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ABSTRACT

MicroRNAs (miRNAs) are small non-coding RNAs that act as negative regulators of gene
expression and play a central role in tumor progression, in fact, aberrant miRNA levels influence
gene networks involved in tumorigenesis and metastasis formation. Therefore, a therapeutic
intervention that controls miRNA expression could be powerful in the treatment of neoplasia. We
previously demonstrated the prometastatic role of miR-214 in malignant melanomas via the
coordination of a novel pathway including, among several players, the small non-coding RNA,
miR-148b. In parallel, we evidenced an antimetastatic function of miR-148b in breast cancers, due
to direct targeting of adhesion-molecules and their signaling players. Based on those findings, we
explored the possibility to block melanoma and breast cancer dissemination by simultaneous miR-
214 inhibition and miR-148b overexpression in cells. Here, | present results showing that the dual
miR-214/miR-148b targeting successfully reduced extravasation and metastasis dissemination of
tumor cells in vivo, by impairing the expression of the adhesion receptors ALCAM and ITGA5 and
some of their downstream players. Our investigation underlines the relevance of the molecular
network involving miR-214 and miR-148b-direct targets in the control of metastasis formation,
therefore modulation of these miRNAs offers considerable therapeutic potential. To this aim, we
explored the use of nucleic acid aptamers as carriers for cell-targeted delivery of miR-148b.
Precisely, we used an aptamer that binds to and antagonizes the oncogenic receptor tyrosine kinase
axl (highly overexpressed in various tumor cells) to deliver miR-148b to breast, melanoma and lung
cancer cell lines. The efficacy of the conjugated chimeric aptamers was appreciated when migration
of tumor cells through a porous membrane or an endothelial cell monolayer or invasion of a
matrigel layer resulted impaired compared to controls. Moreover, expression of known miR-148b
direct target genes was reduced. Relevantly, axl-148b chimeric aptamers inhibited mammosphere
formation in vitro, promoted apoptosis and necrosis in primary tumors and blocked tumor cell
dissemination in mice. In conclusion, our data demonstrate that the cascade of events involving
miR-214 and miR-148b in the control of melanoma and breast cancer progression can be exploited
for therapeutic interventions with specific delivery. We believe chimeric aptamers are promising
targeted therapy tools that can help to inhibit metastatic traits on their own or in combination with

traditional anti-cancer therapies.






INTRODUCTION

1. What are miRNAS?

miRNAs are short (20-22 nt), non-coding RNAs that have emerged as important post-
transcriptional negative regulators of gene expression via binding to the 3’untranslated region (3’

UTR) of their target mRNAs, causing a block of translation and/or mRNA degradation.

The history of miRNA started in 1993 with the characterization of lin-4 in the control of
developmental timing of larval C. elegans (1). For seven years, there were no other hints that a
similar regulatory mechanism mediated by non-coding RNAs was present in C. elegans or other
metazoans. However, things changed in 2000, when another C. elegans small RNA regulatory
molecule, let-7, was characterized by the Ruvkun’s lab. Similarly to lin-4, let-7 was essential for
cell fate transitions from the larval to adult stages (2). Nowadays, we know that miRNAs are

present not only in C. elegans, but also in other metazoas, plants, protozoa and helmints (3-5).

Today, almost 2000 miRNAs have been identified in the human genome and it is estimated that 1-
4% of genes encode miRNAs, and that, as reported by predictions, can control the activity of nearly
60% of the protein-coding genes (6-8). Such abundance made necessary to have a proper miRNA
nomenclature. miRNAs name can be preceded by three letters specific for the organism, with “hsa”
referring to human and “mmu” to mouse. Then, they have a prefix, miR, followed by a unique
identifying number that is sequential, meaning that a newly discovered miRNA has a higher
number. A lower case letter following the number denotes closely related mature sequences. Few
exceptions were described before the advent of the naming system, such as lin-4 and let-7 from C.
elegans. Moreover, miRNAs that come from the same pre-miR, but originate either from the 3’ or

5’ end are denoted with -3p or -5p suffix (9).



2. miRNAs biogenesis and mechanism of action

miRNA sequences are found in intergenic positions of the genome or are portions of introns or

exons of protein-coding genes and can also be organized in families of redundant genes (10).

Their biogenesis is a complex process (Fig. intro 1). miRNAs genes are mainly transcribed by RNA
polymerase Il (in this case they are capped and polyadenylated) or Il into primary transcript
precursors (pri-miRNA) (7,11). A pri-miRNA may be hundreds to thousands nucleotides long,
often contains sequences for different miRNAs and includes a ~33 base-pairs hairpin stem, a
terminal loop and two single-stranded flanking regions located upstream and downstream of the
hairpin (12,13).

The pri-miRNA is next endonuclealitically cleaved by the nuclear complex formed by the RNase |11
type enzyme Drosha and Pasha and in this way the long pri-miRNA is processed as ~70 nt hairpin
called pre-miRNA (8,10,11). Some pre-miRNAs bypass Drosha cleavage because they are

produced from very short introns (mirtrons) (8,10,11).

The resulting precursor is then actively exported from the nucleus into the cytoplasm by Exportin-5
(XPO5) that acts in complex with its cofactor Ran-GTP. In the cytoplasm, the RNase Ill Dicer
recognizes the pre-miRNA, cleaves off its loop and generates a 20-22-nt miRNA duplex with two
nucleotides protruding at each 3’end. Generally, the -5p strand, also called the “guide” strand,
works as mature miRNA, whereas the -3p strand (the “passenger”) is degraded, but, sometimes,

both arms of the pre-miRNA may generate functional miRNAs (12).

At this point, the functional strand of the mature miRNA is loaded into ribonucleoprotein
complexes called miR-induced silencing complexes (miRISC) together with the proteins from the
Argonaute family (Ago 1-4 in mammals). AGO?2 is the only AGO that functions in RNAI: its
RNaseH-like P-element induced wimpy testis (PIWI) domain can cleave the mRNA at the center of
the duplex (8,11,14). Apart from AGO family, miRISC contains other components, that act as
translation modulators or as regulatory factors, or are important during complex assembly (11).
Once loaded onto the miRISC complexes, mRNA is silenced by cleavage, translational repression or
deadenylation (3,13).

The complementarity of the miRNA to the mRNA determines whether the mRNA is cleaved or
productive translation is inhibited. With a high degree of complementarity, RISC complex will

cleave the mMRNA; in contrast, if the complementarity is not enough for cleavage but still fitting,



translation will be repressed. It is also important which specific Ago protein incorporates the

miRNA, for example Ago?2 is responsible for RISC cleavage activity (15).
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Figure intro 1 - The biogenesis of mMiRNA begins with RNA polymerase I1-dependent transcription that generates pri-
miRNA. During the first processing step, pri-miRNAs are cropped to pre-miRNAs by the microprocessor complex
composed of Drosha and DGCR8. Next, pre-miRNAs are transported from the nucleus to the cytoplasm by Exportin -
5/RanGTP complex where they undergo processing by the RNase Il protein—Dicer with the cofactor protein TRBP.
Stem-loop structure of pre-miRNA is cleaved to the short miRNA duplex that is approximately 22 nt in length. In the
next step, the miRNA is incorporated into the RNA-induced silencing complex (RISC), and following unwinding and
strand selection, the mature miRNA can recognize the target sequence that is localized mainly in the 3  UTRs of
transcripts. Binding of the miRISC to the target results in translational repression and/or deadenylation and degradation.
(Modified from Olejniczak et al., 2018)



miRNAs and their mRNA targets interact by base pairing (Fig. intro 2). In plants, miRNAs bind to
MRNAs with nearly perfect complementarity, thus inducing endonucleolytic cleavage and mRNA
degradation by a RNAIi-like mechanism (8,11). Conversely, in metazoan miRNAs match with their
targets imperfectly (8,11). There is a perfect and contiguous canonical base pairing of miRNA
nucleotides 2-8 that represent the ‘seed’ region, that allows the miRNA-mRNA association.
Repression is strongly affected by GU pairs or mismatches and bulges in this region. An A residue
across position 1 of the miRNA, and an A or U across position 9 improves efficiency, although they
do not need to base pair with miRNA nucleotides. Furthermore, bulges or mismatches must be
present in the central region of the miIRNA-mRNA duplex, precluding the Argonaute-mediated
endonucleolytic cleavage of mRNA. Finally, reasonable complementarity to the miR 3’ half is
necessary to stabilize the interaction. Mismatches and bulges are generally tolerated in this region,
although good base pairing, particularly to residues 13-16 of the miRNA, becomes optimal when
matching of the seed region is suboptimal. There are other factors that can improve site efficacy
including an AU-rich neighborhood and, for long 3’ UTRs, a position that is not too far away from
the poly(A) tail or the termination codon (11).

ORF R A R R R A polyA tail
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Figure intro 2 - Key structural features of an miRNA binding site. Of critical importance is a region that is highly
complementary to the seed region (nucleotides 2 through 7, shown in red and blue) of the miRNA. Greater efficacy is
obtained if the mRNA bears an A across from miRNA position 1 (shown in purple), and if the mRNA and miRNAs are
also complementary at miRNA position 8 (shown in green and orange). An uncomplementary bulge is usually present
in the region corresponding to miRNA positions 9 through 12, followed by a second region of complementarity in the
3> end of the miRNA, especially corresponding to positions 13 through 16 (shown in red and blue).
(https:/iwww.vanderbilt.edu/vich/DiscoveriesArchives/microRNAs_gene_expression.html)

Several mechanisms through which miRISC can inhibit the expression of target mMRNA have been
proposed: (a) miRISC can prevent mRNA circularization; (b) miRISC can compete with translation
factor eukaryotic initiation factor 4E (EIF4E) for binding to the mRNA 5’ cap structure; (¢) miRISC
can inhibit the assembly of the 60S ribosomal subunit with the 40S preinitiation complex causing
ribosome stalling (11,16). AGO-bound miRNA/mMRNA complexes are then stored and degraded in
sub-cytoplasmatic granular compartments (P-bodies) that are involved in mRNA catabolism,

deadenylation and degradation (11,17).



Besides functioning inside the cells, miRNAs are also present and abundant in the bloodstream and
can act in neighbouring cells or at more distant sites in a hormone-like fashion, so they are involved
in short- and long-range cell-cell communication. In the past few years, the “competing endogenous
RNA” (ceRNA) hypothesis was developed, according to which these ceRNAs act as sponges for a
miRNA thorough their miRNA response elements (MRE), as a consequence, all the target genes of
the respective miRNA family, are de-repressed. The first hint for such a ceRNA crosstalk has been
found for the tumor suppressor gene PTEN and its pseudogene PTENP1 which are targeted by and
thus can compete for the same set of mMiRNAs (miR-17, -21, -214, -9, and -26 families) (18).

3. miRNAs and diseases

Taking into account that each miRNA is able to regulate the expression of approximately several
hundred target genes, the miRNA apparatus is involved in controlling gene expression of a large
guota of mammalian transcriptomes and proteomes. Consequently, miRNAs may be involved in
developmental and physiological processes, such as the development and function of many tissues
and organs. As a consequence of miRNAs impact on biological processes, mutations affecting
miRNA function are expected to have a pathogenic role in human genetic diseases, similar to
protein-coding genes. The main kinds of these mutations are: (a) mutations affecting miRNA
sequences (e.g. point mutations, deletions or duplications); (b) mutations in in the 3' UTR of
MRNAs that remove or generate a new target recognition site for a specific miRNA; and (c)
mutations in genes involved in miRNA processing and function (19). It has been shown that
miRNA do indeed play a strong pathogenic role in the development of several genetic diseases such

as Tourette’s syndrome (20) and Fragile X syndrome (21).

miRNAs are also involved in the regulation of heart function and cardiovascular system in general
(22). Their role in the heart has been addressed by conditionally inhibiting miRNA maturation in
the murine heart, and has revealed that miRNAs play an essential role during its
development. miRNA expression profiling studies demonstrate that levels of specific miRNAs
change in diseased human hearts, pointing to their involvement in cardiomyopathies. Furthermore,
studies on specific miRNAs in animal models have identified distinct roles for miRNAs both during

heart development and under pathological conditions, including the regulation of key factors
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important for cardiogenesis, the hypertrophic growth response, and cardiac conductance (23,24). In
particular, in adult cardiac tissue, miR-1, miR-16, miR-27b, miR-30d, miR-126, miR-133, miR-
143, and the let-7 family are abundantly expressed (25). Studies have shown that miR-1, miR-133,
and miR-208 are important regulators of heart development and myocyte differentiation (26,27).
Furthermore, deregulation of miR-1 and miR-133 was reported in heart failure (28,29).

miRNA are also able to regulate the nervous system. Neural miRNAs are involved at various stages
of synaptic development, including dendritogenesis, synapse formation and synapse maturation
(30). miRNAs expression in brain changes during brain development: some miRNAs are more
abundant during early development in mammalian brain, other are less during later development
(31). Recent progresses from studies characterizing miRNA functions in neurodegenerative diseases
(ND) have shed new light on disease pathogenesis. A systemic miRNA profiling in peripheral blood
mononuclear cells from patients suffering of Parkinson’s disease, associated miR-30b, miR-30c,
and miR-26a with the susceptibility of the pathology (32). Similarly, the expression of miR-29a,
miR-29b-1 and miR-9 was significantly decreased in patients with Alzheimer’s disease (AD) (33),
resulting in abnormally high expression of their target BACEL, a protein with an important role in
AD pathogenesis (34).

Studies have shown that replication of hepatitis C virus (HCV) depends on liver-specific miR-122
expression (35). This miRNA regulates HCV by binding directly to two adjacent sites (seed site S1
and S2) in the 5UTR of HCV RNA. miRNAs generally repress gene expression by binding to
3'UTR sites, this positive regulation of viral replication via a 5’'UTR represents a novel function for
miR-122 (36,37). It acts by moderately stimulating viral protein translation (38) and, in concert with
Argonaute (AGO), by stabilizing and protecting the uncapped HCV RNA genome from degradation
(39-41).

There are also evidences that miRNAs have a role in the regulation of immune functions and
prevention of autoimmunity, but the precise mechanisms by which miRNA dysregulation could
lead to pathogenesis in an autoimmune disease are still not clear. An abnormal expression of miR-
155 and miR-146 was reported in patients with Rheumatoid Arthritis (RA). In particular the level of
these two microRNAs was higher in synovial tissues and fibroblasts isolated from patients with RA,
compared to healthy controls (42). Another significant autoimmune disease is represented by
Systemic Lupus Erythematosus (SLE). In a microarray analysis on miRNAs in SLE patients, seven
miRNAs (miR-196a, miR-17-5p, miR-409- 3p, miR-141, miR-383, miR-112, and miR-184) were
found to be downregulated while nine (miR-189, miR-61, miR-78, miR-21, miR-142-3p, miR-342,
miR-299-3p, miR-198, and miR-298) upregulated relative to healthy people (43).


https://en.wikipedia.org/wiki/Viral_replication

miRNA expression patterns can be disease-specific and hold great prognostic value. miRNAs were
found to play key roles in important biological processes such as cell division and death (44),
cellular metabolism (45), immunity (46) and cell movement (47). Alterations of these conditions,
are frequent in cancer, the most prominent human disease with a clear role for miRNAs regulation.

Next paragraph will focus on miRNAs and cancer.

4. miRNASs and cancer

Cancer is a multistep disease in which normal cells undergo genetic changes starting from a
premalignant state (initiation), passing into invasive cancer (progression) that can disseminate
throughout the body (metastatization). In particular, cancer cells acquire different biological
capability: sustaining proliferative signaling, evading growth suppressors, resisting cell death,
enabling replicative immortality, inducing and sustaining angiogenesis and activating invasion and
metastasis (48). Specifically, metastasis is a complex process by which primary tumor cells invade
adjacent tissue, enter the systemic circulation (intravasate), translocate through the vasculature,
arrest in distant capillaries, extravasate into the surrounding tissue parenchyma, and finally

proliferate from microscopic growths (micrometastases) into macroscopic secondary tumors (49).

miRNAs are involved in controlling a huge number of biological processes such as differentiation,
proliferation, and apoptosis. Since the deregulation of these steps is a hallmark of cancer, it was
hypothesized that mutations affecting miRNAs or their interactions with genes linked with cancer
development (oncogenes and tumor suppressor genes) might bring to tumorigenesis (50). As a
consequence, mMiRNAs can also behave as oncogenes or tumor suppressor genes, depending on the
role of their target genes. Onco-miRs are generally gained in tumors and target tumor-suppressor
genes and, viceversa, tumor suppressor miRNAs are downregulated or lost in cancer leading to the
upregulation of their oncogenic targets (50,51). However, it is difficult to classify miRNAs as
oncogenes or tumor suppressors due to the fact that their expression patterns vary in specific tissues
and differentiation state. Moreover, it may not always be clear if altered miRNA patterns are a
direct cause of cancer or rather an indirect effect of changes in the cellular phenotype. Additionally,
the observation that a single miRNA controls several targets and that its effect depends on the pool
of target genes that specific cells expresses (the ceRNA theory) could implicate that a single

miRNA may act as a tumor suppressor in one context and as an oncogene in another (52,53).



Genome-wide studies have shown that human miRNA genes are frequently located in fragile
chromosomal regions that are susceptible to amplification, deletion, or translocation during the

course of tumor development (54).

miRNA misexpression has been well documented in cancer. In 2002, the first evidence about the
involvement of miRNAs in cancer established that miR-15a/16-1 cluster is frequently deleted in
patients with chronic lymphocytic leukemia (CLL). As a consequence, the antiapoptotic gene B-cell
lymphoma 2 (BCL-2) was overexpressed, suggesting the potential role of the cluster as a tumor
suppressor (55). After this first study, a great number of miRNAs have been found deregulated in
various cancers (Fig. intro 3) including pancreatic (56,57), colorectal (56), prostate (58), cervical

(59) and ovarian cancer (60), sarcomas (61) and neuroblastoma (62).

