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1. INTRODUCTION

1.1 MicroRNAs: definition and biogenesis

MicroRNAs (miRs) are a highly conserved class ofakmmon-coding RNAs single-stranded,
approximately 18-25 nt in length. These molecuhésract with their mRNA targets by base pairing
with complementary sequences in the 3' UTR regibmBNA molecules. MiRs have emerged as
key regulators of gene expression at a post-trgtsmral level since their discovery. The first miR
lin-4, was discovered in C. elegans by Ambros aisdghoup in 1993 (Lee et al., 1993). Ambros
succeeded in cloning lin-4 locus and he identified small transcripts of approximately 22 and 61
nucleotides, where the latter fragment was theyssec of the shorter one. Sequence alignment
analysis confirmed that both of them matched in 3hdJTR region of lin-14 mRNA. These
experimental evidences supported the hypothedis-df being a negative regulator of lin-14, with
the imperfect binding of 3' UTR and the formatiohnoultiple RNA duplex that down-regulate lin-
14 translation. The conclusion of these discovenas that lin-4 must have a primary role in C.
elegans developmental timing during post-embry@vents, controlling lin-14 (Wightman et al.,
1993). A second miR, let-7, was identified seveargdater in the same nematode model organism.
As described for lin-4, let-7 showed an inhibit@fyect on various C. elegans heterochronic genes
(including lin-14) promoting the progression froatd-larval to adult life stage by binding to 3’
UTR regions of the target MRNA (Reinhart et al.0@0 Because of their role in regulating
developmental stages transition, lin4 and let-7emeamed “small temporal RNAs” (stRNAS),
guessing they were actually members of a widersatdgegulatory small RNAs still unknown at
that moment (Pasquinelli et al., 2000). Soon afteany other miRs were isolated in different
species and found to be related not only to pdeaidemporal stages, but also to specific cell sype
Currently, 35828 mature miR products from 223 défe species are listed in “miRBase” database.
Among them, 1881 are hairpin precursor expresss&8human mature miRs (http://mirbase.org,
Release 21, June 2014). As negative gene regulabiiRs mediate protein synthesis repression in
different cell types and they affect various biot@d processes, such as proliferation, differerimt

aging and apoptosis.

MiRs biogenesis is represented schematically réd..1.



a Biogenesis of canonical miRNA

miRMNA gane

;Fﬂl I

Transcription

| DGCRE
[Pasha in flies)
Cropping
pre-miRNA
Exportin 5-RanGTP
Ex
pot Mucleus
Cytoplazm

Dicer
{Dicer 1in flies)

- AGO1-4
(AGOI in fljes)

TREP or PACT

(LOQS in flies)
Dicing
TREP or PACT — -
3 - Diicer
I:I.DQS in ﬁIES} [DiCEi' it nIESI
AGOT-4
(AGON in flies)

Loading

AGOI-4 i
(AGO! in flies) === miRNA

Figure 1.1 miRs biogenesis pathway (Kim et al., 2009)

Micreprocessor ||
[Drasha-DGCRE)

Commitrnent

complex
Croppin
pre-miRMA
Splicecsome
Dicing Spllcmgl
-
Mature miRMNA Mature mRMNA

€ Mon-canonical intronic small RNA {mirtron)

pre-mRNA Spliceosome

Splicing

Mature mRNA Branched pre-mirtran

{excised intron)

e,
D..ﬁhmh.R erL

Trimming

pre-mikMA

Dicing

Mature miRh A

Mature Reviews | Malecular Cell Biology



Most of miRs generate in the nucleus from RNA pddyase Il transcription of miR genes. Only a
small class of miR-genes, that are interspersedngmdu repetitive elements, are transcribed by
RNA polymerase Ill. MiR loci are widespread throogh the genome and can be found either
inside intronic or exonic regions of non-coding ggnintronic sequences of protein-coding genes, or
between independent transcription units (intergefibe majority of intronic miRs share the same
promoter of the host gene, while a smaller numbdranscribed from its own promoter enabling
separate control of transcription (Monteys et &010). MiRs biogenesis starts with RNA
polymerase Il or Il transcription of pri-miRNA (jonary miRNA), a stem-loop sequence which
may encode for more than one mature miR. Like mRNbAsmiRs are spliced, 7-methylguanosine
capped at the 5’ terminus and polyadenylated aBtherminus. The first step of miR maturation is
mediated by a protein complex consisting of the &NHI type enzyme Drosha and its essential
cofactor DGCR8 (DiGeorge critical region 8), a d#RMNinding protein also known as Pasha.
Besides the core proteins, the microprocessor megjin vivo other accessory proteins, such as the
helicases p68 and p72, and the RNA binding prdialRNP Al (Liu et al., 2008). DGCRS8 anchors
pri-miR at the junction point between single andildle strand RNA driving the correct positioning
of Drosha, which cleaves approximately 11 nucletiddownstream into the stem region.
Experimental evidences show that Drosha-mediatedvelge occurs in a co-transcriptionally
fashion along with splicing. Pri-miRNA processingngrates a 70 nucleotide product called
precursor-miRNA (pre-miRNA), whose peculiar struetwconsists of a 5' phosphate, a hairpin
region and a 2-nucleotides hydroxyl overhang atXhehich is essential for nuclear export factor
Exportin 5 (EXP5) recognition. The EXP5-Ran GTP ptex recognizes the double-stranded stem
as well as the 3’ overhang, stabilizes pre-miR @néng its degradation and, finally, actively
transports pre-miR intermediate from the nucleuth&cytoplasm. Ran-GTP is then hydrolyzed in
Ran-GDP by RanGAP, causing EXP5 to release premakecule.

Canonical intronic miRs are processed co-transonptly before splicing. MiR-containing introns
are recognized by the microprocessor and cleave®rogha. The resulting hairpin bears a 5’
phosphate and a 3’ overhang, thus entering the pndgessing pathway while the rest of the
transcript follows pre-mRNA maturing process. Sfpiecexperimental analysis show that miRs
“cropping” process does not seem to affect mRNAcs (Kim et al., 2009).

Non-canonical intronic miRs are a subgroup of mg®se biogenesis depends totally on splicing

machinery, therefore it completely bypasses mia@ogssor recognition and Drosha cleavage. This



class of miRs (named mirtrons) originates from dabhed excised introns, also called “lariat”.
After debranching, mirtrons fold into hairpin sttwe that mimics pre-miR molecules and are
subsequently exported in the cytoplasm.

Drosha nuclear cleavage defines one end of thereatiR. Once in the cytoplasm, a second RNase
[l enzyme called Dicer, in combination with cofarg TRBP (Tar RNA binding protein) and PACT
(protein activator of dsRNA-dependent protein kejasemoves the loop sequence in pre-miRNA
structure producing a 22 nt double stranded RNAnwpa 5 phosphate and 3’ overhang on both
ends (Bartel, 2004). The two strands of the dupllexnamed one antisense or “guide” strand, the
other sense or “passenger” strand, and are usdaihfified respectively with the “-5p” and “-3p”
suffix. Once cleaved, the duplex is unwound andegaty only the guide strand is loaded into one
of the Ago proteins of the Argonaute family as thature miR, while the passenger strand is
degraded. The main parameter to determine whichndtiwill be retained is based on the
thermodynamic asymmetry of miR molecules: the sti@gving the less stable 5’ end will be loaded
to Ago protein, while the other one will undergaydidation by Ago slicer activity. Some hairpins,
however, generate mature miRs from both stranddjragng that strand selection is not a stringent
process (Schwarz et al., 2003).

Mature miR and Ago protein are the core componehtise effector complex, named miRNP (miR-
containing ribonucleoprotein complex) or RISC (miffuced silencing complex), that mediates
miR’s activity. Although miRNPs assembly mechanisnstill to be clarified in humans, evidences
show that Ago protein, Dicer, TRBP and PACT are rthein components of the miRNP-loading
complex (miRLC) which processes pre-miRs througleceDicleavage. A yet-unidentified RNA
helicase promotes the unwinding of the double dirttren the stable end of the miR duplex, i.e. the
passenger strand, binds to TRBP and is soon hydrollgy Ago endonucleolytic enzymatic activity,
while the mature miR, or guide strand, is loadet iAgo ribonucleoprotein. As miRLC finally

disassembles, RISC core complex (miR and Ago)ndigored (Maniataki and Mourelatos, 2005).

1.2 MiRsregulate gene expression

1.2.1 MiRs-mediated down-regulation of mRNA
Argonaute proteins are 95kDa proteins containin@AZ and a PIWI domain. According to

aminoacid sequence alignments, the Argonaute fawcaly be clustered in the Ago and Piwi



subfamilies: while the former is expressed in a&ll dypes, the latter can be found almost
exclusively in stem cells and the germline. Humhase 4 different Ago proteins (Ago 1-4) that

bind the 3’ 2 nt overhang through their PAZ domaincheal Ago protein analysis showed that
PIWI domain is structured as a RNaseH-like catalytomain, which is characterized by the
catalytic triad Asp-Asp-Glu (DDE) coordinating oreg two Mg2+ ions. Argonaute proteins

possesses a peculiar catalytic triad that comptisesaspartates and one histidine residue (DDH
motif), which are responsible for Ago slicer adifviAmong human Ago proteins, AgoZ2 is the only

one competent for mMRNA cleaving activity (Liu et &004).

Through RISC complex, miRs mediate gene silencilegbase-pairing between miR recognition
element (MRE, located in the 3' UTR of target mRN#&)d miR 5’ “seed” region (nt 2 to 8) (figure
1.2).

Seed
Proximal
MNucleus
| —
nt-8  nt-2
3-HO 1 ¢ &.p MIRNA or siRNA
5 — 3' RNA Target

I I
MRE
{miRMA Recognition Element)

Figure 1.2 miR binding to target mRNA (Liu et al., 2008)

Recent findings, however, confirmed that some méRwially possess a 3’ end interaction site
specific to the 5° UTR of the cognate mRNA, andtttiee most of translational repression was
achieved when both 3' UTR and 5’ UTR interactiotesiwere present in miR sequence (Lee et al.,
2009).

The biological outcome of Ago-miR interaction stiyc depends on the extension of base
complementarity and on which Ago protein is depusion the target mRNA. A non-perfect match
between miRs and MRE region results in target mRi¢atabilization and translational repression

through different mechanisms and at different stagjerotein synthesis.



First of all, miRs may impair translation initiatidoy chromatin remodeling or recruiting decapping
and deadenylating enzymes as well as exonucleasesralonucleases. Additionally, Ago proteins
compete with CBP (cap binding protein) and initatifactors, such as elF4E, in binding the 5’
methylguanosine cap, thus preventing mRNA circaédion and translation initiation.

At a co-transcriptional stage, miRNPs may interfeviéh ribosome assembly or induce its
dissociation due to steric hindrance. Besides, ptera termination and cotranslational degradation
of the nascent protein may occur, owed respectiteemiRNPs competition with elongation factors
and specific proteases enzymatic activity.

Apart from translational repression and mRNA dagtaion, when a miR bound to Ago2 matches
perfectly with the cognate mRNA, the target undeggenzymatic degradation. As happens with
other RNase H-like enzymes, Ago2 slicer activityscarget mRNA near miR’s nucleotides 10-11,
producing 5phosphate and 8ydroxyl ends. While the mature miR remains inteantget mRNA is
subsequently degraded via routine exonucleolygestion. Target mMRNA cleavage by miRs is the
major mechanism of regulation by plant miRs. Imzals, however, there are very few examples of
miRs that regulate their mRNA targets by cleavaggher, the predominant silencing mode of
animal miRs is to repress the translation of tha&®NA targets and/or to destabilize them without
endonucleolytic cleavage.

All mechanisms of miRs interaction with mRNA targeé summarized in figure 1.3.

MIRISC/Ago complex el Ve

v miRNA/mRNA hybrid

A
m’G m AAAA mRNA destabilization
o BRI | N g
A4
Inhibition of translation
M/G =———— m_44 mRNA degradation
4

Figure 1.3 Mechanism of action of miRs (modified from Pivteaé, 2013).



1.2.2 MiRs-mediated up-regulation of mMRNA

Since the last decade, many studies have revda¢dot only miR-mediated down-regulation is a
reversible process, but also that some miRs mayasqgbositive regulators of gene expression.
Translational enhancement may derive from a dmetivation by miRNPs or from the relieving of a
preexisting translational repression state.

One of the first cases reported in literature iR+hR22, a liver-specific miR that binds either te i
UTR or the 3' UTR of Hepatitis C virus (HCV) genomRecent studies have proved that the
sequestration of miR-122 by miR-122 ASO (antiseolégonucleotide) led to a 80% decrease of
HCV RNA and viral proteins. Indeed, when the birgdgite resided in the 5’ NCR region, both viral
gene replication and translation resulted up-reagdlgJopling et al., 2005). Since miR-122 binds
two adjacent sites (seed-match-site 1 and 2) Idcafestream the internal ribosome entry site
(IRES), the subsequent recruitment of miRNPs orNER could scaffold many other proteins
required for genome replication and translationg. &RNA polymerase. In addition, these
multiprotein complexes could conceal the uncappedBC of viral RNA from cytoplasmic
exonucleases as well as mimic a cellular mMRNA cpcture, therefore enhancing ribosome
association and viral mRNA translation (Valineziadng et al., 2014). Figure 1.4 represents the

different mechanisms of miR-122-mediated HCV gemegulation.
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Figure 1.4 Activation of hepatitis C virus expression by #iR2, a liver-specific miR (Valinezhad Orang ef a014).
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Another example of miRs targeting the 5 UTR is rii®a, which positively regulates ribosomal
proteins (RP) translation. A peculiar charactesisti several mRNAs encoding for RP, elongation
factors and poly-A binding proteins, is the 5’ tamad oligopyrimidine tract (5 TOP). This highly
conserved motif acts as a regulatory sequence vguippresses RP synthesis in response to cellular
stress or nutrient deprivation. miR-10a was foumdind to a sequence immediately downstream
the 5’ TOP motif, thus counteracting 5’ TOP-induckmvn-regulation and leading to an increase in
RP mRNA translation and protein synthesis (Jdroml.e2008).

Recent studies revealed that miR-346 is produceush fthe second intron of glutamate receptor
ionotropic delta 1 (GRID1) mostly in brain tissweesd is capable of upregulating RIP140 (receptor-
interacting protein 140) gene. RIP140 is a trapsom coregulator and modulates many
metabolism-related pathways; miR-364 accelerate fRiteraction with polysomes via binding to
5" UTR of the target RIP140 mRNA. Nevertheless, mi-8oes not require AGO2 for its activity;
therefore, it possibly applies an AGO-independeathway to control the protein yield of RIP140
without altering its MRNA levels (Tsai et al., 2009

Translational activation can be also related td cgtle phase. AU-rich elements (ARE) are cis-
acting regulatory sequences of gene expressioteldda the 3' UTR of several mMRNAs, encoding
for oncogenes, growth factors, cytokines, etc. ARIES recognized by specific ARE-binding
proteins (ABPs), which are generally mediate mRNécay via interaction with exosomes,
exonucleases and decapping enzymes. However,aliff@BPs can either perturb mRNA stability
or mediate its translational activation throughcsfoe interactions with miRNP effector complexes,
which are deposited on target mRNA by miR-mRNA rhadg.

An excellent example is FXR1 (Fragile X mental régdion syndrome-related protein 1), one of the
ARE-binding proteins involved in mRNA translationgd-regulation. FXR1 is generally associated
with Ago2 in RNA-induced silencing complexes. Thssociation was deeply investigated in a 2007
work in which it was reported that, even though FXRnd Ago2 are generally thought to switch
off mRNA translation, FXR1-Ago2 complex promoted A upregulation after cell cycle arrest
induced by serum starving, hence proving that Adl-relements can act as translation activation
signals in case of cell cycle arrest (VasudevanStedz, 2007).

