
4.3.1 

Alternative exon inclusion/exclusion :   regulated process 
 
• Exon-intron border sequence (splice-sites) 

 
• cis-elements and trans-regulatory factors 

 
• SR and hnRNPs  factors 

 
• Tissue-specific Splicing Regulators 

 
• Transcriptional speed and pausing 

 
• Nucleosome positioning over exons 

 
• Histone PTMs and readers-splicing factors association 



1) Tissue-specific splicing factors 
2) Signal transduction regulated factors 
3) Chromatin effects  on splicing choice 

• Tissue-specific splicing 
• Regulated splicing 
• Epigenetic establishment of splicing patterns 

Regulatory 

very poor U-RNA / RNA transcript 
pairing in higher eukaryotes 

The permanence of U2AF 
with U2 snRNP is questioned 



The mechanisms of alternative splicing regulation 
by trans-acting factors has been explained 
following the competitive model  



We can consider the older competition model, as exemplified by the 
case of a «skipping exon» 

In absence of other regulatory elements (cis-regulatory), only one result is 
seen:  the strongest splice sites will predominate.  
 
 
(Actually, this model did not account for co-transcriptional splicing...discussed 
below) 

3’ splice site 

5’ splice site 

cis-regulatory seq. 



Mechanisms: 

1) Splicing sites are «strong», but they are occluded by inhibiting factor 

3’ splice site 

5’ splice site 

cis-regulatory seq. 

snRNP 

I 



snRNP 

Mechanisms: 

3’ splice site 

5’ splice site 

cis-regulatory seq. 

snRNP 

A 
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A 2) sites are «weak» but accessory cis sequences + factors              
will strengthen snRNP  interaction. 



EXAMPLE:   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.  

Note that in this case, ESE function requires the RRM domains but not the RS 

domain of SF2/ASF. 

2nd model - competition between SR proteins and hnRNP.  (hnRNP A1 multimerizes) 

The balance between SR and hnRNP proteins may explain some cases of alternative splicing 



The cascade of AS regulation in sex determination in Drosophila 
is the most famous, and actually has given the first proven 
example of an ESE.  
 
 



In Drosophila, sex is determined by X:autosomal ratio. 
In males, the A chr. gene product dpn interact with the X chr. gene products sisA/B and 
titrates them out. In female XX, sisA/B is double quantity and some remain free, and able 
to activate the Pe early promoter of Sxl gene.   In red what happens in Females.  
 

inhibits genes  F 

inhibits genes  M 

splicing factor 

splicing factor 

splicing factor 

ESE 

Major  
Promoter 

from Schutt & Nothiger, Development 127, 667-677 (2000) 



EXAMPLE:  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. 

The binding of Sex lethal (SXL)a specific RBP to an intronic sequence 
overlapping poly-pyrimidine competes with U2AF65 binding and inhibits 
splicing 

Alternative splice sites 



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

Another example : an RBP interacts with a small sequence in the pre-mRNA 
using an RRM domain and interacts with U1snRNP with another domain 

Protein-protein interaction 



Chen & Manley 2009. Nat Rev Mol Cell Biol., 10:741.  



Chen & Manley 2009. Nat Rev Mol Cell Biol., 10:741.  



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. 

Example: expression of a tissue-specific paralogue of the PTB (polypyrimidine 

tract binding protein)  allows intron definition 

Neuronal nPTB replaces 
ubiquitous PTB 

non-neuronal cells  neurons  

EXAMPLE 



EXAMPLE 



Cross-link (U.V.) 

IMPT 

Binding sites on mRNAs 
identified on microarrays 

Nova: the first vertebrate 
tissue-specific splicing factors 
(neurons) (Nova1 – Nova2) 

48 regulated mRNA targets identified in 
previous studies 

CLIP 

Bioinformatics 
«YCAY» clusters 



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

Figure 1 | Definition of the Nova–RNA binding map. a, A generic pre-mRNA 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). 

The splicing regulatory effect of Nova 1-2 depends on the position of its 
cognate binding site relative to alternative exons.  



