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Modes of alternative splicing
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Box 2

How to detect and quantify di!erential splicing
Strengths and limitations of di!erent techniques for detecting 
isoforms that are di!erentially spliced between biological or 
experimental conditions (for example, cancer versus normal tissues) 
are discussed below.

Transcriptome-wide detection of alternative splicing isoforms can 
be carried out using high-throughput RNA sequencing (RNA-seq)266. 
Most cancer studies have used short-read RNA-seq (see the figure, 
panel a). Short reads are mapped to the reference transcriptome to 
quantify changes in splicing between conditions. Detecting novel 
(non-annotated) splicing involves additional steps of split read 
mapping, splice site inference and de novo transcript reconstruction. 
Di!erential splicing can be quantified at the level of individual splicing 
events (that is, inclusion or exclusion of a particular exon)267,268, with 
respect to a particular isoform (that is, inclusion or exclusion of a 
particular exon within a full-length transcript)269,270 or at the level of 
individual isoforms (that is, quantifying the abundance of one isoform 
with respect to all other isoforms transcribed from the parent gene)271. 
When individual splicing events are studied, alternative splicing 
is typically quantified using a ‘percent spliced in’ (PSI) or ‘isoform 
fraction’ value ranging from 0 to 100%, defined as expression of the 
isoforms that follow a splicing pattern of interest relative to the total 
expression of all transcripts of the gene (see the figure, panel b).

Short-read RNA-seq enables researchers to generate millions 
of reads for alternative splicing quantification. Because of its 
ubiquity, short-read data can be easily compared with public data 
sets such as those generated by The Cancer Genome Atlas (TCGA) 
or Genotype-Tissue Expression (GTEx) projects. However, isoform 

reconstruction and accurate quantification of full-length isoform 
expression are both challenging. Short-read RNA-seq permits 
identification of some RNA modifications directly, such as 
A to I editing, and others indirectly by immunoprecipitation and 
sequencing. Standard single-cell RNA-seq technologies, which 
preferentially sequence 3′ ends of RNAs, do not permit accurate 
splicing quantification.

Long-read RNA sequencing (LR-seq) technologies can sequence 
full-length RNA isoforms (see the figure, panel a). LR-seq can reveal 
complex alternative splicing, novel 5′ or 3′ untranslated regions and 
gene fusions. Recent LR-seq approaches enable direct RNA-seq and 
RNA modification detection236,272. However, LR-seq yields relatively 
few reads per sample, limiting its utility for isoform quantification. 
This limitation can be addressed with targeted LR-seq, such as 
enriching for isoforms of interest with probe capture or depleting 
high-abundance RNAs. Combining LR-seq for isoform identification 
with short-read RNA-seq for isoform quantification is e!ective but 
complex237.

Accurately quantifying splicing is challenging due to statistical 
considerations. Quantifying expression of alternative splicing 
isoforms primarily relies upon ‘informative’ reads that uniquely arise 
from one or more, but not all, isoforms (for example, reads which 
cross exon–exon junctions that are only present in one isoform). 
Technical e!ects such as 3′ end biases can manifest as apparent 
di!erential alternative splicing. These challenges can be addressed 
by sequencing to high coverage, applying read coverage thresholds 
and utilizing appropriate statistical tests.

Transcriptome-wide detection of splicing

Splicing detected by short-read RNA-seq

Splicing detected by long-read RNA-seq

(+) Quantitative

(+) Many existing
data sets

(–) Isoform
reconstruction
needed

(+) Full isoforms

(+) Discover complex
splicing events

(–) Less quantitative

(+) RNA modifications

a b Percent spliced in (PSI)

c

Splicing detection 
by PCR with reverse transcription

Splicing detection 
using RNA probes

Targeted detection of splicing
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Skipped

TumourNormal
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Reads supporting inclusion
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PSI = Inclusion reads
Inclusion + Skipping

reads

How to detect and quantify differential splicing

When individual splicing events are studied, alternative splicing is typically quantified using a 
‘percent spliced in’ (PSI) or ‘isoform fraction’ value ranging from 0 to 100%, defined as expression 
of the isoforms that follow a splicing pattern of interest relative to the total expression of all 
transcripts of the gene
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that uses an alternative downstream initiation start site compared with 
the full-length isoform113. The resulting protein lacks the ATP-binding 
amino-terminal domain and represses full-length CHK1. High levels of 
CHK1-S are detected in ovarian, testicular and liver cancer tissues113,114.

