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SUMMARY

The control of gene expression is a fundamental process to bring the-g
nome to life, and it pervades most of biology, from cell proliferation and
ferentiation to development. It is well recognized that gene expression is
regulated at several levels. Cells need to integrate intrinsic and envime
mental information and coordinate multiple regulatory mechanisms of gene
expression to properly exert biological functions.

Mis-regulation of gene expression at any level can lead to diseaséhe
various steps in the pathway from DNA sequence to proteins seem to be
connected and coadinated with each other. Postranscriptional control is
mediated by various combinations of RNAinding proteins (RBPsS) that a-
termine the fate of the taggedranscripts and that seem toregulate specific
subsets of MRNAs.

Small interfering RNAs and mimRNAs, together with protein effector
complexes, can also control the degradation and translation of targetan-
scripts;

MicroRNAs (miRNAs) are singlestranded RNAs (ssRNAs) of 25 nu-
cleotides in length that are generated from endogenous hairpishaped
transcripts! and they function as guide molecules in posgranscriptional
gene silencing by base pairing with target mRNAs, which leads to mRNA
cleavage or translational repression.There is a growing number of reports
that link miRNAs to the regulation of pathwaysassociated with human ds-
eases such as cancer, neurological diseases and most recently also with viral
and metfabolic diseases.

Modified synthetic anti-miRNA oligonucleotides (AMOs) are useful tools
in specifically inhibiting individual miRNAs, thereby hdping to unravel the

function of miRNAs and their targets. Similar to antisensbased oligornu-



cleotides (ASOs), AMOs may contribute to the prioritization of pharmaceiut
cal targets and have the potential to eventually progress into a newlass of
therapeutic agents.Among these, the peptide nucleic acids (PNAs) show a
great potential as therapeutic and diagnostic reagents, due to their highef-a
finity and specificity for complementary nucleobase sequaces and to their
higher resistance to enzymatic degradatio than the correspading natural
nucleic acids.

PNAs are compounds that are analogous taigonucleotides, but differ in
composition. In PNAsin fact,the deoxyribosebackbone of olgonucleotide is
replaced bysubunits of peptide backbone constituted by repeating units of
N-(2- aminoethyl)glycine and attached to a nucleobase through a methylene
carbonyl linker. As PNAs bindselectively and effectivelyto both DNA and
RNAthey can target mMRNA, miRNA or DNAaterfering in transcription and
translation.

In this work PNA based molecules designed to interfere in the maturation
of mMiIRNA and gene expression were obtained.

To achieve these goalsfirstly a new, efficient and inexpensive protocol to
obtain PNAby Fmoc sold-phase synthesis was deveped.

The new protocol involves the PNA monomer activation with HOBt and
HBTUin place of HATU, a more expensive activatorsand NMM in pyridine
as a basein place of DIPEA and Lutidindstandard bases) Furthermore a
comparison between standard and new protocol revealed that yields using
the new coupling conditions were significantly improved.

To interfere in the miRNA function PNA antpremiR were obtained. PNA

OANOAT AAO OAOCAOET ¢ OEA ¢ OAT OA OACEIT e

(PNA 6) of the premiR210 were designed.
To improve PNA deliveryin cells, conjugaton to cell-penetrating pep-
tides, suchas Tat peptide, and nuclear localization signal (NL&nd biNL9

peptides was carried out Furthermore, in order to demonstrate that the -



signed PNAs were abldo bind to the premiRNA210 a Thiazole Orange
(TO) modified PNA for fluorescence studies was obtainedrinally, with the
aim to verify whether these molecules were capable of entering the cells
some FITC modied PNAs for FACS experiments were synthesizéab.

Fluorescence studies indicated that PNA 5 is able to hybridize efBaitly
with target RNA sequencesbut FACS experiments revealed in a quaditve
manner that alow cellular uptake limits the potentialities of designed oi-
gomers.

A further aim of this project was the synthesis and the characterization of
new modified PNA monomers Several PNA analogues with modification on
the backbone and bases have been obtained so far in the attempt to pve
come solubility, uptake and aggregation issues and racently investigated
family of PNA analogues is represented by gamma Peptide Nucleic Acid
(gPNA), PNA derivatives bearing a substituent, usually corresponding to the
side chain of a natural amino acid, in the gamma piti®n of the backbone.

Several analogues have been explored so far, having methyl, hydyex
methyl, thiomethyl, aminobutyl and guwanidinium groups attachedand stud-
ies showed that the introduction in gamma position of a functional group
leads to an improvement of PNAoligomer features, such as a high pre
structural organization as well as a better ability to invade a mixed sequence
DNA double helix.

In this work gsulphate PNAs were investigatedProtocols for the synthe-
sis of the four PNA monomers having the sulphate group in the gamma pos
tion of the backbone and of oligomers aaaining sulphate monomerswere
set up. The conformational preferences of the PNA mamers were invest-
gated by NMR. Studies on the secondary structure of a polypirimidinei-ol
gomer were carried out by CD. The ability of the modified oligomer to inte
act with DNA, the specificity and affinity of binding were investigated by UV
and CD.

10



Finally, the ability of the sulphate PNA to interfere with the trascription
of the ErbB2 gene on ahuman cell line overexpressing ErbBA SKBR3),by
FACS and gPCR was explored.

11



CHAPTER1

INTRODUCTION

1. GENE REGULATION

Regulation ofgene expression is fundamental for theoordinate synthe-
sis, assembly and localization of thenacromolecular structures of cells.
This is achieved bya multi-step program that is highly interconnected and
regulated at diverse levels (Figire 1).

Gene regulation can occur at three possle places in the production of an
active gene produc?. First, the transcription of the gene can be regulated.
This is known astranscriptional regul ation 4. When the gene is transcribed
and how much it is trarscribed influences the amount of gene product that is
produced. Second, if the gene encodes a protein, it can be regulated at the
translational level. This is known astranslational regulation . How often
the mRNA is translated influences the amount of gengroduct that is ob-
tained. Third, gene products can be regulated after they are completelyrsy
thesized by either post-transcriptional or post-translational regulation
mechanisms. Both RNA and protein can be regulated by degradation torco
trol how much active gene product is preserit Both can also be subjected to
modifications such as the methylation of nucleosides in rRNAn¢ extensive
modifications made to tRNAs (over 80 modified nucleosides have beer-d
scribed), or the phasphorylation of responseregulator proteins?.

These modifications can play a major role in the function of the gene
product. In general, every step that is required to make an active gepeod-
uct can be the focus of a regulatory event. In practice, most bacterial regul

tion occurs at the transcriptional level. Transcriptional regulation is thought
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to be more frequent because it would be a waste to make the RNA if neither
the RNA nor its eroded protein is needed.

Gene regulation starts in the nucleus, where transcription factors bind to
specific DNA sequences proximal to the genes they regulate and recruit RNA
polymerases for RNA synthesis. As soon as RNA precursors are formed, they
get covered by a host of proteins forming ribonucleoprotein complexes
Messenger RNAvinding proteins (MRBPs) associate with nascent mRNA
precursors and mediate dverse RNA processing reactions including end
capping, splicing, editing, end cleaage and polyadenylation. The transcripts
are subsequently exported through nuclear pores to the cytoplasm where
they may undergo localization to subcellular regions by compkes consis
ing of motor proteins and RBPs or by the signal recognition particle

The transcripts assemble with translation factors and ribosomes for -
tein synthesis, which is controlled by global or transcriptspecific mecla-

nismsto,

2, [ jCleavegeand
 polyadenylation

Figure 1: Gene exprasion is controlled at multiple steps: Transcriptional control (DNA
binding proteins); PostTranscriptional control (RNA binding proteins); Post
Translational control;

13



Finally, mMRNAs undergo exonucleasenediated degradation by diverse
decay pdahways!l. The fate and location bproteins can be further cantrolled
through modification of specific amino acids, cleavage by sigpecific prote-
asesand degraddion through the proteasome. The majority of studies to
date have focused on transcriptional control mechanisms, but the impo
tance of posttranscriptional mechanisms in regulding gene expression in
eukaryotes is becoming increasingly clear.

Posttranscriptional regulation of gene expression plays important roles
in diverse cellular processes such as development, metabolism and cancer
progressions. Whereas many classical studies explored the mechanistics and
physiological impact on specific MRNA substrates, the cent develgpment
of genomewide analysis tools enables the study of podranscriptional gene
regulation on a global scale. Importantly, these studies revealed distinct
programs of RNA regulation, suggesting a complex and versatile post
transcriptional regulatory network 12, This network is cantrolled by specific
RNAbinding proteins and/or non-coding RNAs, which bind to specifices
guence or structural elements in theRNAs and thereby egulate subsets of
MRNAs that partly encode functionally related proteins.

