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Agenda 
• other transcripts from the catalogue 
• what is a gene today ? 
• RNA Polymerase pausing 
• extensive AS of lncRNAs 
• mechanisms of exon splicing 
• cis-regulatory sequences of splicing and AS 
• trans-acting factors for AS (RBP) 
• tissue-specific AS regulators 



An RNA catalogue 



http://www.gencodegenes.org/  

It is worth spending few minutes on the Statistics to consider how many different types 
of long- and short-noncoding RNA have been catalogued 

http://www.gencodegenes.org/
http://www.gencodegenes.org/


Figure 2. A summary of locus biotypes in GENCODE. 

From Mudge et al., 2013 

RNA  Biotypes 





«Classical» versus modern view of a gene  

From Mudge et al., 2013 

Figure 1. The evolving dogma of gene transcription. 



(A) The historical ‘‘central dogma’’ of molecular biology. By this model, (i) transcription 
generates the primary transcript (exons in green, introns in white), with the initial 
interaction between the RNA polymerase complex and the genome being mediated by 
a promoter region (gray triangle). (ii) The introns of the primary transcript are removed 
by the spliceosome, and a mature mRNA is generated by 5’ end capping (CAP) and 
polyadenylation (aaaa) (coding region [CDS] shown in green, untranslated 5’ and 3’ 
UTRs in red). (iii) The mRNA is translated into a polypeptide by the ribosome complex, 
with translation proceeding from the initiation codon (ATG) and ending at the 
termination codon (ter). 

From Mudge et al., 2013 



(B) An updated model reflecting a modern view of transcriptional complexity. Here, the same gene 
(iv) undergoes alternative splicing (AS), for example an exon skipping event that does not change the 
frame of the CDS (v); this event thus has the potential to generate an alternative protein isoform. 
However, products of AS cannot be assumed to be functional; this gene has generated a retained 
intron transcript (vi), perhaps due to the failure of the spliceosome to remove this intron. Further 
complexity comes from a read-through transcription event (vii), whereby a transcript is generated 
that also includes exons from a neighboring protein-coding locus (viii). In this example, the read-
through transcript has an alternative first exon compared with the upstream gene that contains a 
potential alternative ATG codon, although the presence of a subsequent premature termination 
codon (PTC) prior to two splice junctions indicates that this transcript is likely subjected to the 
nonsense mediated decay (NMD) degradation pathway. Finally, model ix is a transcript that is 
antisense to the upstream gene; both loci are potentially generated under the control of a 
bidirectional promoter. From Mudge et al., 2013 



in addition.... 



Using different technologies, including tiling microarrays, GRO-
seq, CAGE, Sage and others, unstable short RNAs were also 
observed close to promoters 



Unstable small RNA 
accompanying gene 
transcription 



GRO-Seq 

from the Illumina website 

As secondary product, GRO-seq localize active Polymerase 



promoter-proximal pausing 













CTD phosphorylation in Ser-2 leads 
to SETD2 association. SET2D is the 
lysine Metyl Transferase specific for  
H3K36 methylation 

Phosphorylation of DSIF leads to 
NELF dissociation, while DSIF is 
converted to elongation factor 



Dynamic modification of the CTD during the transcription cycle.  

From Hsin et al., Genes Dev (2011) 26:2119–2137 

RNA Polymerase cycle and CTD phosphorylation 



Possibe functions of PolII pausing 

establishing permissive chromatin 
synchronous rapid activation 

checkpoint in early elongation ? 

integration of signals 

Capping Enzyme Complex RNA Processing Factors 







LncRNA undergo Alternative Splicing 
 
They are capped and polyadenylated 
 
What is the sense of making AS ?  
 
Their function can be modulated by including/excluding certain parts.  

interacts with 
Protein 1 

target A target B 

AS isoforms 



Alternative Splicing of lncRNAs is guided by the same elements as 
protein-coding  RNAs 
 
 
However, while in protein-coding RNA alternative exons are few 
(average one-two on an average of 9 exons), lncRNA tend to have 
more alternatives.  
 
Note that lncRNAs do not have the constraint of the coding sequence.  



DSCAM-AS1 



Back to splicing 

What do we know of splicing ? 
 
When, where, how ? 

Co-transcriptional or post-transcriptional ? 

This is a long-standing, wearying discussion on this, lasting at least 25 years 

let’s see how ENCODE has approached it 



The transcriptome of nuclear subcompartments 
 
For the K562 cell line, we also analysed RNA isolated from three 
subnuclear compartments (chromatin, nucleolus and nucleoplasm.  
 
