma-Aldrich, Saint Louis, Missouri, USA], 1 uM dexamethasone [Sigma-Aldrich, Saint
Louis, Missouri, USA], 2 mM L-Glutamine [Sigma-Aldrich, Saint Louis, Missouri, USA],
1 U/mL human erythropoietin [EPO, Tebu-bio, Magenta, Milano, Italy], 10 ng/ml Stem Cell
Factor [SCF, Gibco, Thermo Fischer Scientific, Waltham, Massachussetts, USA]. Cells
were maintained in phase II medium for 7 days, before the treatment, which is performed in
phase II medium. Before the treatment cells were counted using Z2 Coulter Counter
[Beckman Coulter, Brea, California, USA]. The use of human material was approved by the
ethics committee of the Ferrara District, Document No. 06/2013, approved on 20 June 2013.
All peripheral blood samples were obtained after receiving written informed consent from

patients or their legal representatives.

4.6 U251 cell line

U251 cell line was isolated more than 40 years ago from a male patient with
astrocytoma [ Westermark et al., 1973]. They are adherent cells, which are grown in RPMI-
1640 with 2mM L-Glutammine, supplemented with penicillin 100 U/mL and streptomycin
100 mg/mL [Pen-Strep, Sigma-Aldrich, Saint Louis, Missouri, USA] and 10% fetal bovine
serum [FBS, Biowest, Nuaillé, France] at 37°C in humidified atmosphere of 5% CO2. Cells
were refreshed twice a week, with 1:5 dilution. To obtain cells detachment, cells are washed
with DPBS 1X [Gibco, Thermo Fischer Scientific, Waltham, Massachusetts, USA], and
treated with trypsin (0,05% trypsin and 0,02% EDTA) [Sigma-Aldrich, Saint Louis,
Missouri, USA]. Cultures were tested routinely for mycoplasma infection using Myco Alert
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Mycoplasma Detection Kit [Lonza, Basel, Switzerland] according to the manufacturer's

protocol.

S. Employed compound and biological molecules
5.1 Mithramycin

Mithramycin (MTH) (cat n°® M6891) was purchased from Sigma- Aldrich [Sigma-
Aldrich, Saint Louis, Missouri, USA], as well described by Bianchi et colleagues [Bianchi
et al., 1999] is a powerful inducer of erythroid differentiation in K562 cells and in erythroid
precursors cells. MTH powder was resuspended, in sterile condition, in a solution of culture
grade-water [Sigma-Aldrich, Saint Louis, Missouri, USA] and methanol (ratio 1:1) at stock
concentration of 10 mM. Stocks are conserved at -20°C, protected from the light, because
MTH is photo-sensible. At moment of the use, stock solution is diluted in culture grade-
water, in order to obtain a solution at 10 pM concentration. Generally, both K562 and ErPCs
are treated with MTH at final concentration of 20 or 30 nM. At the moment of treatment
cells are counted and seeded at starting concentration of 5x10* cells/mL in the case of K562
cells or their relative clones or 1x10° cells for mL, in the case of ErPcs. Treatment effects

were generally evaluated after 5 days of treatment.

5.2 PremiRNA and antimiRNA and mature miRNA molecules

PremiRNA and antimiRNA molecules were purchased from Ambion [Ambion,
ThermoFischer Scientific, Waltham, Massachusetts, USA], while mature miRNAs were
synthesized by IDT [Integrated DNA Technology, Coralville, lowa, USA]. PremiRNA and
antimiRNA molecules were resuspended at stock concentration of 100 uM in nuclease free
water (provided with premiRNA or antimiRNA) and conserved at -80°C until the use. While,
mature miRNAs were resuspended with nuclease free water [Sigma-Aldrich, Saint Louis,
Missouri, USA] at stock concentration of 1 mM and maintained at -80°C until the moment

of use.
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Target miRNA Catalog Number and ID

PremiR-210-3p Cat. AM17100, ID PM10516
AntimiR-210-3p Cat. AM17000, ID AM10516
AntimiR-221-3p Cat. AM17000, ID AM10337
PremiR-124-3p Cat. AM17100, ID PM10691
PremiR Negative Control Cat. AM17010

Table 17. Employed premiRNA and AntimiRNA molecules.

MiRNA Sequence Molecular Base pair
name 4 Weight P
miR-210-3p CUGUGCGUGUGACAGCGGCUGA 7089,3 22 bp
miR-221-3p AGCUACAUUGUCUGCUGGGUUUC  7278,3 23 bp

Table 18. Employed mature miRNAs.

5.3 Peptide Nucleic Acids (PNA)

Peptide nucleic acids (PNA) employed for data presented in the thesis are synthetized

from two different research groups.

5.3.1 PNA against miR-210 binding sequence in BCL11A coding region

PNA against miR-210 binding sequence, employed to reduce BCL11A transcription
factor levels were kindly provided by Professor Alessandra Romanelli research group
(Department of Pharmacy, University of Naples ‘Federico II’, Napoli, Italy). PNAs were
resuspended in sterile water at final concentration of 500 uM and stored at -20°C until the
moment of use. According to our previously experience with PNAs, for preliminary tests,
we employed PNAs final concentration of 2, 4 and 8 uM. For short term treatment (48 hours)
K562-BCL11A-XL clones were seeded at starting concentration of 1x10° cells/mL, while
for long term, MTH combined treatment, considering MTH toxicity, cells were seeded at
concentration of 5x10* cells/mL. ErPCs were seeded at concentration of 1x10° cells/mL
immediately before the treatment with PNAs. Both PNAs present a polyarginine peptide

(R8) sequence that allows PNA cells internalization.
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PNA Sequence

PNA miR210-3p_like H2N-ctgtgcgtgtgacagcggctgaRRRRRRRR-CONH2

PNA antiBCL11A miR210-3p_site  H-ctgtgcgtgttgcaagagaaaacRRRRRRRR-NH2

Table 19. Employed miRNAs targeting BCL11A sequence.

5.3.2 PNA against miR-221-3p

PNAs against miR-221-3p were purchased from Professor Roberto Corradini and co-
workers (Department of Chemistry, University of Parma, Italy). All PNAs were resuspended
in culture grade-water and employed at final concentration of 2 uM, as previously performed
by Brognara and colleagues [Brognara et al., 2014]. Transfection procedure for PNAs

without R8 peptide sequence is reported in the chapter transfection with ML122 and

analogues.
PNA name Sequence Features
PNA F1 H-AAACCCAGCAGACAATGT-NH, PNA against miR-221 without R8

polypeptide.

PNA against miR-221 without R8
PNA F2 FI-AEEA-AAACCCAGCAGACAATGT-NH, polypeptide and labelled with
fluorescent molecule

PNA against miR-221 with R8
polypeptide.

PNA against miR-221 with R8
PNA F4 Fl-AEEA-RRRRRRRR-AAACCCAGCAGACAATGT-NH, polypeptide and fluorescence
labelled.

PNA F3 H-RRRRRRRR-AAACCCAGCAGACAATGT-NH,

Table 20. Employed PNA for transfection experiments. 5(6) carbossifluorescein was employed as
fluorescent molecules, while AEEA (2-(2 aminoetoxy) etoxyacetyl) was employed as spacer.

5.4 ML122 and ML122 analogues

ML122 and ML122 analogues were synthesized and purchased from Professor
Francesco Sansone (Department of Chemistry, University of Parma, Italy). Compounds
synthesis protocol is well described by Bagnacani and colleagues [Bagnacani et al., 2013].

ML122 and analogues were resuspended in solution of water:ethanol [Sigma-Aldrich, Saint
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Louis, Missouri, USA]:DMSO [dimethyl-sulfoxide, Sigma-Aldrich, Saint Louis, Missouri,
USA] (2:2:1) in sterile condition, in order to reach the stock concentration of 400 uM and

stored at -20°C until the moment of use.

6. Transfection procedures

Different transfection agents were employed to perform miRNA-based molecules
transfection and each transfection agent require specific transfection condition, which are

summarized in the following chapters.

6.1 Transfection using Lipofectamine RNAiMAX

Lipofectamine RNAiIMAX [Invitrogen, ThermoFischer Scientific, Waltham,
Massachusetts, USA] is a commercial available transfection agent composed by cationic-
lipids and indicated for transfection of miRNA and siRNA molecules. Two different mixes
of 50 uL, each one, were prepared. The first mix was composed by Lipofectamine
RNAIMAX diluted in Opti-MEM I Reduced Serum medium [Gibco, ThermoFischer
Scientific, Waltham, Massachusetts, USA] while the second was prepared diluting
premiRNA or antimiRNA molecule in Opti-MEM I Reduced Serum medium [Gibco,
ThermoFischer Scientific, Waltham, Massachusetts, USA]. Two mixtures were matched
together and incubated at room temperature for 5 minutes, in order to allow the complexation
between biological molecules and cationic lipids. The resulting 100 uL transfection mixture

was transferred to cells.

6.2 Transfection using Lipofectamine LTX with Plus Reagent

Lipofectamine LTX is a lipid-based transfection agent suitable for plasmid
transfection. Even in this case two separate mixes were prepared: the first one was composed
by Lipofectamine LTX [Invitrogen, ThermoFischer Scientific, Waltham, Massachusetts,
USA] diluted in Opti-MEM I Reduced Serum medium [Gibco, ThermoFischer Scientific,
Waltham, Massachusetts, USA], while in the second, premiRNA or antimiRNA molecule,
and an optimised volume of Plus Reagent and Opti-MEM I Reduced Serum medium were
added to the final volume of 50 pL. The second mixture, containing premiRNA molecule

and Plus Reagent was incubated at room temperature for 5 minutes, and at the end of
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incubation, the first mix, containing Lipofectamine LTX diluted in OptiMEM medium was
added. The resulting final mixture was incubated at room temperature for 30 minutes, in

order to allow complexation between nucleic acids and liposomes, and transferred to cells.

6.3 Transfection using siPORT NeoFX

siPORT NeoFX is a lipid-based transfection agent, used for siRNA and miRNA
transfection. sSiPORT NeoFX [ Ambion, ThermoFischer Scientific, Waltham, Massachusetts,
USA] was diluted at final volume of 25 uL in Opti-MEM I Reduced Serum medium [Gibco,
ThermoFischer Scientific, Waltham, Massachusetts, USA], at same way, also premiRNA
molecules where diluted at final volume of 25 pL. Two mixtures have been matched, the
resulting final mixture have been incubated 10 minutes at room temperature and finally,

transferred to cells.

6.4 Transfection using ML122 or analogues

Two different protocols were employed to transfect miRNA-based molecules or PNA
with ML122. Firstly, a protocol very similar to that proposed for DNA transfection in
Bagnacani et al. [Bagnacani et al., 2013] was employed. This protocol, which was called
short term transfection protocol, is not very suitable for in vivo treatment, in fact,
contemplate the removal of transfection mixture after 5 hours contact with cells. A second
protocol has been developed by our research group, and in this case lower concentration of
transfection agent was employed, but the transfection mixture was maintained in contact
with cells, until the end of treatment. This second protocol, in our opinion, is more suitable
for in vivo treatment, where the removal of transfection mixture is not possible. This second

protocol was called continuous contact protocol.

6.4.1 Short term transfection protocol

In short term transfection protocol, a mixture containing RPMI-1640 medium
[EuroClone, Pero, Milano, Italy], ML122 or analogues at 10 uM final concentration, and the
biological molecule which needs to be transferred into cells (mature miRNA, PremiRNA,
AntimiRNA or PNA) was prepared and incubated for 20 minutes at room temperature,

without serum, to allow the complexation between transfection agent and biological
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molecules. After the incubation at 450 pL of transfection mixture, were added 50 uL of FBS
[Biowest, Nuaillé, France]. Cell culture medium was removed and replaced with the
transfection mixture, which was maintained in contact with cells for 5 hours in a humidified
atmosphere of 5% CO-/air at 37°C. At the end of 5 hours incubation, transfection mixture
was removed, cells were washed with DPBS 1X [Gibco, ThermoFischer Scientific,

Waltham, Massachusetts, USA] and new fresh medium was added.

6.4.2 Continuous contact protocol

In the continuous contact protocol, a mixture containing RPMI-1640 medium
[EuroClone, Pero, Milano, Italy], ML122 or analogues at 2,5 uM final concentration, and
the biological molecule which needs to be transferred into cells (PremiRNA, AntimiRNA or
PNA) was prepared and incubated for 20 minutes at room temperature, without serum, to
allow the complexation between transfection agent and biological molecules. After the
incubation at 450 uL of transfection mixture, were added 50 pL of FBS [Biowest, Nuaillé,
France]. Cell culture medium was removed and replaced with the transfection mixture,
which was maintained in contact with cells until the end of the treatment. Cells were

maintained in a humidified atmosphere of 5% COx/air at 37°C for all the treatment time.

7. mRNA expression analysis

mRNA expression was analysed using Reverse Transcription quantitative
Polymerase Chain Reaction (RTqPCR). Briefly, RNA obtained after RNA extraction was
reverse transcribed to a complementary DNA (cDNA) using a MMLV (Moloney Murine
Leukemia Virus) reverse transcriptase enzyme and oligonucleotides with random sequences
(random examers) as reverse transcription primers. The obtained cDNA was then used as

template for RTqPCR.

7.1 mRNA Reverse transcription reaction

Reverse transcription reaction was performed using TagMan Reverse Transcription
Reagents [Applied Biosystems, ThermoFischer Scientific, Waltham, Massachusetts, USA].
A mixture containing 300 ng of total RNA and nuclease free water [Sigma-Aldrich, Saint

Louis, Missouri, USA] was heated at 60°C for 5 minutes to disrupt RNA secondary structure.
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After the incubation, sample was put immediately on ice and RNAse inhibitor enzyme was
added at final concentration of 0,4 U/uL. Moreover, reverse transcriptase enzyme to
synthesize cDNA requires the presence of primers able to bind mRNA template. At this
purpose, we have chosen short sequences composed by six nucleotides called random
examers, which can potentially anneal to all RNA sequences present in the sample and can
also recognise sequence in degraded RNA. Random examers were added to the reverse
transcription reaction mix at final concentration of 2,5 uM, and the mixture was incubated
10 minutes at 20°C to allow primers annealing. At the end of primer annealing step, others
reagents necessary for reverse transcription reaction were added, including: dNTPs at final
concentration of 2 mM, MgCl (magnesium chloride) 5,5 mM, RT Buffer 1X and MultiScribe
Reverse Transcriptase 1,25 U/uL. The mixture was incubated at 42°C for 30 minutes to
allow mRNA reverse transcription, followed by a step at 98°C for 5 minutes to inactivate
reverse transcriptase enzyme. Obtained cDNA was stored at -80°C until RTqPCR was

performed.

7.2 mRNA quantification using RTqPCR

Quantification of mRNA using RTqPCR can be obtained using different fluorescent
labelling techniques. To quantify our transcripts, we employed the two most common

techniques: TagMan probes and Sybr Green.

7.2.1 RTqPCR using TagMan probes

Each TagMan probe-based assay is composed by a couple of primers specific for the
target of interest, a primer forward (FW), a primer reverse (RW) and a probe, which is a
oligonucleotide containing at the 5’ end a fluorescent reporter at the 5’ end, and a quencher
in 3’ end. Probe binds a sequence in the region between primer FW and primer RW. When
the probe sequence is intact, the fluorescence of the reporter is quenched due to its proximity
to the quencher. During the annealing and extension step of the amplification reaction, the
probe hybridizes to the target, but the exonuclease activity of DNA polymerase enzyme
cleaves the reporter. In this way, reporter is separated by the quencher and its fluorescence
is no more quenched. This result in an emission of fluorescence that is directly proportional
to the amount of amplified product in reaction well. In real time PCR, emission of

fluorescence is measured at the end of each cycle and values are collected in a graphical
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representation called amplification curve. All RT-PCR assay employed in this thesis are
reported in Table 21. Briefly a PCR reaction mix composed by 1uL of cDNA, 1,25uL of
20X TagMan assay for the transcript of the interest, 12,5 uL. of TagMan Universal PCR
Master Mix 2X [Applied Biosystems, ThermoFischer Scientific, Waltham, Massachusetts,
USA], and nuclease free water [Sigma-Aldrich, Saint Louis, Missouri, USA] at final volume
of 25 uL was prepared. Each sample was prepared and loaded in duplicate. Amplification
programme consists of an initial step at 50°C for 2 minutes, in which AmpErase UNG
enzyme acts degrading all possible PCR contamination containing dUTP, followed by a step
at 95°C for 10 minutes to activate DNA polymerase enzyme, and 45 cycles in which sample
is heated at 95°C for 15 seconds to denature double-strand structure, followed by a step at
60°C for 1 minute in which primers annealing and extension phase occurred. At the end of
each cycle, fluorescence is measured. Amplification programme was performed using
CFX96 [Bio-Rad, Hercules, California, USA] and data analysis was performed using Bio-
Rad CFX Manager Software [Bio-Rad, Hercules, California, USA]. Relative expression was
calculated and fold change analysis was performed using Livak method [Livak et al., 2011]
(2M-AACT). All data were normalised for their starting cDNA content using as reference

RPL13A and 18s.

Target Name Company Assay ID

B-Cell lymphoma/leukemia 11A (BCL11A)* Applied Biosystems Hs00256254_m1
B-Cell lymphoma/leukemia 11A (BCL11A)° Applied Biosystems Hs00250581_s1
v-globin IDT Custom assay

TP53 IDT Hs.PT58.123122
Caspase 3 IDT Hs.PT56a.24277143
Ribosomal protein L13a (RPL13A) Applied Biosystems Hs03043885_g1
18S ribosomal RNA Applied Biosystems 4310893E

Table 21. Employed TagMan assay.

7.2.2 RTqPCR using Sybr Green

Sybr Green is a DNA-binding dye, able to bind non-specifically all double strand
sequences. Unbounded Syber Green present low background fluorescence, but when it binds
double-strand sequences its fluorescence increases of about 1000 fold. So, in this case

emitted fluorescence is directly proportional to the amount of double strand product and
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consequently to the quantity of amplified target. Syber Green can be used with any couple
of unlabelled primers. RTqPCR reaction mix is composed by 1uL of cDNA, 4 uL of each
primer (50 ng/uL), 12,5 pL of iTaq Universal SYBR Green Supermix 2X [Bio-Rad,
Hercules, California, USA] and nuclease free water [Sigma-Aldrich, Saint Louis, Missouri,
USA] at final volume of 25 pL. Each sample was prepared and loaded in duplicate. The
following amplification programme was performed: 3 minutes at 95°C to activate DNA
polymerase enzyme, 40 cycles of 95°C for 15 seconds to denature double strand structure,
58°C for 30 seconds to allow primers annealing followed by 30 seconds at 72°C for the
extension phase. At the end of the amplification, a melting curve from 55°C to 95°C with
0,5°C/sec increment was performed to verify the presence of non-specific products, as
primer dimers. Amplification programme was performed using CFX96 [Bio-Rad, Hercules,
California, USA] and data analysis was performed using Bio-Rad CFX Manager Software
[Bio-Rad, Hercules, California, USA]. Relative expression was calculated and fold change
analysis was performed using Livak method [Livak et al., 2011] (2*-AACT). All data were

normalised for their starting cDNA content using as reference RPL13A and 18s.

i u i u

Target Primer FW sequence Primer RW sequence
Interleukin 6 (IL_6) 5'-AGGAGACTTGCCTGGTGAAA-3’ 5'-CAGGGGTGGTTTATTGCATCT-3’
Ribosomal protein L13a 5'-ACGCTGTGAAGGCATCAACATT-3’ 5'.GCTGTCACTGCCTGGTACTTCC-3’
(RPL13A)

18S ribosomal RNA subunit 5'-CGAACGTCTGCCCTATCAACTTT-3’  5'-GCTGTCACTGCCTGGTACTTCC-3’

Table 22. Primers employed for Sybr Green RTqPCR.

8. Benzidine staining assay

Haemoglobin containing cells were detected by specific reaction with a
benzidine/hydrogen peroxide solution containing 0,2% benzidine dihydrochloride [Sigma-
Aldrich, Saint Louis, Missouri, USA] in 5 M glacial acetic acid [Sigma-Aldrich, Saint Louis,
Missouri, USA], activated, immediately before the use with 10% (v/v) of a solution 30%
H>0; [Sigma-Aldrich, Saint Louis, Missouri, USA]. SuL of culture medium containing cells

were added to 5 puL of benzidine-H>O; solution, cells were observed at microscope and

Haemoglobin
H,0, + Chromogen == H,() + Oxidized Chromogen

Peroxidase - l
Activity (Blue color)
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benzidine reactive cells, which were blue coloured, were counted. Data are expressed as
benzidine positive cells (blue cells) respect to total number of cells (blue and colourless
cells). Test is based on the peroxidase activity of heme group contained in haemoglobin. In
fact the peroxidase activity of heme group caused H>O» reduction and at same time the
chromogen (benzidine) oxidation resulting in blue colour as indicated in the reaction

proposed at page 142.
9. SPR-based Analysis

All procedures were performed at 25°C and at a 5 uL/min flow rate, by using the
Biacore™ X100 analytical system [GE Healthcare, Chicago, Illinois, USA] and HBS-EP+
(0,01 M HEPES, 0,15 M NaCl, 3 mM EDTA and 0,05% v/v Surfactant P20, pH 7,4) as
running buffer as previously described. In order to obtain an efficient capture of 5°-
biotinylated oligonucleotide mimicking the miR-210 binding site of BCL11A mRNA onto
the sensor chip, the well documented streptavidin-biotin interaction was employed. To this
aim, the sensor chip SA, precoated with streptavidin, was used. After pre-treatment with
three 10 pL pulses with 50 mM NaOH-1 M NaCl, an injection of 10 ng/uL biotinylated
oligonucleotide carrying sequences mimicking the miR-210 binding site of the BCL11A
mRNA [IDT Integrated DNA Technologies, Coralville, IA, USA] was performed, followed
by a wash with 50 mM NaOH. Hybridization to the immobilized oligonucleotide was
performed by a 20 pL injection of 2,3 pM microRNA (miR-210-3p, miR-221-3p, miR-222-
3p) [IDT Integrated DNA Technologies, Coralville, IA, USA], followed by a wash with 15
uL HBS-EP+ buffer and a regeneration of the sensor chip with a 5 puLL pulse of 50 mM NaOH.
The BiacoreTM X100 Control Software and BiacoreTM X100 Evaluation Software, version
2.0.1 [GE Healthcare, Chicago, Illinois, USA] were used for operation and data analysis,

respectively. Suitable blank control injections with running buffer were performed, and the

Name Sequence 5°- 3’ Accession No. Location
BCLI11A biot-GTT TCT CTT GCA ACA CGC ACA G NM_022893.3 789-798
DNA aBCLI1A CTG TGC GTG TTG CAA GAG AAAC NM_022893.3 789-798
RNA aBCL11A CUG UGC GUG UUG CAA GAG AAAC NM_022893.3 789-798
miR-210 CUG UGC GUG UGA CAG CGG CUG A MIMATO0000267
miR-221 AGC UAC AUU GUC UGC UGG GUU UC MIMAT0000278
miR-222 AGC UAC AUC UGG CUA CUG GGU MIMATO0000279

Table 23. Oligonucleotides sequences used in Biospecific Interaction Analysis
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resulting sensorgrams were subtracted from the experimental sensorgrams. All Biacore
experiments were performed under the supervision and with the precious help of PhD Giulia

Breveglieri (Life Science and Biotechnology Department, University of Ferrara).

10. Western Blot analysis
10.1 Protein extracts preparation

Protein extracts analyzed by western blotting analysis were prepared using
commercial RIPA buffer according to manufacturer’s instruction. Briefly, cells were washed
with cold DPBS 1X [Gibco, Thermo Fischer Scientific, Waltham, Massachussetts, USA]
and centrifuged at 1200 rpm for 10 minutes at 4°C. Obtained pellet was suspended and lysed
using RIPA Lysis and Extraction Buffer [Thermo Scientific, Thermo Fischer Scientific,
Waltham, Massachussetts, USA], maintaining the ratio 1 mL of RIPA Lysis and Extraction
Buffer for 1x10° cells. Samples were incubated 20 minutes of ice, and then centrifuged at
14000 g for 15 minutes at 4°C, to remove cell debris. Supernatant, containing protein extracts

was collected and stored at -80°C until the moment of western blot analysis.

10.2 Protein extracts quantification

Obtained protein extracts were quantified using Pierce BCA Protein Assay Kit
[Thermo Scientific, Thermo Fischer Scientific, Waltham, Massachussetts, USA], according
to the manufacturer’s instruction. BCA Protein Assay is a colorimetric assay based on the
reduction of Cu?* to Cu'* by proteins in an alkaline medium. According to Biuret reaction,
copper reduction is caused by four amino acid residues: cysteine, cystine, tyrosine, and
tryptophan normally present in proteins. Reduced copper forms complexes, composed by a
Cu" chelated with two molecules of bicinchoninic acid (BCA). Complexes, which are
purple-colored, adsorbed at 562 nm and absorbance values are directly proportional to
proteins concentration. Protein extracts concentration is calculated by a standard curve
created using known concentration of albumin protein. Standard curve was created adding
incremental amount (from 1,25 pg to 40 ug) of albumin starting from an albumin solution
which stock concentration is 2 mg/ml. Two uL of protein extracts were quantified for each
sample. Both standard curve samples and unknown samples were added to 1 mL of working
solution composed by Reagent A (bicinchoninic acid 0,1M) and Reagent B (Cupric sulfate

4%) in ratio 50:1. Samples were incubated at 60°C for 30 minutes to enhance reaction, and
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the absorbance at 562 nm was read using SmartSpec Plus Spectrophotometer [Bio-Rad,

Hercules, California, USA].

10.3 Western blotting

A mixture composed by 20 pg of protein total extracts, 1/3 of the final volume of 3X
Reducing SDS Loading Buffer [Cell Signaling Technology, Leiden, Netherlands], and 1/30
of 1,25 M dithiothreitol (DTT) [Cell Signaling Technology, Leiden, Netherlands] was
prepared. In order to destroy protein secondary structure, samples were denatured for 5
minutes at 98°C and then put immediately on ice until they were loaded on SDS—
polyacrylamide gel. Running gel was composed by acrylamide 7% [40% Acrylamide/Bis
Solution, Bio-Rad, Hercules, California, USA], Tris-HCI pH 8.8, final concentration 375
mM, SDS (Sodium Dodecyl Sulfate) 0,1%, Temed [Bio-Rad, Hercules, California, USA]
and AMPS (Ammonium persulfate) 0,625 ng/uL, while stacking gel was prepared with 4%
acrylamide [40% Acrylamide/Bis Solution, Bio-Rad, Hercules, California, USA], Tris-HCI
pH 6.8, final concentration 125 mM, SDS (Sodium Dodecyl Sulfate) 0,1%, Temed [Bio-
Rad, Hercules, California, USA] and AMPS (Ammonium persulfate) 1,3 ng/uL. Before
stacking gel polymerization, 1 mm wells combs were added to form wells. Samples and 10
pL of Precision Plus Protein WesternC Standards (size range: 10-250 kDa) [Bio-Rad,
Hercules, California, USA] as marker to determine molecular weight, were loaded.
Migration was performed at 200V for 45 minutes using Tris—glycine buffer (25 mM Tris,
192 mM glycine, 0,1% SDS) [Bio-Rad, Hercules, California, USA] in order to separate
proteins, according to their molecular weight. Separated proteins were transferred into a 0,2
um nitrocellulose membrane [Thermo Scientific, Thermo Fischer Scientific, Waltham,
Massachussetts, USA] using Trans-Blot Electrophoretic Transfer Cell [Bio-Rad, Hercules,
California, USA]. The electrophoretic transfer was performed at 360 mA, over night, at 4°C,
using CAPS Buffer (10 mM 3-(cyclohexylamino)-1-propanesulfonic acid, 10% methanol
pH 11). The day after, protein transfer was verified using Ponceu S solution, then membrane
was decoloured washing three times with TBS-T 1X (Tris-buffered saline, 0,1% Tween 20).
Obtained membrane was incubated in blocking Buffer (5% non-fat dry milk in TBST-1X)
for 1 hour, to prevent the nonspecific binding of the antibodies. After the incubation
membrane was washed three times with TBS-T 1X and probed with BCL11A primary rabbit
monoclonal antibody (1:10.000) [Cat. Ab191402, AbCam, Cambridge, UK] in a solution of
5% BSA (Bovine Serum Albumin). The day after membrane was washed three times with

145



SDS PAGE
1

Protein separation by electrophoresis

p) ELECTRO-TRANSFER |- -

Transfer proteins to a membrane

|
3 BLOCKING Q
Block ific sit |
0C nOHSpECl 1C sites l}:l {\
DA

4 ANTIBODIES

ncubate the membrane with antibod Jg
A

= ENZYME SUBSTRATE g/ b7
Add the detection reagent

6 FILM EXPOSURE F

Expose the membrane to X-ray film |

Figure 40. Principal steps of western blotting analysis. Protein extracts were loaded into a SDS
polyacrylamide page and separated according to their molecular weight, proteins are transferred in a
nitrocellulose membrane, which was probed firstly with a primary antibody and then with an appropriate
secondary HRP conjugated antibody. Membrane was treated with a HRP substrate and exposed to X-Ray film.

TBS-T 1X and incubated for an hour with an appropriate HRP-conjugated secondary
antibody (1:2000) [Goat Anti-Rabbit Igg HRP conjugated Cat. 7074P3, Cell Signaling
Technology, Leiden, Netherlands] and Precision Protein StrepTactin-HRP conjugate
(1:10000) [Bio-Rad, Hercules, California, USA], used to detect protein marker. Membrane
was washed three times with TBS-T 1X and incubated 5 minutes, protected from the light
with the substrate that allow luminescence emission: Phototope-HRP Western Blot
Detection System [Cell Signaling Technology, Leiden, Netherlands]. HRP (Horseradish
peroxidase) enzyme conjugated at the secondary antibody catalyses the oxidation of luminol,
contained in the detection solution, that results in emission of light which is captured in ECL
film [GE Healthcare, Little Chalfont, UK] and is directly proportional to the amount of target
protein in samples. The same membrane was stripped, to remove the previously bounded
antibody, using Restore Western Blot Stripping Buffer [Thermo Scientific, Thermo Fischer
Scientific, Waltham, Massachussetts, USA]. Membrane was incubated 1 hour with 30 mL
of Stripping Buffer and then, washed three times with TBS-T 1X. After a 1 hour incubation

with blocking buffer and three washings with TBS-T 1X, membrane was re-probed with the
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primary antibody against p70S6K [Catalog No. 2708, Cell Signaling, Leiden, Netherlands],
used as normalization control. Films obtained with both antibodies BCL11A and p70, were
analysed using ChemiDoc MP System [Bio-Rad, Hercules, California, USA] and Image Lab
software [Bio-Rad, Hercules, California, USA]. The ratio between BCL11A band intensity

and p70 band intensity was calculated for each sample.

