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Discovery of Ribozymes

\ Guanosine-
binding site

In the early 1980s, the groups
Cech and Altman discovered
RNAs with catalytic properties:
Ribozymes

RNA can carry and transmit
genetic information and
catalyze reactions.
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The RNA World Hypothesis

According to the RNA world
hypothesis our current DNA /
protein-based world was preceeded
by a world dominated by RNA.
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Non-(Protein-) Coding RNA

Organism Genome Length Protein-Coding Noncoding Number of SzymanSkl et al., In:
(kbp) Part (%) Part (%) Genes Barscizewski/Erdmann,

Eubacteria Noncoding RNAs, 2003, 1.

U. urealyticum 751 88 12 577

E. coli 4639 84 16 4000

M. leprae 3268 73 27 2584

Archaea

P. horikoshii 1739 87 13 1636

M. jannaschii 1665 83 17 1599

S. solfataricus 2992 77 23 2610

Eukaryota

E. cuniculi 2900 90 10 2000

S. cerevisiae 12000 71 29 5651

S. pombe 12463 57 43 4824

A. thaliana 115410 29 71 25500

C. elegans 97000 27 73 18424

D. melanogaster 180000 13 87 13600

- While in bacteria almost the complete genome encodes proteins,
only 2% of the human genome encodes proteins.

» The ENCODE project demonstrated that more than three quarters

of the human genome are transcribed.

» What is the function of the large part of RNA that is transcribed but
does not encode proteins? 6



Diversity of RNAs

Transcripts

Protein-coding mRNA

Based on: Szymanski et al.,
in: Barscizewski/Erdmann,
Noncoding RNAs, 2003, 1.

non-coding RNA

Housekeeping RNA Regulatory RNA

* rRNA * long non-coding RNA
 tRNA * SIRNA
* SNRNA * eSIRNA
* SNORNA . miRNA
* RNase P RNA . pIR_NA
e telomerase RNA * tasiRNAs
e casiRNAs

* natsiRNAs



i Overview

= Long non-coding RNAs

= Small regulatory non-coding RNAs
= MiRNAs
= PiRNAs
= SIRNAS
= Small interfering RNAs as antiviral agents



Long non-coding RNAs

= Long non-coding RNAs (IncRNAs) are 200 nucleotides to
several kilobases in length.

= INncCRNAs can be subdevided into five classes:
= Natural antisense transcripts (NATS)
= Long intergenic non-coding RNAs (lincRNAs)
= Very long intergenic non-coding RNAs (vlincRNAs or macroRNAS)
= Sense intronic RNAs
= Processes transcripts (usually spliced and/or polyadenylated)

Wahlestedt (2013) Nat. Rev. Drug Discov. 12, 433.



Long non-coding RNAs

DNA
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= Regulatory non-coding RNAs can act at the transcription or

translational level.
= They can upregulate or downregulate gene expression.

Wahlestedt (2013) Nat. Rev. Drug Discov. 12, 433.
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Long Non-Coding RNAs In

ncRNA
DBET

BACE1-AS
DISC2

HIF1A
MALAT1
ATXN8OS
FMR4
FMR1-AS
PINK1-AS
CDKN2B-AS1

NPPA-AS
NAT-RAD13
BOK-AS
HTT-AS
HARIR
P15-AS
lincRNA-p21
P21-AS
HOTAIR
LSINCTS
PTCSC3
TUG1
lincRNA-EPS
HELLPAR
UCA1

GAS5
DA125942

Human Diseases

Diseases

Facioscapulohumeral muscular
dystrophy

Alzheimer’s disease
Schizophrenia

Cancer, myocardial ischaemia
Cancer

Spinocerebellar ataxia

Fragile X syndrome

Fragile X syndrome
Parkinson's disease, diabetes

Cancer, diabetes,
cardiovascular disease

Cardiovascular disease
Alzheimer’s disease
Cancer

Huntington's disease
Huntington's disease
Leukaemia

Cancer

Cancer

Cancer

Cancer

Cancer

Cancer

Anaemia

HELLP syndrome
Cancer

Autcimmune disease, cancer

Brachydactyly type E

Wahlestedt (2013) Nat.