Furthermore, Zhang and colleagues published a 2y where they reported the ability of many
cellular miRs to up-regulate gene promoters’ attilsy targeting the TATA-box region. TATA-box

is a cis-regulating element located approximaté&ybp upstream the TSS (transcription start site)
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within the core promoter. The first step of DNArsaription requires the binding of TBP (TATA-
box binding protein) and the pre-initiation compléRIC) assembly on TATA-box consensus
sequence. Many endogenous miR, complexed with Agteips, were found to bind within 50 bp
upstream the TSS in a sequence-specific fashioa.dlitect miR-TATA box interaction possibly
facilitates TBP recruitment and PICs assembly enctbre promoter (Zhang et al., 2014).

Finally, the same miR can mediate both down- andegplation. One of them is miR-145, which
on one hand positively regulates the expressiomycardin and other co-activators of vascular
smooth muscle cells differentiation, on the othandinhibits ROCK1 expression in osteosarcoma
cells, therefore acting as a tumor suppressor @oet al., 2009; Li et al., 2014). As another
example, KLF-4 is upregulated by miR-206 in confilueand nontumor cells, while it is
downregulated by miR-344 in proliferating and noreells (Lin et al., 2011).

1.3 Tissue-associated and circulating miRs

MiRs can be divided into two categories: tissuecsgfmeand circulating miRs. Some miRs show
restricted tissue distribution, for example, miR21& highly enriched in liver, whereas miR-124 is
preferentially expressed in neurological tissuetiak been shown that changes in the spectrum of
cellular miRs correlate with various physiopathadad) conditions, including differentiation,
inflammation, diabetes, and several types of cancBecently, some of the miRs previously
identified in cells and tissues have also beendomnextracellular fluids, show that miRs mediate
long- and short-range cell communications throuwggdirtsecretion in the systemic circulation. These
circulating miRs (c-miRs) can be found both in serand plasma as well as in other bodily fluids
such as urine, breast milk, saliva and interstitiatls. Plasma miRs were found to be remarkably
stable even under conditions as harsh as boiling, dr high pH, long-time storage at room
temperature, and multiple freeze-thaw cycles (Céteal., 2008). In contrast to the stability of c-
miRs endogenous, when synthetic miRs were addedeaxaisly, they were quickly degraded by
the high level of RNase activity in plasma (Mitdhed al., 2008). This suggests that endogenous
plasma miRs are protected in some manner to prekemtdegradation. As shown in figure 1.5, c-
miRs are protected by plasma/serum RNase actiyitthb formation of RNA-protein complexes
with HDL, LDL or Ago2 proteins (Arroyo et al., 201Vickers et al., 2011), as well as through their

11



inclusion inside extracellular vesicles. These alesi are generally referred to as microvesicles,
apoptotic bodies, or exosomes. Exosomes are 40at0@esicles released during reticulocyte
differentiation as a consequence of multivesicidadosome (MVE) fusion with the plasma
membrane and differs from microvesicles that arel3m00 nm vesicles and shed directly from the
plasma membrane. Apoptotic bodies, the largesthess{800-5,000 nm diameter), are released by
cells undergoing programmed cell death. Ten yegrs inwas demonstrated that the cargo of
extracellular vesicles included miRs and that Jesiassociated RNAs could be transfer into target
cells (Ratajczak et al., 2006; Valadi et al., 2007)

Vesicles-free miRNA Apoptotic body-enclosed miRNA

Shedding vesicles and
exosomes packaged
miRNA

Release after cell death
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Figure 1.5 Biogenesis of miRs in the cell and the modescteellular miR packaging (Turchinovich et al.12)

Several groups investigated the exosome conteatltared cells in greater detail. Valadi and his
group revealed that mast cell-derived exosomey alwut 121 different miRs. Some of these were
found at relatively higher levels in exosomes tlartheir donor cells, which implies an active

mechanism by which selected miRs are promoted tbwaosomes. Others studies confirmed that

cells can indeed select some miRs for cellularasdewhile others are retained. Specifically,
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although 66% of the miRs were released in quastthat reflected their intracellular level, 13% of
the miR species were selectively retained by tiig@ed thus released at lower levels), whereas on
the other hand, 21% of the miRs seemed to be &¢ctigkeased and appeared at disproportionately
higher levels (Pigati et al., 2010).

The proportion of miRs in the different cell-deveompartments is not yet settled. Currently,
evidence is accumulating that the majority of méRes not found inside vesicle but rather are bound
to RNA-binding proteins. 2 populations of c-miRsistx vesicle-associated and non-vesicle-
associated miRs, and evidences support the hypsthkat vesicle-associated plasma miRs
represent the minority, whereas potentially up @%9f c-miRs are present in a hon—-membrane-
bound form. These non-vesicle-associated miRs speeifically destabilized by proteinase K
digestion of plasma, which indicates the existesican miR-protein complex as a mechanism for
their stability in the RNase-rich circulation (Aym et al., 2011). Interestingly, some miRs (e &f-, |
7a) were exclusively associated with vesicles, eagrothers (e.g., miR-122) were exclusively
present in nonvesicle Ago2 complexes. This magcettell type—specific miR release mechanisms.
For instance, the liver-specific miR-122 was degdconly in protein-associated fractions, which
suggests that hepatocytes release this miR thraygibtein carrier pathway. In contrast, miRs that
are mainly associated with vesicles might origintiten cell types that are known to generate
vesicles, such as reticulocytes or platelets. $&greniRs act as signaling molecules that modulate
gene expression of recipient cell similarly to atellular miRs. It was showed that T cells receive
small RNAs from B cells that can affect the expi@s®f target genes in the recipient T cells upon
cell contact (Rechavi et al., 2009). Furthermareias demonstrated that miRs secreted by Epstein—
Barr virus (EBV)-infected cells are transferred aod act in uninfected recipient cells through
exosomes (Pegtel et al., 2010). In addition, it weaported that embryonic stem (ES) cell
microvesicles contain abundant miRs and that thay tansfer a subset of miRs to mouse
embryonic fibroblasts in vitro, suggesting thatnsteells can affect the expression of genes in
neighboring cells by transferring miRs containednicrovesicles (Yuan et al., 2009).

Though it is well established the existence of &siand their gene silencing activity, it is stdl t
clarify the combination of factors and mechanismkihd their release and uptake. Only few reports
show the mechanism of secretion of miRs. Receittlyas proved that miRs are released through a
ceramide-dependent secretory machinery and theteegmiRs are transferable and functional in

the recipient cells (Kosaka et al., 2010). Ceramalbioactive sphingolipid whose biosynthesis is
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tightly controlled by neutral sphingomyelinase 2gders the secretion of exosomes. Blockade of
neutral sphingomyelinase 2 by either a chemicaibitdr or by small interfering RNAs reduced
secretion of miRs, whereas overexpression of nespfsingomyelinase 2 increased the amount of
extracellular miRs.

Among RNA-binding proteins identified, there weracteophosmin 1 (NPM1), which has been
implicated in the nuclear export of the riboson&] aucleolin, a known NPM1-interacting protein
(Borer et al., 1989). Subsequent experiments shahadNPM1 can fully protect synthetic miR
degradation by RNase A. It has been suggestedNfPiskl may be involved in shuttling RNAs from
the nucleus to the cytosol, and independent sturdies also shown that NPM1 can be released into
the extracellular space (Nawa et al., 2009). Tagetthis suggests that this mechanism may be
relevant for miR export and stability.

It has been proposed that the Ago2-miR complexepassively released by death or apoptotic cells
and remain in the extracellular space becauseehigh stability of the Ago2 protein. It is also
possible that cell membrane—associated channeéeptors exist that allow for the specific release
of these Ago2-miR complexes.

Concerning how HDL is loaded with miRs is not knoexactly; however, biophysical studies
suggest that HDL simply binds to extracellular ptasmiR through divalent cation bridging.
Furthermore, it was reported that ceramide pathnepyess miR export to HDL, indicating that the
export of specific miRs through the exosomal pathwad the HDL pathway may be distinct
mechanisms, possibly opposing, although both patbware probably regulated by nSMase2
activity and ceramide synthesis (Vickers et al110

In figure 1.6 are summarized the mechanisms foriRsniransfer in different shuttle and their
uptake in the target cells.

During “plasma membrane budding,” ectosomes comiginytoplasmic components like miRs are
released into the extracellular surrounding (Figlu@ - A). The fusion of exocytic multivesicular
bodies (MVBSs) with the plasma membrane releasescniRaining intraluminal vesicles, exosomes
(B). The ABCA1 (ATP-binding cassette transporter) Alediates the release of HDL-complexed
miRs (C). Apoptotic bodies are released from a ttelt undergoes apoptosis. These large vesicles

contain fragmented DNA and cytoplasmic componemtkiding miRs (D).
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General mechanisms of vesicle uptake in recipiefis involve endocytosis (E), phagocytosis (F),
and fusion (G) with the plasma membrane. The uptékeDL-complexed miRs in recipient cells is

mediated by SR-B1 receptors (H). The uptake meshaniof extravesicular AGO or NPM-1

complexed miRs are not described yet.
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Figure 1.6.Long-distance intercellular miR transfer (Grasekiet al., 2013).

1.4 C-miRsas potential biomarkers

The level and composition of c-miRs show changes torrelate well with diseases or injurious
conditions. These observations suggest that eXutme miRs can be used as informative
biomarkers to assess and monitor the body’s phgthfogical status (Etheridge et al., 2011). The
ideal biomarker must be accessible using noninegsietocols, inexpensive to quantify, specific to
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the disease of interest, translatable from modstesys to humans, and a reliable early indication of
disease before clinical symptoms appear (earlyctletg. Biomarkers that can be used to stratify
disease and assess response to therapeutics arenatcally valuable. Indeed most current
biomarkers are protein based, such as troponircdodiovascular conditions, carcinoembryonic
antigen (CAE) for various cancers, prostate spedintigen (PSA) for prostate cancer, and
aminotransferases (alanine aminotransferase, Aldl empartate aminotransferase, AST) for liver
function. Challenges for developing new proteindablsiomarkers include the complexity of protein
composition in most biological samples (especialijood), the diversity posttranslational
modifications of proteins, the low abundance of ynproteins of interest in serum and plasma, and
the difficulty of reliably developing suitable higiffinity capture agents. These intricacies male th
discovery and development of additional proteinebladiomarkers with the proper diagnostic
specificity and sensitivity an expensive, time-aanig, and difficult task. On the other hand, c-
miRs have many requisite features of good biomarkeetecting specific miR species, while not
trivial, is generally much easier. Stability in Mars bodily fluids, lower complexity, no known pest
processing modifications, simple detection and #moation methods, tissue-restricted expression
profiles, and sequence conservation between huarahsnodel organisms make extracellular miRs
ideal candidates for noninvasive biomarkers toerfland study various physiopathological
conditions in the body (Weber et al., 2010).

The changes of several miR levels in plasma, semuime, and saliva have already been associated
with different diseases. For example, serum lewglsniR-141, have been used to discriminate
patients with advanced prostate cancer from heatfitiyiduals (Mitchell et al. 2008), the ratio of
miR-126 and miR-182 in urine samples can be useatktect bladder cancer (Hanke et al., 2010)
and decreased levels of miR-125a and miR-200a limases associated with oral squamous cell
carcinoma (Park et al., 2009). In addition to thpstential uses in detection of various cancers,
another intriguing possibility is the use of levelsorgan-specific miRs in body fluids to monitor
the physiopathological conditions of specific orgafhe severity of liver injury in this well-
established model system can be precisely detectéanonitored by measuring the levels of miR-
122 in plasma (Wang et al., 2009). Others studée® ldemonstrated that the plasma level of miR-
499, a heart specific miR, shows a perfect coilatvith blood troponin levels in patients with
myocardial infarction (Adachi et al., 2010).
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All these evidences clearly demonstrates the piisgibf using miR in circulation as strong and
powerful biomarker to reflect the healthy and urthgestatus.

Moreover different strategies for overexpressiondownregulation of specific miRs are being
pursued for therapeutic intervention for variousedises. On the one hand, modulation of a single
miR offers the opportunity to target multiple genasd regulatory networks simultaneously.
However, for the same reason, careful design islesedo prevent unwanted off-target effects.
Another reason to pay attention is the amount dieled miR needed to affect the knockdown
efficacy and target selection. MiR-based therapy ba considered as a powerful strategy for
therapeutic purpose, but some issues are stilletddng under discussion. Nuclease-mediated
degradation before achieving target modulation magor issue in achieving the desired outcome.
Systemic administration of miR using adeno-assediatirus or cytoplasmic viruses of negative
polarity capable of producing functional miRs hawen described. MiR inhibitors termed miR
sponges, antagomirs, locked-nucleic-acid-modifikgbaucleotides, and reconstituted high-density
lipoprotein nanoparticles are some of the approathat have been pursued. Other strategies are
used for the delivery, development of novel nanemals to pass barriers and antibodies against
various cell surface receptors to be taken up leciip cells via receptor-mediated endocytosis.
Vesicular structures that include exosomes and dshgdvesicles are also being explored for
delivery of exogenous therapeutic cargoes (Ajitt20 A better understanding of miR biology and
the development of safe and effective deliverytstgi@s can greatly enhance the therapeutic

potential of miRs.

1.5 Human aging

Demographic projections report a world-wide dramaicrease in human life expectancy over the
last few decades. The proportion of elderly peapler 65 years in Europe (EU-28 Countries) is
predicted to increase from 18.5% in 2014 to 28.322®30. The share of those aged 80 years or
above in the EU-28's population is projected to enttran double between 2014 and 2080 (Eurostat
source), these data are reported in figure 1.1 ita2014 was one of the country with most high
percentage of aged people in Europe. The sharersbps in our country aged 65 or older was 21.4
% in the total population, people aged 80 or overen6.4%. Also life expectancy at birth will
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increase in the future year, from 70.5 years in52@d 77.1 in 2050 according to the World
Population Ageing report (2015).

5.1 58
7.1 9.0 10.9 113 122 123

134 146

75

50

25

15.6 | 15.6 14.9 14.6 15.0 15.0 15.0 15.1

1 T T T T T T
2014 2020 2030 2040 2050 2060 2070 2080

80+ years

G65—79years
m 15-G4 years

0-14years

(') 2020-80: projections (EUROPOP2013).
Source: Eurostat (online data codes: demo_gind and proj_13npms)

Figure 1.7 Population structure by major age groups, EU2BA4—-2080 (% of total population).

This demographic remodeling emphasizes the critmpbrtance of identifying new strategies able
to counteract or slow down aging and the onsetgetralated diseases and disabilities. These new
strategies can contribute to increase the numbeldefly citizens in good health, and reducing age-
related medical and social costs. From this petsge@ thorough comprehension of the molecular
and cellular aspects underlying aging is of primamgortance to understand and, possibly, prevent
age-related diseases, in order to improve qualitjeoas well as to promote healthy longevity.