11. Elisa Analysis

Elisa (Enzyme-Linked Immunosorbent Assay) is an assay designed to detect and
quantify proteins or peptides. For our analysis we employed a sandwich direct Elisa method.
In this case antigen capture is made possible thanks to the employment of a capture antibody
which has been attached to the plate. Detection of antigen is possible thanks to the
employment of a primary HRP- conjugated antibody, which binds the antigen and at same

time interacts to the substrate to produce a measureable signal.
11.1 Protein extracts preparation

ErPCs were washed twice with cold DPBS X [Gibco, Thermo Fischer Scientific,
Waltham, Massachussetts, USA] and centrifuged at 1200 rpm for 10 minutes at 4°C to obtain
cellular pellet which was resuspended using cold water to lyse cells using the ratio 1 pL of
water for 5x10° cells. Samples were frozen in dry ice for 5 minutes and then thaw at room
temperature. Freeze and thaw cycles were repeated for 5 times, then samples were
centrifuged at 14000g for 10 minutes to remove cell debris. Supernatants, containing protein

extracts, were collected and stored at -80°C.

11.2 Gamma globin quantification using Elisa assay

Analysis of gamma globin protein content was performed using Human Hemoglobin
Gamma 1 (HByl) ELISA Kit [MyBioSource, San Diego, California, USA]. Elisa analysis
was performed according to manufacturer’s instruction. Protein extracts were diluted 1:50
in apposite sample diluent, purchased by the kit, and loaded in pre-coated wells. At same
way, also samples with a known concentration of gamma haemoglobin were loaded to create
a standard curve. 100 uL of HRP-conjugate reagent were loaded to each well, and plate was
incubated at 37°C for 1 hour. At the end of incubation plate was manually washed four times

with Wash Solution 1X. 50 uL of chromogen solution A and 50 pL of chromogen solution
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B were added to each well and plate was incubated at 37°C for 15 minutes, protected from
the light. 50 uL of Stop Solution was added to each well and absorbance at 450 nm was read
using Sunrise plate reader [Tecan, Minnedorf, Switzerland] and data were analysed using

Xflour4 software [Tecan, Mannedorf, Switzerland].

12. FACS analysis

FACS analysis is a particularly useful tool, that allow to obtain several information
about the morphology and the fluorescence emitted by cells. Cells pass through a narrow
channel one by one and are illuminated by a light. A series of sensors detect the types of
light that is refracted or emitted from the cells and the optical data are transformed in
electrical data and finally in a picture. In particular, three different parameters are
considered: FSC (Forward scattered light) which is typically used to identify particle size,
SSC (Side scattered light) used to obtain information about granularity and complexity of
cells and fluorescent light emitted after excitation by a compatible wavelength laser.
Fluorescence can derive from different sources: fluorescent molecules internalised by cells,

or fluorescence-tagged antibodies that have been used to label a specific target in the cell.
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Figure 41. Principal parameters considered in FACS analysis. FSC gives information about cell size, SSC
gives information about cell complexity. Fluorescence can derive from different sources, fluorescent molecules
internalization, or by the use of fluorescent labelled antibody able to bind proteins expressed in cell’s surface.

12.1 FACS analysis using fluorescent antibody

The erythroid differentiation status of ErPCs transfected with premiR-210 was
investigated studying Transferrin Receptor (trfR) and Glycophorin A (GYPA) expression by
FACS analysis. Cells were washed twice with DPBS 1X [Gibco, Thermo Fischer Scientific,
Waltham, Massachussetts, USA], centrifuged at 1200 rpm for 8§ minutes to remove
supernatant and cellular pellet was resuspended with 50 uL. of DPBS 1X [Gibco, Thermo

Fischer Scientific, Waltham, Massachussetts, USA] additioned with 1% FBS [Biowest,
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Nuaillé, France]. Two labelled antibodies were added: anti-human CD71 FITC-conjugated
antibody [Miltenyi Biotec, Bergisch Gladbach, Germany] and anti-human CD235a
(Glycophorin A) antibody PE-conjugated [Miltenyi Biotec, Bergisch Gladbach, Germany].
According to the manufacturer’s protocol 10 uL of each antibody were added and cells were
incubated on ice for 30 minutes. Cells were washed twice DPBS 1X [Gibco, Thermo Fischer
Scientific, Waltham, Massachussetts, USA], resuspended in 200 uL. of DPBS 1X [Gibco,
Thermo Fischer Scientific, Waltham, Massachussetts, USA] and analysed using BD FACS
Canto II [BD, Becton Dickinson, Franklin Lakes, New Jersey, USA]. Data analysis was
performed using BD FACSDIVA software [BD, Becton Dickinson, Franklin Lakes, New
Jersey, USA].

12.2 FACS analysis for fluorescent molecules internalization

Up-take of fluorescent PNAs or miRNAs was evaluated using FACS analysis. Cells
were collected, washed twice with DPBS 1X [Gibco, Thermo Fischer Scientific, Waltham,
Massachussetts, USA], cells were pelleted at 1200 rpm for 8 minutes at room temperature
and supernatant was discarded. Cellular pellets were resuspended in 150 uL of DPBS 1X
[Gibco, Thermo Fischer Scientific, Waltham, Massachussetts, USA] and analysed by FACS
analysis for FITC (Fluorescein IsoThioCyanate) fluorescence. For each sample 30.000
events were acquired using FACScan or FACS Canto II [BD, Becton Dickinson, Franklin
Lakes, New Jersey, USA] and data analysis was performed using CellQuest Pro or BD
FACSDIVA software [BD, Becton Dickinson, Franklin Lakes, New Jersey, USA].

13. Cell imaging acquisition using BioStation®

Cell internalization of fluorescent molecules was evaluated using BioStation IM
[Nikon, Minato, Tokyo, Japan] a system that allow to monitor cells, maintaining them in
their physiological condition. Thanks to the employment of cell incubator and a monitoring
system is possible to evaluate cellular features as morphology or cell growth for long time
laps. Three different magnifications can be employed x20, x40 and x80. Cells were seeded
in a suitable BioStation plate and treated with the opportune fluorescent molecules. Until
image recording, cells were pre-treated with Hoesct 33342 dye [Thermo Scientific, Thermo
Fischer Scientific, Waltham, Massachussetts, USA], which is able to stain DNA and

consequently allow to identify nucleus position into cells. Briefly, medium was removed,
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cells were washed with DPBS 1X [Gibco, Thermo Fischer Scientific, Waltham,
Massachussetts, USA] and incubated with a solution containing culture medium and Hoesct
33342 [Thermo Scientific, Thermo Fischer Scientific, Waltham, Massachussetts, USA] at
final concentration of 1 pg/mL. Cells were incubated at 37°C for 20 minutes, protected from
the light. Staining solution was removed, cells were washed twice with DPBS 1X [Gibco,
Thermo Fischer Scientific, Waltham, Massachussetts, USA] and fresh medium was added.
Cells images were taken for 24 hours using DAPI filter (461 nm) to visualize nuclei and 530

nm filter to visualise FITC conjugate molecules.

14. Cell viability Assay

Cell viability after the transfection with calixarene-based molecules was evaluated
with Muse Count & Viability Kit [Millipore, Billerica, Massachusetts, USA], using Muse
Cell Analyser [Millipore, Billerica, Massachusetts, USA]. Test allow to discriminate
between alive and dead cells on the base of their membrane permeability to two DNA
binding dyes. The first dye is used to discriminate viable cells, which do not stain, from non-
viable cells, which are stained. Instead, the second reagent stains all cells with a nucleus, in
order to distinguish cells from debris. To perform analysis, 50 pL of suspension cells were
added to 225 uL of Muse Count & Viability Reagent, the solution was incubated at room
temperature for 5 minutes, protected from the light and then 1x10* events were analysed

using Muse Cell Analyser [Millipore, Billerica, Massachusetts, USA].

15. Evaluation of apoptotic rate

The possibility that calixarene-based delivery molecules may induce apoptosis in
cells, was investigated using Muse Annexin V & Dead Cell Kit. One of the first steps of
apoptosis pathway is the externalization of phosphatidylserine (PS) to the cell surface. The
assay is based on the use of two different reagents: annexin V, which binds PS and 7-AAD
(7-aminoactinomycin D) a fluorescent DNA intercalator. In this way is possible to identify
four different populations: cells negative to both reagents (live cells), cells positive to
annexin V, but negative to 7-AAD (early apoptotic cells), cells negative to annexin V and
positive to 7-ADD (cellular debris) and cells positive to both reagents (late apoptotic cells).
50 uL of suspension cells were added to 50 uLL. of Muse Annexin V & Dead Cell reagent,

sample was gently mixed and incubated at room temperature, protected from the light for 15
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minutes. Samples were analysed using Muse Cell Analyser [Millipore, Billerica,

Massachusetts, USA].
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Figure 42. Annexin V in apoptosis signal. Phosphatidylserine (PS) is normally located on the cytoplasmic
face of the plasma membrane. During apoptosis PS translocates to the outer leaflet of the plasma membrane.
PS is bound by fluorochrome-labeled Annexin V in presence of calcium.

16. Bioplex analysis

Cytokines release in supernatants after transfection with calixarene-based molecules
was evaluated considering U251 cell line. Cytokines quantification was performed using
Bio-Plex cytokine assay [Bio-Rad, Hercules, California, USA] according to the
manufacturer’s instruction. In our experiments, we used the premixed multiplex beads of the
Bio-Plex human cytokine Human 27-Plex Panel [Cat. 171-A11127, Bio-Rad, Hercules,
California, USA], which included twenty-seven cytokines (IL-1b; IL-1ras, IL-2, IL-4, 11-5,
IL-6, IL-7, IL-8, IL-9, IL-10, IL-10, IL-12 (P70), IL-13, IL-15, IL-17, Basic FGF, Eotaxin,
G-CSF, GM-CSF, IFN-y, IP-10, MCP-1, IP -1 (MCAF), MIP-10, MIP-1B, PDGF-BB,
RANTES, TNF-a, VEGF). Briefly, 50 puL of cytokine standards or samples (supernatants
from transfected cells) were incubated with 50 pL of anti-cytokine conjugated beads in 96-
well filter plates for 30 minutes at room temperature with shaking. Plates were then washed
by vacuum filtration three times with 100 uL of Bio-Plex wash buffer, 25 pL of diluted
detection antibody was added, and plates were incubated for 30 minutes at room temperature
with shaking. After three filter washes, 50 pL of streptavidinphycoerythrin was added, and
the plates were incubated for 10 minutes at room temperature with shaking. Finally, plates
were washed by vacuum filtration three times, beads were suspended in Bio-Plex assay
buffer, and samples were analysed on Bio-Rad 96 plate reader using the Bio-Plex suspension

array system and Bio-Plex manager software [Bio-Rad, Hercules, California, USA]. Bio-
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plex analysis was performed by PhD Giulia Montagner (Department of Life Science and

Biotechnology, University of Ferrara).

17. Bioinformatics tools for miRNA analysis

MiRNA putative target identification was performed using TargetScan
[http://www.targetscan.org/vert_71/] and miRWalk 2.0 [http://zmf.umm.uni-
heidelberg.de/apps/zmf/mirwalk2/], while already validated miRNAs target were identified
using miRTarBase [http.//mirtarbase.mbc.nctu.edu.tw/]. Valuation of sequence homology
between miRNAs of different species was performed using miRNAminer
[http://groups.csail. mit.edu/pag/mirnaminer/]. While interaction between miR-210 and
BCLI1A coding region was evaluated using RNAfold web  server
[http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi].

18. Graphic tools

Heat maps presented in results section were elaborated using the free online available
tool [http://www2.heatmapper.ca/expression/], while Venn Diagram representation were

created using an on-line tool [http://bioinformatics.psb.ugent.be/webtools/Venn/]

19. Statistics

Results are expressed as mean * standard error of the mean (SEM). Comparisons
between groups were made by using moderate paired Student’s t test. Statistical significance

was defined as p<0.01 highly significant (**) and p<0.05 significant (*).
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Results



I. MicroRNA for non-invasive diagnosis: liquid biopsy on colon

carcinoma model systems and colorectal cancer (CRC) patients

In order to verify whether miRNA patterns might be useful for diagnostic purposes
in the field of non-invasive diagnostics of cancer, we have analysed miRNAs in colon
carcinoma (CRC) model systems and CRC patients. The final objective was to validate a
non-invasive approach for diagnosis/prognosis of CRC, starting from plasma-based liquid

biopsy. This activity was conducted under the Horizon-2020 ULTRAPLACAD project.

1. Production of samples for the set-up of plasmonic-based device applied to miRNAs

analysis

Within the ULTRAPLACAD project, the major goal of our research group was the
determination of miRNAs content in biological samples using conventional miRNA
detection techniques, such as RTqPCR or ddPCR. The same samples are expected to be in
the future analysed, at same time, by [.N.B.B. (Istituto Nazionale Biostrutture e Biosistemi)
unit, in order to compare PCR-based techniques with NESPRI based method. Samples have
been characterized for three different miRNAs: miR-141-3p, miR-221-3p and miR-222-3p
which, have been shown to be modulated in plasma of CRC patients, as already pointed out

in the chapter “cmiRNA as diagnostic tools in CRC”.

1.1 Protocol Set-up

While the final ULTRAPLACAD devices will be able to detect biomarkers directly
from plasma, PCR-based techniques used for validation of miRNA as biomarkers for tumour
detection, require a preliminary step, in which miRNAs are extracted from the plasma
matrix, and then reverse transcribed in order to obtain a cDNA to be considered as the
starting sample for the PCR methods. It is well documented that the employed method for
miRNA extraction can significantly influence the final miRNA concentration [McAlexander
et al., 2013]. On the basis of data available in literature and focusing on miRNA extraction
from plasma, we have chosen miRNeasy Serum/Plasma Kit (Qiagen), that requires small

amount of starting sample and according to several authors, allows a good sample recovery.
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Before starting samples preparation, we have set-up extraction condition and evaluated the

reproducibility of the method.

1.1.1 Exogenous Control Set-up

The amount of RNA recovered from plasma is very limited, and generally are small

RNA, so samples, in most of cases, can not be quantified. At same time it is very important
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Figure 1. Exogenous control Set-up. Panel A amplification curves obtained by RTqPCR analysis, blue curves
are obtained by the analysis of cel-miR-39 in samples spiked with incremental amount of synthetic miRNA,
while, pink, green and yellow curves are relative to respectively miR-141, miR-221 and miR-222. In Panel B
are reported CT values for each sample spiked with different amount of cel-miR-39, while the mean CT values
of the three investigated miRNAs are reported in Panel C.

to verify the efficiency of the extraction method, in particular in our case. Therefore, in order
to verify if RNA recovery is similar between samples, we spiked into each sample,
immediately after the phenol-lysis, a synthetic miRNA (cel-miR-39), which is not present in

human plasma. In order to identify the most suitable amount of cel-miR-39 to add into
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plasma, we extracted six plasma samples and we added at each one incremental
concentration of mature cel-miR-39: starting from 0,4 amoles to 40.000 amoles. After the
extraction, we reverse transcribed RNA and performed RTqPCR analysis to quantify cel-
miR-39 content (Figure 1). As expected, CT values are inversely proportional to the amount
of spiked cel-miR-39 (Panel B). At same time we also considered the mean CT values of
three miRNAs that are relevant for diagnosis/prognosis of CRC, i.e. miR-141-3p, miR-221-
3p and miR-222-3p. As indicated in Panel C, while miR-221 and miR-222 are expressed at
medium-high levels (CTs: 28-29), miR-141 is expressed at very low levels. In order to have
a cel-miR-39 expression similar to our selected miRNA, we chose 400 amoles amount of
cel-miR-39, which was considered as the standard amount of spiked control miRNA, in all

the following experiments.

1.1.2 Yield Determination

Assuming that both the reverse transcription step and the PCR step are 100%
efficient, the most important bias in miRNA detection using PCR-based methods is
represented by the extraction step. Moreover, in our case we have to compare data from two
different matrices: plasma, that is used in ULTRAPLACAD device, and extracted RNA,
used for PCR-based methods. Therefore, in order to compare data obtained by PCR
quantification with data obtained by NESPRI analysis, we have firstly evaluated the mean
recovery starting from known amounts of microRNA. The same amount of cel-miR-39 was
added to three plasma samples, obtained from the same pool of healthy donors, after the lysis
with phenol. Also in this case mature synthetic cel-miR-39 was chosen, because it is not
expressed in human plasma. Samples were extracted following the miRNeasy Serum/Plasma
Kit extraction protocol and the amount of cel-miR-39 in RNA samples was quantified using
ddPCR. Cel-miR-39 copies/uL for each reaction well, reported in Panel C of Figure 2, were
employed to calculate the final number of miRNA copies contained in the recovered RNA,
considering the volumes of sample used to performed reverse transcription and ddPCR. As
indicated in Panel A, the ratio (R) between the starting amount of cel-miR-39 added to the
plasma (black rhombus: 2,26*%10'%) and the number of miRNA copies recovered in the RNA
(white boxes) was calculated. The experiment was conducted in triplicate in order to
calculate a mean loss of sample to the miRNA extraction step. As indicated in the Figure,

the ratio is from 585 to 1028, with a mean ratio value of 803, indicating that the starting
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sample is normally 800 times more concentrated than the recovered sample, and the loss is

in the order of about 10°.
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Figure 2. Yield Determination. In the Panel A, the ratio (R) between the added and the recovered amount of
cel-miR-39 was calculated. In Panels B, C and D ddPCR plots were proposed: in box B, 2D plots were shown:
blue points represent positive droplets, while black points represent droplets which do not contain template.
Box C shows concentration of cel-miR-39 for each replicate, expresses as copies/uL for each reaction well,
while in the box D the total number of generated droplet (positive or negative) is shown in green box, while
negative droplets and positive droplets are represented respectively by blue boxes and light blue boxes.

1.1.3 Comparison between different batches of the same kit

Since samples were analysed at different times, in order to exclude that possible
differences between samples were due to different batches of the same kit, we purchased
during the year three different batches of the kit and we extracted the same starting sample,
a pool of plasma obtained from a healthy donor, using the three different batches, as
described in the left part of the Figure 3. The content of miR-141, miR-221 and cel-miR-39
was then quantified using ddPCR. MiRNAs concentration expressed as copies/uL for each
reaction well was reported in the concentration plots in right part of Figure 3. As indicated
in the Figure, miR-141 concentration is in the range of 10,7-9,7; while for miR-221 value

are between 3 and 4,1; in both cases standard deviation between sample is very limited. In
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the case of cel-miR-39 the value range is between 173 and 268, slightly more respect to the

others miRNAs but compatible with physiological differences between samples.
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Figure 3. Comparison between different batches of the same kit. Left side of the Figure, description of the
experiment work-flow: three aliquots of the same plasma sample obtained from a pool of healthy donors were
extracted using three different batches of the same extraction kit purchased at different time points. The
extracted RNA was reverse transcribed and analysed using ddPCR. Concentration of analysed miRNAs for
each batches are reported in the right part of the Figure. All concentrations are reported as copies/uL for each
reaction well.

1.1.4 Plasma Isolation Protocol

Despite liquid biopsy is becoming increasingly important in diagnostic practice and
probably will replace, in due time, traditional biopsy techniques, the lack of validated
protocols for plasma or in general biological fluids isolation and storage appears to be a
major issue. In recent years hundreds of studies were published about biomarkers analysis
in plasma samples, and no agreement has been reached concerning the different protocols
proposed. In this respect, it is important to underline that the isolation protocol can deeply
affect the final data and it is not surprising to find different results in the case of a sample
isolated from the same donor and processed with different protocols. In order to evaluate
how much the isolation protocol of plasma can affect the final miRNA concentration we
isolated plasma samples from healthy donors with three different protocols and then

analysed miRNAs content. Three different protocols were performed starting from the same
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blood aliquot and isolation was performed at same time, in order to reduce, as much as
possible, differences between starting blood samples. Three different protocols were chosen
according to the methods indicated in the literature. In the first protocol called ‘Protocol A’,
blood was centrifuged at 1200g for 10 minutes at 4°C without brake to avoid the alteration
of interphase. In protocol B the first step is identical to the protocol A, but in this case the
collected plasma is centrifuged again at 2400g for 20 minutes at 4°C. While protocol C
provides a first centrifugation step at 2000g for 20 minutes at 4°C without brake, followed
by a second centrifugation at 16000g for 10 minutes. Sample collected with different
protocols were extracted: three sample for each protocol were extracted, and miRNA content
was analysed. In the Figure 4, miR-221 concentration was reported for the three different
protocols. Mean miR-221 value for protocol B is about 7, very similar to the mean value
found using protocol C (mean value 7,3), while about ten-fold difference was detected in
protocol A (mean value 77,8). In order to avoid biases due to extraction procedure, all
samples were also analysed for cel-miR-39 content and no significant differences were found

(data not shown).
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right part of the Figure, generated droplets analysis for each replicate was shown: green boxes indicate the
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1.1.5. MiRNA stability in plasma sample

Several works reported good stability of miRNAs in plasma. In our case, especially
for the device validation step in the ULTRAPLACAD project, is important to verify if frozen
sample are stable during the time [Balzano et al., 2015]. For this reason we analysed the
same sample at two different time points (time zero and six month later) in order to evaluate
the reproducibility of the data obtained and related to the miRNA concentration. Is important
to underline that two different aliquots of the same plasma sample were analysed in order to
avoid freeze-thaw cycles. In Figure 5 a representative example is reported. MiR-221
concentration was detected in CRC patient plasma at time zero (T1) and after six month of
storage at -80°C (T2). Only minor differences were detected when these two time points
were compared: 78,8 versus 61,7 copies/uL per well. Also in this case cel-miR-39 was used

to verify the efficiency of extraction and no significative differences were detected.
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Figure 5. MiRNA stability in plasma sample. Left part of the Figure, miR-221 content in the sample at time
zero: 1D plot (upper part): blue points indicates positive droplets while black points represent negative droplets,
concentration plot (middle part) and droplets plot (lower part): green box represents total analysed droplets,
while blue box is relative to positive droplets. In the same way, data about miR-221 concentration in 6 month-

stored samples were reported.

2. Model validation

As described in ‘miRNA release’ chapter, miRNAs are physiologically released by

cells, including tumor cells, probably as a mechanism of ‘communication’. In the presence
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of a cancer, the miRNAs release might results higher, probably due to the increased number
of cells that undergo to apoptosis or necrosis process. In order to study the mechanism of
miRNAs release two different models were employed, based on three different CRC cell
lines: HT-29 cells derived from colorectal adenocarcinoma (KRAS wt), LoVo cells (Dukes’
type C, grade IV) harbouring KRAS G13D mutation and LS174T cells (Dukes’ type B)
which present KRAS G12D mutation.

2.1 Experiment work-flow
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Figure 6. Experiment work-flow. To validate the release model three different cell lines were employed: HT-
29, LS174T and LoVo, that were characterized for their miRNA content and moreover their ability to release
extracellular miRNA was evaluated, analysing miRNAs content in conditioned medium, after three days of
culture (left part of the Figure). In parallel to have a more complex model, each cell line was injected in three
mice. Tumor was grown at the size of 0.5 cm® and tumor tissues and blood were taken at sacrifice.

The three cell lines were characterized for their miRNAs content, moreover the same

miRNAs were also investigated in the relative supernatants. As indicated in Figure 6, cells
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were cultured in their traditional culture medium composed by RPMI supplemented with
FBS 10% for 72 hours. After 72 hours, when cells reach the 90-95% of confluence, cells
were detached and lysed in order to extract total RNA using the phenol-chloroform method.
At same time, the relative supernatants were collected, using the same protocol employed
for isolation of all plasma samples (2000g, 20 min at 4°C; 16000g, 10 min at 4°C), and RNA
was extracted as indicated in Turchinovich et al., 2011 and detailed described in the chapter
‘Materials and methods’. In both types of samples (cells and supernatants), miR-141, miR-
221 and miR-222 content were analysed using both ddPCR and RTqPCR. At the same time
the three cell lines were grown as xenotransplants at the size of 0,5 cm® in 4-month old
Nu/CD1 mice in order to obtain an in vivo model mimicking liquid biopsies. Three mice for
each cell line were employed and two independent experiments were performed. Tumor
tissues and blood were taken at sacrifice. Plasma was isolated from blood using the same
protocol employed for supernatants isolation in order to reproduce the same analytical
condition. Plasma RNA extraction was performed using miRNeasy Serum/Plasma Kit, while
tissue samples were homogenized and RNA was extracted using phenol-chloroform method.
Even in this case miRNAs content, in plasma and tissue samples, was evaluated using both

absolute RTqPCR and ddPCR.

2.2 FBS influence evaluation

Since the cell lines employed for the analysis were grown in conditioned medium
composed by RPMI and 10% FBS, the relative supernatants might contain, although to a
limited extent, bovine miRNAs. In this respect we have to bear in mind that the miRNA
sequences are very conserved through evolution. For these reason, before performing
experiments aimed at detection and quantification of human miRNAs secreted by the HT-
29, LoVo and LS174T cells, we wanted to evaluate the possible background signal derived
from the presence of FBS-related miRNAs. First of all, using miRNAminer
[groups.csail.mit.edu/pag/mirnaminer] a bioinformatic tool that allow to analyse
homologies between miRNAs of different species, we verified if human and bovine miR-
141, miR-221 and miR-222 have the same sequence. As indicated in Panel A of Figure 7,
unfortunately, Homo sapiens and Bos taurus miRNAs are perfectly homologous. For this
reason, samples containing only RPMI and FBS at 10% were analysed to quantify the
percentage of miRNA coming from FBS. MiRNAs content in RPMI+FBS 10% samples was
compared to other sample using both ddPCR (Panel B) and RTqPCR (Panel C). As
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indicated in panel C there are at least four CTs in difference between cell-supernatants and
conditioned medium samples. Therefore, FBS-related miRNAs do not affect our analysis of

miRNAs released by the employed tumor cells.
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Figure 7. FBS influence evaluation. Panel A, sequence homology between Homo sapiens (hsa) and Bos
Taurus (bta) miRNAs. Analysis was performed using miRNAminer software. Panel B and C, miRNAs content
difference between RPMI+FBS 10% sample and cell-supernatants samples, analysis was performed using both
ddPCR (B) and RTqPCR (C). In panel B 1D plot, taken from ddPCR analysis, is reported: blue points are
relative to droplets in which amplification occurs, while black points represent droplet in which no target was
detected.

2.3 MiRNAs content comparison between cells and supernatants

To evaluate miRNAs release profile, we analysed miRNAs content both in cells and
in their relative supernatants. Due to the different protocols employed for miRNAs reverse
transcription and ddPCR in the two different kinds of sample, we reported all data to the
miRNAs concentration in RNA sample, expressed as copies/uL. in RNA. A release was
calculated making the ratio between the miRNA concentration in cell sample and in

supernatants sample. As indicated in the Panel A of the Figure 8, the three cell lines present,
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as expected, different miRNA profiles (black circles). For example, LoVo cells present the

lowest concentration of miR-141, between the three cell lines, but, on the contrary, they
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Figure 8. MiRNAs content comparison between cells and supernatants using ddPCR. Panel A: miRNAs
concentration was determined in both cells (black circles) and supernatants (black rhombus) using ddPCR.
Concentration is expressed as copies/uL in RNA samples. Panel B: the ratio (A release) between miRs
concentration in cells and in supernatants was calculated. Standard deviation was calculated considering three
independent experiments.

express at highest levels miR-221 and miR-222. Moreover, if miR-221 and miR-222 present
the same trend between the three cell lines, although with different concentration values,
miR-141 profile is completely reverse. Between miRNAs, miR-222 is expressed at highest
levels, while miR-221 and miR-141 present more similar values. Furthermore, supernatants
miRNA profile (black rhombus) does not always reflect cellular profile. In fact, despite the
fact that miR-221 and miR-222 profiles in supernatant generally reflect the cellular trend, a
very different trend was observed for miR-141, which, despite being expressed at low levels
by LoVo cells, is well-released in supernatants. The ratio between miRNA content in cells
and in their relative supernatants was calculated (Panel B), indicating that HT-29 cells
present higher release efficiency for all the three analysed miRNAs, followed by LoVo and
LS174T cells, exhibiting a miRNAs release ability remarkably less efficient than HT-29

cells. In this case analysis was performed employing the ddPCR technique and plots indicate
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Figure 9. MiRNAs content comparison between cells and supernatants, ddPCR plots. Plots obtained by
ddPCR analysis have been reported, Panel A: 2D plots relative to cells samples for each miRNAs. Blue points
represent positive droplets, while black points are relative to negative droplets. Panel B: concentration plot, the
concentration as copies/uL in each reaction well is reported. Plot are obtain starting from a cDNA sample that
was diluted 1:100, for technical issues explained in chapter materials and methods. The same plots were reported
for supernatants samples (Panels C and D) in this case no dilutions of ddPCR template were performed.

the concentration in copies/uL for each reaction (Figure 8). It is important to underline that
cDNAs obtained from cellular samples (panel A and B), were diluted 1:100 for analysis in
ddPCR, while no dilution was performed in case of cDNA derived from supernatants
samples (panel C and D). At same time samples were analysed using RTqPCR (Figure 10).
In this case, unlike ddPCR, in order to achieve an absolute miRNA concentration value, a
standard curve was required. As shown in the upper part of the Figure 10, a standard curve
for each investigated miRNA was performed, using a synthetic mature miRNA purchase
from IDT. Even if miRNA profile in the three cell lines is the same with both techniques,
differences in the order of 10! were shown in the concentration values of both types of
sample. The difference in copy number obtained using two different techniques does not
surprise us, considering that in creation of standard curve with mature synthetic miRNA
same little biases in dilution procedure may be introduced, and this can affect final miRNA

quantification in samples.
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Figure 10. MiRNAs content comparison between cells and supernatants using RTqPCR. For each miRNA
a standard curve, employing known amounts of synthetic mature miRNA, was performed (upper part of each
panel). Using the standard curve the absolute miRNA concentration for each samples was extrapolated (lower
part of each panel). Standard deviation was calculated considering three independent experiments.

