brodo primordiale
mondo prebiotico

\ -condensazione degli
zuccheri, delle basi e

dei fosfati

- polinucleotidi casuali

mondo a RNA

- replicazione diretta
da uno stampo

- genomi a RNA

- enzimi a RNA

mondo a RNP
- sintesi proteica
- enzimi proteici

mondo a DNA

progenote - genomi a DNA
- enzimi proteici

eucarioti eubatteri archeobatteri



strutture RNA

RNA a doppia elica puo fare solo
struttura A, per I'ingombro del
2’0OH

Solco maggiore meno accessibile,
guello minore piu accessibile

Puo formare complesse strutture
secondarie

v
\\\\\

tripletta di basi U:A:U




'idrolisi alcalina dell’lRNA e facilitata dalla presenza dell’ossidrile 2’ del ribosio, che
consente |'intermedio fosfodiestere ciclico, impossibile nel caso del DNA.
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Molto raramente nel DNA, piu spesso
nell’lRNA si possono trovare appaiamenti di
legame idrogeno tra basi con geometria
diversa da quella di Watson e Crick.

Ecco alcuni esempi.



Appaiamento delle basi nell’lRNA: non sempre canonico
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A. RNA structural motifs

Watson-Crick (WC) kissing-loop  loop-receptor (LR)  three-way junction pseudoknot

< o

stem-loop internal-loop kink-turn

B. RNP interacting motifs




Diversi tipi di strutture di RNA a doppia elica

a) Forcina (hairpin); b) gemma (bulge); c) ansa

(loop). Generalmente si formano fra segmenti
b complementari dello stesso filamento, talvolta

anche fra due filamenti.



Strutture dell’RNA
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L'RNA ha una maggior tendenza a formare accoppiamenti non canonici
(diversi da quelli di W-C) rispetto al DNA
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L . tripletta di basi U:A:U
G e U possono accoppiarsi con una geometria

diversa da quella prevista da W-C, favorendo la
formazione di doppie eliche intramolecolari.

Formazione di strutture 3D complesse

L'RNA, essendo in grado di ripiegarsi su se stesso per rotazione attorno ai legami fosfodiesterici nei
tratti non a doppia elica, forma strutture complesse, soprattutto in presenza di basi non
convenzionali. Esempi: interazioni fra 3 basi, fra basi e impalcatura (tRNA), o con proteine che
neutralizzano le cariche dei fosfati (ribosomi).

In laboratorio si possono sintetizzare molecole di RNA di una certa lunghezza con una certa sequenza
0 a sequenza casuale (ad es. con 4 basi si possono formare 42° diversi 20meri!). Fra quest’ultime &
possibile selezionare alcune sequenze che presentano particolari proprieta, ad es. affinita per certe
piccole molecole (SELEX).



RNA Secondary Structure
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Tetra-loop

GCAA tetra-loop
(molto comune e stabile)

C(UUCG)G Tetra-loop

A volte la stabilita delle strutture a doppia elica del’lRNA e
molto maggiore del previsto in termini teorici. Cio
dipende dalle proprieta speciali dei loop, come nel caso di

4 loop di sequenza UUCG, in grado di impilarsi fra loro in
un certo modo.



Alla fine degli anni 1960
alcuni studiosi proposero
che alcune molecole di

& 0 S

‘A Ribozymes

R

RNA potessero svolgere ‘h
attivita catalitica in virtu o ce e
della loro complessita RNA molecules that act as
strutturale. enzymes are called ribozymes.

This property of some RNAs was discovered by
Solo nel 1970 fu isolata e Sidney Altman and Thomas Czech,
caratterizzata la prima who were awarded the
molecola di RNA con Nobel Prize in Chemistry in 1989.

attivita catalitica: faceva
autocatalisi con saldatura
dei frammenti prodotti.



CARATTERISTICHE COMUNI Al RIBOZIMI

ﬂeazione di formazione e rottura di legami covalenti in molecole substrato a

RNA

= | ribozimi sono catalizzatori di reazioni che li vedono altresi implicati come
substrato

= La struttura tridimensionale dell’enzima determina la sua specificita di
legami con il substrato a creare il sito catalitico

" le reazioni catalizzate sono basate sullo scambio di protoni (con
conseguente idrolisi o transesterificazione risultanti nel taglio di legami
fosfodiesterici)

klribozimi sono metallo-enzimi /

| Ribozimi sono presenti nel nucleo, nei mitocondri e nei cloroplasti degli eucarioti come
pure in alcuni virus




RIBOZIMI NATURALI

Producono nel taglio di un RNA substrato estremita 3’'OH e 5’ fosfato.
Sono raggruppabili in classi in base alla loro struttura ed alle reazioni in
cui sono coinvolti

RNAsi P: Ubiquitaria, e responsabile della maturazione dei tRNA nel loro
estremo 5’

RNAsi HRP: Replicazione DNA mitocondriale

INTRONI tipo |: Tetrahymena; pre-RNA mitocondriale di lievito; geni di
cloroplasti

