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Abstract

Neuroblastoma is a childhood cancer that originétesh precursor cell of
sympathetic nervous system, occurring primarilghridren under the age of 5
years. The disease is highly heterogeneous, ranjiog spontaneous
regression to rapid progression with high deatle iat pediatric oncology.
Expression profiling studies of Neuroblastoma prynamors have identified
many miRNAs whose expression levels have beenfgignily associated with
poor patient survival. MiR-34a is a member of amletionarily conserved
mMiRNA family, miR-34s. Mir34a functions as tumor pguessor in
Neuroblastoma and the inactivation and absenceiRf3#%a has been shown
related to the pathogenesis of a variety of tum8esseral genes have been
shown to be direct miR-34a targets, encoding footgins involved in
proliferation, invasion and apoptosis. However,igt likely that miR-34a
regulates many additional, as yet unconfirmed targsince bioinformatic
predictions suggest that several hundred of mRN&®ain matches to the
miR-34a seed sequence. To address this questios, e describe a global
analysis of the effect of miR-34a expression alydane points (6 and 12 hrs)
on proteome using a shotgun analysis with postimoétadifferential labeling
in two different aggressive Neuroblastoma celldinghis technology allow us
to identify 2082 proteins, of which 172 were foudifferentially regulated,
with 113 proteins being down- and 68 up-regulatédmputational analyses
were employed to assign to each identified pepitislgorotein name and its
specific level of regulation. When considering piotwith a predicted seed-
matching site among the protein identified, we fbuhat only 33 proteins
retain seed sequence in the 3° UTR of the corredipgnmRNA, as predicted
by PITA tool. By combining the results generated dhotgun and Kaplan
Meier for overall survival analyses, we found seypeoteins/genes correlated
to worse clinical outcome when overexpressed inLNBhese genes are
involved in the differentiation (LYAR, CTCF), apasis and proliferation
(TGM2, Ki67), molecular transport (TIMM13 and ABCFand several



metabolic pathway (ALG13). Furthermore, these pnstare strongly linked
each other and their impairment affects severahvgays, including those
signaling pathways such as T@FWnt and Src. Here, we comprehensively
demonstrate the capabilities of miR-34a to targeukaneously components
of several cancer signaling cascade, involved inrdldastoma progression.
The level of this analysis was able to deeply usta@d which other protein are
targeted and at what specific time of action arentldown-regulated by
miR34a, given a second level of target identifimatiand showing the
importance of this action in Neuroblastoma as orfetlee prominent
phenomena occur to counteract the progressiomudrigenesis.

Moreover, we demonstrated that the magnitude of-84R effect on protein
expression changes occurs at early time when cadparthe later proteome
output. Finally, to assess trend analysis, of tleégmns differentially expressed
at different time points (6h, 12h and 24h), Lorenzve and Gini coefficient
were evaluated for each protein, observing thatersgvproteins were
dinamically regulated and highlighting that machyneénvolving protein
downregulation, by miRNA, are not linear. Our da®ng with previous
studies strongly suggest the potential therapaugefulness of miR-34a that

could offer better chance of therapeutic success.



Introduction 1



1. Introduction

1.1 Neuroblastoma

Neuroblastoma (NB) is the most common extra-crarsialid tumor of
childhood. It has an incidence of 1 to 5 per millichildren per year and it is
responsible for approximately 15% of all childhoodncer mortality. NBs
originate from immature sympathetic nervous systesils, the so-called
neuroblasts. Most NBs (90%) are diagnosed befaegfe of 5 years, and the
median age of occurrence is approximately 22 mgdfhgd he vast majority of
tumors arise sporadically, although some familades are described. Most of
the tumors are found in the abdomen (65%), oftethénadrenal medulla, or
elsewhere in the human body where sympathetic nerggstem components
are present [2]. NBs belong to the subgroup of knoaind blue cell tumors
and can often pose a challenge to the pathologistiuse of their similarities
with lymphomas, rhabdomyosarcomas, the Ewing fanafy tumors and
desmoplastic round cell tumors. NB tumors are diglignto different stages
according to the localization and extension of granary tumor and the
absence or presence of distant metastases. Thaatid@mal Neuroblastoma
Risk Grouping Staging System takes into accountakient of disease at
diagnosis as well as risk factors and stages defuseng imaging to classify
NBs from patients from all over the world in a wmh manner [3,4].
Metastatic tumors (stage M) have a dismal prognagigereas patients with
locoregional tumors (L1 and L2) usually have anedigat outcome. Stage Ms
tumors (where ‘s’ stands for special and metastiifiease is confined to skin,
liver and/or bone marrow) are characterized by &pwous regression or
differentiation even without any form of therapyltbough localized disease
can be treated by surgery alone, the standard phefar patients with
metastatic disease usually comprises intensiveciiatu chemotherapy, local
surgery and myeloablative chemotherapy followedalyologous stem cell
transplant, external radiotherapy and retinoic aghtment. The overall

survival rate for children with metastatic NB ispapximately 40%, despite



this intensive multimodal therapy. The survival dfildren with NB also
correlates strongly with age at diagnosis. Childueder 1 year at diagnosis
usually have a favorable prognosis, whereas pragnot older children
presenting with NB is poor.

Currently, there are worldwide efforts to constractobust risk stratification
system. Before any treatment, patients will be pub a risk category,
according to a combination of parameters such as(y@gunger or older than
18 months), stage, pathology, MYCN status, otlegretjc aberrations such as
11q loss and ploidy [3,4]. The use of the Inteai Neuroblastoma Risk
Groups will allow international comparisons of difént risk-based therapeutic
approaches in the same patient population and lgrdatilitate joint
international collaborative studies in NB. Elucidat of the molecular
pathways involved will enable researchers to $yrdkie disease and to adapt
therapy.

1.2 Genomic analysis of Neuroblastoma

The clinically heterogeneous nature of NB depemndgart, by its biological
and genetic heterogeneity. During the past decsagleeral genetic aberrations
have been discovered in NB primary tumors and loedls that have been
shown to correlate with the various clinical featur Moreover, genetic and
molecular findings are now routinely incorporatedoi therapeutic decision
making [5]. The most important genetic defects tieate been detected in NB
are briefly discussed below.

Ploidy According to their DNA index, NBs can be dividedara group with a
near-diploid nuclear DNA content (about 45% of NBsy those with a near-
triploid DNA content (about 55%). DNA index is aognostic marker for
patients younger than 2 years with disseminateshdis [6-8]. It was suggested
that a near-triploid DNA content, which is found moften in localized or Ms
NB, was due to the fact that these tumors havendaimental defect in mitosis
leading to gains and losses of whole chromosomésreas locoregional or



metastatic tumors with a near diploid DNA conteavé a fundamental defect
in genome stability leading to chromosomal rearesmgnts such as
unbalanced translocations.

MYCN amplification _The MYCN oncogene was found to be amplified in 20

to 25% of NBs, and is usually present in the forin double-minutes
(chromosome fragments) or homogeneously stainiggpms. Evidence for a
direct involvement in the development of NB was améd through the
construction of a mouse NB model in which a humavMOW cDNA was

placed under the control of a tyrosine hydroxylgsemoter, leading to
development of NB [9]. Amplification of the MYCN ge is most often found
in high-stage tumors and is a marker for poor aue$10,11].

Although MYCN regulates a large number of downstregenes, only a
handful of key targets have yet been identifiederestingly, high MYCN

target gene expression is not restricted to MYCNl#red NBs but is also
apparent in high-stage MYCN non-amplified tumorg]icating that common
pathways are altered in high-stage tumors [12].

Chromosome 3p loss_Chromosome 3p loss is often found in associatidh wi

11q loss and typically occurs in tumors without MY@mplification or 1p
deletion [13-16]. Furthermore, tumors with 3p lem® a hallmark of NB
patients with older age at diagnosis, suggestiag 3p loss is a late event in
NB oncogenesis. At present, three common regiordetdtions on the short
arm of chromosome 3 can be delineated [17]. Twthese SRDs were found
to coincide with SRDs defined in more common casiceuch as breast and
lung cancer [17]. These regions contain severadidate tumor suppressor
genes, including the RASSF1A gene.

Chromosome 11q loss Deletions of the long arm of chromosome 11 havenbee

identified in 15 to 22% of primary NBs. Chromosodis] deletions are often
found in high-stage tumors without MYCN amplificati and with intact
chromosome 1p. Chromosome 11qg loss was shown tasbeciated with
reduced time of progression-free survival [18,1Bkcently, two common



regions of deletion on the long arm of chromosortienkre delineated and
CADML1 was identified as a candidate chromosometiepr suppressor gene
[20-22].

Chromosome 1p loss Deletion of chromosome 1p sequences is more cammo

in high-stage tumors and is usually associated MYCN amplification. The
prognostic significance of 1p loss has long beentroversial but current
evidence suggests that allelic loss of 1p36 sedqsepiedicts an increased risk
of relapse in patients with localized tumors [18].

Chromosome 179 gain_Gain of chromosome 17q is the most common genetic

aberration, occurring in approximately 80% of NBS][ It often results from
unbalanced translocations with chromosome 1p oorchsome 11q [23,24],
although other partner chromosomes can be invol¥ée@. involvement of
chromosome 1 and chromosome 17 in the etiology Bf Was further
reinforced by the identification of a constitutibndalanced t(1;17)

translocation in a patient with NB [25].



1.3 MiRNA and their role in tumorigenesis

MiRNAs are non-coding, single-stranded RNAs of ~@@cleotides and
constitute a novel class of gene regulators thatfeund in both plants and
animals. They negatively regulate their targetene of two ways depending
on the degree of complementarity between the miRMA the target. First,
miRNAs that bind with perfect or nearly perfect quementarity to protein
coding mRNA sequences induce the RNA-mediated fereemce (RNAI)
pathway. Briefly, mRNA transcripts are cleaved bionucleases in the
miRNA-associated, multiprotein RNAinduced-silenciegmplex (miRISC),
which results in the degradation of target mRNAsisTmechanism of miRNA-
mediated gene silencing is commonly found in planig has also been shown
to occur in mammals. However, most animal miRNAs #rought to use a
second mechanism of gene regulation that doesnvolvie the cleavage of
their mRNA targets. These miRNAs exert their retuhaeffects by binding to
imperfect complementary sites within thé uhtranslated regions (UTRs) of
their mRNA targets, and they repress target-gen@ression post-
transcriptionally, apparently at the level of tdaten, through a RISC
complex that is similar to, or possibly identicatlw the one that is used for the
RNAI pathway (Figure 1).