Examples of predicted Nova-regulated exons: analysis in brain 
tissues from Nova1-/- / Nova2 -/- double K.O. mice (dKO). 

Indicate the primers used for RT-PCR analysis 



EXAMPLE 
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The kinetic competition model 
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Michele De Bortoli, UniTo, 2015 
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Michele De Bortoli, UniTo, 2015 
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Alternative Splicing  

An alternative 3’-ss has been transcribed….. 

? 

Michele De Bortoli, UniTo, 2015 



The  « first arrived, first served »  model 

Is compatible with the fact that, in general, splicing is well ordered and that 
Alternative Splicing normally (even though not always) concerns a choice 
between two  consecutive splicing sites, only very rarely separated by 
multiple exons/introns 
 
This model is also compatible with the observed cases in which specific 
intervention of a ESE-ISE/SR or ISS-ESS/hnRNP  takes place (see above). 
 



There is a clear effect of the speed of RNA Polymerase  
 
 
 
 the “speed” of RNA Polymerase II (the rate at which Pol II 

synthesizes RNA is variable and discontinuous, and may depend on 
elongation factors that are «charged» on RNA Pol II by different 
promoters/enhancers) 

 
 
 the «loading» of RNA Polymerase II CTD with specific Splicing 

Factors  (interaction of several splicing factors with Pol II CTD 
identified by co-IP) 

 
 

 
 



The Speed Bump model 
was born in Kornblihtt lab 
more than a decade ago. 



Creating a splicing reporter with a weak exon 

Alternative exon of the fibronectin gene 

 
A) Scheme of the minigenes transfected to assess alternative splicing. Open 
exons, human-gb; dashed exons, human FN; black box, SV40 e/o; arrows, 
primers used to amplify the mRNA splicing variants by RT-PCR, and lines, 
proximal and distal probes used for RPA.  

FN (fibronectin) or α-gb (globin) promoters  



Hep3B cells were transfected with 600 ng of pSVEDAFN (FN promoter) or pSVEDATot 
(-gb promoter) plus 400 ng of pCMVgal. RNA splicing variants were detected by 
radioactive RT-PCR and analyzed in 6% native polyacrylamide gels. Ratios between 
radioactivity in EDI bands and radioactivity in EDI bands are shown under each lane. 
(Lower) RPA with proximal and distal probes shown in A, to measure levels of short 
and long transcripts of transfected Hep3B cells. RT-PCR and RPA ratios correspond to 
at least three independent transfection experiments. 



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 α–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 α-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 
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. 

 



Fig. 5. ChIP with an Ab to RNA pol II. (A) Scheme of the minigenes transfected to assess pol II densities. 
Arrows indicate the pairs of primers used in real time PCRs to quantitatively amplify DNA that is bound 
to the immunoprecipitated pol II, at two regions mapping U, D of the EDI alternative exon, and at a third 
C region outside of the transcription unit. (B) Cells were transfected with -gb, FN, or CMV promoter 
constructs and, where indicated, co-transfected with a 10-fold molar excess of a competitor plasmid 
carrying the SV40 e/o. After 48 h, cells were fixed with formaldehyde and treated for ChIP and real time 
PCR analysis as described in Experimental Procedures. UrUimUin; CrCimCin; DrDimDin where Uim, Cim, 
and Dim are the template DNA amounts recovered after immunoprecipitation by anti-pol II, and Uin, Cin, 
and Din are the input DNA amounts, all estimated by real time PCR at regions U, C, and D, respectively. 
Results correspond to a representative transfection experiment of Cos-7 cells and show the mean  SD of 
three real time PCR determinations. 

PolII ChIP peaks 



This study demonstrated that: 
 
1. Promoters/enhancers can influence the rate of inclusion of weak exons 

 
2. They do so in part by influencing the speed of RNA Pol II 

 
3. When a weak exon is included, RNA PolII «slows down» in proximity of 

that exon (remember that weak exons have more strongly positioned 
nucleosomes !) 