INTRONI tipo Il: con meccanismo di splicing conservato (precursori di
MRNA in organelli di funghi e piante)
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Pseudo-nodi
Si formano per appaiamento di basi fra sequenze complementari non

contigue .
g 12| AU g-g "
Cc=G G=C¥
S\ P2Etg .
pilc=6 % ,S-¢, HODV ribozyme forms
_8-¢ A-U"  a double pseudoknot

Jr.m'mci '20. 'ﬂ[JﬁE“
: TAG C75
P4 C=G
 45A=U
e, ® . . . iG=3
Hepatitis Delta Virus, simbionte con HBV 6§
@ & xSy
u G
u (1]
g"‘@ aﬁ@

U1A-RBD



| ribozimi

Alcune molecole di RNA sono in grado di assumere particolari
strutture 3D capaci di legare substrati e con attivita catalitica,
simile a quella degli enzimi proteici.

Uno dei primi ribozimi scoperti & la RNASi P, coinvolta nella
formazione dei tRNA, un complesso di proteine, che legano i
precursori, e un RNA, con attivita catalitica. 'RNA & in grado di
tagliare i substrati anche in assenza di proteine, se sono presenti
ioni positivi che neutralizzano i fosfati negativi.

Altri ribozimi possono catalizzare reazioni di trans-esterificazione,
necessarie per la rimozione degli introni dai precursori di mRNA,
tRNA e rRNA (splicing).

NH, Un ribozima particolare & quello a testa di martello
(hammerhead), con struttura Il formata da 3 bracci e una zona
XN non appaiata sede dell’attivita catalitica (figura).
C L'hammerhead ha attivita di RNAsi, € presente nei viroidi, agenti
RO infettivi delle cellule vegetali, che si propagano per auto-idrolisi di
O N O un precursore piu lungo, favorita da tratti di RNA vicini al punto di

taglio: con l'ausilio di uno ione Mg?* 'OH 2’ viene deprotonato,
quindi fa un attacco nucleofilico sul fosfato 3’, con formazione di un
fosfato ciclico 2’-3’ e successiva rottura del legame fosfoesterico 3’-
5. 'hammerhead non € un vero enzima perché effettua un solo
taglio, ma puo essere immaginato come composto da due parti,
I’'enzima vero e proprio e il substrato.




Struttura 3D del ribozima hammerhead

La forma assomiglia a quella di una forcella, in verde il sito di taglio.

La scoperta dei ribozimi ha rivoluzionato la visione dell’evoluzione biologica: la vita
primordiale sarebbe stata basata sull’'RNA, che funzionava sia da materiale genetico
che enzimatico. A favore di questa ipotesi e il fatto che la peptidil transferasi, il
componente ribosomiale responsabile della formazione dei legami peptidici nella
sintesi proteica, € una molecola di RNA. | ribozimi sarebbero pertanto una reliquia di

qguesto mondo di enzimi ad RNA.



| Ribozimi possono essere progettati per degradare specifici mMRNA

Appaiamento con

Hammerhead XGU
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Design of ribozymes

Cleavage site
Cleavage site

mRNA *
mRNA s N GUe .
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Hammerhead ribozyme u,G Hairpin ribozyme

mRNA Hammerhead

ribozyme RNA helicase

HUN

tRNAVal Target site

RNA helicase-linked hybrid rnbozyme
unwinds mRNA and finds its target site




Ribozymes in clinical trials

»ANGIOZYME - VEGF-receptor1

~HERZYME - HER-2 L2017
...nessun applicazione biomedica....

>HEPTAZYM

Therapeutic applications of ribozymes

+Only two clinical trials are in progress to evaluate the potential of
chemically modified hammerhead ribozymes to fight cancer.

*The first, ANGIOZYME (Sirna Therapeutics, Inc.), a hammerhead
ribozyme that targets mRNA that encodes VEGF, is being examined in
a phase IT trial for treatment of metastatic colorectal cancer.

*The other ribozyme in cancer clinical trials, HERZYME, is of a
class of modified ribozymes (so called Zinzymes) that has high
catalytic activity under physiological Mg2+ conditions and targets the
mRNA that encodes human epidermal growth factor-2, and is in phase
I clinical trials to determine toxicity and efficacy in breast and
ovarian cancer patients.




Natural Riboswitch Targets include:
Coenzyme B12

Thiamine pyrophosphate

FMN

S-adenosylmethionine

Guanine

Adenine

Lysine

-M +M
Ligand ‘/\ Apta
Aptamer Switchin: g
I Domain Sequencg pomal? Switching

Expression Sequence
g!aﬂorm Expression

———__Platform

RBS hidden

RNA riboswitch

On Off

RNA riboswitch

A riboswitch (A) binds to its target molecule (B) and inhibits nearby
transcription machinery (C).



| Ricercatori hanno sviluppato in
laboratorio ribozimi sintetici che
possono catalizzare la loro propria
sintesi in particolari condizioni
sperimentali. Un esempio importante
e il ribozima del RNA polimerasi.

