
Alternative splicing control 2

The most significant 4 slides from last lecture:



1



2



Regulatory sequences are found primarily close to the 5’-ss and 3’-ss  i.e. 
around exons.

3

Figure 1 | Elementary alternative splicing events and regulatory elements. A | In addition to the splice-
site consensus sequences, a number of auxiliary elements can influence alternative splicing. These are 
categorized by their location and activity as exon splicing enhancers and silencers (ESEs and ESSs) and 
intron splicing enhancers and silencers (ISEs and ISSs). Enhancers can activate adjacent splice sites or 
antagonize silencers, whereas silencers can repress splice sites or enhancers. Exon inclusion or skipping 
is determined by the balance of these competing influences, which in turn might be determined by relative 
concentrations of the cognate RNA-binding activator and repressor proteins.

From: Matlin et al. (2005), Nature Rev Mol Cell Biol, 6: 386.
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model: competition between SR proteins and hnRNP.  (hnRNP A1 multimerizes)

d | Inclusion of exon 3 of HIV1 tat pre-mRNA is determined by the nuclear ratio of 
specific heterogeneous nuclear ribonucleoprotein (hnRNP) and SR proteins. 
Propagative multimerization of hnRNPA1 from a high-affinity exon splicing silencer 
(ESS) is sterically blocked by the interaction of SF2/ASF with the upstream ESE. 
In this case, ESE function requires the RRM domains but not the RS domain of 
SF2/ASF.



model: an RNA-binding protein interacts with a small sequence in the pre-mRNA 
using a RRM domain and interacts with U1snRNP with another domain

b | A weak 5’ splice site in the FAS transcript is enhanced by TIA1 binding to a 
downstream intron splicing enhancer (ISE). TIA1 cooperatively promotes the 
interaction of U1 small nuclear ribonucleoprotein particles (snRNPs) with the 
pre-mRNA.  



model: binding of a protein to a intronic sequence overlapping polypyrimidine 
competes with U2AF65 binding and inhibits splicing

c | Repression of the non-sex-specific tra 3’ splice site involves the interaction of 
SXL with an intron splicing silencer (ISS) embedded in the polypyrimidine tract 
and the prevention of U2AF binding. This leads to selection of the downstream 
female-specific 3’ splice site.



model: expression of a tissue-specific paralogue of the PTB (polypyrimidine tract 
binding protein allows intron definition

e | The regulation of N1 exon splicing in the src transcript provides an example of 
combinatorial control by cooperation and antagonism between numerous positively 
and negatively acting factors. In non-neuronal cells (left), N1 is excluded, whereas 
in neurons (right), it is included in the mature mRNA. Constitutive exons are shown 
as beige boxes, whereas alternative exons are shown as blue boxes. KSRP, KH-
type splicing regulatory protein; nPTB, neural polypyrimidine tract binding protein.



Figure 3 | Mechanisms of alternative splicing regulation at the transition from exon definition to intron 

definition. a | Polypyrimidine-tract binding protein (PTB) inhibits the inclusion of SRC exon N1 by 

inhibiting the interactions of the U1 and U2 small nuclear ribonucleoprotein particles (snRNPs) and 

intron definition. In both WERI-1 and HeLa cells, the N1 exon is defined by the binding of U1 snRNP to 

the 5′ splice site (ss) and of U2 snRNP to the branch point. In WERI-1 cells, in the absence of PTB, U1 

and U2 snRNPs bound to the N1 exon interact with the U2 and U1 snRNP on adjacent constitutive 

exons, respectively, thereby allowing efficient spliceosome assembly on introns flanking exon N1. In 

HeLa cells, PTB binds to sequences flanking exon N1 and prevents the cross-intron interactions that 

occur in WERI- cells, thereby excluding exon N1.

from Chen & Manley 2009. Nat Rev Mol Cell Biol., 10:741., modified 
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Cross-link (U.V.) Nova: the first vertebrate tissue-specific 

splicing factors (neurons)

(Nova1 – Nova2)

CLIP (cross-link immunoprecipitation)

(Assignment BMG11)

IMPT

RNA identified on microarrays

or sequenced

48 targets identified in previous studies



Clustering of “YCAY” Nova recognition sequences in 48 Nova-regulated exons

Figure 1 | Definition of the Nova–RNA binding map. a, A generic premRNA showing 
the four regions that define the Nova–RNA binding map (the start and end of each 
region is labelled by a nucleotide distance to the splice site). Peaks demonstrate the 
positions of Nova-dependent splicing enhancers (red) or silencers (blue).



