
Lesson 5.2 

Post-transcriptional regulation 

 

Regulation of alternative splicing 



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

 
• Exon definition  (intron definition in lower eukaryotes) 

 
• SR and hnRNPs  factors 

 
• cis-elements and trans-regulatory factors 

 
• Tissue-specific Splicing Regulators 

 
• Nucleosome positioning over exons 

 
• Histone PTMs and readers-splicing factors association 

 
• Transcriptional speed and pausing 
 
 



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 
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5’ splice site 
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Mechanisms: 
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A 2) sites are «weak» but accessory cis sequences + factors              
will strengthen snRNP  interaction. 



In Drosophila, the primary sex determinant is the X:A 
chromosome ratio. 
This leads to a cascade of splicing regulatory signals, 
resulting in the production of two alternative splicing 
isoforms of the dsx  transcription factor,  repressing 
either female-specific or male-specific genes. 

Determination of sex in Drosophila gave the first example of exonic sequences enhancing 
a “poor” 3’-ss utilization as well as intronic sequences inhibiting 5’-ss  

One of the first mechanisms studied illustrated exactly this simple situation. 

Ratio  
X chromosome 
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Sxl gene product 
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X:A=1 produces transient 
activation of an 
alternative promoter in 
the sxl gene, giving rise 
to a functional sxl 
protein 

The sxl protein competes 
with U2AF for binding to 
the poly-pyrimidine tract  

sxl 

tra 

dsx 

silencer 

enhancer 

....sorry for the Italian 
language, I did not find 
the slide in English 

Male development Female development 



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. 

1st model - binding of a specific RBP to an intronic sequence overlapping 
poly-pyrimidine competes with U2AF65 binding and inhibits splicing 

Alternative splice sites 



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. 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 



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.   

3rd model - 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 



A number of studies identified putative motifs for positive and negative 
regulation of splicing, classified on effect and position: 
 

ESE = exonic splicing enhancer 
ESS = exonic splicing silencer 
ISE = intronic splicing enhancer 
ISS = intronic splicing silencer 
 
ESE (exonic splicing enhancers) were discovered and described first 
 Note that the «code» is superimposed to coding sequences 
 
ESE mutations were identified in various human diseases 
 
When identified motifs are mapped to reference genes collection, it is 
observed that regulatory motifs spread a little distance from exons into 
introns, as predicted by mouse-human conservation analysis seen before. 
 
Maps of potential regulatory sequences are obtained.  



cis elements 

Note: Studies based on pure search of conserved motifs was not 
successfull: experimental + bioinformatics approaches needed 

Genome-wide identification of sequence elements that promote or repress 
splicing at adjacent «ss» 

Approach 1  :      random select sequences that drive either exon 
inclusion or exon skipping in experimental model systems 
 
 
Approach 2:    RNA immunoprecipitation using Abs against Splicing 
Factors  (SR, hnRNP, other) and then NGS  (RIP, CLIP, HITS-CLIP) 
 



2 1 3 

2 1 3 

1 3 

1 3 

1 2 3 

2 1 3 

cis-regulatory  
element? 



AS regulatory sequences characterized by de-novo functional assays 
Example: 



exon 2 of the Chinese hamster 

dihydrofolate reductase (DHFR) 

gene, was used as the test exon. 

......GATCCGNNNNNNNNNNTCTTCG...... 

D) Microscopic images of transfected cells. Upper panel, GFP 

fluorescence. Lower panel, phase images. Scale bar, 50 M. 

random 

Wang et al., 2004 



Following selection, all positive cell clones are extracted    RNA  
 
 
 
 
 
 
 
 
 
 
RT-PCR using primers pairs flanking the interrogated exon   cDNA library 
 
The library is sequenced (clone-and-sequence or NGS)  a collection of 
sequences 
 
Sequences are bioinformatically examined to find one or more 
«consensus» motifs  
Consensus motifs inserted in test exon and validated. 



RT-PCR 

consensus 

Consensus motifs inserted in test exon and validated. 



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. 