Together with translational control, miRNAs usestinmechanism in order to
reduce the protein levels of their target genes,thet MRNA levels of these
genes are barely affected. The biogenesis of miRN&#ss only recently been
elucidated. MiRNAs, which generally seem to be dcaibed by RNA
polymerase Il, are initially made as large RNA pirsors that are called pri-
mMiRNAs. The pri-miRNAs are processed in the nucleysthe RNase il
enzyme, Drosha, and the double-stranded- RNA-binhgiotein, Pasha (also
known as DGCRS8), into ~70-nucleotide pre-miRNAs, ickh fold into

imperfect stem-loop structures.
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Figure 1: The biogenesis of microRNAsMicroRNA (miRNA) genes are generally transcribed by
RNA Polymerase Il (Pol 1) in the nucleus to formrga pri-miRNA transcripts, which are capped
(7MGpppG) and polyadenylated (AAAAA). These pri-miRNranscripts are processed by the RNase
Il enzyme Drosha and its co-factor, Pasha, toasgehe ~70-nucleotide pre-miRNA precursor product.
(Note that the human let-7a-1 miRNA is shown heraragxample of a pre-miRNA hairpin sequence.
The mature miRNA sequence is shown in red.) RAN-GTdPexportin 5 transport the pre-miRNA into
the cytoplasm. Subsequently, another RNase Ill erziter, processes the pre-miRNA to generate a
transient ~22- nucleotide MIRNA:miRNA* duplex. Thisupex is then loaded into the miRNA-
associated multiprotein RNA-induced silencing comp{miRISC) (light blue), which includes the
Argonaute proteins, and the mature single-stranté®NA (red) is preferentially retained in this
complex. The mature miRNA then binds to complemegnsites in the mRNA target to negatively
regulate gene expression in one of two ways thaémd on the degree of complementarity between the
mMiRNA and its target. miRNAs that bind to mRNA targeith imperfect complementarity block target
gene expression at the level of protein translafiower left). However, recent evidence indicatestt
miRNAs might also affect mRNA stability (not show@omplementary sites for miRNAs using this
mechanism are generally found in theuBtranslated regions (3' UTRs) of the target mRNAea®e
miRNAs that bind to their mMRNA targets with perfeat Gearly perfect) complementarity induce target-
mMRNA cleavage (lower right). miRNAs using this metisan bind to miRNA complementary sites that
are generally found in the coding sequence or opading frame (ORF) of the mRNA target.

The pre-miRNAs are then exported into the cytopldsmthe RAN GTP-
dependent transporter exportin 5 and undergo ami@ua processing step in
which a double- stranded RNA of ~22 nucleotidetemyth, referred to as the
MIRNA:mIRNA* duplex, is excised from the pre-miRNKairpin by another
RNAse Ill enzyme, Dicer. Subsequently, the miRNARMNA* duplex is
incorporated into the RISC complex. The mature mARNtrand is
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preferentially retained in the functional RISC cdexpand negatively regulates
its target genes. Many researchers failed to amtee¢he importance of
miRNAs when they were initially described more tramecade ago. This is
because the first miRNA gene that was identifi@at4, was thought to be
unique to the roundworr@aenorhabditis eleganand control the timing and
progression of the nematode life cycle. Howeves,itlentification of hundreds
of miRNAs within worm, fly and mammalian genomes tbgditional cloning
techniques and bioinformatics has captured thentadte of scientists
specializing in various different fields. Most humaiRNAs are found within
introns of either protein-coding or noncoding mMRNWanscripts. The
remaining mMiRNAs are either located far from ottranscripts in the genome,
within the exons of noncoding mMRNA genes or witthe 3 UTRs of mRNA
genes, or they are clustered with other miRNA gemesuding a cluster on
chromosome that is comprised of novel miRNAs. miRNAn be grouped into
families on the basis of sequence homology, whedlound primarily at the's
end of the mature miRNAs, but whether members efsdime miRNA family
control similar biological events remains to be rseMany miRNAs are
evolutionarily conserved from worms to humans, Wwhimplies that these
mMiRNAs direct essential processes both during dgwveént and in the adult
body. Several studies have shown a strong comeldbetween abrogated
expression of MiIRNAs and oncogenesis. Our studyentbc provided
evidences that support this mechanism in the Mellastoma (MB) tumors.
Indeed, we have recently shown that miR199b-5muitin direct targeting of
Hesl gene, key effector of the Notch pathway, exemco-suppressor
functions in MB cells. We reported that over-exgres of miR199b-5p
impairs proliferation of different MB cells and afits survival of the MB stem-
cell subpopulation [26]. Another report demonstlatthat miR-21 is
upregulated in glioblastoma. This gene was foundet@xpressed at a 5-100-
fold higher rate in gliomas than in normal tissAatisense studies of miR-21
in glioblastoma cell lines showed that this miRNA&ntrols cell growth by

12



inhibiting apoptosis but does not affect cell desfation, which implies an
oncogenic role for this miRNA. Finally miR34a exps®n was reported
significantly downregulated in several human casiceand aberrant CpG
methylation of its promoter was observed in pra@starcinomas and primary
melanomas, as well as in several tumor cell lifi&g], and loss of miR-34 has

been linked to chemoresistance of cancer.
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Figure 2: MicroRNAs can function as tumour suppressors and otogenes a |In normal tissues,
proper microRNA (miRNA) transcription, processing dndding to complementary sequences on the
target mRNA results in the repression of target-gexgression through a block in protein translation
or altered mRNA stability (not shown). The overafisult is normal rates of cellular growth,
proliferation, differentiation and cell deathThe reduction or deletion of a miRNA that functi@ssa
tumour suppressor leads to tumour formation. duction in or elimination of mature miRNA levels
can occur because of defects at any stage of miRidgenesis (indicated by question marks) and
ultimately leads to the inappropriate expressiorthef miRNA-target oncoprotein (purple squares).
The overall outcome might involve increased pradifon, invasiveness or angiogenesis, decreased
levels of apoptosis, or undifferentiated or deatihtiated tissue, ultimately leading to tumour
formation.c The amplification or overexpression of a miRNA thas an oncogenic role would also
result in tumour formation. In this situation, iresed amounts of a miRNA, which might be produced
at inappropriate times or in the wrong tissues, ldaliminate the expression of a miRNA-target
tumour-suppressor gene (pink) and lead to canaegression. Increased levels of mature miRNA
might occur because of amplification of the miRNAgga constitutively active promoter, increased
efficiency in miRNA processing or increased stapildf the miRNA (indicated by question marks).
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1.4miR-34a

MiR-34 is an evolutionary conserved family of miRBlAonsisting of three
members in vertebrates (miR-34a, miR-34b and mi&);3hd one orthologue
sequence in invertebrates species.

In human, miR-34a precursor sequence maps on tre atm of chromosome
1 in position p36.23; while, miR-34b and miR-34c tng arm of the

chromosome 11 in position q23.1 (Figure 3).
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Figure 3: p53 Binding site within promoter region of miR34 Fanily. Schematic representation of p53
binding sites identified upstream 30Kb and 3kb eetipely of the miR34a and cluster miR34b/c loci.

Several groups have recently reported that theethm&34 family members
are direct targets of p53 transcription factor [28] particular, miRNA
expression profiles of five different studies rapdr miR-34a as the most
significantly induced miRNA after activation of p53

p53 binding sites were identified 30Kb and 3kb tgein respectively of the
miR-34a and cluster miR34b/c loci, and CHIP (chroma
immunoprecipitation) performed had confirmed th& pthding.

However ectopic expression of miR-34a recapitulgt®@ mediated effects
including cell cycle arrest and induction of apgwoand senescence-like
phenotype. On the other hand, inhibition of miR-3dactions via specific

LNA (locked nucleotide analogs) impaired p53-indiie@optosis, upon DNA
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damage induction [29]. Therefore, miR-34a can hesame cases, not only
sufficient but also required for mediation of tunsoippression by p53.

Until now, several miR-34a targets have been ewrpmmtally validated,
including CDK4/6, cyclin E2, cyclin D1, E2F5, METBcl2, MYCN and
SIRT1. The high similarity among the three procdss#R34 family members
suggested that they might have the same targetsevts, miR-34a and the
cluster miR34b/c have distinct tissue-specific esgron patterns, with miR-
34a presents at highest levels in the mouse baathJow or moderate levels in
other tissues, whereas miR-34b and miR-34c mogthhigxpressed in lung
[30].

Recently, Ji and colleagues had shown in humanreatic cancer cell another
potential role for miR-34 in cancer initiation aptbgression linking miR-34a
to tumor-initiating cells or cancer stem cells (GSQAnother report
demonstrated that, in CD44 marker-positive versasker-negative prostate
cancer cell populations, miR-34a (1p36.22) was jmently under-expressed
in all populations while the other two miR-34 faynihembers, miR-34b and
miR-34c (11923.1), did not show consistent diffee=s)between these cells.
Finally, Guessous has shown that miR-34a reducEsngl stemness and
induces cell differentiation into astrocytes, newwoand oligodendrocytes.
Remarkably, in situ hybridization analysis of ragans showed the highest
expression of miR-34a within the cerebellum cortéys suggesting potential
biologic roles of the endogenous miRNA in this bréssues [31]. Emerging
evidence suggests a role for aberrant miRNA regulain Neuroblastoma.
Expression profiling of miRNAs in Neuroblastomaeidified miRNA
expression signatures that are predictive of @inioutcome. The genes
encoding miR34-a at 1p36 and miR-125b at 11g24rarpiently deleted and

have been shown to function as tumor suppressdigumoblastoma.
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1.5 MicroRNAs in the pathogenesis of Neuroblastoma

With the emergence of an additional complex layegeme regulation through
the discovery of microRNAs, there is realistic hdpe new insights into the
complex pathogenesis of Neuroblastoma, which maallyincontribute to
solving open questions and enlightening seeminghagoxical results. Since
Neuroblastoma is an embryonal tumor and microRN&saajor regulators of
differentiation and development, microRNA analybsars the potential to
deliver new insights into the pathogenesis of thédignancy .