Aging has been defined as the time-dependent @eofifiunctional capacity and stress resistance,
associated with increased risk of morbidity and taldy. It's a process based on the accumulation
of unrepaired and deleterious changes occurringalecules, cells, tissues and organs of the body
with advancing age generated by internal and eatexwurces. An integral part of the aging process
is represented by the adaptive mechanisms thabdtg set up to compensate and neutralize the
adverse effects of such damages and that leadptogressive change of body composition and

microenvironments.
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It is also well established that the aging proeesssociated with a low-grade chronic inflammatory
status, named “inflamm-aging” (Franceschi et &00®. In this view, healthy aging and longevity
are likely the result not only of a lower propepdid mount inflammatory responses, but also of
efficient anti-inflammatory networks. Studies penfi@d on centenarians compared to old subjects
have evidenced that centenarians escape the nggearkted diseases, and a minority of them is
still in quite good health (25% of the total cerggans, according to IMUSCE criteria).
Centenarians represent a cohort of selected susyiable to counterbalance the damaging effects of
inflammaging by activating a series of anti-inflaatory networks and, at the same time,
characterized by the capacity to mount an apprtgpimmune response counteracting infectious
diseases and delaying all pathologies that normadlyse mortality. Thus, centenarians can be
considered a model of people capable of avoidingpastponing major age-related diseases
(Franceschi and Bonafe, 2002)ccordingly, these exceptional long-living indivials have been
found to be equipped with gene variants that allioem to optimize the balance between pro- and
anti-inflammatory cytokines and other mediators inflammation (Franceschi et al., 2007).
Therefore, it is becoming evident that a genetiedmposition to produce excessive amounts of
inflammatory molecules counteracted by an inadegaati-inflammatory response might play a
central role in the development of frailty and agkated pathologies in late life. Centenariansaare

good choice for the study of human longevity, beedihey represent an extreme phenotype.

Because a number of age-related chronic diseasm® sh chronic inflammatory background,
inflammaging represents a risk factor, or, moréisgeally, one of the major causes for age-related
pathologies development such as type 2 diabetesymsrosis, Alzheimer’s diseases, atherosclerosis
and syndromes like sarcopenia (Cevenini et al.3R0%arcopenia is defined as the decrease in
skeletal muscle mass and functionality associatiéldl age. It's the progressive atrophy of skeletal
muscles occurs during aging, leading to generdtyfralisability and difficulties in everyday basic
activities. Sarcopenia is a syndrome associatetl wmiany adverse clinical outcomes in elders,
ranging from functional impairment to increased bhidity and mortality, which leads
simultaneously to a remarkable rise in healthcastsc(Malafarina et al., 2012). Muscle mass loss is
a gradual process that begins around the fifth dkecAs sarcopenia progresses, muscle mass loss
increases by 8% every decade until the age of @syad, and over this age the loss is estimated at
15% per decade (Kim and Choi, 2013). Muscle masplay associated with physical inactivity and

immobilization represents a major risk factor fecendary injuries, falls, functional impairment as
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well as metabolic diseases and inability to perfadaly living tasks, especially in the elderly. $hi
is the case of bedridden and physically inactiveterarians, that show a huge difference respect to

centenarians that are in good shape, able to wallige a functional life.

The mechanisms underlying the aging process arnariag to be unraveled at the molecular level
and some common denominators are discovered: genaostability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulatedienitisensing, mitochondrial dysfunction, cellular
senescence, stem cell exhaustion, and alteredéfitdar communication (Lopez-Otin et al., 2013).
Even if there is a global common background, itssac the evidence that the rate of aging differs
significantly between members of the same animetigg, including humans. In other words, the
biological age may differ from the chronologicalead his variability is due to the complexity of
genetics and epigenetics (Capri et al., 2014), winteract with environment (Garm et al., 2013)
and stochasticity with diverse weights at differphtises of life. Further, these main factors could
differently affect the rate of aging at the levelscells, tissues or body systems within the same
organism according to the hypothesis of the “mosa#icaging” (Cevenini et al., 2008). This
complexity makes more difficult the identificatiaf a unique comprehensive mechanism of aging

and related biomarkers (Deelen et al., 2013).

Many candidate biomarkers of human aging have pegposed in the scientific literature but in all
cases their variability in cross-sectional stuisesonsiderable, and therefore no single measuremen
has proven to serve a useful marker to determial®dical age. A plausible reason for this is the
intrinsic multi-causal and multi-system naturelof faging process.

Different immunological markers, as immunoglobulicgtokines, autoantibodies, antibodies and
cellular immunity, can be used as indicator ofttii@ogical state. It has been observed that a &pic
feature of the aging process is a general incremptasmatic levels and cell capability to produce
pro-inflammatory cytokines. The most involved cytws are IL6, ILB, TNFo and C-reactive
protein (CRP). The loss of physiological controltbé inflammatory reactions is likely due to an
imbalance of the finely tuned equilibrium betwedre tlevels of pro and anti-inflammatory
cytokines, or in the capability to restore the &guum once the inflammatory stimulus has been
relieved, and it can lead to a chronic pro-inflantenastatus (Salvioli et al., 2006).

Furthermore a wide group of classical clinical cietrg parameters have been proposed as potential

biomarkers of aging. Examples are parameters dbtagdrate and lipid metabolism or hormones.
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The integrity of the nuclear genome and the epigens of vital importance for the proper function
of the body system. However, there is a constdatlatby exogenous and endogenous compounds
and agents that can damage DNA. Possible consesgi@ne mutation and dysregulation of gene
expression, which either can lead to cell deatbetiular senescence or to malignant transformation
of the cells ultimately resulting in cancer. Furthere telomeric DNA undergoes attrition with each
replication cycle and also as a consequence of Dilfage. A critical loss of telomere has been
shown to prevent further cell proliferation and same cell types induces cellular senescence.
Mitochondrial DNA is an especially vulnerable tarf@ mutagenesis, due to the high local levels
of endogenous reactive oxygen species ROS andatsause of a limited capability of their repair
systems. Damage and mutation of mitochondrial DElIAiewed as a major mechanism driving the
aging process (Altilia et al.,, 2012). Neverthel&$oop region contains level of heteroplasmy
associated with longevity, suggesting also mtDNAards-based mechanisms of protection (Raule
et al., 2014).

One important physiological posttranslational modifion of secreted proteins is addition of N-
linked oligosaccharides (N-glycans). N-glycans nadulate or mediate a wide variety of events in
cell-cell and matrix interactions crucial for thevélopment and function of organisms. Because the
biosynthesis of glycans is controlled by the coogild concerted action of glycosyltransferases,
the structures of glycans are much more variabiet@y can be easily altered by the physiological
conditions of the cells. Accordingly, studying agdated alterations of the glycans could be relevan
to understanding the complex physiological chamgesging individuals (Vanhooren et al., 2010).
During normal aging, there is accumulation of AGBsglvanced Glycation Endproducts) of long-
lived proteins such as collagens and cartilageyltieg from reactions between glucose and amino
groups on proteins. AGEs directly or through intécns with their receptors, are involved in the
pathophysiology of humerous age-related diseasesr(%®t al., 2014), such as cardiovascular and
renal diseases and neurodegeneration. It is wellvkrthat levels of oxidised proteins increase with
age, due to the increase of protein damage andddéocecase of their elimination. Since the
proteasome is involved in the general protein tuenpit has received considerable attention during
aging and evidence has been provided for an imgaitnof proteasome function with age in
different cellular systems (Baraibar and Friguedl3®. Certain oxidised proteins can be also
repaired, the repair is limited to the reversiomdéw oxidative modifications of sulphur-contaigin

amino acids, such as the reduction of methioninx&de by the methionine sulfoxide reductase
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(Msr) system. Msr activity is known to be impairgdring aging and replicative senescence (Picot
et al., 2007).

Several recent studies propose biomarkers of dgasgd on DNA methylation levels (Garagnani et
al., 2012; Zampieri et al., 2015). Recently it whesreloped the "epigenetic clock”, based on 353
dinucleotide markers known as Cytosine phosphatanfdes or CpGs, applied to estimate the
biological age of the most of human cell typessues, and organs (Horvath, 2013). Predicted age,
referred to as "DNA methylation age” (DNAmM age)iretates with chronological age in sorted cell
types (CD4 T cells, monocytes, B cells, glial celieurons), tissues and organs including whole
blood, brain, breast, kidney, liver, lung, salivalaven prenatal brain samples.

Looking at epigenetic regulators, many studies hstvewn that miRs levels change during the
lifespan of several species and can be associatkdge-related disorders. Taken together all these
evidences, miRs can be propose to become powedmlaokers of the aging process.

1.6 MiRsand aging

From the earliest evidences miRs were deeply iratla the aging process of several species.
From nematode to mice it's now clear the extrenmalyortant function of these molecules in all cell

types and organs. There are lot of miRs that régugenes involved in known pathways of aging, as
reported in figure 1.8.
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Figure 1.8.The hallmarks of eukaryotic aging and the miR4 thay interact with these pathways. Those miRsdhat
known to be involved in more than one feature arergin bold underlined text (Harries, 2014).

As previously described, c-miRs are already usedifamarkers in pathology conditiomadmany

of them appear to be promising biomarkers for maging-related diseases such as Alzheimer’s
disease (AD), type 2 diabetes mellitus (T2DM) aaddovascular disease (CVD). Recent data have
found an altered expression of c-miRs, includingrfj miR-29a, miR-29b, miR-101, miR-125b,
and miR-181c in serum of 105 AD patients comparét W50 age- and gender-matched healthy
individuals (Geekiyanage et al., 2012). miR-1250 amnR-181c levels were decreased but miR-9
level was increased in serum of AD patients congparigh that of control individuals. Importantly,

afterwards it was found that miR-125b level in ABtipnts was correlated with the Mini Mental
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State Examination (MMSE), a test that is used te@est cognitive impairment in AD patients,
suggesting that circulating miR-125b may act as\a&hbiomarker for AD (Tan et al., 2014).

MiRs were profiled in blood samples of over 800iwdlals randomly selected from the Bruneck
population (Bolzano Province, Italy) and identifiaee miRs (miR-15a, miR-28-3p, miR-29b, miR-
126 and miR-223) downregulated in 80 participants wither prediabetes or T2DM. Interestingly,
the level of these miRs is already reported to tenged 10 years before the onset of the disease,
suggesting the potential role of c-miRs as earggdostic biomarkers of T2DM (Zampetaki et al.,
2010). Seven diabetes-related miRs (miR-9, miR-289R-30d, miR-34a, miR-124a, miR-146a and
miR-375) were found to be upregulated in T2DM patsecompared with patients who had pre-
diabetes or were susceptible to T2DM definite adyBldass Index (BMI}> 25 and/or with a family
history of diabetes (Kong et al. 2011). MiR expressn the blood and exosomes of 265 patients
with T2DM and metabolic syndrome were measured.yTioeind miR-27a, miR-150, miR-192,
miR-320a and miR-375 were upregulated in patientis W2DM. The expression levels were highly
correlated with higher fasting glucose levels, fagigg the potential of the miRs as biomarkers for
T2DM (Karolina et al., 2012).

MiR-1, miR-133a, miR-499 and miR-208a, were ideatifpossible biomarkers and confirmed their
expression in rats and humans with acute myocandfiaiction (AMI) (Wang et al., 2010). AMI
patients show higher abundance of all these miRspaoed with healthy individuals. MiR-208a
revealed the highest sensitivity and specificityAill| diagnoses. Remarkably, increased level of
miR-208a was detected at 1-4 h after acute injorglicating the potential of miR-208 as an early
diagnostic biomarker of AMI. miR-1 has been alsggasted as a potential biomarker of AMI, the
serum level was significantly increased with a 281@-at six hours of AMI onset (Cheng et al.,
2010).

MiR-1 and miR-133a are expressed in both cardiat skeletal muscle tissue, and together with
miR-206, expressed only in skeletal muscle, arentbst studied myomiRs. MyomiRs are muscle-
specific miRs, which have a primary role in muszs proliferation and differentiation (Kirby and
McCarthy, 2013). miR-1 and miR-206 are also invdlue skeletal muscle hypertrophy and atrophy
(Guller and Russell, 2010) and miR-206 has beemdaup-regulated with age in mice biopsies
(Hamrick et al., 2010). Generally, the involvemaftmyomiRs in aging and their presence in

circulation it's clear (Zacharewicz et al 2013)wnid should be better investigated the role of ¢hes
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c-miRs during the progressive decrease in sketatacle mass and functionality associated with

age.

Recent studies have reported miRs that are diffiatBnexpressed in serum or plasma during aging
in mammalian, but only a few studies have showmiBggnt alterations in c-miR levels during
aging in human population. Olivieri and her growgvdé measured plasma levels of miRs in healthy
young and old humans, including centenarians, andlder patients with cardiovascular disease
using an array of 365 miRs. miR-21 level was highethe cardiovascular disease (CVD) patients
and lower in the centenarian offspring comparedh® age-matched healthy adults. They also
suggested that transforming growth factor-beta (-BpBignaling can be one of the key pathway
possibly modulated by the differentially expresseadiRs (Olivieri et al., 2012).

A genome-wide miR screen for differential expresdi@tween long-lived individuals and controls
revealed that 1% of the miR microarray (863 miRs) demonstratechificant alterations in
expression in blood sample. Most of these difféadigtexpressed miRs have been associated with
genes linked to major age-associated diseasesestiryy that regulation of key genes by miRs
could promote longevity in humans (EISharawy et2012).

A cross-sectional analysis of individuals aged B0afd centenarians was used to identify that miR-
363* decline with age but is preserved at youtlgukls in the centenarians (Gombar et al., 2012).
The following year Noren Hooten has shown agingtesl alterations in miR levels in human
serum. MiR expression level was tested in sera fyoong (mean age 30 years) and old (mean age
64 years) individuals using next generation seqgugntechnology and real-time quantitative PCR.
Among miRs that they found, miR-151a-5p, miR-18pa-and miR-1248 were significantly
decreased in 20 older individuals compared to 2fhger individuals (Noren Hooten et al., 2013).
Solexa sequencing technology was used for a mi&asarg of serum samples in Chinese subjects
of different aged, from 22 years to 70 years. lhdestrated 10 markedly altered miRs in the aging
process, RT-gPCR identified five downregulated m{R&R-29b, miR-106b, miR-130b, miR-142-
5p, and miR-340) and three upregulated miRs (mi&-8#R-222, and miR-375) with age (Zhang et
al., 2015).

The multitude of important roles played by miRs gegf to improve methods and produce data on
c-miRs expression in physiological and patholog@atditions in human. However, quantification
of miR has always been technically challenging ttusmall size, low copy number, interference

from other small RNAs, and contamination by degtiadaproducts of mRNAs or other RNA

25



species. The increased availability and affordgbitf massively parallel sequencing offers a

dramatically improved method to gain high-resolntidews of miR expression.
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2. AIM OF THE STUDY AND EXPERIMENTAL DESIGN

The main purpose of the current thesis is to ingatt the role of blood circulating (c)-miRs and
their expression profile during human aging andgévity by the means of the most advanced
technology, i.e. smallRNA sequencing, with Next &ation Sequencing (NGS) platform.

Thus, primary objective was to optimize the protdoo smallRNA-seq (library preparation) using

plasma samples and then to answer the followingtopres:

1. May c-miRs profile distinguish between healtmd aunhealthy longevity? The answer of this
question is towering the crucial aspect of EU agoopulation accordingly with recent World
Health Organization (WHO) declaration that “incre@d$ongevity without quality of life is an empty
prize”, thus human aging research field has to theeproblem to slow down the onset of age-
related pathologies and promote healthy longevity.

2. May c-miRs profile specifically characterize ragjiand longevity trajectories? The answer of this
question has been addressed since some years IfidCkranceschi & Miriam Capri’'s team with

the final objective to identify biological markanseful to monitor aging process trajectories.
The experimental design was established in twogshas follows:

1. Discovery phase on a few samples but at higlesstiution using smallRNA-seq. miRs profile
was conducted on samples from 12 donors (9 healthjects: 3 young, 3 old, 3 centenarians and 3
unhealthy centenarians). Subjects were enrolled Bologna and centenarians were well
characterized for their physical and cognitive igathe healthy centenarians had good cognitive
performance, ability to walk and an high ADL (Agtigs of Daily Living) score. The unhealthy
centenarians were demented and bedridden.