Struttura 3D del ribozima hammerhead

La forma assomiglia a quella di una forcella, in verde il sito di taglio.

La scoperta dei ribozimi ha rivoluzionato la visione dell’evoluzione biologica: la vita
primordiale sarebbe stata basata sull’'RNA, che funzionava sia da materiale genetico
che enzimatico. A favore di questa ipotesi € il fatto che la peptidil transferasi, il
componente ribosomiale responsabile della formazione dei legami peptidici nella
sintesi proteica, € una molecola di RNA. | ribozimi sarebbero pertanto una reliquia di
qguesto mondo di enzimi ad RNA.



APPLICAZIONI TERAPEUTICHE DEI RIBOZIMI

@10 attivi in “CIS” cioe intramolecolarmente. Ma possono essere \

p53

MRNA mutato

RNA mutati o danneggiati.

manipolati per indurli a lavorare in “TRANS” ad esempio per il riparo di

Esempio: ripristino del controllo della proliferazione cellulare agendo su

Ribozima con mRNA corretto

MRNA scartato ribozima

s+

\ MRNA corretto

4

/




Meccanismo di azione
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RIBOZIMI IN CLINICAL TRIALS-1

i' 1 Ribozyme
| Pharmaceuticals

Incorporated

ANGIOZYME ™
Ribozima disegnato per inibire il VEGF (Vascular Endothelial

Growth Factor).
—ANGIOGENESTS—

HEPTAZYME ™
Ribozima che lega sequenze altamente conservate del virus

dell’epatite C
—HEVDBRUGRESTSTANCEE



microRNA

RNA non codificante di 21-22 nt

Il trascritto e un pre-miRNA di circa 70 nt che forma una struttura
stem-loop

Il pre-miRNA e processato in una molecola di 21-22 nt dall’enzima
Dicer.

La maggior parte dei miRNA regola I'espressione genica dei loro
bersagli mRNA.

La complementarieta perfetta con i loro bersagli porta a degradazione
del’mRNA.

La complementarieta imperfetta con mRNA bersaglio porta
all'inibizione della traduzione.

PRESENTI IN TUTTI GLI EUCARIOTI



Biogenesi dei miRNA
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Meccansimi con i quali i miRNA interferiscono con la traduzione
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Generation of miRNAs in Plants and Animals

Plants Animals In plants’ miRNA maturation

ﬁ % occurs in the nucleus
Pri-miRMA, AN Pri-miRMNA I O

DCLl Drosha

Fremitis ﬁ fremii '_W—Wﬂ;@) In animals, pre-miRNA is formed
bcup W in the nucleus and mature miRNA
#ﬁ, A o occurs in the cytoplasm
Noces el e #\\,@
W D/ miRNAs regulate ~50% of the

% Helicase Mature miRNA miRNA Helase  Mature miRNA

e —— ’ miRMNA* s ’ riRMNA*
_— miRMNA*

human transcriptome

from Chen and Rajewsky, Nature Rev.Genet. 8, 93 (2007)



Genomic Organization of miRNA
Genes

(a) Independent promoter

0 O miRk-1-1

,—» miR-1-1  miR-133a-2 0 0 = & Q MO o
T ™ -
\-r« H miR- 133a )
(b) Intronic ) —
\):\.p \)\ p
miR-208 i < miR-208
s R e — P s —>
Exon 27 Exon 28
(c) Exonic "
miR-198 QP \\U miR-198
e N —— /’—\ e —>
Exon 10 Exon 11 *

*Intronic miRN As often in antisense direction, made from own
promoter

*Exonic miRNAs - non-coding (or in alternatively spliced exons)
Zhao Y, Srivastava D, TIBS 32:189,2007



http://www.ncbi.nlm.nih.gov/pubmed/17350266?dopt=Citation

Classification of MiRNAs

» MicroRNAs are classified in two group depending on their
origin-

U Intergenic or Exonic miRNAS: located between the introns of
genes & transcribed by RNA pol II or pol III as a stem loop structure called
pri-miRNA

U Interagenic or Intronic miRNAS: miRNAs located within an
intron of a protein coding gene & transcribed by RNA pol II as part of pre-
mRNA



s
pri-miRNA

—~——

— g

pre-miRNA S{) L =0 .ji)....

nucleus

l exprotin-5 pre-miRNA edited pn-miRNA
MIRNAMIRNA" e — ited pre-
duplex miRNA
l cytoplasm
mature miRNA = == duplex
l .. edited mature mIRNA

5" I A A
mRNA

Pathways of miRNA editing. The segment of the primary transcript (pri-miRNA) contains the
mature miRNA sequence (blue) that resides in one of the arms in the stem-loop precursor
structure. Editing (highlighted in red dot) starts at the pri-miRNA stage, and the edited pri-
MIiRNAs may not be processed into precursor miRNA (pre-miRNA). The canonical biogenesis
pathway of miRNAs (black arrows; the excised RNA fragments during miRNA biogenesis are
indicated with dashed arrows) and the possible miRNA editing events (orange arrows) both
happen in the cytosol where pre-miRNA may be subject to further editing events, resulting in

the identification of different mRNA target (MRNA").