Type
IncRNA

NAT
NAT
NAT
IncRNA
NAT
IncRNA
NAT
NAT
IncNRA
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NAT
NAT
NAT
NAT
NAT
IncRNA
NAT
IncRNA
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IncRNA
IncRNA
IncRNA

Rev. Drug Discov. 12, 433.
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i Overview

= Long non-coding RNAs

= Small regulatory non-coding RNAs
= MiRNAs
= PiRNAs
= SIRNAS
= Small interfering RNAs as antiviral agents
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MicroRNA
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Target mRNA degradation or translational repression

= MicroRNAs (miRNAs) are small double-stranded RNA

molecules that are endogenously expressed and regulate the
expression up to 60% of the human genes.
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405

A) Translational Repression

Cap ORF LI PolyA

B) mRNA Decay

Deadenylation

Decapping /\

Cap ORF

m PolyA
\ 7 ¥

MIRNAS

= MIRNAs usually bind to the 3'UTR
of mMRNAs in an imperfect
manner.

= They repress translation and
Induce mMRNA decay.

14



Extracellular miRNAS
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v
e
=
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Type 2 exosomes

The exosomes containing RNA for
synchronising/affecting neighboring cells

Cell Adh Migr. 2007 Jul-Sep; 1(3):
156-158.; Review: Grimm (2009)
Adv. Drug Deliv. Rev. 61, 682.

In recent years, extracellular miRNAs
have drawn much attention. miRNAs
are secreted from the cells In
exosomes.

Extracelllular miRNAs may have a
function in cell-cell communication.

Furthermore, they can be used as
diagnostic biomarkers.

15



Relative level in plasma

(fold)

Extracellular miIRNAs and
myocardial infarction
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miR-1  miR-133a miR-499 \miR-208a / miR-16  miR-122 miR-208a

While mIRNA-208a is absent in healthy and sham-operated rats,
Its level is higher in animals with an induced myocardial
Infarction.

The miRNA is also upregulated in patients with a myocardial
Infarction.

MIRNA-208a was proposed as an early biomarker for myocardial

Infarction. 16
Wang et al. Eur. Heart. J. 31, 2010, 659.



MIRNAS In Viral Infections

¢ @ &

=200 >4

Herpesviridae  Polyomaviridae Adenoviridae Ascoviridae Baculoviridae Retroviridae

= Viruses encode more than 200 miRNAs with diverse
functions:
= Autoreqgulation of viral gene expression
= Inhibition of host factors to block the immune response
= Maintanance of latent infections.

= Some human miRNASs inhibit viruses.

Grundhoff A, Sullivan CS. Virology. 2011 Mar 15;411(2):325-43.
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mIiR-122 and HCV

HCV 5" UTR

HCV 5" UTR
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HCV requires the human miR-122 for efficient replication. The

MIRNA binds to the 5'UTR and stabilizes the viral RNA. Inhibition
of miR-122 suppresses HCV.

18
Lindow M, Kauppinen S J Cell Biol 2012;199:407-412



MIRNA-Inhibitor for Antiviral Treatment

= An LNA-modified antisense molecule
targeting miR-122 is being developed to
treat HCV infections.

= Treatment of non-human primates resulted
In a significantly reduced HCV level.

= In 2012, results of a phase Il study were
published demonstrating that the antisense
Inhibition of MiR-122 inhibits HCV in human
patients.

>

HCV GE/mL serum (GE/ug liver RNA)

High dose (5 mg/kg)

Lanford et al. Science 327, 2010, 198.
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PDIRNAS

<«— piRNA cluster/transposon —>»

—

}—

piRNA cluster/transposon i

transcript

In 2006, Piwi-interacting RNAs (piRNAS)
were discovered in mouse testis.