Over the past decade, small RNAs emerged as a new class of legyla-
tors of eukaryotic biology, helping to control cellular metabolism, growth
and differentiation, to maintain genome integrity and to combat viruses and
mobile genetic elementss3.

This diverse class of RNAs includes small interferg RNAs (SIRNAS), m
croRNA (miRNAs) and PIWinteracting RNAs (piRNAs)4, all of which ass-
ciate with multiple protein components within a complex to regulate pa
tially or perfectly complementary transcriptss. The common feature of RNAI
and all related smallRNA-mediated silencing pathways is the associatio of
a small silencing RNA (also known as a guide RNA in this context) with a

protein of the Argonaute family. The resultant proteigRNA complex forms
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the minimal core of the effector complex known as the RISC. Within the
RISC, the small RNA functions assequencespecific guide that recruits an
Argonaute protein to complementary target transcripts through base
pairing interactionsté. The target transcripts, typically mRNAs, are thenie
ther cleaved or prevented from being translated by ribosomes, leading to
their degradation. Throughout evolution, the Argnaute family has diverged
into specialized clades(or subfamilies) that recognize different small RNA
types and confer the specific effects of the various smalNA silencing
pathways.

Both siRNAs and miRNAs associate with members of the AGO claderef A
gonaute proteins, whereas piRNAs bind to those of ¢hPIWI clade. In classic
RNAI, which is elicited by siRNAs, Argonaute proteins silence targeted
MRNAs by catalysing their endo nucleolytic cleavage, a process known as
slicing. The PIWI clade of the Argonaute protein family is thought to use Gli
ing in piRNA-mediated silencing of mobile genetic elements in the germ

linel” (Figure 2).

Figure 2. Double-stranded RNA (siRNA) entering the Argonaute Complex.
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To function as an effector of smalRNA-mediated silencing, the Argnaute
protein must bind to the guide RNA strand, eject the neguide (passenger)
strand of the siRNA or miRNAmMIRNA* duplex (where miRNA* is the ps

senger strand) during loading, and subsegently recognize the target RNA.

1.1. MICRARNAS

MicroRNAs are a class of 25 nucleotide-long non coding RNAs that
modulate gene expression through canonical base pairing between the seed
sequence of MIRNA ( nucleotides B-AO0 EOO uvd Al méntanpi A EOO
OAAA 1T AOAE OANOAT AA j xEEAE EO BOAOGAT O EI
MiRNAs have a peculiar biogenesigirst, they are transcribed as primary
(pri-miRNAs) by RNA polymerase Il. Each pmiRNA contains one omore
hairpin structures that is recognized and processed by the microprocessor
complex, which consists of the RNase Il type endonuclease Drosha and its
partner, DGCRS (lgure 3) .
The microprocessor complex generates a 7Qucleotide stem loop known
as the precursor miRNA (premiRNA), which is actively exported to the g-
toplasm by exportin 5.In the cytoplasm, the premiRNA is recognized by
Dicer, another RNase Il type endonuclease, and TAR RNiAding protein
(TRBP; also known as TARBPZ2). Dicer cleaves this precursor, generating a
20-nucleotide mature miRNA duple*®. Generally, only one strand is selected
as the biologically activ mature miRNA and the other strand is degraded.
The mature miRNA is loaded into the RN#duced silencing complex
(RISC), which contains Argonaute (Ago) proteins and the singiranded
MiIRNAZO,
Mature miRNA allows the RISC to recognize target mRNAs through partial

sequence complementarity with its target. In particular, perfect base pairing
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between the seed sequence of th@iRNA (from the second to the eighth o-

cleotide) and the seed match sequences in the mMRNARBIR iscrucial?l.
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Figure 3: miRNAs biogenesis and mechanisms of action

EIF4E 'Ribosome Target repression

The RISC can inhibit the expression of the target mRNA throughio main
mechanisms that have several variations: removal of the polyA tail (dead
nylation) by fostering the activity of deadenylases (such as CCRMOT), fd-
lowed by mRNA degradation and blockade of translation at the initiation
step or at the elongation;

Therefore RISCs use the small RNAs as guides for the sequespecific S-
lencing of messenger RNAs that contain complementary sequence through
inducing the degradation of the mRNAs or repressing their translation. In
addition, in certain organisms, a speaiized nuclear Argonautecontaining

complex, known as the RNAnduced transcriptional silencing complex
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(RITS), mediates transcriptional gene silencing by inducing heterochromatin
formation 4.

The first glimpse into the new world of small RNAs came with seminal
papers from Ambros, Ruvkun and colleagues: they reported thdin-4 and
let-7, the first miRNA genesidentified, control developmental timing in
nematodes by modulating the expression of other genes at the pest
transcriptional level22.

The first discovery providing evidence that gene regulation mediated by
small RNAs of 22nt may exist in species beyond worms came from Ba
quinelli et al.23. They found that let7 RNA expression can be detected in a
wide range of animal species, including vertebrate, ascidians, hemichordate,
mollusc, annelid and arthropod. Other 3 members of thdet-7 family were
identified in C. elegansand at least 15 in human, but only one iroso-
phila24. This extensive conservation strongly indicated a more general role
of small RNAs in developmental regulation, as supported by the recent cha
acterization of miRNA functions in metazoan organisms.

The second discovery, suggesting the widespread existence of miRNAs
was the finding that small interfering RNAs of about 22nt lenght (SiIRNAS)
are central to RNA interference (RNA#Pp.

Generally, each miRNA is thought to regulate multiple genes, hundreds of
MiRNA geneswere predicted (Lim et al. 2003b) aml several hundreds have
been already cloned and sequenced fror@.elegans, Drosophila, Arabidopsis,
mice and humarié. The hrge number of mMiIRNAs and homologous sequences
of many miRNAs among organisms suggest that these RNAs might constitute
an abundant and conserved component of the gene regulatory machinéty
Several studies have indicated that the 5' endf the miRNA is crucial for the
stability and proper loading of the miRNA into the miRISC complex, and this

end is also important for biological function.
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Recent studies have revealed that miRNAs have key roles in diverse ueg
latory pathways, including cantrol of developmental timing, haemabpoietic
cell differentiation, apoptosis, cell proliferation and organ develpment?2s,

MicroiRNAs and their targets seem to form complex regulatory networks.
For example, a sinlg miIRNA can bind to and regulate many different mRNA
targets and, conversely, several different miRNAs can bind to and cooper
tively control a single mRNA target.

Recent work by the Bartel and Burge laboratories predicted that over one
third of all human genes are targeted by miRNAs.

Consequently, the unique combination of miRNAs that are expressed in
AAAE AAI 1 OUPA T ECEO AEEAAAO 1T 0 OAAI PAI
MRNAS.

Because miRNAs potentially have a broad influence over several diverse-g
netic pathways,the deletion or misexpression of these small RNAs is likely
to be pleotropic and contribute to disease, including cancer.

They function as posttranscriptional repressors of their target genes
when bound to the specific sites in the untranslated region (UTR) of the
target mMRNAS. To date, only a small number of miRNAs are known for their
biological functions. For example, bantam RNA from Drosophila
melanogaster suppresses apoptosis and stimulates cell proliferation. Being
expressed in a temporal and tissuespecific manner,bantam RNA regulates
tissue formation during development. Another nematode miRNAsy-6RNA,
was identified in a genetic screen for lefiright asymmetry of neuronal
chemoreceptor expression.Lsy6RNA targetscogl, which encodes a tra-
scription factor30,

In mammals, miR-181 is involved in the corirol of haematopoiesis
through asyet-unknown targets. More recently, miR-196 miRNAs were
shown to repress the expression of theHoxB§ which encodes a transcip-

tion factor that is important in developmental regulatior’l; miR-196 family
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RNAs are the first examples of anial miRNAs that cause target mRNA

cleavage rather than translational repressior(Table 1).