http://dx.doi.org/10.1016/S1672-0229(08)60044-3
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MiIRNA gene expression affected by methylation. The degree of methylation in the
upstream sequence of miRNAs is critical; hypermethylation (highlighted in red)
and hypomethylation of neighboring CpG islands (horizontal green bars) repress
and activatemiRNA genes (blue arrow), respectively.

http://dx.doi.org/10.1016/S1672-0229(08)60044-3



Thousands of microRNAs act in multiple

mi biological events

= Developmental )  Differentiation Aging
~ timing \J |
Apoptosis Metabolism
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http://webinar.sciencecareers.org/miRNA/lobby.html

miRNAs have been proven to be:

i) regulators of plasma levels of lipoproteins
ii) novel intercellular signaling molecules,

iii) plasma biomarkers of physiological
status,

iv) etiological factors in complex diseases,
V) promising therapeutic targets.



MicroRNA ACTIVITY IN CANCER: TUMOR SUPPRESSIVE
OR ONCOGENIC

miR .
* Suppress expression of

LT oncogenes, growth promoting,
survival and angiogenic genes
(low in tumors)

Tumor suppressive

miR e Suppress expression of
tumor suppressor, growth

| AMNLLLLLLL] inhibitory, proapoptotic genes
\I/ﬂN | (high in tumors)

Oncogenic




miRNA Dysregulation in Human Cancers

Table 2 | Consequences of microRNA dysregulation in human cancers

MicroRNA dysregulation Targets Consequences

MicroRNA overexpression ~ Tumour suppressors  Downregulation of tumour suppressors — for example, PTEN,
p22,p57, TIMP3 and PDCD4

MicroRNA loss Oncogenes Upregulation of oncogenes — for example, BCL2, MCL1, RAS,
HMCA2, MYC and MET

MicroRNA loss DNA Downregulation of tumour suppressors — for example, p16, FHIT
methyltransferases | and WWOX
MicroRNA loss Chromatin silencers” Downregulation of tumour suppressors

BCL2, B cell leukaemia/lymphoma 2; FHIT, fragile histidine triad protein; HMCAZ, high mobility group AT-hook 2; MCL1, myeloid
cell leukaemia sequence 1; PDCD4, programmed cell death 4; PTEN, phosphatase and tensin homologue; TIMP3, tissue inhibitor of
metalloproteinases 3; WWOX, WW domain-containing oxidoreductase.




miRNA Oncogenes or Tumor Suppressor Genes

Table 1 | MicroRNAs that function as oncogenes or tumour suppressor genes in human cancers

MicroRNA

miR-15a and
miR-16-1

let-7 (a, b, c,
d,ef,gandi)

miR-29(a, b
andc)

miR-34

miR-145

miR-221 and
miR-222

miR-221 and
miR-222

miR-155
miR-17-92

cluster
miR-21

miR-372 and
miR-373

Dysregulation

Loss in CLL, prostate cancer and multiple
myeloma

Loss in lung and breast cancer and in various
solid and haematopoietic malignancies

Loss in aggressive CLL, AML (11g23),
MDS lung and breast cancers and
cholangocarcinoma

Loss in pancreatic, colon, breast and liver
cancers

Loss in breast cancer
Loss in erythroblastic leukaemia

Overexpression in aggressive CLL, thyroid
carcinoma and hepatocellular carcinoma

Upregulated in aggressive CLL, Burkitt's
lymphoma and lung, breast and colon cancers

Upregulated in lymphomas and in breast,
lung, colon, stomach and pancreatic cancers

Upregulated in glioblastomas, AML (11q23),
aggressive CLL and breast, colon, pancreatic,
lung, prostate, liver and stomach cancers

Upregulated in testicular tumours

Function

Induces apoptosis and inhibits
tumorigenesis

Induces apoptosis and inhibits
tumorigenesis

Induces apoptosis and inhibits
tumorigenicity. Reactivates

silenced tumour suppressor genes

Induces apoptosis

Inhibits proliferation and induces
apoptosis of breast cancer cells
Inhibits proliferation in
erythroblasts

Promotes cell proliferation and

inhibits apoptosis in various solid
malignancies

Induces cell proliferation and
leukaemia or lymphoma in mice

Induces proliferation

Inhibits apoptosis and increases
tumorigenicity

Promotes tumorigenicity in
cooperation with RAS

Validated
targets

BCL2, WT1
RAB9B and
MAGES3

RAS, MYC and
HMGCA2

TCL1, MCL1
and DNMTs

CDK4, CDKS6,
cyclin E2,EZF3
and MET

ERG
KIT

p27,p57,PTEN
and TIMP3

MAF and SHIP1

E2F1,BIM and
PTEN

PTEN, PDCD4,
TPM1and
TIMP3

LATS2

Oncogene Refs

(ONC) or tumour
suppressor (TS)