= They are 24-30 nucleic acids in length.

Tt = In contrast to miRNAs and siRNAs, piRNAs
s i IR are single-stranded.

= According to their initial discovery in testis,
PIRNAs seem to play a role in
spermiogenesis.

itranscription

/\_//—\/_ transcript

l processing

cleavace

20
Gunter Meister (2011) RNA Biology. Wiley-VCH, S. 260



PDIRNAS
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PIRNAs arise from repetitive
Intergenic elements including
transposable elements (TES).

They target RNAs and degrade
them post-transcriptionally.

PIRNAs are involved in maintaining
the genetic stability.

Huang et al., Biochemistry (Moscow) 78, 2013, 221. 21



mall noncoding RNAs

Class Origin Size, nt Function Referenc: H u an g et al

"
Small nucleolar RNAs sense, intergenic, or intronic 60-300 RNA modification, includ- [14] B H h H
(snoRNAs) ing 2'-O-methylation and IOC el I “Stry

pseudouridylation
Promoter-associated sense, intergenic (promoter region) 20-200 transcription [15] (M OS COW) 7 8
RNAs (PASRs) !
Permini-associated small antisense, intergenic (3'-UTR end of 20-200 transcription [15] 2 O 13 2 2 1
RNA (TASRs) genes) ] -
Small vault RNA (svRNA) | within vault RNA genes 23-40 drug resistance [16,17]
Vault RNA (vVRNA) conserved genomic locus linked to proto- 88-98 transport and nuclear [18]
cadherin gene cluster extrusion of xenobiotics
Transcription initiation downstream to TSS in highly expressed 18 transcription [19]
RNA (tiRNA) genes
Transcription start site found within —250 to +30 nt from TSSs 20-90 transcription [20]
associated RNA (TSSa- of highly expressed genes
RNA)
Promoter upstream tran- —2500 to —50 nt to TSS of actively tran- 18 transcription [21]
scripts (PROMPTs) scribed protein coding genes
Small activating RNA exogenous or endogenous 21 gene activation 122, 23]
(saRNA)
QDE-2-interacting small ribosomal DNA locus 20-21 DNA damage response [24]
RNA (giRNA)
MicroRNA-offset RNAs regions adjacent to pre-miRNAs ~20 post-transcriptional gene |25, 26]
(moRNAs) silencing
MSY2-associated RNAs derma cell-specific DNA/RNA binding ~26-30 | unknown 127]
(MSY-RNAs) protein MSY2
Telomere small RNAs G-rich strand of telomeric repeats ~24 telomere maintenance [28]
(tel-sRNAs)
Centrosome-associated centrosomes ~34-42 | guiding local chromatin 29]
RNAs (crasiRNAs) modifications
X-inactivation RNAs duplexes of two IncRNAs, Xist and Tsix -50 X-chromosome inactivation [29-31]
(xiRNAs)
Sno-derived RNAs small nucleolar RNAs 20-24 RNA silencing [32-34]
(sdRNAs)
Splice junction-associated | sense, exonic (splice donor site) 17-18 epigenetic regulation [35]
RNAs (spliRNAs)
Mirtron introns 21-25 post-transcriptional gene |36-3%]
silencing

= Summary of small noncoding RNAs in eukaryotic cells in addition to
SiRNAs, miRNAs and piRNAs.



SIRNA-Mediated Silencing of
Lamin A/C iIn Mammalian Cells

= |In 2001, Tom Tuschl and co-workers
demonstrated for the first time that
endogenously expressed genes can
be silenced siIRNAs in mammalian

cells.