Alternative exon

Scoring YACY clusters (median Scoring YACY clusters (median 

28-base long) in 200-bp boxes at 

5’- and 3’- SS

Control: genome-wide positions 

Nova-independent



In K.O. mice brain

Red are intronic sites

Using these observations, Aa. construct a “score” of Nova map that can predict, for 
each exon, the probability of being regulated (enhanced or silenced) by Nova1 & 2.
This prediction was then verified on a group of exons of different genes, by 
comparing exon inclusion/exclusion between wt mice and Nova1,2-/- mice:

Blue are exonic sites or adjacent to ss 

Expression ratio



Genome-wide scanning with the 

Nova-score definition finds out 51 

new candidate exons



Examples of predicted Nova-regulated exons: analysis in brain tissues from Nova1-/- / 

Nova2 -/- double K.O. mice.



Mechanism: by studying the different steps in vitro on selected alternative 

exons, the authors demonstrated that Nova regulates assembly of the early 

spliceosomal complex





FGFR2

Figure 1. Identification of FGFR2 Splicing Regulators Rbm35a, Esrp1, and Rbm35b, 

Esrp2, in a High-Throughput cDNA Expression Screen

(A) Schematic of the FGFR2 protein (top) and the pre-mRNA in the region 

encoding exons IIIb and IIIc. IG, immunoglobulin-like domains; TM, 

transmembrane domain; TK, tyrosine kinase domains.



(B) Schematic of the reporter minigene and screening strategy. An FGFR2 intron 8 fragment

(IF3) required for IIIb inclusion in epithelial cells is positioned downstream of a heterologous 

exon.   Auxiliary intronic cis-elements are indicated by hatched boxes.





(D) Schematic of the minigenes stably expressed in 293T-clone 3 (top). Cells 

were transiently transfected with empty vector (EV) or cDNAs for Fox-1, 

Rbm35a (Esrp1), Rbm35b (Esrp2), Rbm38, or Fusilli, and exon inclusion was 

determined by RT-PCR. Average percentages of exon 40B inclusion with 

standard deviations compiled from three  experiments are indicated below a 

representative  gel. The Rbm35a, Rbm35b, and Rbm 38 cDNAs represented 

here are the MGC clones from the

screening collection.



Great!
So we do have specific splicing factors regulating tissue-specific alternative 
splicing events....

However... there are other puzzling results

1) The regulation of Dscam mutually exclusive exon choice in neurons

2) The effect of promoter type and enhancers (!) on weak exon inclusion

3) Co-transcriptionality of splicing

4) chromatin effects on splicing (?)



Down Syndrome cell adhesion molecule (Dscam) genes encode neuronal cell recognition proteins of the immuno-
globulin superfamily. In Drosophila, Dscam1 generates 19,008 different ectodomains by alternative splicing of three 
exon clusters, each encoding half or a complete variable immunoglobulin domain. Identical isoforms bind to each 
other, but rarely to isoforms differing at any one of the variable immunoglobulin domains. Binding between isoforms other, but rarely to isoforms differing at any one of the variable immunoglobulin domains. Binding between isoforms 
on opposing membranes promotes repulsion6. Isoform diversity provides the molecular basis for neurite self-
avoidance. Self-avoidance refers to the tendency of branches from the same neuron (self-branches) to selectively avoid 
one another12. To ensure that repulsion is restricted to self branches, different neurons express different sets of 
isoforms in a biased stochastic fashion. Genetic studies demonstrated that Dscam1 diversity has a profound role in 
wiring the fly brain. Here we show how many isoforms are required to provide an identification system that prevents 
non-self branches from inappropriately recognizing each other. Using homologous recombination,we generated mutant 
animals encoding 12, 24, 576 and 1,152 potential isoforms. Mutant animals with deletions encoding 4,752 and 14,256 
isoforms14 were also analysed. Branching phenotypes were assessed in three classes of neurons. Branching patterns 
improved as the potential number of isoforms increased, and this was independent of the identity of the isoforms. 
Although branching defects in animals with 1,152 potential isoforms remained substantial, animals with 4,752 
isoforms were indistinguishable from wild-type controls. Mathematical modelling studies were consistent with the 
experimental results that thousands of isoforms are necessary to ensure acquisition of unique Dscam1 identities in 
many neurons. We conclude that thousands of isoforms are essential to provide neurons with a robust discrimination 
mechanism to distinguish between self and non-self during self-avoidance.