2.4 MiRNA quantification in the in vivo experimental model system constituted by

xenografted mice

MicroRNA content was also evaluated in plasma and tissue samples obtained from
the in vivo models. Also in this case miRNA content was determined using both RTqPCR
and ddPCR, in order to compare the results obtained using the different techniques. As
regard ddPCR analysis (Figure 11) absolute concentration of the three selected miRNAs
was determined and expressed as copies/uL in RNA samples, in order to avoid biases due to
the different sample-processing protocols. MiRNAs concentrations are reported in Panel A
of Figure 11, HT-29 cell line presents the highest concentration for all the three miRNAs,
and also in this case miR-222 presents the higher concentration in all the three cellular lines
in both plasma and tissue samples. Considering only miRNA levels in plasma samples HT-
29 xenograft presents the highest of all the three miRNAs, indicating that this tumor cell line
has an high ability to share miRNAs in blood stream, at least for what concerns the three
analysed miRNAs. Is also important to underline that miRNA release in blood stream
depends not only by its tissue concentration, but also on several others factors including
posttranscriptional miRNA modification. For this reason we also considered A release

profile. The analysis of A release values (Panel B of Figure 11), the HT-29 cell line shows
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the higher ratio between tissue content and plasma content, followed by LS174T, exhibiting
good release capacity, although lower than HT-29 (especially for miR-221 and miR-222).
Analysing A release values, miR-141 presents the higher ratio, while very low release ratio
was found for miR-222, with a difference that is in the order of 10%. Analysis plots are

presented in Figure 12.

A miR-141-3p miR-221-3p miR-222-3p
— 8.63E406
1,77E+06 4,13E405 =
1.954057- é 4,35+05 = Q :':E::E : 6
1,6E+06 = 3,BE+05 = 7,0E+06 =
a h o 6,0E+06 =
g 1,3E+06 § 3,3E+05 E 5.0E406
O 1,0E406 = X 236405 =1 £ 4.0E+06 =
= = S 3,0E+06 = 1.79E+06
E" 7,0E+05 =1 32.35‘05 - ';" 2,0E+06 = 1.43E406
8 405405 - “?‘505 2.00E+05 § 1m0 — |t
§ 1,0E405 O § 1,3E405 9,18E%04 6 2
g = 2 5 O : 7
§ { g.a,nsom - ]
" 8.69E+02 o
2 108403 S g // (- — 2.97E+05
@ 80E402 2 1,6E+03 - 1.39E+03 o 3,0E+05 = 6
T ] 1.09E+03 & 25405 of o
1, 6,0E+02 = 1 1,2E403 = A
@ 4,06E+02 S o Q I, S 2,0E+05 = ey 1,10E+05
£ 40e+02 = _Zz £ g0E+02 =] 1,5E905 =
§ 1,0E405 =
2,0E402 =] 4,0E+02 = 5,0E+04 =4
0,0E+00 + + 4 1 0,0E+00 } + 4 1 0,0E+00 + $ 4
HT-29 LoVo LS174T HT-29 LoVe Ls1747 HT-29 LoVo LS174T
B 2450 i 350 i 35 i
miR-141-3p miR-221-3p ] miR-222-3p
2100 : 300 _]_‘ = 30 i
= = = ]
5 ] S = | T
2
> 2 =%
o
& 1750 9 250 8 25 1
o = e
©
) —— =
o £ 1400 3%200 35@20-
o @ LY iy *x
L= 2z T =
@ = 1050 S 150 €3 15
rs 2 a>
a > 4R o #
a o 9
g 700 2 100 = 10 -
1} o g
2 2 2
9 350 © 50 E 5
E E =
0 0 0
HT-29 LoVo Ls174T HT-29 LoVo Ls174T HT-29 LoVo Ls174T

Figure 11. MiRNA quantification in irn vivo model. Panel A, miRNAs concentration in both tissue (white
circles) and plasma (white rhombus) samples, data are expressed as copies/uL in RNA. The ratio between

copies of miRNA in tissue and in plasma (A release) was shown in panel B. Three independent experiments
were performed.

In conducting these experiments, cDNA samples from tissues (Panel A and B) were diluted
1:100 before ddPCR analysis for technical issues (more detailed information are reported in
the chapter ‘Materials and methods’), while no dilution was perform for plasma samples. At
same time, samples were also analysed by RTqPCR. Three standard curves, one for each
miRNAs, were made using known amount of synthetic mature miRNA (upper part of Figure
13) and concentration data were calculated (lower part of the Figure 13). MiRNA profiles

present some slight differences in the trend between two methods, that are more appreciable
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in plasma samples, with respect to tissue samples. As in cells and supernatants analysis,
concentration difference is in the order of 10'. Moreover, miRNA expression levels in mice
plasma was compared with that of no xenografted (healthy) control mice. Data were
expressed both as copy number change (data obtained by ddPCR), showed in Panel A, and
as fold change (data obtained by RTqPCR analysis), showed in Panel B, and are reported in
Figure 14. No significant differences were found when the two different miRNAs detection

techniques were compared.
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Figure 12. MiRNA quantification in irn vivo model, ddPCR plots. 2D plots (Panels A and C) and
concentration plot (Panel B and D) were shown both for tissue samples (panels A and B) and for plasma
samples (panels B and D). 2D plots represent droplets in which amplification takes place (blue points) and
droplets in which no amplification occurs (black points). Instead, in concentration plots, miRNA concentration
for each reaction well (copies/uL) is expressed.

According with the data previously shown, in the HT-29 xenografted mice a significant
increase of all the three miRNAs was found, being particularly sharp in the case of miR-222
and miR-141. In contrast, the increase is less evident, although significant, in the case of
miR-221, which as described in the Figure 11 is also the less expressed in the tumour tissues.

No significant variations in miRNAs expression were, on the contrary, detected when
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LS174T cells were xenografted in nude mice. Finally, in LoVo xenografted mice the most
significant change involved miR-221 that is also the miRNA expressed at lower levels in the

tissues (see Figure 11).
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Figure 13. MiRNA quantification in in vivo model by RTqPCR. Known amounts of synthetic mature
miRNA were employed to create standard curves, one for each investigated miRNA, through which miRNAs
content in each sample is calculated (upper part of each panel). The extrapolated miRNAs concentration in
tissues (white circles) and in plasma (white rhombus) was shown in the lower part of the Figure.
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Figure 14. Fold change in xenografted mice. Panel A, copy number change has been calculated as the ratio
between miRNAs copies in xenografted mice and copies in control (ctrl) mice. Copy number data were
obtained by ddPCR. In panel B, RTqPCR data were proposed, fold change was calculated with 224D method.
Three independent experiments were performed.
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3. Spike-in preparation

The preliminary set-up of the ULTRAPLACAD-device has required high amounts
of plasma with a known amount of at least one of the selected miRNAs in order to verify
reliability of data and to solve problems relative to the plasma matrix and sample injection.
The employment of “real” CRC plasma samples, at least in the first step of the device set up
was not the first choice (the biological material from patients is low and very precious), so
the preparation of spiking was considered the most suitable method to perform paired
analysis with ddPCR and ULTRAPLACAD device. As previously underlined one of the
most innovative features of ULTRAPLACAD device is the possibility to analyse directly
plasma samples, in which biomarkers are diluted. On the contrary, ddPCR or RTqPCR
require at least two additional steps: analytes extraction from plasma (RNA or DNA
depending on the biomarker type and specific project) and reverse transcription (only in the
case of microRNA) that of course, can introduce variability to be carefully considered. In
order to perform paired analysis, it is important to know the miRNAs concentration into the
starting samples, in this case plasma, and considering that different amount of plasma was
employed in the two methods. Therefore, miRNA concentration was reported as copies of
miRNA for uL of plasma. The detailed protocol to calculate final miRNA concentration was

reported in the chapter ‘Materials and methods’.

3.1 Spike-in set up

MiRNA are very stable in body fluids. For this reason they are employed as
biomarkers. However, their stability is strictly dependent to the mechanism of miRNAs
release. In fact miRNAs are usually contained within extracellular vesicles, or in other cases,
are associated with several types of proteins which prevent miRNA degradation due to
RNAses activity. Completely different is the situation if a ‘nude’ mature miRNA is added
into plasma. As somewhere reported, when a ‘nude’ miRNA is added into plasma, it is
quickly degraded by RNAse, [Turchinovich et al., 2011]. The same situation occurred in our
case (Figure 15). Starting from the same plasma sample, obtained by a pool of healthy
donors, increasing concentrations (from 4*10' to 4¥10* amoles) of mature miRNA were
added to plasma immediately before the sample lysis (Panel A) or after the lysis with phenol
(Panel B). As indicated by the amplification curves reported in panel A, no differences were
shown in the spiked samples with respect to no spiked sample (light green curve), indicating

that only physiologically-present miRNA is detectable and then the added “free” miRNA
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molecules are degraded. On the contrary, if the spiking is performed after the sample lysis

with phenol, and consequently, also the RNAses lysis, an increase, directly proportional to

A Fo— Mean CT
Ar]npiiﬁcaﬁun p Value
No spike 30,59 + 0,05

4E+01 amoles 29,30 + 0,05
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Figure 15. Spike-in set up. Two different spiking protocols where tried: a mature synthetic miRNA was
add in plasma sample immediately before the sample lysis (Panel A), in parallel miRNA was also spiked
in the plasma sample after the sample lysis (Panel B). The amplification curves obtained by RTqPCR where
shown for both protocols. A plasma pre-treatment with RNAse Inhibitor was tried to avoid mature miR
degradation (Panel C). Spiked samples (orange, pink, blue, green curves) where compared with no spiked
sample (light green curve). Representative curves of three independent experiments were reported.

the added amount of miRNA was shown. At same time another strategy to avoid miRNA

degradation was tested. In this experiment plasma samples were firstly, treated with RNAse
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inhibitor enzyme, and then miRNA was spiked before the lysis. As shown in Panel C, the

increase of miRNA content is well evident after comparison with the “no spiked sample”

and at same time miR-221 CT values are comparable with the CTs obtained with the same

amount of miRNA, spiked after the lysis (CT value of 18,30 versus 17,69).

3.2 Spike-in preparation
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Figure 16. Spike-in preparation. Panel A work-flow of the spike-in preparation: plasma obtained by a pool
of healthy donors was pre-treated with RNAse Inhibitor enzyme, and then different amounts of mature
synthetic miRNA were added. An aliquot of plasma was analysed by ddPCR, while a second one was analysed
by ULTRAPLACAD device. Panel B 2D plot obtained by the ddPCR analysis of the different samples were
proposed. Positive droplets are represented by blue points, while black points, with low amplitude values are
relative to negative droplets. Sample concentration in ddPCR reaction well is indicated in the concentration
plot shown in the panel C, while in the panel D the ratio between copies of miRNA in the spiked sample and
copies in the no-spiked sample is calculated.
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After setting-up the method, high amount of spike-in were prepared, in order to perform a
paired analysis by both ddPCR and ULTRAPLACAD device. Starting plasma samples were
obtained by a pool of healthy donors, and were pre-treated with the RNAse inhibitor enzyme
to avoid spiked-miRNA degradation. After the RNAse treatment different amounts of

synthetic mature miRNA were added to each sample in order to obtain a final concentration
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Figure 17. Determination of miRNA concentration in starting plasma sample. Panel A: cel-miR-39
concentration (copies/uL) in each reaction well was reported. Panel B: starting from concentration plot in panel
A the final number of copies in RNA sample was calculated (black boxes) while initial spiked copies are
represent by black rhombus. The ratio between total cel-miR-39 copies in RNA samples and starting spiked
copies of cel-miR-39 was calculated. Panel D, the real miR-221 concentration (fMolar) in RNA samples (white
boxes) and the estimated miRNA concentration (black rhombus) in plasma samples was calculated.

in
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the plasma in the range 0,1 fM-100 fM. Also a no spiked sample was prepared to analyse
the physiological amount of miR, present in the starting sample of plasma, considering that
the three selected miRNA are normally expressed, also in heathy subjects, even at different
levels. Spiked plasma was divided as follows: 1,3 mL of sample was sent to INBB in order
to perform analysis with ULTRAPLACAD devices, while 0,5 mL were employed in our
laboratory to perform a triplicate extraction of the sample and quantify miRNA content by
ddPCR. The work-flow of the experiment is described in the panel A of the Figure 16.
MiRNA increase was found directly proportional to the amount of spiked miRNA, and
miRNA concentration values were reported in concentration plot showed in the panel C. The
ratio between the spiked sample copy/uL and the no-spiked miRNA concentration,
expressed also in this case as copy/uL, was calculated (Panel D). As shown in concentration
plot (Panel C), miR-221 content in control sample (no-spiked) is low but still detectable by
ddPCR, while spiked points are directly proportional to the amount of spiked miR-221, until
0,1 fM in which the increase is very limited. A graphical representation of the different
concentration of miRNA between samples was reported in Panel B. As previously said, we
need to express data as miRNA concentration (copies/uL) in plasma samples. So to bring
back data to plasma samples, was essential in this case, to known how much sample was lost
during the extraction phase. So for each sample the yield was calculated making the ratio
between the starting amount of spiked cel-miR-39, and copies recovered in the RNA sample
(Figure 17). As reported in the panel C, on average, the real amount of miRNA in plasma
sample is 306 times more concentrated respect to the calculated due to the loss of sample in
extraction phase. The real concentration of miRNA in RNA sample and the estimated

concentration in plasma samples are shown in the table and in the plot presented in panel D.

4. Plasma from CRC patients analysis

The final goal of this part of the thesis was the analysis of plasma samples in order
to verify the efficiency of ULTRAPLACAD device. Even in this case data obtained by
NESPRI analysis are compared with selected miRNAs concentration determined by ddPCR.
For this reason, 32 samples of plasma collected from CRC patients were analysed and
characterized for their miR-141, miR-221 and miR-222 content (Table 1). Moreover, 8
healthy subjects and a pool composed by plasma from six healthy donors, different from the
8 individually considered, were analysed, in order to establish a ‘physiological’ miRNAs

pattern (Table 2). Data were reported as a) miRNA copy/uL for each reaction well (first
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column), b) miRNA concentration in RNA samples (expressed as copies/uL) and finally, c)

estimated concentration in plasma starting sample (third column), calculated considering the
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Figure 18. ddPCR plot from CRC and healthy donor plasma samples. Left part of the Figure 1D plot and
concentration plot obtained for the 32 CRC samples, for each selected miRNA. Right part of the Figure 1D
plot and concentration plot obtained for the 8 individually analysed healthy donor and the pooled sample of
healthy donors. 1D plot ranks droplets into two different group: droplets in which amplification takes place
(blue points) and droplets in which target amplification have occurred (black points), while in concentration
plot, concentration of each sample expressed as copy/uL for each reaction well is shown.
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Hsa-miR-141-3p Hsa-miR-221-3p Hsa-miR-222-3p

Copy/pL per well  Copy/pL in RNA Estimated Copy/pL in plasma Copy/pL per well  Copy/pL in RNA Estimated Copy/pL in plasma Copy/nL per well  Copy/pL in RNA Estimated Copy/pL in plasma
CRC#1 5,90E+00 8,65E+01 3,67E+04 SD + 7,04E+03 1,03E+01 1,16E+03 4,93E+05 SD *+ 9,45E+04 6,61E+01 7,46E+03 3,16E+H06 SD + 6,06E+05
CRC#2 6,60E+00 9,68E+01 4,10E+04 SD + 7,87E+03 8,90E+00 1,00E+03 4,26E+05 SD + 8,17E+04 6,31E+01 7,12E+03 3,02E+H06 SD + 5,79E+05
CRC#3 8,80E+00 1,29E+02 5,47E+04 SD + 1,05E+04 1,22E+02 1,38E+04 5,84E+06 SD * 1,12E+06 1,06E+02 1,20E+04 5,07E+06 SD + 9,72E+05
CRC#4 8,20E+00 1,20E+02 5,10E+04 SD + 9,78E+03 5,20E+01 5,87E+03 2,49E+06 SD + 4,77E+05 9,50E+01 1,07E+04 4,54E+H06 SD + 8,72E+05
CRCH#5 7,70E+00 1,13E+02 4,79E+04 SD + 9,18E+03 1,22E+01 1,38E+03 5,84E+05 SD * 1,12E+05 6,31E+01 7,12E+03 3,02EH06 SD # 5,79E+05
CRCH#6 7,10E+00 1,04E+02 4,42E+04 SD + 8,47E+03 9,20E+00 1,04E+03 4,40E+05 SD * 8,44E+04 6,43E+01 7,25E+03 3,08EH06 SD # 5,90E+05
CRC#7 7,40E+00 1,09E+02 4,60E+04 SD + 8,83E+03 6,50E+00 7,33E+02 3,11E+05 SD * 5,96E+04 6,47E+01 7,30E+03 3,09E+H06 SD * 5,94E+05
CRC#8 5,80E+00 8,51E+01 3,61E+H04 SD + 6,92E+03 1,07E+01 1,21E+03 5,12E+05 SD + 9,82E+04 6,51E+01 7,34E+03 3,11E+H06 SD + 597E+05
CRC#9 7,10E+00 1,04E+02 4,42E+04 SD + 8,47E+03 5,20E+00 5,87E+02 2,49E+05 SD + 4,77E+04 6,15E+01 6,94E+03 2,94E+06 SD + 5,64E+05
CRC#10 1,84E+01 2,70E+02 1,14E+H05 SD + 2,19E+04 6,90E+00 7,78E+02 3,30E+05 SD * 6,33E+04 6,02E+01 6,79E+03 2,88E+06 SD + 5,52E+05
CRC#11 7,90E+00 1,16E+02 4,91E+04 SD + 9,42E+03 1,32E+01 1,49E+03 6,31E+05 SD + 1,21E+05 5,65E+01 6,37E+03 2,70E+06 SD + 5,18E+05
CRC#12 7,30E+00 1,07E+02 4,54E+04 SD + 8,71E+03 9,30E+00 1,05E+03 4,45E+05 SD * 8,53E+04 5,90E+01 6,66E+03 2,82E+06 SD + 541E+05
CRC#13 9,60E+00 1,41E+02 5,97E+04 SD + 1,14E+04 1,22E+01 1,38E+03 5,84E+05 SD * 1,12E+05 6,68E+01 7,54E+03 3,20E+H06 SD * 6,I3E+05
CRC#14 7,40E+00 1,09E+02 4,60E+04 SD + 8,83E+03 5,80E+00 6,54E+02 2,77TE+05 SD + 5,32E+04 6,09E+01 6,87E+03 2,91E+H06 SD + 559E+05
CRC#15 7,30E+00 1,07E+02 4,54E+H04 SD + 8,71E+03 8,20E+00 9,25E+02 3,92E+05 SD + 7,52E+04 6,43E+01 7,25E+03 3,08E+06 SD + 590E+05
CRC#16 9,80E+00 1,44E+02 6,09E+04 SD + 1,17E+04 6,10E+00 6,88E+02 2,92E+05 SD * 5,60E+04 5,21E+01 5,88E+03 2,49E+06 SD + 4,78E+05
CRC#17 1,43E+01 2,10E+02 8,89E+04 SD + 1,71E+04 8,60E+00 9,70E+02 4,11E+05 SD + 7,89E+04 5,93E+01 6,69E+03 2,84E+H06 SD + 544E+05
CRC#18 9,70E+00 1,42E+02 6,03E+04 SD + 1,16E+04 9,00E+00 1,02E+03 4,31E+05 SD + 8,26E+04 6,25E+01 7,05E+03 2,99E+06 SD + 5,73E+05
CRC#19 9,30E+00 1,36E+02 5,78E+04 SD + 1,11E+04 1,98E+01 2,23E+03 9,47E+05 SD * 1,82E+05 6,78E+01 7,65E+03 3,24E-+H06 SD * 6,22E+05
CRC#20 9,40E+00 1,38E+02 5,85E+04 SD + 1,12E+04 1,25E+01 1,41E+03 5,98E+05 SD + 1,I5E+05 6,15E+01 6,94E+03 2,94E+06 SD * 5,64E+05
CRC#21 7,50E+00 1,10E+02 4,66E+04 SD + 8,94E+03 1,10E+01 1,24E+03 5,26E+05 SD * 1,01E+05 4,78E+01 5,39E+03 2,29E+06 SD + 4,39E+05
CRC#22 9,90E+00 1,45E+02 6,16E+04 SD + 1,18E+04 1,32E+01 1,49E+03 6,31E+05 SD * 1,21E+05 6,32E+01 7,13E+03 3,02EH06 SD + 5,80E+05
CRC#23 1,01E+01 1,48E+02 6,28E+04 SD + 1,20E+04 1,28E+01 1,44E+03 6,12E+05 SD * 1,17E+05 5,72E+01 6,45E+03 2,74E+06 SD # 525E+05
CRC#24 1,23E+01 1,80E+02 7,65E+04 SD + 147E+04 6,80E+00 7,6 TE+02 3,25E+05 SD * 6,24E+04 2,23E+01 2,52E+03 1,07E+06 SD + 2,05E+05
CRC#25 8,30E+00 1,22E+02 5,16E+04 SD + 9,90E+03 1,49E+01 1,68E+03 7,13E+05 SD + 1,37E+05 6,03E+01 6,80E+03 2,88E+06 SD + 553E+05
CRC#26 1,22E+01 1,79E+02 7,59E+04 SD + 1,46E+04 5,00E+00 5,64E+02 2,39E+05 SD + 4,59E+04 5,87E+01 6,62E+03 2,81E+H06 SD + 539E+05
CRC#27 1,03E+01 1,51E+02 6,41E+04 SD + 1,23E+04 1,01E+01 1,14E+03 4,83E+05 SD + 9,27E+04 7,16E+01 8,08E+03 3,43E-H06 SD *+ 6,57E+05
CRC#28 9,70E+00 1,42E+02 6,03E+04 SD + 1,16E+04 7,20E+00 8,12E+02 3,44E+05 SD + 6,61E+04 4,32E+01 4,87E+03 2,07E+06 SD + 3,96E+05
CRC#29 1,17E+01 1,72E+02 7,28E+04 SD + 1,40E+04 1,18E+01 1,33E+03 5,64E+05 SD * 1,08E+05 3,14E+01 3,54E+03 1,50E+06 SD + 2,88E+05
CRC#30 7,80E+00 1,14E+02 4,85E+04 SD + 9,30E+03 6,40E+00 7,22E+02 3,06E+05 SD + 5,87E+04 6,62E+01 7,47TE+03 3,17E+H06 SD *+ 6,07E+05
CRC#31 9,00E+00 1,32E+02 5,60E+04 SD + 1,07E+04 8,70E+00 9,82E+02 4,16E+05 SD + 7,98E+04 6,54E+01 7,38E+03 3,13EH06 SD * 6,00E+05
CRC#33 1,17E+01 1,72E+02 7,28E+04 SD + 1,40E+04 1,86E+01 2,10E+03 8,90E+05 SD * 1,71E+05 5,56E+01 6,27E+03 2,66E+06 SD # 5,10E+05

Table 1. Determination of miR-141, miR-221 and miR-222 concentration in plasma from CRC patients. The concentration of the three selected miRNAs was calculated for each
sample. Data are relative to each reaction well (first column), to miRNAs concentration in RNA sample (second column) and to miRNAs concentration in plasma samples (third
column). As regard miRNA concentration in plasma samples, the amount of present miRNA was estimated. In fact, the possible loss of sample due to extraction method, was considered
and calculated, evaluating the average loss of spike cel-miR-39. All data are expressed as copies/uL.
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Hsa-miR-141-3p Hsa-miR-221-3p Hsa-miR-222-3p

Copy/uL per well  Copy/pL in RNA Estimated Copy/uL in plasma Copy/uL per well  Copy/uL in RNA Estimated Copy/uL. in plasma Copy/uL per well  Copy/pL in RNA Estimated Copy/pL in plasma

Pool#4 1,27E+01 1,86E+02 7.90E+04 SD ¢ 1,SIE+04 6,50E+00 7,33E+02 3,11E+05 SD t 5,96E+04 5.94E+01 6,70E+03 2,84E+06 SD £ 5,45E+05
H#1 1,27E+01 1,86E+02 7.90E+04 SD + 1,S5IE+04 8,40E+00 9,48E+02 4,02E+05 SD + 7,71E+04 4.96E+01 5,60E+03 2,37E+06 SD t 4,55E+05
H#2 9,70E+00 1L 42E+02 6,03E+04 SD £ 1,16E+04 1L13E+01 1,27E+03 SA41E+05 SD + 1L,04E+05 6,30E+01 7,11E+03 3,01E+06 SD & 5,78E+05
H#3 LOTE+01 1,48E+02 6,28E+04 SD + 1L20E+04 9,00E+00 1,02E+03 4, 31E+05 SD t 8,26E+04 5.89E+01 6,65E+03 2,82E+06 SD £ 5,40E+05
H#4 1,12E+01 1,64E+02 6,96E+04 SD £ 1,34E+04 1,03E+01 1LLIGE+03 4,93E+05 SD t 945E+04 6,85E+01 7,73E+03 3,28E+06 SD £ 6,28E+05
H#5 9,70E+00 1 42E+02 6,03E+04 SD £ 1IGE+04 7,40E+00 8,35E+02 3,54E+05 SD £ 6,79E+04 6,70E+01 7.56E+03 321E+06 SD £ 6,ISE+05
H #6 8,70E+00 1,28E+02 541E+04 SD £ 1,0JE+04 7,70E+00 8,69E+02 3,68E+05 SD + 7,06E+04 5,26E+01 5,93E+03 2,52E+06 SD £ 4,83E+05
H#7 9,10E+00 1,33E402 5,66E+04 SD + LOYE+04 6,90E+00 7.78E+02 330E+05 SD t 6,33E+04 6,14E+01 6,93E+03 2,94E+06 SD t 5,63E+05
H#8 8,20E+00 1,20E+02 5,10E+04 SD t 9,78E+03 6,10E+00 6,88E+02 2,92E+05 SD & 5,60E+04 5,84E+01 6,59E+03 2,79E+06 SD £ 5361405

Hleakhy 6.36E+04 391E+05 2,36E+06

Average

Table 2. Determination of miR-141, miR-221 and miR-222 concentration in plasma from healthy donor. The concentration of the three selected miRNAs was calculated for
8 individually analysed healthy donors, and for a pool sample obtained by pooling plasma from 6 different healthy subjects, different from the 8 individually analysed subjects.
Data are relative to each reaction well (first column), to miRNAs concentration in RNA sample (second column) and to miRNAs concentration in plasma samples (third column).
As regard miRNA concentration in plasma samples, the amount of present miRNA was estimated. In fact, the possible loss of sample due to extraction method was considered and
calculated, evaluating the average loss of spike cel-miR-39. All data are expressed as copies/uL.
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average recovery of cel-miR-39, in order to compare data with ULTRAPLACAD device.
As demonstrated in the tables miR-141 is the less expressed in plasma sample, and the
difference is in the order of 10’ compared with miR-221, while is even greater (10%), if the
comparison is performed between miR-141 and miR-222, which is the most expressed
miRNA in the plasma both of CRC patients and healthy donor. Is important to underline,
that, even if we have employed a high sensitive technique as ddPCR, to obtain significative
miR-141 concentration in the reaction well, the employment of a higher amount of cDNA
was necessary. DAPCR plots obtained for all the 32 CRC samples (left part of the Figure
18) and for the 8 healthy samples and the pool of healthy donor (right part of the Figure 18)
were reported in Figure 18. Comparing miRNAs concentration between healthy subjects and
CRC patients, only seven CRC patients present a clear difference in miRNA concentration
for at least one of the three analysed miRNAs. Is so clear that, despite the several literature
available works propose the three selected miRNAs as good CRC markers, considering the
high interpersonal variability, analyse only three miRNAs is not enough and further

investigations to identify miRNAs modulated in all CRC patients are required.

5. Conclusions and take-home messages

The conclusions of this part of the thesis are related to two major fields of
investigation: (a) the analysis of microRNAs in plasma from colon cancer (CRC) patients
and (b) the analysis of miRNAs in plasma isolated from experimental mice xenotransplanted
with colon cancer tumor cell lines. The important methodological objective related to

threshold sensitivity and comparison between RT-qPCR and RT-ddPCR has been assessed.

A. Set-up of spiking experiments: human donor plasma spiked with microRNAs, extraction
of miRNAs and identification of miRNA levels and recovery by quantitative PCR. We
spiked specific miRNAs (miR-141, miR-221 and miR-222) in such a way that the resulting
plasma contains miRNA concentrations ranging from 40 attomoles to 40 fmoles. These

samples were tested for miRNA content using the Biorad CFX 96 Touch RT-qPCR system.

B. First experiments of ddPCR on RNA extracted from donor plasma and from plasma
spiked with different quantities of microRNAs. We performed set-up experiments in order

to define the protocol for ddPCR amplification and quantitation of endogenous and spiked
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microRNA in healthy human plasma samples. We have confirmed the ddPCR limit of

detection ranking in the attomolar range.

C. MiR-141, miR-221 and miR-222 quantification in plasma from donors and from CRC
patients. Using plasma obtained from 32 CRC patients, we performed set-up experiments in
order to define the protocol for ddPCR amplification and quantitation of endogenous a
microRNA in CRC patients and healthy human plasma samples. MiR-221 and miR-222 are
always detectable using our protocol but miR-141 content is very low (almost undetectable)

in plasma of all patients analysed.

D. Establishment of the biological mini-bank. The mini-bank is constituted by biological
material to be shared with other ULTRAPLACAD project members, including miRNAs
extracted from cell lines, plasmas, spiked plasmas and RNA samples both from CRC patients

and healthy donors.

E. Analysis of miRNAs in mouse plasma from mice xenotransplanted with validated cells.
Circulating miRNA levels did show variability among experiments, cell lines and specific
miRNAs but they were invariably detected, often at higher levels, in mice carrying
xenografts as compared to untreated, tumor-free mice (“healthy controls”). The results show
that miRNA can be detected in the blood of mice using the protocols employed by the
ULTRAPLACAD consortium.

F. Analysis of miRNAs in supernatants of CRC cells used for the production of
xenotransplanted mice. MiRNAs (miR-141, miR-221 and miR-222) were assessed in cell
culture supernatants. Results indicate that specific miRNAs were always detected but the
microRNA pattern released by the cells is slightly different from the miRNA patter present

within the cells.

G. Analysis of miRNAs in mouse plasma from mice xenotransplanted with validated cells
comparing RT-qPCR and ddPCR. The results show that miRNA can be detected in the blood
of mice and moreover, the two analytical approaches (RTqPCR and ddPCR) gave

comparable results.
The following general conclusions might be considered.

Degradation of spiked material was detected in plasma. A solution was proposed and

validated: use of RNase inhibitor to be added to the plasma samples before spiking. In
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addition, the methods for plasma preparation and miRNA extraction are key steps for

miRNA detection and comparison.