MIiRNA Function Known targets Species
Lin-4 Developmental timing lin-14, lin-28 Ce
Let-7 Developmental timing lin-41, hbtl Ce
Lsy6 Neuronal patterning cogl Ce
miR-273 Neuronal patterning die-1 Ce
bantam Cel _deatr_], hid Dm
proliferation
miR-14 Cell death, fat storage | Caspase? Dm
miR-181 Haematopoiesis ? Mm
: HoxB8, HoxC8,
miR-196 Devevelopment HoxD8, HoxA7 Mm
miR-143 ;Ai\()drl]pocyte differentia- 5 Hs
miR-375 Insulin secretation Myotrophin Mm

Table 1: microRNAsfunctions

Another D. melanogastemiRNA, miR14, is astrong suppressor of ap@-
tosis32. In addition, mR-14 also seems to have unrelated functions in thB.
melanogaster stress-response pathway and in regulating fat metabolism.
Other characterized miRNAs have essential functions during dev@ment
and direct the proper differentiation of cells into varioustissues. kamples
include miR-273, which is involved in patterning theC. eleganservous sys-
tems33; miR-430 in Danio rerio brain development; miR375 in mammalian
pancreatic isletcell development and the regulation of insulin sea@tion34;
miR-143 during mammalian adipocyte differentiatior?s; miR-196 in mam-
malian limb patterning3¢; and the miR1 genes during mammalian heart d-
velopment37.

In small-sized viral genomes, miRNAs offer an efficient @ans to specif
cally inactivate host cell defense factors compared to virally encoded @r
teins. Several recent reports describe miRNAs cloned from a variety o v

ruses such as herpes viruses and human immunodeficiency virus 1 (HIV
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1)38, Pfeffer et al. identified five miRNAs in EpsteiBarr virus (EBV) and

nine miRNAs encoded by human cytomegalovirudHCMV}$9, while, simulta-

-

T AT 001l uh #AE AO A1l 8 & O A Al-akddated | E2 .

virus (KSHVY0. Finally, recent evidence indicates that miRNAs might also

function as tumour suppressors and oncogengd-igure 4).

b MicroRNA functioning as a € MicroRNA functloning as an oncogene
ressor

tumour suppi

Figure 4: MicroRNAs can function as tumour suppressors or oncogenes.

The first indication that miRNAs could function as tumour suppressors
came from a report by Caliret al. that showed that patients who were dig-
nosed with a common form of adult leukaemia, 8ell chronic lymphocytic
leukemia (CLL), often have deletions or downregulation of tw clustered
MiRNA genesmir-15a and mir-16-141. A recent report by Cimminoet al.
showed that miR-15a and miR-16-1 negatively regulate BCL2 which is an
anti-apoptotic gene that is often overexpressed in many types of humanita
cers, including leukaemias and iImphomast2.

Therefore, it is thought that the deletion ordownregulation of mir-15a
and mir-16-1 results in increased expression of BCL2, promoting Ue

kaemogeneis and lymphomagenesis in haematopoietic cells.
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Additional studies have shown a strong correlation between abrogatedxe
pression of miRNAs and oncogenesig-or example, mature miRNA levels of
miR-143 and miR 145 are significantly reduced in colorectal tumour43. An-
other report demonstrated that miR-21 is upregulated in glioblastoma (Ta-
ble 2).

miRNA Gene loci Cancer association Function

miR-15a, miR16-1 | Chromosome 13q14 Frequently deleted or| TS
downregulatedin B-cell
chronic lymphocytic
leukemia

miR-143, miR145 Chromosome Sq3233 Dowregulated in breast,| TS
prostate, cenical and
lymphoid cancer cell
lines

miR-21 Chromosome 17g23.2 | Anti-apoptotic ~ factor: | OG
upregulated in glioblas-
tomas and breast cancer

let-7 family mam- | Multiple loci Negatively regulate the| TS

bers Ras oncogenes

miR-142 Chromosome 17922 Associate to Leukenia N/A

BIC/miR-155 Chromosome 21921 Upregulated in breast| OG
cancer

mMiR-17-19b clwster | Chromosome 1393132 | Found in Hepatocelular | TS/OG
carcinoma

Table 2: MicroRNAs that are associated with human cancers

Therefore, in a global sense, miRNAs mightration to drive cells into a
more differentiated state, and the expression profile®f miRNAs in timours
compared with normal tissues might represent the degree of diffeentiation
in those cells. These studies implied that abnormalities in miIRNA expression
might directly result in the de-differentiation of cells, allowing tumour for-

mation to occur.
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1.1.1.ANTAGOMIR

With the identification of a vast number of miRNAs, each carrying a long
list of putative targets, the challenge is now to understand their biolgical
function. Much of the progress in understanding miRNA function to datde-
rives from inhibition studies with antisense oligonucletides (ASOsY¥. The
importance of such reagents also is that microRNA targeting represents a
novel and undeveloped approach toward potential therapeutic applicatins.
Where a deldion or a mutation is present in the miRNA gene itself, a ther
peutic approach could entail exogenous delivery of corrective synthetic
MiRNAs in the form of (siRNAike) dsRNA. This principle was first dema-
strated in vitro by Zeng et al., who showed in anodel system that partially
complementary siRNAs can inhibit target mMRNAs by miRNKke transla-
tional inhibition 45.

Oligonucletides (ON) or analogs that inhibit miRNAs were cdled an-
tagomir and they function essentially by a steric block, RNase -H
independent and RIS@ndependent, antisense mechanism through co-
plementary binding to the microRNA sequence (Figuré).

The cellular outcome of such binding is still unclear, with reports arguingie
ther in favor of a mechanism based on simple sequestration by stoichiortre
ric complex formation between the mature microRNAand the ON inhib-

tor46, or in favor of a yet unknown mechanism by which complex faation

leads to degradation of the target microRN&. The result of hese mecla-

nisms is marked by the inhibition of microRNAMRNA complex and cons-

guently by the interference of the gene transcription process.

Over the past decade, however, microRNAs inhibition BN has not proven
to be a robust or generally reliable techntingy. In fact, natural oigonucleo-

tides have somaunfavorable features:
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Figure 5: Interference with the miRNA pathway using synthdt oligonucleotides. Inhib-
tion of miRNA activity may be achieved by introducing antmiRNA oligonucleotides
(AMOs) fully complementary to the primiRNA, the premiRNA or the mature miRNA.

First of all, as they are, they cannot penetrate spontaneously into the céli
is usually necessary to employ a commercially availébd cationic lipid or
other transfection reagent), and even if they were to succeed, they would be
immediately subjected to enzymatic cleavage of the endonuclease ang-e
onuclease.

Furthermore, it has been difficult to identify oligonucleotides that act as
potent inhibitors of mMIRNASs in particular and of g@ne expression in geeral
because of the difficulties in predicting the secondary structures of RNA. Due
to the secondary structures of RNAhere is a limited number of freely acce-
sible regions, therefore a high number of oligomers need to be screened to
identify those (or the one) which efficiently works.

For these reasons the need for antisense oligomers that are mopetent
and more selective has been widely recognized and has led to the deyelo
ment of chemical modifications to improse binding and selectivity (Figure
6).
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The introduction of phosphorothioate linkages (PS), for example, po-
foundly influences the proprieties of antisense oligonucleotides. PS kage
not only enhance the nuclease resistance but also improve pharmadoktic
properties by promoting binding to serum proteins, greatly increasing in
vivo half-life, thereby facilitating the development of oligonucleotide
drugs?*. Another strategy for improving the efficiency of antisense oligon-
cleotides is to increase the difference between their affinity for their n-

tended targets and their propensity to bind to nontargeted molecules.

The ¢ ®-methyl -group (OMe) is one of the oldest, simplest anchost of-
ten used modifications to oligonucleotides. The methyl grouplecreases the
susceptibility to nuclease degradationand improves binding affinity to RNA
compared to unmodified sequences. Fullynodified OMe oligonucleotides
have been used to correcaberrant exon splicing in cell8, and mixed bak-
bone OMe/DNA hybrid antisense oligonucleotides are also being pursued in

clinical studies. Hutvagner et al. successfully demonstrated inhibition of let
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7 function in HelLa cells, as well as C. elegans larvae, usingn3dr OMe
AMOS1,

¢ ©-Methoxyethyl (MOE)modified oligonucleotides have higher affinity
and specificity to RNA than their OM&nalog$2. Concerning their applia-
tion in MiIRNA research, Esau et al. transfected separately M@BOstarget-
ing 86 human miRNA into cultured human preadipocytes to address the role
of miIRNAs in adipocyte differentiation. By following gene expression pr
files of five marker genesthey found miR-143 to be involved in this process
through regulation of ERK5protein levels. Treatment of adipocytes with a
MOE AMO complementary to miRl43 effectively inhibited the differenti a-

tion process, whereas negative controls were inactive.

