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RNA world prospects for
biomedicine
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Some information about money and RNA

In 2014, the monoclonal antibodies market had
the highest growth rate (19%) for the number of
new molecules 1n the pipeline. DNA and RNA
therapeutics were not far behind, achieving 12%
year-over-year growth. Industry analytics data
suggest that the RNA-based therapeutics market
will reach $1.2 billion by 2020.



more than 700 nucleic acid-based therapeutics (DNA and RNA)
in the pipeline and more than 60% of the nucleic acid-based
therapeutic pipeline 1s in preclinical development
(35% of such pipeline 1s focused on oncology)

9765

8490 2209

Bioengineered vaccine 2009
917
Cell therapy 733
DNA & RNA therapeutics 660 -
Gene therapy --°
Monoclonal antibody
Antibody-drug conjugates |l

Other biotechnology product 976 1104
Recombinant product 1488 1563
2014 2015

2015 research and development (R&D) biotech pipeline



Several companies (approximately 160) and many academic

institutes (approximately 65) are developing
RNA-based therapeutics and vaccines
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Kyowa Hakko Kirin

miRNA

Andes Biotechnologies

mRNA

CureVac

Silence Therapeutics

Mirna Therapeutics

Biontech RNA Pharmaceuticals

Debiopharm

miRagen Therapeutics

Boehringer Ingelheim

Marina Biotech

Marina Biotech

Johnson & Johnson

Ipsen

Moderna Therapeutics

Ludwig Institute for Cancer Research

Alnylam Pharmaceuticals

Alnylam Pharmaceuticals

BioNTech

Sanofi Pasteur

Sanofi Pasteur

Sanofi Pasteur

Tekmira Pharmaceuticals

Tekmira Pharmaceuticals

NanoCarrier

Regulus Therapeutics

Dicerna Pharmaceuticals Biogen Idec
BioCancell Therapeutics GlaxoSmithKline
Samyang Group AstraZeneca
Silenseed lonis Pharmaceuticals
siRNAsense Les Laboratoires Servier

Reference Biolabs

Celsion

Avena Therapeutics

Rosetta Genomics

Lipella Pharmaceuticals

Santaris Pharma

Arrowhead Research

Shire

InteRNA Technologies

Alexion Pharmaceuticals

t2cure

Rigontec

Microlin Bio




Non-coding transcripts constitute a large
fraction of the mammalian transcriptome

- Protein Coding
Transcripts

. Non-coding
Transcripts

The GENCODE Project Consortium (http://www.gencodegenes.org/) and
FANTOMS (Chung-Chau Hon et al., Nature (2017) 543, 199-204 )



As metazoans evolved the number of encoded proteins
remained roughly constant whilst the genome size

exploded

Genome size Number of Number of

bp (millions) encoded proteins chromosome
Drosophila 168 13781 4

melanogaster

C elegans 100 20,424 6
Zebrafish 1505 19,929 25
Xenopus tropicalis 1700 ~21,000 10
Chicken 1050 14,923 39
Mouse 3420 22,085 20
Homo sapiens 3279 21,077 23

Arabidopsis 134 27416 5



The composition of non-coding transcripts in
the mammalian transcriptome

Huttenhofer et al.

rRNA, snRNAs

B miRNAs

. snoRNAs

tRNAs

Putative
LncRNAs

(FANTOMS identified 27,919
long ncRNAs and ~78% of
IncRNAs were characterized as

tissue-specific, as opposed by
only ~19% of mRNAs )



Therapeutic RNAs

* small-interfering (siRNAs)

* microRNAs (miRNASs)

* antisense oligonucleotides (ASOs)
* synthetic mRNASs

* CRISPR—Cas9

* LncRNAs

IMCTS



mRNA-based therapy

«  DNA-mRNA=—protein
mRNA technologies are mostly used in vaccines or gene therapy
— mRNA is translated to protein, which can ultimately replace a missing protein (therapy)

— mRNA induce an immune response
Figure 1: RNA Vaccine Technology

W for an antigen

Activaion Immune

B

Memory

— dendritic cells (antigen-presenting cells) take-up, process, and encode the target antigen,
which in turn induces an immune response

— Typically, mRNA vaccines are produced by in-vitro synthesis through an enzymatic process