MiRNAs in plasma from CRC patients. This key issue might require in the future to focus,
in fact, in addition to miR-141, miR-221 and miR-222 also to others (less than 6-7) miRNA
sequences are needed to identify patterns associated to CRC patients. MiR-141 content is
very low in plasma of patients. Collecting plasma from patients with colon cancer in an

advanced stadium (for example grade IV cancer) will allow a final conclusion on this issue.

Xenografted mice. Mice xenografted with tumor cell lines have been generated and validated
as a very useful model system for miRNA evaluation using alternative technologies.
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II. MicroRNA for non invasive monitoring: miRNAs as possible
biomarkers for the detection of autologous blood transfusions

In this part of the PhD Thesis the analysis of miRNAs was not applied to a health
problem (as in the case of miRNA-based liquid biopsy of CRC), but to a very important
issue that involves a large field of human society, i.e. the identification of frauds in sport.

We focused here on the miRNA-based detection of autologous blood transfusion in sports.

Autologous blood transfusion (ABT) is an illicit practice used by several athletes to
improve their performances. Despite this practice was introduced more than forty years ago,
at the moment not definitive tests have been developed to detect ABT in sports. In fact, in
the last few years several possible markers for direct or indirect detection of ABT have been
proposed, but none of these was shown to be sufficiently reliable. As previously stated in
the Introduction section and in part I of the Results, miRNAs have been proposed as possible
biomarkers in several diseases. Accordingly, few unconclusive reports are available in the
literature suggesting that these molecules may be employed to detect a change in
physiological condition as in the case of ABT. First preliminary studies were already
performed by Leuenberger and colleagues demonstrating that a panel of miRNAs are
modulated after blood reinfusion. The main goal of our project is the identification of
miRNAs that can be potentially employed as biomarkers for the detection of ABT as illicit

practice in sport.

2.1 Study design

In order to verify possible miRNAs expression changes during the ABT procedure,
24 healthy athletes were enrolled and were randomized into two groups: transfusion (T) and
control (C). Subjects of both groups presented similar anthropometric characteristics as age
(25 £ 3 years for T group and 23 * 2 years for control group), height, weight and body mass,
similar training hours and similar performance-related parameters (Table 3). Moreover, only
no smoker subjects were included in the study and for the whole duration of the study athletes
were asked to avoid also occasional smoking. For both groups blood was collected following

the schedule indicated in the Figure 19: T1 (-40): blood was collected 40 days before the
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blood reinfusion: at this point no intervention was performed in athletes, so this time point

is indicative of the ‘basal’ conditions of each subjects.

Transfusion Control
(n=12) (n=12)

Antropometric
Age (years) 25+3 23+2
Heigth (m) 1.79 £0.07 1.77 £0.05
Weigth (kg) 79+ 11 706
Body mass index (kgm?) 24.6+34 223422
Sport discipline
Training hours/week 8§+3 7£3
Sport vintage (years) 155 13+7
Performance
Anaerobic threshold (ml/kg/min) 392+83 40.6 £6.5
VO;max (ml/kg/min) 56.7+£9.2 59.1+6.1
Total running time (s) 846 £234 905 = 86

Table 3. Anthropometric characteristics of recruited athletes. In the table were reported the principal
anthropometric characteristics of the athletes that have taken part to the study.

At this time point a physical test to verify athletes performances was performed. Blood
withdrawal was performed at T2 (-35): 35 days before blood reinfusion. 450 ml of whole
blood were collected from each subject part of transfusion (T) group. Collected blood was
stored at +4°C (6 subjects) or cryopreserved at -80°C after appropriate treatment (6 subjects).
In respect to the control group, only 18 mL of blood needed for plasma isolation were
collected. It is important to underline that also for transfusion group, 18 ml of blood were
collected for plasma isolation at T2 (-35) and in this case, the collection was performed
before blood withdrawal. 25 days and 15 days before blood reinfusion, respectively: T3 (-
25) and T4 (-15) another aliquot (18 mL) of blood was collected both by T and C groups, to
verify possible effects of blood withdrawal in miRNA expression. At TS (0) T group athletes
underwent to ABT while no interventions were performed in control group. 18 mL of blood
were collected from both T and C group to isolate plasma, in the case of T group blood for
plasma isolation was collected before blood reinfusion. As regard +4°C refrigerated blood it
was heated at 37°C and then reinfused, while cryopreserved blood was carefully treated to
eliminate cryopreserving compound before reinfusion. Others aliquots of whole blood were
taken from both groups 3, 6, 15 and 35 days after the reinfusion corresponding respectively

at T6 (+3), T7 (+6), T8 (+15) and T9 (+35) time points. At T3 (-25) and T8 (+15), blood
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Figure 19. Study design. 24 healthy athletes were enrolled and divided randomly into two groups: T,
transfused (12 subjects) which underwent to blood withdrawal and reinfusion and C control (12 subjects) in
which no intervention was performed. Whole blood was collected at 9 time points. At each time point, 18 ml
of whole blood were collected and processed within an hour to isolate plasma. In four key time points a
physical test was performed to evaluate athlete’s performances and the effects of blood manipulations. Plasma
isolated from five time points (T1, T3, TS, T6 and T8), was analysed for miRNAs expression by microarray
analysis.

collection was also, associated to a physical test to evaluate possible changes in
performances. Five key time points were selected to perform microarray analysis in a limited
number of subjects: 3 pools of healthy donors, each one composed by plasma isolated from
3 subjects and 6 samples collected by athletes that underwent to ABT and more in detail: 3
athletes reinfused with blood stored at +4°C and 3 athletes reinfused with cryopreserved

blood.

2.2 Plasma biobank preparation

The first step of the study was the preparation of a biobank composed by plasma
aliquots isolated from each subjects at time points previously described. About 18 mL of
whole blood were collected from each subject at each time point and were processed within
an hour after the collection. The same plasma isolation protocol was employed for each
sample and 800 ul aliquots of plasma were prepared for each subject. As indicated in Table

4, more than 2000 aliquots of plasma were produced. Our biobank includes an average of
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118 aliquots of plasma for each time point as regard control group and more than 1000
aliquots considering all the 12 control subjects for the nine time points. The same number of
aliquots was reached with transfusion group, in this case about 500 plasma aliquots have
been obtained by athletes that were reinfused with blood conserved at +4°C and a similar

number was reached for athletes reinfused with cryopreserved blood.

WADA-UNIFE ABT plasma Biobank
Time points
source
T1(-40) | T2(-35) | T3(-25) [ T4(-15) | T5(0) | T6(+3) | T7 (+6) [ T8 (+15) | T9 (+35)
Control untrained athletes
01C 8 10 10 10 10 10 10 10 9
03C 9 9 10 10 10 10 10 10 10
05C 10 10 11 10 10 10 10 10 10
07C 10 10 10 10 9 10 10 10 10
09C 10 10 10 10 11 10 10 10 10
11C 11 10 9 10 10 10 10 10 10
13C 9 10 10 5 10 10 9 10 10
15C 10 10 10 10 10 10 10 10 10
17C 10 10 10 10 11 9 10 10 9
19C 10 10 9 10 10 10 10 10 10
21C 8 10 9 9 10 10 10 10 10
23C 11 10 10 10 10 10 10 10 9
12 athletes 116 119 114 121 121 119 119 120 117
ABT-trained athletes (blood storage 4°C)
02T 7 10 9 10 9 8 9 7 10
04T 10 10 10 10 10 10 10 10 10
20T 10 11 10 10 9 9 10 9 10
22T 10 10 10 10 10 10 10 8 10
24T 10 11 8 10 9 7 10 9 10
26T 10 10 10 10 10 11 10 10 10
6 athletes 57 62 57 60 57 55 59 53 60
ABT-trained athletes (blood storage -80°C)
06T 10 10 11 10 10 10 10 10 10
08T 10 11 10 10 11 10 10 9 10
10T 10 10 10 11 10 10 10 10 10
12T 9 11 10 10 9 8 10 10 9
14T 9 10 8 10 9 8 10 7 10
16T 9 9 9 10 9 9 10 8 10
6 athletes 57 61 58 61 58 55 60 54 59

Table 4. Plasma Biobank. More than 2000 aliquots of plasma are prepared from whole blood and collected
from control (C) and transfused (T) subjects. All plasma samples were prepared following the same protocol:
1200g for 10 minutes, followed by a second centrifugation of collected plasma at 2400g for 20 minutes. All
plasma samples were stored at -80°C.

184



2.3 Analysis of miRNAs related to HbF and erythroid differentiation

Three control-pooled samples, each one composed by three subjects who did not
undergo to blood withdrawal and reinfusion and six samples obtained from subjects who
underwent reinfusion were analysed through microarray technology. With respect to T group
five key time points were considered: T1 (-40), T3 (-25), TS (0), T6 (+3) and T8 (+15), while
for C group only three points were considered T3 (-25), T6 (-25) and T8 (+15), considering
that in these subjects no blood manipulation was performed, and therefore all miRNAs
changes were due to ‘physiological’ variation. A first analysis was conducted considering a
limited list of miRNAs. In fact, we started from the hypothesis that the two key phases of
ABT: blood withdrawal and reinfusion produce a change in oxygen availability, and
consequently several parameters associated to oxygen levels can be affected. Several studies
correlate hypoxic state with both the increase of fetal haemoglobin production and the
erythropoiesis induction [Haase et al., 2013; Risso et al., 2012]. For this reason, we focused
our attention on miRNAs that were shown in literature to be correlated with erythroid

differentiation and/or fetal haemoglobin production.

2.3.1 List of miRNAs potentially candidates for ABT detection

1 miRNAs associated with erythroid differentiation (Table 5)

2 miRNAs associated with HbF production (Table 6)

3 miRNAs regulating TF’s modulating y-globin gene expression (Table 7)
4 miRNAs previously associated with ABT (Table 8)

v

I miRNAs List #1 |

Elimination from the first preliminary list of miRNAs
undetectable in our plasma samples

37 miRNAs (Table 9)

| miRNASs List #2 |

Elimination of miRNAs which are differentially expressed
in control samples (i.e. modulated miRNAs)

22 miRNAs (Table 10)

| miRNASs List #3 |

Elimination of miRNAs which content in ABT samples is
within the range of controls (i.e. not modulated)

8 miRNAs (Table 11)

4

Analysis of Fold Changes in
ABT subjects

Figure 20. Work-flow for miRNAs list selection. Considering different parameters (Table 3-6) 57 miRNAs
were selected. Considering different parameters, a final list (Table 9) of 12 miRNAs was identified.
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As previously stated, the first analysis for the identification of possible miRNAs
associated with ABT as doping practice was performed considering a limited list of
miRNAs. The list has been drawn up considering several parameters that are summarized in
the work-flow presented in the Figure 20. First of all, starting from data available in
literature, and using miRTarBase [http://mirtarbase.mbc.nctu.edu.tw/] a software that allow

to identify all the miRNA targets already validated, we prepared four miRNAs lists. The first

microRNA Reference

miR-107 Ruan et al., Mol Med Rep, 2015
miR-125a-3p Ganan-Gomez et al., PlosOne, 2014
miR-126-3p Huang et al., Blood, 2011

miR-144-3p Pase et al., Blood, 2009

miR-146b-5p Zhai et al., J BioChem, 2014

miR-150-5p Sun et al., Oncotarget, 2015

miR-155-5p O'Connell et al., J Exp Med, 2008
miR-191-3p Zhang et al., Genes Dev, 2011
miR-199b-5p Li et al., Mol cells, 2014

miR-210-3p Bianchi et al., BMB Reports, 2009
miR-218-5p Lietal., In J Mol Sci, 2016

miR-221-3p Gabbianelli et al., Haematologica, 2010
miR-222-3p Gabbianelli et al., Haematologica, 2010
miR-223-3p Felli et al, Haematologica, 2009

miR-23a Zhu et al., Nucleic Acids Research, 2013
miR-24-3p Wang et al., Nucleic Acids Research, 2014
miR-27a-3p Wang et al., Nucleic Acids Research, 2014
miR-320a Mittal et al., Int | J of bioch cell biology, 2013
miR-376a Wang et al., Cell Res, 2011

miR-451 Kouhkan et al., Iran J Basoc Med, 2013
miR-451a Pase et al., Blood, 2009

miR-486-5p Wang et al., Blood, 2015

miR-6087 Yoo et al., Stem Cells Dev, 2012

miR-92a -3p Li et al., Blood, 2010

miR-99a-5p Emmrich et al., Genes Dev, 2014

Table 5. MiRNAs associated to erythroid differentiation. In the table are listed miRNAs that was shown to
be modulated in erythroid differentiation both in cellular models and in plasma samples.
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list (Table 5) includes all miRNAs that, at the moment of the analysis, were shown to be
associated to erythroid differentiation (26 miRNAs have been identified). The second list
includes miRNAs which are shown to regulate gamma globin gene expression or are shown

to be modulated during the fetal to adult haemoglobin switch (Table 6).

microRNA Reference

Let-7 family Noh et al., J Transl Med, 2009

miR-144-3p Fu et al., Blood, 2009

miR-151-3p Pule, Clin Transl Med, 2016

miR-26b-5p Alijani et al., Avicenna J Med Biotechnol, 2014
miR-96-5p Azzouzi et al., PlosOne, 2011

Table 6. MiRNAs involved in gamma globin expression. In the table were included miRNAs that were
shown to regulate directly gamma globin mRNA expression or were shown to be involved in the switch from
fetal to adult haemoglobin.

Moreover, starting from the evidence that y-globin gene silencing is regulated by several
transcription factors, including BCL11A [Xua et al., 2013], KLF-1 [Borg et al., 2008], Oct-
1 [Xu et al., 2009], MYB [Wahlberg et al., 2009], SOX6 [Xu et al., 2010] and STAT3 [Foley
et al., 2002], we also considered all miRNAs that are able to target mRNA, coding for these

transcription factors (Table 7).

microRNA Target Reference
miR-30a-5p Jiang et al., Mol Cancer, 2013
BCL11A
miR-486-3p Lulli et al., PlosOne, 2013
miR-34a KLF-1 Ward et al., Exp Biol Med, 2016
miR-15a-5p Sankaran et al., Protl Natl Acc Sci USA, 2011
miR-150-5p MYB Xiao et al., Cell, 2007
miR-16-5p Sankaran et al., Protl Natl Acc Sci USA, 2011
miR-34a-5p Navarro et al., Blood, 2009
miR-1185-1-3p Xiao et al., Oncol Lett, 2014
miR-1467 Xiao et al., Oncol Lett, 2014
miR-3919 Oct-1 Xiao et al., Oncol Lett, 2014
miR-449a Liu et al., Oncotarget, 2016
miR-4493 Xiao et al., Oncol Lett, 2014
miR-155-5p Xie et al., Cancer, 2012
miR-16-5p Zhu et al, Cell Physiol Biochem, 2014
miR-208a-3p Ding et al., Nat Genet, 2015
miR-208b SOX6 Kim et al., Anim Genet, 2015
miR-499 Kim et al., Anim Genet, 2015
miR-766-3p Li et al., Onco Targets Ther, 2015
miR-34a STAT3 Ward et al., Exp Biol Med, 2016

Table 7. MiRNAs targeting TFs involved in gamma globin expression. In this table are considered all
miRNAs that were shown to target mRNA of transcription factors involved in gamma globin gene regulation.
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In addition, two independent research group proposed two different lists of miRNAs as
possible candidates as biomarkers for ABT detection, that we considered in our analysis

(Table 8).

microRNA Reference

let-7b-5p Leuenberger et al., PloSOne, 2013
let-7d-5p Leuenberger et al., PloSOne, 2013
let-7g-5p Leuenberger et al., PloSOne, 2013
miR-103a-3p Leuenberger et al., PloSOne, 2013
miR-142-3p Leuenberger et al., PloSOne, 2013
miR-144-3p Donati et al., 2015

mir-150-5p Donati et al., 2015

miR-196a-5p Donati et al., 2015

miR-197-3p Donati et al., 2015

miR-26a-5p Leuenberger et al., PloSOne, 2013
miR-26b-5p Leuenberger et al., PloSOne, 2013
miR-30b-5p Leuenberger et al., PloSOne, 2013
miR-30b-5p Donati et al., 2015

miR-30c-5p Leuenberger et al., PloSOne, 2013
miR-339-5p Leuenberger et al., PloSOne, 2013
miR-451a Donati et al., 2015

miR-923 Donati et al., 2015

miR-96-5p Donati et al., 2015

Table 8. MiRNAs previously associated with ABT. In the table were reported miRNAs that in previously
studies were proposed as ABT markers.

MiRNAs of the four lists were analysed in order to identify miRNAs common to all lists. As
depicted in the Venn diagram proposed in the Figure 21, 25 miRNAs result to be involved
in erythroid differentiation, while 13 miRNAs have been shown to regulate fetal
haemoglobin production, 19 are able to target mRNA of transcription factors involving in y-
globin gene silencing and 18 were previously shown to be in some way related with
autologous blood transfusion. One miRNA, miR-144-3p appears in three of the four lists, in

fact, results to be involved in erythroid differentiation, is involved in fetal haemoglobin
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expression and moreover, was shown to be related with ABT. Five miRNAs were found to
be common to at least two of the four presented lists. MiR-150-5p and miR-155-5p result to
be involved in erythroid differentiation and at same time are able to target the transcription
factors, respectively MYB and SOX6. Instead, miR-451a results to be involved in erythroid
differentiation and at same time it was shown to be modulated when ABT occurred. MiR-
96-5p and miR-26b-5p are involved in fetal haemoglobin production and at same time miR-
26a-5p was shown by Leuenberger and colleagues to be upregulated in athletes, which
underwent to ABT. While miR-96-5p was found to be modulated during the blood storage

by Donati and colleagues.

miRNAs associated
with HbF

miRNAs associated to
TFs repressing HbF

miRNAs associated
with erythroid
differentiation

Figure 21. Venn diagram of the four miRNA lists. MiRNA contained in the previously presented miRNAs
lists were considered. 25 miRNAs result to be associated to erythroid differentiation (blue circle), 13 miRNAs
result to be related with HbF expression (pink circle), 19 miRNAs were found in literature to modulate the
expression of TFs involved in gamma globin gene expression (green circle) and 14 miRNAs were previously
found to be associated with ABT (yellow circle).

2.3.2 Identification of target miRNAs possibly modulated following ABT.

We obtained a final list composed by 57 miRs but not all miRNAs are detectable in
our plasma sample, so, for example, miR-96-5p, miR-99a-5p, miR-146a-5p and several
others, were excluded from the initial list. A new list including 37 miRNAs (Table 9) was
obtained and further investigated to remove miRNAs which were differentially expressed at
different time points in control samples. All miRNAs which presented a fold change higher

than 3 between different time points of the same pool were considered intrinsically unstable
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MicroRNA Characteristics

let-7a-5p miRNA associated with fetal hemoglobin

let-7b-5p miRNA associated with fetal hemoglobin

let-7d-5p miRNA associated with fetal hemoglobin

let-7e-5p miRNA associated with fetal hemoglobin

let-7g-5p miRNA associated with fetal hemoglobin

miR-103a-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-107 miRNA associated with erythroid differentiation/hemopoiesis
miR-1185-1-3p miRNA regulating transcriptional repressors

miR-125a-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-126-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-142-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-144-3p miRNA associated with fetal hemoglobin

miR-150-5p miRNA associated with erythroid differentiation/hemopoiesis
miR-151a-3p miRNA associated with fetal hemoglobin

miR-155-5p miRNA associated with erythroid differentiation/hemopoiesis
miR-15a-3p miRNA regulating transcriptional repressors

miR-16-5p miRNA associated with erythroid differentiation/hemopoiesis
miR-191-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-197-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-210-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-221-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-223-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-23a miRNA associated with erythroid differentiation/hemopoiesis
miR-24-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-26a-5p miRNA associated with erythroid differentiation/hemopoiesis
miR-26b-5p miRNA associated with fetal hemoglobin

miR-27a-3p miRNA associated with erythroid differentiation/hemopoiesis
miR-30a-5p miRNA regulating transcriptional repressors

miR-30b-5p miRNA associated with erythroid differentiation/hemopoiesis
miR-320a miRNA associated with erythroid differentiation/hemopoiesis
miR-34a-5p miRNA regulating transcriptional repressors

miR-451a miRNA associated with erythroid differentiation/hemopoiesis
miR-486-3p miRNA regulating transcriptional repressors

miR-486-5p miRNA associated with erythroid differentiation/hemopoiesis
miR-6087 miRNA associated with erythroid differentiation/hemopoiesis
miR-766-3p miRNA regulating transcriptional repressors

miR-92a-3p miRNA associated with erythroid differentiation/hemopoiesis

Table 9. MiRNA list #1. The first list was obtained considering all miRNAs reported in tables 3-6 and
eliminating all miRNAs that are not expressed in our plasma samples or are expressed only in some
samples. 37 miRNAs were identified.
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and therefore were excluded. Following this criterion, 15 miRNAs were excluded and a new

list composed by 22 miRNAs was obtained (Table 10).

miRNA Features Reference
let-7a-5p miRNA associated with fetal haemoglobin Noh et al., J Transl Med, 2009
let-7d-5p miRNA associated with fetal haemoglobin Noh et al., J Transl Med, 2009
let-7e-5p miRNA associated with fetal haemoglobin Noh et al., J Transl Med, 2009
let-7g-5p miRNA associated with fetal haemoglobin Noh et al., J Transl Med, 2009
miR-126-3p miRNA associated with erythroid differentiation ~ Huang et al., Blood, 2011
miR-142-3p miRNA previously associated with ABT Leuenberger et al., PloSOne, 2013
miR-144-3p miRNA associated with fetal haemoglobin Fu et al., Blood, 2009

miRNA previously associated with ABT Donati et al., 2015
miR-150-5p miRNA associated with fetal haemoglobin Pule, Clin Transl Med, 2016
miR-191-3p miRNA associated with erythroid differentiation ~ Zhang et al., Genes Dev, 2011
miR-197-3p miRNA previously associated with ABT Donati et al., 2015
miR-210-3p miRNA associated with erythroid differentiation  Bianchi et al., BMB Reports, 2009
miR-320a miRNA associated with erythroid differentiation ~ Mittal et al., Int | J of bioch cell biology, 2013
miR-486-3p miRNA regulating transcriptional repressors Lulli et al., PlosOne, 2013
miR-486-5p miRNA associated with erythroid differentiation Wang et al., Blood, 2015
miR-766-3p miRNA regulating transcriptional repressors Li et al., Onco Targets Ther, 2015
miR-92a -3p miRNA associated with erythroid differentiation  Li et al., Blood, 2010

Table 10. MiRNA List #2. From the 37 miRNAs list were removed all miRNAs which were modulated at
different time points in control subjects and a list of 22 miRNAs was obtained.

Moreover, all miRNAs which expression in ABT trained subjects was within the range of
control samples values were excluded. In this way a final miRNAs list composed by 8

miRNAs was obtained (Table 11).

miRNA Features Reference

let-7a-5p miRNA associated with fetal hemoglobin Noh et al., J Transl Med, 2009
miR-126-3p miRNA associated with erythroid differentiation Huang et al., Blood, 2011
miR-144-3p miRNA associated with fetal hemoglobin Fu et al., Blood, 2009
miR-191-3p miRNA associated with erythroid differentiation Zhang et al., Genes Dev, 2011
miR-197-3p miRNA associated with erythroid differentiation Donatiet al., 2015
miR-486-3p miRNA regulating transcriptional repressors Lulli et al., PlosOne, 2013
miR-486-5p miRNA associated with erythroid differentiation Wang et al., Blood, 2015
miR-92a-3p miRNA associated with erythroid differentiation Lietal., Blood, 2010

Table 11. MiRNAs list #3. From the previously list were excluded all miRNAs which expression was not
modulated in ABT trained subjects respect to controls. Finally, 8 miRNAs were considered, and their
expression was analysed in 6 ABT subjects.

The expression of the 8 selected miRNAs in ABT samples was analysed and data are
reported in the heat map proposed in the Figure 22. For all the 8 miRNAs the fold change
at T3 (-25), T6 (+3) and T8 (+15) was calculated respect to the respective TO (-40) sample
for each subject and data are reported in the Table 12. All fold changes are calculated as
AT6or T8 or T3)-T = Ag reported in the Table 12, all T group subjects, excluded 16T,

overexpressed, after the reinfusion at least one miRNA, part of the proposed list.

191



£

-4 0 +
Row Z-Score

— |

[ 12T(D-40)
12T(D-25)
12T(D+3)
12T(D+15)
14T(DO)
14T(D-25)
7| 147(D+3)
14T(D+15) —
16T(D-40)
16T(D-25)
16T(D+3)
[16T(D+15)

[ 02T(D-40) =
02T(D-25)
02T(D+3)

02T(D+15)
20T(D-40)
20T(D-25)

=1 20T(D+3)

20T(D+15)
24T(D-40)
247(D-25) [
24T(D+3)

| 24T(D+15)

Cryopreserved blood

4°C Stored Blood

miR-486-3p
miR-144-3p
let-7b-5p
miR-126-3p
miR-486-5p
miR-92-3p
miR-191-3p
miR-197-3p

Figure 22. Erythroid miRNAs expression in ABT athletes. Expression of 12 selected miRNAs was verify
through microarray analysis in 6 athletes: 3 were reinfused with cryopreserved blood (12T,14T and 16T),
while the others three were reinfused with +4°C conserved blood.

Three subjects, two reinfused with +4°C stored blood (20T and 24T) and one reinfused with
-80°C stored blood (14T) overexpressed the same miRNA, miR-486-3p. The same subjects
presented also an alteration in miR-191-3p expression. It should be considered that the
number of modulated miRNAs depends on the subject. For instance, some subjects (such as
14T) overexpressed at least 7 of 8 listed miRNAs after the reinfusion, while in others only
one miRNA (12T) or no miRNAs were found to be overexpressed (16T) following ABT. A
first conclusion is therefore that a great heterogeneity does exist in response to ABT practice

when the analysis is limited to a short list of candidate miRNAs.
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Control group
miRNA name Pool 1 Pool 2 Pool 3 miRNA features
D+3 | D+15| D+3 | D+15| D+3 | D+15

hsa-let-7a-5p 1,0 1,0 1,0 1,0 | 1,0 1,1 | miRNA associated with fetal hemoglobin
hsa-miR-126-3p | 10 | 10 | 27 | 14 | 1,0 | 1,1 | miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-144-3p | 1,0 1,0 1,0 10| 1,0 1,1 | miRNA associated with fetal hemoglobin
hsa-miR-191-3p | 2,2 | 24 | 21 24 | 11 2,6 | miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-197-3p | 2,2 13 12 1.3 | 29 | 2,7 | miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-486-3p 1,0 2,7 1,3 1,7 1,0 1,1 | miRNA regulating transcriptional repressors
hsa-miR-486-5p 1,3 1,3 14 1,6 1,1 2,4 | miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-92a-3p 1,7 1,7 1.3 1,4 1,6 2,3 | miRNA associated with erythroid differentiation/hemopoiesis

B

Cryopreserved (-80°C) Blood
miRNA name 12T 14T 16T miRNA features
D-25 | D+3 | D+15
hsa-let-7a-5p 1,0 1,0 1,0 | miRNA associated with fetal hemoglobin
hsa-miR-126-3p 1,0 1,0 1,0 | miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-144-3p 1,0 1,0 1,0 | miRNA associated with fetal hemoglobin
hsa-miR-191-3p 3,7 40 1,8 1,8 1,8 | miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-197-3p 1,0 RNy 1,2 14 1,1 | miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-486-3p 1,0 3,0 1,0 1,0 1,0 | miRNA regulating transcriptional repressors
hsa-miR-486-5p 1,8 1.1 1,0 11 7,5 1,8 1.1 1,4 | miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-92a-3p 1,8 1,0 1.1 43 151,4 gkl 1,1 1,3 | miRNA associated with erythroid differentiation/hemopoiesis
4°C Stored Blood
miRNA name 02T 20T 24T miRNA features
D-25| D+3 | D+15| D-25| D+3 | D+15| D-25| D+3 | D+15
hsa-let-7a-5p 1,0 1,0 1,3 1,0 1,1 1,1 1,2 1,2 1,1 | miRNA associated with fetal hemoglobin
hsa-miR-126-3p | 10 | 10 | 1,3 | 1,0 | 1,1 | 1,1 | 1,2 | 1,2 | 1,1 | miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-144-3p 1,0 11 1,1 miRNA associated with fetal hemoglobin
hsa-miR-191-3p miRNA associated with erythroid differentiation/hemopoiesis
hsa-miR-197-3p miRNA associated with erythroid differentiation/hemopoiesis

hsa-miR-486-3p

hsa-miR-486-5p
hsa-miR-92a-3p

3,1

3,9

miRNA regulating transcriptional repressors
miRNA associated with erythroid differentiation/hemopoiesis
miRNA associated with erythroid differentiation/hemopoiesis

Table 12. Erythroid miRNAs which expression changes in ABT athletes. Change of the 8§ miRNAs
expression was calculated in the 6 ABT subjects. Fold change at time points T3, T6 and T8 was calculated
respect to T1 of each subjects. Fold change was calculated as 22TTY miRNAs which fold change is higher
than 3 are indicated by black box.
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2.3.3 MiR-486-3p evaluation.

Among the 8 miRNAs identified by microarray analysis we focused our attention on
miR-486-3p. In the Figure 23, miR-486-3p trend in the 6 ABT trained subjects was reported,
on the basis of obtained microarray data. As shown in Figure 23, three subjects (20T, 24T,
20T and 14T) presented a significant increase of miR-486-3p expression after blood

withdrawal.
Cryopreserved blood 4°C stored blood
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Figure 23. MiR-486-3p content in ABT subjects. MiR-486-3p fluorescence intensity value obtained by
microarray analysis of the three athletes that underwent to ABT with cryopreserved blood (blue circles), or 4°C
stored blood (green circles) at four different time points T1 (-40), T3 (-15) T6 (+3) and T8 (+15).

Due to the absence of a calibration curve, several authors define microarray as a semi-
quantitative miRNA detection method. Therefore, to have quantitative data and to confirm
the data obtained by microarray analysis, we verified miR-486-3p trend also using ddPCR.
In Figure 24 a representative plot of miR-486-3p quantification by ddPCR is reported.
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Figure 24. MiR-486-3p quantification using ddPCR. Representative results obtained on miR-486-3p
quantification in the plasma obtained from the athlete 14T, who underwent to ABT. Panel A: concentration of
miR-486-3p, reported as copies/ul for each reaction well. Panel B, event plot was presented and positive (light
blue boxes), negative (blue boxes) and total droplets (green boxes) are reported.
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2.4 Total miRNA analysis

As previously stated, the number of miRNAs present in miRBase continues to
increase year after year and several miRNAs were recently introduced and characterized,
even if for a large number of them their target mRNAs and the relative regulated networks
are still unknown. For this reason, in the second part of the analysis, taking advantage from
microarray data, we considered all miRNAs expressed in our samples. The analysis was
performed using a chip that is able to detect 2549 miRs, corresponding to the last release of

miRBase (Release 21). Of all 2549 miRs, 703 were detected in at least one plasma sample
(Figure 25).
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Figure 25. Expression of all 703 miRNA detected in plasma in all analysed samples. Of all 2549, known
miRNAs, 703 were detected in at least one of total 39 samples analysed by microarray technology.