Locked nucleic acid (LNA)-I T AEAEAA T 1 ECT 1T OA1 A1 OEAAO
Omodified2 . ! ET x EGden@bidged b the $0-position via
A 1T AGEUI ATA TETEAO O A& Ol -eAdo RRHEA AEA
sugar conformation. The LNA modification leads to the thermodynamically
strongest duplex formation with complementary RNA known and cons-
guently, a biological activity is often attained with very short LNA oligmers.
Furthermore, LNAs display excellent mismatch discriminationresistance to
enzymes and they showa serum decay andh tissue distribution similar to
that of phosphorothioate oligonucleotidess.
Mixed LNA/DNA AMOs potently abolished mif82 function in PF\{1 in-
fected Hela cells and led to the accumulation ofral mMRNA, resulting in n-
creased production of viral progeny4. Recently, Chan et al. have successfully
AP D1 E@methyt-&nd DNA/LNAmixed oligonucleotides to specifically
knockdown miR-21 in order to investigate the potential contribution of this
mMiRNA in the regulation of apoptosisassociated genes in glioblastoma cell

lines46,
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Synthetic ONs with electrically neutral backbones have also shown great
promise as steric block antisense agents. For example phospbdiamidate
morpholino oligonucletides (PMOs) or their conjugates with a cell
penetrating peptide (CPP) have been applied very effectively for inhibition
of RNA function by blockingmRNA translatiorps, redirection of splicing®
and more recently as microRNA antagomiR. Dueto the neutral backbone,
morpholino oligomers are less likely to form undesired interactions with
cellular proteins, especially when used at high concentratiorRecent reports
indicate that morpholino oligonucleotides allow a selective control of gene
expression; for example, MOs microinjected into a zebrafish, sea urchin or
xenopus embryos block gene expssion and exert effects during the early

stages of developmer.

Other synthetic oligonucleotides arePeptide Nucleic Acids, to which the
next section isdedicated, as they have been the focus of these studies-or
inhibition of gene expressions they appear to be more effective than other
antisensemolecules because of their neutral backbone, that allow the me!
cule to invadelocal RNA secondary structures more efficiently, making ca

cessibility less of an obstacle than it is for other types of oligomer.

Recently, studies described in literature have proposed an alternative
strategy for micro-RNAs inhibition. Such method invives targeting of
mMIiRNA precursors (premiRNA) using synthetic oligonucleotides or analogs

with the following features>®:

1) High binding affinity and binding specificity for RNA targets;
2) Complementary sequences to "sense" stnal of pre-miR,;

3) Excellent capacity to stably hybridize their targets;
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Thus, the maturation of microRNAs and therefore the processing by neel
ases are inhibited and the result of this leads to a net reduction of miRNAs in
the celko.

It has been reported that single nucleotide polymorphism (SNPs) or m
tation located in miRNAs regions might change the processing of miRNA as
well as alter the target binding affinity and specificityfl. Hoffman et al. e-
ported that the risky miR-196a2-C allele led to more efficient processing of
the miRNA precursor to its mature form as well as enhanced capacity to
regulate target gene&.

Several stuies have reported that the sequence variations in preniRNA
may affect the maturation process of miRNAs and binding activity to their
target mMRNAs. Jazdzewski et al. proposed that decreasing-priR-146a nu-
clear processing efficiencyalso mature miRNA praluction is reduced and
this resulted in less efficient inhibition of target gene likeTRAF6, IRAK&Nd
PTCZ®s.

Evidence suggests that miRNA expression még regulated at the level of
maturation. Some miRNASs iD. melanogasteappear to be processed ineHf
ciently at early stages of embryonic developmefit. In the sea urchin
Strongylocentrotus purpuratus Let-7 transcripts of about 100 nt are &-
pressed throughout embryonic development, although maturd.et-7 ap-
pears to be only at a later stagé.

In conclusion the regulation of mMiRNA expression may occur at multiple

levels including the two processing steps and the nuclear export step.
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1.2. PEPTIDENUCLEICACID

Peptide nucleic acids (PNA) originated from effortsluring the 1980in or-
ganic chemist0 OT £8 [/ 1 A " OAEAOAOS6O | AAT OAOT OU
biochemist Peter Nielsen to develop new nucleic acid sequensgecific re-
agents. PNA are synthetic analogues DNA and RNA, in which the nat
rally occurring sugarphosphate backbone has been replaced by-(® -
aminoethyl)-glycine units. A methyene carbonyl linker connects natural as
well as unusual (in some cases) nucleotide bases to thimckbone at the

amino nitrogensss (Figure 7).
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Figure 7 Chemical structure of PNA (right) and of DNA (left)

This simple and yet entirely new synthetic molecule has an interesting
and non prototype chemistry. PNAs are noronic, achiral molecules and are
not susceptible to hydrolytic (enzymatic) cleavage. Despite all these vaai
tions from natural nucleic acids, PNA is still capable of sequencspecific
binding to DNA as well as RNA, obeying the Wats@rick hydrogen bonding
rules. Usually PNA is represented as peptide, with the N-terminus side to
the left (or upward) and the Gterminus side to the right (or down) and
unlike DNA and RNA, PNA recognizes and binds complementary strands in
both parallel and antiparallel orientations (Figure 8). In the antiparallel hy-
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AOEAEUAOEOAOIOET @@ AET AO O1 d¢erminbishy-0 6 AT Ah
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Figure 8: Paralld and anti parallel orientation of PNA:DNA duplexes

However, the antiparallel orientation illustrated in Figure 9 was found to
be more stable AlthoughOEA 0. ! 80 AEAI fofalyidiiffebOOOA OO
ent from that of natural nucleic acids, hybridizationproperties of PNAsare

not only preserved, but improved.

N-terminus< ] C-terminus
HzN 2
S P
/—<O A N\*N/\ o)
/2 YL N

3'-end < 1 5-end

Figure 9: Preferred orientation of PNA:DNA duplexes

In fact, theunchargednature of the PNA backbone is an important gure

that renders the binding affinity between PNA/DNA strand muchstronger
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than that between DNA/DNA strands, just because of the absence of eleetr
static repulsion.

The uncharged nature of PNA is responsible fomaenhancedthermal sta-
bility of PNAZDNA duplexes compared with the DN2DNA equivalentss.
The neutral amide backbone also enables PNA to hybridize toNB-
molecules in lowsalt conditions because no positive ions are necessary for
counteracting the interstrand repulsion that hampers duplex formation le-
tween two negatively charged nucleic acids. Consequently, the abundance
and stability of intramolecular folding structures in the DNA or RNA analytes
are significantly reduced, making the molecules more accessible to corepl
mentary PNA olgomers.

Furthermore, PNA is stable across a wide range of temperatures and pHSs,
unlike DNA, which depurinates at acidic caditionsé’. However, under
strong alkaline conditions (pH >11), a rearrangement ofthe PNA molecules
might occuré, Additionally, PNA is resistai to nucleases and proteases.

A strong binding affinity together with the higher sequence specificity of
PNA results in a superior activity of antisense PNAs compared with some
oligonucleotide derivatives, such as morpholinoA 1T A -O-mdihoxyethyl
modified derivatives.

Nevertheless, similar to regular oligonucleotides, the equilibrium ns-
match discriminative ability of mixed-base PNAs rapidly declines withn-
creasing length PNA oligomers because, in this case, sequence specificity
also anicorrelates with an increase in affinity. It is worth noting that &
15mer PNA probes carrying all four nucleobases show good selectivity for
single-stranded DNA targets during PNAased affinity electrophoresis and
on PNA microarrays, whereas longer, 16mer mixetdase PNA exhibit some
problems with sequence specificity(15mer probes are required for targe-

ing unique sites in entiregenomes).
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1.3. PNA: APPLICATIONS

Because of their high thermal stability and resistance to proteases and
nucleases enzymes, PNA are ideal caddies for the artificial modulation of
gene expression and currently they are used not only as potential therape

tic agents, but also as powerful tools in molecular biology and in diagnostics.

1.3.1.THERAPEUTIC APPLICANS

Peptide nucleic acids have promise sacandidates for gene therapeutic
drugs design.
In literature it was reported that the action of PNA on gene expression can
occur through different mechanism: antigee, antisense and decoy (lgure
10).

— = PNA

Transcription factors

- RMA Polymarase Anti-gene
o. Template strand
i o

gy, mRNA

1 g
nti-sense
miRNA Sz, / mRNA l Translation

S degradation

~
a . X
RISC acth{ation@) Protein
&
%

Figure 10: Different strategies for gene regulatio using PNAs: antisense, blocking tram
lation from mRNA into protein or regulating splicing of premRNA; antigene, blocking
transcription from DNA to mRNA; decoy, scavenging transcription factors; aamiR, pre-
venting micro- RNA activity.
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U Antisense stategy

An antisense oligonucleotide binds specifically a region shRNAthrough
Watson-Crick base pairing,disrupting the translation in the corresponding
protein. The mechanism used by ON to produce an antisense action has not
yet been unequivocally defird, and data in literature show that the inte-
ference could beascribed totwo different mechanisms.