MiRNAs regulate gene expression at a post-transonial level by inhibiting
MRNAs from being translated or causing them to bgraded. They play
major roles in the differentiation of neural celiéyd the deregulation of these
sequences can contribute to tumorigenesis in mamysf of cancer. Expression
profiling of mMIRNAs in Neuroblastomas has identifia number of miRNAs
that are differentially expressed in favorable wusrsunfavorable tumor
subtypes, particularly with respect to MNA versusniMNA tumors.
Functional studies have demonstrated that sevafRiINAs are able to induce
apoptosis or differentiation when ectopically oeepressed in Neuroblastoma
cell lines. Chen and Stallings [32] demonstrateat timhany miRNA loci are
differentially expressed in different genomic sydey of Neuroblastoma and
that these subtypes can be identified on the baismiRNA expression
patterns. It was further noted that a large nundfeniRNAs appeared to be
down-regulated in the MNA subtype relative to theg-l or hyperdiploid
subtypes, indicating that MYCN might mediate a tuigrenic effect, in part, by
down-regulating miRNAs that have pro-apoptotic m-gifferentiation effects.
MiR-184 is an example of a miRNA that is down-regad in the MNA
subtype which has pro-apoptotic effects when ectdlyi up-regulated in
Neuroblastoma cell lines. Interestingly, a relateahscription factor, MYC,
apparently directly down-regulates a number of mdRINci in other forms of
cancer [33]. Fontana et al. demonstrated thatiieeniiRNAs mapping within
the miR-17-5p-92 polycistronic cluster (miR-17-5p8a, -19a, -20a and -92)

16



were expressed at higher levels in Neuroblastoridices exhibiting over-
expression of MYCN relative to cell lines with Idevels of this transcription
factor [34]. In particular, tumors of the MYCN arif@d (MNA) subtype
could be quite accurately classified on the badismiRNA expression

profiling, as illustrated in figure 4.
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Figure 4. Heat map summarizing the patterns of express@n32 miRNA loci that were
differentially expressed in neuroblastoma tumdotgpes (low stage hyperdiploid tumors with
favorable histopathology, yellow; high stage 11mdus with unfavorable histopathology, pink; and
high stage MYCN amplified tumors with unfavorabletbpathology, blue). High expression is
indicated by red, while low expression is indicatad green. MYCN amplified tumors form a
distinct cluster characterized by low expressiovele of many miRNA loci. The 11g- tumors
formed two separate clusters, which could not adnzgy perfectly distinguished from the low stage
hyperdiploid tumors. This figure and its legend waginally published by Chen and Stallings [32].
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In addition to miRNAs behaving in a dominant, oneoig manner in

Neuroblastoma, there is also evidence that miRN#&s &ct in a recessive,
tumor suppressive fashion. The first miRNA idestiffin Neuroblastoma with
tumor suppressor properties was miR-34a. In fatterdnt studies have
demonstrated that miR-34a, mapping to a region lepncosome 1p that is
often deleted in high stage disease, acts as a rtusnppressor in

Neuroblastoma, as ectopic over-expression of thiRNA decreases cell
proliferation through the induction of apoptosissithg array comparative
genomic hybridization (CGH) data on a published afetumors, Welch and

colleagues determined that the region encoding 3i&-is located in the
minimal region of 1p loss and demonstrated thatetkgression of miR-34a
was generally reduced in NB primary tumors as caegp& normal adrenal
gland, and tumors with 1p loss have a 30% redudtiomiR-34a expression
relative to tumors with an intact 1p locus. SinmlifamiR-34a expression is
reduced in the majority of NB cell lines tested.uNsblastomas only rarely
harbor p53 mutations, unlike most other tumors. elmv, attenuation of p53
function may well still be an important step in Mablastomagenesis, and
achieved via the downregulation of miR-34a throtighloss of 1p36.
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Aims

Due to the advances and achievements of genontesstudy of proteins
encoded by the genome was the next logical stemderstanding functional
aspects of the cell. Powerful nucleic acid appreacire still limited because
DNA sequences and mRNA levels are not sufficiengremlict the amount, and
activity of the proteins in the cell, moreover treationships between the
levels of transcripts and the levels of the prateemcoded by they, does not
always show direct correlation. Proteome is vergatyic and can change in
response to cellular or environmental factors. diligon, the proteome is
orders of magnitude more complex than the genoneetalyprocesses such as
splicing, post-translational events at the protéawvel, post-translational
modifications, protein degradation, drug perturdragi and disease.
Furthermore, differences in protein abundance withe cell vary greatly and
the identification of low abundant proteins remamsghallenge. Aim of this
study is the identification of early direct targdgtmiR-34a in Neuroblastoma,
observing changes in protein expression induced niR-34a. Using
guantitative bottom-up proteomics in two differeNtBL cell lines, we
addressed to detected proteins differentially raguol by miR-34a, and among
these, identify which are the direct targets, tihatiermine the effects on the
inhibition of the multiple tumor pathways by dirgcand indirectly regulation
of numerous critical proteins. Our goal is to detee the complex protein
network regulated by miR-34a and the effects respulirom this perturbation
on the cellular system.

Moreover, another important issue addressed inthigsis is the identification
of time point of regulation (early or late) in whioccurs the greater control on
protein expression by miR-34a and to demonstrae nhiR-34a dinamically
regulates the expression of proteins involved iresd crucial pathways with a

relative importance in tumor progression.
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2. Results

2.1 Conditional miR-34a expression

One debatable question was related to miR-34attaegegnition. At this time
several miR-34a target genes have been identdszh though a lot remains to
define. Moreover, in deep knowledge the next stépb& the understanding
how the impairment of miR-34a targets will be egdron biological pathways,
defining in this way networks that are directlyindirectly regulated by miR-
34a and this will be of importance for future thgatic applications.

To identify miR-34a induced changes in protein espron in Neuroblastoma,
we generated in two different cell lines, SHEP &ktiSY5Y, several miR-34a

tetracycline-inducible clones, based on Tet onesydFigure 5).
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Figure 5. Conditional miR-34a expressionSchematic of the tet-on system in which doxycycime
required for activation of miR-34a expression BiyArt

This system was important to minimize the vari&piliof microRNA
expression during transient transfection and toimmie, during microRNA

processing, the side effects on RISC complex obistmy, phenomena that are
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often encountered once a given miRNA is constialjyivexpressed. Ectopic
expression of miR-34a in each generated clone waBed by Real Rime PCR
methodology. We detected a significant fold inceea$ miR-34a levels in
tetracycline-treated cells at 6 hours after inducttompared to the untreated

control cells (Figure 6A-B).
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Figure 6. MRNA expression levels of miR-34a in inducible statlbnes determined by Q-RT-PCR.
The levels of miR-34a expression in SH-SY5Y (A) S8tdEP (B) cells were represented as multiples
of 2-DCT values compared with non stimulated cells.
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Among the analyzed clones, we choose in SHEPineh the clongD and for
SH-SY5Y cells the clonet4. Both these clones showed low levels of
endogenous miR-34a and high levels of expressidiowimg tetracycline
stimulation.

Moreover, to further validate the effect of miR-3%aSH-SY5Y #4 cells we
checked out the expression levels of the previoigantified targets, such as
Survivin and Cyclin D3 [35] [36], observing a dezsed protein amount after
induction of miR-34a expression (see Figure 7).tlhes ectopic expression of
miR-34a resulted in the expected effects in SH-S¥BNs, we employed these
cells for Shotgun analysis with differential lalogji

0 4 12 24 0 4 6 t8 12 24 36 438 Time (hours)

I ——— . — Survivin
""“...‘ Cyclin D3
B actina

SH-SY5Y Tr6 SH-SY5Y Tré miR-34a

Figure 7. Western blotting showing the protein expressiorelewf Survivin and Cyclin D3 in
SH-SY5Y Tr6 miR-34a compared to empty vector (SHeSYTr6) at different time points. Anti
B-actin was used as the loading control.
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2.2 Shotgun analysis with differential labeling
To study the regulatory effects of miR-34a actimafiin collaboration with
Prof. Kris Gevaert (Vlaams Instituut voor Biotecloge (VIB), Ghent),
quantitative bottom-up proteomics analysis was iadpto measure protein
response into the previous described cellular nspdédliowing induced
expression of miR-34a by tetracycline. This apphopmvides the most wide
and relevant readout being it as direct measureofehe miRNA’s impact on
entire proteome.
To achieve this, SHERPDP and SH-SY5Y#4-TR-miR-34a clones and their
respective controls (Empty vector- inducible clgnesre stimulated with
tetracycline and cells were harvested at 6, 122ahtours after induction. To
compare the empty vector-expressing cells withntiife-34a-expressing cells,
post-metabolic labelling with N-hydroxysuccinimig@opionate esters was
performed:

« Empty vector cells = NHS-propionatéQs)

« MiR-34a cells = NHS-propionaté®Cs)
Once the samples were labelled, a short analyssedion 10 light and heavy
peptide couples, on the Q-TOF Premier mass speetevrwas performed to
verify the 1:1 mixing of the labelled samples. Hgaaounts of samples were
mixed together and fractionated by RP-HPLC (FiggeThis fractionation is
necessary to avoid a too crowded peptide samplariatysis on the LTQ-
Orbitrap Velos, a hybrid mass spectrometer incaiog the LTQ Velos™
dual cell linear trap and the Orbitrap™ analyzefteA this fractionation,
fractions separated by 20 min were pooled to rethe@umber of LC-MS/MS
runs. For each comparison (empty vector cells wenmsuR-34a cells), 20
peptide fractions were analysed on the LTQ-Orbitvégbos. The results of
analyses were obtained as the peptide ratio ofighe (L) labelled (Empty
vector -*2C3) versus the heavy (H) labelled sample (miR-34@s), so:

L/H Ratio >1 (down-regulated proteins)
L/H Ratio< 1 (up-regulated proteins)
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L/H Ratio =1 (un-regulated proteins).

Prior to calculate ratios, each protein from thguiied data, was identified
following stringent criteria. Using Mascot databasefilter the significant
identification and quantification,, each protein wasfined through the
identification of at least two unique peptides witbnfidence settings greater
than 99%. These points will be detailed in thedwihg paragraphs.

|

Samples labelling ‘L

1:1 ratio '

Tetracycline treatment @ \".n (@
~ N—

P M e—

Mass spectrometry

Figure 8. Schematic outline of the post-metabolic labellimith NHS-propionylate (& and Gs) on
Lysine (K) and Arginine (R) residues coupled withs:a&pectrometry analysis. Inducible clones of
mir34a (Tet-on system) in two different neuroblasto cell lines (SHEP and SH-SY5Y) were
stimulated with tetracycline to activate miR-34gmession. Once the samples were labelled, samples
were mixed together in a 1:1 ratio and were fractted on a RP-HPLC.

2.2.1 Protein identification using Mascot database
Mascot is a software package from Matrix Sciencevmatrixscience.com)
that interprets mass spectral data into proteintiles. Mascot compares the

experimental spectrum against theoretical specttarchined by the in silico
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digestion and fragmentation of known proteins irsemuence database. By
choosing the best matches between observed anckticab spectra, Mascot
infers the amino acid sequences of the peptiddseisample and then attempts
to group together peptide sequences that could doone the same protein.
Finally, the protein and peptide identificationse aranked by statistical
confidence, and reported. Briefly for each matclefween an observed
spectrum and an inferred peptide, is assigned ie dzased on how well the
observed spectrum matches the theoretical spectounthat peptide. This
number, named lons Score, is calculated as -10R)pg(here P is the

probability that the observed match is a randorme(i&égure 9).