Differentially expressed miRNAs were selected using a fold change analysis and T1 (-40)

of each subject was employed as control. In particular, three time points have been
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investigated: a) T3 (-25) compared to T1 (-40) to identify miRs modulated following blood
withdrawal, b) T6 (+3) compared to T1 (-40) to found miRNAs which expression changes
in days immediately after the blood reinfusion and ¢) T8 (+15) compared to T1 (-40) to select
miRNAs which maybe modulated at long term, after reinfusion. Both miRNAs that are up-
regulated and miRs that are down-regulated were considered. Athletes reinfused with
cryopreserved blood (12T, 14T and 16T) were considered separately with respect to athletes
who underwent reinfusion with +4°C stored blood (02T, 20T and 24T). In our analysis we

considered only miRNAs that present a fold increase or decrease higher than 1.5.

2.4.1 Evaluation of modulated miRNAs at Té6 (+3)

As first point of our analysis, we considered all miRNAs which were modulated in
the days immediately following blood reinfusion. Only miRNAs displaying an expression
change higher than 1.5 were considered. Moreover, three different pools of plasma collected
from C group athletes were analysed in order to exclude all miRNAs displaying
‘physiological’ expression change also in the control samples. Each pool was composed by
plasma obtained from three different C group athletes, and three different key time points

were considered for controls: T1 (-40), T6 (+3) and T8(+15).

2.4.1.1 Up-regulated miRNAs in athletes that underwent to reinfusion with

cryopreserved blood.

Athletes that underwent ABT with cryopreserved blood were considered separately
with respect to subjects transfused with +4°C stored blood. This was due in consideration of
the expected difference in the response in relation to the different blood storage. The
different treatment before the reinfusion may in fact bring to a different profile of modulated
miRNAs. Among the six subjects that were transfused with cryopreserved blood, three were
analysed by microarray: 12T, 14T and 16T. As depicted in the Venn diagram shown in
Figure 26, while for 12T and 16T subjects a similar number of upregulated miRNAs was
detected, a significant higher number of miRNAs were found to be up-regulated in 14T
subject. Therefore, we have considered only miRNAs modulated in all the three subjects (24
miRNAs were found to be up-regulated in all the three athletes). The complete list of the 24
up-regulated miRNAs is reported in Figure 26.
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T6 (+3) versus T1 (-40)  mirna FC (abs)

hsa-miR-1228-3p 3,03
hsa-miR-12234-3p 6,82
hsa-miR-1228-3p 6,95
hsa-miR-1281 5,18
hsa-miR-1304-3p 27,54
hsa-miR-1825 5,20
hsa-miR-191-3p 4,85
hsa-miR-3162-3p 11,03
hsa-miR-425-3p 10,99
hsa-miR-4284 25,86
hsa-miR-4433a-5p 11,77
hsa-miR-4436b-5p 15,26
hsa-miR-4455 6,80
hsa-miR-4728-3p 26,80
hsa-miR-4749-3p 37,28
hsa-miR-4769-3p 11,33
hsa-miR-8069 4,90
hsa-miR-6508-5p 37,84
hsa-miR-6737-3p 777
hsa-miR-6751-3p 95,07
hsa-miR-6797-3p 6,27
hsa-miR-6858-3p 21,76
hsa-miR-6861-3p 30,81
hsa-miR-766-3p 25,07

hsa-miR-6858-3p
hsa-miR-4728-3p
hsa-miR-6861-3p
hsa-miR-766-3p
hsa-miR-4284

- hsa-miR-425-3p
- hsa-miR-4749-3p
hsa-miR-1304-3p
hsa-miR-4436b
hsa-miR-6751-3p
hsa-miR-6508-5p
hsa-miR-6069
hsa-miR-1825
hsa-miR-6797-3p
hsa-miR-191-3p

- hsa-miR-4769-3p
hsa-miR-3162-3p
hsa-miR-1234-3p
hsa-miR-6737-3p
hsa-miR-4433a
hsa-miR-1238-3p
hsa-miR-4455
hsa-miR-1228-3p
~ hsa-miR-1281
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Row Z-Sco

Figure 26. Up-regulated miRNAs in athletes transfused with cryopreserved blood. The number of up-
regulated miRNAs in three different subjects, which underwent to ABT was reported in the Venn diagram,
respectively red circle up-regulated miRNAs in 12T subject, blue circle: up-regulated miRNAs in 14T athlete,
and green circle up-regulated miRNAs in 16T subject. In the intersection of three circles, the number of
miRNAs up-regulated in all the three athletes is reported. The list of 24 miRNAs up-regulated in all the three
athletes and their respective mean fold change are reported. A heat map summarizing the expression values of
the 24 up-regulated miRNAs is reported in the lower part of the figure.

2.4.1.2 Down-regulated miRNAs in athletes that underwent to reinfusion with

cryopreserved blood.

Using a similar strategy, we have also considered miRNAs which were found to be

down-regulated in reinfused patients. As indicated in Figure 27, the number of down-
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regulated miRNAs is sharp different between three subject, in fact while in 12T athlete (red

circle) 172 miRNAs were found to be down-regulated a lower number of down-regulated

T6 (+3) versus T1 (-40)

miRNA FC (abs)
hsa-miR-3648 39,42
hsa-miR-3667-5p 1,63
hsa-miR-3945 29,64
hsa-miR-4632-5p 60,35
hsa-miR-4698 68,77
hsa-miR-4707-3p 20,40
hsa-miR-6126 1,69
hsa-miR-6722-3p 2,52

L 1 hsa-miR-3648
1.0 1
Row Z-Score

hsa-miR-3667-5p

hsa-miR-3945

——— hsa-miR-4632-5p

hsa-miR-4707-3p

hsa-miR-6126

hsa-miR-6722-3p

hsa-miR-6998

1271 1276 1471 1476 16T1 16T6

Figure 27. Down-regulated miRNAs in athletes reinfused with cryopreserved blood. 172 miRNAs were
found to be down-regulated in 12T athlete (red circle), 105 in 14T athlete and 42 in 16T athlete. 8 miRNAs
were found to be downregulated in all three athletes. The heat map relative to the 8 common downregulated
miRNAs is reported in the lower part of the figure.

miRNAs was found in the 14T subject sample (blue circle), in which 105 miRNAs were
identified, and in the 16T athlete sample, in which only 42 down-regulated miRNAs were

found. Among these down-regulated miRNAs, 8 were found to be in common to the three
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athletes. As summarized in the Table reporting the mean fold change, some of these miRNAs

(such as miR-4698 and miR4632-5p) were found to be deeply modulated.

2.4.1.3 Up-regulated miRNAs in athletes who underwent reinfusion with +4°C stored

blood.

Another group of athletes was transfused with blood, which, after the withdrawal,

was conserved at +4°C, until the moment of the reinfusion (Figure 28). In fact,

T6 (+3) versus T1 (-40)

hsa-miR-1237-3p 1,63

miRNA FC (abs)

hsa-miR-3667-5p 1,51
hsa-miR-4698 2,19
hsa-miR-6751-3p 9,32

hsa-miR-6802-5p 1,70

10 1
Row Z-Score

hsa-miR-6802-5p

hsa-miR-6751-3p

hsa-miR-4698

hsa-miR-3667-5p

hsa-miR-1237-3p

02T1  02T6  20T1 2076  24T1 24T6

Figure 28. Up-regulated miRNAs in athletes that underwent to reinfusion with +4°C stored blood. In the
upper part of the figure, Venn diagram, reporting the 5 miRNAs up-regulated in all the three athletes transfused
with +4°C stored blood was reported. 116 miRNAs were found to be up regulated in 2T subject, 102 miRNAs
were reported as up-regulated miRNAs in 20T subject while 158 miRNAs were identified as up-regulated in
24T athlete. The heat map in the lower part of the Figure reported the expression of the 5 common up-regulated
miRNAs at two time points T1 (-40) and T6 (+3) in athletes 02T, 20T and 24T.
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while +4°C blood is only pre-heated at 37°C before reinfusion, cryopreserved blood is pre-
treated before being transfused, in order to remove cryopreserving compound added to avoid
red blood cells damage. For this reason at least in the preliminary step, the two different kind
of samples were considered individually. With respect to athletes transfused with blood
stored at +4°C, five miRNAs were found to be up-regulated in all the three samples (02T,
20T and 24T). This is a significantly lower number when compared to that found in plasma
samples from subjects reinfused with cryopreserved blood (Figure 27). Moreover, as shown
in the Table, the fold change values were considerably lower with respect to the values found
for cryopreserved blood-transfused subjects. In this case the highest fold change was
registered for miR-6751-3p, while for the others four miRNAs fold change values between
1.5 and 2.2 were detected. Interestingly, no miRNAs were found to be down regulated in all

the three athletes that were transfused with +4°C stored blood.

2.4.1.4 Up-regulated miRNAs in athletes who underwent reinfusion with both +4°C

stored blood or cryopreserved blood

To verify the possible presence of common miRNAs we considered at same time
miRNAs that (a) were up-regulated in at least two athletes who were transfused with +4°C
stored blood and that (b) were up-regulated in two subjects reinfused with cryopreserved
blood (Figure 29). With respect to the second group (cryopreserved blood) 45 miRNAs were
identified, while 82 miRNAs are up-regulated in at least 2 of the three subjects who were
transfused with +4°C conserved blood. By the intersection of the two lists 20 miRNAs were
found to be in common when the two groups were considered. Their expression at the two
time points (T1 and T6) is reported in the heat map shown in the lower part of Figure 29.
Among the 20 miRNAs identified, particularly interesting were miR-1237-5p, miR-6751-3p
and miR-425-3p, which as shown in heat map, are modulated at T6 (+3) in almost all

samples.
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-80°C up-regulated
miRNA (45 miRs)

+4°C up-regulated
miRNA (82 miRs)
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hsa-miR-1281
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Figure 29. Up-regulated miRNAs in athletes that underwent to reinfusion with both +4°C stored blood
or cryopreserved blood. Upper part of the figure: yellow circle: list of 45 up-regulated miRNAs in at least
two athletes which underwent to ABT with cryopreserved blood, pink circle: list of the 82 up-regulated
miRNAs in at least two subjects transfused with blood conserved at +4°C. 20 miRNAs were found to be
modulated in at least 2 athletes transfused with cryopreserved blood and in two transfused with +4°C stored
blood. MiRNAs expression levels in all six athletes were reported in the heat map in the lower art of the
figure.

2.4.1.5 MiR-425-3p evaluation

MiR-425-3p is one of the miRNA modulated in all 6 subject, with no distinction
between cryopreserved blood and +4°C stored blood (Figure 29). As shown in the Figure

30, the trend of miR-425-3p in the plasma samples from the six subjects was analysed more
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in detail and, as evident, in 5 of the 6 subjects (with the exception of subject 2T) a clear

increase of miR-425-3p content was detected at T6 (+3).

-12T

-14T

-16T
2T

O

o 0 & o o

-1 1 20T

@ 24T
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---&-- Pool Ctrl
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miR-425-3p Fluorescence Intensity

Time points

Figure 30. MiR-425-3p content in ABT athletes and in control subjects. MiR-425-3p content detected by
microarray analysis was reported both for subjects transfused with cryopreserved blood (green circles) and for
athletes reinfused with blood stored at +4°C (blue circles). At same time, miR-425-3p levels in a pool composed
by plasma collected from three subjects part of control group, were reported (pink triangles).

However, in most of the cases (with the exception of subjects 16T) the miR-425-3p levels
were again found at the starting levels fifteen days after the reinfusion. Interestingly in the
16T athlete at T8 (+15) a further increase of miRNA was found. At the same time a
representative control sample was analysed (pink triangles). The shown control sample was
obtained by pooling plasma collected from three different athletes that were part of control
group. In this case no differences in miR-425-3p content were shown at T6 (+3) and T8

(+15) with respect to T1 (-40) time point.

The found miR-425-3p trend was also confirmed by another miRNA detection
technique (ddPCR). In fact, considering that miRNAs content in plasma samples is generally
low, ddPCR was employed that allowed us to quantify diluted samples, without the

requirement of endogenous reference miRNAs.
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Figure 31. MiR-425-3p quantification using ddPCR. MiR-425-3p trend was also verified using another
miRNA detection technique: ddPCR. MiRNA concentration, expressed as copies of miRNA for puL in each
reaction well, was reported in the concentration plot, in the upper part of the figure, while number of droplets
generated from each sample is reported in the event plot in the middle part of the figure: green boxes (total
generated droplets), blue boxes (negative droplets), light blue boxes (positive droplets). 2D plots for the two
key samples: T1 (-40) and T6 (+3) were reported in the lower part of the figure.

As shown in Figure 31 four time points T1 (-40), T3 (-25), T6 (+3) and T8 (+15) were
considered. In ddPCR the additional T3 (-25) was analysed in ordered to verify possible
miR-425-3p changes due also to blood withdrawal. While at T1 (-40) and T3 (-25) miRNA
concentration is almost stable, a sharp increase is registered at T6 (+3), followed by the
decrease of miR-425-3p levels at T8 (+15), which came back to the starting levels. At same
time, a pool of control subjects was analysed at two key time points: T1 (-40) and T6 (+3)
and no significant changes between the two time points were detected. Therefore, the two

analytical technologies gave similar results further validating the microarray data.

2.4.2 Evaluation of modulated miRNAs at T8 (+15)

As previously stated, at least another research group in the recent years investigated
miRNAs as potential ABT biomarkers. In this case, the analysis was performed in the hours
immediately following blood reinfusion; therefore, only miRNAs modulated in the short
period were identified. By contrast, our study was designed to evaluate miRNAs profile not

only immediately after blood reinfusion, but also in the medium-long period after ABT.
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Therefore, it was possible to investigate, using the microarray method, also miRNAs
variations 15 days after blood reinfusion: T8 (+15). Even in this case miRNAs expression at
T8 (+15) was compared to starting miRNAs levels at T1 (-40) and the fold changes were
calculated. Only miRNAs exhibiting a fold change higher than 1.5 were considered.

2.4.2.1 Up-regulated miRNAs at T8 (+15)

In the first stage of the analysis, T group subjects were as usual divided into two
groups: subjects reinfused with cryopreserved blood (12T, 14T and 16T) and subjects
transfused with autologous blood conserved at +4°C, and the two groups were considered
individually. As shown in Figure 32, considering the three athletes reinfused with
cryopreserved blood (Panel A), 6 miRs were found to be up-regulated in all three subjects,
even if with different intensity (see in the relative heat map). In fact, while in 16T a major
miRNAs increase was found, the increase in 14T subject was more moderate especially for
miR-4515 and miR-3151-3p. Comparing the list of modulated miRNAs in subjects
transfused with autologous cryopreserved blood, no analogies were found with athletes who
underwent reinfusion with +4°C stored blood. Five miRNAs were found to be modulated in
all the three subjects reinfused with blood stored at +4°C. It is important to underline that
the number of modulated miRNAs for each athlete is generally lower in the subjects
transfused with blood stored at +4°C, with respect to samples from subjects transfused with

cryopreserved blood.

However, the possibility that same miRNAs can be modulated regardless of blood
storage method was considered, and we therefore searched for miRNAs which were found
to be modulated in at least two of three subjects for each group. Eight miRNAs, indicated in
the panel C of the Figure were found to be modulated at same time in athletes transfused
with autologous cryopreserved blood and in athletes reinfused with +4°C stored blood. The
major changes were detected for 16T, 02T and 12T athletes, while no significant changes
were detected in 20T athlete, in which some of the selected miRNAs, as miR-4284 and miR-

1237-3p seem to be down-regulated with respect to the control.
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Figure 32. Up-regulated miRNAs at T8 (+15). Up regulated miRNAs in athletes which underwent to ABT
with cryopreserved blood were considered in panel A, and the relative modulation intensity was report in the
heat map. Plasma obtained from three athletes: 12T (red circle), 14T (blue circle) and 16T (green circle) was
analysed. At same way in panel B, 02T (red circle), 20T (blue circle) and 24T (green circle) were considered,
and 5 miRNAs were found to be commonly up-regulated. In both cases fold change was calculated respect to
T1 (-40) sample. Panel C miRNAs modulated in at least 2 of the three subjects reinfused with +4°C stored
blood and in 2 of the three subjects transfused with cryopreserved blood, were analysed. A list of 8 miRNAs

was found and the relative heat map was proposed in panel D.
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2.4.2.2 Down-regulated miRNAs at T8 (+15)

In addition to up-regulated miRNAs, miRNAs exhibiting reduced expression in the

medium-long period of time after blood reinfusion were considered. In this case, 15 miRNAs

were found to be down-regulated 15 days after cryopreserved blood reinfusion in all the

three athletes.
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Figure 33. Down-regulated miRNAs at T8 (+15). Panel A, 15 miRNAs were found to be down-regulated in
all three subjects transfused with autologous blood cryopreserved at -80°C. The relative miRNAs expression
change at two time points: T1 (-40) and T8 (+15) was reported in the heat map in the middle part of the figure.
At same way the list of modulated miRNAs is reported also for subjects that underwent to ABT with +4°C

conserved blood. In Panel C a list of miRNAs modulated at same time in at least two subjects that underwent

to ABT with cryopreserved blood and two subjected reinfused with +4°C stored blood is reported, with the

relative heat map for selected miRNAs (Panel D).
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Following this analysis, very different numbers of miRNAs were found to be modulated in
the three subjects. In fact, while in the 14T athlete, more than 200 miRNAs were found to
be altered after blood reinfusion, only 50 miRNAs were identified in the 16T subject.
Surprisingly, none of the found miRNAs was common to the T6 (+3) list. With respect to
athletes who underwent ABT with +4°C stored blood (Figure 33, Panel B) only two
miRNAs (miR-197-3p and miR-4505) were found to be down-regulated in all the three
subjects. We also considered miRNAs modulated in at least two of the three athletes for each
different conservation method, and we identified 17 miRNAs, exhibiting the expression
intensity reported in the heat map in panel D of Figure 33. As it is possible to see, major
miRNAs content changes were detected in 02T, 12T and 14T subjects, while no significant
changes were shown especially for 24T subject, who however presented already very low

levels of the investigated miRNAs at the starting point T1 (-40).

2.4.3 Evaluation of modulated miRNAs at T3 (-25)

Until now, we considered only the possibility that miRNAs profile change may be
due to blood reinfusion, but is important to underline that also blood withdrawal can change
physiological condition inducing modifications in miRNAs profile; so, we evaluated
miRNAs profile at T3, 10 days after blood withdrawal. In this case, usual classification of
ABT trained athletes into two groups (+4°C stored blood and cryopreserved blood), was not

performed, in fact after blood withdrawal no differences between two groups are expected.

T3 (-25) versus T1 (-40)
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Figure 34. Modulated miRNAs at T3 (-25). Panel A, two miRNAs were found to be up regulated in
at least four of six ABT trained athletes, independently by the blood storage method. Panel B, the
relative heat map was presented, indicating miRNA expression.
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For this reason, we considered miRNAs modulated in at least four of six total ABT trained
athletes. As it is possible to see in Figure 34 only two miRNAs: miR-4485-3p and miR-
7977 were found to be up-regulated in at least 4 subjects: two athletes reinfused with
+4°stored blood and two reinfused with cryopreserved blood. While no common down-

regulated miRNAs were found.

2.5 List of miRNAs possible ABT biomarkers

In conclusion, considering all up and down-regulated miRNAs common to both
athletes reinfused with +4°C stored blood and athletes transfused with cryopreserved
autologous blood, we identify a final list composed by 17 miRNAs, possible candidates as

autologous blood transfusion markers (Table 13). The list is composed, by the five most

MiRNA name Mean FC Regulation Time point

miR-1183 12,0 down T8(+15)
miR-423-5p 13,1 down T8(+15)
miR-4284 13,6 up T8(+15)
miR-4286 20,1 up T6(+3)

miR-4313 10,5 up T8(+15)
miR-4436b-5p 17,3 up T6(+3)

miR-4485-3p 195,6 up T3(-25)
miR-4632-5p 11,2 down T8(+15)
miR-4725-5p 25,9 up T6(+3)

miR-494-3p 113,1 up T8(+15)
miR-5100 23,3 up T8(+15)
miR-5585-3p 23,5 down T8(+15)
miR-6751-3p 27,4 up T6(+3)

miR-6785-5p 37,7 up T8(+15)
miR-6794-5p 12,2 down T8(+15)
miR-6508-5p 45,4 up T6(+3)

miR-7977 55,9 up T3(-25)

Table 13. List of possible miRNAs markers of ABT. A list of 17 miRNAs was identified,
considering three key time points T3 (-25), T6 (+3) and T8 (+15) and both blood storage
methods.
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modulated miRNAs, when more than five miRNAs were found to be modulated in both
transfused groups. All the three time points, T3 (-25), T6 (+3) and T8 (+15), were
considered, in order to evaluate both miRNAs modulated following blood withdrawn and
miRNAs for which modulation is associated to blood reinfusion. At same time, both up and
down regulated miRNAs were considered. The final list includes: two modulated miRNAs
at T3 (-25), all upregulated, five modulated miRNAs at T6 (+3), all upregulated, and ten
miRNAs modulated at T8 (+15), including five upregulated miRNAs and five
downregulated miRNAs.
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III. MicroRNAs-based therapeutics: Identification of miR-210 as possible
miRNA targeting the gamma globin gene repressor BCL11A

As previously discussed, the reactivation of fetal haemoglobin is one of the most
promising therapeutic strategies for the treatment of p-thalassemia. This therapeutic
approach is based on the evidence that B-thalassemia patients with HPFH generally, present
less severe symptomatology, due to the partial replacement of lacking beta globin chains
with gamma globin chains. For this reason, several studies in the recent years were addressed
to find strategies to reactivate gamma globin chains production. The mechanism of y-globin
gene silencing was deeply studied and BCL11A was found to have a key role in regulating
this mechanism. Starting from the consideration that miRNAs are able to target a large
variety of mRNAs, we searched for miRNAs that are able to target directly BCL11A mRNA,

in order to reduce its expression and consequently increase gamma globin gene expression.
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Figure 35. Background data. Panel A microarray analysis was performed in a healthy donor (left line), in
a B-thalassemia patient with low levels of fetal haemoglobin (middle line: Thl) and in a patient with HPFH
phenotype (right line: Th17). MiR-210 was found to be differentially expressed, between samples. Data were
also confirmed by RTqPCR analysis, in this case miR-210 expression in B-thalassemia patients was compared
with miRNA levels in healthy donors. Panel B: miR-210 expression was evaluated in K562 cells in which
gamma globin production was induced using MTH. At same way miR-210 expression was evaluate in ErPCs
isolated from B-thalassemia patients. All data and pictures were taken from Bianchi N et al. 2009.

Our approach was largely based on a work published by Bianchi and colleagues [Bianchi N

et al., 2009], demonstrating that miR-210-3p is more expressed in erythroid precursors cells
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isolated from B-thalassemia patients producing high levels of HbF compared to patients with
low HbF production and healthy donors (Figure 35, Panel A). Moreover, miR-210-3p levels
were analysed in both erythroid precursors cells and K562 cells, in which the production of
fetal haemoglobin was induced using one of the most powerful fetal haemoglobin inducers
mithramycin (MTH). Also in this case miR-210-3p was shown to be up-regulated, when
gamma globin production was induced. Furthermore, the miR-210 increase was proportional
to the concentration of the HbF inducer (Panel B and C). Starting from these evidences we

searched for miR-210-3p possible mRNA targets.

3.2 Evaluation of miR-210 expression in induced ErPcs

Starting from what previously shown by Bianchi and colleagues, we evaluated miR-
210 expression after HbF induction with MTH in a panel of 18 erythroid precursors (ErPCs)
samples, isolated both from healthy donors (9 subjects) and P-thalassemia patients (9
subjects). After the isolation ErPCs were treated with 30 nM MTH for 5 days. At the end of
the treatment, RNA was extracted, and gamma globin mRNA expression was evaluated in
order to verify whether the activation of HbF-related expression occurred. All samples were
then verified for miR-210-3p expression and their relative expression was reported in the

Figure 36. As it is evident, miR-210-3p was overexpressed after treatment with MTH in
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Figure 36. MiR-210 expression in induced ErPCs. Erythroid precursors cells isolated both from healthy
subjects (panel A) and B-thalassemia patients (panel B), were treated with MTH in order to induce gamma
globin expression. MiR-210-3p expression, in induced samples, was compared with miR-210-3p levels in
untreated samples and the relative expression was calculated. Nine subjects for each group (healthy donors
and B-thalassemia patients) were considered.

ErPCs from both healthy donors and B-thalassemia patients, with only minor differences.

Moreover, as expected, each subject sample started from different miR-210-3p levels and
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some differences can be observed between the mean miR-210-3p expression in untreated

samples from healthy donors and B-thalassemia patients.

3.3 Identification of miR-210 binding site in BCL11A mRNA

Considering that all data obtained sustain the concept that miR-210 was deeply
involved in HbF production, we searched for possible miR-210 targets within the BCL11A
mRNA sequence. Analysis was performed with different on-line available softwares for
miRNAs putative target identification. For our analysis we found particularly useful
miRWalk 2.0 [http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk/], which, when
compared with other software is able to identify not only miRNAs that probably bind 3’UTR
of their target mRNA, both also miRNAs targeting 5’UTR and the coding region. This

software was particularly useful, because allowed us to identify a possible miR-210 binding

miR-210 3’-agucGgcgACagUGUGCGUGUC-%’

BCL11A 5’-g|:1uuCucu UGcaACACGCACAG-3¥

miR-210

Figure 37. Identification of miR-210 binding site in BCL11A mRNA. A bioinformatics analysis was
performed to identify the interaction between BCL11A mRNA sequence and mature miR-210 sequence. The
combined used of miRWalk 2.0 and RNAfold, allow us to identify a binding site located at nucleotides 789-
798 in the coding region of BCL11A mRNA.

site in the coding region of BCL11A mRNA located at nucleotides 789-798. As indicated in
Figure 37, the homology involved thirteen C-G or U-A and three G-U base pairing. The
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extent of complementary between human BCL11A mRNA sequence (NM_022893) and

mature miR-210 was analysed using RNAfold [Attp://rna.tbi.univie.ac.at/cgi-
bin/RNAfold.cgi] and a complementary of 72.7% between the two sequences was calculated.
Moreover, the binding site is located at nucleotides 789-798, as previously predicted by
miRWalk, with a predicted length of ten nucleotides and a p-value of 0.0024. The interaction
takes place in the coding region and exhibits partial single stranded secondary structure

interaction.

3.4 Analysis of putative miR-210 binding site

Despite the fact that the sequence of BCL11A mRNA presents some minor variations
among species, the BCL11A mRNA sequences concerning the miR-210 binding site are

highly conserved through molecular evolution. As reported in Figure 38, six different
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Figure 39. Analysis of putative miR-210 binding site. Panel A putative miR-210 binding site was evaluate in
six different species: orangutan (Pongo abelli, XM_002812009.2, nucleotides 709-718), bovine (Bos Taurus,
NM_001076121.1, nucleotides 787-796), mouse (Mus musculus, NM_016707.3, nucleotides 896-905), rat
(Rattus norvegicus, NM_001191683.1, nucleotides 803-812), red junglefowl (Gallus gallus, NM_001031031.1,
nucleotides 812-821) and frog (Xenopus tropicalis, NM_001079189.1, nucleotides 592-601). Panel B location
of miR-210 binding site within the different BCL11A isoforms. The three principal BCL11A isoforms have been
considered: XL, L, S.

species were considered and in four of them (Pongo abelli, Bos taurus, Rattus norvegicus

and Mus musculus) the sequence was found perfectly homologous, while two nucleotides
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differences were found in Gallus gallus and Xenopus tropicalis. Moreover, as well explained
in Liu et al., 2006, BCL11A presents several isoforms, the principal and best characterized
being isoforms XL, L. and S. While exons from 1 to 3 are common to all the isoforms, major
differences involved exon 4, which presents different length between isoforms and exon 5
which is present only in isoforms L and S. MiR-210-3p binding site in located in the exon
4. Interestingly the sequence bound by miR-210-3p is present in all the three principal

isoforms.

3.5 Evaluation of miR-210 interaction with BCL11A mRNA using Biacore analysis

As reported in Witkos et al, [Witkos et al., 2011] the functional interaction between
miRNA and its respective target 3°’UTR sequence is usually confirmed and validated by

luciferase based reporter assay. While this kind of assay is very useful when miRNA binds
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Figure 39. Evaluation of miR-210 interaction with BCL11A mRNA using SPR-based technology. Panel
A, the interaction between a sequence containing miR-210 binding site, immobilized in the sensor chip and
three different synthetic mature miRNAs (miR-210, miR-221, miR-222) was analysed. Panel B: the
interaction between a sequence containing miR-210 binding site, immobilized in the sensor chip and the
synthetic mature miR-210 (black continuous line) or a perfectly complementary RNA or DNA sequence
(dotted lines) was analysed.

the 3’UTR of the target mRNA, it is not suitable when miRNA binds a sequence located

within the coding region of the target mRNA, as in our case. For this reason, in order to
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validate the binding between BCL11A mRNA and miR-210-3p an SPR-based method was
employed, using the Biacore X100 biosensor. As reported in panel A of Figure 39, a
biotinylated oligonucleotide mimicking the miR-210 binding site sequence of BCL11A
mRNA was immobilized in the SA sensor chip, and three different synthetic mature
miRNAs: miR-210-3p, miR-221-3p and miR-222-3p were injected and the obtained
sensorgrams are reported. As it is possible to see in the Figure when miR-210 is injected a
significative increase of RU values was obtained, indicating the formation of a molecular
complex between the injected miRNA and the target sequence immobilized on the sensor
chip. On the contrary, no changes in RU values were shown, when two unrelated miRNAs,
used as negative control were injected. At same time as further control, the synthetic DNA
or RNA sequence fully complementary to the immobilized sequence were injected. When
miR-210 is injected a high difference between RUres value and RUfin value is detected,
indicating that the generated complex is not fully stable, while, as expected, when fully
complementary DNA or RNA are used, no differences were found between RUres and

RUfin, indicating that the formed hybrid is completely stable.