The first mechanism provides that the high binding affinity of ON with
RNA target blocks the translation process because of steric hindrance.
Therefore the ON/RNA complex would prevent the RNA interaction withir
bosomes required in protein synthesis.

The second and most accredited antisense mechanism assumes tha-act
vation of an enzyme, Ribonuclease H, which specifically degrades only the
MRNA strand of the ON/RNA duplex.

PNAs are aclass of modified oligonucleotides that are not able to stimulate
Ribonuclease H when they form a complex with RNA targét Normally, the
peptide nucleic acid antisense effect is based on the steric blocking of either
RNA processing, transport into cytoplasm, or translation.

It has been concluded from the results o vitro translation experiments
involving rabbit reticulocyte lysates that both duplex (mixed sequence) and
triplex -forming (pyrimidine -rich) PNAs are capablef inhibiting translation
at targets overlapping theAUG sart codon. Triplex-forming PNAs areable to
hinder the translation machinery at targets inthe coding region of mRNA.
However, translation elongation arrest requires a (PNAZRNA triplex and
thus needs a homopurine target of 1915 bases. In contrast, dupbe-forming
PNAs are incapable athis.

Triplex-forming PNAs can inhibit translation at initiation codon targets and

ribosome elongation at codon region targets.
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It has beenreported that antisense PNAs alter the preniRNA splicing of
the murine interleukin receptor IL-5R, thus resulting potentially useful in
inEl Al AOT ou AAOAAOAOGGO OOAAQIAT O OOAE AC
Mologni et al. showed that antisense PNA directed against the gene oé th
OAOET T EA AAEA OAAADPOIT O j2!'2q AAOOEAA 1 O«
expressiornyo.

M.J. Gait et al. and others have shown that PNAs, especialhen conp-
gated to CPPs, have high efficiency in many RNA targeting applications, for
example in inhibition of bacterial MRNA translation, inhibition of HI\1 Tat-
dependent transactivation and RNA reverse transcription and as splicing
redirection agents’i.

PNA has also been used to inhibit gene expression in vivo, thus making

possible their use as antibioticgz2.

U Antigene strategy

For what concerns the antigene strategies for laboratory experimena-
tion, the gold standardis the gene knockout achieved by homologouser
combination, whereas an alternative option is based on the use of synthetic
oligodeoxynucleotides capable of hybridizing with doublestranded DNA to
form a triple-stranded molecule. In this case the gene is haltered but its
transcription is inhibited either by preventing unwinding of the duplex or by
preventing the binding of transcription factors to the promoter of the gene.
Peptide nucleic acidsare capable of arresting transcriptional processes by
virtue of their ability to form a stable triplex structure or a strand-invaded
or strand displacement complex with DNAFigure 11)73.

Such complexes can create a structural hindrance to block the stable @n

tion of RNA polymerase and thus are capable of working as antigene agents.
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Figure 11: Transcription inhibition through triple -helix formation.

Transcriptional inhibition is accomplished by homopyrimidine PNAs that
form invasion triplexes either at the promoter or the coding region of the
gene Evidence fromin vitro studies supports the idea that ach canplexes
are indeed capable of affecting the process of transcription involving both
prokaryotic and eukaryotic RNA polymerases. PNA targetinghe promoter
region can form a stable PN2DNA complex that restricts the DNA ecess of
the corresponding pdymerase. PNA strand displacement complexes, located
far downstream from the promoter, can also efficiently block polymerase
progression and transcription elongation and thereby produce truncated
RNA transcripts;

Therefore it can be deduced that the PNA &gene application is re-
stricted to the poly-purine parts of genome.

The PNA/DNA triplex arrests transcription in vitro and is capable of acting
as an antigene agent. Bubne of the major obstacles to applying PNA as an
antigene agent is that the strandnvasion or the formation of strand dis-
placement complex is rather slow at physiological salt concentrations.
Several modifications of PNA have shown improvement in terms of binding.

Modifications of PNA by chemically linking the ends of the Watse@rick ard
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Hoogsteen PNA strands to each other, introducing pidependent pseuda-
socytosines into the Hoogsteen strand, incorporating intercalators , or pes
tively charged lysine residues) in PNA strand can drastically increase the-a
sociation rates with dsDNA.

Usng conjugation with a nuclear localization signal, a PNA directed
against emyc gene has been vehicled into the nucleus and an antigenie e
fect was observed4. It has also been shown that antigen PNAs directed
against Nmyc DNA can cause dramatic effect on cell proliferation of human

tumor cells of neuroblastoma.

U Decoy strateqgy

Transcription factors recognize exogenous oligonucleotide as target and
bind to it, resulting in inability to reach the real DNAtarget. Few studies
proved the success of PNA as dec®y In fact PNA/PNA duplex or PNA/DNA
duplex are not recognized by transcription factors because dheir struc-
tural differences with the natural duplex.

To overcome the problem, the saalled DNAPNA chimeras (PNADNA
hybrid sequences linked covaéntly to each other) have demonstrated to be
useful tools. In this case the PNA acts as a recognition sequence and the DNA
acts as a substrate for proteins that interact with DNA (nucleases, transpri

tion factors).

1.4. PNADELIVERY

One of themost important problems about the use of PNA in therapy is

related to their low uptake of these molecules in cells.
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Because of the absence of charged groups in the backbone, PNAs have
low solubility and strong tendency to aggregate. It has been observetdat
the solubility decreases with increasing in length of the PNA oligomer and
the number of purines in the sequencé.
To improve the solubility and therefore the delivery it is possible to comnj-
gate charged molecules such as amino acids to one of two ends, or nnxli-
fied PNA monomers in which the glycine unit is replaced by amino acids
with charged side chains.

PNADNA chimeras were also designed both to improve the low calhr
uptake and the low solubility of PNA and both to obtain molecules with

structural and biological properties similar to DNA.

U Unmodified PNA delivery

A large variety of cellular transport systems have been developed and
tested. These systems can be dividadto two categories, those based othe
PNA as they ee and those using modifiel PNA ie, conjugated to appropriate
ligands, such as "carriers" peptides or "guide" sequenc@sThe first genen-
tion of vectors is represented by liposomes, colloidal vesicles generally
composed of a dable layer of phospholipids and cholesterol. Liposomes
may be neutral or cationic, depending on the phospholipidsature. The ru-
cleic acid can be easily encapsulated inside the liposome, which contains an
agueous compartment, or it can be anchored to theurface through electo-
static interactions. These carriers, because of their positive charge, have
high affinity for cell membranes, which are negatively charged in physiolog

cal conditions.
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These systems are internalized through endocytosis. For exampig,is
possible to internalize them by diffusion, creating transient pores in the
membrane by electroporatiorn’® or by microinjection?°.
Some studies have also reported the direct transport of PNA in a cell without
the use of any mentioned protocols. Howevem this case, the high PNA
AT T AAT OOAOGETT O OEAO EO OANOEOAA fjcqmt-Q

fects.

U Modified PNA delivery

The conjugation of PNAs with molecules recognized by the cellgpears
as a simple and convenient alternative to thetandard translocation tech-
niques mentioned above.

In this context, mention should be made to the conjugation of PNA with
guide ligands, which can interact with specific receptors and can carry PNA
only in target cells, in order to reduce undesired sideféects in normal cells,
according to an endocytosis receptemediated mechanism.

This mechanism requires the existence of transmembrane proteins,ed
fined receptors, that interact specifically with certain molecules in the x
tracellular fluid.

Although the transport receptor mediated is a highy specific process, hav-
ever it is not always effective, probably because of the limited amount of
available receptors on the cell surface and the entrapment in endosomes /
lysosomes of the transported materigi©.

An alternative strategy involves the use of "Trojan peptides”, reported to
have a general cell membrangenetrating capacity and capable of tras:
porting a conjugated cargo ¢ the interior of the cell$1.

These peptides are suggested to work by a receptor independentiecha-

nism, through a physical interaction with componems of biologic man-
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branes, resulting in inverted micelles that allow the passage of watesoluble
molecules to the interior of the cells. However, the exact mechanism unde
lying the membrane passage of these peptides is still largely unknowf.
This class of peptides consists of a series of positively charged peptides, i
cluding certain domains of the HIV regulatory protein, T&8, and theDroso-
phila homeodomain transcription factor, Antennapediad4. For their ability to
cross the cell membrane, these peptides have been callézkll-penetrating
peptides” (CPP). Peptides are generally composed of about thirty or less
amino acid residues and they have a net positive charge.