Almost half (18,330) of the GENCODE (v7) annotated genes detected for all 15 
cell lines (35,494) were identified in the analysis of just these three nuclear 
subcompartments. In addition, there were as many novel unannotated genes 
found in K562 subcompartments as there were in all other data sets combined.  

Djebali et al., 20120 



The interrogation of different subcellular RNA fractions provides snapshots of the 
status of the RNA population along the RNA processing pathway.  
 
Thus, by analysing short and long RNAs in the different subcellular compartments, 
we confirm that splicing predominantly occurs during transcription.  
 
By using RNA-seq to measure the degree of completion of splicing (Fig. 2a), we 
observed that around most exons, introns are already being spliced in chromatin-
associated RNA—the fraction that includes RNAs in the process of being 
transcribed (Fig. 2b).  
 
Concomitantly, we found strong enrichment specifically of spliceosomal small 
nuclear RNAs (snRNAs) in this RNA fraction 
 
Co-transcriptional splicing provides an explanation for the increasing evidence 
connecting chromatin structure to splicing regulation, and we have observed that 
exons in the process of being spliced are enriched in a number of chromatin marks 

Djebali et al., 20120 



Figure 2 
Co-transcriptional splicing evaluation 

coSI = the ratio between junction 
reads and exon-intron reads 

Djebali et al., 20120 



AS a matter of fact  your Textbook, written by Alberto 
Kornblhitt, one of the major scientists in the field, bases 
discussion non mechanisms on splicing being mostly co-
transcriptional. 
 
 
 
Note:  
saying that splicing occurs co-transcriptionally does not mean 
that all catalytic events of splicing occur immediately as soon as 
the RNA progressively emerges from RNA PolII.   



Textbook 



exon           intron            exon 

1st transesterification: the 2’-OH of the 
branching point «A» attacks the phospho-
diester bond betwee exon and intron  

2nd transesterification: the 3’-OH of the 
exon attacks the phosphodiester bond 
betwee intron and exon 

spliceosome 
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This is GT-AG introns (by far the most frequent) 
A secondary type exist (xx-xx), requiring U11 and U12 snRNP  

The cis determinants of splicing 

polypyrimidine tract 

poorly 
conserved 

U2AF= U2 associated factor 

Branching point binding protein 



DNA base code 



Splice sites can be strong or weak depending on how far their 
sequences diverge from the consensus sequence.  
 
This determines their affinities for cognate splicing factors  
 
In general, strong splice sites lead to constitutive splicing and full 
usage of the site  

Alternative splicing 
 
Sequences at the borders of exon-intron and within the intron are 
similar but can vary.  

Pay attention to this concept, it will ground the 
discussion on PolII elongation rate as determinant of AS 



The first chance to obtain regulation derives from how exons are recognized 

From: McManus & Graveley, COGD, 2011 

acceptor site 
donor site 

Variations of these sequences can give «stronger» and «weaker» splicing sites 



Indeed, in addition to the sequences directly regulating binding of 
spliceosome components,  in both Exons and Introns sequence motifs 
exist that regulate the use of splice sites.  
 
 
Named after their location and effect: 
 

ESE: exonic splicing enhancers 
ESS: exonic splicing silencers 
ISE: intronic splicing enhancers 
ISS: intronic splicing silencers 
 
 
They are therefore  cis-elements   for splicing regulation 



Trans-acting factors of splicing are proteins binding to these 
elements.  
They belong to the general class of RNA Binding Proteins (RBP) 
 
 
Three categories: 
 
1. SR proteins and SR-like 

 
2. hnRNP  

 
3. tissue-specific and context-specific factors 



SR proteins = splicing regulators 
 
Domains: 
The most typical domain is an alternating Arginine-Serine-rich domain, 
called “RS domain”: it is a protein-protein interaction domain. 
 
Regulation: 
SR are phosphorylated at Ser by several kinases  regulates interaction 
with each other and with other proteins. 
 
Other interactants: 
SR proteins also interact with the CAP-binding protein and with poly-A 
binding proteins. 
 
Binding sites: 
Mostly at Exons, sometimes also to ISE (intronic splicing enhancers) 
 
Activity: 
Mostly activatory toward the most proximal exon. 
Exon definition. 