Hurber of Hits

o o T T . T - T 1
100 200 300 400
Pr‘ma:]l]t-':g Based Mowse Score

Figure 9. lons score is -10*Log(P) where P is the probapiiitat the observed match is a random

event. Individuals ions scores > 46 indicate idgrdr extensive homology (p<0.05). Protein scores a
derived from ions scores as a non-probabilistiéshias ranking protein hits.

Some matches will arise simply by chance and Mastotaddress this,
calculates a “threshold” score representing a 5%fidence threshold (p
value), by calculating for each protein reportenl,oaerall Protein Score. The
Protein Score reflects the combined scores of bBHeoved mass spectra
assigned to that protein. Protein Scores are nobamilistic. Further the newer
Mascot's release, in its reports include a seatalled Decoy Search Summary
(or False Discovery Rate, depending on which repamnat is used). The
decoy search estimates the number of false pejplgshtifications by searching
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the observed data against a ‘decoy’ database -tabat®e that is intended to
contain only amino acid sequences that are notdfammature. By definition,
any match between the data and a sequence in toy database is a false-
positive. The FDR (false discovery rate) is gengralonsidered a good
indication of the quality of the experiment. Simoest experiments produce a
large number of peptide identifications, a certgercentage of these
identifications will, statistically-speaking, belda-positives. For this reason,
protein identifications based on multiple matchipgptides are generally
considered superior to protein identifications loase a single peptide match.
The data obtained from the LTQ-Orbitrap Velos weresented to the Swiss-
Prot database, where we searched under the taxoflidorgo sapiens”. To
identify the proteins, we linked each sequence fwatein using the Mascot
database search engine. The identification wadedaout with confidence
settings of 99%. This means that the score alwaygsth be higher than or
equal to the identity threshold at 99% confidenoeorder for a peptide
identification to be noted valid. Quantification svaperformed by the Mascot
Distiller algorithm. This algorithm provides “trueind “false” quantifications,
where the “true” ones are statistically trustwortlhile the “false” ones are

not.

2.3 Protein lists and quality control

Despite the raw data have been cleaned up, trabilél of the identification
was lifted by adding additional strict filters ohet data here analyzed. This
means that proteins were considered identified wiene supported by at least
two peptides, and one of them must be unique, avitiinimum length of eight
amino acids. By using Knime tool, the data weraugsal by sequence and then
by accession number. Row data were filtered arall§insix peptide lists and
then six protein lists were created, one for eacte tpoint of both cell lines
(Figure 10).
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Figure 1C. Knime workflow showing the path followed to obtdire protein lists

To check the quality of the analysis, a robusistiaal analysis was performed.
Tables 1 and 2 show the median and the standardtidey based on the “true”

guantification data in all experiments performedSHEP and SH-SY5Y cell

lines respectively:

0,105 0,006 -0,315

- 0,462 0,297 0,327

Table 1. Median and standard deviation based on the "tmuehtification data of the SHEP empty
vector versus SHEP miR34a #D at different time moint
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-0,238 -0,08 -0,794

- 0,315 0,285 0,279

Table 2. Median and standard deviation based on the "touelhtification data of the SH-SY5Y
empty vector versus SH-SY5Y miR34a #4 at differanetpoints.

The median represents how well the mixing of tlyhtliand heavy labelled
sample was performed, while the standard deviativows how narrow the
distribution is. For example, in SHEP #D experiméime point 12h) we
obtain a median close to 0 (0.006) and a low stahdaviation (0.297), which
are indications for a good experiment in termsaifelling and mixing. The

same statistical data are shown in figure 11.
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Figure 11. Normal distribution based on the "true" quantifica data of the SHEP empty vector vs.
SHEP miR-34a #D cells at time point 12h. The bliéok represents the median and the 2 red lines are
the outliners calculated on a 99% confidence iatefly + (2.58 * SD) = -0.76 and 0.771).
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2.4 Changes in protein expression induced by miR-34over-expression at
6 hours

In order to identify early targets of miR-34a, virstly focused our attention on
the differentially expressed proteins at 6 hr afédracycline induction in both
NBL cell lines. To achieve this, the protein exgies data were filtered based
on the ratios: proteins with ratios higher than emppmit were considered
down-regulated, while those with ratios less th&e fower limit were
considered up-regulated. The outlines were caledlan a 99% confidence
interval. In detail, the area bounded by red lirggesents the middle 99% of
the distribution and stretches from -1.043 to 1.84&HEP (Fig. 12A) and
from -1.05 to 0.575 in SH-SY5Y (Fig. 12B).

A Normal Distribution - SHEP#D_6h B Normai Distribution = SHSYS5Y#4_6h

50 0
iower= ~1.05
pper= 0.575

10

Figure 12: Normal distribution based on the "true" quanéfion data of the SHEP empty vector vs.
SHEP miR34a #[QA) and SH-SY5Y empty vector vs. SH-SY5Y miR3&3 cells at time point 6h.
The black line represents the median and the #res are the outliners calculated on a 99%
confidence interval (u + (2.58 * SD).
These limits were computed by adding and subtrgctih58 standard
deviations to/from the mean () as follows:
(1) - (2.58)(SD) = lower limit
(n) + (2.58)(SD) = upper limit
The value of 2.58 was used according to 99% ofidente. The area of a
normal distribution is withirt 2.58 standard deviations of the mean; where SD

is the standard error of the mean.
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Applying these computations, we observed in SHBEBIratio < -1.043) and
in SH-SY5Y (log2 ratio < -1.05) cells lines, respeely 4 and 17 proteins up-
regulated. Analyzing the protein that are negaivelgulated, we found 21
down-regulated proteins in SHEP cells (log2 rati®.348) and 59 in SHSY-
5Y cells (log2 ratio > 0.575) (Figure 13A) . Theeohap of proteins down-
regulated in both of these cell lines was 5 pratl@dO1Al, PLEC, PTRF,
VIME and RRMJ3), as shown in Venn diagram belowgrAphical summary
of protein expression changes resulting by miR-@4aression is presented in
figure 13B.
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miR-34a induction in SHEP and SHSY-5Y cells. Th e
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In order to determine which biological processesifolecular function) might

be predominantly affected in the set of proteira there significantly changed
by miR-34a overexpression (6 hrs) in each NBL loedl, we performed a Gene
Ontology analysis. As shown in figure 14, proteiasvn-regulated by miR-34a
in SHEP are involved in cytoskeleton organizatid8%), apoptosis (8%),
regulation of transcription (5%), signal transdowti(20%), cell motility and

adhesion (18%), cell division and differentiati@¥4).

B Cytoskeleton organization W Apoptosis

M Regulation of transcription W Signal transduction

M Cell Motility and adhesion M@ Cell division and differentiation
@ Other

23%

Figure 14. Functional distributiomy GO analyseof down-regulated proteins at 6 hr after miR-34a
induction in SHEP cell line.

Meanwhile, the functional distribution of down-régied proteins in SHSY-5Y
(Figure 15) are: apoptosis (47%), cell division a@ifferentiation (11%), cell
motility and adhesion (14%) and mRNA processing420

® Apoptosis m Cell division and differentiation
Cell Motility and adhesion = mRNA processing
W Others

Figure 15 Functional distributiomy GO analysesf down-regulated proteins at 6 hr after mir-34a
induction in SHSY-5Y .
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Many miRNA targets contain a perfect match to th&®NA seed region in
their 3 UTR. We speculated that genes encodethi®5 overlapping proteins
have a high probability being direct miR-34a tasg&o, to understand if these
proteins are direct targets of miR-34a, seeindgn@sbndicio sine qua non’to
be a target, is the presence of base pairing @1 TR, we searched in these
transcripts the seed sequences for miR-34a. ByguBiTA (Probability of
Interaction by Target Accessibility), a bioinforntat microRNA target
prediction tool, we found that miR-34a could poiglht targets PLEC
(Plectin), PTRF (Polymerase | and transcript redefastor), RRMJ3 (Putative
rRNA methyltransferase 3) and VIME (Vimentin). FQO1A1l (Collagen
alpha-1chain) we did not find seed sequence for-8iR in the 3'UTR,
probably because it might be directly targetablethe 5’UTR or CDS
sequences, or most likely because the annotatetiRBikas incorrect.

Plectin is a large protein (>500 kDa) of the spactuperfamily that has long
been recognized for its ability to bind and linkgéther the three main
components of the cytoskeleton: actin, microtubaled intermediate filaments
[37]. Plectin is known to bind integriw6p4 as the major structural proteins of
the hemidesmosome, a structure that anchors cellset extracellular matrix
[38]. Recently plectin was identified as a putativemarker in pancreatic
cancer [39,40].

PTRF plays an important role in caveolae forma@ma organization. Guha
and colleagues demonstrated that PTRF might be tenfually important
component of the ERBB signaling network [41].

Little is known about RRMJ3 (also called FTSJ3)SH3 is a nucleolar protein
involved in Pre-rRNA processing [42].

Vimentin, a major constituent of the intermediatanient family of proteins,
is ubiquitously expressed in normal mesenchymals cahd is known to
maintain cellular integrity and provide resistaragainst stress. Vimentin is
overexpressed in various epithelial cancers, inolydprostate cancer,

gastrointestinal tumors, tumors of the central aasvsystem, breast cancer,
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malignant melanoma, and lung cancer. Vimentin'srexeression in cancer
correlates well with accelerated tumor growth, si@a, and poor prognosis;
however, the role of vimentin in cancer progressgEmains obscure. In recent
years, vimentin has been recognized as a markeggitinelial-mesenchymal
transition (EMT).

Taken together, these results show that miR-34=ctilyrtargets PLEC, PTRF,
RRMJ3 and VIME 3'UTR, thus leading to early dowmuéation of the
encoded proteins in both NBL cell lines. Our dd&o asuggest that miR-34a
inhibits either directly or indirectly signal trahsction factor and the

expression of genes needed for cell proliferatagaptosis and cell motility.
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2.4.1 Analysis of proteins down-regulated by miR-3#at 12 hours

The next step in our investigation was define tifieceé of miR-34a expression
on proteome at later time point. For this purpage,examined the effect of
miR-34a on proteome 12 hours later the inductiosn sAown in figure 16, we
found 26 and 23 significantly down-regulated pnoteiespectively in SHEP
and SHSY-5Y. Among these, only one (CO1Al), wasaay found down-

regulated at 6 hours, in both cell lines.

25 1 22
SHEP SHSY-5Y

Figljlure 16. Overlap of down-regulated proteins at 12 hr after34a induction in SHEP and SHSY-5Y
cells.