The first CPPshown to be capable of carrying PNA oligomers in cells
derived from the third helix of the Antennapedia protein's homodomairss.
Since then, the number of peptides (or derivatives from proteins found in
nature, both designed and synthesizedyvith this capacity is gradually in-
creasing.

Interaction of CPP and cargo is either achieved by covalent attachment or by

non-covalent complexation throughmainly ionic interactions (Figure 12).

covalent attachment non-covalent complexation
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Figure 12: Principles of peptide-based nucleic acid digvery systems.
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In case of noncovalent complex formation, a further assembly of
cargo/carrier complexes occurs, leading to the formation of nanopatrticles.
In case of covalently joined molecules a similar scenario is less likely, yet
cannot be excludedPrior to the translocation process the particles attach to
the cell surface by ionic interactions of positively charged CPP residues with
negatively charged membrane components. Subsequently, complexes are
taken up by directly penetrating the cell membrae or by an endocytotic
pathway. Recent data suggest that the main uptake route is endocytosis.
Though, direct penetration cannot be excluded and may occur simultan
ously (depicted by dashed, grey arrows). Once inside the cell, the cargo has
to reach itstarget. Depending on the mechanism of uptake severalestarios
I EEA OAT AT O1T 1T Al AOGAAPAGS AOA MEAAOGEAI A8
PNAs conjugated to such peptides have been studied in several cell types
(Figurep o8 #1 OAU8O CcOiT Ob &I 6T A OEAO A o.
peptide was internalized in human prostate tumorderived DU145 cells, gi-
ing rise to vesicular staining of the cells. Vesicular staining of the @glasm
is expected from a mechanism involving (receptemediated) endocybsis.
Other investigators have observed ififuse cytoplasmic and nuclear stai-
ing in Bowes cells after treatment of a PNA conjugated to petnatin (as well
as transportan), as would be expected from the proposed mechanism of

these peptidess.

Peptide Sequence

Tat**% GRKKRRQRRRPPQ

penetratin (Antp*~*)  RQIKIWFQNRRMKWKK

transportan GWTLNSAGYLLGKINLKALAATLAKKIL
TP10 AGYLLGKINLKALAATAKKIL
Oligoarginine (Rg) RRRRRRRR

MAP KLALKLALKALKAALKLA

MPG GALFLGFLGAAGSTMGAWSQPKKKRKV
MPGua. GALFLAFLAAALSLMGLWSQPKKKRKV

Figure 13. Sequences of classical CPPs
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It is also worth noting that the therapeutic potential of conjugated PNA
peptide may be limited by the fact that peptide motifs, although cakently
linked to the PNA, have low stability in biological fluids and are inevitably
subject to enzymatic degradation. Therefore, studies have shown that it is
possible to improve the stability of peptides using D amino acids inrder to
make the peptide more resistant toprotease degradation and therefore a
better carrier of PNA.The use of Damino acids, however, can cause aed
crease in terms of biological activity.

This problem can be avoided by employing the scalled retro-inverse
peptides, which, besides being more asistant to enzymatic degradation,
maintain their biological activity intact. In fact Aldrian-Herrada et al. have
claimed that neuronal cells readily take up PNAs conjugated to a retro
inverso derivative of the pAnt peptide, casing diffuse cytoplasmic aswvell as

nuclear staining of the cell§" .

U PNA delivery in nucleus

Two factors were identified as prerequisites for effective translocation to
the nucleus: a) an efficient transport of cargo in the cytoplasm (discussed
above);b) a nuclear localization sequence accessible and biologically active.
Regarding the second aspect, very useful for nuclear uptake proved to be the
so-called topogenic sequence. They are usually short and strongly basic
peptide sequences, consisting of sequences of lysine or arginine interrupted
by other amino acids, often neutral and hydrophobic.

These sequences are signals that are recognized and bound by receptors

on the surface of the nclear pores.
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These pores play an important role to let pass freely ions and small neal
cules through the membrane and selectively control the transport of larger
molecules.

After recognition and binding, ATRdependent mechanism drives the mok-
cule through the pore complex, inside the nucleus. The first of these-s
guences has been identified on the viral protein T antigen of SVZ0

To simultaneously ensure an efficient passage through the plasma me
brane and also an effective nuclear uptake, Braun and his team have syexth
sized a PNA conjugated to a peptide capable of passing the cell membrane
(pAntp) and another PNA conjugated to an NLS p&de as a carrier system
within the nucleus®. The efficiency of this complex has been successfully
tested on human prostate cancer cells: the entry to the cytoplasm is visible
after an hour andthe entry into the nucleusbecomesvisible already after
three hours.

The following table shows some examples of nuclear localization signal.

Si

Protein gnal

E1A adenovirus KRPRP
Nuclear Protein of flu virus PKKAREP
SV40 T antigene PEKEKKRKEV
UP1T of 5V40 APTHKRKGS
yeast ribosomal protein L3 PRKR

Table 3: Nuclear Localization Signal

In recent years a valid alternatve to the approaches presented abovend
volves chemical modification of the first generation PNA in order tanprove

those negative characteristics previously presented,ueh as cellular uptake
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AIMS OF THESIS WORK

The proposed thesis work was carried ot pursuing the following objectives:

1) Development of a new strategy for the manual solid phase synthesis
of Peptide Nucleic Acids.

2) Synthesis of oligomers consisting of peptide nucleic acid units and
Peptide Nucleic Acids and Peptide conjugatds target pre-miRNA in-

volved in human diseases such as HsaiR-210.

3) Design and synthesis of novel PNA analogues, in particular PNA with a
sulfate group ingposition of the backbone, in order to evaluate if and
how modifications in the structure may affect physical] chemical
properties (i.e. in terms of improved affinity for the target, increased

solubility in water, etc.) and biological activity of PNA
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CHAPTER?Z

2. DEVELOPMENT OF AN EIEFENT AND LOW COSHROTOCOL FOR THE
MANUALPNASYNTHESIS BFMOGCHEMISTRY

Due to the need ofobtaining a large number of PNA oligomers in the
course of these studiesthe first significant aim of this thesis work has been
the development of an efficient and low cost protocol for the manual PNA
synthesis by Fmoechemistry. Generally, synthesis of PNA oligomers has
been carried out using a variety of monomers and coupling conditionsxE
amples of protecting groups enployed for the PNA monomers are repe-
sented by Boc/Z, Fmoc/Z, Fmoc/Boc, Mmt/acyl, Fmoc/acyl, Dde/Mmt,
NVOC/acyl, azide/Bhoc and Fmoc/Bhdd. So far,only two kinds of PNA
monomers are commercially available, protected with the Boc/Z and the
Fmoc/Bhoc (Figure 14).

‘2 @9 Lﬁ% ‘! o *jb b‘/
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Fmoc-PNA-cytosine(Bhoc)-OH Fmoc-PNA-adenine(Bhoc)-OH Fmoc-PN. OH Fi PN. )-OH
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Boc-PNA-cytosine(z)-OH Boc-PNA-adenine(2)-OH Boc-PNA-guanine(Z)-OH Boc-PNA-thimine(2)-OH

Figure 14: Commercially available PNA monomers for solid synthesis

Oligomerization conditions are usually set up considering thetability of
the exocyclic amine protecting groups, the specific base sequences, tlee n

ture of the resin, other than the protecting group on the backbone amine.
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The Fmoc/Bhoc combination of protecting groups is largely the most
employed, due to the mild teatments for the cleavage of the ejomer from
the resin and removal of Bhoc groups. Yields of oligomers depend on several
factors, including the type of activator, the reaction time, the monomerxe
cess, the preactivation time, the times the coupling igepeated, the length of
the oligomers, the temperaturé2. Syntheses of sequences with a high rco
tent of purines often give poor yields due to the difficulty ofcoupling very
hindered monomers; furthermore expecially when using Fmoc protected
monomers low yields may originate from g@gregation of the peptide nucleic
acid and stacking of the fluorenylmethoxycarbonyl with the nucleobases.
Nowdays PNA syntheses are uslly carried out on automated synthesizers,
under controlled and standardized conditions.