Elbashir et al., Nature 411, 2001, 494-498 23



RNA Interference

A) Structure of an siRNA
Overhang Sense or
5 3 passenger
[0 1) _ strand _
3'@ u 5 Antisense
Overhang P or
Cle;f:ge S guide strand
_
B) Synthetic

siRNA

LU

Target RNA
Nucleus Cytoplasm cleavage

Kurreck, J. (2009) Angewandte Chemie Int. Ed. 48, 1378.
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RNAI Therapeutics In

Table 1 ANAI therapautics clinical pipaing

Clinical Pipeline

Year of
INDYCTA Candidaie indication Target Deilvery
2004 Canes Wet AMD, dlabetic mecular edema WEGF Intrevitreal needia Injection {refna; local)
2004 Sna-I2TIAGH-TIS  Wet AMD VEGF-R1 Intrevitreal needia Injection {refina; local)
2005 ALN-ASVO ASY Infection iral ANA Inhaletion of uniormuiatad sIRNAS
lung epmelum; ool
2007 DGA Acute kdney Injury, deleyed ps2 Intravenous naked sIRMA (proximal
grEft function tubule calls; sysiemic)
2007 PF-4533655 Wet AMD, dlabetic mecular edema  ATPB01/AEDD! Intrevitreal needia Injection {refna; local)
2007 rHIV-Ehi-TAR- HIV Inlection “iral ANA end host faciors Lentviral (nematopoistic stam cells;
CCASAZ & uivo)
2007 MucE 000 Hepuatitis B virl Infection HEW AMAS Lipasomal plasmid {hepetocytes;
systemicy
2000 o Paciyonychia congenits Mutsnt kzratin Intrecermal neadle Injacton {skin; local)
2008 Therapeutic vecdnge  Metestaic melanoma IMmuUnNoprotsasame Electroporation (Subolagous monooyies;
£ Vv
2000 Excallalr Asthma Syk kinase Inhaletion of uniommuiated sIRMNAS
lung epimailum; local)
2000 CALAA-D1 Morwesectable or metestatic sold M2 subunl of rbonuciectice  RONDEL {solld lumor cells; systamic)
wmors reductEss
2000 ALN-VEPOZ Liver cancer, cancer with ver VEGF, KZP SMALP liposome (hapelnoytes;
Imvoivement systemicy
2000 AnDaT Advancag solkd umars PHNI AUPLEX, poplex vascular endothedlal
cells; systemicy
2000 QP-007 CNronilc nerve atophy, nonareric  Caspase 2 Intravitreal naedis Injaction
Ischemic oplic neuropatiy
2009 SYLO4OZ Infraccular pressure end glaucoma  FrAdrenenglc recegior 2 Eye drop (cillary epihalial cells; local)
2000 THM-ApoB Hypercholestarsiemia Apclipoprotain B SMALP liposome (hepelnoytes;
systemicy
2000 bi-shAMARTin Owarlan cancer, sdvanced Furin Electroporation plasmid (aulsiogous
GMCSF melanoma fumor samples; ex W)
2000 ALN-TTRO TransTyratin amyioidesls TransETyratin SMALP liposome (hepeinoytes;
systemicy
2010 ElG120 LODER Opambie pencreati uctal Mutsied KRAS LODER local drug slution
Edenocarcinama
2010 THM-PLKA Solid cancers end lymphoma Poic-lke kinase 1 SMALP liposomal {solld bumeor cells;
systemicy
2011 CECS0e Famillal edencmatous polyposls! ~Catenin Becterlal {mucoesl layer of small and
Colion Cancer praventon large Intesting; oral)
2011 ALN-PCE02 Hypercholestaroiemia PCSKD SMALP liposome (hapelnoytes;
systemicy
2011 TKM-EBOLA Eboia Infection {biodetanss) iral ANA SMALP llposome (hapetooytes end
phagocytes; systemi)
Select preciinical candideies
2012 fest)  AN-109 Dermal scaming CTGF Intrecermal neadle Injacton {skin; local)
2012 {est)  Tobe named HIV Inlection CCRE Lentviral fransducion rensduction

[nematopaletic stam cells; ex vivo)

25

Haussecker (2012) Mol. Ther. Nucl. Acids 2, e8
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Nat. Struc. Mol. Biol. 15, 2008, 546

Endo-siRNAs (esiRNAS)

= Initially, only organisms encoding an RdRP

were considered to generate endogenous
SIRNAs.