— synthetic process can be tightly controlled, resulting in a quality and predictable product
profile

— mRNA can be easily tailored to offer a specific immunogenic profile and pharmacokinetics
(self-amplifying mMRNA)

— rbnRNA’s_stabiIity and antigenic properties can be easily manipulated by changing codon or modifying

ase pairs
— mRNA can be delivered as naked mRNA; immobilized on particles or in liposome nanoparticle

(Novartis and Synthetic Genomics 2013 Influenza A virus subtype H7N9 (avian influenza virus) in
China, about 40 % have died)



Novartis vaccine to protect farm-raised salmon from the infectious hematopoietic necrosis (IHN) virus

The only barrier was having enzymes sufficiently pure to make products that could be put into

humans
[ [
Funding for RNA vaccines
Company Date of funding, source Terms
BioNTech November 2015, Sanofi $60 million upfront and near-term milestones for co-development and co-commercializa-
tion of mRNA cancer immunotherapies
September 2016, Genentech $310 million upfront & near-term payments, 50:50 cost and profit share to develop novel
7 mRNA-based, individualized cancer vaccines IVAC Mutanome
May 2016, Bayer mRNA vaccines and therapeutics specifically for animal health applications
CureVac November 2011, Sanofi with DARPA $33.1 million to co-develop RNA vaccines for infectious diseases using RNActive technol-

Infectious Disease Research
Institute (Seattle)

Moderna

Synthetic Genomics

funding

November 2011, Sanofi

October 2013, Johnson & Johnson
March 2015, Gates Foundation

September 2015, International AIDS
Vaccine Initiative

September 2014, Boehringer
Ingelheim

October 2016, NIH
October 2013, DARPA

January 2015, Merck

January 2016, Gates Foundation
July 2016, BARDA
January 2017, Johnson & Johnson

ogy. Terms with Sanofi undisclosed
Option to exclusive license to mRNA vaccine to undisclosed pathogen, terms undisclosed
Partnership to develop influenza RNA vaccine, terms undisclosed

$52 million equity investment to construct GMP production facility with additional fund-
ing for prophylactic vaccines for infectious diseases

Combine HIV trimer construct with RNAactive technology, terms not disclosed

€35 million ($45M) upfront payment and €430 million ($563M) milestone payments for
exclusive global license for CV9202 in NSCLC

$500,000 for Zika mRNA vaccine

$25 million, emerging infectious disease and engineered biological threats (including
Chikungunya)

$50 million up front for partnership to discover, develop and commercialize five mMRNA
vaccines against four undisclosed viruses

Up to $100 million infectious diseases
$125 million, Zika

Partnership to develop RNA-based therapies for cancer and infectious diseases; terms not
disclosed



RNA vaccines 1n clinical trials

Laura DeFrancesco, Nature Biotechnology 35, 193-197 (2017)




SIRNA

* It has been reported that synthetic siRNA 1s able to knock
down targets 1n various diseases in vivo, including hepatitis B,
human papilloma virus, ovarian cancer, bone cancer,
hypercholesterolemia, and liver cirrhosis

* Only a few molecules of siRNA per cell are required to
produce effective gene silencing

* siRNAs are most commonly delivered into cells using
microinjection or a transfection agent. Many companies now
offer siRNA-delivering reagents to simplify this process



RNA-based technologies for biomedicine.
RNA-interference (RNA1)

Dicer
dsRNA  [TTTTTTTITTLLLLTITOT]
or shRNA
dsRNA cleavage
SIRNA ‘H]'H . H||MH
4
RISC Assembly %
lllIIlv FTTTTTTT Target mRNA
RISC Complex

Target mRNA cleavage

o Ci Unwound siRNA

RNAI utilizes a “dicer” enzyme to cut
dsRNA into 21 oligonucleotide
segments, called siRNA

siRNAs can bind to a Argonaute
proteins of two classes: Ago and Piwi.
Ago proteins bind to siRNAs or
miRNAs, while Piwi proteins bind to
Piwi-interacting RNA (piRNA) and are
used to silence mobile genetic
elements.