3.6 PremiR-210 transfection in clones overexpressing BCL11A, effects in mRNA levels

As explained in the “Materials and methods” chapter, K562 cells, which are normally
employed for fetal haemoglobin induction studies, are not useful in our case, because they
express only low levels of BCL11A. For this reason, our research group developed K562
cell clones which are able to express high levels of BCL11A mRNA and protein, as described
in Finotti et al. [Finotti et al., 2015]. Cells were treated with increasing concentrations (from
30 to 270 nM) of premiR-210, in order to increase miRNA levels present within the cells
and verify their effects on BCL11A mRNA and in gamma globin mRNA expression. All
reported data are expressed with respect to the results obtained using a premiR negative
control, i.e. a premiR with a sequence completely unrelated to miR-210. At same time also
untransfected cells were considered, to verify possible differences with premiR negative
control. As it is possible to see in Figure 40, no significant differences were seen when
untreated sample or sample treated for 48 hours with premiR negative control were
compared. On the contrary, when premiR-210 was employed a significant decrease of
BCL11A mRNA content was detected. Moreover, the effects of premiR-210 seem to be
dependent on the employed concentration. Similarly, gamma globin mRNA content was

quantified using RTqPCR. The results obtained are shown in Figure 41, and demonstrate
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that the BCL11A mRNA decrease is associated with an increase in gamma globin mRNA
content (very low when 30 nM of premiR-210 was employed, but much higher when

increasing concentrations of premiR-210 were used).
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Figure 40. PremiR-210 transfection in clones overexpressing BCL11A, effects in mRNA levels. Panel A
three different concentrations of premiR-210 were employed: 30, 90 and 270 nM, relative expression was
calculated respect to the sample treated with premiR negative control. At same time an untreated sample was
considered. Panel B, in the same samples, gamma globin mRNA expression was quantified respect to premiR
negative control treated sample. For premiR negative control only the highest concentration (270 nM) was
considered. Reported data are obtained by the average of three independent experiments.

3.7 PremiR-210 transfection in clones overexpressing BCL11A, effects on protein

expression

There is a general agreement on the fact that miRNAs targeting the 3’UTR sequences
of mRNAs are more effective in inducing mRNA degradation. By contrast, for miRNAs
targeting the coding region, generally is more probable to see effects only in protein
production. In order to verify effect of premiR-210 on its putative target, a western blot
analysis was performed, and BCL11A protein content was verified. In Figure 41 (Panel A)
a representative western blotting analysis of the protein BCL11A is reported. Only one
concentration of premiR (200 nM) was employed, and three different control samples are
included, i.e. an untreated sample, a sample treated with only the premiRNA vehicle
(Lipofectamine) and a sample treated with premiR negative control. In this case 72 hours
treatment was performed. For both premiR-210-3p and premiR negative control the same
concentration was employed. While no differences in protein content were shown between
the three control samples, a significant decrease in protein content was detected when

premiR-210-3p was transfected in K562 BCL11A clones. The same membranes were also
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re-probed with and antibody against p70 protein used as reference protein to verify that all
samples contained the same starting protein extracts content. The ratio between the intensity
of BCL11A protein and the intensity of p70 protein was calculated and data are reported in
panel B. As evident, again no significant differences are appreciable between the three
different controls, while an about 40% decrease in protein content was detected when

premiR-210 was employed.
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Figure 41. PremiR-210 transfection in clones overexpressing BCL11A, effects on protein expression.
Panel A: representative western blotting analysis of BCL11A protein. Upper line BCL11A band intensity in
the four samples is reported. As it is possible to see BCL11A protein has a molecular weight of about 125 kDa.
In the lower line, band intensity of p70 protein, used as reference protein, is reported. Both BCL11A and p70
were detected in the same membranes, which were firstly probed with antibody against BCL11A and then
stripped and re-probed with an antibody against p70 protein. Samples are analysed 72 hours after the
transfection.

3.8 PremiR-210 transfection to ErPCs: effects on the transcript

PremiR-210 effects were also verified in a more suitable cellular model: erythroid
precursors cells isolated from beta-thalassemia patients. At the end of the two weeks
purification and expansion protocol (see methods section), ErPCs were transfected with
premiR-210-3p or premiR negative control at the final concentration of 200 nM. RNA was
collected 72 hours after the transfection and BCL11A and gamma globin mRNA content
was quantified using RTqPCR, as indicated in Figure 42. Relative expression was calculated
with respect to sample transfected with the premiR negative control. No major differences

were found between untreated sample and sample transfected with premiR negative control
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when BCL11A and gamma globin content were determined. When premiR-210 transfected
samples were considered, a decrease of about 40% in BCL11A mRNA content was detected

associated with a weak but significant increase in gamma globin mRNA expression.
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Figure 42. PremiR-210 transfection in ErPCs, effects on transcript. ErPCs were transfected with 200 nM
of premiR-210 or premiR negative control. 72 hours after the transfection RNA was isolated and BCL11A and
gamma globin mRNA was quantified using RTqPCR. Fold changes have been calculated respect to sample
treated with premiR negative control. Five different beta-thalassemia patients were recruited to performed
analysis. Data are expressed as the average of three independent experiments.

3.9 PremiR-210 transfection in ErPCs, effects on gamma globin protein expression

Since transcript data demonstrated an increase in gamma globin mRNA content after
the transfection with premiR-210, we further investigated miR-210 effects on gamma globin
protein production, quantifying gamma globin protein content, through Elisa analysis, 72
hours after the transfection with premiRNA. As reported in Figure 43, about two-fold
increase in gamma globin protein production was detected when ErPCs transfected with

premiR-210 were considered. In order to verify whether the effects of the transfection with

218



premiR-210 are restricted to BCL11A and y-globin gene expression, additional erythroid
associated markers, such as CD71 and Glycophorin A, were studied in transfected ErPCs.
As reported in the Panel B of the Figure 43, no differences were detected when premiR-210

is transfected in erythroid precursors cells.
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Figure 43. PremiR-210 transfection in ErPCs, effects on gamma globin protein expression. Panel A: A-
gamma globin protein was quantified using Elisa analysis and the relative amount of protein was calculated
respect to sample treated with premiR negative control. Data are relative to 72 hours transfection with 200 nM
of premiR-210 or premiR negative control. Panel B: effects of premiR-210 transfection in two erythroid
associated markers: CD71, transferrin receptor, (Y-axis) and GPA: Glycophorin A (X-axis) were verified in
ErPCs after the transfection with premiR-210. Representative plots of FACS analysis with fluorescent labelled
antibodies were reported.

3.10 PNAs targeting miR-210 binding site in BCL11A

As previously described, peptide nucleic acids (PNAs) are very useful to regulate
miRNAs and gene expression. One of the major advantages in using PNAs is related to their

high resistance to both DNAse and RNAse. For this reason, starting from the data reported
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in 3.4-3.7 sections and demonstrating miR-210 mediated modulation of BCL11A expression
through a binding to a specific coding sequence of the BCL11A mRNA, we designed, in
collaboration with Prof Romanelli’s research group, two different PNAs, both able to bind
BCLI1A in the same sequence bound by miR-210. In this case, obtained PNAs acts as
antisense molecules, binding BCL11A mRNA and leading to its inhibition. The first PNA
(PNA miR210-3p_like), exhibit the same miR-210 sequence; the second one is constituted
by a sequence fully complementary to the miR-210 binding site in the coding region of

BCL11A mRNA.

3.10.1 Treatment of clones over-expressing BCL11A with PNAs binding miR-210

target sequence

Also in this case, K562-BCL11A clones were very useful for a preliminary validation
of the biological effects of the employed PNAs. Three different PNAs concentrations (2, 4
and 8 uM) were tested and BCL11A mRNA content quantified 48 hours after the treatment.
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Figure 44. Treatment of clones overexpressing BCL11A with PNAs binding miR-210 target
sequence. Two different PNAs were tested: PNA miR210-3p_like (white boxes) and PNA antiBCL11A
miR210-3p_site (black boxes). Three different concentrations: 2, 4 and 8§ pM of PNA were used to treat
K562 clones overexpressing BCL11A. 48 hours after the treatment RNA was extracted and BCL11A
mRNA expression was evaluate respect to untreated control. All data were normalised using RPL13A as
house keeping gene. Reported data are the average of three independent experiments.
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As shown in Figure 44, both PNAs are able to down-regulate BCL11A mRNA expression
even if with some differences. In fact, as expected, the PNA fully complementary to miR-
210 binding site is able to reduce BCL11A mRNA (50% of reduction) with higher efficiency
when compared with the PNA miR210-3p_like (reduction not exceeding 35-40%). While no

differences were founded considering the three different concentrations for both PNAs.

3.10.2 Combined treatment of BCL11A clones with PNA and MTH

In the same cellular model, PNAs were used in association with one of the best fetal
haemoglobin inducers (mithramycin, MTH), in order to evaluate possible combined effects.
Considering that MTH needs at least 96 or 120 hours to induce the production of HbF, we
treated for 5 days K562 clones with 2 uM PNA concentration, selected after the first
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Figure 45. Combined treatment of BCL11A clones with PNA and MTH. Clones overexpressing
BCL11A were treated with both MTH and PNA miR210-3p_like (white box) or PNA antiBCL11A miR-
210-3p_site (black box). Panel A percentage of benzidine positive cells was reported and relative picture are
shown in the right part of the Figure. Panel B: gamma globin mRNA expression was shown; data are
expressed as fold change respect to the untreated sample. Fold change was reported for MTH treated sample
(grey box), MTH + PNA miR210-3p_like (white box) and MTH + PNA antiBCL11A miR210-3p_site (black
box).

preliminary analysis (see Figure 44), and with 20 nM MTH. At 5" day, the percentage of
benzidine positive cells was calculated and reported in panel A of Figure 45. As it is evident
in the Figure 45, when MTH is used in association with PNAs an increase in percentage of

benzidine positive cells of 13% and 17% for PNA miR210-3p_like and for PNA
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antiBCL11A miR210-3p_site was detected, respectively. Pictures relative to cells positive
to benzidine staining are reported in the right part of the Figure. Moreover, the effects of
combined treatment were verified also by analysing gamma globin mRNA expression. As
reported in the panel B, mithramycin used alone is able to generate a sharp increase of
gamma globin mRNA, moreover, if MTH is used in association with a PNA an increase of

about one fold is detected, with no major differences between the two PNAs.

3.10.3 Treatment of ErPCs with PNAs binding miR-210 target sequence

The same PNAs were also tested on ErPCs isolated from beta-thalassemia patients.

On the basis of the data obtained treating clones overexpressing BCL11A, only 2 uM PNA
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Figure 46. Treatment of ErPCs with PNAs binding miR-210 target sequence. ErPCs were
treated for 72 and 96 hours with 2 uM concentration of both PNAs: PNA miR210-3p_like (white
boxes) and PNA antiBCL11A miR210-3p_site (black box). BCL11A mRNA relative expression
was calculated respect to untreated control. Presented data are obtained by the average of three
independent experiments.
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concentration was used to treat ErPCs. Cells were treated with PNA miR210-3p_like or PNA
antiBCL11A miR210-3p_site for 72 or 96 hours. As shown in Figure 46, after 72 hours
treatment no effects in BCL11A mRNA were detected, while a weak reduction of about 20%
was detected when PNA antiBCL11A miR210-3p_site was employed. More significant
effects were instead seen when ErPCs were treated for 96 hours. In this case, an average

decrease of 35-40% was reported, with no high differences between the two PNAs.

3.11 General conclusions and take-home messages

The results of this part of the thesis should be considered in the context of novel
therapeutic options leading to fetal hemoglobin (HbF) induction in B-thalassemia. There is
a general agreement on the fact that the validation of new approaches for reactivation of y-
globin genes are required to develop novel options in the therapy of B-thalassemia. In this
respect, of great interest is the recent finding that the transcriptional regulation of y-globin
gene expression is under the negative control of several transcriptional repressors, including
MYB, BCL11A, KLF-1, KLF-2, Spl, LYAR. These evidences allow the identification of
specific targets for the development of possible strategies to reactivate y-globin gene
expression (as consequently HbF production) by targeting repressors of y-globin gene
transcription. Among possible alternatives the use of microRNA-based approaches can be
proposed. In fact, the involvement of miRNAs in the control of transcriptional repressors of
the human y-globin genes has been firmly demonstrated. Examples are miR-15a and miR-
16-1 (targeting MYB mRNA), miR-486-3p (targeting BCL11A mRNA), miR-23a (targeting
KLF-2) and miR-27a (targeting Sp1).

In the present part of the thesis we have described a coding sequence of BCL11A
mRNA as possible target of miR-210. The following results sustain this hypothesis: (a)
interactions between miR-210 and the miR-210 BCL11A mRNA site were demonstrated by
SPR-based biomolecular interaction analysis (BIA) (see Figure 39); (b) the miR-210 site of
BCLI11A-XL is conserved through molecular evolution, possibly indicating that these
sequences play a key biological function (see Figure 38); (c) forced expression of miR-210
leads to decrease of BCL11A mRNA and increase of y-globin mRNA content in erythroid
cells, including erythroid precursors isolated from B-thalassemia patients (see Figures 40 and
42). However, the effects of the transfection with pre-miR-210 are restricted to BCL11A and
v-globin gene expression, and no changes of the other erythroid markers CD71 and GPA

were detectable suggesting that the treatment with pre-miR-210 is not sufficient to induce
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the activation of erythroid differentiation and, therefore, should be combined with other
inducers of erythroid differentiation in order to fully induce HbF accumulation. Interestingly
a decrease of BCL11A expression was found in ErPCs from B-thalassemia patients treated
with HU and MTH together with the expected increase of y-globin mRNA content, further

supporting the role of this transcriptional regulator and its modifiers.

While most of validated miRNA/mRNA interactions involve the 3’-UTR of the
target mRNAs, functional interactions between microRNAs and coding sequences of target
genes have been reported in several studies. Our study suggests that, in addition to the
already reported binding of miR-486-3p to the 3’UTR sequence of the BCL11A mRNA, the
coding mRNA sequence of BCL11A can be targeted by miR-210 (see the scheme reported
in Figure 48). In the experimental approaches described, upregulation of y-globin gene

expression can be achieved by different miRNA-based approaches, including the use of
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Figure 47. Possible miRNA mimicking approach. Scheme outlining the possible miRNA mimicking
approach for targeting the 3’UTR and the coding sequence (CDS) of the BCLI1A mRNA using miRNA
mimicking molecules. Down-regulation of BCL11A gene expression will lead to up-regulation of y-globin
mRNA, as reported in Figure 40.

premiRNA targeting the 3’UTR region of the BCL11A mRNA, or the use of premiR-210,
possibly targeting the coding region. Both strategies, that might involve different miRNA
which, at least in theory, can be combined in a “multi-miRNAs therapeutic approach” might

lead to BCLI11A down-regulation and induction of y-globin gene expression, in

consideration of the y-globin genes repressor function of BCL11A.
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In addition to the theoretical point of view, these data are of interest, in our mind,
from the applied point of view, since might indicate a novel strategy to inhibit BCL11A by
mimicking miR-210 functions. This is of interest, since inhibition of BCLI11A is a
recognized strategy for HbF induction for treatment of (-thalassemia, as suggested by
several papers and patent applications. Further controls, including studies on the effects of
miRNAs unable to target the BCL11A mRNA and analysis of the effects of miR-210 on
BCL11A mRNA carrying a mutated and not functional miR-210 binding site should be
considered for deeper validation. Moreover, a most extensive analysis on overall gene
expression patterns should be considered, especially in consideration of the fact that this
BCLI11A site covers the nucleotide region 789-798, which is common to all the BCL11A
isoforms (see Figure 39). Finally, it should be considered that this strategy might also be
applied in combination with other approaches using miRNA mimics targeting the 3’UTR of
BCLI11A mRNA, as well as other transcriptional repressors of the y-globin genes, or

chemical HbF inducers.

A second conclusion of data reported in this section is that BCL11A inhibition can
be reached using PNAs targeting the miR-210 binding sites. The PNA-BCL11A mRNA
recognition is greatly facilitated by the evolutionary conserved miR-210 binding sites
(Figure 39) which makes these regions prone to molecular interactions with biomolecules
(in our case not only miR-210, but also PNAs binding miR-210 target sequence). When
PNAs binding miR-210 target sequence are used the effects on BCL11A is simply an
antisense effects leading to BCL11A inhibition.

As final conclusion, while the targeting of BCL11A mRNA (for instance with PNAs
mimicking miR-210) and/or BCL11A regulators (i.e. premiR-210 molecules) might lead to
a sharp inhibition of the y-globin gene repressor BCL11A this approach should be combined
with the effects of other HbF inducers (eventually used at sub-optimal concentrations) for

best HbF inducing activity.
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IV. MicroRNA therapeutics: Delivery of miRNAs and miRNA-targeting
PNAs using Calixarenes

MiRNA-based therapy is one of the emerging fields of investigation in recent years,
and, as described in the ‘miRNA therapy’ chapter, several types of therapeutic approaches
have been proposed to target miRNAs. One of major issues encountered in miRNA-based
therapy is the miRNAs/premiRNAs delivery. It should be underlined that miRNA-carrying
vehicles not only are essential to transfer miRNA-based molecules into target cells, but also
have a key role in avoid degradation of this kind of molecules. Moreover, also the delivery
of antagomiRNAs is a key step to obtain an efficient miRNA-therapeutic approach. A large
number of vehicles were tested both in vitro and in vivo, but most of them present several
issues such as inappropriate biodistribution, disruption and saturation of endogenous RNA
machinery and high toxicity [Zhang et al., 2013]. Starting from the experience of Professor
Sansone and co-workers, who studied for a long time calixarene-based molecules for DNA
delivery, we tried to use these molecules to deliver miRNA mimic molecules [Bagnacani et
al., 2013]. The calixarene-based molecule ML122 was chosen as first molecule to
investigate, starting from the evidence that this molecule, among a panel of calixarene-based
molecules, showed the highest ability to deliver DNA. Moreover, we also employed
calixarene-based molecules to delivery PNAs. PNAs, that are employed to target several
kind of biological molecules, including miRNAs or mRNA, are stable molecules, but exhibit
low cellular uptake. Therefore, they require an efficient delivery system to finalize their

therapeutic potential.

4.1 Delivery of miRNA mimicking molecules using M1.122

In order to increase miRNA levels into cells, miRNA mimicking molecules are used.
These molecules exhibit usually the same sequence of the endogenous premiRNA to be
mimicked in its biological functions. They are internalised and processed by the miRNA
processing machinery mimicking the same function of physiological miRNAs. In the
laboratory practice, one of the most useful methods to carry synthetic premiRNA molecules
into cells, is the use of cationic liposomes able to interact with negative charges, present in

the premiRNA structure, forming a complex that is internalised by cells. Lipofectamine ®
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(Invitrogen) or Siport ® (Ambion) are only two examples of reagents commonly used at this
purpose. Generally, these reagents present high toxicity, and a very variable transfection
efficiency depending on the employed. In these studies we used as a model system cell
growing attached to the flask (such as the human glioma U251 cells), and cell growing in

suspension (such as the human leukemia K562 cell line).

4.1.1 Mature miRNA transfection using ML.122

To evaluate the transfection ability of ML122 we firstly employed a synthetic mature
miRNA conjugated with a fluorescent molecule (fluorescein), that allows to verify miRNA
internalization using rapid methods as fluorescence microscopy and FACS analysis. As
shown in Figure 48, the adherent U251 cell line was transfected with the fluorescent mature
miR-210, using ML122 at final concentration of 10 uM. For this preliminary experiment the
same MLI122 concentration, previously used by Bagnacani and colleagues for DNA

transfection was chosen [Bagnacani et al., 2014]. Cells, transfected with two different
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Figure 48. Fluorescent mature miRNA transfection with ML122. Panel A: three representative samples are
reported: no transfected cells (Ctrl) and cells transfected with two different concentrations of miR-210 and
ML122. In the left part of panel A forward and side scatter plot for each samples are reported, while in the
right part of the panel fluorescence (FITC) plot are reported. Overlay of all analysed data are shown in Panel
B. Five different samples are considered: Ctrl (black curve), cells transfected with no ML122 and 70 nM of
miR-210 (green curve), miR-210 200 nM without ML122 (orange curve), cells transfected with 70 nM of miR-
210 and ML122 10 uM as vehicle (light blue curve) and transfected cells with 200 nM of miR-210 and ML122
10 uM (pink curve). Two representative pictures obtained by fluorescence microscopy observation were
reported in Panel C. Both 20x image (upper part of the panel) and 40x image (lower part of the panel) are
reported.
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concentrations of miR-210 (70 nM and 200 nM) were firstly analysed by FACS (Panel A
and B) and fluorescence variation with respect to the control cells was reported. As indicated
in panel B, when miR-210 was added with no vehicle, no variation of fluorescence is
detected, while the transfection of miR-210 with ML122 leads to a shift in fluorescence
directly proportional to the miR-210 concentration. Moreover, pictures obtained by a
fluorescence microscopy system, and reported in Panel C, were done using in this case only

the lower concentration (70 nM) of miR-210.

Data obtained by fluorescence analysis were then confirmed by the quantification of
intracellular levels of miRNAs after the transfection using RTqPCR (Figure 49). Two

different cells lines were employed, the adherent U251 cell line and the in suspension
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Figure 49. Mature miRNAs transfection with ML122. Two different cell lines: K562 and U251 were
employed. Cells were characterized for their starting miR-210 (white rhombus) and miR-221 (white square)
levels, comparing CT values. Moreover, measured CT values after transfection were reported: black rhombus
(miR-210) and black square (miR-221). Fold change in transfected cells (white boxes) respect control samples
(black boxes) was calculated. To calculate fold change and CT values, three independent experiments were
performed, and the mean value was reported.

growing K562 cell line, which is known to be difficult to transfect. Moreover, an additional
mature miRNA (miR-221) was transfected, to exclude sequence-selective interactions to

ML122. As reported in Panel A, starting CT values before transfection were determined for
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both miR-210 and miR-221 miRNAs and for both cell lines. While miR-210 seems to have
similar CTs values in the two cells lines, miR-221 is more expressed in the U251 cell line
with respect to K562 cells. MiRNAs content in transfected cells was compared with not
transfected samples (Panel B). For both miRNAs and in both cell lines a significant increase
of miRNAs levels after the transfection was detected, but interestingly, while similar levels
of miR-210 were reached in both cell lines after the transfection of mature miR-210, marked
difference in fold increase was detected when the two cell lines were transfected with the

mature miR-221.

4.1.2 PremiRNA transfection using ML122

In the usual laboratory practice, in order to increase miRNA levels, generally
premiRNA molecules are preferred to mature miRNA, for functional issues. In fact,
premiRNAs are processed by the cellular miRNA processing machinery. For this reason,
after the first promising data shown in Figure 49, we tried to transfect also a premiRNA
molecule using ML122, as transfection reagent (Figure 50, Panel A and C). The positive
data obtained with mature miR-210 (Figure 49) suggested to use premiR-210. Both cell lines
were transfected with two different concentrations of premiRNA, normally used with
commercial available transfection reagents (see data miR-210/BCL11A), and ML122 at final
concentration of 10 uM. The increase of miR-210 intracellular concentration with respect to
the not transfected sample was calculated using RTqPCR and let-7c and snRNA U6 as
reference endogenous controls. In both cell lines levels of miR-210 were significantly
increased 24 hours after the transfection, even if with some important differences. In fact, in
the K562 the fold change seems to be directly proportional to transfected premiRNA
concentration (panel A), while in the U251 cell line, no marked increase in fold change was
detected between the lower and higher premiRNA concentration (Panel C), suggesting the
amount of transfected premiRNA should be verified for each target cell line. Moreover, a
comparative analysis was performed between ML122 and a limited panel of commonly used
commercial available transfection agents. For the comparative analysis ML122 was used at
its usual concentration (final concentration 10 uM, see materials and methods for the
transfection procedure), while transfection with commercial available reagents was
performed according to the manufacturer’s protocols. At same premiR-210 concentration,
ML122 demonstrates a miR-210 fold increase that is at least 10 times higher than the most

efficient commercially available transfection agent (Panels B and D of Figure 50).
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Figure 50. PremiRNA transfection using ML.122. Panel A and C: Two different concentration (70 and 200
nM) of premiR-210 were transfected in both cell lines: K562 (upper part of the Figure) and U251 (lower part
of the figure) and miR-210 fold change was determined 24 hours after premiRNA transfection using RTqPCR.
Panel B and C: three commercial available transfection agents: Lipofectamine RNA IMAX (white boxes),
Lipofectamine LTX (grey boxes) and Siport (black boxes) were compared with ML122. All data were
expressed as miR-210 fold change in transfected samples respect to untransfected samples. The average values
of three independent experiments were reported in Figure.

4.1.3 PremiRNA transfection with ML122: experimental set-up of the optimal

parameters

All the experiment until now presented were performed using ML122 concentration
previously used to perform DNA transfection and premiRNA concentrations that were
normally used with commercial available vehicles. In the following experiments we tried to
set-up optimal transfection conditions, when ML122 was used as vehicle and premiR was

used as molecule to be carried. First of all, we tried to set up the optimal premiRNA
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concentration, using the same ML122 10 uM concentration for each point. Increasing
concentrations ranging from 5 to 200 nM of premiR-210 were tested in both cell lines. Also
in this case the fold change with respect to the control was used to compare different
premiRNA concentrations (Figure 51, Panel A and C). The two cell lines presented a
different response. In U251 glioblastoma cells the fold change increase was found to be
directly proportional to transfected premiRNA concentration; in the case of erythroleukemic
K562 cells, no major differences were shown in the range 15-35 nM of premiR, while a

significative difference was shown for the higher and the lower premiRNA concentrations.
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Figure 51. PremiRNA transfection with ML122 condition set-up. The optimal transfection protocol was
set up for both K562 cells (white boxes) and U251 cells (black boxes). In histograms miR-210 fold change in
transfected cells respect to control was calculated 24 hours after the transfection. In Panel A and C incremental
final concentration of premiR-210 (from 5 to 200 nM) were tested using for each point the same ML122
concentration (10 uM), while in Panels B and D four different concentration of ML122 (1,25; 2,5; 5 and 10
uM) were tested using for each point the same premiR-210 concentration (35 nM). All data are presented as
the average of three independent experiments + SD.

Once established the optimal premiRNA concentration, also ML122 concentration was

investigated. Starting from the 10 uM as the optimal concentration for DNA transfection and
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considering the high difference in molecular weight and length between DNA and
premiRNA, we tried to reduce the amount of employed ML122. Four different decreasing
ML122 concentrations were investigated (from 10 uM to 1.25 uM) and fold changes with
respect to control were compared (Panels B and D of Figure 51). In K562 fold change
increase is directly proportional to ML122 concentration, while no correlation between

ML122 concentration and miR-210 fold change was found in U251 cells.

4.1.4 PremiRNA transfection with ML.122: optimal contact time with target cells

In all the previously performed experiments, transfection was performed using the
protocol indicated in the work of Bagnacani and co-workers [Bagnacani et al.,2014],
described in detail in the chapter ‘Materials and methods’. Briefly, a mix containing culture
medium, without FBS, ML122 and the molecule that needs to be carried is prepared and
after 20 minutes of incubation at room temperature is transferred to the cells. After 5 hours
contact, the mixture is removed and replaced with fresh culture medium. This protocol does

not present particular problems when experiments are carried out using in vitro models, but
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Figure 52. PremiRNA transfection with ML122 protocol set-up. Two different transfection protocols
were tested. In the first protocol mix ML122-premiRNA maintained in contact with cells for five hours and
then was removed and replaced with new fresh medium (black boxes). In the second case ML122-premiR-
210 mix was maintained in contact with cells for all the treatment time (white boxes). Two protocols were
tested in both cell lines: K562 cells (Panel A) and U251 (Panel B). Experiment was performed in triplicate
and the average values + standard deviation was reported.

clearly is not feasible in in vivo experiments and/or in designing experiments to be applied

for long-term treatments. It should be underlined that of course our final goal is the
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application of calixarene-based vehicle on ex vivo and in vivo models in order to mimic
therapeutic interventions. For this reason, we also evaluated the possibility to maintain the
transfection mix in contact with cells for the entire period of the treatment time (Figure 52).
Starting from the hypothesises that in the case of a continuous contact less amount of ML122
might be required, we tested four different concentration of ML122, starting from 1.25 to 10
uM and we compared miR-210 increase obtained after 5 hours cells-mix contact with data
obtained with continuous contact (24 hours). Also in this case transfection efficiency was
evaluated as increase of miRNA levels in transfected cells with respect to not transfected
cells 24 hours after the transfection. In both K562 (Panel A) and U251 (Panel B) cell lines
2.5 uM of ML122 maintained in contact with the cells for 24 hours was able to determine a
miR-210 fold change equal or even better than 10 uM ML122 maintained in contact with

cells for only 5 hours.

4.1.5 Transfection of antimiRNA molecules with ML122

In miRNA-based therapy not only miRNA mimicking molecules, but also
antagomiRNA molecules require a delivery system. AntagomiRNAs are key molecules that
are usually used to reduce miRNA levels inducing the expression of the miRNA regulated

mRNAsS.
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Figure 53. AntimiRNA molecules transfection with ML122. Two different antagomiRNA molecules were
transfected using ML122 (white boxes): antimiR-221 transfected in U251 cells (Panel A) and antimiR-210
transfected in K562 cell line (Panel B). Moreover, ML122 transfection efficiency was compared with
Lipofectamine RNA iMAX (black boxes), used according to the manufacturer’s instructions. MiR-221 and
miR-210 fold change in transfected samples respect control samples was calculated, and the mean value of
three independent experiments was reported in the boxes.

Usually commercial available delivery systems are able to deliver both premiRNA and
antagomiRNA molecules, using similar transfection condition. Starting from this

consideration, we verified the ability of ML122 carrying antagomiRNA molecules to target
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cells, in both cell lines (Figure 53). We tested two different antagomiRNA molecules,
antimiR-210 which was transfected into K562 cells, and antimiR-221, which was transfected
to U251 cells lines, considering the fact that these cells express miR-221 at very high levels.
Moreover, a comparison between ML122 (white boxes) and one of the most efficient
commercial available transfection agent was performed (black boxes). Similar miRNA level
decreases were shown for both antimiR-210 and antimiR-221 delivered with ML122.
Moreover, miRNA decrease seems to be greater when MLL122 was used as transfection agent

in respect to the commercial one.