TS 15,20,23,

30,52,69

15 22,26,

42,70

TS 30,64,

71,72

TS 56-58

TS 31

TS 30

ONC 43,5173

ONC 32-34,

36,37

ONC 19,34,35,

40,41

ONC 31,37-39,

44-50

ONC 74

AML, acute myeloid leukaemia; BCL2, B cell leukaemia/lymphoma 2; BIM, Bcl2-interacting mediator of cell death; CLL, chronic lymphocytic leukaemia; DNMT,
DNA methyltransferase; HMGAZ2, high mobility group AT-hook 2; LATS2, large tumour suppressor homologue 2; MCL1, myeloid cell leukaemia sequence 1;
MDS, myelodysplastic syndrome; PDCD4, programmed cell death 4; PTEN, phosphatase and tensin homologue; SHIP1, SHZ domain-containing
inositol-5"-phosphatase 1; TCL1, T cell lymphoma breakpoint 1; TIMP3, tissue inhibitor of metalloproteinases 3; TPM1, tropomyosin 1; WT1, Wilms tumour 1.


http://www.ncbi.nlm.nih.gov/pubmed/19763153?itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum&ordinalpos=1

ALTERATIONS OF NONCODING RNAS ARE FOUND IN
EVERY TYPE OF HUMAN DISEASE

mIRNA
| expression
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(Calin et al, PNAS 2002; Lu et al, Nature, 2005; Landgraf et al, Cell 2007; Perkins et al Genome Biol 2007; Hansen ewbﬁq e Calin
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http://webinar.sciencecareers.org/miRNA/lobby.html

MiRNA Therapeutic Approaches
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MiRNA vs siRNA
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siRNA

miRNA

Prior to Dicer processing
Structure
Complementary

mRNA target
Mechanism of gene regulation

Clinical applications

Double-stranded RNA that contains
30 to over 100 nucleotides

21-23 nucleotide RNA duplex with
2 nucleotides 3'overhang

Fully complementary to mRNA

One
Endonucleolytic cleavage of mRNA

Therapeutic agent

Precursor miRNA (pre-miRNA) that contains 70-100 nucle-
otides with interspersed mismatches and hairpin structure

19-25 nucleotide RNA duplex with 2 nucleotides 3'overhang

Partially complementary to mRNA, typically targeting the 3’
untranslated region of MRNA

Muitiple (could be over 100 at the same time)
Translational repression
Degradation of mRNA

Endonucleolytic cleavage of mRNA (rare, only when there is
a high level of complementary between miRNA and mRNA)

Drug target
Therapeutic agent
Diagnostic and biomarker tool




Route of Trial ID

Name SIRNA target Phase Delivery system ad (reference)
Cancer
ALN-VSP02  Advanced solid tumors with KSPandVEGF 1, completed Lipid nanoparticles Intravenous  NCTO1158079;
liver involvement NCT00882180¢
Aw027 Advanced solid tumor PKN3 1, ongoing Liposomal particles (AWPLEX®) Intravenous  NCT00938574°
Pancreatic ductal carcinoma 112, ongoing NCT01808638
CALAA-01 Solid tumor RAM2 1, terminated Polymer-based targeted Intravenous  NCT00689065"*
nanoparticles
DCR-MYC Solid tumor, multiple MYC oncogene 1, ongoing Lipid nanoparticles (EnCore) Intravenous  NCTO02110563
(Dicer-substrate  myeloma, non-Hodgkin's
SIRNA) lymphomas
Hepatocellular carcinoma 112, ongoing NCT02314052
$iG12D LODER  Advanced pancreatic cancer mutated KRAS 1, polymer-based  Local implanta- NCT01188785;
oncogene 2, ongoing scaffold tion NCT01676259
SIRNA-EphA2-  Advanced cancers EphA2 1, ongoing Neutral liposomes Intravenous  NCT01591356
DOPC
TKM-080301  Primary or secondary liver ~ PLK1 1, completed Lipid nanoparticles Intravenous  NCT01437007
(TKM-PLK1)  cancer
Neuroendocrine tumors and 112 ongoing NCT01262235

adrenocortical carcinoma
Infectious Diseases

ALN-RSVO1 RSV infection RSV 2, completed Naked Intranasal NCT00496821°21%
RSV infection in lung Tucleocapsid 2, completed Nebulization  NCT00658086;
transplant patients NCT01065935™

ARC-520 Chronic HBV infection conserved 1 DPC ytic NCT01872065;

regions of HBV 2, ongoing peptides with cholesterol NCT02065336;
conjugated SIRNA NCT02349126

TKM-100201  Ebola virus infection Ebola L 1, terminated Lipid nanoparticles Intravenous  NCT01518881

TKM-100802 polymerase, VP24 1 ongoing NCT02041715

and VP35

Ocular Conditions

AGN211745 CNV, AMD VEGF 1/2, completed; Naked Intravitreal NCTO00363714;

(Sima-027) receptor 1 I, terminated NCT00395057

Bamosiran Ocular hypertension, ADRB2 1, completed; Naked Topical ocular  NCT00990743;

