RNA and Disease

* known since the late 1800s.
* more than just a messenger
* recognized with 33 Nobel Prizes so far...
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Why was RNA not used as a

therapevutic before?
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The billion-year-old barrier drugs
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Turns out that the four-billion-year-old lipid bilayer protects cells from any foreign or invading RNAs.

Unlike small-molecule drugs that can slip across the lipid bilayer, with the exception of some single-stranded phosphorothioate ASOs that can productively enter cells, the vast majority of RNA-based therapeutics are too charged and/or too large to enter cells, and require a delivery agent.


Why was RNA not used as a

therapevutic before?

Table 1 Challenges erected by evolutionary barriers to RNA
therapeutic delivery

Feature Challenge for delivery

Oligonucleotide size and charge Too large or too charged to passively diffuse
across the lipid bilayer

RNase susceptibility Rapid degradation by blood and tissue RNases.

Reticuloendothelial system Rapid clearance from the blood by the kidneys
and liver scavenger receptors

Immunogenicity Oligonucleotides activate extracellular and
intracellular innate immune responses

Endocytosis Oligonucleotides are taken up, but trapped

inside endosomes

Dowdy SF (201 7) Nature Biotechnology
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Phosphate backbone modifications: native, anionic charged phosphodiester (achiral phosphorus atom); charged phosphorothioate (phosphorus atom is chiral); neutral phosphotriester (phosphorus atom is chiral, but becomes achiral after intracellular conversion to charged phosphodiester); neutral morpholino backbone (PMO) and peptide nucleic acid (PNA) backbones align nucleobases with native mRNA nucleobase spacing. 

Common 2′ modifications of the sugar: native 2′-hydroxyl (OH), 2′-fluoro (F), 2′-hydroxymethyl (O-Me), 2′-methoxyethyl (MOE) and 2′,4′-bicyclics that contain O-methylene bridge or locked nucleic acid (LNA).


Why is RNA an excellent

druggable molecule?
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“The Central Dogma”
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“The Cenitral Dogma debunked”
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Different classes of RNA
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Transfer RNA (tRNA), 15%
At least one specific type of tRNA for each of the 20 amino acids. Each tRNA is about 75nts long. 
adaptors between amino acids and the codons in mRNA
tRNA has a cloverleaf structure. Base pairing in stem regions are indicated by dotted lines between the strands.
Size- 75nts long. 
The D loop contains 2 dihydrouridine nuceotides and the TsiC loop has a thymine and a pseudo uracil present.
Ribosome RNA (rRNA), 80%
structural and catalytic components of ribosomes.
Facilitate the binding and positioning of the mRNA on the ribosomes.
Size- 23S- 3700nts long, 16S- 1700nts long, 5S- 120nts long. 
Messenger RNA (mRNA), 5%
Carry genetic information from DNA to cytosol 
Template for protein synthesis
Size- hetrogenous
Others (snRNA, miRNA, lncRNA)
    (for eukaryotic cells)



A "typical” human protein-coding gene

31 Enhancer Proximal 4) Poly-A o
(distal control control  2) Transcription signal  9) Transcription
elements) elements start site sequence ferminafion
DNA //// \ | 6)Exon  7)Intron Exon Infron  Exon bl
7/ N
Upstream D t
° 1) Promoter Transcription Poly-A ownstredm
signal
Primary RNA Exon Infron  Exon Infron  Exon Cleaved
transcript S 3’ end of

(pre-mRNA) RNA processing primary
transcript
Intfron RNA
<:

Coding segment

' N
MRNA G-B-O-® I | BN DYNVVIKY
N e Start  Stop N S——

5 COp 5 UTR codon COdOﬂ 3’ UTR P?'Y‘A
ail



Mature mRNAs are selectively exported

from the nucleus

nuclear pore
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*Mature mRNAs are selectively exported
from the nucleus
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d RNA Is never naked.

d Capping, splicing and polyadenylation are
export signals.
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As the pre-mRNA is synthesized, several proteins start to associate with the it. Some of these proteins travel with the mRNA as it moves through the pore, whereas others remain in the nucleus. 
The nuclear export receptor is a complex of proteins that is deposited when the mRNA has been correctly spliced and polyadenylated. When the mRNA is exported to the cytosol, the export receptor dissociates from the mRNA and is re-imported into the nucleus. 
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Transcriptome diversity versus
organismal complexity
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If one looks at the transcriptome diversity across the tree of life- what becomes immediately clear is that while the number of protein coding genes have remained relatively constant, the number of transcripts per gene have steadily increased as the organisms evolved and become more complex.

In fact, humans are now estimated to produce 7-8 transcripts per gene- many of which are tissue-specific and are regulated according to the changing physiological needs.
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This is because in higher eukaryotes, one gene can give rise to multiple pre-mRNAs that have variable transcription initiation or polyadenylation sites. 

But the largest amount of transcriptome diversity perhaps arises due to the process of alternative splicing, where variable exons are spliced in or out in various combinations to increase the mRNA isoforms, which encode for a variety of polypeptides that can have different functions and sometimes even opposing ones. 




Functional outcomes

of alternative splicing
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Ule & Blencowe (2019). Mol Cell.

Q >95% of human genes are alternatively spliced.

O Misregulation of splicing results in disease.

A Little understanding of regulation and significance.


Presenter
Presentation Notes
The outcomes of alternative splicing are: 
increase in proteome diversity; 
introduction of premature termination codons (PTCs), which causes mRNA down regulation by nonsense-mediated decay (NMD); and 
variability in mRNA UTRs, which affects cis-acting elements that mediate regulation of mRNA translation efficiency, stability and localization.
Disruption of the activity of RBPs and their cognate RNA targets has now been linked to many human diseases including muscular dystrophies, neurological disorders, and cancer.
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How is alternative splicing regulated?