Nearly all cancer cells upregulate telomerase to re-elongate or 
maintain telomeres. Splicing of the reverse transcriptase component 
of telomerase, TERT, can generate at least 22 distinct isoforms, which 
differ in their activity; many of these lack telomerase activity and have a 
dominant negative effect115 (Fig. 3). A splicing switch to favour the full-
length TERT, which has telomerase activity, occurs in cancer cells, and 

is regulated by splicing factors hnRNPK, hnRNPD, SRSF11, hnRNPH2, 
hnRNPL, NOVA1 and PTBP1 (refs. 116–120).

An example of tumour suppressor evasion involves the transcrip-
tion factor KLF6, which regulates cell proliferation, differentiation 
and survival, and is often inactivated in tumours by mutation or dele-
tions (Fig. 3). Alternative splicing of KLF6 can produce an oncogenic  
isoform KLF6-SV1, as opposed to the full-length tumour suppressor iso-
form. KLF6-SV1 uses an alternative 5′SS that causes a frameshift and 
produces a protein with 21 novel amino acids but lacking all three of the 
zinc finger domains121,122. KLF6 splicing is regulated by SRSF1, TGFβ1 and 

Box 1

Common splicing patterns detected in tumours
Tumour-associated alterations in splicing patterns can lead to a wide 
variety of functional consequences that impact cancer hallmarks. 
Although every alternative splicing event will be unique, a few broader 
categories have emerged. First, inclusion or skipping of in-frame 
sequences as a consequence of cassette exon splicing or alternative 
splice site selection can lead to the addition or deletion of amino 
acid-encoding nucleotides, impacting protein structure, function  
and/or localization (see the figure, panel a). On the other hand, inclusion 
or skipping of out-of-frame sequences will introduce premature 
termination codons (PTCs), which will typically trigger nonsense-
mediated decay (NMD) and prevent production of a corresponding 
protein isoform (see the figure, panel b). Those PTC-containing 
transcripts in tumours can arise from intron retention, due to both 
transcriptome-wide intron retention265 and focal retention due to 
cis-acting mutations91, as well as other alternative splicing events.

A special subclass of out-of-frame alternative splicing events 
that trigger NMD are ‘poison exons’, which correspond to cassette 
exons that when included introduce a PTC in the transcript (see 
the figure, panel c). Poison exons are particularly common in 
genes encoding splicing factors and frequently endogenously 
regulate splicing factor protein levels215,216. Their altered splicing 
can cause overexpression of oncogenic splicing factors and 
downregulation of tumour-suppressive splicing factors across 
tumour types. Interestingly, many of the alternative splicing events 
detected in tumours correspond to isoforms initially expressed 
during embryonic development and then switched when adult 
cells di"erentiate30,35. This reversion to embryonic patterns has 
been postulated to enable cancer cell proliferation and phenotypic 
plasticity.

PTC

PTC

PTC

PTC
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Alternative splicing
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Functional consequences of alternative splicing



 The human transcriptome is composed of a vast RNA 
population that undergoes further diversification by splicing 

• Alternative slicing is an important mechanism for the production of
different forms of proteins, called isoforms, by different types of cells.

• Alternative splicing can generate mRNAs that differ in their 3’-UTR or 
coding sequence.

• These differences might affect mRNA stability, localization or translation. 
Furthermore, some splicing mRNA isoforms could change the reading 
frame, resulting in the generation of different protein isoforms with diverse 
functions and/or localizations. 

• 90–95% of human genes undergo some level of alternative splicing. Out of 
the ~20,000 human protein coding genes, high resolution mass spectrometry 
analyses revealed that ~37% of them generate multiple protein isoforms, 
indicating that alternative splicing contributes to proteome complexity. 



Different modes of alternative splicing 
(a) Alternative spicing in the Drosophila gene fruitless governs sexual orientation and behaviour.

(b) Alternative 3’-splice-site usage, associated with differential use of polyadenylation sites in the
vertebrate gene for calcitonin and calcitonin-gene-related peptide (CGRP) generates a calcium
homeostatic hormone in the thyroid gland or a vasodilator neuropeptide in the nervous system.

(c) Differential inclusion or skipping of the variable alternatively spliced exon (VASE) in the gene
for neural cell adhesion molecule (NCAM) in embryonic (green) versus adult (red) rat brain,
represses or promotes axon outgrowth during development.

(d) Mutually exclusive use of exons IIIb and IIIc in mammalian fibroblast growth factor receptor 2
(FGFR-2) changes its binding specificity for growth factors during prostate cancer progression.
The pattern of splicing represented in green generates an mRNA encoding a receptor with high
affinity for keratinocyte growth factor (KGF), whereas that in red generates a receptor with high
affinity for fibroblast growth factor (FGF).