The siRNA, miRNA, or piRNA complex
bound to the Argonaute protein is
called the RNA-induced silencing
complex (RISC)

one strand of the dsRNA is removed
and the remaining strand binds to
and directs the degradation of the
complementary RNA target sequence



MIRNA

functions in RNA silencing and
post-transcriptional regulation of gene
expression

Approximately 60% of genes in the =
human genome are regulated by miRNA ..

40% of miRNA genes lie in
the introns or exons of other genes S

Cleavage of the mRNA strand into two
pieces,

Destabilization of the mRNA through
shortening of its poly(A) tail, and

Less efficient translation of the mRNA
into proteins by ribosomes




relationships between miRNA dysregulation and human disease
http:// www.mir2disease.org/

Inherited diseases

* A mutation in the seed region of miR-96, causes hereditary progressive hearing loss

* A mutation in the seed region of miR-184, causes hereditary keratoconus with

anterior polar cataract.

* Deletion of the miR-17~92 cluster, causes skeletal and growth defects.

Heart disease

Kidney disease

Nervous system (alcoholism, obesity)
Cancer

(A) miRNA functioning as a tumour suppressor gene

)n’.‘mn() pre-miRNA
2y

MiRNA/mMIRNA*
duplex

@ &m‘ mMRNA target gene__

| e l

( the oncroprotein is produced )

(B) miRNA functioning as an

T
cytoplasm T . mature miRﬁm
g T «—MRNA target gene_,, u@umuwmumg
¢ tumour suppressor gene l

( the tumour suppressor gene is not produced )




Processes affected by miRNAs in patients with bladder cancer.

In red are represented the upregulated microRNAs and in green those downregulated in bladder cancer; the
arrow represents promotion of a process, and the T bar represents suppression of a process.

survival and (7)) Survival AKT/PKB
proliferation N Proliferation

development of NI N
new vascular AN : B

) Angiogenesis PTEN
networks LD .

acquisition of
invasive
characteristics
within epithelial to
mesenchymal
transition (EMT)

Pop-Bica C et al., Int J Mol Sci. 2017 18(7)



The involvement of IncRNAs 1n different processes associated
with the hallmarks of cancer in
bladder malignancies

B
HK2
AmiR-1:3 uca-1
DIPOR1 lincRNA-
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GLS2 SEE T i miR-205
ixaae i ZEB1, ZEB2, SLU
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invasion
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Pop-Bica C et al., Int ] Mol Sci. 2017 18(7)



Mechanisms of IncRNA function

o

RNA decoy microRNA sponge RNP component

Transcription factors

f"/‘ s 0N

: IncRNA
Chromatin modifiers mRNA
oF!ecruitment of 7
chromatin modifiers

(5] (6] @

Translation Splicing _
inhibition modulation Degradation



LncRNAs are involved in several
important biological processes

* X chromosome inactivation: Xist

* Epigenetic modification: HOTAIR

* Enhancers for neighboring genes: ncRNA-7a
* Genomic imprinting: H19, Air

* p53 signaling pathway: lincRNA-p21

* Oncogenic trasformation

* To be discovered



Current knowledge of interactions between IncRNAs and miRNAs in malignancies
affecting various organs is summarized in the figure. The ~ sign denotes an interaction
between the particular IncRNA and miRNA.

Breast cancer . Blood cancer .
2 H 2 HOTAIR~miIR-193a, MIR100HG~miR-1250-1,
o S o e
; ' { MONC (MIR9SAHG)~mIR-1250-2, BGLI-MIR-17,
BGL3~miR-93, BGL3~miR-20a, BGL3~miR-20D,

HOTAIR~MIR-568, ROR-~MIR-205, GASS~MiR-21,
LOCS54202~miR-31 BGL3~MiR-1063, BGL3~MiR-106D

Liver cancer

H19-miR-675, H19~miR-200, HOTTIP-MiR-125b,
MEG3-~miR-185, HULC~miR-372, HULC-miR-9,
ZFAS1~miR-150, UFC1~miR-34a, Ftx~miR-545,

Fix~miR-374a, PTENP1~mil-17, PTENP1~.miR-18D,
ff f.-u.n ‘_‘-“ "
Bladder cancer g Colorectal cancer