(SYL040012)  glaucoma 1/2 completed NCT01227291
Ocular hypertension, 2, completed; NCT01739244;
open-angle glaucoma 2, ongoing NCT02250612

Bevasiranlb  Wet AMD VEGF 2, completed Naked Intravitreal NCT00722384;

(Cands) NCT00259753
Diabetic macular edema NCT00306904
VEGF
Wet AMD 3, terminated NCT00499590
AMD 3, withdrawn NCTO00557791

PF-04523655  AMD RTP801 1,2completed  Naked Intravitreal NCT00725686°";

(PF-655) (hypoxia-inducible NCT007135182
CNV, diabetic retinopathy, ~ factor 1 responsive 5 completed NCT01445899
diabetic macular edema  9€Ne)

Diabetic retinopathy, 2, terminated NCT00701181%%
diabetic complications

QPI-1007 Optic atrophy, nonarteritic ~ CASP2 1, completed Naked Intravitreal NCT01064505
anterior ischemic optic
neuropathy

SYL1001 Ocular pain, dry eye Capsaicin receptor 1, completed; Naked Topical ocular  NCT01438281;
syndrome TRPV1 112, completed NCT01776658

Cardiovascular and metabolic diseases

ALN-PCS02  Hypercholesterolemia PCSK9 1, complete Lipid NCT

ALN-PCSsc 1, ongoing INAC-SiRNA conj NCT02314442

PRO-040201  Hypercholesterolemia ApoB 1, terminated Lipid nanoparticles Intravenous  NCT00927459

(TKM-ApoB)

Genetic Disorders

ALN-AT3sc Hemophilia A and B AT 1, ongoing iR i NCT

ALN-CC5 PNH complement 112, ongoing INAC-SIRN; i NCT02352493

component C5

ALN-TTRO1  TTR-mediated amyloidosis  TTR 1, completed Lipid nanoparticles Intravenous  NCTO1148953%
(FAP)

Patisiran TTR-mediated amyloidosis  TTR 1,2completed  Lipid nanoparticles Intravenous  NCTO15590772"7;

(ALN-TTRO2)  (FAP) NCTO01617967;

NCT02053454

2,3 ongoing NCT01961921;

NCT01960348

Revusiran TTR-mediated amyloidosis  TTR 2, completed GalNAc-siRNA conjugation Subcutaneous  NCT01981837
(ALN-TTRsc)  (FAC) 1,2, 3, ongoing NCT01814839;
NCT02292186;

NCT02319005

D101 Pachyonychia Congenita  Keratin 6a (N171k 1, completed Naked SIRNA Intradermal  NCT00716014%'*

mutant)

Other diseases

ND-L02-50201  Hepatic fibrosis HSP47 1, completed; Vitamin A-coupled liposomes  Intravenous  NCTO1858935;

1/2, ongoing NCT02227459

QPI-1002 (ISNP) Acute renal failure, Injury of pS3 1, completed; 1, Naked SIRNA Intravenous NCT00554359;
Kidney terminated NCT00683553
Prevention of delayed 1/2, completed NCT00802347

graft function in kidney

Trials clinici sSiRNA vs miRNA

Route of
Name Indications miRNA Phase Delivery system administration Trial ID
MRX34 Primary liver cancer or liver miRNA-34a 1, ongoing Liposomes (SMARTICLES)  Intravenous NCT01829971
metastasis from other cancers
TargomiRs Malignant pleural mesothelio- miRNA-16 1, ongoing Nanoparticles (nonliving Intravenous NCT02369198
ma; non-small-cell lung cancer b i ini

ADRB, [1-2 adrenergic receptor; AMD, age-related macular ApoB, B: AT, CASP2, Caspase-2; CNV, chloroidal neovas-
cularization; DPC, dynamic polyconjugate; EphA2, ephrin type-A receptor 2; FAC, familial i FAP, familial i

GalNac, NAcetylgalactosamine; HBV, hepatitis B virus; HSP47, heat shock protein 47; KRAS, Kirsten rat sarcoma viral oncogene homolog; KSP kinesin spindie
protein; LDL, Low density in; MYC, v-myc avian is viral oncogene homolog, PCSK9, proprotein convertase sublilisinkexin type 9; PKN3,
protein kinase N3; PLK1, polo-like-1; PNH, nocturnal RRM2, i ide reductase subunit M2; RSV, respiratory syncytial virus;
TRPVA, transient receptor potential cation channel subfamily V member 1; TTR, Transthyretin; VEGF, vascular endothelial growth factor; VP, viral protein.