Alternative splicing as a regulator of development 
and tissue identity 

• It is now established that alternative splicing contributes to cell 
differentiation and lineage determination, tissue identity acquisition and 
maintenance, and organ development.

• The biological importance of alternative splicing is highlighted by the 
large number of human diseases caused by mutations in cis acting 
sequence elements in pre-mRNA (including 5' and 3' splice sites, and 
exonic and intronic enhancer or silencer sequences), trans acting splicing 
factors or other components of the spliceosome. 

% of 
alternative 

spliced 
genes



• The same regulatory sequences on different or the same
transcripts can be recognized by different RBPs depending on
cellular and specific sequence contexts;

• RBPs can be regulated by other RBPs or mRNA modifications;

• the same RBP can exert positive or negative regulatory effects
on different splicing events depending on the location of the
binding motif for the RBP relative to the alternatively spliced
regions in the transcript;

• we still lack a complete list of RBPs and their binding sites.

Alternative splicing prediction

To predict splicing outcomes in specific cell types and conditions is very 
difficult, if not impossible, for several reasons: 



Alternative splicing outcomes are influenced by several factors:

1. splice site strength; 

2. cis regulatory sequences in pre-mRNAs that favour or impair exon 
recognition;

3. the expression levels of trans acting factors (RNA-binding proteins and 
splicing factors); 

4. RNA modification (editing , m6A).

Alternative splicing regulation



Alternative splicing outcomes can be affected by RNA polymerase II (Pol II) kinetics, 
which can be controlled by chromatin modifications, nucleosome occupancy, DNA 
methylation and the composition of transcription machinery.

Alternative splicing regulation



The rate of RNAPII elongation influences splicing
The rate of RNAPII elongation influences alternative splicing by affecting the step at which splice
sites and regulatory sequences emerge in the nascent pre-mRNA during transcription. High
elongation rates favor skipping, whereas low transcriptional elongation rates favor exon inclusion.
Slow elongation causes preferential excision of the upstream intron (first served = first excised).

Kinetic Coupling



DNA methylation and splicing

In the absence of CpG methylation CTCF
binds to its binding site and facilitates the
inclusion of CD45 exon 5 by inducing RNA
pol II pausing at this exon.

This result provides evidence that DNA
methylation influences splicing. Therefore,
it is conceivable that changes in DNA
methylation patterns during development
or in disease, particularly in cancer, could
determine alternative splicing outcome
and subsequently affect transcriptome
makeup.



RNA splicing regulation 

Cis-acting regulatory elements:
ESE Exonic Splicing Enhancer
ESS Exonic Splicing Silencer
ISS Intronic Splicing Enhancer
ISE Intronic Splicing Silencer
CERES Composite Exonic Regulatory Elements of Splicing (represent a 

physical overlap of enhancer/silencer activity)

Trans-acting factors:
SR proteins Serine arginine rich proteins (SF2/ASF)
hnRNPs heterogeneous nuclear RiboNucleoprotein Particles (hnRNPA1) 
snRNPs
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RNA-binding proteins regulating alternative splicing



SR protein family is composed by a structurally related and highly conserved splicing 
factors that are characterized by the presence of RNA recognition motifs (RRM) and by a 
distinctive carboxy terminal domain that is highly enriched in Arg/Ser dipeptides (the 
RS domain). 

Exonic enhancers serve as binding sites for specific serine/arginine-rich (SR) 
proteins

SR protein action in ESE-dependent splicing

SR proteins that are bound 
to ESEs can promote EXON 
DEFINITION carrying 
suboptimal splice sityes  by 
directly recruiting the 
splicing machinery through 
their RS domain and/or by 
antagonizing the action of 
nearby silencer elements 



RNA motifs recognized by human SR proteins



The SR proteins

From: B. Graveley (2000). RNA 6, 1197-1211



SR proteins couple co-transcriptional splicing to 
mRNA export

SR proteins bind to specific binding sites within nascent transcripts and aid in the
recruitment of the U1 and U2 snRNPs, thereby promoting co-transcriptional splicing. SR
proteins help in the packaging and compaction of mRNPs through tight interactions
with EJC components and other SR proteins bound to the same transcript. Ultimately,
they recruit nuclear RNA export factor 1 (NXF1) to the compact, mature mRNP to allow
efficient nuclear export.