BANCR~miR-8, HOTAIR~MIR-152, MEG3~miR-148a,
HOTAIR~miR-331-3p, TM4SF5~miR-4587-3p,
CTD-2354A18.1-miR-4697-3p, TUSC7~-miR-23D,
H19-miR-141, H19~miR-675, ANRIL~miR-98a, 4 2 N
ANRIL~miR-449a, GAPLINC~miR-211-3p, PTENP1-miIR-20a, MEG3-~-miR-28, MEG3~-miR-2%a,
NCR143/145-miR-143/145, AC130710-miR-139-5p, DANCR-~miR-214, DANCR-~miR-320a, ATB~miR-200
linc-NR_024015-miR-526b DANCR~mIR-189a. ROR~miR-145
/_" - - o
v~ UCA1-miR-210, UCA1~miR-96, UCA1~mIR-1, H19-miR-138, H12~MiR-2003, H19~MiR-675,
b

Gastric cancer

- - -_— =
UCA1-miR-143, MALAT1~miR-125b % i?"" NGRNA.P21-miR-{51, NCNRFR.et7.
Prostate cancer %) CCAT2~MiA-20a, CCAT2~miR-17-5p
PCAT-1~miR-34a. PCGEM1~MiR-145, ¥
H19-miR-675, HOTAIR-miR-34a

Brain cancer

Lung cancer ) i ]
XIST~-miIR-152, H18~-MIR-675, CASC2-miR-21

MALAT1-miR-217, NEAT1~miR-449a,
AK126598-miR-26a, AK126698-let7i

B

N

Gall bladder cancer Bone cancer Kidney cancer Skin cancer
CCAT1-miR-218-5p MALAT1~miR-9 HOTAIR-MiR-141 H18~miR-574-3p

-
SO®. . ]
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AIMS Molecular Science, 2016, 3(2): 104-124. doi: 10.3934/molsci.2016.2.104



Regulatory cancer network of IncRNA-miRNA interactions. A regulatory cancer network of IncRNA-miRNA interactions is
presented wherein each noncoding RNA (ncRNA) is represented as a “node” and interacting ncRNAs are joined by “edges”. Nodes
interacting within the same subset or subgraph of the regulatory network retain the same color in the figure. Nodes listed in the
bottom panel without any edges represent IncRNAs or miRNAs that have been implicated in cancer but whose interacting partners
are yet to be identified. A question mark (?) as a node label indicates that the node identity is uncharacterized. The figure was
generated using Cytoscape 3.3
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Prognostic ncRNA * Tissue Effect
Conventional cytostatics
miR-21-5p Tumor Upregulation increases resistance to 5-FU
miR-129-5p Tumor Downregulation increases resistance to 5-FU
miR-429 Tumor Upregulation increases resistance to 5-FU
miR-577 Tumor Upregulation increases resistance to 5-FU
miR-1915-3p Tumor Downregulation increases resistance to chemotherapy
miR-122-5p Tumor Downregulation increases resistance to 5-FU
miR-21-5p Tumor Upregulation decreases resistance to nCRT
miR-153-3p Tumor Upregulation increases resistance to oxaliplatin
miR-19a-3p Tumor Upregulation increases resistance to FOLFOX therapy
friRA06e- 5P Plasma/serum Upregulation increases resistance to FOLFOX therapy

miR-130b-3p, miR-484

miR-20a-5p, miR-130,

miR-145-5p, miR-216a-5p  Plasma/serum

and miR-372-3p

Response prediction to 5-FU-based adjuvant therapy

Plasma/

- Serum

&

Fresh/FFPE
tumor

metastatic CRC
patients

TUG1 Tumor Upregulation increases resistance to methotrexate
MALAT1 Tumor Upregulation increases resistance to FOLFOX
UCA1 Tumor Upregulation increases resistance to 5-FU
Anti-VEGF antibodies
miR-126-3p Plasma/serum Upregulation increases resistance to CT and bevacizumab
miR-664-3p Tumor Upregulation increases sensitivity to CT and bevacizumab
miR-455-5p Tumor Downregulation increases sensitivity to CT and bevacizumab
Anti-EGFR antibodies
milin-l‘,:?{iz[;}/}l;;k/ Tumor Response prediction to EGFR target-therapies
miRj31-3p e Tumor Response prediction to cetuximab but not panitumumab
miR-31-5p
miR-31-5p Tumor Upregulation increases resistance to EGFR target-therapies
miR-181a-5p Tumor Downregulation increases resistance to EGFR target-therapies
miR-143-3p Tumor Upregulation increases sensitivity to cetuximab
miR-145-5p Tumor Upregulation increases sensitivity to cetuximab

* The nomenclature of mature miRNAs has been updated to the latest miRBase release (v.21).