2. Validation phase on selected miRs and using RCR) on a larger cohorts of subjects (48 total
subjects), i.e. 16 healthy young donors, 16 heallidydonors and 16 centenarians, divided in 10

healthy and 6 unhealthy centenarians.
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3. MATERIALSAND METHODS

3.1 Patientsrecruitment

Young, old and centenarians subjects included m s$hudy were recruited in Bologna and
characterized for the baseline information. Cernfana were also tested for hemato-biochemical
analyses, such as white blood cell count (WBC), mearpuscular hemoglobin concentration
(MCHC), red blood cell distribution (% - RDWCV), mlmin (ALB), total protein (PROT), C-
reactive protein (CRP). Further, a detailed questire describing their life style, physical and
cognitive status was administrated. The healthyteserians were defined by good cognitive
performance, i.e. MMSE (Mini-Mental State Examioadi > 24 scores, ability to walk and an high
ADL (Activities of Daily Living) score. The unhe&ly centenarians were demented without the
possibility to perform the MMSE and bedridden. Ygurold subjects were defined in health
condition by general practitioners.

3.1.1 Subjectsincluded in the discovery phase

12 donors were included in the discovery phasel(BMNA sequencing) and their characteristics are
reported in the table I.

Table 1.Age and gender characteristics of the 12 subjéaisen for the smallRNA-seq.

Code Age Sex
M002 25 F
Young MO003 26 F
MOO4 26 M
10M032 73 F
old 10M064 69 F
10M107 71 M
11390M 102 M
Cer';;'ﬁgﬂ’;ns 1145M 101 F
1146M 102 F
1141IM 101 F
anr;gnez'rtlgﬁs 1142M 104 F
1143M 101 F
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3.1.2 Subjectsincluded in the validation phase

48 patients (including those previously selectaddiecovery phase) were included in validation of
the sequencing results, in order to confirm presipselected miRs. The subjects were divided in
the following groups (average age * standard devigat
* 16 healthy young donors (8 female and 8 male), 34
* 16 healthy old donors (8 female and 8 male), 7018+
* 16 centenarians: 10 healthy centenarians (7 fearale3 male) and 6 unhealthy centenarians
(only females), 101.4 +1.3

3.1.3 Sample processing

Blood was collected in vacuum tubes following stddprocedures and processed within 1 hour.
The tubes were centrifuged at 2000 xg for 20 meaie4°C, separated plasma was collected and

aliquoted in cryotubes for long term storage af€30

3.2 SmallRNA sequencing

The protocol is composed by different steps, eaxh lleen optimized to reach the best results in
sequencing: RNA extraction and evaluation of theARMNeld, cDNA library preparation and
quantification, library size selection. When thardiry is ready, the samples can be finally rurhen t

sequencer.

3.2.1 RNA extraction

Different kits were tested for RNA isolation, and particular two kits were applied for the

comparison of RNA yield, one kit from the Qiagenmgmany and one from the Norgen. RNA
extraction was assessed also testing differertirggarolume of EDTA-plasma: 0.2-05-1-2-5
ml, and at the end 2 ml of plasma was chosen dssbkgion. The protocols described below refer
to the 2 ml of plasma. UniSp2, UniSp4, UniSp5 wateoduced at the beginning of RNA extraction
to evaluate at the end the quality of RNA isolation
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Total RNA was isolated from 2 ml of plasma samphath the miRNeasy Mini kit (Qiagen),

adapted for total RNA extraction from plasma. Hereeported the protocol used:

» Centrifuge at 4°C for 5 minutes at 12,000 xg t@anlsamples from impurities

» Transfer cleaned plasma to a new 1.5 ml tube

» Add to sample 5 ml Qiazol + 1 pl RNA Spike-Ins (&ixigon)

» Mix by pipetting and vortex vigorously for 10 secsn

» Incubate 5 minutes at room temperature (RT)

» Add 2 ml chloroform, vortex vigorously for 10 secisn

> Incubate for 3 minutes at RT

» Centrifuge at 4°C for 15 minutes at 12,000 xg

» Transfer upper agueous phase and add glycogen/(Bl)ng a final concentration of 50
mg/ml, mix by vortexing

» Add 1.5 volumes of 100% ethanol, mix by pipettimgl anverting the tube

» Transfer all volume to an RNeasy Mini Spin Coluntiaehed to a vacuum system and apply
500 mbar to drawn through the column the lysatedmyuum pressure

» Wash the column by adding 700 pul RWT and using uactpressure

» Wash three times by adding 500 pl RPE

» Transfer the column to a new collection tube and ap13,000 xg for 2 minutes at RT

» Leave the tube open for 1 minute

» Transfer the column to a new 1.5 ml tube and addI3®Nase-free water

» Incubate 1 minute and spin at 13,000 xg for 1 na@raitRT

» Store RNA at -80°C

Plasma/Serum circulating and exosomal RNA puriiccakit was chosen as the best among Norgen
kits and compared in more detail with the Qiagen khe protocol adapted for this procedure is

reported below:

» Warm up PS Solution A, PS Solution B and PS Satu@ofor 20 minutes at 60°C and mix
well until the solutions become clear again if fjpéates are present
» In a 50 ml tube, add to 2 ml of plasma, 0.2 ml R&it®n A and 3.8 ml PS Solution B after

the addition of B-mercaptoethanol (the use dfmercaptoethanol in lysis is highly
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recommended to isolate RNA for sensitive downstreapplications, 10ul of pB-
mercaptoethanol were added to each 1 mL of PSiSolB)

» Mix well by vortexing for 15 seconds

» Incubate the mixture for 10 minutes at 60°C

» After incubation add 6 ml of 100% ethanol and mediviby vortexing for 15 seconds

» Centrifuge for 30 seconds at 1,000 rpm at RT, teefully decant the supernatant in order to
ensure that the pellet is not dislodged

» To the pellet add 0.3 ml PS Solution C, and mixl welvortexing for 15 seconds

» Incubate the mixture for 10 minutes at 60°C

» After incubation add 0.3 ml 100% ethanol and mixl\wg vortexing for 15 seconds

» Transfer 65Qu from the mixture into a Mini Filter Spin columme centrifuge for 1 minute at
14,000 rpm at RT. Discard the flowthrough and readse the spin column with its collection
tube

» Repeat step until all the mixture has been traredietio the Mini Filter Spin column

> Apply 400 ul of Wash Solution to the column and centrifuge fTominute at 14,000 rpm at
RT. Discard the flowthrough and reassemble the spitamn with its collection tube

» Repeat the wash step two more times, for a totddree washes

» Spin the column empty, for 3 minutes at 14,000 ginRT. After the centrifugation discard
the collection tube

» Transfer the spin column to a fresh 1.5 ml elutidme. Apply 10Qul of Elution solution to the
column and centrifuge for 2 minutes at 2,000 rpmR &t followed by 3 minute at 14,000 rpm.

» RNA is now ready for downstream applications obécstore at -80°C.

RNA is normally scarcely present in circulationushl00 pl of elution solution carrying the RNA
extracted in a very low concentration due to thghhdilution. Different elution volumes and
concentration protocols were tested, the best tragat reached with an overnight precipitation,
applying the following protocol:
» Add 10 pl of 3M NaOAc (pH 5.2), 1 ul of Glycogenl@®mon and 300 ul of 100% ethanol.
Mix gently but thoroughly

» Incubate the mixture at -80°C for an overnight foitation
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» The day below, vortex the mixture and centrifuge 3@ minutes at 16,000 xg at 4°C.
Discard the supernatant without disturbing thegtell

» Wash the pellet with 70% ethanol

» Centrifuge 15 minutes at 16,000 xg. Discard theeguggtant carefully to avoid disturbing the
pellet

» Air dry the pellet, being careful to not over-dwhich renders resuspension more difficult

» Dissolve RNA pellet in 15 pl nuclease-free water

3.2.2 RT-gPCR LNA technology

In Grillari’s lab, it's usually applied the LNA siam from Exigon to perform RT-qgPCR (Reverse
Transcription quantitative PCR). LNA, locked nuclekcid, are a class of high-affinity RNA analogs
in which the ribose ring is “locked” in the ideardormation for Watson-Crick binding. As a result,
LNA oligonucleotides exhibit thermal stability whéybridized to a complementary DNA or RNA

strand, this is important studying small molecides widely varying of GC-content, such as miRs.
In addition, LNA oligonucleotides can be made shiothan traditional oligonucleotides and this is
important when the oligonucleotide is used to deseoall or highly similar targets. Some miR

family members vary by a single nucleotide, LNA denused to allow excellent discrimination of
closely related miR sequences.

The miR assay expect a first retrotranscription)(B€p and then the gPCR.

cDNA synthesis was performed using miRCURY LNA Wmsal RT microRNA PCR (Exiqon).
During the RT a poly-A tail is added to the maton®, the synthesis is done using a poly-T primer

with a 3’ degenerate anchor and a 5’ universalltege is reported the protocol used:

» Add to 2 ul RNA, 8 pl Universal cDNA Synthesis Mashix composed by
- 2 pl 5x Buffer
- 0.5 pl cDNA Spike-In (UniSp6)
- 1 pl Enzyme Mix
- 4.5 pl nuclease-free water
> Incubate at 42°C for 60 minutes with heated lidts&9°C

> Heat-inactivate at 95°C for 5 minutes
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gPCR uses miR-specific LNA enhanced forward anéns primer to amplify the cDNA template.
SYBR Green (EXILENT SYBR Green master mix — Exiqomhich only binds to double stranded
DNA, was used for detection as described below:

> Dilute 2 pl cDNA in 78 pl nuclease-free water (4bution)
» Distribute 4 pl of diluted cDNA into all wells, fodTC use 4 pl nuclease-free water
» Add 6 pul PCR Mix composed by 5 ul PCR Master Mid dnul PCR Primer Mix
» Run gPCR using this program
- Activation/Denaturation: 95°C 10 minutes
- Amplification 40 cycles:
95°C 10 seconds
60°C 60 seconds
- Melting curve analysis
Real time PCR allow the investigation of gene egpi@n patterns based on the assessment of
Cycling threshold (Ct) value, which is the numbércycles required for the fluorescence signal to
cross the threshold line. The Ct value is inverpebportional to the initial copy number of the miR

in the sample.

3.2.3 cDNA library preparation

For cDNA library preparation 3 commercial kits weested: XRNA Exosome RNA-seq NGS

library prep kit (System Biosciences), TruSeq Sni&NA library prep kit (lllumina), CleanTag

Ligation Kit (TriLink BioTechnologies). The threat& apply different procedures and strategies to

perform cDNA library preparation.

1) The XRNA Exosome RNA-seq library prep kit from Syst Biosciences adopted the following
protocol:

STEP 1: 3’ Adapter Ligation

» Allow Mix C300 to equilibrate to RT for 30 minutégfore use
» Denature the RNA Sample by assembling in a stéfileul PCR tube 8ul of this reaction

mix:
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- 6 ul RNA sample
- 2l Mix A300
» Gently pipette mix thoroughly and incubate at 706€1 minute and then place the tube on
ice
» Set up the following 3’ Adapter Ligation reactiar fa total volume of 16.pl:
- 8l Denatured RNA mix
- 2l Mix B300
- 6.5ul Mix C300
» Gently pipette mix thoroughly and incubate at 2%3€C1 hour

STEP 2: Ligation Product Clean Up

» Vortex the AMPure XP beads until they are evensuspended

» Add 30ul of AMPure XP beads to each sample. Gently pipgitethoroughly and incubate at
RT for 15 minutes

» Place the sample tube on the magnetic stand abRT rhinutes

» Remove and discard 40 of the supernatant

» Keep sample tube on the magnetic stand. Gentlyl86dl of 80% ethanol into each sample
tube without disrupting the beads. Incubate at ®130 seconds

» Remove and discard 96 of the supernatant

» Repeat washes steps. Remove and discard all resdparnatant after the second 80%
ethanol wash

» Air dry sample tube at RT for 15 minute or untétAMPure XP beads are dry

» Remove sample tube from the magnetic stand. Resddpe dried AMPure XP beads in 8.5
ul of nuclease free water and incubate resuspes$iBT for 2 minutes

» Place the sample tube on the magnetic stand abRT rhinutes

» Transfer 7ul of the supernatant into a fresh 200PCR tube

STEP 3: 5’ Adapter Ligation

» Set up the following 5’ Adapter Ligation reacticor 2 12ul total reaction:
- 7ul 3 Adapter Ligated RNA
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- 3l Mix D300
- 2l Mix E300
» Gently pipette mix thoroughly and incubate at 2531 hour, then place the tube on ice

STEP 4: cDNA Synthesis

» Set up the following 10l cDNA Synthesis reaction on ice:
- 124 3’ and 5’ Adapter Ligated RNA
- 2 ul Mix F300
- 1 ul Mix G300
» Gently pipette mix thoroughly and incubate at 5631 hour, then place the tube on ice

STEP 5: PCR Amplification

» Set up the following PCR reaction in a fresh stefi0Oul PCR tube on ice. Only one of the
barcode primers is used for each sample. The ogaoti25ul is composed by:
- 5ul cDNA
- 18l Mix H300
- 1yl PCR Primer
- 1l Barcode Primer
» Gently pipette mix thoroughly and amplify the saeplin the thermal cycler using the
following PCR cycling conditions:
98°C for 30 seconds
18-20 cycles of: 98°C for 15 seconds, 60°C ford&oads, 72°C for 1 minute
72°C for 5 minutes
Hold at 4°C

2) TruSeqg Small RNA library prep kit from lllumina dpga the protocol below:
STEP 1: 3' Adapter ligation

» Set up the ligation reaction in a sterile nuclefase-200ul PCR tube on ice, the reagent
volume is 6ul in total:
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- 1yl RNA 3' Adapter (RA3)
- 5ul 1 pug Total RNA in nuclease-free water
» Gently pipette the entire volume up and down to thoroughly, and then centrifuge briefly
» Place the tube on the preheated thermal cycleseQlee lid and incubate the tube at 70°C for
2 minutes and then immediately place the tube @n (fo prevent secondary structure
formation)
» Prepare 4 mix in a fresh 20Qul PCR tube on ice for each sample
- 2yl Ligation Buffer (HML)
- 1 ul RNase Inhibitor
- 1pl T4 RNA Ligase 2, Deletion Mutant
» Gently pipette the entire volume up and down to thoroughly, and then centrifuge briefly
» Add 4l of the mix to the reaction tube from the previ@igp and gently pipette the entire
volume up and down to mix thoroughly. The totalwok of the reaction is 10
» Place the tube on the preheated thermal cycleseGlee lid and incubate the tube at 28°C for
1 hour
» With the reaction tube on the thermal cycler, adad Stop Solution and gently pipette the
entire volume up and down to mix thoroughly. Counérto incubate the reaction tube on the
thermal cycler at 28°C for 15 minutes and thengkhe tube on ice

STEP 2: 5' Adapter ligation

» Add 1.1ul RNA 5' Adapter into a new 200l PCR tube, for a total equal to the number of
samples being prepared

» Place the tube on the preheated thermal cyclesedlwe lid and incubate the tube at 70°C for
2 minutes and then immediately place the tube @n (fo prevent secondary structure
formation)

» Add 1.1ul 10mM ATP to the RNA 5' Adapter aliquot tube, widm equal number to the
number of samples being prepared. Gently pipeteetttire volume up and down to mix
thoroughly

» Add 1.1 ul T4 RNA Ligase to the RNA 5' Adapter aliquot tubegual to the number of
samples being prepared. Gently pipette the entikenve up and down to mix thoroughly
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» Add 3 ul of the mix from the RNA 5" Adapter aliquot tube the reaction from the step of
Ligate 3' Adapter. Gently pipette the entire voluapeand down to mix thoroughly. The total
volume of the reaction is 14

» Incubate the reaction tube at 28°C for 1 hour &ed place the tube on ice

STEP 3: Reverse Transcription

» Dilute the 25 mM dNTPs by premixing the followingagents in a fresh 2Q0 PCR tube.
Multiply each reagent volume by the number of sawleing prepared.
- 0.5ul 25 MM dNTP Mix
- 0.5pl Ultra Pure Water
» Gently pipette the entire volume up and down to thioroughly, then centrifuge briefly and
place it on ice.
» Transfer 6ul of each 5" and 3' adapter-ligated RNA to a ne@ dPCR tube
» Add 1ul RNA RT Primer to each tube containing adapteatkgl RNA
» Gently pipette the entire volume up and down to thoroughly, and then centrifuge briefly
» Place the tube on the preheated thermal cyclenraoubate the tube at 70°C for 2 minutes,
then immediately place the tube on ice
» Prepare the following mix in a separate 20°CR tube placed on ice. Multiply each reagent
volume by the number of samples being preparedidtaévolume per sample is 5.6
- 2 ul 5X First Strand Buffer
- 0.5ul12.5 mM dNTP mix
- 1u 100 mM DTT
- 1 ul RNase Inhibitor
- 1l SuperScript 1l Reverse Transcriptase
» Gently pipette the entire volume up and down to thoroughly, and then centrifuge briefly
» Add 5.5ul of the mix to the reaction tube with the retroseribed. Gently pipette the entire
volume to mix thoroughly, and then centrifuge HyieThe total volume is 12.pl
» Incubate the tube at 50°C for 1 hour and then plageube on ice.
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STEP 4: PCR Amplification

» Prepare a separate PCR tube for each index usédldior each reaction. Combine the
following reagents, multiply each reagent volumetly number of samples being prepared.
37.5ul is the total volume per sample.