… and RNA Pol II CTD carries splicing factors.  

the speed-bump model 



Nucleosome occupancy marks exons and is coupled to transcription.  
a | RNA polymerase II (RNAPII), associated with different splicing factors (SFs), travels along the gene and transcribes it. 
When RNAPII reaches an area with high nucleosome occupancy and encounters specific histone modifications that mark 
an exon, it is slowed down.  
b | This panel shows RNAPII and the nucleosome at the point at which their coupling marks the exon boundaries for the 
splicing machinery. RNAPII transcribes the exon and SFs detach from the carboxy-terminal domain of RNAPII and bind to 
the 3′ splice site (3′ SS) region of the precursor mRNA (pre-mRNA). During transcription elongation, additional SFs bind 
intronic and exonic splicing regulatory elements and the 5′ SS. 



Nucleosomes are best positioned on exons 



Figure 1 Observed and predicted nucleosome occupancy. (a) Nucleosome-occupancy profile across 
human internal constitutive exons in resting CD4+ T cells. We have computed the number of extended 
nucleosome reads overlapping each nucleotide. Upstream and downstream of an idealized internal 
exon, we plot the average number of nucleosome reads per nucleotide position, with negative 
positions relative to the acceptor (acc) site and positive positions relative the donor (don) site. Within 
the exon, reads have been mapped to 50 identically spaced intervals, irrespective of the length of the 
exon (see Online Methods). Strong exons are exons with a combined donor and acceptor score among 
the highest 5%; weak exons are the exons with a combined score among the lowset 5%; pseudoexons 
are intronic sequences bounded by splice sites; strong pseudoexons are exons with a combined score 
higher than the 90% percentile of real exons.  

Tilgner et al., 2009 

«weaker» exons display 
higher occupancy 



Figure 2 Nucleosome occupancy and expression of genes and exons. (a) Nucleosome-
occupancy profile across internal acceptor sites from genes that are not expressed in 
resting CD4+ T cells. Gene expression has been determined using the Affymetrix platform. 
We plot the average number of nucleosome reads per position in all exons considered 
together (black), only in exons with strong (red) and weak (blue) acceptor sites, and in 
intronic pseudoexons. (b) Nucleosome-occupancy profile across internal acceptor sites 
from genes expressed in resting CD4+ T cells, shown as in a.  

Tilgner et al., 2009 

Reduction during trascription 
is less evident at weak exons 



nucleosomes are positioned at exons 
(data from MNase-Seq experiments) 

Nucleosome histone modification (epigenetic information) 



Figure 2. Exon-Biased Distribution of Specific 
Histone H3 Methylation Marks. (A) ChIP 
enrichment for exons, relative to flanking intronic 
regions, compared to 1.0 (CTCF and Pol II) or 
histone overall average of 1.3 (purple dashed line). 
Error bars are 95% confidence intervals 
(resampling). **p < 0.01 after correction for 
multiple testing (resample test, Bonferroni 
corrected).  

ChIP-Seq experiments allow 
measurement of histone modification 
frequency on exons / introns 

Exon/intron ratio 



Figure 2. Exon-Biased Distribution of Specific 
Histone H3 Methylation Marks.  
Profiles centered on exons for:  
(C) monomethyl histone marks,  
(D) dimethyl histone marks,  
(E) Trimethylated histone marks.  
(C)–(F) are normalized to average library ChIP 
signal across the displayed region. 

H3K36me3 is one of the 
most evident at exons 



H3K36me3 is more 
evident at weak exons 

Data from: 
Barski et al. (2007) Cell 129, 823–837. 



4.3.2   Post-transcriptional regulation 

Co-transcriptional processes: 
5’-capping 
Exon splicing 
3’-polyadenylation 
 
(editing – methylation) 
Transport to cytoplasm (for a fraction of RNAs) 
Quality control 
Localization to cellular subcompartments 
Regulated translation 
Regulated degradation 
RNA interference 



Other post-transcriptional modifications to RNAs 
 
 
• N6-methyladenosine (m6A)   (the most studied today – the most frequent) 

 
• N1-methyladenosine (m1A) 

 
• 5-methylcytosine (m5C) 

 
• Pseudo-uridine (most abundant, mostly in rRNA and tRNA, but several mRNAs) 

 
• 2’-O-methylnucleosides (methylation of 2’-OH of ribose) 
 
 
 

Mainly in the nucleus, methylation 
is frequently co-transcriptional 



The YT521-B homology (YTH) 
domain family of proteins 
(YTHDF1, YTHDF2, YTHDF3 and 
YTHDC1) are direct readers of 
m6A and have a conserved 
m6A-binding pocket. 
 