Table | Regulatory ncRNAs produced from eukaryotic genomes and their characteristics and functions

Type Long name
miRNA Micro RNA 20-24
@ PIWl-interacting RNA  24-31
siRNA Small interfering RNA  20-24
PAR (*PASR, Promoter-associated  16-200
TSSa-RNA, RNA
tRNA,
Enhancer RNA 100-9000
@ Long non-coding RNA - >200

Length (nt) Characteristics

Pri-miRNA produced in the nucleus as capped and
polyadenylated ssRNA with a imperfectly paired
stem-loop structure

Processing by Drosha and Dicer lead to a production
of mature dsRNA with exact ends

Effector phase occurs primarily in the cytoplasm
mediated by Ago proteins

Precursor ssRNA, which is modified to contain
¥-terminal 2'-O-methyl

Strong preference for uridine at the 5 end

Canonical form long, linear, perfectly base-paired
dsRNA

Processed by Dicer into mature siRNA with
heterogenous end composition

Effector functions oceur primarily in the cytoplasm
supported by Ago proteins

Woeakly expressed ssRNAs
Short half-life
Bidirectional expression reflecting Polll distribution

ssRNA produced bidirectionally from enhancer
regions enriched for H3K4me?1, Polll and
coactivators such as p300

Short half-life

Evolutionarily conserved sequences

Dynamically regulated upon signalling

Expression correlates positively with nearby mRNA
expression

Precursor ssRNA

Many IncRNAs are subject to splicing,
polyadenylation, and other post-transcriptional
modifications

Mostly nuclear RNAs but a subset also located in the
cytoplasm

Not evolutionary conserved with the exception of
large intergenic ncRNAs, lincRNAs
(H3K4me3-H3K36me3 signature)

Function

Perfect complementarity: Ago2-mediated
cleavage of mRNA

Non-perfect complementarity: Suppression
of translation or mRNA degradation
(deadenylation, decapping, and
exonucleocytic degradation)

Minor functions in transcriptional silencing
and translational activation

Silencing of transposable elements in the
germline

Perfect match: endonucleocytic cleavage

Non-perfect match or endonuclease-inactive
RISC: translational repression or
exonucleocytic degradation

Induction of heterochromatin formation

Silencing of the same locus from which they
are derived

Partly unknown but indications of
transcriptional regulation (example
interaction with Polycomb group of
proteins)

Mostly unknown but plays a role in
transcriptional gene activation

Chromatin remodelling
Transcriptional regulation

Post-transcriptional regulation (splicing,
TF localization)
Precursors for siRNAs

Component of nuclear organelles
(paraspeckles, nuclear speckles)

*PASR, promoter-associated small RNA; TSSa-RNA, transcription start site-associated RNA; tiRNA, transcription initiation RNA; PROMTs, promoter upstream transcript.



What is piRNA

* Small RNAs: piRNA, siRNA, miRNA.

* piRNA: derive from repetitive genomic element,
interact with PIWI

RISC(RNA
induced

silencing
complex)

family
protein

l Germline-specific AGO
pIRISC:
PIWI m recognize and
family( PIWI, silence

AUB, AGO3) complementary

RNA




Current Evolutionary studies demonstrate

* piRNA strongly repress retrotransposons
* piRNA evolves very fast among species
* piRNA loci locates in low recombination region

* piRNA show a signature of selective constraint in African
populations



CLUSTERED REGULARLY INTERSPACED SHORT
PALINDROMIC REPEATS (CRISPRS) AND CRISPR-
ASSOCIATED (CAS) PROTEINS

¢ derived from a natural process found in
bacteria to protect themselves from pathogens

“* targets genes for editing and regulating
¢+ comparable to Photoshop

Horizon Licenses Harvard University Gene-Editing Technology. (2013). Drug Discovery &

Development.



HISTORY

* Researchers find CRISPR sequences in Escherichia coli, but do not
characterize their function.

* CRISPR sequence are found to be common in other microbes.

* Coined CRISPR name, defined signature Cas genes

= First experimental evidence for CRISPR adaptive immunity

 First demonstration of Cas9 genome engineering in eukaryotic cell

€€€E€KC

CRISPR - Cas systems

* These are the part of the Bacterial immune system which detects
and recognize the foreign DNA and cleaves it.
1. THE CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)
loci
2. Cas (CRISPR- associated) proteins can target and cleave invading DNA in a
sequence — specific manner.
v'A CRISPR array is composed of a series of repeats interspaced by

spacer sequences acquired from invading genomes.
A CRISPR Locus

I Spacers I
— W~ WWGa..
CAS Genes Leader I \ }m ‘{ / J

A CRISPR Array



CRISP

e Scoperta nel 2012
* E’ un meccanismo con il quale i batteri si difendono dai virus
* E’ una specie di memoria immunitaria

 Sitratta di sequenze ripetute che contengono pezzi di DNA simili al genoma di alcuni batteriofagi.
Ogni ripetizione e in pratica seguita da brevi frammenti di DNA "distanziatore" generato da una
passata esposizione del batterio a virus batteriofagi o plasmidi. Vicino a queste copie di genoma
virale, si trovano i geni per proteine chiamate Cas, che sono endonucleasi.

* Le sequenze per le proteine Cas vengono tradotte in proteine, mentre le sequenze simili al
genoma virale sono trascritte in singoli filamenti di RNA.