Splicing silencers are less well characterized than splicing enhancer.

Splicing silencers 

Most described silencers are intronic elements, but several ESS elements 
have also been reported

Their mechanisms of action are still not fully understood. Silencers seem to 
work by interacting with negative regulators, which often belong to the 
heterogeneous nuclear ribonucleoprotein (hnRNP) family

Similar to SR proteins, hnRNP proteins have a modular structure, which 
consists of one or more RNA-binding domains associated with an 
auxiliary domain that is often involved in protein–protein interactions.



Models of splicing silencing

+ -
Tissue A Tissue B



In D. melanogaster males, dosage compensation is orchestrated by the male specific
lethal 2 (MSL2) protein. Translation of msl2 is specifically repressed in females
since the binding of the sex regulator sex lethal (SXL) and Upstream of N-ras
(UNR) to the 5’- and 3’-UTR of the msl2 mRNA inhibit the recruitment of the small
Ribosome subunit

By contrast, in males, an alternative splicing cascade prevents the expression of a
functional SXL protein leading to translation of MSL2

Sex determination in Drosophila

male female 



Sex determination in Drosophila

Splicing silencer

Splicing enhancer

DSX-F and DSX-M are transcription factors that determine somatic sexual
characterization



Promoter Early (PE) is 
active only in female 
while Promoter 
maintaince (PM) in 
both sexes but Sxl 
mRNA maturation 
required Sxl protein 
for correct splicing



Promoter Early (PE) is 
active only in female 
while Promoter 
maintaince (PM) in 
both sexes but Sxl 
mRNA maturation 
required Sxl protein 
for correct splicing



Sex determination in Drosophila

X

X

*m6A modification is required for female-specific alternative splicing of Sxl 

*



The decision of whether to include an exon reflects the intrinsic strength of 
the flanking splice sites and the combinatorial effects of positive and negative 
elements.

However, the situation is more complex because splicing is coupled to
transcription and m6A RNA modification. Factors that regulate transcription
also affect alternative splicing. Moreover, splicing can influence transcription
elongation.

Splicing is coupled to transcription and RNA 
modification

RNA modification



The pre mRNA splicing pathology
•A considerable number of disease-causing mutations in exons or introns
may disrupt previously un-recognised splicing regulatory elements

•Variability in the basal splicing machinery among different cell types
cause cell-specific sensitivities to individual splicing mutations

•Exon sequence variation at CERES elements (Composite Exonic Regulatory
Elements of Splicing, which represents a physical overlap of
enhancer/silencer activity) may represent a frequent disease-causing
mechanism

•Even the most benign looking polymorphism in an exon (or in an intron)
cannot be ignored as it may affect the splicing process



Pathologies resulting from aberrant splicing can be 
grouped in two major categories

• Mutations affecting proteins that are involved in splicing

Examples: Spinal Muscular Atrophy
Retinitis Pigmentosa
Myotonic Dystrophy

• Mutations affecting a specific messenger RNA and disturbing its
normal splicing pattern

Examples: ß-Thalassemia
Duchenne Muscular Dystrophy
Cystic Fibrosis
Frasier Syndrome
Frontotemporal Dementia and Parkinsonism



• Single point mutations in coding exons

Nonsense mutations

Probability of 
effect on 
encoded 

protein

Probability of 
nonsense-
mediated 

decay

Probability of 
effects on 

splicing

Missense mutations

Silent mutations

+ + +/-

+/- - +/-

- - ++





Mis-splicing of a single gene results in different 
diseases

Lamins are type V intermediate filament proteins of the nucleus that have crucial roles
in differentiated cell nuclear architecture and gene expression. Laminopathies comprise
a heterogeneous group of over 14 diseases, including cardiomyopathies, hereditary
peripheral neuropathies, lipodystrophies, muscular dystrophies and premature ageing
(progeroid) syndromes.
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Fig. 2 | Recurrent splicing factor alterations in cancer. a, Examples of 
splicing factors frequently upregulated, downregulated or mutated in human 
primary tumours shown per tumour type. b, Recurrent hot-spot mutations in 
components from the spliceosomal A complex detected in human malignancies. 
Positions of recurrent mutations are indicated along with the protein structures 
and domains. ZRSR2 mutations primarily affect U12-type introns, but as ZRSR2 
has been biochemically implicated in U2-type splicing as well, it is illustrated 

in association with a U2-type intron above264. 3′SS, 3′ splice site; 5′SS, 5′ splice 
site; BPS, branch point site; BRCA, breast carcinoma; CLL, chronic lymphocytic 
leukaemia; CMML, chronic myelomonocytic leukaemia; HD, HEAT domain; 
MDS, myelodysplastic syndromes; PDAC, pancreatic adenocarcinoma; RRM, 
RNA recognition motif; RS, arginine/serine-rich domain; snRNP, small nuclear 
ribonucleoprotein; UHM, U2AF homology motif domain; UVM, uveal melanoma; 
Zn, zinc finger domain.