8.5ul Ultra Pure Water

- 25ul PCR Mix (PML)
- 2ul RNA PCR Primer (RP1)
- 2 ul RNA PCR Primer Index (RPIX)
» Gently pipette the entire volume up and down, d¢ferge briefly, and then place the tube on

ice

» Add 37.5ul of PCR master mix to the reaction tube from sitfhe reverse transcription

» Gently pipette the entire volume, centrifuge bsielind then place the tube on ice. The total
volume is 5Qul

» Place the tube on the preheated thermal cyclefrantbate the tube using the following PCR
cycling conditions (thermal cycler preheat lid &efl00°C)
98°C for 30 seconds
11 cycles of: 98°C for 10 seconds, 60°C for 30 sdsp72°C for 15 seconds
72°C for 10 minutes
Hold at 4°C

3) The protocol used for CleanTag™ Ligation Kit fromLink BioTechnologies is composed by

different steps and here is reported:

STEP 1: 3' Adapter Ligation to RNA Template

» For RNA inputs less than 1000 ng, CleanTag™ 3' Aeldpas to be diluted. For the very low
amount of RNA extracted, less than 1 ng, adaptere wiluted 1:12
» Heat 2.5 pl RNA template at 70°C for 2 minutes plade immediately on ice
» Prepare reaction containing all components fotal tmlume of 7.5 pl:
- 0.5 pl CleanTag™ 3' Adapter
- 1 pl RNase Inhibitor
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- 1 ulEnzyme 1
- 5 ul Buffer 1
» Add 7.5 ul reaction to 2.5 RNA pl and mix gently
» Place the tubes into a thermal cycler with a heldeahd perform the cycling conditions:
28°C for 1 hour
65°C for 20 minutes
» Place 3' tagged RNA template on ice.

STEP 2: 5' Adapter Ligation to Tagged RNA Template

» For RNA inputs less than 1000 ng, CleanTag™ 5' Agtdpas to be diluted. For the very low
amount of RNA extracted, less than 1 ng, adaptere wiluted 1:12

» Heat CleanTag™ 5' Adapter at 70°C for 2 minutes@ade immediately on ice

» Add CleanTag™ 5' Adapter to each reaction tube, bgipipetting up and down

> Place the tubes into a thermal cycler with a hebdieaind perform the cycling conditions:
28°C for 1 hour
65°C for 20 minutes

» Place tagged RNA library on ice

STEP 3: Reverse Transcription (RT) Reaction of EBaggNA Library

» Set up the reaction as follow (some reagents frapescript Ill Reverse Transcriptase,
ThermoFischer):
- 2uL RT Primer (14.4.M)
- 1.92uL De-ionized Water
- 5.76uL RT Buffer (5X)
- 1.44pL dNTPs (10 mM)
- 2.88uL DTT (100 mM)
- 1 uL RNase Inhibitor
- 1uL RT Enzyme (200 YiL)
- 20uL Tagged Library
» Place in thermocycler with a heated lid at 50°CIfdvour
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STEP 4: PCR Amplification of RT Product

Index Primers Setl were from lllumina (Primers 1with RT and Forward PCR Primer) and
Master Mix from New England Biolabs.
» Set up reaction as follow
- 40ul Q5 High Fidelity 2X Master Mix
- 2l Forward PCR Primer (20M)
- 2ul Index PCR Primer (20M)
- 36ul RT Reaction Product
» Place into a thermal cycler with a heated lid. &anfthe following cycling conditions using
the recommended number of PCR cycles, for RNA mmgs than 1 ng 21 cycles are
recommended:
98°C for 30 seconds
21 cycles: 98°C for 10 seconds; 60°C for 30 secon2iXC for 15 seconds
72°C for 10 minutes
hold at 4°C

The CleanTag™ Ligation was chosen for the preparadf the cDNA library for the smallRNA
sequencing study. For each sample a different IiRdemer from the set 1 of lllumina was used

(Primers #1-12) to run all 12 samples in one lamedtfe sequencing.

3.2.4 PCR products purification

A purification step after PCR reaction was perfadmesing QIAquick PCR Purification Kit
(Qiagen) to remove primers, nucleotides, enzymasgemal oil, salts, and other impurities from
DNA samples. The protocol applied is describedWwelo

» Add 1:250 volume pH indicator | to Buffer PB. Thellpw color of Buffer PB with pH
indicator | indicates a pH &f7.5

» Add 5 volumes Buffer PB to 1 volume of the PCR tigscand mix. If the color of the
mixture is orange or violet, add 103 M sodium acetate, pH 5.0, and mix. The colothef
mixture will turn yellow

» Place a QlAquick column in a 2 ml collection tube
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» To bind DNA, apply the sample to the QIAquick coluand centrifuge for 30-60 seconds at
17,900 xg at RT

» Discard flow-through and place the QlAquick coluback in the same tube

» To wash, add 0.75 ml Buffer PE to the QIAquick enfuand centrifuge for 30-60 seconds.
Place the QlAquick column back in the same tube

» Centrifuge the QIAquick column once more for 1 miénto remove residual wash buffer.
Place each QIAquick column in a clean 1.5 ml mierddfuge tube

» To elute DNA, add 3@l water to the center of the QIAquick membrane. iRoreased DNA
concentration, let the column stand for 1 minute] then centrifuge for 1 minute.

» Store DNA at -20°C

3.2.5cDNA library evaluation

cDNA libraries were quantified by Agilent DNA 10t using Agilent 2100 Bioanalyzer. The

following protocol was applied:

» Setting up the Chip Priming Station replacing thenge

» Adjust the base plate in position C

» Adjust the syringe clip releasing the lever of thip and slide it down to the lowest position
» Preparing the Gel-Dye Mix

Allow DNA dye concentrate and DNA gel matrix to ddprate to RT for 30 minutes

- Vortex DNA dye concentrate and add #%f the dye to a DNA gel matrix vial
- Vortex solution well and spin down. Transfer torspiter
- Centrifuge at 2,240 g for 15 minutes. Protect sotutrom light. Store at 4 °C
» Loading the Gel-Dye Mix
- Allow the gel-dye mix equilibrate to RT for 30 miies before use
- Put a new DNA chip on the chip priming station
- Pipette Qul of gel-dye mix in the well marke®
- Make sure that the plunger is positioned at 1 rdltaen close the chip priming station
- Press plunger until it is held by the clip
- Wait for exactly 60 seconds then release clip

- Wait for 5 seconds and slowly pull back plungetal position
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- Open the chip priming station and pipettgl ®f gel-dye mix in the wells markes.

» Loading the Markers

- Pipette 5ul of marker in all 12 sample wells and ladder w&lb not leave any wells

empty

» Loading the Ladder and the Samples

- Pipette 1ul of DNA ladder in the well marke#

- In each of the 12 sample wells pipett@llof sample (used wells) or dl of de-ionized

water (unused wells)

- Put the chip horizontally in the adapter and voftexL minute at 2,400 rpm
- Run the chip in the Agilent 2100 Bioanalyzer withiminutes

3.2.6 Gel purification

A gel purification step is required to run amplifieDNA library and select only miRs library

according to the size. Here is reported the prdtosed for the library size selection:

>
>
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Use Novex TBE Gels, 10% (Invitrogen)

Load 5ul Quick Load pBR322 DNA-Mspl Digest (New EnglandoBibs) on the first lane
as ladder

Mix 8 ul 140bp control with 21 Novex Hi-Density TBE Sample Buffer (Invitrogenha
load 10ul on the second lane

Add 7 ul Novex Hi-Density TBE Sample Buffer to 28 sample and load 1 in two lanes
nearby (leave one lane free between marker anereiff samples)

Prepare, each time freshly, Running Buffer 0.5X TlEfer diluted from 5X in nuclease-
free water

Run at 120V 2 hours with 0.5 TBE Running Buffer

Remove the gel from the apparatus and stain thevgkl 1:10,000 diluted SYBR Gold
nucleic acid gel stain (Invitrogen) in TBE 1X, irckean container for 15 minutes, protected
from light on shaker

View the gel on a UV transiluminator and cut copasding miR band (~130-140bp). Place

the gel slice in a 1.5 ml tube with an hole in biottom



» Centrifuge the tube in a 2 ml tube at 13,200 rpm2faninutes. The centrifugation force will
make pass through the hole the gel disrupted

» Add 250ul DNA Gel Elution Buffer and rotate for 2 hoursRit

» Transfer the eluate and the gel debris to the t@pgel filtration column and centrifuge for 2

minutes at 13,200 rpm

A\

Collect the flow-through, add fil Linear Acrylamide to enhance precipitation, @53M
sodium acetate, 750 100% ethanol and vortex well

Precipitate at -80°C overnight

Vortex and centrifuge for 3 minutes at 14,000 x4°&al

Remove the supernatant taking care not to disemwwe the pellet

Add 900ul 80% Ethanol and centrifuge at 14,000 xg for 3@utes

Air dry pellet for up to 10 minutes at RT to remaesidual ethanol

Resuspend pellet in 12 TE Buffer

VvV V.V V VYV V V

Load 1ul on an Agilent Technologies 2100 Bioanalyzer usangAgilent DNA-1000 chip to
qguantify the DNA concentration after the purificati

3.2.7 Sequencing and data analysis

The sequencing was done by Exigon company on th&¢g500 platform, using single-end read
and 50 nt as number of sequencing cycles. The sisaljere performed in collaboration with the

same company.

Quality control was done at first calculating thes€re, that is a prediction of the probabilityaof
incorrect base-call. A Q-score of 30 equals an royuof 99.9% for the base-calling. After the
sequencing adapters were trimmed off as part ofbdme calling, showing the profile of the

distribution of read length for each donor.

The sequencing reads were mapped to the referemec®ng reported in miRbase 20

(http://www.mirbase.ord/ Mapping of the sequencing reads is the first pathe data analysis but

it also represents a useful quality control stephiem NGS data analysis pipeline as it can help to

evaluate the quality of the samples.
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Exploratory analysis was performed on data norredliwith tag per million (TPM) method and
converted to a log2 scale. TPM is a unit used t@asuee expression in NGS experiments. The
number of reads for a particular miR is dividedtbg total number of mapped reads and multiplied
by 1 million (Tags Per Million). At first the analdis was done by Principal Component Analysis
(PCA) and heat map. PCA is a method used to retthecdimension of large data sets and thereby a
useful way to explore the naturally arising sangésses based on the expression profile. The heat
map is composed by two-way hierarchical clusteahgiRs and samples. For these investigations,

top 100 miRs that have the largest variation acaissamples were used.

The differential expression analysis is done usthg EdgeR statistical software package

(Bioconductor, http://www.bioconductor.ory/ Differential expression analysis investigate® th

relative change in expression (i.e. counts) betvekerent samples. The miRs with p value6.05
should be considered as statistically significafiecence in the expression.

Normalization process was performed by the trimnmezhn of M-values, based on log-fold and
absolute gene wise changes in expression leveisebat samples (TMM normalization). This
normalization is primarily concerned with compemsgtfor sample specific effects (generally
caused by the variation in sequencing depth betwasmples). Additionally, the normalization step
offsets under-sampling effects (due to highly egpeel miRs dominating the read set) by identifying

scaling factors that minimize log fold changes tesw samples across the majority of miRs.

3.3 Validation in RT-gPCR

To validate sequencing results, RT-gPCR was peddrim Bologna on a bigger cohorts of subjects.
In the laboratory in Bologna, miR analysis was diewed using different methods respect to Vienna
laboratory. RNA is extracted with Total RNA Purditon Kit (Norgen), cel-miR-39 (Qiagen) is
used as spike-in to monitor RNA isolation, and RPGR is performed through TagMan

technologies.

3.3.1 RNA extraction

Total RNA was isolated from 100l of plasma samples using the Total RNA purificatikit
(Norgen Biotek Corporation). Here is reported thatgcol used:
» add 350ul of Lysis solution to 10Q.L of plasma and mix by vortexing for 15 seconds
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add 5ul of a 20 fmol{l cel-miR-39 in water solution (Qiagen)
add 200ul of 100% ethanol and mix by vortexing for 10 sed®n

assemble a column with one of the provided colbectubes

YV V V V

apply up to 60Qul of the lysate with the ethanol onto the columd aantrifuge for 1 minute
at 14,000 xg

discard the flow-through and reassemble the colwitimits collection tube

apply 400ul of wash solution to the column and centrifuge ¥aninute at 14,000 xg
discard the flow-through and reassemble the colwitinits collection tube

repeat the washing step twice

YV V V V V

spin the column for 2 minutes at 14000 xg in ordethoroughly dry the resin and discard
the collection tube

place the column in a new 1.5 ml RNase-free tube

add 50ul elution solution to the column

centrifuge for 2 minutes at 200 xg, followed by huate at 14,000 xg

store RNA at -80°C

YV V V V

3.3.2RT-gPCR TagMan technologies

RT-gPCR is based on miR-specific TagMan probes l[[agpBiosystems by Life Technologies)
which are oligonucleotides labeled with a fluoroghoovalently attached to the 5’-end (e.g. FAM,
6-carboxyfluorescein) and a quencher at the 3'-driee fluorophore and quencher dyes form a
donor-acceptor FRET pair which hybridize to the ptamentary sequence located downstream one
of the PCR primers. When the probe is intact, tleximity of the reporter dye to the quencher dye
suppresses the reporter fluorescence. As the pisrettended, the 3>5’exonucleasic activity of
DNA polymerase hydrolyzes the probe from the 5 eegarating the reporter from the quencher,
therefore allowing detection of the reporter dymfescence.

RT-gPCR consists of two parts: RT reaction and P&Rtion.