Figure intro 3 - miRNA abnormally expressed in human cancers - examples from several different publications (Giza
etal.,, 2014)
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miRNAs may control primary tumors by targeting cell-cycle components, but also by
extensively regulating multiple signaling pathways. Indeed, miR-486, downregulated in non-
small-cell lung cancer, was demonstrated to alter cell proliferation and migration through insulin
growth receptor (IGF) and PI3K signaling pathways by targeting IGF1, IGF1R and p85a (63).
Evasion of apoptosis is another significant hallmark of tumor progression, which is believed to
be regulated by miRNAs (64). In fact, cancer cells developed a variety of strategies to limit or
circumvent apoptosis: among them, the loss of p53 tumor suppressor is very common. For
example, Pichiorri et al. identified three miRNAs (miR-192, miR-194 and miR-215)
transcriptionally activated by p53 to suppress Mdmz2 expression via directly binding to its
MRNA, thereby protecting p53 from degradation (65). The three miRNAs are positively
regulated by p53 and their downregulation is fundamental in multiple myeloma development. A
negative feedback regulation occurs between miR-122 and p53. In particular, miR-122 promotes
p53 activity by targeting cyclin G1 (66). miR-34 family, which targets CDK4/6, cyclinE2 and
MET and it is downregulated in pancreatic, colon, breast and liver cancers (67). miR-34a is a
key regulator of tumor suppression. It controls the expression of a plethora of target proteins
involved in cell cycle, differentiation and apoptosis, and antagonizes processes that are necessary

for basic cancer cell viability as well as cancer stemness, metastasis, and chemoresistance (68).

Besides their role in promoting primary tumors, miRNAs have also been implicated in affecting
tumor progression, including the lethal metastatic phase of the disease (69). Considering all the
prometastatic miRNAs, miR-10b and miR-373 are particularly interesting. miR-10b is directly
transcriptionally regulated by Twistl, a well-known inducer of the epithelial to mesenchymal
transition (EMT). Overexpression of miR-10b in non-metastatic breast cancer cell lines promotes
cell invasion and metastatic spread of transplanted tumors, as a consequence of targeting of the
homeobox protein HOXD10. The miR-373 prometastatic potential has been validated in tumor
transplantation experiments using breast cancer cells and has also been identified as a potential
oncogene (together with miR-372) in testicular germ cell tumors (70). The miR-200 family was
shown to affect EMT by inhibiting the expression of E-cadherin transcriptional repressors ZEB1
and ZEB2 (71). Other miRNAs involved in regulating metastasis include miR-9 and miR-212.
miR-9 is activated by c-Myc and n-Myc, both of which directly bind to the miR-9-3 locus. The
expression level of miR-9 closely correlates with MYCN amplification, tumor grade and
metastatic status in neuroblastoma tumors. In primary breast tumors of patients with metastatic
disease, miR-9 expression is higher than in metastasis-free patients. miR-9 reduces the
expression of E-cadherin in breast cancer cells via directly binding to its 3’-untranslate region

(72). Inhibition of miR-9 using a ‘sponge’ suppresses metastasis formation in animal model,
12



implying that miR-9 silencing may represent a new therapeutic approach (73). miR-212 is
significantly downregulated in human CRC tissues as a consequence of promoter
hypermethylation and loss of heterozygosity (74). Comparing their differential expression in non-
metastatic versus metastatic breast cancer cell lines, miR-126, miR-206, and miR-335 were also
proposed to inhibit tumor progression: overexpression of these miRNAs can inhibit metastasis in a
cell transplantation model, and reduced expression of miR-126 and miR-335 correlates with poor

metastasis-free survival of breast cancer patients (75).

miRNAs are also involved in melanoma tumorigenesis (76) and malignant melanoma (77). In a
previous work of our group, Penna, Orso et al. identified a new pathway, coordinated by miR-214
and including TFAP2C, ITGA3 as well as multiple surface molecules, which controls melanoma
metastasis dissemination by increasing migration, invasion, extravasation and survival of melanoma
cells (78). miR-211, miR-18b, miR-26, miR-573, miR-126-3p and -5p and miR-196a are poorly
expressed during melanoma progression (79,80). In another work, miR-146a was identified as a key
double-acting player in melanoma malignancy exerting a dual role in melanoma cells, favoring
tumor cell growth, while inhibiting cell invasion. miR-146a expression was found strictly
modulated across the various steps of melanoma progression: it was high in primary and distant-site
tumors, where it promoted cell growth, but it dropped in circulating tumor cells (CTCs), suggesting
the necessity for miR-146a expression to fluctuate during tumor progression in order to favor tumor
growth and allow dissemination (81).

A growing list of reports suggests that miRNAs play an important role in breast cancer. Altered
miRNASs expression in breast cancer was discovered by lorio et al, who identified 29 miRNAs with
aberrant expression patterns in breast cancer tissue compared to normal one. Among the most
significantly deregulated miRNAs, miR-10b, miR-125b and miR-145 were down-regulated and
miR-21 and miR-155 were up-regulated (82). In our group, miR-148b was demonstrated to be
downregulated in aggressive breast tumors, resulting a major coordinator of malignancy. In
particular, miR-148b controls malignancy by coordinating a pathway involving the players of the
integrin signaling, such as ITGA5, ROCK1, PIK3CA/p110a, and NRAS, as well as CSF1, a growth
factor for stroma cells (83). Another work from our group used computational analysis of cancer
gene expression datasets to identify microRNAs involved in cancer progression. From this study
miR-223 demonstrated a prominent role in breast malignancy by decreasing migration, increasing
cell death in anoikis conditions and sensitivity to chemotherapy when overexpressed. The analysis
of miR-223 predicted targets revealed enrichment in cell death and survival-related genes and in

pathways frequently altered in breast cancer (84).
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In conclusion, emerging evidences suggest that miRNAs can function as crucial nodes within
metastasis regulatory pathways. Due to their implication in tumor formation and progression, they
may be considered as biomarkers for diagnostic or prognostic purposes and as targets for the

development of therapeutic tools for cancer treatment.

5. miRNAs as therapeutic tools

miRNA-based therapy field is expanding as showed by the growing literature about this topic.
Considering that the main issue of the targeted therapy is the in vivo delivery, it is essential to
identify safe, selective and efficient delivery of miRNA modulators to the tumor sites avoiding the
off-target effects generated when miRNAs entered in non-target tissues. The main problems to
overcome are the degradation by serum RNases, the half-life in circulation due to renal and liver
clearance and lysosomal degradation (85). Moreover, interactions between miRNAs and the cell
membrane are hampered by charge repulsion, causing poor cellular uptake. Consequently,
translating in vivo miRNA delivery either requires a chemical modification or formulation into

delivery systems (Fig. intro 4).
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Figure intro 4 - miRNA mechanism and modulation. Canonical biogenesis and processing of miRNAs and mechanism
of RNAi-regulated gene silencing is presented. Additionally, the several mechanisms of delivery of miRNA
and therapeutic agents are also presented. (Shah et el., 2016)

The most common approaches employed to increase miRNAs function are miRNA mimics and
expression vectors coding-miRNAs (86,87). Conversely, the strategies to block oncogenic miRNAs
are ASO (antisense oligonucleotides), LNA (Locked Nucleic Acids)-antimiR, AMO (anti-miR
oligonucleotides), antagomiR (88) and miRNA-sponges (89). The small size of miRNAs inhibitors
and their possibility to be chemically modified, made possible the development of naked
antagomirs. In particular, two different miR-122 inhibitors were developed to treat chronic hepatitis
C: single locked nucleic acid molecules (Miravirsen, Santaris Pharma) and an antagomiR
conjugated to a hepatocyte-specific ligand acting as a targeting mojety (GalNac-miR122 or RG-
101, Regulus Therapeutics). Specifically, the compound of Regulus Therapeutics was tested in
patients with chronic HCV genotype 1, 3, and 4 infection. The results showed that a dose of 2
mg/kg or 4 mg/kg was well tolerated and suggested an antiviral effect in HCV genotype 1, 3, and 4
infection. Importantly, three patients had undetectable HCV RNA level at 76 weeks after a dose of
RG-101. This study was the first to suggest that an anti-miRNA oligonucleotide linked to an N-
acetylgalactosamine structure might have clinical efficacy (90). In June 2016, RG-101 was placed
on clinical hold following the Company's submission of a serious adverse event (SAE) of jaundice.
On January 27, 2017 the company announced that it received written communication from the U.S.
Food and Drug Administration (FDA) that the clinical development program for RG-101 remains

on clinical hold (http://ir.requlusrx.com/news-releases/news-release-details/requlus-announces-

continuation-rg-101-clinical-hold). Miravirsen, the other compound in clinical trial for Chronic

Hepatitis C (CHC), various doses of administration resulted in a substantial and prolonged decrease
in plasma miR-122 levels and did not affect plasma levels of other miRNAs in CHC patients
(91). Fig. intro 5 shows miRNAs molecules that are in preclinical and/or clinical trial and their

status of clinical trial.

Figure intro 5 - Status of various miRNA Therapeutics under Clinical Trials (Modified from Chakraborty et al., 2017).
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In order to make more effective the mentioned molecules, delivery systems based on viral or non-
viral moiety are currently under investigation. Lentiviral, Adenoviral or Adeno Associated viral
(AAV) vectors expressing miRNA antagonists or mimics were tested in several cancer models
(92). They can transfer miRNAs sequences that enter into the target cells, then are transcribed and
processed. Although efficient cellular delivery, viral vectors worry because of genomic integration
of Lentiviruses that can trigger the expression of oncogenes, or immunogenicity and the transient
nature of mMiIRNA expression for adeno or adeno-associated viruses (93).

Non-viral delivery systems rely on the miRNA inability to cross biological membranes due to their
hydrophilicity and negative charge. Therefore, a widely used system is the incorporation of the
miRNAs in positively charged vehicles such as cationic lipids or polymers resulting in a positively
charged final complex. Liposomes are amphiphilic molecules composed of phopsholipids that
resemble the membrane of a human cell. This enable them to pass through cell membranes and
release their cargo (94). The main issues of liposomes are low specificity or toxicity. To overcome
these problems, liposomes are modified in their surface by coating with PEG or poLysaccharides
(hyaluronan) (95,96). Ando et al., used liposomes modified with a PEG chain bearing the
antiangiogenic vessel targeting peptide Ala-Pro-Arg-Pro-Gly (APRPG) conjugated with miR-499 to
inhibit tumor growth of colon cancer cell xenograft (97). PEGylate liposome-polycation-hyaluronic
acid (LHP) nanoparticles conjugated with a cyclic RGD peptide were used as carrier system for
anti-miR-296 in vivo delivery (98). In order to repress neovascularization in breast tumors, Anand
and colleagues used anti-miR-132 conjugated with liposomal nanoparticles composed of

distearoylphosphatidilcoline (DSPC), cholesterol, dileoylphosphatidylethnolamine (DSPE)-
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mPEG2000 modified with a DSPE-cRGD, targeting o,f3 (99). To note, the first miRNA
replacement therapy that arrived to clinical testing is represented by customized liposomes
containing a miR-34 mimic (MRX34, Mirna Therapeutics). MRX34 delivery restores miR-34
expression in cancer cells, antagonizing self-renewal, migratory potential and chemo-resistance. On
20™ September 2016, Mirna Therapeutics announced its decision to close the ongoing Phase 1 study
of MRX34, its investigational microRNA therapy for multiple cancers. The Company voluntarily
halted enrollment and dosing in the clinical study following multiple immune-related severe adverse
events (SAE) observed in patients dosed with MRX34 over the course of the trial. The decision of
to close the study came after a fifth, immune-related serious adverse event. This patient experienced
severe  (Grade 4) cytokine release syndrome and is undergoing treatment
(https://www.businesswire.com/news/home/20160920006814/en/Mirna-Therapeutics-Halts-Phase-
1-Clinical-Study). In April 2017 came out a a phase | study to assess the maximum tolerated dose
(MTD), safety, pharmacokinetics, and clinical activity of MRX34 in patients with advanced solid
tumors. Adult patients with solid tumors refractory to standard treatment were enrolled in a dose
escalation trial. MRX34 was given intravenously twice weekly for three weeks in 4-
week cycles. The study showed that MRX34 treatment with dexamethasone premedication was
associated with acceptable safety and showed evidence of antitumor activity in a subset of patients
with refractory advanced solid tumors (100).

Polymeric carriers are subdivided into natural or synthetic polymers. Naturally derived cationic
polymers included atellocollagen, chitosan, protamine, dextran, gelatin, cellulose and cyclodextrin
polymer (101-103). Synthetically derived cationic polymers include Polyethylenimine (PEI), poly
L-lysin, poly amido amines, poly amino-co-ester and dendrimers (102,104). PEIl-based delivery
system is one of the most widely used polymers for gene delivery. It has the advantage of a rapid
uptake and release of the nucleic acid (104); on the other hand this polymer in not biodegradable
and cause cytotoxicity due to its interactions with blood components (105). It has been
demonstrated that miR-7 loaded peptide/polymer-based delivery systems modified with a cRGP
ligand targeting the integrins o,fB3 and o,Bs Systemically administered in mice bearing glioblastoma

xenograft strongly reduced angiogenesis and tumor proliferation (106).

Another approach to deliver miRNAs into cells is the encapsulation inside biodegradable
nanoparticles such as Poly (lactide-co-glycolide) (PLGA) or silica nanoparticles. This method
allows the release of miRNAs after intracellular dissolution of the particles and has the advantage of
being free from potentially toxic cationic materials (107). Nanoparticle-based systems have
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achieved a limited effectiveness in vivo due to an accumulation in the liver, a toxicity that is dose-

dependent and hepatotoxicity (108).

The major weakness of the mentioned miRNA delivery systems is the lack of specificity. It is
necessary to find a tool that is able to recognize and deliver miRNAs exclusively to cancer cells or
other pathological cells. Nowadays, thanks to the use of aptamers, it is possible to obtain a specific

delivery.

6. Aptamers

Aptamers are short, single-stranded DNA or RNA oligonucleotides that selectively bind to their
targets with high affinity and specificity by shape complementarity. In fact, the term “aptamer”

derived from the latin word aptus (to fit) and the Greek one meros (part). (Fig. intro 6).
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Figure intro 6 - Schematic representation of aptamers: aptamers sequence fold into its 3D structure and it binds its

target molecules by shape compementarity (http://www.idtdna.com).

Aptamers were first isolated in 1990 by Ellington and Gold. Ellington reported a selection of RNA
molecules that specifically bound to organic dyes (109), and Gold an RNA ligand that interacted
with T4 DNA polymerase (110). Aptamers are 10-100 nucleotides long and they are generated
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through a process called Systematic Evolution of Ligands by EXponential enrichment (SELEX).
Over multiple rounds, SELEX allows the identification of functional oligonucleotides sequences
able to recognize a specific target from a single-stranded DNA or RNA library. Some sequences of
the library are folded into unique three-dimensional structures (stem, loops, hairpins, pseudoknots,
bulges and G-quadruplexes). These three-dimensional interactions, together with hydrophobic and
electrostatic interactions, hydrogen bonding, van der Waals forces, shape complementarity and base

stacking, are fundamental for aptamer binding affinity and specificity (111).

Aptamers are very versatile molecules. RNA aptamers can sometimes substitute antibodies because
they bind their targets with equal or better specificity (112,113). Therefore, aptamers conjugated to
signaling molecules may be used in enzyme-linked immunosorbent assays (ELISAs), Western blot
assays, and chip-based technologies (114-116). Davis et al. developed fluorophore-tagged RNA
aptamers for flow cytometry (117). Another group reported a novel quantum dot-aptamer—
doxorubicin conjugate as a targeted combined cancer imaging, therapy, and sensing system (118).
Recently, Gold et al. created a new class of aptamers, the Slow Off-rate Modified Aptamer
(SOMAmer). They contain chemically modified nucleotides and kinetic manipulations to support
the construction of diagnostic tools. Multiplex SOMAmer affinity assays allow large-scale

comparison of proteome profiles among discrete populations (119).

The capability of aptamers to virtually recognize any kind of biological molecules, make them tools
able to rival antibodies as targeting agents (120,121). Aptamers against specific receptors of cell
surface are emerging as powerful delivery tools able to drive, penetrate and accumulate therapeutic
cargoes (siRNAs and miRNAs, toxins, radioisotopes, and chemotherapeutic agents) into receptor
expressing target cancer cells. Several secondary reagent-aptamer chimeras have been created (Fig.
intro 7).

Figure intro 7 - Aptamers as delivery agents. Aptamers can be used to selectively deliver secondary reagents to target
cells that express aptamer targets on cell surface (left). Only this subset of cells will be exposed to the secondary
reagent, whereas cells that do not express aptamer targets will not be affected (right) (Esposito et al., 2014).
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To date, aptamers against the extracellular domain of PSMA (A9 and A10) are well characterized
to deliver siRNA to prostate cancer cells. PSMA—aptamers has been linked to siRNAs by
approaches based either on non-covalent or covalent conjugation (122). Chu et al reported the
development of a non-covalent approach employing a streptavidin bridge to link the A9 aptamer
and the siRNA targeting laminin A/C and GAPDH. Treating LNCaP (PSMA®) cells with the
conjugates resulted in a inhibition of the genes comparable to those observed with conventional
lipid reagents (123). Furthermore, the anti-nucleolin aptamer AS1411 was conjugated to SiRNAs for
snail family zinc finger 2 (SLUG) and neuropilin 1 (NRP1) genes (124). The number of aptamer-

SiIRNA conjugates developed so far increased representing new promising therapeutic options (125).