Recurrent splicing factor alterations in cancer
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Fig. 2 | Recurrent splicing factor alterations in cancer. a, Examples of 
splicing factors frequently upregulated, downregulated or mutated in human 
primary tumours shown per tumour type. b, Recurrent hot-spot mutations in 
components from the spliceosomal A complex detected in human malignancies. 
Positions of recurrent mutations are indicated along with the protein structures 
and domains. ZRSR2 mutations primarily affect U12-type introns, but as ZRSR2 
has been biochemically implicated in U2-type splicing as well, it is illustrated 

in association with a U2-type intron above264. 3′SS, 3′ splice site; 5′SS, 5′ splice 
site; BPS, branch point site; BRCA, breast carcinoma; CLL, chronic lymphocytic 
leukaemia; CMML, chronic myelomonocytic leukaemia; HD, HEAT domain; 
MDS, myelodysplastic syndromes; PDAC, pancreatic adenocarcinoma; RRM, 
RNA recognition motif; RS, arginine/serine-rich domain; snRNP, small nuclear 
ribonucleoprotein; UHM, U2AF homology motif domain; UVM, uveal melanoma; 
Zn, zinc finger domain.

Recurrent hot-spot mutations in human
malignancies
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the third immunoglobulin-like domain of CD22, whereas skipping 
of the start codon-containing exon 2 prevents CD22 protein produc-
tion, thereby decreasing the levels of protein available for epitope 
presentation167.

Targeting splicing for cancer therapy
Given splicing’s critical role in tumorigenesis, there is intense interest in 
targeting alternative splicing for cancer therapy. Various approaches, 
ranging from inhibiting key spliceosomal proteins or regulatory splic-
ing factors to modulating specific alternative splicing events, are under 
preclinical and clinical development. The following discusses these 
approaches, starting from broad-spectrum splicing modulation to 
specific isoform-level approaches and ending with a discussion of novel 
approaches that have shown potential preclinically (Fig. 5).

Broad-spectrum splicing modulation
Targeting the core spliceosome. One approach for targeting splicing 
for cancer therapy is to inhibit the spliceosome itself. SF3B1 is a spliceo-
some component critical for BPS and 3′SS selection (Fig. 1), and limit-
ing its function disrupts splicing at very early stages in spliceosome 
assembly. Multiple natural products and derivative molecules that 
target SF3B1 have been identified or developed, including FR901464 
and its derivatives (for example, spliceostatin A, meayamycin and 
thailanstatins); sudemycin E; pladienolide B and FD-895, and their 
derivatives (for example, E7107 and H3B-8800); and herboxidiene168–173 
(Fig. 5). Mechanistically, SF3B1 inhibition prevents BPS recognition and 
leads to widespread disruption of both constitutive splicing and alter-
native splicing, including in transcripts involved with cell proliferation 
and death174. Interestingly, only a subset of introns and alternative 

splicing events are affected by SF3B1 inhibition, indicating that some 
splice sites are more sensitive than others to spliceosomal inhibi-
tors47,174. Cancer cells bearing recurrent mutations in spliceosomal 
genes are particularly sensitive to SF3B1 inhibitors compared with 
wild type cells47,175; however, no compounds that selectively target 
only mutant SF3B1 have been developed. Several SF3B1 inhibitors have 
been taken into clinical trials. E7107 entered into phase I trials for solid 
tumours and resulted in dose-related alternative splicing changes 
in patient cells but did not demonstrate broad efficacy and was asso-
ciated with ocular toxicities that led to study discontinuation176,177. 
H3B-8800 has also undergone phase I clinical trials as a treatment for 
myeloid neoplasms. Although no complete or partial responses were 
observed, a decreased need for blood transfusions was observed in 
some patients, with minor adverse events178. Given the critical role of 
the SF3b complex in normal splicing, it is unclear whether there will 
be a sufficient therapeutic index for compounds that inhibit wild type 
SF3B1 function in a clinical setting.