The RT reaction is the reverse transcription o&lt&NA into cDNA using a primer specific for

each miR. 15 of total reaction is composed by:

> 5 ul RNA

» 3 ul specific primer for each miR
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» 7 uL master mix

- 0.15ul dNTP mix (100 mM total)

- 1 ul Multiscribe RT enzyme (50l)
1.5ul 10x RT Buffer
- 0.19ul RNase Inhibitor (20Ul)
4.16pl Nuclease free water

» Spin the mixture and apply the following thermatlayg conditions:
30 minutes at 16°C
30 minutes at 42°C
5 minutes at 85°C
hold at 4°C

» CcDNA is now ready for downstream applications obéostored at -20°C
In the PCR reaction, cDNA is amplified using speqgifrobes in a total 20l reaction contains:

» 10 ul TagMan 2X FAST Universal PCR Master Mix
» 7.7ul Nuclease free water

» 1yl TagMan MicroRNA Assay 20X

» 1.33ul RT reaction product

Thermal cycling conditions (Rotor Gene - Qiagen):

20 seconds at 95°C
40 cycles: 1 second at 95°C, 20 seconds at 60°C

3.3.3 Analysisof RT-qPCR results

Data acquired by the instrument is in form of Clues. These values were normalized with cel-mir-
39 measured in each sample, resulth@j values. The relative expression was calculatitd the
following formula: 2*“". Relative expression means and standard deviatieme calculated for
each group of donors. In some cases, one or twplsawere excluded when the miR measured in

that sample showed a value completely out of rangd, it was considered as an outlier in that

46



evaluation. Since the values were not normallyrithisted, Kruskal-Wallis test was used to perform
statistic evaluation, using SPSS system. P vaiu®65 were considered statistically significant.
miRs expressions and hemato-biochemical paramétens healthy and unhealthy centenarians
were evaluated together in a Partial Least Squag®ssion (PLS-DA) to analyze discrimination
parameters of the two phenotypes of centenariawghis analysis SIMCA-P software was used.
Finally, validated miRs were analyzed using mirPa#0, a miR pathway analysis web-server
belonging to DIANA TOOLS [fttp://diana.imis.athena-innovation.gr/DianaTooldéx.php.
MirPath was used to find experimentally validatacyéts (DIANA-microT-CDS algorithm) and/or

putative targets (DIANA-TarBase v6.0) of validat@iRs, as well as to identify relevant common

pathways among them.
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4. RESULTS

The objectives of the current thesis were two HeWs:

1. Optimization of the smallRNA sequencing protofmlthe discovery phase. In fact, my personal
effort was to acquire new knowledge on NGS techgiel® to be applied in the study of c-miRs
performed with high resolution and technologicaklen the biological process of human aging and
longevity. This work has been done in collaboratwith the BOKU University of Natural
Resources and Life Sciences in Vienna. For thgbqee | have spent 6 months of my PhD in the
laboratory of Biotechnology of Skin Aging directéy Professor Johannes Grillari and | have
worked with the academic startup TAMIRNA, whichspgecialized in c-miRs studies. A total of 12
subjects, recruited in Bologna for a discovery ghagere included, i.e. 3 healthy young donors, 3
healthy old donors, 3 healthy centenarians andh&aithy centenarians. These experimental phases
will be described in 4.1, 4.2 and 4.3.

2. The identification of c-miRs characterizing fre@cess of human aging and longevity and likely a
signature able to distinguish healthy and unhedibimgevity. A total of 48 subjects, recruited in
Bologna for a validation phase, were included,i®healthy young donors, 16 healthy old donors,
10 healthy centenarians and 6 unhealthy centersaridns experimental phase will be described in
4.4,

4.1 Optimization of the sequencing protocol

4.1.1 RNA extraction and quantification

RNA extraction was assessed by testing differehtnaes of EDTA-plasma, i.e.. 0.2-05-1-2 —
5 ml using a plasma pool of healthy donors (testpdes). These volumes were processed with 3
kits: i. Plasma/Serum RNA Purification Kit (one femall volumes and another for large volumes);
ii. Plasma/serum circulating and exosomal RNA peatfon kit (both commercialized by the
Norgen company); iii. kit of Qiagen, miRNeasy Mikit, readapted for RNA extraction from
plasma. They are all column based methods. AfteresBNA extraction, Plasma/Serum circulating
and exosomal RNA purification kit was chosen ashtast among Norgen kits (data not shown) and

compared in more detail with Qiagen Kit.
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RNA extracted was quantified by Bioanalyzer (platio2100 - Agilent Technologies, Inc.) using
the chip for smallRNA analysis. Direct quantificatiof smallRNA was extremely difficult probably
due to a very low concentration of material. Theref RT-qPCR was used to estimate RNA
extraction. Spike-ins added at the beginning ofdk&action, i.e. UniSp2, UniSp4, UniSp5, were

analyzed to evaluate RNA extraction, while UniSp@swadded during cDNA preparation to

evaluate retrotranscription. Some endogenous miRs (i.e. #liR--23a) were assessed too.

Following the protocol of different kits, final é¢lan volumes are different, thus RNA was eluted in

30 ul applying Qiagen kit, and it was eluted in 10®y Norgen Kkit.

Results, reported in figure 4.1, show an expecieeatity between miR Ct values and plasma
volume, except in the case of 5 ml of plasma preeegdy Norgen kit (figure 4.1, lower panel),

where RNA extraction efficiency was affected andARdiantity was not evaluable.
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Figure 4.1. RT-qPCR evaluation of extracted RNA@amby two kits (Qiagen, Norger(Jt values of miR-21 are
reported, in different plasma volumes (0.2 — 0.5 — 2 — 5 ml). The coefficient of determinationth& regression

analysis is reported in both conditions.
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This result suggested that 5 ml plasma gives teehmroblems, therefore it was excluded for

further analysis and 2 ml was chosen as the bésineoto achieve the maximum quantity of RNA.

A further optimization of the protocol was focusa reducing RNA elution volume with Norgen
kit, expected to be 100 pl. Different elution volesrand precipitation/concentration protocols were
tested and the best result was achieved by an igiprecipitation with sodium acetate, glycogen
and ethanol, at final elution of RNA in 15 pl ofstwon.

On the whole, both kits showed good results in $eohfRNA extraction and for that reason it was
decided to test both to prepare cDNA library.

4.1.2 cDNA library preparation

Three commercial kits for cDNA library preparatiere tested as follows:
- XRNA Exosome RNA-seq NGS library prep kit (Systemd®iences)
- TruSeq Small RNA library prep kit (lllumina)
- CleanTag Ligation Kit (TriLink BioTechnologies)

The three kits differ on the strategy applied tevent adapter dimers formation. Specifically,
System Biosciences kit adopt the method of cleanpgith magnetic beads the product after the 3’
ligation step. lllumina applies a T4 RNA ligaseeat&n mutant for the 3’ ligation and the full-lehgt

enzyme for 5’ ligation. TriLink BioTechnologies lapplies chemically modified adapters to reduce

adapter dimers formation.

In all experiments, amplified products after PCReawveurified with QIAquick PCR Purification Kit
(Qiagen) to removes impurities, such as primersjemtides, enzymes, mineral oil, salts. Agilent

DNA 1000 Kit was used at Bioanalyzer to quantifyrdiry preparation.

Results of cDNA library preparation are reportedthe electropherograms as figure 4.2. on the
bases of different kits. lllumina kit produced omlgapter dimers, which can be identified by 121 bp
peak. Better results were obtained with System d&@oges kit and a little quantity of library was
reached (140-150 bp) in the sample of RNA isolatgth Norgen kit. No library was found with
Qiagen RNA. Some attempts were done on the optiioizaf PCR step in library preparation, but

any significant improvement were obtained in terohiscDNA library quantity. On the contrary,
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TriLink kit showed a good quality in library preaion, and electropherogram shows a clear peak
of the library at 132 bp, while only a little quantof adapter dimers (peak at 116 bp) is evidenced
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Figure 4.2. Library preparation evaluated by Biodywmer with three different kitslruSeq Small RNA library prep kit
(lllumina) in the upper panel, XRNA Exosome RNA-9¢GS library prep kit (System Biosciences) in thiddite panel,

CleanTag Ligation Kit (TriLink BioTechnologies) the lower panel. cDNA library is about at 130-14Ddeak and it
depends on adapters length
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4.1.3 Library size selection

Accordingly to the best results obtained, libratfiesn TriLink kit were processed and purified on
gel. After a run on agarose gel, bands correspgndirtDNA library were cut with a sterile scalpel
blade, then DNA trapped in gel fibers was recoveard analyzed with Bioanalyzer. TriLink kit
gave a plentiful recovery of libraries, as reporiadfigure 4.3, especially using RNA sample

extracted by Qiagen kit, resulting the best mofaat 360 nM, instead of 300 nM obtained by
Norgen sample.
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Figure 4.3. TriLink cDNA libraries analyzed by Brwyzer Upper panel: library prepared with RNA extractad

Norgen kit. Lower panel: library prepared with RN&tracted by Qiagen kit. Libraries are evidencedheypeak at 134
bp.
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At this stage, the optimization phase was overthadinal protocol was established as follows:
e 2 ml of EDTA-plasma sample
* miRNeasy Mini kit (Qiagen) for RNA extraction
* RT-gPCR to evaluate RNA isolation
» CleanTag Ligation Kit (TriLink BioTechnologies) feDNA library preparation

» Libraries evaluated by Bioanalyzer before and dfteir size selection on agarose gel

4.2 Processing samples for smallRNA sequencing

The above protocol was applied to analyze miR |angfiin three different aged groups using a
discovery phase design (12 subjects as descriteatbpsly). Plasma of the donors was collected in

Bologna and processed in Vienna.

4.2.1 RNA extraction evaluation

2 ml plasma from each donor were used to extrach RIHh miRNeasy Mini kit (Qiagen). RNA

was evaluated by RT-qPCR, assessing the followintecoles: i. 2 spike-ins added during the
extraction, i.e. UniSp4 and UniSp5; ii. 1 spikeaided in retrotranscription phase, i.e. UniSp6; iii
the endogenous miR-21. Results, reported in figude show that 1145M sample and mostly
1141M and 1142M samples were not properly processeaniR-21 Ct values resulted very high
(meaning low amount of materials) and no amplif@matwas found of the RNA extraction-related
spike-ins. UniSp6 does not show any variation ttoeeethe conclusion is that the problem of low

RNA level has come out during RNA extraction .
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Figure 4.4. RT-gPCR analysis on RNA extracted filoenl2 donors sample€t values of the spike-ins are shown in the
upper panel, Ct values of the endogenous miR-2hasvn in the lower panel.

As two out of three failed samples, i.e. 1141M a4d2M are unhealthy centenarians while 1145M
sample is from healthy centenarian, it could beollypsized that something present in centenarian
samples, such as proteins or lipids, interferech VRINA isolation. To further investigate this
problem, one smaller aliquot for each subjects, RO®f plasma, was used to perform RNA
isolation twice. As showed in figure 4.5, miR-23aswfurther detected and compared in two
different RNA extracted samples (200 pl and 2 mlurees).
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Figure 4.5. RT-gPCR analysis on RNA obtained frbmfirst (2 ml plasma, PL) and the second extrac(i00 pul
plasma) Ct values of the spike-ins are shown in the umaerel, those of the endogenous miR-23a are reportthe
lower.

RNA isolated from 200 pl of plasma resulted thet lwesdition for higher efficiency of extraction
(smaller Ct values) and 1143M sample, used asemderfor the best extraction, confirmed that the
qguantity of the endogenous miR is proportional he starting material. To explain why the
extraction was successfully completed starting flegs quantity of plasma is not easy, but results
suggest that something in the samples (membrane®ins, antibodies, etc.) might interfere with
the extraction mostly if a large amount of mateisalsed.
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4.2.2 cDNA library preparation

RNA isolated from the first (2 ml) samples handlargd the second one (200 pL, only for samples:
1145M, 1141M, 1142M) were processed with CleanTagtion Kit (TriLink BioTechnologies) to

prepare cDNA libraries. Results obtained by runrtimg libraries on Bioanalyzer, showed a good
production of cDNA libraries which are evidencedigure 4.6, as peaks (with circles) related to bp
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Figure 4.6. cDNA libraries after detection by Bi@dyzer. Electropherogram for each subject is reporteghdig
donors and 3 old donors are in panel A, 3 healdmganarians and 3 unhealthy centenarians are ipethed B. The
cDNA library is circled and it correspond to theageat about 130 bp.

4.2.3 Library size selection

Libraries were loaded on agarose gel and weretseldar purification according to their size. After

gel purification, the libraries were recovered witie protocol previously described, and their

concentrations are reported in the Table I.
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Table I. Concentration and molarity for each libranAfter the size selection on agarose gel, quaatifbn of the
recovered libraries was calculated with Bioanalyzer

Concentration [ng/ul] Molarity [nmol/I]

MO002 18.17 205

MO003 4.1 43.2
MO004 20.97 235.5
10M032 29.17 308.5
10MmM064 17.17 195.8
10M107 18.41 208.3
1139M 16.98 177.2
1145M 17.45 195.6
1146M 15.08 162.5
1141M 21.96 249.6
1142M 17.6 198.6
1143M 26.95 304.3

Library obtained from M003 sample showed the lowsstarity, likely due to a problem of loading
on agarose gel. Anyhow 43.2 mM were sufficientuio the sequencing.

Libraries were pooled in an equimolar ratio acaogdio the lowest concentration, i.e. 43.2 nM, in
order to load all the samples into a single lange Pool was further tested with Bioanalyzer to
verify the final molarity, which resulted to be 38 1M, as reported in figure 4.7.
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Figure 4.7. Library pool analyzed on Bioanalyz€he 134 bp peak correspond to the library podl, the final molarity
was 38.1 nM.

The pool was sent in Denmark to Exiqon company whiee sequencing was performed by Illumina
technology.
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4.3 Sequencing and data analysis

SmallRNA sequencing was performed by Exigon compasipg lllumina NextSeq500 platform,
adopting single-end read and 50 nt lenght. Seqogrdata analysis was also done in collaboration
with Exigon.

4.3.1 Data quality control

First of all, smallRNA sequencing was evaluateccwdaling the Q-score (or quality score). The
samples showed overall good data quality, presgn@ascore higher than Q30, meaning an
accuracy of 99.9% of base-calling.

After sequencing, adapters were trimmed off as platthe base calling. Trimming of adapters from
the dataset revealed one distinct peak (~9-1leptesenting probably degraded RNA and a minor
miR (~18-22 nt) peak. The abundance of miRs vares sample to sample. Some reads were
longer sequences likely due to other origin (iRNA, tRNA and mRNA fragments, ~30+ nt). In
figure 4.8, the profiles of the distribution of deéength from one donor of each age group are
reported, since they were really similar in accogdio each age group.
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Figure 4.8 Read length distribution after adapters filteringll the 12 samples have a main peak around 10 nt,
representing probably degraded RNA. One samplesémh group are reported, M002 young, 10M032 old.30M
unhealthy centenarians, 1146M healthy centenarians.