Interestingly, some papers explored the use of aptamer to deliver microRNAs as cancer therapeutic
Dai et al., developed a chimeric aptamer by binding MUC1 aptamer to miR-29b (Chi-29b) to
increase chemosensitivity in an OVCAR-3 ovarian cancer model (126). In particular, intraperitoneal
injections of the chimeras to tumor-bearing mice promoted apoptosis compared to controls. Rohde
et al., reported a novel strategy to deliver miR-126 to endothelial and breast cancer cells by linking
the miRNA to an aptamer for the ubiquitously expressed transferrin receptor (transferrin receptor

aptamer, TRA). The conjugate was demonstrated to repress VCAM-1, a known miR-126 target,
20



improve endothelial cell sprouting, reduce proliferation and paracrine endothelial cell recruitment of
breast cancer cells (127). Another aptamer used in a wide panel of studies was GL21.T that binds to
the oncogenic tyrosine kinase receptor axl, which is expressed by various types of solid tumors
(128). GL21.T is a well-characterized aptamer and was successfully linked to different miRNAS in
order to overexpress (let-7g, miR-212, miR-137) them or downmodulate (miR-222) their levels
(129-133).

Aptamers were not only used as carriers, but also to cover nanoparticles in order to target them to
sick cells. Kim et al. developed a cancer targeting theranostics probe using an AS1411 aptamer -
and miRNA 221 molecular beacon conjugated magnetic fluorescence (MF) nanoparticle (MFAS
miR-221 MB) to simultaneously target cancer cells, image intracellularly expressed miRNA-221
and treat miRNA-221- involved carcinogenesis (134). Furthermore, the above mentioned anti-
MUC1 aptamer in combination with miR-29 was also used to form an aptamer-hybrid nanoparticle
bioconjugate delivery system to selectively deliver miRNA-29b to MUCL1-expressing cancer cells.
This functionalized nanoparticles led to antiproliferative effects and induction of apoptosis in a

model of lung cancer (135).

The relatively new fields of aptamer chimeras is standing out as a new way to deliver therapeutic
miRNAs with broad applicability to treat many human diseases. In particular, aptamer-miRNAs

targeted therapy may become an effective weapon to treat cancer in the near future.

Considering that miRNAs are fundamental players in tumor progression, in the first part of this
thesis we aimed to characterize miR-214-miR-148b axis for therapeutic interventions. We
demonstrated a strong impairment of metastatization when miR-214 was inhibited and miR-148b
was overexpressed. In the second part of this work, we selected miR-148b as a candidate for
targeted cancer therapy. In particular, we explored the relevance for miR-148b based therapeutic

interventions and used an aptamer to deliver it specifically to cancer cells.
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AIM OF THE WORK

Cancer is among the most lethal diseases worldwide. In particular, the dissemination of primary
tumor cells and the consequent metastasis formation at distant organs are the principal causes of
cancer-related mortality. The currently available treatments (surgery, radio-, chemo-, and targeted
therapy) mainly control primary tumors, but they only exert a mild effect on metastases, mostly
because of resistance mechanisms activated by tumor cells. Thus, it is mandatory to identify key

regulators of metastatic dissemination and develop new targeted therapies.

Research from our laboratory demonstrated that miR-214 promotes melanoma metastasis
dissemination by increasing migration, invasion, extravasation, and survival of melanoma cells via
a novel pathway involving over 70 direct or indirect targets, among them the metastasis
suppressors, TFAP2 transcription modulators and ITGA3. In parallel, it was evidenced that another
small non coding RNA, miR-148b opposes breast cancer progression, acting directly on the integrin
signaling players such as ITGA5, ROCK1, and PIK3CA/p110a. More recently, a link between miR-
214 and miR-148b was shown in the lab, for melanoma and breast cancer. In fact, it was
demonstrated that miR-214 downregulates miR-148b in tumor cells partially via TFAP2C with the

consequent upregulation of miR-148b direct targets.
The aims of work were:

1. To explore the relevance of miR-148b and miR-214 for miRNA- based therapeutic
interventions
2. To find suitable methods for specific deliver of miRNA-based therapeutic tool to cancer
cells
For our purposes we first transduced melanoma and breast cancer cells with engineered lentivirus
vectors to obtain miR-148b overexpression or miR-214 downmodulation (miR-214 sponge). Dual
interventions in the same cells were also attempted. Modified cells were used to evaluate metastatic
traits and to investigate the molecular mechanisms involved. More importantly, dissemination of
these cells was analyzed in mice. Since we demonstrated that single or combined modulations of
miR-214 (inhibition) and miR-148b (overexpression) significantly inhibited metastatization, we
attempted cell specific targeted therapy, focusing first on miR-148b for this purpose. We took
advantage of an axl aptamer as a moiety to deliver miR-148b to cancer cells, and designed a
multifunctional conjugate by binding the oncosuppressor miR-148b to the axl aptamer. To note that
many cancer cells, but not their normal counterparts, overexpress the axl tyrosine kinase receptor on

their surface. Specific delivery of the axl-148b chimeric aptamer was obtained for axl-expressing
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cancer cells. Here, silencing of miR-148b direct targets (i.e. ITGA5 and ALCAM) was proved.
Relevantly, metastatic traits and tumor cell dissemination resulted inhibited, proving the validity of

specifically delivered miRNA-based therapeutic interventions.
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MATERIALS AND METHODS

Cell culture

MA-2 and MC-1 cells were kindly provided by L. Xu and R.O. Hynes (136) and maintained as
described in (78,137). Human HBL-100, MDAMB231 and SKBR3 were from American Type
Culture Collection instead 4175-TGL, SK-MEL-28 and A549 were kindly provided respectively by
J. Massagué (138), L. Poliseno and V. de Franciscis and maintained in standard conditions. Human
umbilical vein endothelial cells (HUVECs) were kindly provided by L. Primo (with GFP) or
generated by L. Brizzi and maintained as described in (78,137).

Reagents and antibodies

miR precursors: Pre-miR™ miRNA Precursor Negative Control #1, Pre-miR miRNA Precursor
Hsa-miR-214 (PM12124), Pre-miR™ miRNA Precursor hsa-miR-148b (PM10264), Anti-miR
miRNA Inhibitor Negative Control #1, Anti-miR miRNA Inhibitor Hsa-miR-214 (AM12124),
Anti-miR miRNA Inhibitor hsa-miR-148b (AM10264) (all from Applied Biosystems, Foster City,
CA). TagMan® MicroRNA assays for miRNA detection: Hsa-miR-214 1D 002306, Hsa-miR-148b
ID 000471, U6 snRNA 1D001973, U44 snRNA 1D001904 (all from Applied Biosystems, Foster
City, CA). Qiagen miScript-SYBR Green PCR Kit and miScript Primer Assay: has-let-7g ID
218300, AxI ID 330001 (all from Qiagen, Milan, IT). Primary antibodies: anti-PIK3CA #4255,
anti-Cleaved Caspase-3 (Aspl75) #9661 (Cell Signaling Technology), anti-GFP ab290, anti-Ki67
ab15580 (Abcam), anti-ITGA5 pAb RM10 kindly provided by G. Tarone, anti-CD166/ALCAM
mAb MOG/07 (Novocastra Laboratories, Newcastle, UK), anti-ROCK-1 pAb H-85, anti-hsp90
mAb F-8, anti-GAPDH pAb V-18, anti-ACTIN 1-19 pAb (all from Santa Cruz Biotechnology,
Santa Cruz, CA), anti-a-tubulin mAb B5-1-2 (Sigma, St Louis, MO), anti-CD31 pAb (Becton

Dickinson). Secondary antibodies: HRP-conjugated goat anti-mouse 1gG, goat anti-rabbit 1gG,

donkey anti-goat IgG (all from Santa Cruz Biotechnology, Santa Cruz, CA), goat anti-rat 19G
Alexa-Fluor-568 and goat anti-rat IgG Alexa-Fluor-488 (Molecular Probes, Invitrogen Life
Technologies). siRNAs: si-ITGA5 (Hs_ITGA5 5 siRNA), si-ALCAM (Hs_ ALCAM _5 siRNA),

and All Stars Negative Control siRNA were purchased from Qiagen.



Sponge design and recombinant vector preparations

miR-214 sponges were described in ref. (78). miR-148b-specific sponge sequences containing eight
miRNA binding sites interrupted by 15-nts spacers were designed to be perfectly complementary to
the miR-148b seed region, with a bulge position 9-12 to prevent undesired cleavage of the sponge
RNA. Sponges were synthesized by DNA 2.0, cloned into pJ241 plasmids, excised using
flanking HindlIll sites, blunted and subcloned into blunted BamHI and Sall sites, downstream of
EGFP into pLenti CMV-GFP-Puro (658-5) vector (Addgene), giving rise to pLenti148-spongeA/B.
Nucleotides (in Table 1) were verified by sequencing. pLemiR-empty, pLemiR-214, and pLemiR-
148b expression vectors were described in refs. (78) and (83). The same miR-148b expression
cassette was also subcloned in a pLenti4/V5 expression vector (kindly provided by C.M. DiPersio,
Albany Medical College, Albany, NY).

Aptamer-miRNA conjugate preparations.

GL21.T-sticky (axI aptamer):
5’AUGAUCAAUCGCCUCAAUUCGACAGGAGGCUCACXXXXGUACAUUCUAGAUAGCC 3°

3P of miR-148b: 5> AGUCAGUGCAUCACAGAACUUUGUCUUU 3°

5P-sticky of miR-148b: 5’
AGGUGAAGUUCUGUUAUACACUCAGGCUGGCUAUCUAGAAUGUAC 3’

All RNAs were modified with 2'-F pyrimidines and synthesized at the Synthetic and Biopolymer
Chemistry Core at the Beckman Research Institute City of Hope (Duarte, CA). UU (in bold) in the
guide strand of miR-148b are 3’-overhang. Sticky sequence, consisting of 2’-F-Py and 2'-OMe-Pu,
is underlined. X indicated C3 carbon linker. To prepare axl-148b and axl-let-7g conjugates: 1) miR-
148b or let-7g passenger and guide were annealed by incubating in annealing buffer at 95 °C for 10
min, at 55 °C for 10 min and then at 37 °C for 20 min; 2) sticky aptamers were refolded (5 min 85
°C, 3 min on ice, 10 min at 37 °C); 3) equal amounts (ratio 1:1) of sticky aptamer and annealed

passenger-guide were then annealed by incubating together at 37 °C for 30 min
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Transient transfections, vectors, and generation of stable cell lines

To obtain transient anti-miR or pre-miR or siRNA expression, cells were plated at 50% confluency
and immediately transfected using HiPerFect Transfection Reagent (Qiagen), with 100 nmol/l anti-
miR, 75 nmol/l pre-miR, or 100 nmol/l siRNA. For transient cDNA overexpression, cells were
plated at 90% confluency and transfected 24 hours later using Lipofectamine™2000 reagent
(Invitrogen Life Technologies, Carlsbad, CA). For ITGAS or ALCAM overexepression pEGFP-N3-
ITGAS (83) or pLVX-ALCAM (137) expression vectors were used. All stable cell lines were
generated via lentiviral infection. Sponge vectors were obtained as described above. The pLKO.1-
shALCAM lentiviral vector was from Open Biosystems (RHS3979). Lentiviruses were produced by
calcium phosphate transfection of 20-ug vector plasmid together with 15-pg packaging
(pPCMVdR8.74) and 6-ug envelope (pMD2.G-VSVG) plasmids in 293T cells, according to Trono's
lab protocol (http://tronolab.epfl.ch), and supernatants were harvested 48 hours after transfection.

RNA isolation and gRT-PCR for miR or mRNA detection

Total RNA was isolated from cells using TRIzol® Reagent (Invitrogen Life Technologies). qRT-
PCRs for miR detection were performed with the indicated TagMan MicroRNA Assays (Applied
Biosystems) on 10 ng total RNA, according to the manufacturer’s instructions. For mRNA
detection, 1 pg of DNAse-treated RNA (RQ1 RNase-Free DNase, Promega, Madison, WI) was
retrotranscribed with High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
Waltham, MA) and qRT-PCRs were carried out using gene-specific primers for mRNA detection,
using a 7900HT Fast Real Time PCR System (Thermo Fisher Scientific). Quantitative
normalization was performed on the expression of the RNU44 or U6 small nucleolar RNAs or of
RRN18S, for miR or mRNA detection, respectively. The relative expression levels between
samples were calculated using the comparative delta Ct (threshold cycle number) method (2-AACt)
with a control sample as the reference point (139).

Protein preparation and immunoblotting

Total protein extracts were obtained using a boiling buffer containing 0.125 M Tris/HCI, pH 6.8 and
2.5% sodium dodecyl sulphate (SDS) or in a cold JS buffer containing 50 mM HEPES, 150 mM
NaCl, 1.5 mM MgCl,, 1% Glycerol 1% Triton and 5mM EGTA. In all, 10-60 ug of proteins were
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separated by SDS polyacrylamide gel electrophoresis (PAGE) and electroblotted onto
polyvinylidene fluoride membranes (BioRad, Hercules, CA). Membranes were blocked in 5% non-
fat milk phosphate-buffered saline (PBS)-Tween buffer (4.3 mM Sodium Phosphate, Dibasic
Na2HPO4, 137 mM Sodium Chloride NaCl, 2.7 mM Potassium Chloride KCI, 1.4 mM Potassium
Phosphate, Monobasic KH2PO4, pH 7.4, with 0.1% Tween-20) for 1 h at 37 °C, then incubated
with appropriate primary and secondary antibodies in PBS-Tween buffer, respectively, overnight at
4°C or for 1 h at room temperature and visualized by enhanced chemiluminescence (ECL®, GE

Healthcare).

Migration, invasion and transendothelial migration transwell assays

To measure migration and matrigel invasion 7.5x10* MA-2, MC-1 or A549, 3x10* HBL-100, 5x10*
4175-TGL, SK-MEL-28 or MDAMB231 and 1x10° SKBR3 were seeded in serum-free medium in
the upper chambers of cell culture transwells with 8.0 um pore size membrane (BD Biosciences,
NJ), pre-coated or not with 4 pg/well growth factor reduced matrigel (BD Biosciences, NJ) or in
BioCoat Matrigel Invasion Chambers (Becton Dickinson). The lower chambers were filled with
complete growth medium. After 18h or 24h, the migrated cells on the lower side of the membrane
were fixed in 2.5% glutaraldehyde, stained with 0.1% crystal violet and photographed using an
Olympus 1X70 microscope. For transendothelial migration assay 10° HUVECs were seeded in
complete medium in the upper part of transwell inserts with 5.0 um pore size membrane (Costar,
Corning Incorporated, NY) coated by 0.1% gelatin, and grown till confluency. Then, 5x10* cells
labeled with CellTracker™ Qrange CMRA or Green CMFDA (Molecular Probes, Invitrogen Life
Technologies, Carlsbad, CA), were seeded onto the HUVECs monolayer. 20h later HUVECs and
non-transmigrated cells were removed and the red or green fluorescent cells that migrated on the
lower side of the membrane were fixed in 4% paraformaldheyde and photographed using Zeiss
Axiovert200M microscope. Migration, invasion and transendothelial migration were evaluated by

measuring the area occupied by migrated cells using the ImageJ software (http://rsbweb.nih.gov/ij/).

Proliferation assays

5x10° MA-2, MC-1, MDAMB231 or 4175-TGL cells/well were plated in 96-well plates in
complete medium and starved for 24 h. Complete medium was then added and cells were allowed
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to grow for 1, 2, 3, 4 and 5 days, fixed with 2.5% glutaraldehyde and stained with 0.1% crystal
violet. The dye was solubilized using 10% acetic acid and optical density was measured using

Promega GloMax®-Multi Detection System (Promega, Madison, WI) at 600 nm wavelength.

Mammosphere formation assays

Mammosphere formation assays were performed as in https://www.stemcell.com/tumorsphere-

culture-human-breast-cancer-cell-lines-Ip.html. Briefly, 4175-TGL or SKBR3 breast cancer cell

lines were first grown as monolayers. Then, they were trypsinized as single cells, counted and
seeded in poly-HEMA (poly-2-hydroxyethyl-methacrylate)-coated 24 well plates following two
different protocol.

1 2 3 4 15 days

|
|
]

PLATING =Fresh aptamer added

In one case, single breast cancer cells (8x10° cells/well for 4175-TGL, 1x10* cells/well for SKBR3)
were plated (day 0) and maintained in suspension in MammoCult Medium (StemCell Technologies,
Vancouver, CA) and left untreated (controls=ctrl) or treated with 400 nmol/l of axl or axI-148b
aptamers. Treatments were renewed at day 3 and 5 (200 nmol/l). At day 5 sphere size and number
were evaluated using a Zeiss AxioObserver microscope and ImageJ Software

(http://rsbweb.nih.gov/ij/). For size, a total of 30-40 spheres were measured for each experimental

condition (long side of sphere was measured). For number, the total number of spheres present in 50

pl volume was counted for each treatment.
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Alternatively, single cells were plated and maintained as above; mammospheres were dissociated at
day 5, counted and plated again at the same density, left untreated (controls=ctrl) or treated with
400 nmol/I of axl or axI-148b aptamers. Spheres were analysed as above at day 12. In same cases,
cells were labelled with PKH26 (Sigma, 10”'M, 5 min) at day 5 and the percentage (%) of PKH26
positive or negative cells was evaluated at day 12 by FACS analysis following mammosphere

dissociation.

FACS procedures

Cells were transfected with pCMV-MCS-GFP vector or with the same vector carrying the sponges
and GFP levels were detected 48h post-transfections by flow citometry using a FACSCalibur flow
cytometer (Becton Dickinson). Data acquisition and analysis was performed using Cell Quest

Software (Becton Dickinson). Results were displayed in histogram as GFP Geo Mean.

For mammosphere, 7 days after the dissociation (day 12), PKH26 labelled mammospheres were
collected and disaggregated and FACS analysis performed using a FACSCalibur cell analyzer was
performed to evaluate PKH26P"¢ from PKH26"%" cells on the total pool (100%).