Considering that the directly regulated genes miginy considerably from cell
type to cell type or even in the same cell linedgpending on differentiation
state or environmental conditions, we next combiakdhe results generated
by Shotgun analysis at 6 and 12 hours in both lggds. In this way, we
obtained a set of 114 proteins regulated by miR-34a

{ProteinSSHEp_5|-} U {ProteinSSHEp_lzp} ={ ProteinSSHEp_eH/lg}.}
{ Proteinssysysy-e4 U { Proteinssysysy-124= { Proteinssysysy-stiiznt

{ Proteinssygp-grinzg U { Proteinssysysy-sriiod= {114 Proteins}

Then, sorting this protein set for the presencemiR-34a seed-matching
sequences in the 3’ UTR of their transcripts, weenbed that miR-34a could
regulate the 3° UTR of 74.9% of this set of progeiConsidering arbitrarily
significant only prediction sites withAG values less than -10 (energy-based
score for microRNA-target interactions equal to diféerence between the free
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energy gained by the binding of the microRNA to thmyet,AGduplex, and
the free energy lost by unpairing the target-siteleotidesAGopen. [43]) , we
found 33 genes enriched for miR-34a seed sequédiatee( 3).

Median of the Median of the ratio AAG
Accession Description ratio (log2) Sites Score
P19367 HXK1 1,6534475 0,725477238 6 -21,07
015231 ZN185 3,045085 1,6064825 5 -16,74
QoUG63 ABCF2 1,7913675 0,841061337 7 -15,73
P15586 GNS 2,66 1,411426246 5 -15,39
P40261 NNMT 1,9945475 0,996061482 4 -15,31
Q15746 MYLK 3,28683 1,71669684 10 -15,13
P07858 CATB 1,64131 0,714847751 9 -14,68
P30419 NMT1 1,933775 0,951419943 12 -14,57
P46013 K167 1,785035 0,835952362 8 -14,46
P46060 RAGP1 1,527315 0,61099764 2 -13,55
P13928 ANXA8 2,46724 1,30289806 3 -13,51
Q9H307 PININ 1,49207 0,577315221 2 -13,51
QI9NP73 ALG13 2,547845 1,349277513 1 -13,07
095340 PAPS2 1,74119 0,80007364 6 -12,85
Q8WX93 PALLD 1,9598175 0,970719316 9 -12,72
P06396 GELS 2,549375 1,350143602 3 -12,71
P13796 PLSL 4,101515 2,036156905 3 -12,71
Q14651 PLSI 1,49661 0,58169832 4 -12,56
P21980 TGM2 2,23097 1,157671114 6 -12,43
Q9Y4K1 AlM1 1,78527 0,836142281 5 -12,31
Q13510 ASAH1 1,690365 0,757334801 2 -12,1
Q96MU7 YTDC1 1,8215025 0,865128975 5 -11,97
P35659 DEK 1,70739 0,771792635 2 -11,95
Q7Z6K5 C0O038 59,93468 5,905319126 6 -11,46
Q6P1J9 CDC73 181,0392375 7,500158603 3 -11,46
P07339 CATD 2,08313 1,058752875 3 -11,33
P09486 SPRC 1,77786 0,830141722 5 -11,3
QINX58 LYAR 2,3192625 1,213666117 1 -10,66
Q6WKz4 RFIP1 1,7212 0,783414745 8 -10,39
Q8WU90 ZC3HF 65,84391 6,040978105 2 -10,28
Q9Y5L4 TIM13 7,74423 2,953121801 4 -10

Table 3. List of 33 genes enriched for r-34a seed sequer.
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Then to improve our target prediction functionality NBL progression, we
screen these genes/protein for the correlatiotisedf expression with clinical
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Figure 17 Expression levels of LYAR, CTCF, TGM2, Ki67, TIMM18LG13 and ABCF2 correlation
to bad clinical outcome in NBL.
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outcome of NBL patients searching through a puidine expression database
(http://r2.amc.nl). For this reason further effdmsve been addressed to verify
if any of these genes were correlated to NBL pregjom and as such would be
good candidate to further assign a role of miR3#¢heir regulation.

Using this flowchart we revealed that, among thasalyzed, only n.7 genes
correlated to worse clinical outcome when overesged in NBL (Figure 17).
These genes are involved in the differentiation AR} CTCF), apoptosis and
proliferation (TGM2, Ki67), molecular transport MIM13 and ABCF2) and
several metabolic pathway (ALG13).

To improve the accuracy of target prediction we dusegher two target
prediction algorithms: TargetScan and miRanda. Wkecsed as putative
transcripts regulated by miR-34a, 3'UTR with birglisites for miR-34a
predicted by at least two of the three bioinforstialgorithms used.
Interestingly, the seven targets identified thate&ated with poor prognosis in
NBL, were predicted as putative target of miR-3gaableast two of the three
algorithms used. To test whether the 3 UTR of egehe could be regulated
by miR-34a, the 3' UTR of each gene was cloned dtmgam a luciferase
reporter plasmid, and a dual luciferase reportsayasvas performed. The data

obtained confirmed that miR-34a repress the expmess these genes.

LYAR a nucleolar protein, named Ly-1 antibody reactil@ne, encodes a
polypeptide consisting of 388 amino acid residuéh @& zinc finger motif and
three copies of nuclear localization signals. TB&A of LYAR was initially
isolated from a mouse T-cell leukemia line morentl@adecade ago. LYAR
cDNA overexpression in NIH-3T3 fibroblast cells demed them more
tumorigenic, indicating that LYAR is a novel nud&o protein that can be
involved in cell growth regulation [44]. Recentipicroarray data showed that
LYAR is highly expressed in undifferentiated huna®8Cs and is significantly
downregulated upon differentiation [45]. Thus, LYAdRpears to be a likely
candidate for the study of the involvement of nalde mechanisms in
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controlling the selfrenewal of ESCs. Hui Li andleabues demonstrated that
Lyar downregulation significantly reduces the rate ESC growth and
increases their apoptosis. Moreover, reduced esioreof LYAR in ESCs
impairs their differentiation capacity, failing t@pidly silence pluripotency
markers and to activate differentiation genes wftifierentiation [46].

Our data indicated that Lyar was down-regulateiSY-5Y cells at 6 hr
after tetracycline induction of miR-34a and, searghn the 3' UTR sequences

of Lyar gene, we found potential binding sites aRA34a.

CTCF is a highly conserved zinc finger protein implichten multiple
regulatory functions, including transcriptional igation/repression, insulation,
imprinting, and X chromosome inactivation. Variogtidies reported that
CTCF is involved in cell cycle arrest, apoptosisd differentiation processes,
with the consequence to consider CTCF a potentialot-suppressor factor.
But, other studies reported that CTCF protein ek elevated in both breast
and lung tumoral cell lines [47,48] and, at leasbiieast cancer cells, CTCF is
also associated with apoptosis resistance [47]sdlentroversial results can
be elucidated by the role of CTCF as “differentiatinducing” factor,

involving disparate pathways depending by cellatartext [49-51].

MegaSampler (n=101,MASS.0)
9 CTCF (202521_at) gn’!g
transform_21og GoenomIiTs

Expression

Normal Adrenal Neurohlastoma
gland (13) (88)

Figure 1&. To determine the expression levels of CTCF in huhBh, we searched through a public
database (http://r2.amc.nl). This search revediadl it significantly overexpressed in NBL tissues
compared to normal adrenal gland (p = 2% e
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In fact, it is assumed that each tumoral cell pHytipossesses the epigenomic
and proteomic features of its physiological coyveier together with crucial
alterations that mold its molecular homeostasis aetermine CTCF'’s
outcome.

To determine the expression levels of CTCF in hurhN&L, we searched
through a public database of gene expression fn&@mmc.nl), and we found
that CTCF is significantly overexpressed in NBLstiss compared to normal
adrenal gland (p = 2.2% (Fig.18A).

TGM2 (TG2) Tissue transglutaminase is an important member hef t
transglutaminase family of enzymes that catalyze 28a-dependent post-
translational modification of proteins. Involvemeoit TG2 in apoptosis has
been well established; overexpression of TG2 resulteither spontaneous
apoptosis of cells or rendering cells highly sewsitto apoptosis-inducing
agents. In contrast with this, recent evidenceciaiis that increased expression
of TG2 may prolong cell survival by preventing aposis [52].

TG2 expression is upregulated in drug-resistantraathstatic cancer cells and
plays a role in the constitutive activation of NdB. Increased expression of
TG2 contributes to increased survival, invasion amatility of breast cancer
cells [53], cell growth and survival in colorec@ncer [54]. A recent study
demonstrated that TGE-induced TG2 enhances ovarian tumor metastasis by
inducing EMT and a cancer stem cell phenotype [55].

Our data demonstrated that miR-34a leads to a tddewn-regulation of
TGM2 in SHEP cell at 12 hr after induction. Geng@ression data revealed
that TGM2 is overexpressed in advantage stages Rif [p=2.1e-03), as

shown in figure 19.
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Figure 1¢. Expression levels of TGM2 in different stages offrfaun NBL.

ABCF2 The ATP binding cassette (ABC) transporter famitysaas an efflux
pump and its members are related to chemoresist&REF2 is a member,
which has a chromosome gain at 7q 34-36. Overesjoresof ABCF2 was
found in a chemoresistance clear cell ovarian parmma and it was also
suggested that ABCF2 may contribute to the chensteed phenotype [56].
Moreover, ABCF2 protein may be a prognostic marfikerovarian clear cell
ovarian adenocarcinoma since that higher ABCF2 Datdl mRNA copy
number and protein levels were found in clear cafles compared with those
in serous cases [57]. As shown in figure 20, geqeession data revealed that
also ABCF2 was found overexpressed in advantaggestaf NBL (p=1.9e-
03).
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Figure 2C. Expression levels of ABCF2 in different stages of hariNBL.

KI67 Ki-67 is a protein that in humans is encoded byMid67 gene. Antigen
Ki-67 is a nucleus protein that is strictly asstaibwith and may be necessary
for cellular proliferation. It was recently repatéhat Ki67 might be suitable
for including in the routine clinical practice ofdast cancer. For example,
Ki67 independently improved the prediction of treaht response and
prognosis in a group of breast cancer patientsviageneoadjuvant treatment.
A recent study demonstrated that the distributiattgpn of Ki67 may be a new

independent prognostic factor for breast cancel [58

A MegaSampler (n=101,MAS5.0) am B Tumor Neuroblastoma - Maris - 101
MKI67 (212021_s_at) Oncol - u
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Figure 21. A. Ki67 expression in Neuroblastoma tissues comparetbtmal adrenal gland (p=9.0
e-11).B. Ki67 expression in patients with and without 1p8s§sl.
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Ki67 was found overexpressed in Neuroblasoma tsssoenpared to normal
adrenal gland (p=9.0 e-11), as shown in figure 2hferestingly, in a cohort
of Neuroblastoma, we observed that patients showp®6 loss have high
expression of Ki67 compared to patients without6L(Rig. 21B)(p=2.4e-03).
These findings support the notion that Ki67 is tatgd by miR-34a.