* | filamenti di RNA fanno da guida per le endonucleasi Cas

* Nel momento in cui entra nella cellula un genoma virale simile, i batteri lo riconoscono, grazie
all'RNA che si appaia alle basi complementari della sequenza bersaglio, quella del virus

* Si tratta di un vero e proprio sistema immunitario adattativo: i batteri "conservano" nel loro
genoma le tracce di precedenti infezioni virali per poterle combattere efficacemente quando il
virus si ripresenta.



https://it.wikipedia.org/wiki/Virus_batterico
https://it.wikipedia.org/wiki/Plasmidi

Quando un batterio e invaso da un virus, la prima fase della risposta immunitaria e
la cattura del DNA virale per inserirlo in un locus CRISPR nella forma di uno
Spaziatore.

Cell membrane

Double stranded viral DNA

HEHEEEEH

Creation of a novel spacer

’/ i
C o=l CRISPR Array
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CRISP/Cas9

* La collaborazione tra i gruppi di Emmanuelle Charpentier e
Jennifer Doudna porta a capire come funziona Cas9, una di
gueste endonucleasi guidate da un filamento di RNA.

* Provano a sostituire il filamento di RNA che guida Cas9, lo
programmano per "farlo andare" in un punto specifico del DNA
da loro scelto.

* Lesperimento ha successo e diventa chiaro che hanno
identificato una nucleasi Frogrammablle per tagliare il DNA
dove si vuole sfruttando I’RNA guida che fa parte del sistema.

* | ricercatori capiscono che aggiungendo al sistema un RNA con
una sequenza desiderata, possono anche sostituirla nel gene
E);?E:\Sl?)gl\llilcl) e quindi possono MODIFICARE IN MODO SPECIFICO |

* Dal 17 agosto del 2012 |a tecnologia molecolare CRISPR-
Cas9 diventa di dominio pubblico.



Le sequenze CRISPR sono state rinvenute in circa il 40% dei genomi
batterici e nel 90% dei genomi degli Archea

Transfect
into cell Eaty

CIRCULAR
DNA PLASMID

PAM
sequence

®®

Guide RNA
~ (gRNA)

Cas9 cuts both
the DNA strand to which the gRNA binds
and the opposite strand

gRNA

“TITTTTTTITTTTTITTITd

A CRISPR CUT: The guide RNA Double strand break in target DNA
(gRNA) forms a complex with Cas w
and directs the enzyme to cleave the I I I I I l I I I I | I I I I I I V I I I I l | I | I
target DNA to which the gRNA binds IIIIIIIIIIIIIII” III””II

through complementary sequence.

The cell tries to repair the DNA

break, which often results in the

insertion (as shown) or deletion of RN RnnRannn

nucleotides that changes the reading Cell's error-prone
frame of the gene and a creates J—LLLLLLLU—LU—LLLLLU—LLLLLLLLLLLLLLI. DNA repair pathway

—_

premature stop codon.
Insertion Premature

mutation stop codon


https://it.wikipedia.org/wiki/Archea

CRISP/Cas9

l The Crispr system involves editing the DNA in 2 An RNA “guide” molecule, programmed to match
a cell from the outer wall (trophectoderm) of a specific DNA sequence and attached to a CAS9
avery early embryo (Blastocyst) enzyme, targets the DNA sequence inside the cell

Trophelttoderm

__—Guide"RNA
DNA
CAS9 enzyme —
i Extra DNA
3 As the RNA lines up :

d . ) 4= ﬁ Repair enzymes seal the
with the ‘target DNA' 4 gap in the broken DNA,
sequence it enables deleting the desired DNA
CAS9 enzyme to open or adding new DNA,
the DNA helix and fundamentally ‘editing’ it
position two molecular
blades to cut each strand

of the double helix



Con CRISPR/Cas9 si & riusciti ad eliminare il genoma virale dalle cellule
umane, in modo preciso, senza danneggiare il DNA nei punti limitrofi
all’escissione. Inoltre, e stato evidenziato che queste cellule “guarite”
sono immuni a nuove infezioni da parte del virus.

Crispr:  "forbici  molecolari" per
modificare la molecola della vita. Usate
sulle cellule di un donatore sano per
produrre cellule immunitarie (linfociti T),
geneticamente modificati per uccidere
solo ed esclusivamente le cellule
leucemiche e per essere invisibili alle
pesanti terapie = somministrate al
paziente, nonché alle sue difese
immunitarie.

Taglio del DNA

(enzima Cas)

“knock-out”:
delezionifinserzioni casuali e
Riparazione precisa perdita di funzionalita del gene
(Ricombinazione omologa)

NN "o “Editing”:

N . DNA “stampo” modlf/ca prec:s.a (delez:qne o
- . tel difi inserimento) di una porzione
L contenente la modifica di DNA

desiderata



The future of CRISPR/Cas9

Human gene therapy

e et

The future of CRISPR-Cas9-mediated genome engineering

Ecological vector control: 4——’/ x» Synthetic biology:
mosquito sterilization, etc. pathway engineering
Viral gene disruption; Programmable RNA targeting

pathogen gene disruption

Screens for drug target |D - e Agriculture: crops, animals

+ multiplexed genome editing targeting multiple sites