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



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 

Major SR proteins and hnRNP show almost ubiquitary expression, so that 
these proteins alone can hardly explain tissue-specific splicing  

From: McManus & Graveley, COGD, 2011 



Appendix: The search for tissue-specific splicing factors  

Differentially expressed 
genes in your favorite tissue Identify possible splicing 

factors (annotations, RBD) 

Recognition motif known ? 

candidates CLIP,  HITS-CLIP 

bound sequences 

identify (regulated) 
genes, exons 

explore differentially regulated 
splicing database for convergence 

explore the presence of your motifs in 
other nonregulated mRNAs (control) 

motif over-
representation analysis 



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 

RNA identified on microarrays or NGS 

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

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 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 



Figure 6. Model for the Mechanism of FGFR2 Cell-Type-Specific Splicing. (A) Combinatorial control by ubiquitous 
regulatory proteins favors exon IIIb silencing and exon IIIc inclusion in mesenchymal cells. Crosshatched boxes indicate 
known FGFR2 auxiliary ciselements. PTB, polypyrimidine tract binding protein; A1, hnRNPA1; X, Unknown factor(s) that 
bind an ISE downstream of exon IIIc. (B) In epithelial cells, the ESRPs collaborate with other regulatory proteins to 
activate exon IIIb splicing and silence exon IIIc splicing. Potential interactions between these proteins are indicated by 
double arrows and question marks. M, hnRNP M; Tia, Tia1 or TiaR; Fox, Fox family members; F/H, hnRNP F or H. A base-
pairing interaction between two complementary sequences in the intron (ISE2 and ISAR) likely serves to position ESRP1 
more closely to exon IIIb where it can act in conjunction with other factors (such as RBM38 and Tia1) to activate splicing 
(Muh et al., 2002). Note that proteins other than the ESRPs shown binding to FGFR2 transcripts only in mesenchymal or 
epithelial cells are expressed in both cell types and may be bound to the cognate elements in either cell type. 



AS and nucleosomes 



Third point, 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 



The kinetic competition model 

Splicing regulation through trenascriptional regultion 
 
Chromatin status influence – epigenetic mechanisms 



Cap
BP 

U1 

SR SR 

hnRNPs 

Exon definition 

Michele De Bortoli, UniTo, 2015 
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Intron definition 

Michele De Bortoli, UniTo, 2015 



Cap
BP 

U1 
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? choice 

join 
SR SR 

hnRNPs 

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 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). 
 



In special cases, two or more unspliced sites can be present in the mRNA, 
then true competition is plausible 
 
 
How un-spliced sites may arise ? 
 
Of course, inhibitory RBPs as seen before 
 
The speed of the RNA Polymerase   

- elongation factors,  
- RNA 2ary structure,  
- nucleosome stability 

 
 
Also, remember that RNA Pol II carries splicing factors loaded on CTD  

 



Effects of promoters and enhancers 
 
Inclusion of weak exons may depend on the ability of promoters to regulate : 
 
 
 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.  
All this led to: 

the speed-bump model 



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 

What is Bonferroni correction ? 
Wiki methods 

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. 



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. 



Differential splicing of FGFR depends on the PTB regulator,  which binds to 
a splicing silencer around exon IIIb and represses its inclusion 



FGFR2 pre-mRNA tissue-specific  exon IIIb / IIIc alternative splicing was studied in 
PNT2 (prostate normal epithelium) and in hMSC (human mesenchymal stem) cells. 
 
The level of H3K36 trimethylation was assessed by ChIP-qPCR along the gene in these 
cells. Cell-specific over-representation in hMSC was observed around exons/introns 
interested by alternative splicing: 

Fig. 1. Splicing-specific histone modifications. (A) Schematic representation of the human 
FGFR2 gene. Exon IIIb (red) is included in PNT2 epithelial cells, exon IIIc (black) is included in 
hMSCs. Square dots indicate oligonucleotide pairs used in analysis. (B) Levels of FGFR2 exon 
inclusion relative to GAPDH in PNT2 (red) or hMSCs (black) determined by quantitative 
polymerase chain reaction (PCR). 



To analyze  e6  
  IIIb 
  IIIc 

? 