Another broad-spectrum spliceosome inhibitor is isoginkgetin, 
which prevents recruitment of the U4/U5/U6 tri-snRNP and leads to 
stalling at the pre-spliceosomal A complex179. In preclinical models, 
isoginkgetin treatment influences numerous cancer-relevant pathways 
including cell death180, invasion181 and immune response182.

Targeting alternative splicing factors. The development of inhibitors 
targeting specific RBPs and splicing factors has been challenging, in 
part due to the lack of catalytically active sites that are readily targeta-
ble by most classical small-molecule inhibitor approaches. One notable 
exception is the serendipitous discovery that several aryl sulfonamides, 
which have anticancer activity via previously unknown mechanisms of 

P

Targeting the spliceosome and splicing factors 
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Fig. 5 | Therapeutic approaches to target splicing in cancer. Current 
strategies either target the splicing machinery itself or the aberrantly spliced 
isoforms expressed in tumour cells. a, Approaches targeting the spliceosome 
and splicing factors include broad-spectrum inhibition or modulation as well 
as splicing factor-specific inhibition both directly or through inhibition of 
upstream regulators of post-translational modifications (for example, targeting 

methylation (Me), phosphorylation (P) or ubiquitination (Ub) processes).  
b, Modulation of specific isoforms can be achieved using small molecules, splice-
switching antisense oligonucleotides (ASOs), DNA-targeting or RNA-targeting 
Cas with CRISPR-based approaches, or engineered small nuclear RNAs (snRNAs). 
CLK, CDC-like kinase; snRNP, small nuclear ribonucleoprotein; SRPK, serine-rich 
protein kinase.

Therapeutic approaches to target splicing in cancer.



• ASOs are short, synthetic, single-stranded nucleic acids 
that bind to mRNA by base pairing and can modulate 
protein levels through several mechanisms

• Numerous chemical classes; most comprise a 
phosphorothioate backbone, plus one or more ribose-
sugar modifications and a base modification

• The sequence of an ASO determines what RNA it will 
bind, and where along the RNA sequence

• By binding to a pre-mRNA in the nucleus, an ASO can 
affect the resulting splicing pattern

• The size and chemical characteristics of ASOs prevent 
blood-brain barrier penetration

Antisense oligonucleotides (ASOs)

Bennett (2019) Annu Rev Med 70: 307-32.



Therapeutic strategies
Examples of therapies based on antisense oligonucleotide (ASO) and small molecule
approaches:



• Pediatric neuromuscular disorder, autosomal recessive

• Degeneration of α-motor neurons in the spinal cord and lower brainstem

• 1 in ~10,000 newborns

• Loss-of-function mutations in the SMN1 gene, which codes for SMN protein
− SMN functions in snRNP assembly and axonal mRNA transport

• Closely related SMN2 gene (unique to humans) provides partial function

• Variable severity (SMA type 1-4) inversely proportional to SMN2 copy number

Spinal Muscular Atrophy
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Degenerated motor neurons in the spinal cord are the pathological hallmark of spinal
muscular atrophy (SMA). SMA is caused by mutations in the ubiquitously expressed
survival motor neuron 1 (SMN1) gene, which lead to reduced levels of functional SMN
protein. Two nearly identical copies of the SMN gene are located on the long arm of
chromosome 5 (5q13). Functional SMN protein is predominantly produced from SMN1,
whereas the major product of SMN2 is a truncated and non-functional protein
(SMNΔexon7). Mutations that cause disease inactivate SMN1, leaving SMN2 as the only
source of functional protein.

Spinal muscular atrophy: the RNP connection

SMA is classified based on age of onset and 
severity:

- Type I: severe (1 or 2 copies of SMN2)
- Type II: intermediate (3 copies of SMN2)
- Type III: mild (4 copies of SMN2)

10%
90%
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SMN deficiency results in reduced production of spliceosomal U snRNPs. As a
consequence, processing of mRNAs with sub-optimal splice sites (e.g. tissue-specific
transcripts) would be compromised. Therefore, inefficient splicing of neuron-relevant
mRNAs is the basis for the tissue-specific phenotype in SMA.