TIMM13 a member of the “small Tim protein” family, thatg&ther with
Tim8, forms a soluble hexameric 70 kDa complex he IMS [59]. This
complex is involved in the import of a number ohén membrane proteins.
Timm13 is a translocase with similarity to yeastannondrial proteins that are
involved in the import of metabolite transportersnii the cytoplasm and into

the mitochondrial inner membrane.

ALG13 is a subunit of a bipartite UDP-N-acetylglucosamtremsferase. It
heterodimerizes with asparagine-linked glycosytatigt homolog to form a
functional UDP-GICNAc glycosyltransferase that tatas the second sugar
addition of the highly conserved oligosaccharidecprsor in endoplasmic
reticulum N-linked glycosylation. Alg13, as well &7, is highly expressed
in patients with 1p36 loss (p= 1.1e-03), tumors ghethat there was a loss

miR-34a genetic locus (Figure 22).

Tumeor Neuroblastoma - Maris - 101
- u9sa
NG_loh_1p36 vs ALG13 (3490 _r_al)

Zlog of ALG13

Loh No Loh
(26) (74)

Figure 22. Alg13 expression in patients with and without 1p36 loss.
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Overall, the importance of the identification ofoffe seven proteins/genes
found down regulated in NBL upon miR-34a expressi®rof importance
because they can be those alternative proteinshwhay have a role in NBL.
Further biological functionality mechanistic modeagtions are needed at this
stage to address those independent protein actibhinwa therapeutic

intervention of miR34a in the near future.
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2.4.2 miR-34a regulates a dense network of genesvatved in signal
transduction

Additionally, biocomputing analyses are then perfed to define whether the
genes regulated by miR-34a together acts in a aampttwork of molecular
pathways. To this end, we generated an interactesimg the above identified
proteins. Using MIMI plug-in of Cytoscape prograthat retrieves molecular
interactions [55], we found, as shown in figure &t LYAR, TGM2, CTCF,
TIMM13 and ki67 are strongly linked each other amdurn are linked to the
components of molecular signaling cascade, alré&adyvn to be involved in
Neuroblastoma progression, such as Src-Fyn, Lyr;-pS8, Tgfg, IGF and
Wnt.

CTCF*
PY *
* <
* o
L} . -
& TGM2
3
_\:
LYAR 7
& : s .
_. _‘
: MKI67
Soe.q ¥
'S
SRC-FYN-LYN o TGF-p
L J
MYC/p53 S . ® WNT
. ‘ IGF

Figure 23.Interactome of LYAR, TGM2, CTCT, TIMM13 and ki67, @lmed using MIMI plug-in
of Cytoscape program.

Many of these pathways converge on common dowmstefgectors that were
well-established linked to cancer. To verify théeefive down-regulation of
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these pathways, we evaluated by Western blottisdysis the WNT pathway
activation levels in both NBL cells following miR4@ induced expression. For
this purpose we treated SH-SY5Y and SHEP cells watinacycline and
harvested the cells at different time points (624248 hrs). We then analyzed
the expression of activatgdCatenin by using an antibody which is known to
recognize amino acid residues (aa36-aa44) of hr@atenin, specific for the
active form. As shown in Figure 24A, the expressibractive f-catenin was
reduced at 6 hours in SH-SY5Y Tr6 miR-34a®impared to SH-SY5Y Tr6 at
the same time. Similarly, the amount of activgtedatenin in SHEP Tr6 miR-
34a#D was reduced at 6 and 12 hours and, in theniolg hours, we did not

observed substantial variation on activation coragao control cells.

SH-SY5Y TrG E.V, SH-SY5Y Tré miR-34a
Oh Gh L1zh wh ah leh
——— (i
- - ,.m Active p-Catenin
PR SN s S =
— e — W — [-Actin

SHEP TrG E. V. SHEP Tr6 miR-34a
i L

Ol b Lzh 24k 42h ak el L2k 20h -zh

SO BRSO ae ae  B-tatenin

“.“- s Active f3-Catenin

Figure 24.Total protein extracts prepared from SH-SY5Y Tr§ éd SHEP (B) Empty vector (E.V.)
or -miR-34a overexpressing treated with tetracyclior different time points (6hr, 12hr, 24hr) were
subject to Western blotting to evaluate Wnt pathwetjvation.p-Actin (A) ando-Tubulin were used
as loading controls.
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Literature data show that GSK-Plays a major function in WNT signalling
pathway. The phosphorilation on Ser 9 inhibits thetivity of Gsk-3

stimulating B-catenin nuclear translocation and enhancpigatenin/TCF-

mediated transcription. For this reason we thene@swhether miR-34a
overexpression influence the levels of Phospho-8sSer9). Using Western
blotting assays, we confirmed that, in SHEP Tr6 8##D, miR-34a
overexpression also resulted in the inhibition led$pho-Gsk B (Ser 9) levels.
Total Gsk $ was unchanged (Figure 24B). All together, thesa dadicate

that the miR-34a led to WNT signaling down-reguathere investigated, thus
confirming our predicted data. Here we compreheatgi\demonstrate the
functional implication of miR-34a capabilities tomailtaneously target
components of several cancer signaling cascadegomsible for tumor

progression.
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2.4.3 ldentification of late targets of miR-34a

In order to identify late targets of miR-34a, wealgzed the changes in protein
expression levels induced by miR-34a 24 hours uptmacycline stimulation
and we found n.24 and n.29 proteins down-regulegspectively in SH-SY5Y
in SHEP.

Among the 24 down-regulated proteins in SH-SY5Ys¢é) had already been
found down-regulated in previously analyzed timenis (CATB, ANXAS,
PLSL, GELS, CATD, SPRC, P4HA1, SODM, FKB10), inding that still
remain down-regulated, during miR-34a expressionestn blotting
presented in figure 25 confirmed that SODM is aged@own regulated by

miR-34a at 6 hours after induction and remainsvem &t 24 hours.
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Figure 25. A. Total proteins prepared from SH-SY5Y Tr6 Empty wec(E.V.) or miR-34a
overexpression (#4) treated with tetracycline fifiedent time points (6hr, 12hr, 24hr) were subjerct
Western blotting anti-SODM antibodf-Actin was used as loading contr@. Densiometric time-
course analyses (ActizCatenin), asp-Actin normalized. Data are means zstandardiatien

of 3 experiments, each carried out in tripli
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Moreover, at this time point in SH-SY5Y has beeenitified new additional 15
proteins were found down-regulated. Searching is firotein set, for the
presence of miR-34a seed-matching sequences nXheiTR transcripts, we
noticed that miR-34a could potentially regulate BieUTR of 9 of these
proteins (TBC13, RL1D1, MYO1B, GGA3, STAG2, TXTPCD56, DKC1,
TPM1). While six proteins were annotated as noédirtargets of miR-34a
(SSXT, CC124, ALG5, ALDR, RET1, ULAL1).

Regarding the proteins down-regulated in SHEP, tserved that 12 of 29
proteins were already found down-regulated at presly analyzed time
points. Furthermore, 3 proteins (PLSL, CDC73, NO)L®@ave been found
down-regulated only after 24h in SHEP, while in YH&8ready at 6 and 12
hours were inhibited by miR-34a, indicating thaé tsilencing mechanisms,
that regulate, at post transcriptionally level, &xpression of these proteins in
the two cellular systems are different. Additiogallve found 14 new down-
regulated proteins, 12 of which had miR-34a seetthirag sequences in the 3’
UTR of their transcripts (RRP1B, PA1B2, SPSY, FGR2PA3, LRWD1,
PAPS1, ERAP1, MP3B2, CT043, SRSF1, VP33B).

Here, we identified additional down-regulated prageat early time point and
some of them had putative miR-34a binding sitahéir 3UTR.
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2.5 The regulation of protein expression by miR-3is time depending
In our previous work we demonstrated that miR-3dast’t exert its inhibitory
effect on targets constantly during its expresskar.example certain proteins,
such as DLL1 and Cyclin D1, that were recognizednaR-34a targets,
analyzed in a time dependent manner, showed fltiotuan their amount of
protein quota, although the miRNA was continuowstpressed [35]. So we
asked whether there were other proteins in theeproé that do not show a
constant expression pattern after miR-34a inducfidre analyses performed
above were carried out considering exclusively e@acie point. In order to
compare each other the changes in protein expressidifferent times after
miR-34a induction, the quantile normalization wagpleed. The quantile
normalization generally is used to make two or natisgribution identical in
statistical properties [60,61].
Applying this technique, we obtained for each expent (6h, 12 and 24
hours) a new normalized distributions, as showiblagk curves in figure 26A
and B (upper). Then, to calculate the upper andetolvnit to define the
regulated proteins (as described in the sectiop 8rthmetical mean between
the new normalized mean (1) was determined, asrshelow:
1. SH-SY5Y

e SH-SY5Y 6h (Normalized y)

e SH-SY5Y 12h (Normalized f}

e SH-SY5Y 24h (Normalized 4}

Normalized mean (SH-SY5Y 6-12-24h) \)g (Wt pot+ Mg)/3= -0.34+0.27
(Figure XA)
2. SHEP

* SHEP 6h (Normalized )

e SHEP 12h (Normalizedzju

e SHEP 24h (Normalizedsu
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Normalized mean (SHEP 6-12-24h\jg (M1t Mot pg)/3= -0.01+0.32 (Figure
26B). Figure 26 shows the new normalized valueSH$Y-5Y (A) and SHEP
(B) cell experiments. The new values have the sdistebution and can now

be easily compared each other.

A B

SHEYSYSL_6n SHEYSYR 12 BHEYSYR M SHEPFD 6h SMIPFO 17h SHIPID 24h

BETITH Gh 1 Jdh Orgmal Covibations SHEPID, S 108, M Orginal Dinid

BOTITEG G 1% 348 Nermatend Ciabomons
SHUPSD 6 1% 14 Mermained (eirtatom

Figure 26 .To make the three distribution identical in statitproperties a quantile distribution was
performed. The new normalized distribution of expents performed in SH-SY5Y cells (A) was p=
-0.3440.27, while in SHEP (B) was p=-0.01+0.32.