Summary of
ncRNAs that are
response-to-therapy
predictors in CRC

ncRNA

biomarker sy TREATMENT 1
/ high/present

NcRNA
biomarker sl TREATMENT 2
low/absent



RNA-nterference (RNA1) steps into biomedicine

1998 Andrew Fire and Craig Mello first demonstrated RNAI
in C. elegans

2001 Thomas Tuschl demonstrated potent and specific RNAI
silencing in mammalian cells

Around 2005 Major pharmaceutical companies invested
several billion dollars in RNAi therapeutics

2006 Nobel Prize in Physiology or Medicine

2009 era of disappointments, doubts and despair (OPKO
Health shut down its Phase 3 trial of an RNAIi treatment for
wet macular degeneration)

2010 Roche, which had invested about $500 million in RNAI,
shut down its internal research program (the same for
Pfizer, Abbott and Merck

2014 The Second Coming of RNAI



Challenges erected by evolutionary barriers to RNA
therapeutic delivery

Featwre __________________|Challenge for delivery

Too large or too charged to passively

OUBEIMEIECHID SIS i) ErElis diffuse across the lipid bilayer

Rapid degradation by blood and tissue

RNase susceptibility RNases

Rapid clearance from the blood by the

Reticuloendothelial system . :
kidneys and liver scavenger receptors

Oligonucleotides activate extracellular and

Immunogenicit . : :
8 Y intracellular innate immune responses

Oligonucleotides are taken up, but trapped

Endocytosis .
y inside endosomes



The four-billion-year-old lipid bilayer protects cells from

invading RNAs
Single-stranded Double-stranded Self-replicating CRISPR-Cas9
ASO siRNA mRNA sgRNA
s i 14, "m\.
a WA m NN AAA (o
AA M. NNV | g
(4-10 kDa) (~14 kDa) (600-10,000 kDa) (~200kDa)
p I
i No bioavailability e
% Limited v 2
% bioavailability =
. = i o Small- @
\ o
molecule €
; The billion-year-old barrier L, drugs §
S 3
~ A > Endocytosis 2
Q2
Ko
0
(]
Q



Native RNA and RNA-based therapies are vulnerable to degradation
from the ribonucleases
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Endosomal escape agents

Chloroquine - Melittin . Influenza virus Dynamic PO|yC0njugateS
: pH'sens'zg'e Zm:tmg 9o (DPCs), is a siRNA bound
“»:8;::""%\..;5?’\‘:8:"’"¢g,, to an endosomolytic

» polymer backbone via a
disulfide bond111

Endosomal lysis Pore formation Localized membrane
destabilization

Debbie Maizels/Springer Nature



DUALCZICS 101 UIC

Therapies bases on RNA interference (RNAI) typically employ one of two main platforms to route small interfering RNAs (siRNAs) through
the blood and into the di d cell. R hers can encapsulate the inhibitory molecules into lipid nanoparticles (LNPs), which protect
against degradation in the blood stream and can be decorated with surface antigens to deliver the RNA snippet to target cells, where the -— a S e

LNPs are taken up by endocytosis o Alternatively, some drug developers are modifying the chemical backbone of naked siRNAs to make

them more stable in the bloodstream and to improve cellular uptake, and conjugating the siRNAs with other molecules such as sugars to
aid uptake by specific cellse. Once in the cytoplasm, the siRNA'’s antisense strand is incorporated into an RNA-induced silencing complex

L]
(RISC), where the target ger RNA is degraded. An alternative approach is to deliver the genes encoding the inhibitory RNA sequences t I l era£ e l I tl C S

via a viral vector, taking advantage of the natural role of RNAi: the Dicer enzyme processes the short hairpin RNAs (shRNAs) generated after . . by N
transcription of the inserted DNA into SiRNAS that interact with RISC to inhibit protein translation €. * Stable nucleic id li p1 d pa rticles