Two conserved sequence emerged: the 1° is the “docking site”, that preceedes exon block.



Two conserved sequence emerged: second is the “selector”, that preceedes each exons.



Figure 4. The D. melanogaster 

Selector Sequence Consensus

(A) The 48 selector sequences and 

flanking sequence were aligned 

together. The most frequent 

nucleotides in the central portion 

of the

alignment are highlighted.alignment are highlighted.

(B) The alignment was used to 

generate a selector sequence 

consensus.



Figure 5. The Docking Site and Selector Sequences Consensus Are Complementary

The docking site consensus sequence is complementary to the central 28 nucleotides of 

the selector sequence consensus. The most frequent nucleotide at each position of the 

selector sequence is complementary to the docking site.





The model may explain how an exon is stochastically selected for splicing

however

RNA transcripts in a given cell are always spliced in the same way.... how can 

the machinery “remember” which  selector was used the first time?the machinery “remember” which  selector was used the first time?



Second, inclusion of weak exons may depend on the ability of 
promoters to regulate the “speed” of RNA Polymerase II







Fig. 3. (A) Deletion analysis of the SV40 eo with 
respect to alternative splicing of the EDI exon. 
Horizontal bars indicate normalized EDIEDI ratios 
of Hep3B cells transfected with a series of –gb 
promoter constructs carrying different internal 
deletions of the SV40 eo. Results correspond to the 
mean SD of at least three independent transfection 
experiments. 

(B) Deletion of only one 72-bp repeat confers 
responsiveness to SF2ASF to the -gb promoter 
construct. Hep3B cells were transfected with 
pSVEDATot (lanes 1–3) or a variant lacking the 
distal 72-bp repeat of the SV40 enhancer (lanes 4–
6) and cotransfected with the indicated amounts of 6) and cotransfected with the indicated amounts of 
a plasmid expressing SF2ASF (13). Transfections in 
lanes 1 and 4 contained 150 ng of empty DNA vector.

Similar results were obtained in Cos-7 and HeLa 
cells.





These studies and the following in the decade suggest a 
model, that is called the “bump” model. 

At specific points, there may be a (structurally determined?) 
obstacle to the advancement of RNA Pol II. 

This allows the “weak” sites more opportunity to be spliced This allows the “weak” sites more opportunity to be spliced 
with the previous, just because the competing “good” site 
has not been transcribed yet 



Very similar results were obtained using other transcriptional regulators: the 
inclusion of weak exons was found to be repressed in response to steroids if the 
reporter gene contained a SRE in its promoter (ERE, GRE, PRE).



This was found to depend on steroid receptor interaction with “coactivators” 
that  also function as splicing regulators.



....mmm .... wait a moment!

how does it come that a “coactivator” that is recruited to promoters 
(or enhancers) through interaction with a steroid receptor, then may 
regulate splicing, which happens far away from there ?

RNA Pol II

PE

R R

CoA

Sp

?



This is explained by “co-transcriptionality”

review









Two different but not exclusive models can be devised:

1) the speed counts or “bump” model – just takes into account the 
opportunity of a splice site to interact with the appropriae proteins.

2) the “differential splicing factor” model – RNA Pol II CTD aither carries 
different splicing factors that were associated 1) during assembly at 
promoters  or b) in place, since they are associated to, for example, promoters  or b) in place, since they are associated to, for example, 
nucleosomes (?). 







No: DNase I (E.coli)

Micrococcal Nuclease (MNase)

nucleosome positioning assay

mononucleosome



Nucleosome positioning analysis

1st step: digestion

MNasi



2 different cases:

mobile nucleosomes

versus

positioned nucleosomes



sonda per 

Southern blot

Analysis

mobile                          versus               positioned         



Pho4 is the P-sensitive 

inducer, whereas Pho2 is 

Pho2 binding sites

constitutive





After the advent of genome-wide tiling microarrays or deep-

sequencing methods, it has become possible to address the question:

are nucleosomes positioned in the genome?

Protocol   (as illustrated in previous slides)

1. isolate nuclei

2. MNase

3. purify DNA

4. go to tiling array or (better) deep-sequencing

5. draw the frequency map: if nucleosome are prevalently positioned 

at certain sequences, those will appear more frequently (give 

peaks).



Mononucleosome isolated after Mnase
then DNA mass-sequenced 

Each mononucleosome has 147 or little 
more DNA

Illumina Solexa sequencing platforms 
read 25 nt from each end

This allowed positioning





Tilgner et al., 2009