Histology and immunohistochemistry

5 um-thick tissue sections were generated from formalin-fixed, paraffin embedded tumor samples
and stained with hematoxylin and eosin (H&E) for standard histology observations. Immuno Histo
Chemical (I.H.C.) stainings were also performed using an anti-Ki67 or anti-Cleaved caspase 3
antibodies and the avidin-biotin-peroxidase techniques (Anti-Mouse HRP-DAB Cell & Tissue

Staining Kit, R&D Systems, Minneapolis, MN). For this purpose, tissue sections were
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deparaffinized and rehydrated and 0.3% H,0O, was used to ablate the endogenous peroxidase. Next,
tissue sections were heated in citrate buffer pH=6 (Bio-Optica, Milano, IT) for antigen retrieval and
blocking buffer (3% milk, 5% goat serum in Phosphate Buffered Saline, PBS) was used to suppress
nonspecific antibody binding. Tissue sections were incubated at room temperature for 20 minutes
and then at 4 °C overnight with the primary antibody+ blocking buffer, or blocking buffer without
antibody as negative control. Ki67 antibody was diluted 1:150, Cleaved Caspase3 1:100. Then, the
sections were washed and incubated with secondary biotinylated anti-rabbit-lgG at room
temperature for 1 h, followed by incubation with avidin-biotin complex at room temperature for 30
minutes. Reactions were developed with diaminobenzidine tetrahydrocloride (DAB). Slides were

counterstained with hematoxylin.

ALCAM localization imaging

A total of 2 x 10° HUVEC-GFP were seeded on coverslips coated with fibronectin at 5 ug/cm?, and
grown till confluency. Then, 5 x 10* ALCAM-overexpressing MA-2 cells (stably transduced with
pLVX-ALCAM expressing vector) were seeded on the HUVEC-GFP monolayer. Twenty-four
hours later, the cocultures were fixed in cold methanol and immunostained for ALCAM protein.
Briefly, samples were blocked with 5% BSA, incubated with anti-CD166/ALCAM mAb MOG/07
(Novocastra Laboratories, 1:100 dilution) for 2 hours, then with anti-mouse 1gG Alexa-Fluor-568
for 45 minutes and finally mounted on microscope slides for analyses and photos, performed with
Confocal Leica SP5 microscope.

In vivo tumor growth and metastasis assays

All experiments performed with live animals complied with ethical care. For tumor growth,
5x10° MC-1 cells (in PBS) were subcutaneously injected into the flanks of 8- to 12-week-old
NOD/SCID/IL2R_null (NSG) immunocompromised mice, animals dissected 4 weeks later and
proteins extracted from tumors. For experimental metastasis assays, 5x10°> MA-2 or MC-1 or SK-
MEL-28 or 3x10° 4175-TGL cells were injected into the tail vein of 8- to 12-week-old SCID or
NOD/SCID/IL2R_null (NSG) immunocompromised mice and the animals were dissected 7 or 4
weeks later, respectively. Green or red fluorescent lung metastases were evaluated and
photographed in fresh lungs in toto using a Leica MZ16F fluorescence stereomicroscope. The

number of metastases was measured on photographs wusing the ImageJ software
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(http://rsbweb.nih.gov/ij/). Micrometastases were evaluated on paraffin-embedded and

haematoxylin and eosin (H&E)-stained slides, scanned with Panoramic Desk (3DHistech,

Euroclone).

Alternatively, 5x10° 4175-TGL or MA-2 cells (in PBS) were subcutaneously injected into the
mammary fat pad of 8-12 weeks-old NOD/SCID/IL2R_null (NSG) immunocompromised mice.
After 11 or 12 days, tumors were injected with PBS or axI-148b (300 pmol/injection, three
injections a week) and tumor growth was monitored every 3 days. Mice were dissected 32 or 33
days after MA-2 or 4175-TGL injection respectively and tumors were weighted. Alternatively,
tumors were injected with PBS or axI-148b (300 pmol/injection, three injections a week) from the
beginning of the experiment. Red fluorescent lung metastases were evaluated and photographed in
fresh lungs in toto using a Leica MZ16F fluorescence stereomicroscope. For tumor studies, tumors
were formalin fixed, cut in small pieces and paraffin embedded, sectioned and hematoxylin and
eosin (H&E) stained.

In vivo extravasation assay

A total of 1.5x10° MC-1 or MA-2 or SK-MEL-28 cells, previously labeled with CellTracker
Orange CMRA (Molecular Probes, Invitrogen Life Technologies), were injected into the tail vein of
4- to 6-week-old female NSG mice (Charles River Laboratories). Two or 48 hours later, mice were
sacrificed, and 4% paraformaldehyde was injected into the trachea. Lungs were dissected and
photographed in toto using a Leica MZ16F fluorescence stereomicroscope and red fluorescence was

quantified 48 hours following injections using the ImageJ software (http://rsbweb.nih.gov/ij/).

Lungs were embedded in OCT (Killik, BioOptica), frozen, cryostat-cut in 6-um-thick sections.
Localization of tumor cells, inside/outside the vessels, was evaluated on sections at a Zeiss
AxioObserver microscope with the ApoTome Module (78), following blood vessels staining with

an anti-CD31 primary antibody in immunofluorescence.

Circulating tumor cells isolation

To isolate circulating tumor cells (CTCs), blood was collected from heart-punctured mice and put in
culture plates with normal medium for 3 days; subsequently, attached cells were washed and
cultured in fresh medium in presence of puromycin. 7 days later, cells were washed thoroughly to

remove non-adherent cells, fixed with 2.5% glutaraldehyde, stained with 0.1% crystal violet and
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observed under the microscope. Alternatively, endogenous cell fluorescence was used for

visualization at the fluorescent microscope.

Human tumor correlation analyses

Normalized expression values for mMRNA and miRNA in breast cancer were downloaded from the
European  Genome-phenome  Archive (EGAS00000000122, EGADO00010000434, and
EGADO00010000438; (140,141), and 1302 samples were used. Instead, for melanomas, expression
values were downloaded from The Cancer Genome Atlas (TCGA, https://tcga-

data.nci.nih.gov/tcga/) and 352 samples were used. All analyses were performed with R using the

packages stats (Im) and ggplot2. R: A language and environment for statistical computing. R

Foundation for Statistical Computing, Vienna, Austria (URL https://www.R-project.org/).

Statistical analysis

The results are shown as mean + Standard Deviation (SD) or *+ Standard Error of Mean (SEM), as
indicated, and two-tailed Student’s t test was used for comparison. *=p<0.05; ** = p<0.01; ***=
p<0.001 were considered to be statistically significant. ns= indicates a non-statistically significant

p-value.
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CHAPTER I: miR-214 and miR-148b targeting inhibits dissemination of

melanoma and breast cancer

RESULTS

1. miR-214 depletion and miR-148b overexpression inhibit melanoma and breast cancer
metastasis formation in mice

High levels of miR-214 are found in malignant melanomas and breast tumors and promote
metastatization in mice by regulating a complex network of players, in a negative or positive
manner, including the downregulation of the antimetastatic miR-148b. Here, we evaluated the
potential therapeutic value of miR-214 depletion and miR-148b overexpression in tumor

progression in mice.

Specific miR-214 or miR-148b sponges A or B were bio-informatically designed, cloned at the 3'
end of a Green Fluorescent Protein (GFP) expression cassette in lentivirus vectors as in Table 1,
Fig. 1A, and ref. (78) and tested in MC-1 or MA-2 melanoma cells. Specifically, cells were
transfected with pLenti-214-spongeA/B or pLenti-148bspongeA/ B or plLenti-empty (control)
vectors together with precursors for miR-214 or miR-148b or controls (pre-miR-214 or pre-miR-
148b or pre-control), and GFP levels were evaluated in cells at the microscope (Fig. 1B and 1C), by
Western Blot-WB (Fig. 1D and 1E), or FACS analysis (Fig. 1F and 1G). As shown, all sponges
were able to inhibit GFP expression, suggesting miR-214 or miR-148b binding to their

complementary sequences.

MC-1 or MA-2 melanoma or 4175-TGL breast cancer cells were then transduced with lentiviruses
expressing miR-214-sponges (pLenti-214-spongeA/B) or miR-148b (pLenti4/\/5-148b, pLemiR-
148b) or with empty controls (pLenti-empty, pLenti4/VV5-empty, pLemiR-empty). Alternatively,
MA-2 or SK-MEL-28 melanoma or 4175-TGL breast cancer cells were transduced with lentiviruses
expressing miR-148b-sponges (pLenti-148b-spongeA/B) or miR-214 (pLemiR-214) or with empty
controls (pLenti-empty, pLemiR-empty) to verify the mechanism in the opposite directions. miR-
214 and miR-148b levels were evaluated by qRT-PCR analyses as shown in Figs. 3 to 6. Cells with
the expected miR-214 or miR-148b modulations were injected in the tail wvein of
immunocompromised mice, and metastasis dissemination was evaluated 4 to 7 weeks later by
measuring the number/area of lung metastasis in H&E-stained lung or liver sections or the

fluorescent (green or red) tumor cells present in the whole organs (Fig. 2A-C; Figs. 7A-D and 8A-
35



D). Single miR-214 downmodulation or miR-148b overexpression significantly blocked metastasis
dissemination for MC-1 or MA-2 melanoma or 4175-TGL breast cancer cells compared with
controls. Relevantly, simultaneous depletion of miR-214 and increased levels of miR-148b further
blocked tumor spreading of melanoma and breast tumor cells compared with single modulations,
suggesting a combined action. In parallel, single miR-214 overexpression or miR-148b
downmodulation, or simultaneous double targeting, favored melanoma or breast cancer cell

dissemination compared with controls.

In conclusion, we can consider miR-214 and miR-148b as promising targets for miRNA-based

therapeutic interventions in tumor progression.

Figure 1 — Analysis of miR-214 and miR-148b sponge efficacy. (A) Schematic representation of sponge constructs
containing specific sites for miR-214 and miR-148b. (B, C) GFP expression in the indicated melanoma cell lines 48h
after transfection of miR-214 (pLenti-214-spongeA/B) or miR-148b (pLenti-148b-spongeA/B) sponges alone or in
combination with miR-214 (pre-miR-214) or miR-148b (pre-miR-148b) precursors or negative controls (pre-control).
Cells were photographed using a Zeiss Axiovert200M microscope (B, a-i, C, a-i; bar=2 mm;). (D, E) Western Blot
analysis of GFP protein expression levels in the indicated melanoma cells transfected as in (B, C). Protein modulations
were calculated relative to controls, normalized on loading controls (hsp90) and expressed as percentages (%). (F, G)
FACS analyses for GFP levels in the indicated melanoma cells transfected as in (B, C). At least 2 independent
experiments were performed and representative results are shown.
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Table 1 — miR-214 and miR-148b sponge sequences
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miRNA sponge

Sequence

length

n° of sites

214-spongeA

TTGAAGCTTACTGCCTGTCAATCCTGCTGTCTAAACATAATTCCTACTGCCTGTC
CATCCTGCTGTCCTTTCTATTCCCTCACTGCCTGTCCATCCTGCTGTCCCATTGA
AATATATACTGCCTGTCTACCCTGCTGTCATTAAAACGCCCCTACTGCCTGTCCC
TCCTGCTGTCAAACCTAACTTACAACTGCCTGTCCCCCCTGCTGTCCACTGAAAC
TTCCTACTGCCTGTCTCTCCTGCTGTCCTCAAATTTACCTAACTGCCTGTCCCCC
CTGCTGTGCAAGCTTGC

292 bp

214-spongeB

TTGAAGCTTACTGCCTGTCTATCCTGCTGTCATCTTTATATCTAAACTGCCTGTCA
ACCCTGCTGTCACCTCCTAACAAAAACTGCCTGTCTCTCCTGCTGTCACATCACT
CCCGCCACTGCCTGTCCCCCCTGCTGTCACCATATCCTACACACTGCCTGTCTC
CCCTGCTGTCTTAACTACATATATACTGCCTGTCCCCCCTGCTGTCTACAAATAC
CCCCTACTGCCTGTCTCCCCTGCTGTCCAACATTTCCAATCACTGCCTGTCACTC
CTGCTGTGCAAGCTTGC

292 bp

148b-spongeA

TTGAAGCTTACAAAGTTCTGCCTGCACTGAAACCTAAACCTACCTACAAAGTTCT
GACTGCACTGATTTCCACAATAAAAAACAAAGTTCTGCGTGCACTGATTAAAATTT
CCATATACAAAGTTCTGCCTGCACTGACATCTCATAACCTGGACAAAGTTCTGCC
TGCACTGATAAAAAAGACATAATACAAAGTTCTCCCTGCACTGAGTTCCCCACCA
CACCACAAAGTTCTACTTGCACTGAATCCACCACCCAATAACAAAGTTCTATCTG
CACTGAGCAAGCTTGC

292 bp

148b-spongeB

TTGAAGCTTACAAAGTTCTCTGTGCACTGACATTACCCCCTCTACACAAAGTTCT
CCCTGCACTGACCATAAACCTACACCACAAAGTTCTGATTGCACTGATTCCCCTC
TCTATTAACAAAGTTCTACCTGCACTGACCATCCACCCAATTTACAAAGTTCTGC
CTGCACTGAAAAATATCTATCTCCACAAAGTTCTGCCTGCACTGATCTCATACAA
AATATACAAAGTTCTGACTGCACTGATAATAATACCACCCTACAAAGTTCTAACTG

CACTGAGCAAGCTTGC

292 bp
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Figure 2- miR-214 depletion and miR-148b overexpression inhibit melanoma and breast cancer metastasis
formation in mice Lung or liver colony formation in immunodeficient mice, 7 (A) or 4 (B and C) weeks after tail-vein
injection of MC-1 (A) or 4175-TGL (B and C) cells. Cells were transduced with controls (pLenti-empty, pLenti4/\V/5-
empty) or miR-214-sponge (pLenti-214-spongeB) or miR-148b-overexpressing (pLenti4/\VV5-148b) vectors, single or in
combination, as indicated in the panels. Representative pictures of H&E-stained sections (A, B, a—d, bar, 500 mm; C, a—
d, bar, 100 mm) are shown. Graphs (bottom of each figure) represent quantitated results as meatSEM H&E-stained
colonies number (A) or as a percentage of metastatic/total areas (B) in lungs or as mean metastases/field in liver,
referring to the indicated number of mice (n). Two independent experiments were performed and representative results
are shown.
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Figure 3- miR-214 expression modulations in melanoma cells. (A-E) miR-214 expression levels were tested by qRT-
PCR analyses for the indicated melanoma cell lines stably transduced with control (pLenti-empty, pLenti4/\V/5-empty)
or miR-214 sponges (pLenti-214-spongeA/B) or with miR-148b (pLenti4/\VV5-148b) overexpression vectors, alone or in
combination. (F-J) Alternatively, cells were transiently transfected with miR-148b (anti-miR-148b) or miR-214 (anti-
miR-214) inhibitors; miR-214 or miR-148b precursors (pre-miR-214 or pre-miR-148b) or negative controls (anti- or
pre-control), alone or in combination, as indicated in the graphs. Results are shown as fold changes (mean+SD of
triplicates) relative to controls, normalized on U6 or U44 small nucleolar RNA level.
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Figure 4 - miR-214 expression modulations in normal or tumor breast cells. (A-E) miR-214 expression levels were
tested by gRT-PCR analyses for the indicated normal or tumor breast cell lines stably transduced with control (pLenti-
empty, pLenti4/V5-empty or pLemiR-empty) or miR-214 (pLenti-214-spongeB) or miR-148b (pLenti-148b-spongeB)
sponges or with miR-148b (pLenti4/V5-148b) or miR-214 (pLemiR-214) overexpression vectors, alone or in
combination. (F-1) Alternatively, cells were transiently transfected with miR-148b (anti-miR-148b) inhibitors or miR-
214 precursors (pre-miR-214) or negative controls (anti- or pre-control), alone or in combination, as indicated in the
graphs. Results are shown as fold changes (mean+SD of triplicates) relative to controls, normalized on U6 or U44 small
nucleolar RNA level.
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Figure 5 - miR-148b expression modulations in melanoma cells. (A-G) miR-148b expression levels were tested by
gRT-PCR analyses for the indicated cell lines stably transduced with control (pLenti-empty, pLenti4/\VV5-empty or
pLemiR-empty) or miR-214 (pLenti-214-spongeB) or miR-148b (pLenti-148b-spongeB) sponges or with miR-148b
(pLemiR-148b or pLenti4/\V5-148b) overexpression vectors, alone or in combination. (H-M) Alternatively, cells were
transiently transfected with miR-148b (anti-miR-148b) or miR-214 (anti-miR-214) inhibitors; miR-214 or miR-148b
precursors (pre-miR-214 or pre-miR-148b) or negative controls (anti- or pre-control), alone or in combination, as
indicated in the graphs. Results are shown as fold changes (mean+SD of triplicates) relative to controls, normalized on
U6 or U44 small nucleolar RNA level.
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Figure 6 - miR-148b expression modulations in normal or tumor breast cells. (A-D, 1) miR-148b expression levels
were tested by gRT-PCR analyses for the indicated cell lines stably transduced with control (pLenti-empty, pLenti4/\V/5-
empty or pLemiR-empty) or miR-214 (pLenti-214-spongeB) or miR-148b (pLenti-148b-spongeA/B) sponges or with
miR-148b (pLenti4/\V/5-148b) or miR-214 (pLemiR-214) overexpression vectors, alone or in combination. (E-H)
Alternatively, cells were transiently transfected with miR-148b (anti-miR-148b) inhibitors or miR-214 precursors (pre-
miR-214) or negative controls (anti- or pre-control), alone or in combination, as indicated in the graphs. Results are
shown as fold changes (mean+SD of triplicates) relative to controls, normalized on U6 or U44 small nucleolar RNA
level.
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Figure 7 - miR-214 and miR-148b coordinate lung metastasis formation in an opposite manner. Lung colony
formation in immunodeficient mice, 7 (A) or 4 (B-D) weeks after tail vein injection of MC-1 (A), MA-2 (B, C), or
4175-TGL (D) cells. Cells were transduced as indicated in the panels: controls (pLenti-empty or pLemiR-empty) or
miR-214-sponge (pLenti-214-spongeA/B) or miR-148b-sponge (pLenti-148b-spongeA/B) or miR-148b-overexpressing
(pLemiR-148b) or miR-214-overexpressing (pLemiR-214) vectors, expressing GFP or tRFP. Representative pictures of
green or red fluorescent whole lungs (A and C, a-c; B and D, a-b; bar=800 um) or H&E stained sections (A and C, d-f;
B and D, c-d, bar=200 um) are shown. Graphs (bottom of each figure) represent quantitated results as mean+SEM of
the number of fluorescent colonies in lungs, referring to the indicated number of mice (n). 2 independent experiments
were performed and representative results are shown. SEM= Standard Error of Mean; H&E=Haematoxylin and Eosin.
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Fig. 7
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Figure 8 - miR-148b reduces liver and lung metastasis formation. Liver (A, B) and lung (C, D) colony formation in
immunodeficient mice, 4 (A, B, D) or 7 (C) weeks after tail vein injection of MA-2 or SK-MEL-28 or 4175-TGL cells
transduced with the following overexpressing vectors: control (pLenti-empty and/or pLemiR-empty) or miR-148b
sponges (pLenti-148b-spongeA/B) or miR-148b (pLemiR-148b) or miR-214 (pLemiR-214), including GFP or tRFP
expression or not, single or in combination. Representative pictures of fluorescent whole livers (A, a-b; B, a-c, bar=800
pm) or of H&E-stained lung sections are shown (C, D a-b, bar=40 um and 500 um, respectively). Graphs (bottom of
each figure) present quantitated results as mean+SEM of the number of fluorescent colonies in livers (A, B) or of the
number of H&E colonies (C) or of the percentage of metastatic/total area in lungs (D) referring to the number of mice
(n) indicated. 2 independent experiments were performed and representative results are shown. SEM= Standard Error of
Mean.
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Fig. 8
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2. miR-214 inhibition and miR-148b overexpression control specific tumor cell metastatic