Mapping of the reads was done as first part ofitta analysis but it also represents a useful tguali

control step. For this purpose, the reads wereitiad in the following classes:

- Outmapped reads: For example polyA and polyC hotyopers

- Unmapped reads: no alignment possible to host genom

- Genome reads: aligning to reference genome, bubrsshallRNA or miR

- miRNA: Maps to used version of mirBase

- SmallRNA: Maps to smallRNA database

- Predicted (pred) miRs: two different kinds of petdd miRs are present, i.e sequences
belonging to another genome (other organism) oueseces predicted to be human hsa-miR

(mirBase).
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A typical miR sequencing experiment yields appraatiay 10-60% miRs mapping to the reference
genome. However, this is dependent on the quafitthe sample and how well of the reference
genome is characterized, as well as the miR anaptat miRBase 20. If the sample is degraded
fewer reads will be miR specific and more matevidll be assigned as rRNA/tRNA. The plot

showed in figure 4.9, summarizes the overall mappesults and it evidences that the fraction of

mappable reads (=counts) is within the normal ramgehe overall distribution varies due to the 10
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Figure 4.9. Summary of mapping of sequencing r@amhts by sampld=ach category is reported in a different color.
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4.3.2 Results of sequencing

SmallRNA sequencing profiling was successfully ctetgrl. An average of 9.6 million reads were

obtained per sample and the total number of readsgmple is shown in the figure 4.10.
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Figure 4.10. Total number of reads sequenced foheampleAn average of 9.6 million reads was obtained.

After mapping and counting reads the numbers ofwknmiRs, in respect to relevant entries in
miRBase 20, was calculated. The reliability of tHentified miRs increased with the number of
identified fragments. Expression levels were mezdas Tags Per Million (TPM) which is an unit
used to measure miR expression in NGS experim&hts.number of reads for a particular miR is
divided by the total number of mapped reads andiptield by 1 million (Tags Per Million), and the
number of identified and known miRs is reportedigure 4.11 for each sample, taking into account
two different level of expression (1 or 10 TPM). Ang all samples, the number of shared miRs
having>1 TPM was 261 and havirgl0 TPM was 123 miRs.
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bars and >10TPM per sample in black bars.

All data were normalized with tag per million (TPkhethod and converted to a log2 scale.
Exploratory analysis was performed by PCA and Inesb. To obtain the best optimization of the
statistical analysis the top 100 miRs with the dstgvariation across all samples were selected, and
the components of sample variance (PC1; PC2) wawred, as shown in figure 4.12. The largest
component of variation (PC1) is plotted along thexs and the second largest is plotted on the Y-
axis (PC2).
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Figure 4.12. Principal component analysis (PCA)tpCA was performed on all samples using the tdprhilRs with
highest Coefficient of Variation (CV, based on TiRbrmalized reads). Two circled clusters are shown .

Two clusters raise up suggesting that samples @arspond to two different groups, i.e young-old
subjects and healthy-unhealthy centenarians, exXoegample 004M (young subject) which does
not cluster with its related group of young-old jgals. The most important conclusion is that 004M

is likely an outlier and it should not be considkne the further analysis.

The figure 4.13 shows the heat map diagram andwap-hierarchical clustering of miRs and
samples. Each row represents a specific miR anld ealamn represents a sample. Matrix colors
represent the relative expression level of the maB®ss all samples. Three subclusters emerge

from the dendogram analysis, one of them correspémgoung-old subjects while the others two
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subclusters correspond to unhealthy-healthy centersg except 004M which is confirmed to be an

outlier sample.
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Figure 13. Heat Map and unsupervised hierarchidaktering by sample and miRhe clustering was performed on all

samples, and on the top 100 miRs with highest G3¢té@n TPM normalized counts.



Alignment and mapping allowed to identify known rasvel (not annotated) human hsa-miRs. To
discover novel miRs, the bioinformatic analysis wd@ne searching in mirBase in different
genomes, such as human, mouse and rat and otharismgs. The result was that only one miR
sequence corresponded @rnithorhynchus anatinusspecies, oan-miR-1386. This interesting
sequence needs to be further investigated, bugmtlyrit is out of the scope of the present thesis.
Further, putative novel miRs were checked mappithgm@anisms found in miRbase, or other
known RNA sequences (MRNA, tRNA etc). miRPara wseduo analyze the potential folding of
these last sequences. All these analyses wer¢etiet@ identify putative novel miRs and a total of
91 putative-miRs were recognized.

Another type of analysis was performed to idengfyentually IsomiR, i.e. variations of miRs
annotated in miRBase at the 3’ and 5" UTRs andh witnor frequencies, variations of nucleotide
substitution along the miR length. Only isomiRs miaal at 5% level of total reads for a specific
miR were merged to generate a single count file.éxample, 15 isomiRs were found for hsa-let-
7b-3p, reaching 81 total counts for this miR. OawWhole, miRs reads contains also isomiR counts.

4.3.3 Differentially expressed miRsin discovery phase

P-values for significantly differentially expressedRs were estimated by the exact test on the
negative binomial distribution.

As first approach, the differences between the gnaups of healthy and unhealthy centenarians
were considered with the purpose to study the labg@rocess and likely to identify a signature.
The table Il shows miRs differentially expressetileen healthy and unhealthy centenarians, only
13 miRs reached the statistical significance thwkk(p value< 0.05).
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Table Il. The 13 significantly differentially exgsed miRs between healthy and unhealthy centesaléRs list with
log fold change between the two groups, p-valuesthe average count values per group.

logFC PValue HC UHC

avg reads avg reads
miR-19b-3p 2.74 0.0011 16.67 44.67
miR-19a-3p 2.78 0.0014 6.00 19.67
miR-1226-3p -3.15 0.0031 3.33 0.00
miR-598-3p -1.98 0.0069 13.33 1.33
miR-887-3p 2.84 0.0094 0.33 1.67
miR-145-5p 2.11 0.0102 40.33 66.00
miR-4433b-3p 2.43 0.0112 13.00 39.67
miR-296-5p 2.78 0.0117 0.33 1.67
miR-30a-5p 2.07 0.0167 1511.33 3411.33
miR-10b-5p 1.89 0.0217 220.33 375.33
miR-873-3p 1.99 0.0331 1.00 2.00
miR-487a-3p -1.91 0.0502 3.67 0.00
miR-766-3p -1.38 0.0539 58.00 13.00

LogFC: log Fold Change. pvalue: p value. HC: hegattbntenarians. UHC: unhealthy centenarians. AVid@iseaverage
of the reads count in each group.

After the identification of differentially exprestemiRs between the two groups of centenarians a
further selection of miRs was performed taking iatzount the read counts and excluding miRs
with lowest values (near 0) meaning an extremelyéapression (difficult to be validated).

A further selection was based on the miR trend galtve different age groups in order to identify
only those interesting for aging trajectories

Specifically, miR-598-3p and miR-766-3p were seaddctor a decreasing trajectory during normal
aging (across young, old and unhealthy centengriadndle in healthy centenarians miR levels
restored at the level of young subjects. MiR-30a&Bpwed an increasing trend in the different aged
groups but not in healthy longevity. In the tallethe three most interesting miRs are reported and
they were selected for validation phase. Accordingth pre-processed data analysis sample 004M

in the young group was considered an outlier amag excluded.
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Table Ill. miRs selected for the validation phaJéwree miRs were selected among the significaniffergntly
expressed miR between healthy and unhealthy caetdesaand taking into account the aging trajectory

HC UHC o Y
avg readsxSD avg readsxSD avg readst+SD avg reads+SD

miR-598-3p 13.33 £ 4.64 1.33 £1.25 7.66 + 3.09 7.5 £3.50

miR-30a-5p 1511.33 £751.27 3411.33 £974.13 1448.33 £+ 633.87 804 + 208

miR-766-3p 58 £11.43 13 £12.03 19.67 £ 11.73 26.5 £ 20.5

HC: healthy centenarians. UHC: unhealthy centenari®: old. Y: young. AVG reads: average of thedseaount in
each group. SD: standard deviation

4.4 Validation phase

To validate the previously selected miRs a larggroct of donors was included in the study, for a
total of 48 subjects, including 16 healthy younghals (average 30 years old), 16 healthy old
donors (average 71 years old), 16 centenarianshaffmd0 healthy and 6 unhealthy (average 101

years). Healthy and unhealthy centenarians wecestilglied by hemato-clinical parameters.

RNA extraction, starting from 100 pl of EDTA-plasmaas performed using the Total RNA

purification kit (Norgen) and analysis were donengghe RT-qgPCR with TagMan technologies, as
standardized protocol. The spike-in, cel-miR-39svewvaluated in each sample to detect RNA
extraction quality. Results showed a good consigterf RNA isolation, since Ct value average of
this exogenous miR was expressed at 18.3 £ 0.6. |®etmiR-39 was also used to normalize the

Ct values of each miR.

4.4.1 RT-gPCR validation results

TagMan technologies was applied to analyze miRRTigPCR using specific probe for each miR.

MiRs level was calculated as relative expressionpared to cel-miR-39 normalizer.
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MiR-598-3p validation results are reported in fig4r.15. MiR-598-3p increase in old subjects and
decrease in centenarians, significantly in heatihyditions. The difference between young and old
donors has an almost significant trend (p value&®).0Since no difference was relieved between
the two groups of centenarians, miR expression alss analyzed joining miR data of the two
groups as reported in lower panel of the figurés4The decreased expression in the oldest group

was confirmed.

miR-598-3p
*

| |

0.0006

0.0005 -

0.0004 -

0.0003

0.0002

relative expression

0.0001 -

Y o} HC UHC

miR-598-3p

0.0006 - *

0.0005 -

0.0004 -

0.0003 -

0.0002 -

relative expression

0.0001 -

Y O C

Figure 4.15. Relative expression of miR-59843{R-598-3p was evaluated in young (Y), old (O), Ittea(HC) and
unhealthy (UHC) centenarians (upper panel). Inltlneer panel, healthy and unhealthy centenarian® wensidered
together (C). Data are reported as mean valueantlatd deviation. Data were analyzed with Kruskall\&/test: * = p
<0.05.
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MiR-766-3p validation results are reported in figu4.16. MiR-766-3p shows the same trend
evidenced in miR-598-3p but no significance wastbuSimilarly the two group of centenarians

were joined. Nevertheless this trend was not Sicanmit.
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Figure 4.16. Relative expression of miR-766-BpR-766-3p was evaluated in young, old, healthg amhealthy
centenarians (upper panel). In the lower panelltineand unhealthy centenarians were considereetheg. Data are
reported as mean values * standard deviation. Datte analyzed with Kruskal-Wallis test: * ={0.05.

MiR-30a-5p validation results are shown in figur&7 Similarly to miR-766-3p, miR-30a-5p did

not show any significant trend probably due touvtagability inside the different groups
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Figure 4.17. Relative expression of miR-30a-BpR-30a-5pwas evaluated in young, old, healthy and unhealthy
centenarians (upper panel). In the lower panelltineand unhealthy centenarians were considereetheg. Data are
reported as mean values * standard deviafdata were analyzed with Kruskal-Wallis test: * =.05.

relative expression

4.4.2 MyomiRs analysis

Taking into account the different health statusseein the two group of centenarians (unhealthy
centenarians were demented and bedridden), myoméRs also investigated in this study. MiR-
206 and miR-133a-3p are the two most important nmiifRelved in muscle function and diseases

and for that reasons they were selected additipt@ale assessed in this enlarge cohort (48 danors)
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Mir-133a-3p was measured in the different aged ggoas reported in figure 4.18. This miR
increases in elderly people and decreases in lyeaitd unhealthy centenarians. Specifically the
down-regulation of miR-133a-3p in healthy centesasi respect to old people was statistically
significant, and considering all centenarians thgethe decrease was confirmed to be significant.
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Figure 4.18. Relative expression of miR-133a-8pR-133a-3p was evaluated in young, old, headhg unhealthy
centenarians (upper panel). In the lower panelltineand unhealthy centenarians were considereetteg. Data are
reported as mean values * standard deviation. Date analyzed with Kruskal-Wallis test: * ={0.05.

MiR-260, another important myomiR, was analyzedfignre 4.19 relative expressions of miR-206

in each group are indicated. This myomiR increadesg the different aged group and even more in
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unhealthy centenarians, showing a very clear mglahip between age and miR expression, further
confirmed joining data obtained by centenariang¢iopanel).
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Figure 4.19. Relative expression of miR-206 the upper panel miR-206 was evaluated in youhd, healthy and
unhealthy centenarians (upper panel). In the Iqueerel, healthy and unhealthy centenarians wereidenesl together.
Data are reported as mean values + standard deviftata were analyzed with Kruskal-Wallis test: * =<9.05.

443 MiR-16 analysis

MiR-16 is an important circulating miR which is eft measured to evaluate the level of hemolysis
(this miR is contained in red cells) or for samptemalizator. It was evaluated in all 48 donors and

results, as reported in figure 4.20, suggest thdgdreases with ag&€hese data are consistent with a
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result influenced by the aging process thus miRsléot suitable to be used as normalizator.
Further, the level of variance is kept constantakgfroups, thus excluding a possible effect of

random hemolysis in samples.
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Figure 4.20. Relative expression of miR-hfiR-16 was evaluated in young, old, healthy anHeatthy centenarians
(upper panel). In the lower panel, healthy and atthg centenarians were considered together. D&taegported as

mean values * standard deviation. Data were ardilyith Kruskal-Wallis test: * = g 0.05.
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4.4.4 Aging and longevity trajectories

Taking into account those miRs resulted signifi@nbng the different aged groups, it is possible
to individuate trajectories along aging and longevidentified miRs can distinguish not only aging
process, when their level is simply increased eretesed (miR-206; -16) with age, but also
longevity trajectory when other miRs, i.e. miR-5318-and -133a-3p, have level of expression
changed in old people but restored at young leveéntenarians group. The different trajectories

identified are reported in figure 4.21.
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Figure 4.21. Trajectories of aging and longevithe first two top panels represent the trajecsooeaging, found with
the expression of blood circulating miR-206 and iR In the lower panel the longevity trajectorydisscribed, as
expression of miR-598-3p and miR-133a-3p, beindar@rians restored to young group.
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4.4.5 MiRs expressions and hemato-biochemical parameters

Additionally, the challenge to distinguish betwéwmalthy and unhealthy phenotype in centenarians

groups was also evaluated by analyzing hemato-broatal parameters and some of them resulted

significant, or almost significant, as reportedable IV.

Table IV. Hemato-biochemical parameters significdifferent between healthy and unhealthy centemaria
Factors are reported as mean value of each gratgntard deviation (sd). T test between the twogsads shown for

each parameters as p value.

whbc mchc rdwcev alb prot pch
HC mean 5.65 31.82 14.68 3.82 7.10 3.41
sd 0.92 0.78 0.99 0.58 0.48 4.41
UHC mean 7.55 30.43 16.30 3.25 6.46 11.57
sd 241 1.32 2.23 0.23 0.36 10.18
p value 0.039 0.019 0.063 0.039 0.028 0.041

WBC: white blood cell count (4.8-8.5 x1000/ul). MCHmean corpuscular hemoglobin concentration (32428l).
RDWCV: red blood cell distribution (11.5-14.5 %)LB: albumin (3.5-5.2 gr/dl). PROT: total protein.Ze3 gr/dl).
CRP: C-reactive protein (max6 mg/l).

These parameters (WBC, MCHC, RDWCV, ALB, PROT, CRiftjted with all identified miRs are
able to distinguish healthy and unhealthy centanar{excluding one case) as shown in the figure

4.22. PLS-DA analysis of all centenarians cleadggest a possible signature of longevity in good

(green circles) or bad (blue circles) status, ulivtet by the cross validated predictive fraction

(Q2)=0.382.
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Figure 4.22 PLS DA score plot of miRs expressions data and toehiachemical parameters from healthy
centenarians (green circles) and unhealthy centamar (blue circles)For PLS-DA, cumulative explained variance
(R2Y) = 0.688 and cross validated predictive frac{Q2) = 0.382 were calculated.