After data normalization, we compared the diffei@ht expressed proteins in
each experiment and further statistical analyse® \werformed using Knime
(Figure 27).
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Figure 27 Knime workflow showing the path followed to obtdime Lorenz curves and Gini

coefficient for each protein.
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To assess trend analysis of the proteins diffeayptexpressed at different
time points (6h, 12h and 24 hours), Lorenz curveé @mi coefficient were
evaluated for each protein. The Lorenz curve isaplgcal statistic that was
first introduced in 1905 as a tool for exhibitirgetconcentration of wealth in a
population (Lorenz MO, 1905). Originally were udedrank in terms of their
wealth and the cumulative wealth, the members efgbpulation (on the y-
axis) against the cumulative proportion of the gapon (on the x-axis). One
can then select any quantile to characterize cdratéon using a statistic such
as 'Y per cent of the wealth is owned by X per a#rthe population’.

Simply, The Lorenz Curve is a graphical represemabf the proportionality
of a distribution and represents a probability rihsttion of statistical values.
Lorenz curve is often associated with income distion calculations and
commonly used in the analysis of inequality. Alegimely a summary index of
concentration, the Gini coefficient (Gini C., 19143 frequently used. In
applications, the Gini coefficient frequently acqmmnies graphical
presentation of the Lorenz curve. It is often uasda measure of income or
wealth inequality. In brief, the Gini coefficient s i usually
defined mathematically based on the Lorenz cunlechvplots the proportion
of the total income of the population (y axis) tlrmtumulatively earned by the
bottom x% of the population. The line at 45 degréess represents perfect

equality of incomes.

100%

Figure 28 Graphical
representation of the Gini
coefficient. The graph shows
that the Gini coefficient is equal
to the area marked A divided by
the sum of the area& andB.
That is, Gini = A/(A+B). It is
also equal to 2*A due to fact
that A+B=0.5 (since the axes
scale from O to 1).

Curmnulative share of income earned

100%
Cumulative share of people from lowest to highest incomes
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The Gini coefficient can then be thought of as rtte of the area that lies
between the line of equality and the Lorenz cunaarkedA in the diagram)
over the total area under the line of equality fedA andB in the diagram);
i.e.,G =A/ (A +B) (Figure 28). A low Gini coefficient indicates aone equal
distribution, with O corresponding to complete didyawhile higher Gini
coefficients indicate more unequal distribution,thwil corresponding to
complete inequality. Gini coefficient is a more qaex calculation that allows
us to assess the whether the changes, in prateiression level induced by
miR34a over time, were significant. We evaluateel lthlorenz curve for each
protein of both cell line, as shown in figure 29dathe Gini coefficient,

applying the formula reported in Materials and Meth section.
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Figure 29. Lorenz curves of some representative proteins
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Related to our experiments, a Gini coefficient équazero indicates that
protein shows the same expression pattern at @aehpoint. In this case the
Lorenz curve overlaps the line of equality. Whil&ai coefficient equal to
one means that protein shows the same expressitmnrpduring the analyzed

time points; the Lorenz curve is far from the lofeequality.
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Figure 30 Expression levels of proteins dynamically regediaby miR-34a over the time in SH-
SY5Y (A) and SHEP (B) cells. The values are exprsseog?2 fold change.
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To select the regulated proteins we used the uppgrof the Gini coefficient
based on 99% of confidence interval. Our analysesaled that in SHSY-5Y
cells, among the 1331 detected proteins, 29 potéid not show a constant
expression pattern under time (Figure 30A). WhilesSHEP cells, 9 of 1067
detected proteins (Figure 30B) showed an oscifadapression pattern.
Another graphical representation of the Gini cagtft is given by the scatter
plots presented in figure 31. In these graphs \ptoted the protein accession
numbers (x-axis) versus Gini coefficient valuesagys). The dotted line
represent the threshold above which the proteing wensidered dynamically
regulated by miR-34a. Our analyses demonstratediltieaeffect of miR-34a
down-regulation on this set of proteins, changedtthe time.

This phenomenon may be due to different proteiflifal within the cellular
type, or the presence of other gene/protein fadiwas could regulate their
expression as coactivators or repressors or by otleehanisms not yet here
identified which need a further speculation andpsuiping data. Thus the finely
controlled miR-34a machinery here identified retgdaseveral new protein

function as previously expected.
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Figure 31 Scatter plots in which were plotted the proteigession numbers (x-axis) and Gini
coefficient values (y-axis) of SHEP (A) and SY-SY%B) cells. The dotted lines represent the
threshold to define the proteins that were dynaltyicagulated.
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2.5.1 More difference in protein expression at eayltime point
Having established that several proteins were egtgdlin a time-dependent
manner, we began to investigate when the effectsni®-34a on protein

expression are more pronounced.
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Figure 32 Scatter plots comparing protein expression chabgéseen two time point#.B. Scatter

plots compare normalized log2 ratio of protein eggion at 6 hr (x axis) against 12 hr (y axis) it S
SY5Y (A) and SHEP (B) cell$C.D. Scatter plots compare normalized log?2 ratio of giroexpression
at 6 hr (x axis) against 24 hr (y axis) in SH-SY&®) and SHEP (D)E.F. Scatter plots compare

normalized log?2 ratio of protein expression at t2xhaxis) against 24 hr (y axis) in SH-SY5Y (E)an
SHEP (F).
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For this purpose we used the scatter plots graphepaesentation, to present
measurements related to two variables.

Variables used in these graphs represent the fadge of protein expression
in the same cellular system at two different tilhendR-34a induction.

Scatter plots presented in figure 32, revealed tiatmagnitude of miR-34a
effect on protein expression changes occurs at @arle (6 hours) when

compared to the later (12 and 24 hours) proteongubu

By analyzing normalized log?2 ratio at 6h versusmalized log?2 ratio at 12h or

24h the points spread showed higher then when pleteed log?2 ratio at 12h

versus normalized log?2 ratio at 24h in both cefied. All these data suggest
that the magnitude of miR-34a effects on proteor®ucs at early time after

induction, upsetting all theories hitherto followealccording to which the

effects on the proteome by a microRNA could be olexkonly after at least

24 hours.

58



Discussion 3

59



3. DISCUSSION

The emergence of shotgun proteomics has facilitditechumerous biological
discoveries made by proteomic studies. However, prehensive proteomic
analysis remains challenging and shotgun proteorsiascontinually changing
field. The proteome is very dynamic and could neutatresponse to cellular or
environmental factors [62]. The identification ofRMNA targets, functionally
important in enhancing tumor capabilities, is cali¢or understanding miRNA
functions. By directly measuring changes in prof@ioduction, proteomic data
are likely to be more relevant than microarray dafareover in silencing,
operated by miRNA, not always were found correspocd between gene
expression data and protein quota, this due tceadtltwo different post-
transcriptional regulations mechanism [63].

In this work we analyzed the proteome changes idifferent NBL cell lines
induced by ectopic expression of miR-34a. The amlypresented here
revealed new direct targets of miR-34a, which preshly represent the
mediator of its effects. The direct regulation byjRA34a was confirmed by
reporter gene assays for selected miR-34a targdtAsRshowing that the
miR-34a-mediated repression of these proteins regjuhe presence of seed-
matching sequences in the respective 3'-UTRs.

Among the 2082 detected proteins, 172 were fougdifstantly regulated,
with 113 proteins being down- and 68 up-regulatethaps surprisingly, the
repressive effect on individual proteins wasn’tatelely small and often
exceeded fourfold, although we performed post-n@ialbabeling. In effect,
while in pulsed SILAC (pSILAC) method, only intetysdifferences between
newly synthesized proteins (medium-heavy and hearg/xonsidered, in post-
metabolic labeling there is the problem of persisteof stable proteins, that
makes difficult to identify the down-regulation. i§hcould also explain the
reason for which we have not observed the changwatein expression of
known miR-34a targets. Among the down-regulatedigims, we noted an

overrepresentation of proteins involved in apogtosell motility, cell division,
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differentiation and mRNA processing. Even thougk ttown-regulation of
these proteins, which do not contain predicted Bd-binding sites in their
3’-UTRs, presumably might be considered as secgnefiect, following the
direct miR-34a-mediated repression on other pretdivat act upstream and
regulate these functions, it reflects the cell eyarest and apoptosis as a major
consequence of miR-34a activation.

In our analysis, we identified new targets of m#a3(Table 3) and among
these, seven proteins (LYAR, CTCF, TGM2, Ki67, TINMIB] ALG13 and
ABCF2) have prognostic relevance in NBL. In faactpoKing in a public
database, we observed that all of these sevenimsaterrelate to bad clinical
outcome when overexpressed in Neuroblastoma.

The newly identified miR-34a targets, LYAR, CTCFGMW2, Ki67 and
TIMM13 are linked to each other and together cogeeon important
pathways involved in tumor progression, such as,W@F{, Src/Fyn/Lyn,
IGF and p53/myc as shown by the network in Figie 2

Canonical Wnt signaling controls events rangingnfreell fate determination
and cell cycle regulation to cell motility and mimdéism. In addition to the
importance of the canonical Wnt pathway in norn&l function, pathologic
increases in Wnt signaling are frequently implidate neoplastic states. The
importance of Wnt signaling in human cancer is higtted by its coordinate
control of the transcriptional programs underlyiB1T, cancer stem cell
generation and cancer progression. Wnt 1 has lreeropsly been report to be
a direct target of miR-34a [64] corroborating thaR-34a suppress oncogenic
Wnt signaling.

Transforming Growth Factof (TGF- B) was already found involved in
signaling controls a diverse set of cellular preess including cell
proliferation, recognition, differentiation, apopts, and specification of
developmental fate, during embryogenesis as welinamature tissues, in
species ranging from flies and worms to mammalsgBb TGFf suppresses
early-stage tumor development by virtue of its pogrowth inhibitory effect,
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but becomes a pro-oncogenic factor that stimulédesor cell growth and
invasiveness at later stages of tumorigenesis 68,6

Pathological forms of TGF signaling promote tumor growth and invasion,
evasion of immune surveillance, and cancer ceflafignation and metastasis.
Moreover a recent study demonstrated the capatwlityniR-34a to target
genes encoding multiple T@ksoforms [70]. The inhibition of these pathways
by miR-34a was confirmed by literature and dataamied in our laboratory
[71,72].