(SNALPs from Tekmira Pharma (LNP
technology))

Small interfering RNA (siRNA)

© VIRAL VECTOR

€) SUGAR MOLECULE-sIRNA
CONJUGATE

: \*'0 © LD

'NANOPARTICLE (LNP)

* Smarticles technology from Marina
Biotech (negatively charged
Smarticles avoid the often seen
toxic effects of positively charged
lipids at physiological pH)

* PLGA nanoparticles

* Alnylam Pharmaceuticals
(N-Acetylgalactosamine (GalNac)

gl improve the delivery of siRNA)

RNA-induced silencing
complex (RISC)

* The co-injection therapy was
shown to increase the efficacy of
siRNA-cholesterol 500-fold with a

: 90% knockdown (Arrowhead

s e Research)

Antisense strand
of siRNA

Target /

mRNA gty
R TP g

Cleaved mRNA Sense strand degradation

© SCOTT LEIGHTON



Manufacturing RNA-based
biopharmaceuticals

RNA-based biopharmaceuticals are inherently
susceptible to endonucleases

special handling is required for production and
purification

MRNA purification (post-chemical synthesis)

* concentration precipitation

* extraction
 chromatographic methods



First ever RNA-based gene-silencing drug

approved by FDA
hereditary
e transthyretin-mediat
’jt:f onpattro?. ed amyloidosis
> mwmm e (hATTR)
US$450,000 per
year for a

single patient

disrupts the RNA mechanism producing transthyretin, a protein that
promotes an accumulation of amyloid deposits in the body
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Fig. 1 Interest for IncRNAs (red) in the cancer sdentific community compared to miRNAs (blue). The y-axis represents the number of publications

and the x-axis represents time. Data was obtained by searching Pubmed for “IncRNA cancer’ or ‘miRNA cancer”. Data from 2016 was not used in
the graph. Publications with terms miRNA’ and ‘aancer’ plateau in 2015
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Table 2. Differential expression between the tumor (T), the stroma (S), and the normal tissue (N)
compartment (fold change, p-values were calculated using a Wilcoxon signed-rank test).

Differential Expression in Liver and Lung Metastases
miRNA Tissue Svs.N p-Value Tvs.N p-Value Svs. T p-Value

e liver 3417 0.438 0.070 <0.0001  211.500 <0.0001
miR 1 lung 7.305 0.0078 0206  <0.0001 43990  <0.0001
_— liver 4.048 0.533 0.095 <0.0001  223.100 <0.0001
s lung 1.848 0.3465 0.203 <0.0001 14.560 <0.0001
R liver 6.593 0.07 0.249 <0.0001  624.400 <0.0001
P lung 4700 0.029 0.345 <0.0001 14.480 <0.0001
" liver 9.137 0.0803 0.071 <0.0001  510.900 <0.0001
P lung 9.143 0.0004 0.649 0.0016 25.560 <0.0001

= liver 14.610 0.0065 46.150 0.0009 0.25 0.0066
iR lung 9.418 0.0163 80.890 <0.0001 0.178 <0.0001
. liver 1.310 0.0658 0.101 <0.0001 61.180 <0.0001
P lung 4,907 0.0149 0702 0.0023 10.950 <0.0001

— liver 0.278 <0.0001 0.291 <0.0001 2.569 0.2699
e lung 1.944 0.0006 2326 0.0007 1.475 0.0383
— liver 0.349 <0.0001 3.103 0.7265 0.466 <0.0001
s lung 168.500 <0.0001 714.900 <0.0001 0.272 <0.0001
—_— liver 0.167 <0.0001 1.147 0.0372 0.392 <0.0001
T lung 58.310 0.0028 319.100  <0.0001 0.095 <0.0001
i liver 0.030 <0.0001 0.306 <0.0001 0,255 <0.0001
e lung 33.480 0.0012 192100  <0.0001 0,198 <0.0001
- liver 13.900 0.0006 2.872 0.2296 33.680 <0.0001
e lung 11.880 0.0001 5.653 0.0025 4.557 0.0045

Int. J. Mol. Sci. 2016, 17(10), 1755; do1:10.3390/5jms17101755
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Potentials of
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