4.4.6 Pathway analysis

Bioinformatics analysis of miRs 598-3p; -133a-3@06; -16 with mirPath software (DIANA
TOOLS, v2.0) allowed the identification of a commuathway among miRs targets on the basis of
both putative and experimentally validated tardstreviously published data. Specifically, miR-
598-3p has not yet validated targets thus onlypitkative targets were considered. On the other
hand, miR-133a-3p, miR-206 and miR-16 were analyaethoth putative and validated targets. On
the whole, the bioinformatics analysis raised up mnportant pathway, i.e. PI3K-Akt as reported in
figure 4.23, with high significant p value (p valeel.13e-10). This is an intracellular signaling
pathway crucial for cell cycle modulation, apopsodNFkB/p53 signalling and mTOR (etc). This
pathway was set up by miR-16 and miR-133a-3p vedditargets and by miR-206 and miR-598-3p
putative targetdn particular miR-16 and miR-206 seem to have seoramon targets, i.e. EIF4E
(eukaryotic translation initiation factor 4E), CDKEyclin-dependent kinase 6), GNB1 (Guanine
Nucleotide Binding Protein 1) genes (colored imge) in the scheme below (figure 4.23).
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| Pisk-aKT SIGNALING PATHWAY |

which are targeted by only one miR included indhalysis; in orange, targets validated or putativedmmon for more

Figure 4.23. PI3K-Akt signaling, common pathway faR-598-3p, miR-133a-3p, miR-16, miR-206yellow, genes
than one miR.
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5. DISCUSSION AND CONCLUSIONS

Human aging has become one of the major socialjqabland economic issues of the last few
decades. Healthy and active aging is a crucialcasgd=U aging population accordingly with recent
WHO declaration that “increased longevity withouwtafity of life is an empty prize”, thus human
aging research field has to face the problem to slown the onset of age-related pathologies and
promote healthy longevity. Further, in Italy 19,08éntenarians (ISTAT at January 1st, 2015) are
living and their number is projected to increasersrously, populations projections foresee the
number of centenarians will further increase t®93,(100+ in Italy, total population 61M; World
Population Prospects: the 2010 revision-USA 20112@60.

Human aging is a process mainly orchestrated bg gepression deregulation (Blagoskonny et
al.,, 2013), the accumulation of unrepaired damagdhs, activation of chronic low grade
inflammatory process sustained by a lifelong exppsw internal and external antigenic load
(Franceschi et al., 2000; Wild, 2012) which careeiffhealth status and favor the onset of age-
related disease. Population aging is not uniforranynfactors can interact and determine a huge
variability as counteracting process of defense esmodeling (Cevenini et al., 2008). This
variability is due to the genetic complex traitjggmetics, environment, life style and stochasticit
that differently affect the rate of aging at thedks of cells, tissues or body systems within thas
organism and among members from the same spedies.cdmplexity makes more difficult the
identification of a unique comprehensive mecharm$mging and age-associated biomarkers able to
distinguish not only the rate of the process, hifer@nt trajectories likely conducting towards

healthy aging and longevity or eventually the omgetge-related pathologies.

During last decade many teams have been tried d@ntifg¢ new crucial biomarker of aging
capable to identify biological versus chronologiegle (Capri et al., 2015). Among them, those
related to the epigenetic clock (353CpG sites sttaph aging clock in terms of chromatin states
and tissue variance), recently raised up from sgudin differently aged human tissues, human
obesity and Down Syndrome (Horvath, 2013; Horvatale 2014 and Horvath et al., 2015), reveal

powerful tissue-specific biomarkers mirroring thgstemic condition. These findings open new
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questions on the future role of the biomarkers petwvhich supports information of healthy status
and likely could also “transport communication” amgdlifferent cells, organs or tissues.

In this context epigenetic markers appear to benhst promising for the best identification of
aging trajectories and modeling applications. Retance, the DNA methylation levels of peripheral
blood mononuclear cells (PBMCs) could be a strommgnlrker of biological age. In fact, semi-
supercentenarians’ offspring have a lower epigerage than age-matched controls (age difference
= 5.1 years) and centenarians are younger (8.8)twn expected based on their chronological age
(Horvath al., 2015).

A broaden literature suggests a strong role outatong blood (c-)miRs as potential biomarkers
for age-related pathologies (Jung et al., 2014)thie context the work of the current thesis is
presented together with the basic idea of diststyng healthy and unhealthy longevity in terms of
molecular pathway deregulation and the most sicguifi gene products. The challenge is to find
treatments, likely in a precise medicine visionea slow down, at early stage, the onset of age-

related pathologies and promote healthier aging@mgevity.

MiRs are important regulator of gene expressiopoat-transcriptional level and they are clearly
involved in many physiologically process (Kloostamet al., 2006). Indeed many studies have
shown that miRs levels change during the lifesgaseweral species and can be associated with age-
related diseases (Harries, 2014). From the firgleze that miRs are released in the body fluid,
such as blood, urine, breast milk, saliva and sacaniRs were considered not only epigenetic gene
regulators but also non-invasive markers, in déffémphysiologically and pathologically conditions,

including aging process.

The main purpose of the current thesis was to tigege the role of blood c-miRs and their
expression profile during human aging and longewty the means of the most advanced
technology, i.e. smallRNA sequencing with Next Gatien Sequencing (NGS) platform. After a
period spent for optimization of the sequencingtgeol, in collaboration with the BOKU
University in Vienna, miRs profiling was conducted two different phases, i.e. discovery and
validation. The former was performed on a few sasfut at highest resolution using smallRNA-

seq. miRs profile was performed on samples fronddrors (9 healthy subjects: 3 young, 3 old, 3
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centenarians and 3 unhealthy centenarians). Domers recruited in Bologna and centenarians
were deeply characterized to distinguish healtbynfunhealthy status. Plasma samples were used
for the analysis of c-miRs. The sequencing was gotedl on Illumina platform from Exigon
company and, as first analysis, differentially eegged miRs between healthy and unhealthy
(demented and bedridden) centenarians were coadid@nly 13 miRs showed a significantly
different expression between the two group and gnrtbese miR-598-3p, miR-766-3p and miR-
30a-5p revealed an interesting trajectory along@girocess (young and old groups), considering

the average read counts in every groups.

The latter phase was spent to validate data osdleeted miRs using RT-gPCR on a larger
cohorts of subjects (48 total subjects), i.e. lélthg young donors, 16 healthy old donors and 16
centenarians, divided in 10 healthy and 6 unheatdntenarians. Expression of miR-598-3p, miR-
766-3p and miR-30a-5p showed the same type of tiendan increase expression in elderly people
and a decrease in centenarians. However theseehaggylted statistically significant only in miR-
598-3p, specifically the down-regulation of miR-538 between old and centenarians groups was
strongly significant, likely due to healthy centeérnas as confirmed by statistical analysis. MiR-30a
5p and miR-766-3p did not show any significantetéinces among different age groups.

Taking into account most relevant results comirgnftiterature and from different models of aging
investigated by the team at the University of Bolagfurther miRs were considered, e.i. miR-133a-
3p; -206 and miR-16. MiR-133a and -206 are two irtggt myomiRs which are recognized to be
involved in muscle development and phenotype (Kiglog McCarthy, 2013) while miR-16 is an
important miR often used as internal referencenfimalization or hemolytic marker (Kirschner et
al., 2013).

miR-133a-3p showed the same trend observed in B@#8s3p; -766-3p; -30a-5p , in
particular the decrease between old and centesagaoups was found significant, due to healthy
centenarians as showed by statistical analysis-588R3p, for the first time identified in the aging
process, and miR-133a-3p reflect the longevityetfry since miR expression increases in old
donors but decrease in centenarians, thus restirénigvel of miRs found in young donors.
miR-206 levels showed a linear age-dependent ireraghich was strongly significant in unhealthy
centenarians suggesting the possible role of thR ta identify unhealthy trajectories. To this

regards, it is known that miR-206 is an importamtrker for cardiopathy (Oliveira-Carvalho et al.,

81



2013) likely suggesting that alteration of its &tgycan lead to unfavorable aging process mostly
affecting cardiovascular system (Bonn et al., 2013)

Interestingly, miR-16 levels showed a progressind significant decrease with age, thus
this specific trend strongly suggest that miR-16nzd be used as internal normalizator. MiR-16 has
already been described differentially expresseelderly people, it was found upregulated in aged
unstimulated B cells and positively correlated wsdrum and B cell-intrinsic TNé&-evel (Frasca
et al., 2015). MiR-16 is also clearly involved ipaptosis and senescence process (Kitadate et al.,
2015). In this current work miR-16 showed an opt@osiend respect to miR-206, describing a

human aging trajectory, with a strong decreasesalthy centenarians.

A limitation of the work here presented is that BRISA sequencing did not produce data
which were validated in RT-gPCR. Various assumjgtioauld be proposed about this apparently
discordant results, in principle technical probleansl/or not sufficient power in the discovery phase
cannot be excluded. Basically, high-throughput NS different limitations, beyond relatively
high costs, the substantial computational infrastme needed for data analysis and interpretation,
as well as sequence-specific biases related tameatity steps in cDNA library preparation methods
that favor capture of some miRs over others. FurtimeR quantification is expressed as a value
relative to the total number of sequence readsafagiven sample; thus comparisons between
samples with high variance in miR distribution nret be appropriate, and absolute quantification

is not possible.

As far as RT-qPCR validation method is concernieid,is considered the most sensitive and
reliable technique. However some technical conatt@rs should highlighted (Pritchard et al.,
2012), such as the difficulties to quantify the Bmamount of RNA, to select the ad hoc
normalizator and different types of spike-in (Migth et al., 2008). However an effective
normalization strategy for biological variabilitg icurrently not well-developed. At present, any
specific miR or set of miRs cannot be approvedusigslsle endogenous controls in blood analysis,
even if specific c-miR are used as normalizer anlygpecific cohort of study when their stable
expression is detected (Sanders et al., 2012; Kak,&015; Schlosser et al., 2015).

The increasing interest in c-miRs as biomarkers ragsed the issue regarding the influence of

hemolysis on the measurements of miRs levels inngfasma and the reliability of these data
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(Pritcher et al., 2011). Different evaluation methaf hemolysis level were proposed in literature
(Kirschner et al.,, 2011; Blondal et al., 2013; Hogto et al., 2014) but the lack of consensus
regarding a general method leads to a difficuliation of sample quality, without a reproducible
and clear evaluation. However, the result repomtetthis work suggest that miR-16 level, the most
cited for hemolytic level control, had stable vaga among the different age groups (no hemolysis
was directly observed on the samples), thus pengitb exclude random hemolysis effect (Yamada
et al., 2014).

The current work answered two main questions:

1. May c-miRs profile distinguish between healthyg ainhealthy longevity?

Looking at miRs validated profiles exclusively, olear evidence of a signature between
healthy and unhealthy centenarians was found. ©mwttmer hand, miRs levels jointed with hemato-
biochemical parameters (i.e. white blood cell couméan corpuscular hemoglobin concentration,
red blood cell distribution, albumin, total protei@-reactive protein), produced a good “signature”
to distinguish the two groups of centenarians. &ct,f a specific analysis, i.e. PLS-DA, can
discriminate healthy and unhealthy phenotype. @m@rtant parameter among those used is the C-
reactive protein (CRP), normally found in the blpadhose levels rise in response to inflammation.
CRP was already described as correlated to inflaimifg i.e. in circulating miR-21, (Olivieri et
al., 2012) and importantly is confirmed to be a dyjouarker for phenotypical risk profiles, as
previously suggested (Abbatecola et al., 2004; Mette-Thomas al., 2014).

The parameters used to discriminate the two diffehealth status also suggest the role of immune
system cells and in particular the number of leytasc which increase in unhealthy centenarians,

thus further confirming the role of immune systeroldest ages (Bucci et al., 2014).

2. May c-miRs profile specifically characterize mgiand longevity trajectories?

Levels of miRs 598-3p -133a-3p; -206; -16 cleashdenced different aging trajectories and
in particular miR-598-3p and -133a-3p appear tdowla longevity trajectory. Bioinformatics
analysis of their putative and validated targe¢ee (8ppendix A) identified a common pathway, i.e.

PI3K-Akt signaling. This pathway regulates multigd®mlogical processes including cell survival,
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proliferation, growth, glycogen metabolism, apoa=c. It was already described the role of this
signaling, in synergy with others crucial pathwayes, insulin/IGF-1 pathway and mTOR pathway,
in human aging process (Capri et al., 2014; Fraihgest al., 2007). Furthermore long-term calorie
restriction (CR), that is one of the most robusgivention for extending lifespan in animal models
and preventing/delaying age-related disease (Lagtgal., 2015), showed a significantly down-
regulation effect on PI3K and AKT transcripts (Mezn et al., 2013). Modulation of these miRs
and their specific targets, could be proposed tmimiCR and likely delay the aging process, as
recently proposed for specific drugs which can rothese signalings according with CR effects
(Madeo et a., 2014).

To this regard, nutrition intervention is one o tlnost proposed as anti-aging approach, as well as
Mediterranean diet, to favor anti-inflammaging etéein elderly (Ostan et al., 2015). Further,
pharmacological interventions, physical exercisgetber with modification of the lifestyle were

suggested to prolong life and/or sustain healthilatife (de Cabo et al., 2014).

In conclusion, the topic of the current thesisniserted in the complex scenario of human
aging markers in order to identify new anti-agingervention. Data obtained strongly suggest that
the use of many parameters, not only miRs, permidistinguish different phenotypes, such as
healthy and unhealthy centenarians, and furthex datild be used in a more complex analysis to
create algorithms for modeling in the context pleasonalized and precise medicine.

Future analysis will involve a larger panel of milRgdifferently aged groups and the combination
of them with others factors will try to disentanghee complexity of human aging process. To this
regard, system medicine combine data from diffetemels of analysis, such as transcriptomics,
proteomics, metabolomics using ad hoc experimedésign (cross sectional and longitudinal
cohorts), thus providing new multidimensional biokesis capable of distinguishing among

different pathological conditions and aging (Cdatglet al., 2015).
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APPENDIX A

List of target genesidentified by pathway analysis of miRs-598-3p; -133a-3p;-206;-16

BCL2 B-cell lymphoma 2

BRCA1 BReast CAncer gene one

CASP9 Caspase 9

CCND1 Cyclin D1

CCND3 Cyclin D3

CDC37 Cell division cycle 37

CDK6 Cyclin-dependent kinase 6

CREB5 cAMP responsive element binding

EIFAE Eukaryotic translation initiation factor 4E

EPHAZ2 Ephrin type-A receptor 2

GNB1 Guanine Nucleotide Binding Protein, Beta Pefgtide 1
GRB2 Growth factor receptor-bound protein 2

HSP90B1 Heat shock protein 90kDa beta member 1
IKBKB Inhibitor of nuclear factor kappa-B kinasebaunit beta
ITGA2 Integrin subunit alpha 2

ITGB4 Integrin subunit beta 4

KRAS Kirsten rat sarcoma viral oncogene homolog
LAMC2 Laminin subunit gamma 2

MCL1 Myeloid cell leukemia 1

MTOR Mammalian target of rapamycin

MYB Myeloblastosis proto-oncogene protein

PCK2 Phosphoenolpyruvate carboxykinase 2

PDGFA Platelet-derived growth factor A

PIK3R2 Phosphoinositide-3-Kinase, Regulatory Sub2iiBeta)
PPP2R1A Protein Phosphatase 2, Regulatory Subunit A
PRLR Prolactin receptor

RPS6 Ribosomal protein s6

RPS6KB1 Ribosomal protein S6 kinase, polypeptide 1
SGK3 Serum/Glucocorticoid Regulated Kinase Fanilgmber 3
SOS1 Son Of Sevenless Homolog 1

THEM4 Thioesterase Superfamily Member 4

YWHAZ 14-3-3 protein zeta/delta
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