traits

To understand which metastatic traits of melanoma (MA-2, MC-1, and SK-MEL-28) and normal or
tumor breast (HBL-100 and 4175-TGL) cells were affected by miR-214 and miR-148b
modulations, we evaluated proliferation, migration, invasion through matrigel and transendothelial
migration on a HUVEC monolayer in vitro. Cells were either transduced with lentiviruses for the
depletion (pLenti-214-spongeB, pLenti-148b-spongeB) or overexpression (pLemiR-214,
pLenti4/\VV5-148b) of miR-214 or miR-148b or with empty controls (pLemiR-empty, pLenti-empty,
pLenti4/V5-empty) or transiently transfected with miRNA precursors or inhibitors (pre-miR-214,
anti-miR-148b, pre/anti-control). miR-214 and miR-148b modulations were evaluated by gRT-PCR
assays as shown in Figs. 3 to 6. Single or double alterations of miR-214 and miR-148b did not
significantly affect proliferation compared with controls in any tested cell line (Fig. 9A and B; and
Fig. 10). Instead, modulations of miR-214 or miR-148b significantly affected migration, cell
movement across a HUVEC monolayer (transendothelial migration) and invasion in matrigel
compared with controls (Fig. 11A-F; Fig. 12A-F). Precisely, in all assays, cell movement was
impaired in miR-214-depleted and miR-148b-overexpressing cells. Opposite results were observed
when miR-214 was highly expressed in cells while miR-148b expression was reduced. Relevantly,
in transendothelial migration assays, but generally not in migration or invasion analyses,
simultaneous miR-214 inhibition and miR-148b overexpression almost always led to combined
effects, like for in vivo metastasis (Fig. 2), suggesting a combinatorial, specific effect of miR-214

and miR-148b at the level of tumor—endothelial cell interactions.
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Fig. 9
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Figure 9 - miR-214 depletion and miR-148b overexpression do not affect proliferation. A and B, proliferation of
MC-1 (A) or 4175-TGL (B) cells stably transduced with control (pLenti-empty, pLenti4/V5-empty) or miR-214-sponge
(pLenti-214- spongeB) or miR-148b-overexpressing (pLenti4/V5-148b) vectors, single or in combination, as indicated
in the graphs. Results are indicated as meanzSD of the proliferation ratio versus plated cells, measured by optical
density at 0—72 hours. At least two independent experiments (with triplicates) were performed, and representative
results are shown.
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Fig. 10
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Figure 10 - miR-214 and miR-148b do not significantly affect proliferation. Proliferation of HBL-100 cells
transiently transfected with miR-214 precursors (pre-miR-214) or miR-148b (anti-miR-148b) inhibitors or negative
controls (pre- or anti-control) in single or in combination as indicated in the graphs. Results are indicated as mean+SD
of the proliferation ratio versus plated cells, measured by optical density at 0-72h. At least 2 independent experiments
(with triplicates) were performed and representative results are shown. SD=Standard Deviation.

Figure 11 - miR-214 depletion and miR-148b overexpression inhibit transendothelial migration. Transwell
migration assays were used to evaluate migration (through a porous membrane) or transendothelial migration (through
an HUVEC monolayer on top of a porous membrane) for MC-1 (A, B) or 4175-TGL (C and D) or SK-MEL-28 (E and
F) cells stably transduced with control (pLenti-empty, pLenti4/\V/5-empty) or miR-214-sponge (pLenti-214-spongeB) or
miR-148b-overexpressing (pLenti4/\V/5-148b) vectors, single or in combination, as indicated in the panels. For
migration, results are indicated as a ratio of mean+SEM of the area covered by migrated versus plated tumor cells; for
transendothelial migration, results are shown as mean£SEM of the area covered by tumor migrated cells. At least two
independent experiments (with triplicates) were performed, and representative results are shown.
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Figure 12 - miR-214 and miR-148b affect migration and invasion ability. Transwell migration (A-C) or invasion on
matrigel (D-F) assays for HBL-100 (A), 4175-TGL (B), SK-MEL-28 (C, D), MC-1 (E) or MA-2 (F) cells transiently
transfected with miR-214 precursors (pre-miR-214) or miR-148b inhibitors (anti-miR-148b) or negative controls (pre-
control or anti-control), alone or in combination, or stably transduced with controls (pLenti-empty and/or pLenti4/\V/5-
empty) or miR-214 (pLenti-214-spongeB) or miR-148b (pLenti-148b-spongeB) sponges or miR-148b-overexpressing
(pLenti4/\V5-148b) vectors, single or in combination, as indicated in the panels. Results are indicated as ratio
mean+SEM of the area covered by migrated versus plated cells. At least 2 independent experiments (with triplicates)
were performed and representative results are shown. SEM= Standard Error of Mean.
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3. miR-214 depletion and miR-148b overexpression impair tumor cell extravasation in

mice

The effect of single or combined sponge-induced miR-214 depletion and miR-148b overexpression
was investigated on in vivo cell extravasation of tumor cells. CMRA-labeled MC-1 or SK-MEL-28
cells stably expressing miR-214-sponge (pLenti-214-spongeB) or miR-148b (pLenti4/\V5-148b) or
control vectors (pLenti-empty or plLenti4/V5-empty) were injected in the tail vein of
immunocompromised mice (Fig. 13a—| and graph, Figs. 14a—h and graph). Lodging to the lung
vasculature was evaluated 2 hours after injection (Fig. 13a—d; Fig. 14a-b), and no difference was
observed among modified cells. Instead, a strong decrease in early (48 hours after injection) lung
colonization was observed following single or combined sponge-driven miR-214 downmodulation
and miR-148b overexpression compared with controls in MC-1 (Fig. 13e-h) or SK-MEL-28 (Fig.
14c—d) cells. Note that cells were localized inside blood vessels or associated with them at 2 hours,
as shown in Fig. 14e—f. Instead, cells were found in the lung parenchyma at 48 hours (Fig. 13i-I;
Fig. 14g-h). As for metastasis dissemination (Fig. 2) and transendothelial migration (Fig. 11),
simultaneous miR-214 inhibition and miR-148b overexpression led to combined effects,
suggesting, once more, a combinatorial, specific effect of miR-214 and miR-148b at the level of

tumor— endothelial cell interactions.
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Fig. 13
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Figure 13 - miR-214 depletion and miR-148b overexpression inhibit extravasation in mice. In vivo extravasation 2
hours (A-D) or 48 hours (E-H) following tail-vein injections in immunodeficient mice of CMRA-labeled MC-1 cells
transduced with control (pLentiempty, pLenti4/V5-empty) or miR-214- sponge (pLenti-214-spongeB) or miR-
148boverexpressing (pLenti4/V5-148b) vectors, single or in combination, as indicated in the panels. Representative
pictures of whole red fluorescent lungs at 2 hours or 48 hours after injection (A—H) and representative fields of murine
lung sections, 48 hours after injection (I-L), stained for CD31 and counterstained with DAPI are shown; bar, 800 mm.
Results are indicated in the graphs (bottom) as mean£SEM of the number of extravasated cells at 48 hours for n ¥4 4
mice per group. White arrows, extravasated cells. Two independent experiments were performed, and representative
results are shown.
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Figure 14 - miR-214 inhibition and miR-148b overexpression impair melanoma cell extravasation. In vivo
extravasation 2h (a, b) or 48h (c, d) following tail vein injections in immunosuppressed mice of CMRA-labeled SK-
MEL-28 cells transduced with a combination of control (pLenti-empty, pLenti4/\V/5-empty) or miR-214-sponge (pLenti-
214-spongeB) and miR-148b-overexpressing (pLenti4/\V/5-148b) vectors as indicated in the panels. Representative
pictures of whole red fluorescent lungs are shown (a-d); bar=800 um. Representative fields of murine lung sections 2h
(e, f) or 48h (g, h) post-injections, stained for CD31 (red) and counterstained with DAPI (blue). Arrows indicate
metastatic cells. Results are indicated in the graph (bottom) as mean+SEM of the fluorescence intensity at 48h for n=4
mice per group. 2 independent experiments were performed and representative results are shown. SEM= Standard Error
of Mean.
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Fig. 14
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4. Depletion of miR-214 and overexpression of miR-148b affect the adhesion molecules
ITGAS and ALCAM

To identify the molecular players involved in reduced cancer dissemination/extravasation by miR-
214 depletion and miR-148b overexpression in tumor cells, expression of ITGA5 and ALCAM, two
validated miR-148b direct targets, known to be highly relevant for cancer cell dissemination, was
analyzed in cell cultures or in mouse subcutaneous tumors. Single or combined miR-214 depletion
and miR-148b overexpression in melanoma (MA-2, MC-1, SK-MEL-28) and breast cancer (4175-
TGL) cells were obtained following stable transduction of lentivirus vectors for the expression of
miR-214 sponges (pLenti-214-spongeB) or miR-148b (pLenti4/V5-148b) or empty controls
(pLenti-empty, pLenti4/V5-empty). miR-214 and miR-148b alterations were evaluated by gRT-
PCR analyses as in Figs. 3 to 6. Important reduction of ITGA5 or ALCAM expression was
observed for single or combined miRNA-modulations. Combined inhibitions of ITGA5 and
ALCAM by dual miR-214/miR-148b interventions were rarely observed compared with single
alterations (Fig. 15A-D; and Fig. 16A—E). Considering the relevance of ITGA5 and ALCAM
expression impairment for the inhibition of transendothelial migration following simultaneous miR-
214/miR148b alterations, as presented below (see the next paragraph), we can speculate that the
effects of combined miR-214/miR-148b changes occur specifically when tumor cells get in contact
with endothelial cells. Alternatively, supplementary alterations of gene expression could be
involved in the passage of tumor cells through the blood vessels.

Opposite stable or transient modulations were obtained in some of the cells (MA-2, 4175-TGL)
listed above and in HBL-100 normal breast cells to further evaluate this mechanism. Cells were
transduced with pLenti-148b-spongeA/B or pLemiR-214 or the relative empty controls (pLenti-
empty, pLemiR-empty) or transiently transfected with anti-miR-148b or pre-miR-214 or anti/pre-
control and modulations evaluated by qRT-PCR assays as in Figs. 3 to 6. Here, increased levels of
ITGAS and ALCAM and their downstream players ROCK1 and PIK3CA were observed (Fig.
16A-E), thus reinforcing the importance of this pathway in miR-214/miR-148b-driven tumor

dissemination.
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Fig. 15
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Figure 15 - miR-214 depletion and miR-148b overexpression affect ITGA5 and ALCAM expression. A-D,
Western blot analysis of ITGA5 or ALCAM protein expression levels in MC-1 (A), MC-1-SQ (B), 4175-TGL (C), SK-
MEL-28 (D), transiently transfected with precursors for miR-148b (pre-miR-148b) or inhibitors for miR-214 (anti-miR-
214) or negative controls (pre-control or anti-control), single or in combination, or stably transduced with controls
(pLenti-empty, plLenti4/VV5-empty) or miR-214-sponge (pLenti-214-spongeB) or miR-148b-overexpressing
(pLenti4/\V5-148b) vectors, single or in combination, as indicated. Protein modulations were calculated relative to
empty controls, normalized on loading controls (GAPDH or actin or hsp90 or tubulin) and expressed as percentages
(%). Three independent experiments were performed, and representative ones are shown. SQ, subcutaneous tumors.
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Figure 16 - miR-148b target genes analysis.(A-E) Western blot analysis of ALCAM, ITGA5, ROCK1 and PIK3CA
protein expression levels in MA-2 or 4175-TGL or HBL-100 cells transiently transfected with miR-214 (pre-miR-214)
or miR-148b (pre-miR-148b) precursors or miR-148b inhibitors (anti-miR-148b) or negative controls (anti- or pre-
control), alone or in combination, or stably transduced with control (pLemiR-empty and/or pLenti-empty) or miR-214-
overexpressing (pLemiR-214) or miR-148b-sponges (pLenti-148b-spongeA/B) vectors as indicated. Protein
modulations were calculated relative to controls, normalized on loading controls (GAPDH or Actin or hsp90 or
Tubulin) and expressed as percentages (%). 3 independent experiments were performed and representative ones are
shown.
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5. Impairment of tumor dissemination by miR-214 depletion and miR-148b

overexpression depends on ITGA5S and ALCAM expression inhibition

In order to understand if reduction of ITGA5 or ALCAM was essential for miR-214/miR-148b-
driven extravasation inhibition, we modulated ITGA5 or ALCAM levels in the presence of miR-

214 depletion and miR-148b overexpression.

First, ITGA5 or ALCAM expression was inhibited by RNA interference in a transient (si-ITGAS or
si-ALCAM) or stable (sh-ALCAM) manner in MA-2 melanoma or 4175-TGL breast cancer cells
and transendothelial migration or extravasation evaluated by comparison with empty (si-control, sh-
control) cells. As shown in Fig. 17, reduced levels of ITGA5 or ALCAM significantly impaired
transendothelial migration (Fig. 17A-B) or lung extravasation, 48 hours after injection (tail vein) in
immunocompromised mice (Fig. 17C-D) compared with controls. Modulations of ITGAS or
ALCAM were evaluated by Western blot analysis (Fig. 17). Tumor—endothelial cell contacts are
shown in a confocal microscope image (Fig. 17E) in which red (ALCAM staining) MA-2 tumor
cells were in contact with green (GFP expression) HUVECSs. All these results suggest the relevance
of ITGA5 and ALCAM in the control of tumor cell transendothelial migration or extravasation
during tumor progression. At this point, ITGA5 or ALCAM were overexpressed in MC-1 or 4175-
TGL cells previously transduced with pLenti-214-spongeB or plLenti4/\VV5-148b or pLenti-
empty/pLenti4/V5-empty lentivirus vectors, in single or dual combinations, and cells used to
evaluate transendothelial migration. Modulations of ITGAS or ALCAM were evaluated by Western
blot analysis (Fig. 18A-F). In all conditions, we observed increased transendothelial migration,
compared with controls, when ITGAS or ALCAM was overexpressed in cells. Thus, suggesting that
repression of transendothelial migration, driven by miR-214-depletion and miR-148b-upregulation,
depends on the reduction of these adhesion molecules in tumor cells. In fact, transendothelial

migration inhibition was rescued when ITGA5 or ALCAM levels were increased.

Taken together, our results prove that the negative targeting of miR-214 and/or the positive
modulation of miR-148b impairs dissemination by acting on ITGA5 or ALCAM, two main players

for tumor cell extravasation.
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Figure 17 —ITGA5 and ALCAM control transendothelial migration in vitro and extravasation in mice.(A-B)
Transendothelial migration was evaluated in MA-2 (A) or 4175-TGL (B) cells transiently transfected with si-ITGA5S or
si-ALCAM or control siRNAs (si-control) or transduced for sh-ALCAM or sh-control, as indicated in the panels (A, B).
ITGAS and ALCAM levels were evaluated by Western Blot analysis, 48h following transfections or in stably
transduced cells. Protein modulations were calculated relative to negative controls, normalized on loading controls
(GAPDH or Actin) and expressed as percentages (%). Transmigration results are indicated as mean+SEM of the area
covered by tumor migrated cells. At least 2 independent experiments (with triplicates) were performed and
representative results are shown. SEM= Standard Error of Mean. (C-D) In vivo extravasation 2h or 48h following tail
vein injections in immunocompromised mice of CMRA-labeled MA-2 cells transfected with si-control or si-ITGA5 or
transduced for sh-ALCAM or sh-control, as indicated. Representative pictures of whole red fluorescent lungs are shown
(a-b=2h; c-d=48h); bar=800 um. Results are presented as mean+SEM of the number of extravasated cells at 48 h for the
indicated number of mice (n). 2 independent experiments were carried out (with triplicates) and representative ones are
shown. SEM= Standard Error of Mean. (E) Confocal microscopy image for HUVECs-MA-2 co-cultures: HUVECs are
green for GFP expression, MA-2 are red for ALCAM staining. Nuclei are blue for DAPI staining.