Interestingly esiRNAs were detected even
INn mouse oocytes and drosophila, both of
which do not produce an RdRP.

esiRNAs are generated from hairpin
structures or complementary RNAs.

esiRNAs originate from retrotranposons
and control mobile genetic elements. In
addition esiRNAs were found In
pseudogenes, which regulate protein-
coding mRNAs.

26



RNAI as an Antiviral Mechanism In
Mammalian Cells

= The antiviral activity of RNAI in plants and invertebrates
has been well established.

= However, it remained elusive, whether RNAI also has
antiviral activity in mammalian cells, or if the innate IFN
Immune response supplanted the RNAI defense.

= Evidence for virus-derived small RNAs (vSRNAs) was

provided, but it was still questioned, whether the vsRNAs
were functional.

27



RNAI as an Antiviral Mechanism In
Mammalian Cells

= In October 2013, two groups independently demonstrated
antiviral RNAI in mammalian cells:

= Murine embryonic stem cells lack the IFN response. vsRNAs
associate with Ago2.

= The Nodamura virus produces an RNAI suppressor. Deletion
mutants lacking the suppressor are suppressed by RNA..

= The same is still true in 7-day old suckling mice. Mutated NoV
lacking the RNAI suppressor are inhibited by a potent antiviral RNAI
response, while the wt virus lacking the suppressor escapes
inhibition by RNAI. In adult mice the virus is cleared by the IFN
response.

Maillard et al. Science 342, 2013, 235; Li et al. Science 342, 2013, 231.
28



RNAI as an Antiviral Mechanism In
Mammalian Cells

RNAi =TT
Viral clearance Viral clearance
— IFN

Undifferentiated mESCs Differentiated mESCs
B Seven-day-old suckling mouse Adult mouse

NOVAB2 \ WT NoV \ N

NoVmB2

vﬂ v@ -

- v—Q

Viral clearance Lethal Viral clearance
(RNAI response) : (IFN response)

p—

= In young mice the RNAI response can clear NoV lacking the
RNAI suppressor B2. NoV with the RNAI suppressor is lethal.

= In adult mice, the IFN response clears the virus.

Maillard et al. Science 342, 2013, 235; Li et al. Science 342, 2013, 231. 29



i Overview

= Long non-coding RNAs

= Small regulatory non-coding RNAs
= MiRNAs
= PiRNAs
= SIRNAS
= Small interfering RNAs as antiviral agents
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Coxsackievirus B3 (CVB-3)

>
Systole -

Muckelbauer et al. (1995) s o -
Structure 3, 653. From: Renz-Polster et al., Basislehrbuch Innere Medizin

= Member of the picornavirus family
= Plus-strand RNA viruses
= Cytoplasmic replication-cycle

= High clinical relevance:
= Meningoencephalitis, pancreatitis

= CVB-3 is one of the major causes of acute myocarditis that
can persist chronically and develop into a dilated
cardiomyopathy.
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Inhibition of Coxsackievirus B3

120

100

80

60

relative pfu/ml [%]

40

0 T T - T T T

no SiRNA siRdRP 1 SiRdRP 2 siRdRP 3 SiRdRP 4 Control

= Plaque reduction assay:
Up to 90% reduction of virus propagation.

"‘?’T AL
e BITITE
e Schubert, Grunert, Zeichhardt, Werk, Erdmann, Kurreck (2005) J. Mol Biol. | R
S R
346, 457. e
» Werk, Schubert, Lindig, Grunert, Zeichhardt, Erdmann, Kurreck (2005) Biol. A
Chem. 382, 857. N



SIRNA Double
Expression Vector (SIDEX)

wt RARP
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=« Wt RdRP

Schubert, Grunert, Zeichhardt, Werk, Erdmann, Kurreck

= and mutated RARP  (0s) 1. wol. siol. 346, 457. 33



AAV Vectors for Knockdown

= Advantages: Low pathogenicity, transduction of

guiescent cells, serotypes with specific tissue
tropism

= Disadvantage: Low packaging capacity
= Challenge: Determination of vector concentration

~ = Use of plasmid standard in gPCR

gives variable concentrations
o e R depending on the primer set.