Spinal muscular atrophy: the RNP connection



Alternative Splicing of the SMN Genes

Exon 6 Exon 7 Exon 8

Exon 6 Exon 7 Exon 8

Exon 6 Exon 7

Exon 6 Exon 8

Exon 6 Exon 7 Exon 8

C T
SMN1 SMN2 

90% of transcripts

90% of transcripts

Exon 8

10% of transcripts

SMN2, a nearly identical copy of SMN1, fails to compensate for SMN1 loss due to a
critical C to T transition at the 6th position in exon 7 that leads to exon 7 skipping
during pre-mRNA splicing of SMN2 (9); as a consequence, a truncated, dysfunctional
and rapidly degraded protein (SMNΔ7) is produced



Exon 6 Exon 7 Exon 8
C

CAGACAA

ESE

Exon 6 Exon 7 Exon 8
T

TAGACAA

ESS ISS

ISE
SMN1

SMN2 

Differences between SMN1 e SMN2 genes



Exon 6 Exon 7 Exon 8
ESE

Exon 6 Exon 7 Exon 8
ESS ISS

ISE
SMN1

SMN2 

SR SR

hnRNP hnRNP

Exon 6 Exon 7 Exon 8

Exon 6 Exon 8

hnRNP

physiological conditions



Exon 6 Exon 7 Exon 8
ESE

Exon 6 Exon 7 Exon 8
ESS ISS

ISE

SMN1

SMN2 

SR
SR

hnRNP hnRNP

Exon 6 Exon 8

Exon 6 Exon 8

pathological conditions
SMN1 CèT



Targeting RNA-Splicing for SMA Treatment

Modulation of alternative splicing (exon 7 inclusion) in SMN2 by antisense
oligonucleotide is targeted for SMA treatment. Systemic administration of an antisense
oligonucleotide (ASO-10-27) to neonates with SMA robustly rescues mice with severe
SMA and extended median lifespan of animals with SMA 25-fold.



53

Clinical classification of SMA 



NAME: Spinraza (nusinersen, IONIS-SMN, ISIS-SMN)
APPROVED FOR: Spinal muscular atrophy (SMA) in pediatric and adult patients
TYPE: 2'-O-methoxyethyl phosphorothioate-modified antisense oligonucleotide (ASO) delivered 
by intrathecal injection into the cerebrospinal fluid
MOLECULAR TARGETS: SMN2 pre-mRNA intron7 ISS
EFFECTS ON TARGETS: Masking SMN2 pre-mRNA intron7 ISS with ASO enhances exon7 
splicing inclusion, boosting full-length SMN mRNA and protein level in the spinal cord, and 
improving achievement of motor milestones
PRICE: $125,000 per injection, which adds up to $750,000 for the first year of treatment and 
$375,000 after that.



Exon 7

Nusinersen (Spinraza)

Hua, Vickers, Okunola, Bennett & Krainer (2008) Am J Hum Genet 82: 834

...... UUAUUUUCCUUACAG

hnRNPA1

SMN1 pre-mRNA

GUAAGUCUGCCAGCAUUAUGAAAGUGAAUCUUACUUUUGUAAAACUUUAUGGUUUGUGGA ......

SMN2 pre-mRNA

CU



Spinraza

Exon 7

18mer ASO; MW 7127

Hua, Vickers, Okunola, Bennett & Krainer (2008) Am J Hum Genet 82: 834

...... UUAUUUUCCUUACAG

SMN2 pre-mRNA

GUAAGUCUGCCAGCAUUAUGAAAGUGAAUCUUACUUUUGUAAAACUUUAUGGUUUGUGGA ......U
hnRNPA1

Nusinersen (Spinraza)



Intrathecal ASO delivery

http://www.mdguidelines.com/lumbar-puncture

Long half-life of nusinersen in the CNS
Loading doses: 12 mg @ 2 weeks x 4
Maintenance doses: 12 mg @ 4 months

www.uofaweb.ualberta.ca

http://www.glittra.com/yvonne/neuropics.html



Spinraza updates

• September 30, 2022: >11,000 patients currently on nusinersen
worldwide, including commercial, early-access, and clinical-trial 
settings

• Nusinersen approved in >50 countries; reimbursed in >30

• NURTURE trial: genetically diagnosed SMA infants treated before 
onset of symptoms show unprecedented survival and motor-function 
gains for up to 5 years

• 46 states in the U.S. currently do newborn screening for SMA: 97% of 
newborn babies; implementation studies in other countries

• New DEVOTE randomized clinical trial currently evaluating higher 
nusinersen doses

Two other approved SMA therapies:
Zolgensma (Novartis 2019) & Evrysdi (Roche 2020)



59

Novartis’ gene therapy for SMA - Zolgensma

PRICE: $2.125 million

ZOLGENSMA is a prescription gene therapy used to treat children less than 2 
years old with spinal muscular atrophy (SMA).

ZOLGENSMA is given as a one-time infusion into the vein. 

ZOLGENSMA was not evaluated in patients with advanced SMA.