Why ratio? 



Is there any special histone PTMs at these exons ? 
 
 
• Chromatin Immunoprecipitation using Antibodies against PTMs 

 
 

• PCR analysis of single sites as in Figure 1   



Fig. 1 - (C to H) Mapping of H3-K27me3 (C), H3-K36me3 (D), H3-K4me3 (E), H3-K4me1 (F), H3-K9me1 (G), 
and H3-K4me2 (H) in FGFR2 in PNT2 (red) and hMSC (black) cells by quantitative ChIP.  
The percentage of input was normalized to unmodified H3. Values represent means ± SEM from four to 
six independent experiments. *P <0.05, **P < 0.01, Student’s t test. 



The HMT specific to H3K36 is SET2.  
When SET2 is overexpressed in epithelial 
cells, IIIb/IIIc ratio falls by 75%: 

H3K36(me3) is recognized by the 
bromodomain protein MRG15 (reader)  
When MRG15 is overexpressed in epithelial 
cells, IIIb/IIIc raio falls by 75%: 

Exon IIIb has weak site for PTB. 
MRG15 co-immunoprecipitates with 
the RNA binding protein PTB               Co-IP 

SET2 overexpression 

MRG15 overexpression 



Luco et al, 2011 



Are PTB and MRG15 effects limited to FGFR2 exons ?  
 
siRNA-mediated down-regulation of either PTB or MRG2 
 
RNA-seq   splicing read mapped and quantitated for each AS event 



Figure 3. The Chromatin-Adaptor Model of Alternative Splicing.  Histone modifications along the gene 
determine the binding of an adaptor protein that reads specific histone marks and in turn recruits splicing 
factors. In the case of exons whose alternative splicing is dependent on poly-pyrimidine tractbinding protein 
(PTB) splicing factor, high levels of trimethylated histone 3 lysine 36 (H3K36me3, red) attract the chromatin-
binding factor MRG15 that acts as an adaptor protein and by protein-protein interaction helps to recruit PTB 
to its weaker binding site inducing exon skipping. If the PTBdependent gene is hypermethylated in H3K4me3 
(blue), MRG15 does not accumulate along the gene, and PTB is not recruited to its target premRNA, thus 
favoring exon inclusion. 



Figure 4. Chromatin-Adaptor Complexes 
Several histone modification-binding chromatin proteins interact with splicing factors 
(Luco et al., 2010; Sims et al., 2007; Gunderson and Johnson, 2009; Piacentini et al., 2009; 
Loomis et al., 2009). 

This is the first demonstration of a mechanistic link between chromatin and alternative splicing.  
Other protein-protein interaction between chromatin-competent proteins and RNA binding proteins 
is present in the literature, however no direct demonstration of a mechanism was given to date. 
Nonetheless, interactions suggest a possible functional role that should be worked out in the future.  



A model of epigenetic “memory” of alternative splicing in the cells 



The speed-bump model 
 
After years, this model is now largely accepted, also because it can explain 
epigenetic effects on the choice of Alternative Splicing patterns 
 
 
First mechanism 
Histone modification can «stabilize» or «destabilize» nucleosomes sat on 
specific exons, thus modifying the rate of PolII at that specific exon.  
 
Second mechanism 
Specific histone PTMs enriched at one exonic nucleosome can bind  
«readers» associated to Splicing factors, thus increasing the local 
availability of that Splicing factor, when the exon is transcribed.  



Exon circularization may represent a case of alternative splicing 

From Salzman 2016 

The sequence of circular RNA comprises exons from protein and 
noncoding loci, spliced at canonical splice sites. Bi-colored reads 
represent paired-end RNA-Seq reads used to discover circular RNA 
that are enriched in polyA-depleted RNAsamples.  



From Memczak et al. 2013 

circRNAs 

«back-splicing reads» 



Possible functions 
 
 
- Endogenous competing RNAs (ceRNA, see last lesson) 

 
- Activators/repressors of transcription 

 
- Alternative protein-encoding RNAs 

 
 
 
 



From Chen 2016, NRMCB 17:205 