4.1.6 Transfection of PremiRNA and antimiRNA molecules with ML122 to primary

cells

All the previously shown experiments were performed using immortalised cell lines.
To further investigate ML122 transfection efficiency, we also employed as primary cell

model the erythroid precursors isolated from peripheral blood (ErPCs), which also are
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Figure 54. PremiRNA and antimiRNA molecules transfection with ML122 in ErPCs. ErPCs isolated from
three different donors were transfected with both premiR-210 (Panel A) and antimiR-210 (Panel B), using
ML122 as vehicle. MiR-210 content in samples was determined using RTqPCR and miR-210’s expression
change of miR-210 was calculated using 2"*4CT method. The average of three independent experiments was
reported.

generally poorly transfected (Figure 54). The employment of ErPCs allowed us to verify the
behaviour of ML122 in a more ‘physiological’ model. Transfection was performed
according to the ‘standard’ protocol, 10 uM of ML122 and 5 hours mix contact, using both
premiR-210 (Panel A) and antagomiR-210 (Panel B). MiR-210 intracellular levels in ErPCs
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isolated from three different donors, were quantified using RTqPCR, miR-210 fold change
was calculated with respect to the control sample (no transfected sample) and snRNA U6
was employed as internal reference. In the experiment shown in Figure 54 the increase of
miR-210 was clearly associated with the MLL122 mediated transfection with the premiR210;
on the contrary efficient transfection of the antimiR-210 caused a sharp decrease of miR-

210 content.

4.1.7 Biological effects

MiRNA:s are intensely studied for their ability to modulate target mRNA. Therefore,
the alteration of miRNA content (either increase or reduction) should be further analysed
with respect to the miRNA-mediated biological alterations. Therefore, it was important to
verify if miRNA modulation is able to modify the expression of its target mRNA,
representing this issue, the real goal of miRNA based therapy. Accordingly, it was essential
for us to verify whether premiRNA or antimiRNA molecules carried by ML122 were able

to mediate the expected final biological effects.

In the case of premiR-210 delivery, we started with what we have previously
demonstrated in the section III of results. Briefly miR-210 is able to target BCL11A, which

is well known as one of the most important y-globin gene transcriptional repressors. For this
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Figure 55. Biological effect of premiR-210 in ErPcs. Erythroid precursors isolated from three different
donors were transfected with premiR-210 (final concentration of 200 nM) and ML122 (final concentration
10 uM). 48 hours after the transfection RNA was extracted and BCL11A-XL expression was analysed using
RTqPCR.
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reason, we transfected ErPCs cells, the most suited cellular model for this kind of
experiment, with premiR-210 using ML122 (Figure 55). As previously done for premiR-
210 transfection using Lipofectamine RNA iMAX, we employed only one concentration of
premiR-210 (200 nM), that was shown to be the most effective in this cellular model.
BCL11A-XL mRNA expression was analysed using RTqPCR 48 hours after the
transfection, and fold change respect to the control sample was calculated. The results
obtained confirm BCLI11A-XL down-regulation after MLI122 mediated premiR-210

delivery.

A second proof-of-principle concerning the biological activity of ML122 delivered
antimiRNA was investigated using the glioma U251 cellular system. As demonstrated in
several studies, miR-221-3p is involved in the apoptotic pathway and its down regulation
causes a sharp increase of apoptosis in several cell lines [Brognara et al., 2015].
Accordingly, if antimiR-221 delivered by ML122 is able to decrease miR-221 levels in cells,
an increase of apoptotic cells should be detected. U251 cells were transfected with antimiR-
221 at final concentration of 70 nM, using ML122 2.5 uM. The mixture ML122-antimiR-
221 was maintained in contact with the cells for 72 hours and then the percentage of
apoptotic cells was determined (Figure 56) using the annexin V assay. As it clearly evident

in panel A of Figure 56, the cell population, on the base of the fluorescence levels, is divided
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Figure 56. Biological effect of antimiR-221 in U251 cell line. Panel A representative apoptosis profile plots,
cellular population is divided into live cells (low-left), early apoptotic cells (low-right), late apoptotic cells (up-
right) and dead cells (up-left). In Panel B are reported data relative to the showed plots. The histogram in panel
C the average percentage of total apoptotic cells is reported.
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into four groups: live cells, early apoptotic cells, late apoptotic cells and dead cells. Mean
values for each samples are reported in the Table depicted in the Panel B of Figure 56, while
the percentage of apoptotic cells in each samples is reported in the histogram of Panel C.
When cells are transfected with antimiR-221-3p delivered by ML122 a significant increase
of the percentage of apoptotic cells was detected. Also, when only ML122 was employed,
an increase of apoptotic cells was noticed, but lower than the value observed for ML.122-
delivered antimiR-221. Interestingly the apoptotic profile observed is significantly different
between sample treated with only ML122 and cells treated with antimiR-221 transfected
with ML122. In fact, while the percentage of early apoptotic cells in the two samples are
very similar, a marked difference was found in the case of late apoptotic cells. Percentage of
late apoptotic cells in the ML122 sample is much lower than the percentage found in U251
cells treated with ML122 delivered antimiR-221.

4.2 PNA delivery using ML.122

Peptide nucleic acids are among the most interesting compounds able to modify gene
expression. While PNAs stability and ability to bind with high affinity their target makes
them very useful tools, one of the important issue of PNAs usage is represented by their
delivery. In fact, very low or no up-take was demonstrated by PNA administered to the cells
without a suitable delivery system. Is important to underline that PNAs are not charged
molecules, so if for miRNA-based molecules was easy to hypothesize that the interaction
miRNA-calixarene takes place between negative charges in miRNA structure and positive
charges present in the upper rim of ML122, explain how PNA-calixarene interaction takes
place is much more complex. We speculate that PNA internalization mediated by ML122 is
possible thanks to MLL122 cup-shape, which may contain PNA molecules. Starting from data
obtained for miRNA-based molecule we investigated the possibility of ML122 to deliver
PNA molecules.

4.2.1 Cellular up-take of fluorescent PNA delivered by ML.122

For a preliminary analysis we employed a fluorescence-labelled PNA with no
chemical modification added to improve cellular uptake (PNA F2). We also employed a
second fluorescent PNA, with the same sequence of PNA F2, in which a polyarginine

peptide (R8) was added to improve cellular up-take. Is important to underline that in our
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experience, the PNA functionalization with the polyarginine peptide represents one of the
most successful methods to improve PNA cellular uptake. As for miRNA-based molecules,

for preliminary data we started from the ‘standard’ transfection condition reported by
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Figure 57. Cellular up-take of fluorescent PNA delivered by ML122. Panel A, 24 hours after the
transfection cells were analysed for their fluorescence by FACS analysis. The fluorescence of the
following sample was analysed: control (black curve), naked PNA F2 (pink), cells treated with only
ML122 (green), naked PNA F2 transfected with ML.122 (orange), R8 PNA F4 (light blue) and finally,
PNA F4 delivered with ML122 (red). Fluorescence was also analysed using fluorescence microscopy
system. Representative 40x and 80x pictures were reported (Panel B).

Bagnacani and colleagues in their experiments for DNA delivery. Accordingly, a
transfection mix constituted by MLI122 at final concentration of 10 uM, PNA at

concentration of 2 uM and culture medium, was prepared. The mix was maintained in
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contact with cells for 5 hours and then removed and replaced with fresh medium (Figure
57). Both PNAs (PNA with R8 and naked PNA) were used at final concentration of 2 uM,
in agreement with previously published studies [Brognara et al., 2015]. 24 hours after the
transfection, the cells (in the representative experiment U251 cells) were detached and
analysed for fluorescence content by FACS (Panel A). No differences were found when the
naked PNA F2 was used without vehicle, while an increase in percentage of fluorescence
positive cells was detected when PNA F2 was associated with ML122. Fluorescence shift is,
anyway lower than the shift reported when PNA F4 (carrying the R8 delivery peptide) is
used. Moreover, when R8 functionalized PNA is delivered with ML122, no improvement in
transfection efficiency was shown. FACS analysis data were also confirmed by direct cell

observation with fluorescent microscopy (Panel B of Figure 57).

4.2.2 Biological effects of PNA delivered by ML122

According to what shown for miRNA-based molecules, also for PNAs transfection

conditions were investigated, and, finally, a 2.5 uM MLI122 concentration, and the
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Figure 58. Biological effects of PNA delivered by ML122. Panel A miR-221 relative expression was determined in
U251 cell line 48 hours after the transfection by RTqPCR. Panel B and C annexin V assay was performed in U251 cells,
transfected for 72 hours with PNA F2 delivered with ML.122 or with PNA F4 used as positive control. Representative
apoptotic plots are reported in panel B, while a summary table of percentage of total apoptotic cells for each sample is
reported in panel C.
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continuous contact between cells and mix, was individuated as the optimal protocol for PNA
delivery. In order to verify whether PNAs delivered with ML122 are able to exert a
biological effect, U251 cells were transfected according to the protocol previously described
(Figure 58). After 48 hours RNA was extracted to quantify miR-221 (Panel A). In fact,
PNA F1 presents a sequence perfectly complementary to miR-221; therefore, the first
evidence of a PNA effect should be a sharp decrease of the miR-221 specific hybridization
signal in U251 cells treated with ML122 carrying the anti-miR-221 PNA. As indicated in
the panel A of Figure 58 miR-221 in transfected sample was compared with untransfected
control and fold change was determined. Both PNA F3 (carrying the R8 delivery peptide)
and PNA F1 (lacking the R8 peptide) delivered by ML122 are able to decrease miR-221
hybridization signals in the cells, with slight differences. On the contrary, no significant
difference in fold decrease was shown when PNA F3 was added to ML122 as vehicle. In
order to verify whether the decrease of miR-221 is associated with biological effects, pro-
apoptotic activity of ML122 delivered anti-miR-221 F1 PNA was assessed as described in
chapter ‘Materials and methods’ and apoptosis was analysed after 72 hours treatment by the
Annexin V assay. The most significant plots are reported in the Panel B of Figure 58, while
the percentage of apoptotic cells relative to the shown plots are reported in Panel C. As
evident from the Table depicted in panel C of Figure 58, ML122 treatment by itself is able
to induce apoptosis to some extent (20% of apoptotic cells). Considering the apoptotic rate
due to the presence of ML122, the net percentage of total apoptotic cells obtained with PNA
F1 transfected with ML122 is about 20%; this value is lower than that obtained with PNA
F3, but still significant.

4.3 Screening of others ML.122 analogs

Sansone and co-workers synthesized starting from MLI122 structure several other
calixarene-based structures. Several chemical modifications were introduced to increase
calixarene vehicles affinity for PNAs and to better understand the mechanism of PNAs
complexation. Five new calixarene-based molecules were rapid screened using FACS
analysis. Taking advantage from knowledge obtained by the ML122 investigation, the new
molecules were employed at final concentration of 2.5 uM and the mix calixarene-PNA F2
was maintained in contact with cells until FACS analysis, that was performed 24 hours after
the transfection (Figure 59). PNA F2 and the R8 polyarginine conjugated PNA F4 were
used as negative (PNA F2) and positive (PNA F4) transfection controls. As indicated in
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Figure 59. Screening of others ML122 analogs, FACS analysis. Panel A representative FACS overlay
plot for each calixarene based molecule was reported. In each overlay plot the fluorescence intensity (x axis)
is reported in function of the number of cells (y axis). Transfection efficiency data are summarized in the
Panel B. Naked PNA F2 (dark green rhombus), PNA F4 functionalised with polyarginine peptide (purple
rhombus) and PNA F2 delivered with ML122 have been used as controls. Five new calixarene based
molecules were considered: GME28 (black rhombus), FRP6 (light blue rhombus), ML294 (orange
rhombus) and PF111 (yellow rhombus). The mean percentage of fluorescent cells are reported in table in
the right part of the panel B.

Figure 59 the new molecules can be clustered into two main groups: a fist group including
GME?28 and CRL23/I molecules that present transfection efficiency very similar to ML122
and PNA F4 (percentage of fluorescent cells higher than 90%), while the second group
composed by PF111, ML294 and FRP6 present percentage of fluorescent cell (35-60%)
significantly lower than the first group, despite the percentage of fluorescent cells is anyway

higher than the naked PNA.
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The compounds that demonstrated to have transfection efficiency similar to ML122 were
further analysed with a microscopy fluorescence system to confirm PNA internalization. As

indicated in the Figure 60 CRL23/I and GME28, were selected after the first preliminary

A CRL23/I B GME28

Figure 60. Screening of others ML122 analogs fluorescent microscopy analysis. CRL23/I (A) and GME28
(B) were observed at fluorescent microscopy to verify PNA internalization. 40x representative picture were

proposed. Figures Al and B1 live cell image, picture B1 and B2 FITC filter image, A3 and B3 DAPI filter
image, A4 and A4 marge of both FITC and DAPI filters.

FACS analysis. Before the observation the cells were pre-treated with Hoechst to identify
the nucleus position. The results obtained formally demonstrate internalization of the PNAs
delivered by the ML122 analogues, fully in agreement with the FACS analysis reported in
Figure 59.

4.4 PremiRNA and PNA co-transfection with ML122

Combined therapy is a promising therapeutical approach based on the simultaneous
action of the employed drugs/molecules against several targets. Targeting more than one
biological pathway at same time can increase the response to therapeutic treatment and
moreover, in several case, it is expected to be possible to reduce the therapeutic concentration
of the employed molecules (and therefore their side effects). Usually, in this case two
different delivery systems are required, one for PNA and a second specific for premiRNA
or antagomiRNA molecule. On the basis of the results described in section 4.1 and 4.2, we
have investigated the ability of ML122 to transfect at same time both a PNA and a
premiRNA molecules. To verify this, we employed a PNA against miR-221-3p and a
premiRNA mimicking miR-124-3p effects. The reason for this choice is that both treatments

with premiR-124-3p and with PNA against miR-221-3p are pro-apoptotic. As well
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demonstrated by several works in literature miR-221 is able to target several pro-apoptotic
genes, among which: PUMA [Zhang et al., 2010], p27kipl [Lu et al., 2011], PTEN and
TIMP3 [Garofalo et al., 2009]. Therefore, by reducing miR-221 expression it is at least in
theory possible to increase apoptosis. At same time, miR-124 targets the transcript that
codifies for MGMT protein, an enzyme which is able to regulate the response to alkylating
chemotherapy in patients affected by glioblastoma [Khalil et al., 2016] and to induce
apoptosis. Accordingly to previously obtained data U251 cells were transfected with ML122
at final concentration of 2.5 uM, both PNA F2 and premiR-124 were added to the
transfection mix, in association with cell medium. Transfection mix was incubated for 20
minutes and then transferred to cells. The mix was maintained in contact to cells for all the
treatment time (48 hours). Cells were detached and analysed by FACS analysis to verify
PNA up-take (Figure 14, Panel A). As demonstrated in panel A, very similar fluorescence
values are obtained when PNA F2 is used individually or in association with premiR-124.
Moreover, also cells transfected with PNA F4 were analysed, as usual, and considered as a

positive control, with no significant difference with respect to the sample in which PNA F2
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Figure 61. PremiRNA and PNA co-transfection with ML122. Panel A: FACS analysis in U251 transfected
with the fluorescent PNA F2. Blue points (up-right) represent fluorescent cells, while yellow points are relative
to no fluorescent cells (down-right). Panel B and C: miR-221 (panel B) and miR-124 (panel C) content, 48
hours after the transfection were calculated. Data are reported as fold increase respect to control sample. Panel
D: two genes involved in apoptotic pathway are considered: caspase 3 (black boxes) and p53 (white boxes),
even in this case fold change respect to the control sample is considered.
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was delivered by ML122. At same time RNA was extracted and miR-124 (Panel B) and
miR-221 (Panel C) content was analysed by RTqPCR. The fold change in transfected cells
with respect to control cells was calculated for both miR-221 and miR-124. Interestingly the
miR-124 content increases dramatically in cells transfected with ML122 carrying premiR-
124-3p and the antimiR-221. At the same time sharp decrease of miR-221 was observed.
Finally, the effect of transfection was verified considering two key mRNA for the apoptotic
pathway: caspase 3 and p53 (Panel D). Figure 61 demonstrates that increase of caspase-3
and p53 mRNA was found only in cells transfected with ML122 carrying PNA F2 and
premiR-124.

4.5 Toxicity and inflammatory profile of calixarene

One of the major issue associated with the use of commercial available vehicles is
the high toxicity of these compounds. For this reason ML.122 and its two analogs, CRL23/1
and GME28, were investigated to evaluate cells alteration when they are used to transfect
molecules. Considering that the optimal protocol for in vivo treatment is continuous contact
protocol, only this protocol was investigated for determining the apoptosis and inflammatory

profile.

4.5.1 Viability assay

Through several available viability assays it is possible to detect the % of live cells,
in a sample. All the three molecules were tested, MLL122 in both U251 and K562 cell lines,
GME28 and CRL23/I, only in the most sensible U251 cell line. To this purpose, the same
protocol used for transfection experiments was employed and a transfection mix, without the
molecule that need to be transfected was prepared. Viability profile was determined at three
different time points: 24, 48 and 72 hours after the transfection and three different calixarene-
based molecules concentrations were tested (1.25, 2.5 and 10 uM). All the compounds,
administered at the three concentration reported, were maintained in contact with the cells
for all the treatment time (Figure 62). 24 hours after the transfection no differences in
percentage of total live cells were found when the two lower concentration (1.25 and 2.5
uM) of ML122 was used, while only a slight decrease of live cells percentage was detected
with 10 uM ML122. When the others two calixarene-based molecules were considered,

they present at lower concentration a viability profile comparable with that found with
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ML122, but when the highest concentration of vehicle was taken into consideration a marked

decrease of live cells was found, that reaches values lower than 50% when the GME28
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Figure 62. Viability profile in U251 cells. Viability profile in U251 cells was reported for three calixarene
compounds: ML122, CRL23/I and GME2S, at three different time points: 24, 48 and 72 hours after the
transfection. Three different concentrations were investigated: 1,25 pM (white boxes) 2,5 uM (grey boxes)
and 10 uM (black boxes) of vehicle.

compound was considered. The same deep difference between ML122 and the two analogs
was maintained 48 after the transfection. 72 hours after the transfection, a significant
reduction of live cells was found when the highest (10 uM) concentration of ML122 was
employed. This reduction is much lower in any case when comparison is performed with
GME28 or CRL23/I. In fact at highest vehicle concentration only a little percentage of cells
are still alive in the experiment performed with these ML122 analogs: about 20% for
CRL23/T and 30% for GME28. Moreover, the percentage of live cells in the samples
transfected with the two lowest concentrations (1.25 and 2.5 uM) of GME28 and CRL23/1
is comparable to what is obtained when the highest concentration of ML122 is used. The
profile obtained when ML122 is used in K562 cells is similar to U251 cells transfected with
ML122 as reported in Figure 63a. Detailed viability profiles are presented in the next pages,
where viability plots are proposed for all the three compound (ML122, GME28 and
CRL23/1) in U251 cell line and for ML122 only in K562 cells.
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Figure 63a. Detailed viability profile in K562 cells with ML122.
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Figure 63b. Detailed viability profile in K562 cells with ML122.
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Figure 63c. Detailed viability profile in U251 cells with GME28.
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Figure 63d. Detailed viability profile in U251 cells with CRL23/1.
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4.5.2 Apoptosis assay

ML122 and analogs were also tested for their pro-apoptotic effects. In fact, it is
particularly important that vehicles does not create apoptotic stimuli in transfected cells. As
previously done for vitality assay cells were treated with different concentrations of
calixarene-based vehicles (1.25, 2.5 and 10 uM) which was maintained for all the treatment
time (from 24 to 72 hours). Cells were then analysed through Annexin V assay. Percentages
of total apoptotic cells for each calixarene-based molecule, are reported in Figure 64. In the
histogram on the left of the Figure the percentages of apoptotic cells are reported after 24
hours of contact with the vehicles. While ML122 and GME28 exhibited low apoptotic
profile at 1.25 uM, high levels of apoptotic cells were detected when CRL23/I was used,
even at the lowest concentration of vehicle. This conclusion was the same when 2.5 uM
concentration was considered: ML122 and GME exhibited similar apoptotic profile, despite
percentage of apoptotic cells was significantly increased with respect to 1.25 uM. Instead a
high increase of percentage of apoptotic cell was found when 2.5 uM CRL23/I was
employed. In fact, in this case the percentage of apoptotic cells reached the 50%, a value
even higher than that reached with the highest concentration of ML122. Interestingly, there

are also differences between the three compounds with respect to the kinetics. In fact while
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Figure 64. Apoptotic profile in U251 cells transfected with calixarene-based vehicles. Apoptosis profile
was investigated for three different vehicle concentration: 1,25 uM (white boxes), 2,5 uM (grey boxes) and 10
UM (black boxes). Apoptosis profile was evaluated at three different time points 24, 48 and 72 hours and
percentage of total apoptotic cells is reported.

for ML122 and GME28 the maximum toxicity levels were reached at 48 hours after the
treatment, in the case of CRL23/I high apoptosis levels were found immediately after the
transfection (24 hours after the transfection), while at later time points (48 and 72 hours after

the transfection) the percentage of apoptotic cells decreased reaching the lowest levels 72
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hours after the transfection. The same situation was found when 2.5 uM concentrations were
used for all the three compound: highest apoptosis levels were detected 48 hours after the
transfection, while a decrease in the percentage of apoptotic cells was reported 72 hours after
the transfection. Detailed apoptosis plots are reported in the following pages. These data are

compatible with a selection of U251 resistant to pro-apoptotic effects.
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Figure 65a. Detailed apoptosis profile in K562 cells transfected with ML122.
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Figure 65b. Detailed apoptosis profile in U251 cells with ML122.
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Figure 65c. Detailed apoptosis profile in U251cells transfected with GME28
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Figure 65d. Detailed apoptosis profile in U251cells transfected with CRL23/1.
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4.6 Inflammatory profile evaluation

generates pro-inflammatory response. Preliminarily, the IL-6 mRNA expression was
evaluated by RTqPCR as reported in Figure 66. In panel A and B U251 cells were treated
with (Panel A) commercial available transfection agents, as indicated, or (Panel B) with
increasing concentrations of MLL122. In both cases cells were maintained in contact with the
vehicle for 48 hours, and then RNA was extracted and IL-6 mRNA fold change respect to
the control was calculated. In addition, also GME28 and CRL23/I were analysed at two

Another important issue to consider is whether cell culturing with calixarenes

different concentrations (2.5 and 5 uM) and compared with ML122 with respect to
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Figure 66. Inflammatory profile evaluation in U251 cells. Panel A: three different commercial available
transfection agents were analysed. IL-6 mRNA fold change was calculated in transfected samples respect to
control sample. Panel B: four different concentrations of ML122 were analysed for their IL-6 mRNA content.
Moreover, IL-6 protein concentration was analysed by Bioplex analysis, data are expressed as pg/mL of IL-6

in supernatants isolated from transfected cells.
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IL-6 mRNA fold change was calculated. In the same Figure, also data relative to IL-6 protein
release, obtained by Bioplex analysis was reported. The data obtained showed that no major
effects were observed on IL-6 gene expression with the exception of Lipofectamine-iMAX.
To have a complete view of the inflammatory profile, a panel of pro-inflammatory cytokines
were investigated through Bioplex analysis. In a first analysis, supernatants of U251 cells
transfected for 48 hours with ML122 or commercial available transfection agents were
characterized for a panel of 27 cytokines. A heat map of cytokines is presented in Figure
67. As it is clearly evident, when Lipofectamine RNA iMAX is employed a significative
change in cytokines panel expression was found. Also in the case of ML122 a change in
cytokines profile is shown, even to a lesser extent. In particularly, when ML122 is employed

as carrier, IL-7, IL-12 and VEGEF result significantly modulated.
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Figure 67. Analysis of a panel of 27 cytokines in transfected U251 cells. Supernatants from four different
commercial available transfection agents were analysed by Bioplex analysis. The 16 cytokines expressed in
supernatants are reported in the maps.
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Moreover, the same panel of cytokines was also employed for the evaluation of ML122
analogs. Also in this case U251 cells were transfected with two different concentrations (2.5
and 5 uM) of ML122, GME28 or CRL23/I for 48 hours. After the treatment supernatants
were collected and analysed through Bioplex analysis. Observed concentration indicated as
picograms of protein for mL of supernatant, for each expressed cytokine is reported in the

Table 14. No major induction of pro-inflammatory response was observed.
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Hu PDGF-bb 5,33 6,08 6,08 2,3 10,55 11,28 6,08 Obs Conc
Hu IL-1b 1,79 1,63 2,07 1,52 1,9 1,14 1,85 Obs Conc
Hu IL-1ra 180 187 127 158 144 151 158 Obs Conc
Hu IL-2 57 12 3,6 475 5,33 2,23 3,79 Obs Conc
Hu IL-4 6,1 2,4 4,33 5,96 6,67 4,63 6,1 Obs Conc
Hu IL-6 2099 2067 2003 1876 1741 1898 2130 Obs Conc
Hu IL-7 22,18 24,53 20,99 37,81 42,01 26,83 2453 Obs Conc
Hu IL-8 61367 25407 25108 15838 20161 16441 23876 Obs Conc
Hu IL-9 15,37 10,37 14,31 8,9 13,6 7,04 11,81 Obs Conc
Hu IL-10 95,62 86,67 99,58 102,49 103,81 79,58 87,72 Obs Conc
Hu IL-12 (p70) 375 365 446 380 416 358 344 Obs Conc
Hu IL-13 15,34 15,68 18,38 13,62 18,55 12,23 14,48 Obs Conc
Hu IL-15 15,68 4,85 3,2 11,6 9,79 11,8 18,31 Obs Conc
Hu IL-17 13,28 5,83 3,95 7,08 12,66 7,08 16,99 Obs Conc
Hu Eotaxin 37,86 45,57 37,86 42,95 37,86 45,47 4547 Obs Conc
Hu FGF basic 58,81 37,77 48,31 58,81 56,79 53,69 58,81 Obs Conc
Hu G-CSF 18,24 15,26 16,26 14,76 15,76 12,23 15,76  Obs Conc
Hu GM-CSF 64,18 49,94 50,82 62,98 65,53 55,53 68,24 Obs Conc
Hu IFN-g 154 142 177 158 200 142 165 Obs Conc
Hu IP-10 97,96 90,63 105,05 97,96 105,05 86,86 90,63 Obs Conc
Hu MCP-1(MCAF) 2500 1826 1719 1834 1193 1803 2549 Obs Conc
Hu MIP-1a 1,12 1,53 1,18 1,12 1,69 1,06 1,06 Obs Conc
Hu RANTES 12,39 8,14 9,04 11,59 13,96 6,24 13,96 Obs Conc
Hu TNF-a 20,83 20,83 20 22,49 24,15 19,17 18,34 Obs Conc
Hu VEGF 7445 8051 9475 8282 8570 6754 6240 Obs Conc

Table 14: Cytokines expression in U251 cells transfected with ML122 and its analogs.
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Discussion

259



MicroRNA are small RNA molecules of about 19-23 nucleotides in length, which do
not codify for proteins. Their principal and best described function is the regulation of gene
expression at post transcriptional level through mRNA target. More than 2500 miRNA
sequences have been reported, and thanks to innovative techniques such as next generation
sequencing, this number is going to increase. After their first introduction in 1993, miRNAs
have been deeply investigated and considered important tools both in diagnostic and

therapeutic field (theranostics).

The presence of cmiRNAs in plasma was firstly described by Chim and colleagues
[Chim et al., 2008] in 2008. After this first work, which represents a milestone in circulating
miRNAs research (cmiRNAs), several others studies have been published, that not only
confirmed the presence of miRNA in plasma, but also in others body fluids such as saliva,
urine, milk or cerebrospinal fluid. Importantly, all authors agree in saying that miRNAs are
very stable in body fluids. At moment the function of cmiRNAs is still much debated, in fact
while some authors claim that cmiRNAs can be considered as ‘communication systems’
between cells, others consider miRNAs only as ‘waste products’ of the cells, which enter in
blood stream followed by cellular death. It is universally accepted that miRNAs are
physiologically present in blood stream, but their expression profile results altered, when a
change respect to physiological conditions occurred. For this reason several research group
investigated miRNAs as possible markers of disease and due to heterogeneity of pathways
in which miRNAs are involved, they were considered as possible biomarkers in a large
variety of diseases. Moreover, the high stability of cmiRNA in body fluids, associated to the
possibility of obtaining samples with non-invasive methods, makes circulating miRNAs

among the most interesting novel biomarkers.

I. Circulating miRNA as tools in colorectal cancer (CRC) diagnosis: key results

IA. How much the selected protocol can influence data?

On the basis of the large number of publication about cmiRNAs available in the
literature, a brief analysis is sufficient to conclude that no standard protocols are still

available for plasma isolation and miRNA analysis. With respect to this consideration, it is
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also clear that different factors, including plasma isolation protocol, miRNA extraction Kkit,
miRNA reverse transcription kit and finally the chosen miRNA analysis technology can
deeply affect the final results. Therefore, in order to design our experiment protocol several

experiments finalized to set-up the methods were necessary.