Protocols for the manual synthesis are often an adaptation of protocols
employed in automated syntlesis. The synthesis by Fmoc chemistry of PNA
oligomers relies onthe protocol developed by Egholm and Casale for the
automated synthesis of PNA oligomers using Fmoc/Bhoc protected PNA
monomers. In this protocol 5 equivalents of PNA monomer are initially pre
activated with HATU in the presence of the bases DIPEA and Rj6dine and
coupled for 20 minutes. Published protocols report manual synthesis with a
number of PNA monomer equivalents for coupling ranging from 3 t0%.

When PNA monomers are coupled manually adapting the Egholm pesc
dure, the coupling times are extended at least to 1 hour to increase the a
tion yield. The coupling time is extended to 6 hours when 3 equivalents of
PNA monomers are used, with HOBT/HBTU aactivators and DIPEA as a
base to get quantitative coupling. When polypurine stretches have to bersy
thesized couplings need to be repeated to obtain the desired oligomer. Qve
all, the combination of large excesses of PNA monomers, the use of HATU as
activator, the increase in eaction times result in a very expensive and time

consuming synthesis.
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2.1. RESULTS ANDISCUSSIONS

With the aim of developing an efficient and low cost protocol for the ma
ual synthesis of PNA oligomers by Fmoc chemistry, we have éx@d a hew

combination of activators and baseg¢Figure 15).

O
\)?\ B
N O
FmocHN/\/ OH \\f

NP
HN-PNA— FmocHN™ " NH-PNA-—

Activators, Base

Figure 15: PNA synthesis

First of all, PNA oligomerswere synthesised for referenceby standard
conditions, using 5 equivalents of PNA monomers activated with HATU (4
equivalents), in the presence ofDIPEA (5 equivalents) and 2,6 lutidine (7.5
equivalents) for 1 minute and coupled for 20 minutes. The deprotection was
carried out by treatment of the resin bound PNA with 20% piperidine in
DMF, and capping steps were always carried out thi a single treatment
with a solution composed of 15/15/70 acetic anhydride/DIPEA/DMF viviv.
Cleavage and deprotection were carried out with TFA/rrcresol 80/20 viv,

90 minutes. Four PNA sequences with a length ranging from 9 to 12 bases
were obtained, follbwing the standard andthe new protocols. (see Table 4

for sequences)
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% Yields
%
Sequence (hame) _ Standard | Protocol | Protocol | Protocol

PUMNE | proiocol 1 2 3

CACACTGTC (PNA 1) 33 19 75 18 45
ACGCACACTGTC (PNA2 42 0 45 <10 56
AGACGACCCRNA 3) 60 63 68 41 56
GGCCGGGACACA (PNA4 70 24 65 50 75

Table 4: Four PNA sequences choosen.

As sequences containing long stretches of purines are hard to syetize,
due to the toughness of coupling sterically hindred monomers such as e&d
nine and guanine to each otherthe protocols were testedon PNA olgomers
having a purine content ranging from 30 to 67%. In all the cases only gu
nine monomers were double coupled.

Thesestudies started checking protocols for Fmoc peptide and PNA gy
thesis, lookingfor conditions in which very little amounts of aminoacid/PNA
and different combinations of bases and activators were employed. In this
regard a rich font of information is represented by protocols for the coupling
of modified PNASs, as those beang side dains on the backbone. A protocol
described by Le Chevalier Isaad et al reports the efficient synthesis of a
peptide by manual coupling using only 2.5 equivalents of aminoacids &ct
vated with an equal amount of HOBT/TBTU, in the presence of-iNethyl
morpholine (NMM) as a base*. For thesynthesis d PNAs, the protocol re-
ported by Gogoi (3 equivalents of Fmoc/Bhoc monomers activated with
HOBT/HBTU in the presence of DIPEAoupling time 6 hours) was consd-
ered®3a, Therefore investigations could reasonable begirthanging the act
vator HATU for the combination HOBT/HBTU and improve the coupling
conditions with the use of different bases. The first trials were carried out on

two PNA sequences: one-fner and one 12 mer with a content of purines e-
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spectively of 33% and 42% (Bble 4, PNA 1 and PNA 2). The synthesis scale
was 2nmmol; PNAs were elongated on the PAREG PS resin (0.19 mmol/qg).

The efforts were initially devoted to replace HATU using 5 equivalents of
PNA monomers, activatd with HOBT/HBTU. The PNA monomers (5 equia-
lents) were dissolvedin a soution of HOBT/HBTU 6 equivalents) in DMF,
adding as a baséN-methyl morpholine (NMM) (5 equivalents) dissolved in
DMF. (Preactivation time: 1 minute) Oligomers were obtained using repet
tive cycles of deprotection, coupling and capping. Coupling time was set at
20 minutes. Yields were judged at the end of the synthesis after analysis of
the LGMS profiles of the crudes. The results obtained with these protocols
were unsatisfactory. The desired oligomerswere not obtained, while we
could see many deletes. NMM is a weak bas@th a Kb around 107, much
lower as compared to the K for DIPEA. It was reasonable to thinko com-
bine it with a larger amount of another very weak base, pyridine (Kb 1),
which is also a good ceolvent for PNA monomers. Sdahe combination of
NMM with pyridine was investigated Syntheses were carried out as el
scribed earlier, but coupling was carried out using a solution of NMM (5
equivalents) in pyridine.

The amount of pyridine in the coupling mixture is 25% (Protocol 1); this
guantity does not causecleavage of the Nerminal Fmoc. Interestingly the
desired oligomerswere obtained. A comparison of the LEMS profiles of the
crudes obtained with the new protocol (HOBT/HBTU/NMM/pyridine) and
the standard protocol (HATU/DIPEA, 2,6 lutidine) revealedhat yields using
the new coupling conditions were gnificantly improved, as demonstrated
by the LC profile in which the desired oligomer now corresponds to the a3
jor peak (for PNA 1 see Figure @, canpare panels A and B). Encaaged by
these resultswe tastedthe same piotocol on two more sequences, a ner
and a 12mer with a content of purines respectively of 60 and 67% (PNA 3

and 4),. The PNA oligomers were successfully obtained. The MS profiles
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in fact show a major peak, containing a single prodtaevith the mass corre-
sponding to the desired oligomer. The LC profile for PNA3 and 4 are shown
in Figure 16, (compare panel A with B). Ne the synthesis of PNA ejomers
reducing the amount of PNA equivalents, from 5 to 2,5%vas explored All oli-
gomerswere synthesized using 2.5 equivalents of PNA momers, activated
with an equal amount of HOBT/HBTU and 2.5 equivalents of NMM in pyr
dine as a base (Protocol 2). Syntheses yielded the desired gduxts, although
in reduced yields, as compared to those dained using Probcol 1 (Table 4.
Finally the effect of increasing the amount of basewas investigated All
PNAs were synthesised using 2.5 equivalents of PNA nwmers, activated
with an equal amount of HOBT/HBTU and 5 equivalents of NMM in pyridine
(Protocol 3). The percentage of pyridine in the codphg mixture is now 40.
The results showedthat yields of PNAs doubling the amount of bases with
2.5 equivalents of PNA monomers (Protocol 3) were in average comparable
to those obtained with 5 equivalents ofPNA and lower contem of bases
(Protocol 1) (Table 4).

It is likely that doubling the NMM speeds up the formation of té inter-
mediate active ester (aobserved in peptide synthesis) and this effect cou
terbalances the decrease of the equivalents of PNAonomersl? The can-
parison of the LC profiles obtained with Protocol 3 is shown for ttee -
guences, respectively in lgure 16, letter C.

Furthermore in all cases yields obtained using Protocol 3 were comparable
or higher than to those obtained with the sandard protocol, even for &-
guences with the higher content of purines (Fjure 16, letter C and Table 4).

These results suggest that HATU is not necessary for the PNA coupling;
the mixture HOBT/HBTU gives very good yields of coupling especially when
combined with pyridine/NMM.
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Figure 16: LC profile for the crudes obtained for PNAL, PNA3 and PNA4 with standard

protocol (A), protocol 1 (B) and protocol 3 (C). The peak labelled with the asterisk ca¥
sponds to the desired product.
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2.2. CONCLUBNS

In conclusion it was demonstrated that the manual coupling of
Fmoc/Bhoc PNA monomers is very efficient using HOBT/HBTU as activ
tors in the presence of NMM/pyridine as bases. The protocol developed is
robust and low cost and can be executed by antamated PNA syntlesizer.

Interestingly the addition of large amounts of pyridine contributes to n-
crease the yields of oligomers with high content of purines, as demstrated
for PNA 4 (content of purine 67%), in which very high yields are obtained
evenwhen the equivalents of monomer per coupling are halved.