(L = Only the use of isolated genomic
1x10% | | AAV DNA as a standard gives

reliable results.

Vector genomes/pul

1x107 4

Vector genomes/pl

Wagner, Rohrs, Kedzierski, Fechner, Kurreck (2013)
Hum. Gene Ther. Meth., in press.

1x10% 4 L 1x106 4
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AAV Vectors for Knockdown

= Knockdown of cyclophilin B:
= Increasing transduction rates at higher concentrations

= Approximately 150 transduction units required for 80% knockdown.

A
72x10° 15x10* 29x10* 58x10* 1.2x10° 2.x10~" Vector genomes/cell

S AAV-CycB-I
_Vector genomes/cell

9.1x10> 28x10° 82x10° 25x10*

¥ AAV-CycB-II

—
(3]
5

o
<

scAAV vector genomes per cell

C
=
2
2
b
e
b
g 06
o
-
&)
=
@
=
R
-]
=
=4

0.3
CveB — —— eams
o AAV-CycB
ACHIN | = — — - — — —
0.4 1
CT\VCB — — S iy TU— G —
: AAV-Ctrl. 0.2 1
ACHII | e — c— — v — ——
OQ‘ ¢ N )
\"*k \*\ \*\ \"*X

Transduction units/cell
Wagner, Rohrs, Kedzierski, Fechner, Kurreck (2013) Hum. Gene Ther. Meth., in press.



Virus inhibition in rat primary
neonatal cardiomyocytes

417x 993x Tau

OMock p=0.002
1000000 -
- [0 AAV2.6-shGFP —
100000 1 H AAV2.6-shRdRp

15

10000+
w

. £
1000+ 101

pfu/ml

100
51

10+

1 - 0 )
1%10° | 6x10° AAV in vglc sham AAV2.9AAV2.9
24 h prier shGFP shRdRp
CoxB3
infection

= SIDEX reduces the virus titer in primary neonatal cardiomyocytes
by 3 log,, steps.

= Treatment improves cardiac function in mouse myocarditis model.

= However: The therapeutic effect was limited. Reduction of the
virus titer in the heart did not reach significance.

Fechner, H.; Sipo, I.; Westermann, D.; Pinkert, S.; Wang, X.; Suckau, L.; Kurreck, J.; Zeichardt, H.; Mdller, O.;
Vetter, R.; Tschope, C.; Poller, W. (2008) J. Mol. Med. 86, 987. 36



Soluble CAR (sCAR) as virus trap

Carson
et al., |g V-like
1997

sCAR-Fc

lg C2-like

Vir

Fc

[
L} +wmmﬂwmnmmrwmrlmmmu.,F

y
i Dsgap M

= Extracellular domains of CAR fused to the Fc domain of an
IgG have been shown to trap the virus and prevent its

read.
spread .



Antiviral activity of SCAR-Fc

*%k

= MOI 0.01 < 10
1072 m MOI 0.001 S I
— 1010 - O MOI 0.0001 =
€107 0 MOI 0.00001 2 8
< 108 e
S 100 s
g 104 g 101 o 1;:_1
" g 10* % :
48h 24h 6h 0.5h 6h 24h cyg3 AdG12 AdG12,, sham
-Dox pre pre pre post post post +Dox -Dox +Dox
Fhox +CVB3
= Pre-treatment of Hela cells with sCAR-Fc prevents virus
Infection. Even treatment 24 h after the infection reduces
the virus titer by 6 log,, steps.
= SCAR-Fc reduces virus titer /n vivo and prevents cardiac

dysfunction in CVB-3 myocarditis.

Pinkert, ..., Fechner (2009) Circulation 120, 2358.
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