Figure 18 - Transendothelial migration depends on ITGAS5 and ALCAM expression in miR-214-depleted and/or
miR-148b-overexpressing tumor cells. A-F, transendothelial migration was evaluated in MC-1 (A, C, E) or 4175-
TGL (B, D, F) cells stably transduced with miR-214-sponge (pLenti-214-spongeB) or miR-148b-overexpressing
(pLenti4/\V5-148b) vectors, single or in combination, and, in addition, transiently transfected with recombinant vectors
for the overexpression of ITGAS or ALCAM or empty controls, as indicated in the panels. ITGAS and ALCAM levels
were evaluated by Western blot analysis, 24 hours or 48 hours following transfections. Protein modulations were
calculated relative to negative controls, normalized on loading controls (GAPDH or actin) and expressed as percentages
(%). Transmigration results are indicated as mean+SEM of the area covered by tumor-migrated cells. At least two
independent experiments (with triplicates) were performed, and representative results are shown.
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6. miR-214 expression correlates with ITGA5 and ALCAM levels, while it anticorrelates

with miR-148b, in melanoma metastases and in primary breast tumors

Breast cancer (n = 1302; refs. 10, 11) and melanoma metastasis (TCGA, https://tcga-
data.nci.nih.gov/tcga/; n =352) datasets were used to evaluate miR-214, miR-148b, ITGA5, and
ALCAM expression and to look for possible correlations or anticorrelations with one another (Fig.
19A and B). Relevantly, we found that miR-214 and miR-148b anticorrelate in melanoma
metastases (P = 7.91e-05) and in primary breast tumors (P = 5.43e-08), while miR-214 significantly
correlates with ITGA5 and ALCAM in both datasets. P values were the following: for melanoma
metastases: ITGAS (P = 3.09e-24) and ALCAM (P = 2.69e-09); for primary breast tumors: ITGAS
(P = 1.68e-23) and ALCAM (P = 9.27e-07). These results are therefore in line with our above-
presented investigations, thus strengthening the link between miR-214, miR-148b, ITGAS5, and

ALCAM and its relevance in human tumor progression.

Figure 19 - miR-214 anticorrelates with miR-148b, while it correlates with miR-148b targets ITGA5 and
ALCAM, in melanoma metastases or human primary breast tumors. The indicated datasets were used to evaluate
miR-214, miR-148b, ITGAS, and ALCAM expression in melanoma metastases (A) and in primary breast tumors (B).
Statistically significant negative or positive correlations are shown for miR-214 and miR-148b (anticorrelations) and for
miR214 and ITGA5 or ALCAM (correlations). Correlations of normalized expression are represented with a dot plot
superimposing the regression line. The shaded area represents the 0.95 standard error confidence interval of the modl
predictions. Statistically significant R2 and P values and number of samples (n) are indicated.
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DISCUSSION

We previously demonstrated the prometastatic role of miR-214 (78) and its link with the
antimetastatic miR-148b (137). Here, we show that single or combined miR-214 inhibition and
miR-148b overexpression in tumor cells strongly modulate metastasis formation by acting mainly
during the passage across the vessel endothelium (transendothelial migration/extravasation), a
metastatic trait that involves two direct miR-148b targets, the adhesion receptors ITGA5 and
ALCAM, in a cell-fibronectin and cell-cell dependent manner. Our data suggest that miR-214 and

miR-148b are valuable candidates for miRNA-based targeted therapy.

miR-214 is highly expressed in malignant cutaneous and ocular melanomas (137,142,143) as well
as in breast, osteosarcoma, ovary, pancreas, prostate, and gastric cancers (144-149). In line with
these findings, upregulation of miR-214 in various tumor cells increases metastasis formation
(78,137,150-152). On the other hand, miR-148b is poorly expressed in melanomas and in breast,
pancreatic, and hepatocellular carcinomas (83,153-155) and its modulation in tumor cell lines
reveals its antimetastatic function (83,156-158). Here, by modulating miR-214 and miR-148b,
respectively, in a negative and positive manner, we show that miR-214 and miR-148b are part of a
miR-ON-miR regulatory axis where miR-214 favors tumor dissemination following the
downregulation of miR-148b and the consequent upregulation of miR-148b direct targets, ITGAS
and ALCAM as well as some of their downstream players (136). Similarly, recent investigations
underline the relevance of multiple miR connections (miR-ON-miR) or of miRs and transcription
factors (TF) reciprocal regulations (miR-ON-TF-ONmIR). Examples are Lin28-let-7-miR-181 in
megakaryocyte differentiation (159), miR-181b-FOS-miR-21 in glioma progression (160), miR-
103/107-miR-200 in epithelial-to-mesenchymal transition (161), miR-199a/miR-214-let-7b-miR-
34a-miR-762-miR-1915 in breast cancer metastasis (162). All these lines of evidence open up the
possibility to target multiple players of the same pathway and give hope for combined therapeutic
interventions. In line with this hypothesis, it has recently been shown that the simultaneous
systemic delivery of two small non-coding RNAs acting as tumor suppressors, miR-34 and let-7,

leads to reduced non—small lung cancer growth (163).

We propose that the presented miR-214-ON-miR-148b regulatory axis controls tumor
dissemination acting, in particular, when tumor cells cross the blood vessels endothelium, via the
modulation of ITGA5 and ALCAM (136,164-168). In fact, the silencing of ALCAM or ITGA5
inhibits transendothelial migration in vitro and extravasation in vivo. More relevantly, when miR-

214 is depleted and/or miR-148b overexpressed, transendothelial migration suppression can be
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overcome by ITGA5 or ALCAM upregulation, thus suggesting that these two adhesion molecules
are essential modulators of tumor—endothelial cell interactions. These results are in line with the
fact that ALCAM is a cell-to-cell adhesion receptor known to play a major role in mediating the
interactions between endothelial and tumor or immune cells during transendothelial migration
(164,169,170). Moreover, ALCAM was found to be involved in cell movement (171) and in the
conversion of the prometastatic pro-MMP-2 to its active form in malignancy (164). On the other
hand, modulations of integrin levels were associated with various metastatic phenotypes (165,172—
174). In particular, increased ITGA5 expression has been observed in metastatic melanoma cell
lines compared with primary ones (175), and survivin-dependent ITGA5S upregulation was shown to
enhance motility of melanoma cells (176). In MDA-MB-231 breast cancer cells, ITGA5 promoted
lung metastasis in both spontaneous and experimental lung metastasis models (165). In breast and
ovarian cancer patients, ITGAS expression was shown to be predictive of metastasis and poor
prognosis (83,174,177). ITGAS has also been linked to extravasation; in fact, it has been shown that
Cavl-Rho-GTPase-dependent control of cell extravasation depends on ITGAS levels and inhibition
of this regulatory axis impairs extravasation and survival of metastatic cells (178). The fact that
high levels of ITGAS5 and ALCAM correlate with miR-214 and that miR-214 expression
anticorrelates with miR-148b in human breast and melanoma, tumors, or metastases, further

strengthens the importance of these players and their direct functional connections in tumorigenesis.

With particular relevance for targeted therapy, the evidence that single or combined miR-214
downregulation and miR-148b upregulation in tumor cells inhibit metastasis formation in mice,
gives hope for an miRNA-based therapy. Due to the relevance of ALCAM and ITGAS5 in the
pathway presented here, one could even speculate to target these two adhesion molecules with
specific antibodies, in addition to miRNA targeting, to further affect metastasis formation.
Considering that the main issue of the miRNA-based targeted therapy is the in vivo delivery, it is
essential to identify safe, selective, and efficient compound systemic deliveries. For this purpose,
we are currently developing new tools to administer miR-214 inhibitors and miR-148b precursors to

animals and test their efficacy on metastasis formation.

In conclusion, our data demonstrate that the cascade of events, including miR-214, miR-148Db,
ALCAM, and ITGADS, is controlling melanoma and breast cancer progression and it can be

exploited for combinatorial therapeutic interventions.
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CHAPTER I1: AxI-148b aptamer inhibits melanoma and breast cancer tumor

progression

RESULTS

1. Axl-mediated delivery of miR-148b using axI-148b aptamers.

In the first chapter of this work, we demonstrated the therapeutic potential of imposed miR-148b
overexpression in tumor cells. With the intent to specifically deliver miR-148b to cancer cells, we
used an aptamer as a carrier of miR-148b. Precisely, we used GL21.T aptamer, an antagonist of the
axl tyrosine kinase receptor, previously well characterized (133) and shown to work successfully for
miRNAs delivery (130,132,179,180). Relevantly, axl is highly expressed in tumor cells (melanoma,
breast cancer), but not in normal cells: it is, in fact, a well-known oncogene. A multifunctional
conjugate (axl-148b) composed by the axl aptamer and the human miR-148b was generated (Fig.
20A): miR-148b was attached to a 34-mer truncated version of the 92-mer original axl aptamer
(133) able to specifically bind to and antagonize axl. The passenger strand of miR-148b was
elongated at the 3’ end with a sticky sequence that could bind the aptamer sticky sequence. Then,
the complementary miR-148b guide strand was annealed to the passenger strand. 2’-fluoro
pyrimidines (2°F-Py) were included in the sequence in order to protect from degradation by
nucleases. miR-148b guide strand also held two overhanging bases (UU) at 3’ end to favor Dicer
processing (181). To obtain the selection of the correct strand and, consequently, target specificity,
we used the distal stem portion of the human mir-148b pre-miRNA sequence. Specifically, the first
5 end 27 bases and the first 3 end 26 bases of miR-148 precursor (pre-miR-148b) were employed
instead of the mature miR-148b. The resulting miRNA duplex should correspond to the native
mature miR-148b in terms of stability and thermodynamic properties.

First of all, axl levels were evaluated by gRT-PCR analysis in lung adenocarcinoma (A549),
melanoma (MA-2 and MC-1) and breast cancer (MDAMB231, 4175-TGL and SKBR3) cell lines.
All cells, apart from the SKBR3 line, showed detectable ax] mRNAs (Fig. 20B). However, the
triple negative cancer cell lines MDAMB231 and 4175-TGL expressed substantially higher axl
MRNA levels than lung cancer and melanoma lines. Precisely, a 17 or 7 fold increase was
evidenced for axl mMRNA levels respectively in MDAMB231 and 4175-TGL cells compared to the
A549 counterparts.
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To assess whether ax| aptamer could function as a selective delivery carrier for the conjugated miR-
148Db, we treated A549, MA-2, MDAMB231, 4175-TGL and SKBR3 cells for 48 hours with 400
nmol/l of axI-148b and determined miR-148b extent by gRT-PCR analysis. Compared to cells left
untreated (control=ctrl) or treated with the axl aptamer only, A549 (Fig. 20C), MA-2 (Fig. 20D),
MDAMB231 (Fig. 20E) and 4175-TGL (Fig. 20F) cells treated with the chimeric axl-148b aptamer
showed an important overexpression of miR-148b levels, however lower than cells transfected with
pre-miR-148b (pre-148b). Here, a negative miRNA control (pre-control) was used. For all cell
lines, treatments with axl aptamer alone did not alter miR-148b levels. Importantly, the
administration of axI-148b conjugates to SKBR3 ax| negative (-) cells did not affect miR-148b
levels. However, miR-148b levels in pre-148b transfected SKBR3 cells was comparable to what
obtained for A549, MA-2, MDAMB231 and 4175-TGL transfected cells (Fig. 20G). In line, the
expression of miR-148b paralleled axl levels on cell surfaces. In fact, higher miR-148b levels were
found in cells expressing more axl (MDAMB231 and 4175-TGL) compared to lower expressing
cells (A549 and MA-2). Similarly, the conjugation of let-7g to axl aptamer, resulted specific for let-
79. No alteration of miR-148b was found. These results suggest that only axI-driven internalization
of miR-148b occurred (Fig. 21A-B). Moreover, treating A549 and MA-2 cells with axI-148b
chimeras increased miR-148b levels in a time and dose dependent way (Fig. 21C and D,
respectively). Specifically, when A549 were treated for 1 or 5 hours (5h) or over/night (O/N)
expression of miR-148b resulted 5 or 16 or 200 fold increased, respectively compared to untreated
(ctrl) or axl-treated A549 cells (Fig. 21C). When we evaluated the effect of different axI-148b
aptamer concentrations on miR-148b levels in MA-2 cells: 400 (1x), 800 (2x) or 1600 (4x) nmol/Il
(Fig. 21D), we observed a 120, 450 or 1800-2000 fold increase of miR-148b respectively, compared

to no treatment or axl aptamer only.

Taken together, all these results indicate that axl aptamer works in a selective manner to convey
miR-148b inside the cells. In fact, only axl-expressing cells show increased levels of miR-148b in
an aptamer concentration and time dependent manner. Instead, in absence of axl on the cells

surface, no increased levels of miR-148b can be seen.
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Fig. 20
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Figure 20 — Preparation of axI-148b and miR-148b delivery in tumor cells. (A) Schematic representation of the axl-
148b aptamer conjugate adapted from (129). (B) Axl mRNA levels were analysed by qRT-PCR in melanoma MA-2,
MC-1 and breast cancer MDAMB231, 4175-TGL cells. The axI* A549 lung cancer and axl- SKBR3 cell lines were used
respectively as positive and negative controls of expression. Results are shown as fold changes (mean+SD) relative to
A549 cells, normalized on GAPDH mRNA levels. Two experiments with independent RNA preparations were
performed and a representative one is shown. (C-G) miR-148b expression levels were tested by qRT-PCR analysis for
the indicated cell lines left untreated (controls=ctrl) or treated with 400 nmol/l of axl or axl-148b aptamers.
Alternatively, cells were transfected with 75 nmol/l of miR-148b precursor (pre-148b) or its negative control (pre-
control). Results are shown as fold changes (mean+SD) relative to controls (ctrl or pre-control), normalized on U6 or
U44 small nucleolar RNA levels. 2 experiments with triplicates were performed and a representative one is shown. ns =
not significant; * p < 0.05, ** p < 0.01, *** p < 0.001. SD=standard deviation.

Figure 21 — miR-148b or let-7g expression modulation in tumor cells or mammospheres treated with axI-148b or
axl-let-7g aptamers. miR-148b (A, C, D) or let-7g (B) expression levels were evaluated by qRT-PCR analysis in A549
(A-C) or MA-2 (D) cells. (A) miR-148b levels in A549 cells left untreated (controls=ctrl) or treated with 400 nmol/l of
axl, axI-148b or axl-let-7g aptamers or transfected with 75 nmol/l of miR-148b precursor (pre-148b) or its control (pre-
control). (B) let-7g levels in A549 cells treated with 400 nmol/l of axl or axl-let-7g aptamers. (C) miR-148b levels in
A549 cells treated with 400 nmol/I of axl or axI-148b aptamers at the indicated time points. (D) MA-2 cells treated with
400 (1x), 800 (2x) or 1600 (4x) nmol/l of axl or axI-148b aptamers or transfected with 75 nmol/l of miR-148b precursor
(pre-148b) or its negative control (pre-control). (E) miR-148b expression levels were tested by gRT-PCR analysis for
4175-TGL mammospheres left untreated (controls=ctrl) or treated with 400-200 nmol/I of axl or axI-148b aptamers. All
results are shown as fold changes (mean+SD of triplicates) relative to controls (ctrl or pre-control), normalized on U6 or
U44 small nucleolar RNA levels. 2 independent experiments were performed and representative results are shown. ns =
not significant; * p < 0.05, ** p < 0.01, *** p < 0.001. SD=standard deviation. O/N= overnight.
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Fig. 21
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2. AxI-148b conjugates inhibit tumor cell movement and favor anoikis, but they do not

affect proliferation.

We previously demonstrated that miR-148b is an antimetastatic small non-coding RNA able to
coordinate metastatic traits such as migration, invasion and metastasis formation (83,182). Here, we
investigated the ability of axl-148b conjugates to affect tumor cell dissemination, also considering
synergistic effects of miR-148b with axl aptamer only. In fact, an effect on cell motility by axl
aptamer has already been demonstrated (133). Specifically, we analysed migration, invasion
through matrigel, transendothelial invasion on a HUVECs monolayer, anoikis and proliferation in
vitro. Lung cancer (A549), melanoma (MA-2) or breast cancer (MDAMB231, 4175-TGL and
SKBR3) cells were left untreated (ctrl), treated with ax| aptamers only (axl) or with miR-148b (axI-
148Db) or, alternatively, transfected with miR-148b precursor (pre-148b) or its control (pre-control).
miR-148b modulations were evaluated by gRT-PCR analysis as shown in Fig. 20C-G. AxI aptamers
could reduce cell migration/invasion compared to untreated cells (29-45% inhibition) in A549, MA-
2, 4175-TGL and MDAMB231 (Fig. 22A-E). In the same cell lines, cell movement/invasion was
further decreased by axl-148b conjugates compared to untreated controls (45-76% inhibition) as in
Fig. 22A-E, suggesting a specific miR-148b contribution. In fact, for all cells, migration/invasion
was significantly inhibited by axI-148b conjugate treatments compared to axl aptamer
administration only (33-55%) as in Fig. 22A-E. miR-148b ability to affect cell movement was also
assessed for pre-148b transfected cells cells. Here, 33 to 89% reduction of motility was observed in
cells transfected with pre-148b compared to controls (pre-control). Relevantly, axl negative cells
(SKBR3) did not show any effect on transwell migration when treated with ax| aptamers only or in
combination with miR-148b (AxI-148b) (Fig, 22F). On the other hand, when miR-148b
overexpression was forced by SKBR3 transfection, cell movement was impaired compared to
control miRNA (57% inhibition).