Furthermore, the protocol developed will allow the obtainment with good

yields of difficult sequences, avoiding expensive activators.
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2.3. MATERIALS AND METHODS

Activators HBTU, HOBT and ATU were purchased at Inbios(Italy).
FmocPNAcytosine(Bhoc)OH, FmocPNAthymine-OH, FmoePNA
guanine(Bhoc)OH, FmoePNAadenine(Bhoc)OH were obtained by Link
Technologies.Acetonitrile (ACN) for LGMS, N,Ndimethylformamide (DMF)
for solid phase syntheis, DIPEA, Dichloromethane were from Romil Pure
Chemistry, Nmethylmorpholine from Fluka and piperidine from Biosolve.
FmocPAL-PEGPS (0.19 mmol/g) resin was from Applied Biosystems.

All other chemicals were supplied by Sigm&ldrich and were used wih-
out other purification. LGMS analyses were performed on a MS Thermo
Finnigan with an electrospray source (MSQ) on a Phenomenex Jupiter
5mC18 ( 300A, 150x460 mm) column with a flow rate of 0.8 mLmih at
65°C.

Experimental

Each PNA oligomer was syntl@zed on a 2 mmol scale using both the
standard PNA protocol and PNA new protocols. The syntheses wererpe
formed on a FmoePAL-PEGPS resin (0.19mmol/g). To improve the co-
pling efficiency double couplings were carried out on PNAuanine moro-

mers.

Standad protocol

Synthesis was carried out using repetitive cycles of deprotection, apling
and capping at room temperature. After each of these cycles two flow

washes (25s) with DMF performed.
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Deprotection: 20% piperidine in DMF, 7 minutes

Coupling: 5 equinalents of PNA monomers were dissolved in DiMto a cam-
centration of 0.22M; Asolution of HATU in DMF 0.18M (4eq) and 5fi. of a
mixture of DIPEA 0.2M and 24.utidine 0.3M in DMF were added. (Pre

activation time: 1 minute- coupling time:20 minutes)
Capping: acetic anhydride/2,6 Lutidine/DMF (5/6/89 v/vivl), 5 minutes.

At the end of the synthesis the resin was washed withNIF, DCM, cethyl
ether and dried in vacua The PNA oligomers were cleaved from the resin
and deprotected by a treatment with a solution of TFA/mcresol (80/20) 90
minutes r.t.

The filtrate was flushed by a stream of nitrogen to remove the most of
TFA and he PNA oligomers were precipitated by addition of cold diethyl

ether, washed three times with diethyl ether and driedn vacua

Protocol 1 (5 edPNA)

Synthesis was carried out using repetitive cycles of deprotection, apling
and capping at room temperatire. After each of these cycles two flow
washes (25s) with DMF were performed. Deprotection, and final cleavage

were carried out as described in the Standard Protocol.

Coupling: 5 equivalents of PNA monomer were dissolved in DMF to aneo
centration of 0.22M; a solution of HOBT in DMF 0.20M (5 equivalents) and
a solution of HBTU in DMF 0.20M (5 equivalents), were added. 80 of a
mixture of NMM 0.2M in pyridine were added. (Preactivation time: 1 min-

ute- coupling time:20 minutes).

53



Capping: acetic anhydride/2,6 lutidine/DMF (5/6/89 v/viv/), 5 minutes

Protocol 2 (2.5 edPNA)

Synthesis was carried out using repetitive cyclesf deprotection, caipling
and capping at room temperature. After each of these cycles two flow
washes (25s) with DMF performed. Deprotection, and final cleavage were

carried out as described in the Standard Protocol

Coupling: 2.5 equivalents of PNA momoer were dissolved in DMF to a ao-
centration of 0.22M; a solution of HOBT in DMF 0.20M (2.5 equivalents)
and a solution of HBTU in DMF 0.20M (2.5 equivalents) were added.n25of
a mixture of NMM 0.2M in pyridine were added. (Practivation time: 1 min-

ute- coupling time:20 minutes)

Capping: acetic anhydride/2,6 lutidine/DMF (5/6/89 v/viv/), 5 minutes

Protocol 3 (2.5 edPNA + pyr)

Synthesis was carried out using repetitiveeycles of deprotection, capling
and capping at room temperature. After each of these cycles two flow
washes (25s) wth DMF performed. Deprotectionand final cleavage were

carried out as described in the standard Protocol.

Coupling: 2.5 equivalents of PNAonomer were dissolved in DMF to a ao
centration of 0.22M; a solution of HOBT in DMF 0.20M (2.5 equivalents)
and a solution of HBTU in DMF 0.20M (2.5 equivalents), was addednb®f
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a mixture of NMM 0.2M in pyridine was added. (Practivation time: 1 min-

ute- coupling time:20 minutes)

Capping: acetic anhydride/2,6 lutidine/DMF (5/6/89 v/v/v/), 5 minutes .
The following molecules were obtained (underlined bases were double oe
pled):

PNA 1l CACACGIC

PNA2 AGAGGACCCA

PNA 3 AGGCACACTIC

PNA4 GGCGG@CACA

All products were identified by electrospray mass analysis

PNA1 (Da): Calculated: 2396.2; [M+2H}*: 1199.1 [M+3H]3+: 799.6,
[M+4H]4+: 600.0.
Found: [M+2HP*: 1199.1 [M+3H]3*: 799.8 [M+4H]4+: 599.9.

PNA 2 (Da): Calculated: M=2705.6; [M+2H]2*: 1353.8; [M+3H]3*: 902.9;
[M+4H]4+: 677.0.
Found: [M+2HPE+: 1352.7; [M+3HP*: 902.1; [M+4H}+: 676.8.

PNA 3 (Da): Calculated: M=3124.4; [M+2H%}+: 1608.2; [M+3HP*: 1072.3;
[M+4H]4+: 804.5.
Found: [M+2HP+: 1606.8; [M+3H}+: 1071.4; [M+4HF+: 803.9.

PNA 4 (Da): Calculated: M=3304.4; [M+2HP+ 1653.2; [M+3HP+ 1102.5;

[M+4H]4+: 827.1
Found: [M+2HP+: 1652.2; [M+3HP*: 1101.8; [M+4H}P+: 826.6.

55



CHAPTER3

3. SYNTHESIS AND CHARAERIZATION OFPNAS FOR TARGETING PRE

MIRNAS INVOLVED IN HUMARISEASES

Another significant aim of this thesis work is the synthesis andaharac-
terization of PNAs which we will define since now on asntago-premiR ,
designed to inhibit the function of a target miR. This approach is actually
completely new, and differs from the the antagomiR approach by the fact
that PNAs will target the precusor of the mature miRNA, the premiRNA.

This strategy is aimed to inhibit maturation of the premiRNA into miRNA.
For the expeimental point of view one the advantages recognized by us in
the present strategy is represented by the unique interpretation bthe ex-
perimental results. When miRNA inhibition is achieved by antagomiRs,
molecules canplementary to the mature miRNA, and the amount of miRNA
is quantified by RT-PCR, results are often doubtfulthe PNA atagomiR, in
fact, may bind to the primers andthus inhibit their amplification, resulting
in low yield of amplificates, which is independent by the desired antagomiR
function of the PNAs.Anti premiRNA are not fully complementary to the
MIiRNA and are not expected to display interferencdzurthermore, as pre-
MiRNAs are located both in the nucleus and in the cytoplasm there is in
principle a dual possiblity to reach them.

We designed PNA oligomers and PNpeptide conjugates fully compé-
mentary to a specific region of the ncroRNA-210 precursor (pre-miR210).

In fact, such molecules, prantagomir, should bind to the miRNA precursor
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with high specificity and affinity, blocking the maturation process and so

preventing the interaction of miR-210 with mRNA.

3.1. MIRNA210

In this work, the studies were focusedon microRNA 210, a unique miRNA
that is evolutionarily conserved and ubiquitously expressed in ypoxic cell
and tissue type$s. It directly represses multiple transcripts as®ciated with
diverse cellular functions and ithas been mechanistically linked to the ao
trol of a wide range of cellular responses known to influence normal dele
opmental physiology as well as a number of hypoxidependent disease
states, including tissueischemia, inflammation and tumorigenesis(Figure
17) %. Independent pieces of data now exist that link the dynamic regation
of miR-210 directly to low oxygen levels as opposed to other mechanisms
that secondarily associated to hypoxia (i.e., oxidative stress, inflammation

and others).

Figure 17: miR-210 controls diverse fundamental cellular preocesses

Multiple groups have found that miR210 is specifically irduced by HIF

la and is unique in its wide distribution and robust upregulation in -

57




















































































































































































































































