The heterogeneous nuclear 
ribonucleoprotein (HNRNP) 
proteins HNRNPA2B1 and 
HNRNPC selectively bind m6A-
containing mRNAs.  

Localized primarily in nuclear speckles 

Consensus sequence:  
         « RRACH » 

RNA adenine methylation 



The methyl group at the N6 position of m6A does not change Watson–Crick 
A•U  base pairing but weakens duplex RNA by up to 1.4 kcal per mol 
Consequence: “indirect” or “direct” effects on protein binding.   

Apparently opposing effects of YTHDF1 and YTHDF2 



All steps of RNA metabolism were found to be accelerated by m6A 

A  general effect therefore is «sharpening» the window of expression 



METTL3 is required for the transition of mouse ES cells from a naive to the primed state. 
During this process, the key pluripotency factor Pou5f1, Klf4 and Sox2 must be cleared.  
In mouse ES cells lacking Mettl3, this clearance is defective because non-methylated mRNAs 
are less subjected to decay, which prevents or delays the establishment of a differentiated 
transcriptome required to achieve a primed mouse ES cell state.  (from Zhao et al., 2017, mod.) 

Mettl3-/- 

Mettl3+/+ 



For those of you who are interested in knowing more: 



 
Adenosine-to-inosine (A-to-I) 
editing is carried out by 
adenosine deaminases acting on 
RNA (ADAR), which deaminate 
adenosines into inosines.  
The folded GLUR-2 pre-mRNA 
substrate is shown with the exon 
in blue and intron in grey.  

Bentley, 2014 

Inosine behaves as a «G» in 
translation and secondary structures 

RNA Editing 



Schematic view of the nuclear side of eukaryotic gene expression, from transcription to 
nuclear export. NPC Nuclear pore complex, CTD C-terminal domain of Rpb1, RNAPII RNA 
polymerase II. 

Nucleo-cytoplasmatic transport 
- dedicated exportins 
- accompanying proteins are loaded 

co-transcriptionally 
- some accompanying proteins kept, 

other exchanged during transport 

exon junction complex (EJC) 
 

During the second step of splicing, the EJC 
is deposited approximately 20-24 nt from 
the 5’ end upstream of the splice junction.  
The EJC is made up of several key proteins: 
RNPS1, Y14, SRm160, Aly/REF and Magoh, 
among others. These proteins have 
functions in splicing and transport.  
Important function in NMD. 

Transport to the cytoplasm 



Different RNA export pathways. export adaptors and export receptors  
The names of both metazoan and yeast proteins are indicated. 
 CBC, cap-binding complex; Exp, exportin.     
(From  Kohler & Hurt, Nat Rev Mol Cell Biol, 8:761, 2007). 



nucleus 

cytoplasm 

Modified from: Pérez-Ortin 2015 

localization RISC 



RNPs remodeling 
in part 

nucleus 

cytoplasm 

From: Pérez-Ortin 2015 

localization 



Quality control 

nucleus 

cytoplasm 

From: Pérez-Ortin 2015 

localization RISC 



A regulatory role for RNA Quality Control pathways ? 



1. Nonsense Mediated Decay 
Premature termination codon 

2. Non Stop Decay 
Absence of termination codon 

3. Non-Go Decay 
Pausing by structure before TC 

Terminating ribosome NMD 

NSD 

NGD 



In Mammals, a number of Alternative Splicing events introduce a premature 
termination codon into the processed mRNA, not followed immediately by pA. 

Primary transcript 

AUG start codon 

STOP codon 
Premature STOP codon 

This induces NMD. It should be considered a silencing AS event.  

What is the function of NMD ? Protection ? Regulatory ? 

pA 



Next: regulation of RNA stability and decay 