Kalsotra & Cooper (2011) Nat. Rev.
Genet.
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So, how does a cell know whether to include or skip an alternative exon in any given transcript? Turns out, there is a code.
The process of spliceosome assembly and the transesterification reactions must occur very precisely on each intron of a primary transcript to form the mature functional mRNA. This involves the selection of authentic splice sites over cryptic sites and is determined by several factors that include splice site strength, the presence of exonic and intronic enhancer sequences, exon–intron length, and RNA secondary structure. 
Splicing of constitutive exons is highly efficient because they have strong splice sites which match the consensus sequences. The spliceosomal snRNAs can engage with these splice sites co-transcriptionally and recruit the spliceosomal machinery to remove the intervening introns and ligate the neighboring exons.  
Alternative exons, however, have typically weak 5’ and 3’ splice sites and therefore rely on the presence or absence of additional cis-regulatory sequences within surrounding introns or the exon itself, as well as trans-regulatory factors, which bind to these cis elements and can thus recruit or inhibit the spliceosomal assembly around alternative exons.
Together, these cis and trans regulatory features constitute what is known as the “Splicing Code”. 


The most important conseqguence
of organisms having infrons is that
iInfrons allow for multiple, related
protein variants, called isoforms, to
be produced from one gene
through a process termed

“Alternative splicing”



Alternative polyadenylation/splicing

produces membrane vs. secreted Abs.
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Initially the lymphocytes produce a long transcript that is cleaved and polyadenylated after the second stop codon. 

After antigen stimulation, the cells produce a shorter transcript by using a different cleavage and polyadenylation site.



RNA splicing and disease

d Up to 50% of mutations that cause disease do so
by disrupting splicing.

d Many of these mutations are in consensus splice
sites but most are not but rather are in auxiliary
elements.

d New realization: large number of exonic mutations
that cause disease do so primarily by disrupting
splicing and not by disrupting protein function.

A Clue 1o significance of exonic mutations to splicing
was finding of silent mutations that caused disease.



cis vs. frans
splicing defects



due to ci: splicing defects
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Q Dystrophinis a 2.4Mb long X-linked recessive gene and contains 78 introns.

Q Itis cytoskeletal structural protein which is essential for the muscle membrane
stability as it provides an important link between internal cytoskeleton and the
extracellular matrix.
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Duchenne muscular dystrophy (DMD) is a genetic disorder characterized by progressive muscle degeneration and weakness due to the alterations of a protein called dystrophin that helps keep muscle cells intact.

Many people with muscular dystrophy have Duchenne syndrome. Girls can be carriers and mildly affected, but the disease typically affects boys.
Symptoms include frequent falls, trouble getting up or running, waddling gait, big calves, and learning disabilities.

Out of the 16 h required to transcribe the human dystrophin gene, 15 h and 54 min are devoted to the seemingly useless synthesis of intronic RNA. Therefore, efficient removal of introns, with single nucleotide precision, is essential for eukaryotic cells to produce the correct complement of mRNA and lncRNA transcripts necessary to deploy genetic pro-grams. 




due to ci: splicing defects
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Therapeutic approach for

Duchenne Muscular Dysirophy

B snRNAs as vehicles for antisense RNA
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Spinal Muscular Atrophy (SMA ) is

caused by mutations in the SMN1 gene

A cis mutation
causing frans defects

SMN proteins are localized in
the cytoplasm. Help assemble
the spliceosomal U-rich
SNRNPs). snRNPs are made up
of small nuclear RNAs and @
group of 7 proteins known as
Sm ribonucleoproteins that
make up the stable Sm core of
the snRNP.

Two SMN protein paralogues in
humans- SMN1 and SMNZ2.
Mutations in SMN1 cause the
disease. SMN2 compensates if
enough copies are present.



Disease Pathogenesis for SMA

Gene / pre-mRNA mRNA / Protein
SMN1
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‘ W Spinal muscular

atrophy (SMA)

O Homozygous deletions or mutations of the SMNI gene result in reduction of full
length (fI-SMN). SMN1 encodes fI-SMN protein, while SMNZ mostly encodes a
protein that is lacking in exon 7 and is highly unstable.

L The severity of the disease can be modified by extra copies of the SMNZ gene. All
patients have reduced levels of fI-SMN protein, but those with the phenotype of
SMA type 1 have as little as 9% of the normal amount of fI-SMN, those with SMA
type 2 have 14%, and with SMA type 3, about 18%.

O Once fl-protein levels approach 23% of normal levels, motor neuron function
appears normal, and carriers usually have 45 to 55% flI-SMN protein.



Cell membrane

Therapeutic
approach for
the treatment

Cytoplasm

of Spinal
Muscular
Atrophy



Presenter
Presentation Notes

Mechanism of action of an antisense drug that modulates SMN2 splicing. Single-stranded antisense oligonucleotides (ASO) are taken up into cells by an endocytic process via interaction with proteins expressed on the surface of cells (Koller et al., 2011). The ASOs escape the endosome and enter the nucleus, where they bind to the SMN2 pre-mRNA. Binding of the ASO to the RNA displaces an hnRNP protein that normally represses splicing of exon 7, resulting in the production of a mature mRNA that includes exon 7, which is translated into the full-length SMN protein (Rigo et al., 2012).


Breakthrough Prize awarded to Krainer and
Bennett for SMA research leading to Spinraza
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The Breakthrough prizes are sponsored by Sergey Brin, co-founder of Google, Mark Zuckerberg of Facebook, and his wife, Priscilla Chan of the Chan-Zuckerberg Initiative, among other Silicon Valley entrepreneurs. The prizes have been dubbed the Oscars of Science.
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In the past 20 years,  we have come from Zero to 35 companies developing RNA-based therapeutics.
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