May-2020
approved in Europe
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12 Ottobre 2019



SVA (SINE–VNTR–Alu) 
retrotransposon



Individualized genomic medicine- Milasen



• There are tens of thousands of Milas all around the world.

• They are not covered by insurance, and drug companies aren’t investing in 
them either.

• The cost to make one such drug, including lab tests and dealing with 
regulators, could be $3 to $5 million.

• Mila’s treatment was paid for using funds from Boston Children’s Hospital, 
research grants, and two private foundations, including Vitarello’s Mila’s 
Miracle Foundation, which has been raising funds for research a ASO 
treatment.

Individualized genomic medicine- Milasen



The exon skipping strategy in the 
therapeutic treatment of Duchenne 

Muscular Dystrophy



Duchenne Muscular Dystrophy (DMD)
• X-linked recessive disorder 

• affects 1 in 3500 live males
 
• DMD muscles degenerate with activity  

•leads to death by the third decade of life

The gene is too big for a classical 
gene therapy intervention

Dystrophin

• protein= 427 KDa

• DNA= 2,5 Mb

• cDNA= 14 Kb



Duchenne Muscular Dystrophy (DMD)
• is a severe disorder characterized by rapid progression of muscle degeneration, 
leading to loss of ambulation and death.

• X-linked recessive disorder that affects 1 in 3500 live males 

Histopathology of a Duchenne muscle



14 kb mature mRNA (79 exons)

427 kD protein

2,5 Mb genomic locus

•Patients with DMD are deficient in dystrophin, a protein that connects the 
cytoskeleton of a muscle fiber to the surrounding extraxellular matrix

•this deficiency causes sarcolemmal instability and muscle degeneration 

Dystrophin-The LONGEST GENE of our 
genome



Pre-mRNA

mRNA

Protein

CUG AAU  …
47 5251

…         CUA AG G CAA   …

UGA AU …
47 51 52

…          CUA AGC G CAA   …

STOP

DMD

Duchenne Muscular Dystrophy
- the 48-50 deletion -

•DMD is caused by mutations in the Dystrophin gene that alter the pre-mRNA
splicing and disrupt the open reading frame of the proteins, producing
premature stop codons and mRNA degradation

out of frame fusion

Splicing

Translation



47 51 52

CUA AG CUG AAU G CAA

47 52

Skipping of ex 51  

CUA AG G CAA

In-frame mRNA        translation of a shorter but still functional protein

- Becker-type -

75% of all known dystrophin mutations can be cured by exon skipping
skipping of ex 51 - 18%

Exon skipping can revert the phenotype



AAGGCA

AAAAA

STOP

U1 snRNA
    
- nuclear RNA with specific recognition 
for       splice junctions
- is matured in the cytoplasm an   then 
reimported in the nucleus
- few transduced nuclei in the muscle 
fiber can provide chimeric antisense 
molecules to the entire fiber

Antisense RNA technology applied to the correction of DMD 
mutations

3’ 5’ U1 snRNA



Cirak et al.. (2011)
Exon skipping and dystrophin restoration in patients with Duchenne muscular 
dystrophy after systemic phosphorodiamidate morpholino oligomer treatment: 
an open-label, phase 2, dose-escalation study
The Lancet 378: 595–605

van Deutekom, JC, et al. (2007).
 Local dystrophin restoration with antisense oligonucleotide PRO051.
 N Engl J Med 357: 2677–2686.

Goemans, NM, et al. (2011).
 Systemic administration of PRO051 in Duchenne’s muscular dystrophy.
N Engl J Med 364: 1513–1522.

Exon skipping for the cure of DMD entered clinical trials 
(Eteplirsen)



Eteplirsen (ExonDys 51) is reported to cost in the order of 
$300,000-400,000/year per patient for life.

On September 19, 2016, eteplirsen received accelerated conditional 
approval by the US FDA for boys with DMD deletion amenable 
to exon 51 skipping with limited data on only 12 cases and from 
just dystrophin protein as a surrogate marker in muscle biopsies, 
without proof of clinical improvement.

Exon skipping for the cure of DMD entered clinical trials 
(Eteplirsen)



DMD Exon 53; NS Pharma
Approved 2020 

DMD Exon 51; Sarepta
Approved 2016

DMD Exon 53; Sarepta
Approved 2019

DMD Exon 45; Sarepta
Approved 2021

SMA; Biogen
Approved 2016

Five FDA-approved splice-switching ASOs since 2016



Exon skipping in the CRISPR/CAs9 Era

2016