The first important aspect that must be considered is how to obtain the starting plasma
sample. Several protocols have been proposed in literature, with significative differences.
While all the authors agree that blood sample needs to be processed immediately after the
collection, protocols are much more heterogeneous as regard speed and time of
centrifugations. For this reason we compared three different plasma isolation protocols
commonly used in literature (Figure 4). The results obtained show that different employed
protocols for plasma isolation affected significantly the final miRNA concentration
obtained. Not surprising using low speed centrifugation (protocol A: 1200g, 10’), the loss of
miRNASs content in macrovesicles was avoided, and at same time detected miRNAs levels
were significative higher with respect to those obtained using protocols based on medium
(protocol B 1200g, 10’; 2400g, 20°) or high speed centrifugation (2000g, 20’; 16000g 107).
Considering the high difference in miRNA content between protocol A and protocol B and
C, we speculated that probably protocol A is not able to ensure the complete removal of
blood cells and, most of all, of platelets that at the moment of lysis release their miRNA
content, affecting miRNAs quantification. By contrast, no differences were shown when
protocol B and C were compared, indicating that even if high speed centrifugation is
employed no loss of vesicles encapsulated miRNAs occurred. Moreover, as reported in some
literature available studies, we confirmed that miRNAs are extremely stable in plasma
sample. In fact after analysing the same samples after six months minimal differences were
detected (Figure 5). Another important step that can affect final miRNA concentration is of
course miRNA extraction from plasma. In this respect several works have been already done
allowing a comparison between different miRNA extraction kit, but no data are available as
regard the rate of miRNAs that are lost during extraction. Our data demonstrate that a mean
loss, in the order of 10° occurred when miRNAs are extracted from plasma samples (Figure
2) but, very importantly, no significant differences were detected when different batches of

the same kit are tested, indicating a high reproducibility as regard the extraction step.
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IB. Validation of miRNA release model system looking at selected miRNAs

In the context of miRNAs analysis in CRC patients we considered three different
miRNAs: miR-141-3p, miR-221-3p and miR-222-3p, which were previously shown, by
several authors, to be modulated in plasma sample of CRC patients. To evaluate the effective
increase of miRNAs release in presence of colorectal cancer we employed two different
experimental models. Firstly, we analysed miRNAs content in three different colorectal
cancer cell lines (HT-29, LoVo and Ls174T) and we compared miRNA intracellular
concentration with the rate of miRNAs released in conditioned medium. Our data
demonstrate that the three selected miRNAs are not only well expressed in all three cell lines,
but are also released in supernatants. MiRNAs concentration in supernatants are particularly
interesting. In fact, while miR-221-3p and miR-222-3p release pattern is specular to
intracellular miRNAs pattern, miR-141-3p presents an expression profile in supernatants
completely different from intracellular profile. This suggested us that, each miRNA presents
a specific release profile, that is not completely dependent from starting miRNA intracellular
concentration, but probably, may be influenced by other factors, such as miRNA sequence
or modification during biogenesis. Moreover, miRNAs release is closely dependent from the
employed cell lines. This is demonstrated by the fact that HT-29 cells, independently from
the analysed miRNA, present the higher miRNA release ability (Figure 8). It is also
important to consider that the analysed medium is supplemented with 10% of FBS, which
contains bovine miRNAs. While our analysis suggests that human and bovine miR-141-3p,
miR-221-3p and miR-222-3p are perfectly homologous. The amount of bovine miRNAs was
found low and did not affect the conclusion drawn from the results obtained (Figure 7). We
also analysed miRNAs release in an in vivo context, analysing plasma and tumor tissue
samples isolated from nude mice xenografted with the three CRC cell lines. This model is
of course very useful, because is more similar to patient condition, and takes into account
possible reaction of cells and tissue surrounding tumor, reaction of the host body and blood
physiological clearance mechanisms. Data obtained by analysis of cmiRNA in plasma of
mouse models confirm as seen in supernatants, in fact HT-29 tumor releases the higher
miRNAs rate for all the three miRNAs, confirming high release ability of HT-29 cells
(Figure 11). It is also important to consider that all three human miRNAs present a sequence
perfectly homologous to murine miRNAs. In this respect, healthy mice used as controls
express good levels of circulating miR-141, miR-221 and miR-222. So, we hypothesize that
miRNAs absolute amount in plasma derives from (a) starting miRNA amount

physiologically present in blood of healthy mice, (b) a rate of human miRNA released by
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tumor tissue and (c) a possible amount of murine miRNAs release as consequence of tumor
presence. In order to evaluate the change of miRNA profile due to tumor presence, it is more
significant to analyse relative miRNA expression respect to control mice (Figure 14).
Interestingly, the presence of HT-29 tumor xenograft was able to sharply increase circulating
levels of all the three miRNAs, and the fold change presents the same trend of absolute
quantification. Once again, the high ability of HT-29 cells to release the three analysed
miRNAs was confirmed. At same time, the presence of Ls174T tumor xenograft does not
affect levels of circulating miR-141, miR-221 and miR-222, confirming supernatants data,
which shown very low ability of Ls174T to release the analysed miRNA. Finally, when
LoVo xenografted mice were considered only an increase in circulating miR-221 and miR-
222 is detected, demonstrating how within the same cellular model miRNAs are
differentially released. All together our data demonstrate that the three analysed miRNAs

are released by CRC cells both in vitro and in vivo.

Which is the most efficient PCR-based technique for miRNA analysis?

The data obtained in this first set of experiments were performed using two different
PCR-based techniques, droplet digital PCR (ddPCR) and absolute RTqPCR. This allowed
us to compare the two techniques in order to evaluate the most suitable methods for our
analysis. As it is possible to conclude comparing the data obtained with the two different
techniques (Figure 8 versus Figure 10 and Figure 11 versus Figure 13), using both techniques
the same trend was obtained, even if higher miRNA content values are obtained when
absolute miRNA quantification is performed with RTqPCR. This is not surprising,
considering that the employment of a standard curve created using known concentrations of
mature synthetic miRNA controls may introduce biases, due mainly to synthetic miRNA
extreme dilution, which may affect final results. Several other technical considerations must
be done. First of all, ddPCR does not require standard curve to give absolute quantification,
but, in this technique, absolute concentration is directly obtained applying Poisson law.
Moreover, sample partitioning, performed in droplet digital PCR, creates thousands of
droplets within which a single PCR reaction takes place, avoiding the need to analysed
samples in duplicates or triplicates. Finally, ddPCR analysis required less amount of starting
cDNA, and it is particularly useful in circulating miRNAs analysis, where the obtained RNA

sample is very limited. On the basis of these considerations, ddPCR represents the first
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choice in circulating miRNAs analysis, despite the cost for sample is higher with respect to

RTqPCR technique.

Plasma miRNA spiked samples as a tools for validation of innovative devices
(the ULTRAPLACAD project)

As previously discussed, several step are required for miRNAs quantification using
PCR-based techniques. MiRNA extraction and reverse transcription are necessary for PCR-
based analysis, but at the same time they are prone to introduce several biases. One of the
principal innovations of project validating novel platforms for ultrasensitive detection (as
the ULTRAPLACAD project) is the possibility to quantify miRNAs directly in plasma
sample avoiding intermediate steps that can affect final result. One of our research goals in
this respect was the creation of samples with known concentration of miRNAs in order to
verify the reliability of SPR-based device. Plasma samples from CRC patients represents
only the final step of the device set-up. Considering that high amount of plasma was required
to develop the device, and ethical issue in requiring high amount of blood to CRC patients,
the first set-up phase was performed using high amount of plasma isolated from healthy
donors and opportunely additioned with known amount of mature synthetic miRNA. Our
studies demonstrated that, when a naked mature miRNA is added to plasma is immediately
degraded by RNAse enzymes, which are contained in plasma (Figure 15). For this reason,
we developed a protocol based on the pre-treatment of plasma with RNAse inhibitor. Plasma
pre-treatment, for 10 minutes at room temperature, allows the complete inhibition of RNAse
providing data perfectly comparable to the situation in which synthetic miRNA is added
after plasma lysis and so, when RNAse enzymes have already be inactivated by lysis
solution. This protocol allows to generate high amount of plasma, spiked with known
concentration of mature miRNAs, to be analysed at same time in ddPCR (Figure 16) and
using ULTRAPLACAD-device (experiment undergoing) in order to verify the reliability
and the efficiency of the device in direct miRNA detection. The major limit of this kind of
sample is associated to the physiological presence of the investigated miRNAs in starting
human plasma samples used for the spiking, and so the lowest concentration that can be
detected is represented by the physiological miRNA concentration in healthy subjects
plasma samples. With these considerations in mind, we can anyway conclude that spiked
plasma samples, as far as concern miRNAs, are suitable for the preliminary set-up phase of

characterization of devices based on novel direct detection strategies.
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A panel of miRNAs is most suitable for diagnosis: implementing the list.

The final goal of our project is the analysis of plasma samples from both healthy
subjects and CRC patients. As regard the miRNA analysis, we verified 32 samples from
CRC patients and 9 samples from healthy subjects (Figure 18). First important point to
consider is that despite several studies available in the literature demonstrated that miR-141-
3p, miR-221-3p and miR-222-3p are significanly modulated in plasma of CRC patients, in
our panel of patients only in few cases we detected a significant change with respect to our
control samples. Following critical analysis of the available data, it was immediately clear
that several methodological differences are present among those used to obtain the data by
the different research groups, including employed method to obtain plasma, extraction
method and miRNA detection technique. Moreover, large amounts of data were obtained by
high-throughput screening methods, but were not validated by PCR-based technique. All
together these data suggest us that the method of sample preparation is extremely important,
especially, in circulating miRNAs analysis and can affected significantly the final data. Data
available in literature can not be compared, considering high variability due to plasma
isolation and extraction methods. Considering high interest of circulating miRNA as
diagnostic tools, a standardization of protocols, as regard plasma biobank creation, miRNA
extraction and analysis is required in order to increase reproducibility and compare data
produced by different laboratories. On the other hand, we considered more carefully our
panel of miRNAs, and it is clear that considering only miR-141-3p, miR-221-3p and miR-
222-3p, we were unable to predict CRC is several case (25 out of 32 patients analysed).
Therefore, the miRNA list to be considered for CRC diagnosis should be implemented. In
conclusion, we demonstrated that miRNAs are released in the external environment by CRC
cells, the amount of the release is dependent on the cells features, and moreover, within the
same cellular type, the amount of released miRNAs does not depend only by the starting
intracellular miRNA levels. This was confirmed also in in vivo models, in which several
others factors interfere, such as the systemic response to the tumor presence, or blood
clearance. These data confirm that cmiRNAs are useful tools for CRC diagnosis, even if
several issues must be solved. The first important issue regards the reproducibility of data
between laboratories. In fact our set-up data demonstrate how the protocol for sample
preparation and analysis can affect final results. Moreover, we demonstrate as only a single

miRNA or few miRNA (for instance miR-141, miR-221 and miR-222) are not sufficient to
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make diagnostic prediction. The employment of at least 10 miRNAs is expected from our

data to be more informative,

With respect to this high throughput screening analyses (such as microarray or
RNAseq) are expected to be necessary, in order to identify a panel of miRNAs, which are
modulated in all analysed CRC patients, while are stable in control samples. In this way it

will be possible to draft a list of candidate biomarkers to be routinely used as screening tool.

II. Circulating miRNA as tools for ABT detection

In the second part of our work, we verify the possibility that cmiRNA can be
employed as biomarkers of autologous blood transfusion. ABT, is an illicit practice common
between athletes, employed to enhance their athletic performances. This technique consists
in withdrawal of some units of blood generally, several weeks before the competition, which
were then reinfused some days before the performance. Collected blood is conserved for
short periods; less than 40 days at +4°C, while for long term storage cryopreservation is
preferred. This practice is based on the evidence that transfusions causes an increase in
haemoglobin amount, which results in an increased volume of transported oxygen and
consequently in an athletic performance improvement. Despite others techniques, such as
the use of erythropoietin, give better results, ABT is particularly employed because, no
validated tests to detect ABT are still available. In this thesis we suggest circulating miRNAs
as possible biomarkers. Is not the first time that miRNAs have been proposed as ABT
markers, previously, Leuenberger and colleagues identify a small group of 5 miRNAs which
levels in plasma result to be modulated immediately after blood transfusion. Respect to
Leuenberger work we proposed, in our opinion, three important innovations. First of all,
Leuenberger group investigated miRNAs modulation only in the first hours immediately
after blood reinfusion, while our study was designed in order to verify circulating miRNA
response, both in the short T6 (+3) and medium T8 (+15) term after blood reinfusion (see
Figure 19 for a flow chart of the detection protocols), and furthermore, the response after
blood withdrawal was verified. In the second instance, also cryopreserving storage method
was taken in consideration, while Leuenberger and co-workers considered only +4°C blood
storage. Starting from two considerations: (a) blood storage technique can affect the body

response when blood is reinfused, (b) blood cryopreservation is more suitable for athletes,
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because blood withdrawal can be performed several months before the performance, we
analysed cmiRNAs profile in both athletes reinfused with +4°C stored blood and in athletes

transfused with cryopreserved autologous blood.

Are miRNAs related to erythroid differentiation good candidates as ABT

markers?

In the first part of the work, we started from the hypothesis that both blood
withdrawal and reinfusion may cause a change in oxygen availability and consequently
several parameters related to oxygen levels may be affected. In particular, several studies
associated changes is oxygen levels with both erythropoiesis induction and fetal
haemoglobin production [Haase et al., 2013 and Risso et al., 2012]. For this reason in the
first phase we focused our attention in miRNAs which have been previously associated with
these two pathways. The combined analysis of literature available data associated to the first
preliminary data obtained by microarray analysis, allowed to identify a list of 8 miRNAs
which were analysed in three pools of control subjects and in six athletes that underwent to
ABT (Table 11). Between all subjects, in five of the six subjects at least one miRNA results
to be modulated, while the number of modulated miRNAs is extremely variable between
subjects (Table 12). Among the 8 investigated miRNAs, particularly interesting was shown
to be miR-486-3p, which is upregulated in three of the six ABT trained athletes. The trend
of this miRNA was also confirmed by another miRNA detection technique: ddPCR,
demonstrating that data is not affected by biases due to the selected miRNA analysis method
(Figure 24). In conclusion, by our preliminary data, miRNAs related to oxygen availability
are modulated when ABT occurred, and may be useful as markers in anti-doping strategy.
The number of analysed sample, in this preliminary phase is limited and our data must be
confirmed in the others six available subjects, in which we expected similar trend. Despite
the limited number of analysed samples, we considered the data obtained a proof of the

principle for further analysis.

A panel of miRNAs as possible ABT biomarkers

Taking advantage from the microarray analysis, allowing quantification of all
miRNAs expressed in plasma samples we performed an overall analysis to detect new

miRNAs of possible interest in ABT detection. We identified 20 miRNAs which are up-
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regulated in both athletes that underwent to reinfusion with both +4°C stored and
cryopreserved blood, three days after blood reinfusion. At same time we considered common
modulated circulating miRNAs at T3 (-25) and T8 (+15). By a first preliminary analysis,
methods of blood storage seem to affect significantly the profile of modulated miRNAs.
With respect to single miRNA analysis, miR-6175-3p was found to be upregulated in all six
subjects at T6 (+3), while miR-6785-5p was found to be upregulated in all six subjects at T8
(+15). Unfortunately, considering their recent introduction no information are available
about these two miRNAs, but of course, they need to be investigated more in deep. The
difference between the two cohorts of ABT trained athletes is clear, and in our opinion will
be confirmed analysing the others six subjects. Starting from the consideration that both
storage methods are possible, we considered all miRNAs modulated in both cohorts of
athletes, and we drafted a list of 17 miRNAs, composed by the five (or less in same cases)
most modulated miRNAs at each time point. This set of miRNAs may be analysed routinely
in athletes, and changes in one or more miRNAs, depending on person to person variability,
may be indicative that blood withdrawal or ABT have occurred. From this point of view, a
‘miRNA passport’ would be useful, in which the 17 miRNAs part of the list, are analysed in
4-5 independent blood samples, taken at different time point, during the season, in order to
achieve information about physiological fluctuations of selected miRNAs in each subject.
Every miRNA value outside these physiological values, would be indicative of a possible
illicit practice. In conclusion, we demonstrated that circulating miRNAs may be useful also
as markers of changes respect to physiological condition. We identified two different list of
miRNAs, one, composed by 8 miRNAs, which is based exclusively on miRNAs, that are in
some way related to oxygen availability, and for which this correlation is already
demonstrated in literature. An overall analysis was also performed, that considers all
miRNAs expressed in plasma samples, and we identify a list of 17 miRNAs, which are stable
in control subject, while are modulated in subjects that underwent ABT. Our data support

the concept that miRNA analysis is important for ABT detection in sports.

II1. MicroRNAs as possible therapeutic tools: application in beta thalassemia

treatment

In the third part of the work we considered miRNAs as possible therapeutic tools. In

fact the main function of miRNAs is the targeting of messenger RNA, resulting in regulation
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of protein production. In this thesis we employed miRNA-based therapy as possible strategy
for the treatment of B-thalassemia. Beta-thalassemia is a genetic disease caused by mutations
within or near the B-globin gene resulting in absent synthesis of B-globin chains. The first
manifestation of the pathology is anaemia, which severity depends on the type of mutation
causing disease, followed by several others clinical manifestations due to the lack of B-globin
chains and the consequent excess of free a-globin chains. Is now universally accepted that
the co-inheritance of hereditary persistence of fetal haemoglobin phenotype and beta-
thalassemia mutations ameliorate symptomatology. In fact, people which present HPFH
continue to produce fetal haemoglobin also in adult age, and this phenomenon is particularly
useful in beta-thalassemia patients because y-globin chains can partially replace the lack of
B-globin chains. Starting from this evidence, a new therapeutic approach based on the
reactivation of fetal haemoglobin production was proposed to treat beta thalassemia. The
mechanism of gamma globin gene silencing is well established and is clear that the
transcription factor BCL11A is one of the principal repressor of y-globin gene. In this context
BCLI11A has become a key target for different chemical or biological compounds. Another
research group [Lulli et al., 2013] has proposed a miRNA-based approach to down-regulate
BCLI11A, in particular they shown that BCL11A 3’UTR is targeted by miR-486-3p. In our
analysis, starting from the evidences that miR-210-3p is upregulated when fetal haemoglobin
production is induced (Figure 36), we investigated possible correlation between miR-210-
3p and BCL11A. Our bioinformatic analysis (Figure 37) predicted that miR-210-3p is able
to bind BCL11A mRNA in the coding region (nucleotides 789-798) and the interaction was
confirmed by SPR-based biomolecular interaction analysis (Figure 39). Starting from this
preliminary data, we verified the effects of forced miRNAs expression in erythroid
precursors cells and in cellular clones expressing BCL11A at high levels. K562-BCL11A
clones were created by our research team in order to verify molecules acting on BCL11A
transcript, considering that K562 cells, normally used to perform fetal haemoglobin
induction experiments, expresses at very low levels BCL11A. Our data suggests that the
over expression of miR-210-3p in K562-BCL11A clones, leads to a sharp decrease of
BCLI1A transcript and is also associated with an increase of gamma globin mRNA
production, when the higher concentrations (90 and 270 nM) of premiR-210-3p are
considered (Figure 40). Effects at transcriptional levels are associated to effects at post-
transcriptional levels. In fact when the higher concentration of premiR-210-3p (200 nM) is
transfected to cells for 72 hours a significative decrease of BCL11A protein is detected

(Figure 41). Similar effects were observed in ErPCs, in this case the decrease of BCL11A
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mRNA and the increase of gamma globin transcript (Figure 42) were associated with the

increase of gamma globin production detected by Elisa analysis (Figure 43).

Our data suggests a direct correlation between the increase of miR-210-3p and BCL11A
decrease, despite, in ErPCs, considering the high amount of proteic extracts required for
western blotting analysis and low number of ErPCs obtained by isolation protocol was not
possible to perform western blot analysis to verify BCL11A protein content. On the other
hand, effects of miR-210-3p over expression are limited to BCL11A and y-globin
expression, in fact, no changes of others erythroid markers, such as transferrin receptor and
glycophorin A were detected (Figure 43). Our data suggest that the employment of miR-
210-3p mimic molecules is not sufficient to induce the activation of erythroid differentiation.
At this purpose treatment with miRNA mimic molecules should be combined with other
inducers of erythroid differentiation in order to fully induce HbF accumulation. Moreover,
considering that miR-210-3p targets a sequence in the coding region of BCL11A, while miR-
486-3p, previously validated by Lulli and colleagues, targets the 3’UTR of BCLI11A
transcript, a co-treatment may be considered in order to enhance the effects. All together our
data demonstrate that miR-210-3p is able to target BCL11A leading to the decrease of
mRNA and protein levels, starting from this evidence we also employed two PNAs, able to
target BCL11A transcript in the region targeted by miR-210-3p. In fact, PNAs are much
more stable respect to premiRNA molecules, and do not require transfection agents because
they are already chemically modified to be easily delivered into cells. Our preliminary data
demonstrate that both PNAs are able to reduce BCL11A mRNA expression, and as expected,
the major reduction is obtained when the PNA perfectly complementary to miR-210-3p
binding site, is employed (Figure 44). Moreover these PNAs were employed in combination
with one of the most powerful fetal haemoglobin inducers: mitramycin demonstrating a good
increase in benzidine-positive cells percentage when MTH is used in association with PNA,
respect to MTH alone (Figure 45). The same combined treatment was also verified analysing
gamma globin mRNA expression, in this case only a slight increase of gamma globin
production was detected respect to cells treated with only MTH. Considering that in this case
we employed the optimal MTH concentration, normally employed to obtain the best fetal
haemoglobin induction, we speculate that probably differences will be more significative
using sub-optimal concentrations of MTH. Only in a preliminary way, PNAs were also tested
in ErPCs obtained by a beta-thalassemia patient, even in this case a decrease of BCL11A
mRNA was obtained, but in this case data are very preliminary, and a deeper investigation

is required, especially considering high variability in BCL11A expression levels between
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beta-thalassemia patients. Despite our study is yet in a preliminary step, in particular, an
analysis as regard effects of PNAs on BCL11A protein is required, the employment of PNAs
binding miR-210-3p target sequence seems to be a prosing approach in BCL11A down-

regulation.

IV. Delivery: Calixarene based molecules as possible miRNA-based molecules

carriers

In the last part of the thesis we considered the important issue related to miRNA-
based molecule delivery into cells, in fact, this kind of molecules need an appropriate
delivery system to be transferred into cells. In addition, delivery molecules present another
important function: they protected miRNA-based molecules from nuclease degradation.
Several kinds of delivery system have been proposed in the years, starting from viral vectors,
which present high efficiency, but also several issues as regard safety. On the contrary non-
viral vectors, are of course much more safe, but their transfection efficiency is much lower.
At moment the non-viral lipid-based vectors represent the first choice, in common laboratory
practice to delivery antimiRNA and premiRNA molecules. Generally, these molecules are
cationic lipids which are able to interact with negative charges present in miRNA-based
molecules. Despite a large number of improvements allow to increase transfection efficiency
and loading capacity, the high toxicity of this kind of molecules is still an unsolved issue.
Thanks to a collaboration with Professor Sansone research group (University of Parma) we
investigated a molecule, called ML122, synthesized by Professor Sansone and colleagues
and previously used to DNA delivery. Starting from the hypothesis that the cup-shape of
ML122, associated with positive charges present in the upper rim of the molecule may be
useful for miRNA-based molecules delivery, we tested ML122 transfection efficiency in two
different cell lines, the adherent U251 glioma cell line and the suspension K562, which
furthermore are difficult to transfect. In a preliminary phase, we investigated ML122
transfection efficiency employing a) a mature synthetic miRNA (Figures 48 and 49) b)
premiRNA molecule (Figure 50) and c¢) an antimiRNA molecules (Figure 53) in both cell
lines with very promising results. In fact, after miRNA (Figure 49) or premiRNA (Figure
50) transfection with ML122 a dramatically increase of intracellular miRNA content was
obtained. Furthermore, comparative experiments demonstrate that ML122 is very
competitive with some of the most used commercial available transfection agents (Figure
50). At same way when antimiRNA molecules are transfected with ML122 a sharp decrease
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of intracellular concentration of target miRNA is detected and the miRNA decrease is even
better respect to decrease obtained employing one of the most competitive commercial

available transfection agent (Figure 53).

Are ML122 delivered molecules biologically active?

After this preliminary set of experiment that also, allow us to set-up transfection
protocol (Figures 51 and 52), we focused our attention on consequences of ML122 mediated
transfection. Is important to underline that increased levels of mature miRNA resulting from
premiRNA transfection using ML122 as vehicle demonstrate that, once delivered,
premiRNA is not only released by the complex formed with the delivery molecule, but is
also able to take part to RNA interference pathway. This in our opinion represent a first proof
that miRNA-based molecules delivered by ML 122 are biologically active and maintain their
functions once internalized into the cells. In order to further investigate this key point we
evaluate effects of delivered miRNA-based molecules on their target mRNA. Two different
biological models were considered, in first instance, as previously demonstrated premiR-
210-3p transfection in ErPCs, and the consequent increase of miR-210-3p intracellular levels
increase is able to down-regulate BCL11A mRNA expression. PremiR-210-3p delivered by
ML122 is able to produce a significative reduction of BCL11A, compared to that seen when
commercial available transfection agents are employed. In the second biological model we
employed an antimiRNA molecule, in this case, we start from a work performed by Brognara
and colleagues [Brognara et al., 2015], which demonstrates that miR-221-3p decrease results
in apoptosis induction, in different glioma cell lines. For this reason, we evaluate effects of
antimiR-221-3p transfection mediated by ML122, in U251 cell lines. Our data suggest that
antimiR-221-3p vehicled by ML122, is able to reduce miR-221-3p intracellular levels and
results in apoptosis induction in U251 cell line, although a quite pro-apoptotic effect was
detected also when ML122 was employed without antimiRNA molecule (Figure 56).
Obtained data suggest that MLL122 can be employed as non-viral vector to deliver miRNA-
based molecules with high efficiency, in different cell lines. MLL122 was shown to be very
competitive with others commercial available transfection agents, and most important, we
demonstrate that molecules delivered by ML122 are not only released by the complex
formed with the delivery compound, but are also able to perform their biological activity.
On the other hand, despite we developed a transfection protocol that require low
concentration of MLL122, a little pro-apoptotic effect was shown when ML122 was used with
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no miRNA-based molecules, this suggest us that a more in depth study (discussed in the next

chapter), to investigate ML122 toxicity is required.

Is ML122 suitable for PNA delivery?

Starting from the hypothesis that cup shape of ML122 could be useful to delivery no-charged
molecules, we verify if ML122 may also deliver PNAs. Our preliminary analysis performed
using PNA fluorescently labelled demonstrate a good cellular uptake when a non-
functionalized PNA is delivered with MLL122, even if is important to underline that our data
demonstrate that PNA functionalized with polyarginine peptide (RS8), presents higher
transfection efficiency (Figure 57). As for miRNAs, also for PNAs was important verify, if
ML122-delivered molecules are released by the transfection complex, and most important if
they maintain their biological activity. Even in this case we investigated a simple biological
model proposed by Brognara and co-workers: miR-221-3p decrease results in apoptosis
induction in glioma cell lines, but in this case we employed a PNA targeting miR-221-3p.
Apoptotic cell rate obtained when PNA against miR-221-3p was transfected using ML122,
was compared to the percentage of apoptotic cells registered when a PNA with the same
sequence, but functionalized with a polyarginine peptide, was employed (Figure 58).
According to that previously seen for cellular uptake, PNA delivered with ML122 is able to
induce apoptosis in U251 cell lines, despite the percentage of apoptotic cells, is lower respect
to value registered when polyarginine functionalized PNA is employed. This does not
surprise us, in fact as previously said, a lower cellular uptake is detected when PNA is
delivered with ML122, and consequently lower biological effects are expected. Despite
ML122 demonstrates to be less efficient than PNA functionalization with RS, an important
advantage can be reached in employing ML122 as delivery system, in fact, we demonstrate
that employing only a delivery molecule is possible to delivery at same time two different
kinds of molecules, in our case a premiRNA and a PNA, with the same efficiency obtained
when a single molecule is delivered (Figure 61). This finding is extremely important,
considering that combined treatment, based on the simultaneous multi-targeting is very
important in new treatment developed, and employing one delivery molecule, ML122 is
possible to considerably reduce toxicity due to vehicle. Moreover, first preliminary screening
of molecules with a calixarene-based structure, similar to ML122, with little chemical

modifications, allows us to identify two other possible vehicles: GME28 and CRL23/I,
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which needs to be investigated more in depth, in order to find molecules with similar

structure, but presenting major transfection efficiency.

Evaluation of ML122 toxicity

Once evaluated efficiency of ML122 in transfection both miRNA-based molecules
and PNAs, was extremely important in our opinion evaluate, toxicity of ML122 and its
analogues, considering that one of the principal problems of commercial available
transfection agents, is the high toxicity. In a preliminary step, we evaluate cell viability, and
possible pro-apoptotic effects of ML122, in both analysed cell lines: K562 cells and U251.
As seen also for commercial available transfection agents (data not shown), toxic effects, are
limited when K562 cells are considered, while are more consistent when U251 cell line is
considered (Figures 63a, 63b, 65a and 65b). For this reason, we speculate that probably U251
cells are much more sensitive to transfection procedure and we tested ML122-analogues:
GME?28 and CRL23/T only in U251 cell lines, in order to verify the worst condition. ML122
demonstrates at lower concentration very limited effects on cell viability, while sensitive
reduction of viable cells was registered only when ML122 is employed at higher
concentration for 72 hours. When apoptotic profile is considered, percentage of apoptotic
cells is directly proportional to MLL122, concentration. Is important to underline that in U251
cells, already at 2,5 uM of ML122, concentration that we consider optimal, for transfection
protocol, a quite high increase of apoptotic cell percentage respect to control was detected,
but it is still comparable to that see for commercial available compounds. While no
significative pro-apoptotic effects were shown when K562 cells were analysed (Figure 65a).
The comparison between ML122, GME28 and CRL23/I, demonstrates that despite CRL23/I
and GME28 present similar or in some case a little better transfection efficiency, they have
significative higher pro-apoptotic effects. Moreover, we investigated possible pro-
inflammatory response followed by transfection, analysing some of the most common
inflammation-involved cytokines. Our data demonstrate that, despite ML122 modulates
cytokines expression profile, especially for some cytokines as IL-7 and VEGF, the effects
on cytokines expression are significative less evident respect to Lipofectamine RNA iMAX,
one of the best MLL122 competitor, as regard transfection efficiency. All together our data
suggest that MLL122 does not present pro-apoptotic effects in K562, while moderate pro-
apoptotic effects, especially at higher concentrations, were shown in U251 cells, which
according to our past experience are very sensible to transfection agents. Both pro-apoptotic
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and pro-inflammatory effects caused by transfection with ML122, are anyway comparable
to effects caused by commercial available transfection agents. At same time, despite two
ML122 analogous, GME-28 and CRL23/I was shown to be very competitive with ML.122
as regard PNA transfection efficiency, we evaluated also their possible toxic effects, but in
this case, they were shown to be significative more toxic than ML.122 and for this reason no
further analysis were performed for this compounds. In conclusion, we proposed ML122 as
possible vehicle for both miRNA-based molecules and PNA. We demonstrate that MLL122
is able to internalized into cells both kind of molecules and these, once into cells, are released
by the complex with ML122, and are still biologically active. Moreover, ML122 can be
employed for the simultaneous transfection of both miRNA-based molecules and PNA, with
significative advantages in multi-targeting therapy. The analysis of ML122 toxicity, reveals
that MLL122 presents moderate pro-apoptotic effects and quite pro-inflammatory effects, that
are anyway comparable to commercial available data, and can be probably reduced, with

further analysis regarding transfection protocol set-up.

Conclusions

Thanks to their short sequence and their consequent multi-targets, microRNAs are
involved in a large spectrum of disease. A large number of publication have been proposed
since their discovery in 1993, regarding their function, and their possible applications as
biomarkers or as therapeutic molecules. The results presented in this Thesis support the

concept that miRNAs and miRNA-modifiers are a key tool in THERANOSTICS.
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