To further investigate axI-148b involvement in later steps of tumor cells invasion, such as
extravasation, we simulated transendothelial migration in vitro. For this purpose, we seeded
CMRA-labelled (red) untreated, axl- or axI-148b treated MA-2 or 4175-TGL cells in the upper
chambers of gelatin-coated transwells, covered by a confluent human umbilical vein endothelial
cells (HUVECs) monolayer and evaluated tumor cell migration in the lower chambers (Fig. 23A-
B). Reduced trasendothelial migration was observed for axl-aptamer treated (axl) or axl-148b
conjugate treated cells compared to untreated controls (ctrl). A specific decrease of transendothelial
migration was observed for axI-148b treated cells compared to axl aptamer administrations only
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(58-72% inhibition). miR-148b transfected cells showed a strong inhibition of transendothelial

migration compared to pre-controls (pre-control versus pre-148b).

miR-148b is not only involved in cell motility, but also in another metastatic trait: in the control of
anoikis (83), a form of apoptosis induced by the lack of a correct attachment between the cell and
the Extracellular Matrix (ECM). To investigate this metastatic feature, we evaluated apoptosis in
4175-TGL cells treated or not with axl-148b aptamer, kept without serum and without (anoikis)
adhesion for 48 h by cytofluorimetric analyses. Reduced survival (20% inhibition) was observed for
4175-TGL cells following axl-148b aptamer treatments compared con controls (ctrl) as in Fig. 24,

suggesting a potential intervention of axI-148b aptamers on cell survival without attachment.

Instead, axI-148b treatments did not significantly modify cell proliferation compared to untreated
(ctrl) or axl aptamer (axl) treated cells as in Fig. 25A-C. Similar data were obtained for cells

transfected with pre-148b versus controls (pre-control) (Fig. 25A-C).

Taken together, these results show that axl-148b aptamers affect cell migration, invasion,
transendothelial migration and anoikis and that miR-148b work synergistically with ax| aptamer.
Our results prove axI-148b specificity, since miR-148b levels increase only in axl positive cells.
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Figure 22 — AxI-148b aptamers inhibit migration and invasion of tumor cells. (A-F) Transwell migration assays
were used to evaluate migration (A-C, E-F) or invasion through matrigel (D) for axl” A549 (A), MA-2 (B), 4175-TGL
(C,D), MDAMB231 (E) and axl" SKBR3 (F) cells left untreated (controls=ctrl) or treated with 400 nmol/I of axl or axl-
148b aptamers. Alternatively, cells were transfected with 75 nmol/l of miR-148 precursor (pre-148b) or its negative
control (pre-control). Results are expressed as ratio of mean+SEM of the area covered by migrated/invaded versus
plated tumor cells. At least 2 independent experiments (with triplicates) were performed and representative results are
shown. SEM= Standard Error of Mean, ns = not significant; * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 22
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Fig. 23
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Figure 23 - AxI-148b aptamers inhibit transendothelial migration of tumor cells. (A-B) Transendothelial migration
through a HUVECs monolayer on top of a porous membrane for MA-2 (A) or 4175-TGL (B) cells left untreated
(controls=ctrl) or treated with 400 nmol/l of axl or axI-148b aptamers. Alternatively, cells were transfected with 75
nmol/l of miR-148b precursor (pre-148b) or its negative control (pre-control). Results are shown as mean+SEM of the
area (pixels) covered by migrated cells. At least 2 independent experiments (with triplicates) were performed and
representative results are shown. SEM= Standard Error of Mean, ns = not significant; * p<0.05, ** p<0.01, *** p<
0.001.
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Fig. 24
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Figure 24 — AxI-148b aptamers induce cell dead of tumor cells in anoikis conditions. 4175-TGL cells were left
untreated (controls=ctrl) or treated with 400 nmol/l of axl or axI-148b and grown in absence (anoikis) of attachment and
without serum for 48h. Percentage (%) of dead cells was evaluated by annexinV-FITC staining in a FACS analysis. 2
independent experiments were performed in triplicate and representative results are shown. SEM= Standard Error of

Mean.
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Figure 25 — AxI-148b aptamers do not significantly affect tumor cell growth (A-F) Proliferation of MA-2 (A,B),
MDAMB231 (C,D) and 4175-TGL (E-F) cells left untreated (controls=ctrl) or treated with 400 nmol/l of axl or axl-
148b aptamers. Allternatively, cells were transfected with 75 nmol/l of miR-148b precursor (pre-148b) or its negative
control (pre-control). Results are indicated as mean+SD of the proliferation ratio versus plated cells, measured by
optical density at 0-72h. At least 2 independent experiments (with triplicates) were performed and representative results
are shown. SD= Standard Deviation.
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Fig. 25
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3. AXxI-148b aptamers affect miR-148b direct targets in tumor cells.

Since miRNA functions are exerted by negative regulations on their target genes, we analysed
ALCAM and ITGADS, two validated miR-148b direct targets involved in cell extravasation (83,182).
We therefore determined whether miR-148b preserved its ability to act on these two molecules
when cells were treated with axI-148b conjugates. Lung cancer (A549), melanoma (MA-2) or breast
cancer (4175-TGL and SKBR3) cells were left untreated or treated with 400 nmol/l of axl or axl-
148b aptamers and protein levels were evaluated by Western Blot (WB) analyses. miR-148b
alterations were evaluated by qRT-PCR analysis as in Fig. 20C-G. As shown, axl|-148b aptamer
treatments led to decreased ALCAM (38 -51%) and ITGAS5 (21%-70%) protein expression
compared to controls (ctrl or axl) cells (Fig. 26A-C, axI” cells). Similarly, transfections with pre-
148b inhibited ALCAM and ITGAS endogenous protein levels of about 30-57% and 25-95%
compared to controls (pre-control) as visible 48h post-transfection. Notably, axl negative SKBR3
cells did not show any effect on ALCAM expression when cells were treated with axl or axI-148b
aptamers, however reduced ALCAM expression was seen following transfection of these cells with

pre-148b compared to controls (pre-control) as in Fig. 26D.

These results suggest that when axl expressing cells are treated with axI-148b conjugates, miR-148b
levels increase and its two direct targets, ALCAM and ITGA5S decrease. Moreover, they show axl-
148b aptamer specificity because no effect is observed on axl cells.

Figure 26 — AxI-148b aptamers affect ALCAM and ITGA5 expression in tumor cells. (A-D) Western blot analysis
of ALCAM and ITGAS protein expression levels in axI” A549 (A), MA-2 (B), 4175-TGL (C) and axl" SKBR3 (D) cells
left untreated (controls=ctrl) or treated with 400 nmol/l of axl or axl-148b aptamers. Alternatively, cells were
transfected with 75 nmol/l of miR-148b precursors (pre-148b) or its negative control (pre-control). Protein modulations
were calculated relative to controls (ctrl or pre-control), normalized on loading controls (a-tubulin or GAPDH) and
expressed as percentages (%). At least 2 independent experiments were performed and representative results are shown.
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4. AxI-148b aptamers affect mammosphere number and growth.

We used mammaospheres originated from 4175-TGL and SKBR3 breast cancer cells to evaluate
how axl-148b aptamers could function in a 3D model. As shown in in Fig. 27A, single cells were
left untreated (controls=ctrl) or treated with 400 nmol/l of axl or axI-148b aptamers, treatments
were then renewed at day 3 and 5 by adding fresh aptamer/conjugates (200 nmol/l) and spheres
analysed at day 5. Alternatively, we plated single cells and waited 5 days for mammosphere
formation, then we dissociated them and replated the single cells without treating them
(controls=ctrl) or by treating the units with 400 nmol/l of axl or axI-148b conjugates. Treatments
were renewed by adding aptamer/conjugates (200 nmol/l) for a total of tree treatments/week as
shown in Fig. 27B. miR-148b levels were evaluated by qRT-PCR analysis at day 5 and increased
miR-148b levels were observed following axI-148b aptamer treatments, suggesting that our
conjugates could enter in the mammaospheres and be processed (Fig. 21E).

Then we investigate the effect of axI-148b aptamers on mammosphere formation by measured their
size (um) at day 5 (Fig. 27C) or 12 (Fig. 27D) and observed a significant reduction of mean lenght
comparing to controls (ctrl) or to axl-treated cells, thus suggesting that the multifunctional
conjugates work and synergize together (Fig. 27C-D). Importantly, when axI-148b aptamers were

used to treat SKBR3 mammospheres (axl’), no effect on size was detected (Fig. 28A).

We also analysed axI-148b aptamers ability to act on mammosphere stemness. To do so, we
counted the mammospheres at day 5 or 12 (Fig. 27E-F). No significative difference in
mammospheres number was detected for axl-aptamer treated mammospheres compared to controls
(ctrl). However, a significant decrease was observed for axl-148b aptamer treated cells compared to
controls (ctrl) and to axl aptamers only. This effect on stemness was further evaluated on the same
cells used in Fig. 27B, previously labelled, at day 5, with PKH26, a membrane dye that dilutes
every time cells divide. At day 12, mammospheres were harvested, trypsinized and single cells
analysed by FACS for their retention of epifluorescence (PKH26P""¢ and PKH26™%" cells).
Here, we observed that following axI-148b aptamer treatments, the number of positive cells was
higher than for axl aptamers treated cells or for control (ctrl) cells (85% versus 79% versus 75%).
On the contrary, there were more negative cells in control (ctrl) or axl aptamer treated cells (Fig.
27G). Importantly, axl-148b aptamer was not able to interfere with mammospheres forming ability
in SKBR3 axl" cells (Fig. 28B).
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Together, these data indicates that axl-148b aptamers reduce mammosphere size and number in axI”
cells compared to untreated or axl-aptamer alone treated ones, but they do not affect
mammospheres derived from axlI" SKBR3 cells.
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Figure 27 —AxI-148b aptamers affect mammospheres derived from axI” tumor cells. (A-B) Time-course of the
experiment for 4175-TGL breast cancer cells plated and grown in suspension for 5 days as mammospheres, left
untreated (controls=ctrl) or treated with 400 nmol/l of axl or ax|-148b or untreated and dissociated again at day 5,
replated and treated (B). (C-D) Top: representative images of 4175-TGL derived-mammospheres. Bottom: box-and-
whisker plots of sphere dimentions shown as mean+SEM of sphere lenght (um) at day 5 (C) or 12 (D). (E-F). Box-and-
whisker plots of mammosphere quantitations referring to 50 ul volume at day 5 (E) or 12 (F). (G) 4175-TGL cells
stained with PKH26 at day 5 and positive or negative units evaluated at day 12 as mean+SE percentage (%) of total
based on FACS analysis. 2 or 3 independent experiments (with triplicates) were performed and representative results
are shown. Black lines in (C) and (D) corresponds to measurements for size. ns = not significant; * p < 0.05, ** p <
0.01, *** p < 0.001. SEM= Standard Error of Mean.
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Fig. 28
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Figure 28— AxI-148b aptamers do not affect mammaospheres derived from axI” tumor cells. (A) Top: representative
images of SKBR3 derived-mammaospheres. Bottom: box-and-whisker plots of sphere lenght shown as mean+SEM of
sphere diameters (um) at day 5. (B) Table showing SKBR3 mammosphere quantitations referring to 50 pl volume at
day 5 of treatments as in Figure 5A. Black lines in (A) corresponds to measurements for size 2 experiments with
triplicates were performed and representative results are shown. SD=standard deviation. ns = not significant
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5. AxI-148b aptamers promote necrosis and apoptosis in primary tumors and block

tumor cells dissemination.

In order to evaluate the therapeutic potential of axl-148b based treatments on primary tumors and
metastatic dissemination, 4175-TGL breast cancer or MA-2 melanoma cells were injected into the
mammary gland fat pad or in the flank (subcutaneously) of NOD/SCID/IL2R null (NSG)
immunocompromised mice. Tumor growth and dissemination of Circulating Tumor Cells (CTCs)
were evaluated 32-33 days later in mice treated with PBS only or axl-148b conjugates, 100 pl
intratumor, 3 times/week starting from day 11 (4175-TGL) or 12 (MA-2), as in Fig. 29A and 30A.
The evaluation of the primary tumor mass, showed a weight reduction for 4175-TGL-derived
tumors following axl-148b aptamer injections versus controls (Fig. 29B). However, no difference

was revealed for MA-2-derived tumors (Fig. 30B).

When H&E staining were performed on these tumors, we observed increased tumor necrotic areas
for breast cancer and melanoma tumors following axI-148b conjugate treatments (Fig. 29C and
30C). ImmunoHistoChemistry (IHC) analysis for Cleavaed Caspase-3 nuclear apoptotic marker
revealed that axl-148b aptamers also induced an increase in apoptosis compared to PBS treated
mice (Fig. 29D). However, when we measured miR-148b levels in the tumors, at the experiment
end point, by qRT-PCR, no differences was found between the two groups of tumors (Fig. 31).
Considering the importance of miR-148b in cell dissemination and metastases at distant organs
(83,182), we collected Circulating Tumor Cells (CTCs) at the experiment end point. We observed a
significant reduction in number of plated CTCs for mice treated with axI-148b aptamers compared
to PBS-injected animals both from 4175-TGL (Fig. 29F) and MA-2 (Fig. 30D) originating tumors.
However, strangely enough, no difference in macroscopic lung colonies were observed for axI-148b

aptamer treated tumors compared to controls (Fig. 29G and 30E).

Before transferring any therapeutics compound to the clinic, safety needs to be evaluated. On this
side, the levels of miR-148b were measured in liver (Fig. 32B), spleen (Fig. 32C) and kidney (Fig.
32D) by gRT-PCR analysis and no differences were found between axI-148b aptamer or PBS
treated mice. At the same time, no alteration in weight were detected for the liver (Fig. 32E), spleen
(Fig. 32F) and kidney (Fig. 32G) at the end point of the experiment. No changes in organs weight

were observed, meaning that the chimera is not dangerous.

Together, these results suggests that axl-148b conjugates are powerful therapeutic tools able to
affect primary tumors by inducing apoptosis and necrosis of the primary mass and to block cancer

cell dissemination and offer the foundations for the translation to the clinic.
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Figure 29 - AxI-148b aptamers promote necrosis and apoptosis in tumors breast cancer and prevent
dissemination in mice. (A) Scheme of the experiment. Red fluorescent (RFP-expressing) 4175-TGL cells were
injected into the mammary gland fat pad of NOD/SCID/IL2R null mice. PBS or axI-148b aptamers were administered
into the tumor starting from day 11 post-injection (3 treatments/week, 300 pmol in 100 pl, 10 injections in total) and
primary tumor weight as well as circulating tumor cells (CTCs) were evaluated as number 33 days post-tumor-cell
injections. (B) Tumor pictures and box-and-whisker plots of tumor weight are shown. Boxes indicate upper, lower and
median values. (C-E) Top: representative images of formaline fixed, paraffin embedded sections of primary tumors of
H&E (C) or I.H.C (D, E) stainings. Antibodies for Cleaved Caspase-3 (D) or Ki-67 (E) were used in 1.H.C. Nuclei were
counterstained with hematoxylin (blue). Scale bar=100 pum (C) or 25 pm (D, E). Bottom: graphs show the percentage
(%) of necrotic versus total areas (C), Cleaved Caspase-3 (D) or Ki67 (E) positive nuclei versus total number of nuclei;
10 fields/each mouse. (F) Representative pictures (top) and quantitations (bottom) of CTCs at day 33 post-tumor cell
injections, evaluated as number of red-fluorescent cells obtained from blood and kept in culture for 7 days. (G)
Representative images (top) and quantitations (bottom) of whole lungs with fluorescent micrometastases at day 33 post-
tumor cell injections shown as fluorescence intensity (mean+SEM). For all analyses, n=4 or n=5 mice per group were
evaluated. mg=milligram. 1.H.C.=immunohistochemistry, H&E= hematoxilin & eosin. ns= not significant; * p< 0.05,
**p< 0.01, *** p <0.001.
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Figure 30 - AxI-148b aptamers promote necrosis in primary melanomas and prevent dissemination in mice. (A)
Scheme of the experiment. Red fluorescent (RFP-expressing) MA-2 cells were injected into the flank of
NOD/SCID/IL2R null mice. PBS or axI-148b aptamers were administered into the tumor starting from day 12 post-
injection (3 treatments/week, 300 pmol in 100 pl, 9 injections in total) and primary tumor as well as circulating tumor
cells (CTCs) were quantitated respectively as weight and number 32 days post-tumor-cells injections. (B) Tumor
pictures and box-and-whisker plots of tumor weight are shown. Boxes indicate upper, lower and median values. (C)
Top: representative images of formaline fixed, paraffin embedded sections of primary tumors of H&E stainings. Scale
bar=100 pm. Bottom: graphs showing the percentage (%) of necrotic versus total areas; 10 fields/each mouse. (D)
Representative pictures (top) and quantitations (bottom) of CTCs at day 32 post-tumor cell injections, evaluated as
number of red-fluorescent cells obtained from blood and kept culture for 7 days. (E) Representative images (top) and
quantitations (bottom) of whole lungs with fluorescent micrometastases at day 33 post-tumor cell injections shown as
fluorescence intensity (mean+SEM). For all analyses, n=5 mice per group were evaluated. mg=milligram. H&E=
hematoxilin & eosin. ns= not significant; * p< 0.05, ** p< 0.01, *** p < 0.001.
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Fig. 31
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Figure 31 — miR-148b expression in tumors treated with axI-148b aptamers. (A) Red fluorescent (RFP-expressing)
4175-TGL cells were injected into the mammary gland fat pad of NOD/SCID/IL2R null mice. PBS or axl-148b
aptamers were injected in the tumor starting from day 11 post-injection (3 treatments/week, 300 pmol in 100 pl, 10
injections in total) and miR-148b levels in tumor were evaluated 33 days post-tumor cell injections. mir-148b
expression levels were tested by gRT-PCR analysis in tumor. Results are shown as box-and-whisker plots of the fold
changes (meanxSD) relative to PBS, normalized on U6 small nucleolar RNA levels. For all analyses, n=4 or n=5 mice
per group were evaluated ns = not significant.