Another important corollary of our analysis hereve@ed, at the whole-
proteome scale, the demonstration that the miRe8#ats on proteome occurs
at early time pointIn-vitro studies have already shown that miRNAs can
induce translational inhibition in a very short énframe [73]. Therefore, the
effects of miR-34a on proteome were investigatea iime-dependent manner,
following time-courses in NBL cells at 6h, 12h a@dh after miR-34a
induction. Our results demonstrated that miR-34pression resulted in a
regulation of protein expression more evident dtoérs compared to other
time points analyzed. At this time point, were fdudown-regulated 59
proteins in SH-SY5Y cells and 19 in SHEP. Someheké have seed sites in
the 3'UTR of their transcripts that can explain #ely down-regulation. A
number of repressed proteins without seeds arertheless probably direct
targets of the miR-34a. However, although somerdlguos include searches
for such sites, it seems that they could not idigntiese non-canonical sites
with high success. Another explanation for theggragsed proteins without
seeds could be that are indirectly regulated by-84R and that, having a short
half-life, it is possible to observe the down regidn also in such a short time.
However we cannot exclude that the target gendswbaested for which we
did not find miR-34a seed match in the 3'UTR midgig¢ direct targets,
regulated by sequences in the 5’UTR or CDS.

It is also worth noting that, our data further skeowthe kinetics of miR-34a
regulation analyzing here, for the first time tifieets of miR-34a on proteome

62



in a time-dependent manner, allowing us to obtagtolal picture of miR-34a
functions. These data provides a clear and effeethswer to the long-standing
qguestion on when miRNA acts on their targets amgl ithin stark contrast to
literature data in which miRNA inhibitory effectseve evaluated at later time
point.

Finally, we observed that the down-regulation ofesal proteins is maintained
even in later times, but some proteins were fouyrhdhically regulated over
time. It is conceivable that such proteins, giviea tomplexity of the system
here analyzed, belong to key group of proteins, sehexpression was finely
controlled. Thus strengthening our hypothesis thiaderving the effects of
micro RNA at a single time point could result ir loss of the identification of
many target.

Recently,in vivo studies showed that tumor growth was significargjyressed
after exogenous miR-34a administration in retrdpagal Neuroblastoma
tumors [74]. Identification of miR-34a as is a Higlignificant finding with
respect to the development of potential therapgutc this disease. Current
therapies for high risk Neuroblastoma include cheara radiation-therapy in
an attempt to hinder tumor relapse.

Therefore, ectopic miR-34a expression may sengtamor therapeutic means
for human tumors in the future. A comprehensivewdedge of the targets and
effects of miR-34a is of relevance in order to aa# the potential side effects
of such therapies. The study presented here isipartant step in the direction
of obtaining a complete picture of miR-34a targdtsthe future, analysis of
up-regulated proteins may facilitate a more coneplebverage of miRNA

targets.
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4. Conclusions

The role of miRNAs in mediating critical cellulargeesses is an emerging
field in cancer genetics. Dysregulation, enhancepression and selective
inhibition of MiIRNAs has improved scientific undensding of the functional
role which these regulatory molecules play in campregression and patient
prognosis. MiR-34a was the first miRNA identified @ putative tumor
suppressor in Neuroblastoma through its directetarg of transcription
factors and other genes essential for cellulariferation. Here, we identify
new early targets of miR-34a, adding an importaep sn understanding the
mechanisms of action of this microRNA. Although milRs are largely known
to repressively regulate protein expression, it hasn reported that some
mMiRNAs can also upregulate translation [75]. Irstbiudy, we focused on the
repressive gene regulation of the miRNAs as a tegutheir binding to the
3'UTR of target genes, and identified only proteinat were downregulated by
miR-34a, although many upregulated proteins werso atletected by
quantitative bottom-up proteomics analysis. Furtleaperiments will be
needed to determine how, mechanistically, miR-34a& able to upregulate
these proteins. The cell clones here analyzed areready for a second level
of analyses verifying how miR-34a would influende texpression of other
mMiRNAs coupled to Long non coding RNAs and how gdtiber in a
complexity network of action contribute to NBL pregsion. These results will
be issue of future efforts.

In conclusion, in this work our effort was orientadt only to identify new
targets of miR-34a in Neuroblastoma, but also towslhat the kinetics of

regulation of a micro RNA can be very fast andaiyic.
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Novelties

In this thesis, we identified new targets of miRa34ome of them with a

prognostic relevance in NBL. In fact, looking in ublic database, we

observed that these proteins correlate to bad calinioutcome when

overexpressed in Neuroblastoma. It would be interg@g$o study the effects of

such down-regulation given that little is known abdhe function of these

proteins in Neuroblastoma,

Our study also demonstrated that the miR-34a effent proteome occurs at
early time point and that the down-regulation ofesal proteins is maintained
even in later times. However some proteins wesadodynamically regulated

by mir-34a over time. These data are important iieedhey open the way to a

better understanding on the timing and mechanidrastmn of a microRNA.
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5. Materials and Methods

Cell culture

The Neuroblastoma cell lines SHEP and SH-SY5Y wkept in RPMI
medium containing 10% (v/v) fetal calf serum, 2 niMylutamine, and 1%
pen/strep. Cells were transfected with the pcDNATR6/plasmid, which
encodes Tet repressor (TetR) using Lipofectamin@2Q@nvitrogen).
Polyclonal cell pools were generated by selectigh Wlasticidin (5 pg/ml) for
10 days. Positive clones were transfected with gpisomal pT-REx-DEST
vector encoding miR-34a. Polyclonal cell pools wgemnerated by selection
with hygromycin (500 pg/ml). The percentage of Tpd/-REx-DEST miR-
34a-positive cells was determined 12 h after aoiditf tetracycline at a final

concentration of 2 pg/ml.

RNA extraction and Quantitative Real Time PCR

Total RNA was extracted from cells using Trizol geat [Invitrogen]
according to manufacturer's recommendations ance iieated with RNase
free DNase [Promega]. Total RNA [lg] was reverse transcribed using
iScript™ cDNA Syntesis Kit [Biorad]. The RT products [cDNA)ere
amplified by real-time quantitative PCR using 79R8al-Time PCR System
[Applied Biosystems, Foster City; CA] with Power BR green Master Mix.
For all SYBR Green PCR, Ct values were normalizee@ither U6. Relative
expressions of target genes were determined b th&' method. All of the
data are presented as means * standard error oftdwihree replicate

experiments.

Western blotting

Cells were washed in cold phosphate-buffered salimelysed in protein lysis
buffer (20 mM sodium phosphate, pH 7.4, 150 mM Nd®Po glycerol, 1%
Na-deoxycholate and 1% Triton X-100) supplementé&tl wrotease inhibitors
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(Roche). Cell lysates (50 pg) were electrophoresed 0% SDS-PAGE gels
and transferred onto PVDF membranes (Millipore}eAfL hour blocking with
5% dry milk fat in phosphate-buffered saline comitag 0.02% Tween-20, the
membranes were incubated with the primary antibmgsrnight at 4 °C, and
with the secondary antibody for 1 h at room temjpeea The bands were
visualized with a chemiluminescence detection sys{Rierce), according to

the manufacturer instructions.

Shotgun analysis with differential labeling

To analyze the impact of mir34a activation on protitput we used the post-
metabolic labelling (propionylation) with NHS-prapiylate (G, and Gs) on
Lysine (K) and Arginine (R) residues coupled witasa spectrometry analysis,
as described above [76]. In breaf, each samplefwsgiesalted by loading 1
ml of sample on a NAP'-5 column SephadéX-G25 DNA Grade [GE
Healthcare] and then digested by adding trypsima imypsin/protein ratio of
1/50 and incubating overnight at 37 °C. To syntteegsotopically labeled
reagents NHS-propionate (34 and NHS-propionate (3:1¢) was used. Once
the samples were labelled, a quick analysis, based 0 light and heavy
peptide couples, on the Q-tof Premier was perforneedetermine the 1:1
mixing of the labelled samples. The samples wepeedhtogether in a 1:1 ratio
and were fractionated on a RP-HPLC. After the fomettion, fractions with a
difference of 20 minutes were pooled together thuce the number of mass

spectrometry samples.

Knime: The Konstanz Information Miner

To manipulate the large data set obtain the prdisis, we used Knime. To
The need for modular data analysis environmentsiriaeased dramatically
over the past years. In order to make use of tis¢ wariety of data analysis

methods around, it is essential that such an emviemt is easy and intuitive to
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use, allows for quick and interactive changes w dhalysis and enables the
user to visually explore the results.

To meet these challenges a data pipelining enviemnis an appropriate
model. It allows the user to visually assemble adapt the analysis flow from
standardized building blocks, at the same tirfffermg an intuitive, graphical
way to document what has been done. Knime, the tdondnformation Miner
provides such an environment.

The Konstanz Information Miner is a modular envir@nt which enables easy
visual assembly and interactive execution of a ggialine. It is designed as a
teaching, research and collaboration platform, wigoables easy integration
of new algorithms, data manipulation or visuali@gatmethods as new modules

or nodes.

MiR 34a target prediction

MiR-34a targets were selected by examining predictargets from

TargetScan, miRanda, and PITA. Each database wtiesfferent algorithms

of target prediction and uses different read-oatlesc Potential gene targets
were chosen based on the presence in at least fivatl of the predicted

algorithms used in the analyses.

Cloning of 3" UTRs

The 3' UTRs of the indicated target mMRNAs containiputative miR-34a
binding sites were PCR-amplified from human genoBIMA with the Kapa
HiFi Hot start (Kapa Biosystem). The 3' UTRs welened into pGL3-control-
MCS and verified by sequencing.

Luciferase Assays
HEK?293 cells were seeded in 12-well format and dfected after 48 hours
with 100 ng of the indicated firefly luciferase cefer plasmid, 20 ng of

Renilla reporter plasmid as a normalization contold 25 ng of miR-34a or a
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negative control oligonucleotide. Luciferase assagse carried out following
24 hours of transfection using the Dual Luciferd&eporter assay system
(Promega) according to manufacturer’'s instructidfisiorescence intensities

were measured with a luminometer (Berthold).

Inequality Measurements
Fluctuation in protein expression during the timaswneasured applying the
Gini's method, which has been commonly used indbenomics and social
science [18-20]. One of the basic measures of ihésGnethod is the Gini
codficient (also known as Gini index), which has beerll wlefined for
guantifying variable inequalities in a populatidfor a given variable X, the
Gini codficient can be computed with the formula [21]

G= (2 "=1(2i-n-1)Xp) / (n-1) X "iz1 Xy
where n (> 2) is the number of considered variable in tpypation, and X
(i) is the ith value of considered variable sofitrechcreasing order, & X (1) <
X< <Xm-
The Gini coéficient can be ranged from 0.0 (complete equality)1t0
(complete or absolute inequality). In our experitsea Gini coefficient equal
to zero indicates that protein shows the same esgjme pattern at each time
point, while a Gini coefficient equal to one mednat protein shows the same

expression pattern during the analyzed time points

Statistical Analyses

All biochemical experiments were done in triplicateless otherwise stated.
Two-tailed Student’s t test was used to test siggniice. Survival curves were
constructed by the Kaplan and Meier method, witfedénces between curves

tested for statistical significance using the lagk test.
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