Figure 32 — AxI-148b aptamers are not toxic for mice. (A) Scheme of the experiment. Red fluorescent (RFP-
expressing) 4175-TGL cells were injected into the mammary gland fat pad of NOD/SCID/IL2R null mice. PBS or axl-
148b aptamers were administered into the tumor starting from day 11 post-injection (3 treatments/week, 300 pmol in
100 pl, 10 injections in total) and miR-148b levels and organs weight were evaluated 33 days post-tumor cell injections.
(B-D) mir-148b expression levels were tested by gRT-PCR analysis in liver (B), spleen (C) and kidney (D). Results are
shown as box-and-whisker plots of the fold changes (mean+SD) relative to PBS, normalized on U6 small nucleolar
RNA levels. (E-G) Box-and-whisker plots of liver (E), spleen (F) and kidney (G) weight. Boxes indicate upper, lower
and median values. For all analyses, n=4 or n=5 mice per group were evaluated ns = not significant.
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DISCUSSION

We previously reported that miR-214 inhibition and miR-148b overexpression strongly affect
metastasis formation by reducing various metastatic traits, in particular tumor cells extravasation in
which ITGAS and ALCAM, two miR-148b known targets, are involved (182). Here, we used an
anti-axl aptamer as a moiety to generate an axl-148b conjugate and specifically deliver miR-148b to
cancer cells. When tumor cells were treated with axI-148b chimeric aptamers increased expression
of the anti-metastatic miR-148b was found as well as inhibition of miR-148b target expression. In
parallel, the uptake of the multifunctional conjugates correlated with reduced cell motility and
mammosphere formation. More relevantly, following systemic administration of axI-148b aptamers,
we observed increased necrosis and apoptosis in primary tumors and reduced number of circulating
tumor cells (CTCs).

To date, the Food and Drug Administration (FDA) has approved one RNA aptamer, Macugen
(pegatinib sodium, an aptamer against the vascular endothelial growth factor (VEGF), as the
world’s first therapeutic aptamer and first RNA drug for the treatment of macular degeneration
(183). It is administered by ophthalmic intravitreous injection every 6 weeks. Other ten aptamers
have undergone clinical trials for the treatment of various conditions, including macular
degeneration, coagulation, inflammation and cancer. In particular, AS1411, a DNA anti-nucleolin
aptamer, is a promising anticancer agent able to inhibit breast, renal and lung cancer (184,185).
Instead, NOX-Al12 is an RNA aptamer against CXCL12 that, by modulating tumor
microenviroment, act on multiple myeloma, lung, colorectal and renal cancer (120,186).

Here, we took advantage of an anti-axl aptamer, known as GL21.T., generated by Cerchia et al.,
able to bind the extracellular domain of the Tyrosine Kinase Receptor axl at high affinity and to
inhibit its catalytic activity and its downstream signaling (133). In 2014, it was used as a carrier to
deliver the anti-tumor let-7g miRNAs to specific cell types in vitro and in vivo (179). Since that, it
became a moiety to target oncosuppressor miRNAs in the form of pre-miRNAs such as miR-212
(131) and miR-137 (132) to cancer cells. Interestingly, GL21.T was also conjugated to anti-miR-
222 to target the oncomiR-222 (130). To note, even when linked to different miRNAs, the predicted
secondary structure of axl-aptamer, as well as the binding to axl expressing cells and internalization,
and action in blocking axI-dependent signaling pathway, were preserved. Importantly, the miRNA
cargo was still recognized as a Dicer substrate and efficiently processed once inside the cells to
produce a mature miRNA (130,131,187). These results were in agreement with John Rossi’s group
previous studies about processing of aptamer-siRNA conjugates in cells (188), thus suggesting the
possibility to bind different oligonucleotides to aptamers and maintain their function intact.
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The natural uptake of aptamers is a major advantage since aptamer-drug conjugates depend on
cell internalization for efficacy. We demonstrated that cells expressing higher levels of axl
mRNAs, could internalize the aptamer better than cells expressing lower amounts as
demonstrated by miR-148b levels. In fact, triple negative breast cancer cells, such as
MDAMB231 and 4175-TGL, that showed 7 to 17 fold increase of axl mMRNAs compared to
A549 and MA-2 cancer cells, expressed almost twice as much miR-148b when treated with axl-
148b aptamers. This is in line with other studies demonstrating that the efficacy of drugs, such as
immunotoxins and antibody-drug conjugates (ADCs), depends on the efficiency of target-
mediated internalization to deliver the cargo to cells (189,190). Relevantly, the ability of
MDAMB231 and 4175-TGL cells to express high levels of miR148b following axI-148b aptamer
treatments is particularly appealing since these cells derive from poor prognosis triple negative
breast tumors and no effective specific targeted therapy is readily available (191). Thus, better
characterization of axI-148b aptamers may be of particular interest for the treatment of such a
killer. Interestingly, SKBR3 breast cancer cells that do not express axl receptors on their surface,
did not show miR-148b overexpression following axI-148b aptamer treatments. This further
confirmed aptamer specificity. Similarly, it was previously shown that axl aptamers did not bind
to MCF7 cells, negative for axl expression (130,133,179,180). We also showed that axl-148b
aptamer increased miR-148b levels in a time and dose dependent manner in A549 and MA-2
cells. Axl aptamer alone was also proved to have biological dose-dependent effects: in fact,
when A549 cells were incubated with increasing concentrations of aptamers (from 0 to 1000
nmol/l), inhibitory effects on transwell-migration were observed. Time and dose-response of
aptamers was also demonstrated for RLAO1, RLA02 and RLAO03 Caov-3-specific aptamers
(192).

We analyzed if miR-148b binding to axl aptamer, still retained its ability to act on its direct targets
ALCAM and ITGA5 (83,182). We showed that miR-148b conjugation to axl didn’t alter the
inhibition of ALCAM and ITGAS. This was in agreement with the papers in which axl aptamer was
bound to other miRNAs (187,180).

We proved that axI-148b aptamer was able to act on cell movement in vitro. miR-148b involvement
in decreasing cell motility was demonstrated in melanoma (78,182), breast (83,182) and non-small
cell lung (158) cancer and hepatocellular carcinoma (193). Also axl aptamer was known as a
migration inhibitor (133). We interestingly demonstrated that miR-148b conjugation to ax| aptamer
allows both molecules to decrease cell movement and migration is synergistically blocked. On the

other hand, in our experiments mir-148b had no effect on cell proliferation. This was not surprising,
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in fact we previously showed that miR-148b didn’t affect proliferation in breast cancer and
melanoma models (83,182). Similarly, in vivo proliferation of primary tumors was not affected by
axl-148b injections. Conversely, overexpression of miR-148b inhibited hepatocellular carcinoma
(HCC) HepG2 cells proliferation (194). On the other hand, functional studies demonstrated that
plasmid-mediated overexpression of miR-148b promoted cell proliferation in the 786-O and
OS-RC-2 renal cancer cell lines (195). These opposite results suggests that miR-148b role on cell
proliferation strongly depends on the type of cancer analysed.

To test axI-148b aptamer ability to work in a 3D model, we used the multifunctional conjugate on
mammospheres. Xiang et al., demonstrated that EpCAM aptamer could effectively penetrate into
the tumorsphere cores and remains in tumorspheres for at least 24 h (196). Importantly, axl aptamer
was able to reduce tumorsphere size generated from a glioblastoma cell line or from samples
derived from patients (132). We analysed the compound’s ability to act on mammospheres size and
stemness. Cancer Stem Cells (CSCs) are cancer cells able to give rise to all cell types of a cancer
sample. CSCs show great tumorigenic potential: in fact they may generate tumors through self-
renewal and differentiation into multiple cell types (197). We observed a reduction in
mammosphere size and number when treated with axI-148b aptamer. Esposito et al., demonstrated
that axI-137, together with PDGFRf3-anti-10b aptamer, selectively targeted Glioblastoma-Stem-like
Cells (GSCs) (132). Interestingly, miR-148b was proved to suppress hepatic cancer stem cell by
targeting neuropilin-1 (198). In 4175-TGL mammosphere PKH26 labelled cells, the percentage of
dye positive cells was higher for axl-148b aptamer treatment compared to untreated or axl-aptamer
treated cells. This could possibly be related to the interference of miR-148b with stemness or cell
death. In HCC, miR-148b induced cell apoptosis by activating caspase-3 and caspase-9 (194). miR-
148b involvement in enhancing apoptosis was also confirmed in cervical cancer (199) and pituary
adenoma (200). All these studies confirm the role of miR-148b in inducing cell death and could
possibly explain what observed in xenotraplants (necrosis and apoptosis).

Another important result obtained with axl-148b aptamer treated mice, was the strong reduction in
cancer circulating cell number. For the first time a chimeric aptamer has been reported to act on
CTCs and this gives hope for the treatment of metastatic tumors. A backbone-modified DNA
aptamer against E-selectin (ESTA) was also proven to act on circulating tumor cells. Particularly,
ESTA blocked the shear-resistant adhesion of CTCs within the premetastatic niche by blocking the
binding of CD44 to E-selectin (201). Our results, let us hypothesize that the reduction of tumor
mass in treated mice, lead to the reduction of the number of the escaping cells. So, treatments of

primary tumors with ax|-148b should lead to decreased tumor progression. On this side we still do
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not have positive results. In fact, no reduction on lung metastatization was detected. This could be
due to our treatment protocols, therefore we need to plan different experiments with, for instance,

earlier treatments.

Aptamers can be administered by either intravenous, subcutaneous or retro-orbital injection. With
good solubility (>150 mg/mL) and comparatively low molecular weight (aptamer: 10-50 kD;), a
weekly dose of aptamer may be delivered by injection in a volume of less than 0.5 mL. Aptamer
bioavailability via subcutaneous administration was >80% in monkey studies (202). AxI aptamers
in combination or not with miRNAs were previously delivered in mice by caudal vein (133,203) or
retro-orbital (187) injections with successful functional effects. In our experiments, we opted for a
local intra-tumor delivery obtaining a reduction of tumor weight in some cases, increased necrosis
and apoptosis and a block of tumor cell dissemination. In vitro studies on ax|-222 aptamer stability
were performed (203). The conjugate was incubated in human serum for increasing times up to one
week and it was stable up to approximately 8 hours, then gradually degraded suggesting a trial with

tail vein injections (203). Alternatively, we are considering pulmonary administrations via aerosol.

The major hurdle to in vivo delivery of therapeutics is represented by toxicity. Although aptamer
caused adverse events are rare in clinical evaluations till now, potential toxicity may come from
unexpected tissue accumulation, intensive chemical modifications and nonspecific immune
activation (183,204,205). Negatively charged molecules (e.g. nucleic acids) may bind to blood
proteins in a non-specific way, resulting in an uptake by non-target tissues and causing side-effects
(206). Unnatural oligonucleotides may cause chemical toxic effects or be immunogenic: in fact,
LNA-modified nucleic acids may give hepatotoxicity (207). To increase axI-148b stability, we
substituted the pyrimidines with 2’-F-Py. This modification was reported to be tolerated with low
toxicity (208) as it was also present in Macugen. AxI aptamer in vivo experiments demonstrated no
toxicity since inflammatory cytokines were nor increased in liver and spleen of treated animals
(130,187). In our experiments, no increase in liver, kidney and spleen weight was detected. To note,
we showed that the amount of miR-148b and targets downmodulation depend on the level of axI
expression on the cell surface, suggesting that non-target cell effects due to aptamer internalization

into low-axl cells should be negligible.

In the first chapter of this thesis, we demonstrated that miR-148b, together with miR-214 takes part
on a miR-ON-miR regulatory axes. In particular, we proved that simultaneous miR-214 inhibition
and miR-148b overexpression in cells successfully reduced metastasis dissemination. Here, we
demonstrated that aptamers are important tools to deliver miR-148b. At the moment, we did not

developed an aptamer to target miR-214 expression, but it is feasible since, axl aptamer was already
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linked to anti-miR-222 (130). However, delivering miR-148b and miR-214 in cancer cells using the
same aptamer may lead to competition between axI-148b and axl-anti-miR-214 for axl receptors
binding. A possibility is represented by the use of two different aptamers as carriers to deliver the
two miRNAs as in (132). We could even speculate to target ITGAS with a specific aptamer
conjugated with miR-214 or bind a sponge sequence for miR-214 to an aptamer. Alternatively, we
can act on miR-214 and miR-148b with two different strategies: an axI-148b aptamer and an anti-
miR-214. In our lab we already tested a chemically modified anti-miR-214 by Regulus
Therapeutics. We injected this compound in mice carrying miR-214 overexpressing melanomas or
breast cancers and observed a strong impairment of lung/local lymph node metastatization and
number of circulating tumor cells (Mol Therapy, Dettori et al., under revision). Coupling these two
strategies (axl-148b+anti-214) may be of particular interest for a combined therapy.

In summary, in this work we provided the characterization of an aptamer-based conjugate and
showed that it can act as a multifunctional molecule for a selective in vivo target delivery of miR-
148b. This chimeric aptamer was able to specifically act on primary tumors by inducing apoptosis
and necrosis and to reduce the number of circulating tumor cells. Better characterization of axl-

148b are still needed, but the data obtained till now give hope for target therapy in cancer medicine.

109



110



CONCLUSIONS

We started from previous observation that demonstrated the capability of:

-miR-214 to promote melanoma and breast cancer metastasis dissemination by increasing
migration, invasion, extravasation/survival of melanoma cells via a pathway involving

transcriptions factors and adhesion molecules (78);

-miR148b to oppose tumor progression, acting directly on the integrin signaling players ITGAD5,
ROCK]1, and PIK3CA/p110a (83);

-miR-214 to downregulate miR-148b in tumor cells with the consequent upregulation of specific
miR-148b direct targets such as ALCAM and ITGAS (137).

In order to explore the relevance of miR-214 and miR-148b for miRNA-based therapeutic
interventions in melanoma and breast cancer, we analysed the dissemination of miR-214-depleted
and miR148b-overexpressing cells in mice by specifically investigating various metastatic traits and
molecular players. We proved that the simultaneous downregulation of miR-214 and upregulation
of miR-148b in tumor cells inhibited metastasis formation in mice in a more effective manner than
single modulations. Furthermore, we evidenced that dual miR-214/miR-148b targeting reduced
extravasation of tumor cells in vivo, by impairing the expression of the adhesion receptors ITGAS
and ALCAM, two miR-148b direct target respectively involved in tumor-ExtraCellular Matrix
(ECM) and cell—cell interactions. These results gave hope for the efficacy of combined miRNA
therapeutic interventions and proved the relevance of interfering on miR-214-miR-148b axis to
target cancer progression. Starting from these results we aimed at developing tools to attack cells
from the outside and eventually with specific delivery to target miR-214 miR-148b with a possible
transfer to the clinics. Based on the success observed with the systemic injection of anti-122
(Regulus Therapeutics) in HCV patients (90), our lab set up a collaboration with Regulus
Therapeutics and demonstrated the inhibition of metastasis dissemination in mice carrying miR-214
overexpressing melanomas and breast cancers (Mol Therapy, under revision). In parallel, | tried to
develop a conjugated axI-148b aptamer (in collaboration with de Franciscis lab) to administer to
mice bearing axl-expressing tumors. Relevantly, aptamers have already been proven effective to
treat different pathological conditions (184,209). We showed that axl-148b are, in fact, specific for
axl-expressing cells since increased miR-148b levels can be seen only in cells expressing axl on
their surface. Moreover, we proved that axI-148b modulates tumor cell metastatic traits in a manner

similar to pre-148b (following transfections or lentivirus transduction). More importantly, axI-148b
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injected into the primary tumors led to tumor regression (necrosis, apoptosis) and block of tumor
cell dissemination measured as circulating tumor cells (CTCs) in the circulation. Taken together, all
these results, indicate that axl aptamer works in a selective manner to convey miR-148b inside the
cells. In fact, only axl-expressing cells show increased levels of miR-148b in an aptamer

concentration and time dependent manner.

This study opens the possibility to act on miR-214 miR-148b axis using aptamers to overexpress
miR-148b. We plant to develop a new conjugated aptamer carrying anti-miR-214 or a sponge

against miR-214.

In Summary, from our work, we believe miR-214 miR-148b axis is a relevant target for therapy and
that chimeric aptamers are promising tools that can help to inhibit metastatic traits on their own or

in combination with traditional anti-cancer therapies (Fig. 33).

Figure 33 — (A) Scheme of cancer progression: in tumor condition, cancer cells may intravasate, survive in blood
circulation, extravasate and give rise to metastases at distant organs. (B) Scheme of Chapter I. We injected modified
tumor cells (miR-214 depleted and miR-148b overexpressing) in the tail vein of mice and observed impaired tumor cell
extravasation and metastatization. (C) Scheme of Chapter 1l. We injected axI-148b aptamer in the tumor of mice and
showed tumor regression and a decrease of Circulating Tumor Cells.
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APPENDIX

Papers published by the candidate during the Ph. D.

“miR-214 and miR-148b targeting inhibits dissemination of melanoma and breast cancer” F.
Orso*, L. Quirico*, F. Virga, E. Penna, D. Dettori, D. Cimino, , R. Coppo, E. Grassi, AR Elia, D.
Brusa, S. Deaglio, M.F. Brizzi M. Stadler, P. Provero, M. Caselle and D. Taverna; Cancer Res
September 1 2016 (76) (17) 5151-5162; DOI: 10.1158/0008-5472.CAN-15-1322.

*: equal contribution

Papers in preparation

“AxI1-148b aptamer inhibits melanoma and breast cancer tumor” L. Quirico, F. Orso, C. L.
Esposito, L. Conti, F. Cavallo, V. de Franciscis, D. Taverna. In preparation

“miRNAs in tumor-endothelial cell interactions”, F. Orso, D. Dettori, L. Quirico, R. Coppo, F.
Virga, L. C. Ferreira, C. Paoletti, D. Baruffaldi, E. Penna and D. Taverna. Review in preparation
for CMLS (invited).

“miR-214 promotes loss of polarity, multiacinar formation, EMT and malignancy of breast
cells via the miR-148b-regulated TGF-beta pathway” |. Vercellino, F. Orso, L. Quirico, M.

Sciortino, M. Caselle, S. Cabodi and D. Taverna. In preparation

“ESDN/DCBLD2/CLCP1 protects from melanoma progression by inhibiting E-selectin
expression in endothelial cells” R. Coppo, F. Orso, D. Dettori, F. Virga, E. Grassi, L. Quirico, L.
Nie, P. Provero, M. Mazzone , M.M. Sadeghi and D. Taverna. In preparation
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