Canonical SR proteins 

SR-like 
(other protein 
containing an RS 
domain 



hnRNP proteins  (heterogeneous nuclear Ribo Nucleic Protein) 
 
• Many different families 

 
• Usually bind intronic sites 

 
• Intron definition 

 
• Several other roles have been ascribed to individual members, e.g. 

cytoplasmic localization. 
 

 





intron 
nucleotides 

intron 
nucleotides 

Exon: around 
nucleotides 

hnRNP complexes 

Poly-(A) binding 
proteins 



The effect of SR and hnRNP binding is either to stabilize or destabilize the 
interaction of basal splicing factors (snRNPs) with the splicing sites 
This action can be direct protein-protein contact, or mediated by splicing 
co-activators.  

SCoA? 

snRNP 



Albeit SR protein can be regulated by signalling pathways (e.g. by 
phosphorylation, and several examples are given in your Kornblhitt 
Textbook), as well as some hnRNP proteins, the fact that most SRs and 
most hnRNPs have ubiquitous expression suggests that additional tissue-
specific factors should be involved in tissue-specific AS. 
 
Hence, additional cis-elements sould be present in regulated pre-mRNAs. 
 
 
One way to answer this question is to compare sequences around 
alternative exons to those of constitutive exons.  



 
 
Some Authors used comparative genomics to obtain insight.  
Human and mouse transcriptomes are quite well characterized, making 
it possible to classify exons as constitutive or alternative based on real 
expression data (microarrays, RNA-seq).   
 
Sequences were then compared. Exons were normalized in lenght and 
flanking introns were explored within 200 pb. 
 

From Kim et al., BioEssays 30:38–47 



Constitutive - strong 

Alternative - weak 



More conserved 
Exons that are alternatively spliced in both human and mouse are more 
conserved than constitutive exons 
Conservation is higher toward exon edges and extends farther in introns:  
cis-regulatory sequences ? 
 
Weak splice sites 
Cassette exons(1) have weak splice sites, compared to the strong ones in 
constitutive exons 
 
Shorter 
Alternative cassette exons are also shorter and are flanked by longer introns 
than constitutively spliced ones. 
 
Symmetric 
The percentage of symmetrical exon is definitely higher in alternative exons 
(symmetrical means “divisible-by-three” number of base pairs) 
 
(1)Cassette exons: refers to exon skipping From Kim et al., 2007, BioEssays 30:38–47 

2.1 Features of Alternative versus Constitutive Exons 



All this points to the existence of additional AS regulators 



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 

Major SR proteins and hnRNP can hardly explain tissue-specific splicing  



How to identify tissue-specific AS  regulators 



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.  



RNA Binding Proteins are a growing class ... 



Generic name: RBP (RNA binding Proteins) GO category: RNA-Binding 
 
Recent studies used RIC (RNA Interactome Capture) identified an 
exceptional number of RBPs (860 from HeLa and 791 from HEK293). 
Many of these do not carry any of the known domains: 
-RRM  -  RNA Recognition Motif 
-KH  
-DEAD box helicase 
-Zn-fingers motifs 

Form Hentze et al. Nature Reviews Molecular Cell Biology volume 19, pages 327–341 (2018) 



Identification of RNA binding proteins motifs  
 
Specificity of RNA binding:  both «sequence» and 
«structure» elements 
 
Problems in predicting regulatory motifs: 
• Localization  (intron length) 
• Sometimes dispersed elements 
• Sometimes the structural component prevails 

upon pure sequence 

5’ 
Cis.regulatory element 



RRM:  Sex-lethal http://www.ebi.ac.uk/thornton-
srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1b7f 
 
RRM: PTB 
http://www.ebi.ac.uk/thornton-srv/databases/cgi-
bin/pdbsum/GetPage.pl?pdbcode=2adc 
 
KH: NOVA1  http://www.ebi.ac.uk/thornton-srv/databases/cgi-
bin/pdbsum/GetPage.pl?pdbcode=1dt4 

http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1b7f
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1b7f
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1b7f
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1b7f
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1b7f
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1b7f
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=2adc
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=2adc
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=2adc
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=2adc
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=2adc
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1dt4
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1dt4
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1dt4
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1dt4
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=1dt4


Licatalosi et al., 2010  



Example: 

Individual Splicing Factors 
HITS-CLIP profiles mapped 
to genome and compared 
to RNA-Seq profiles.  

RNA-seq reads 

Reference  

CLIP-seq reads 
mapping 



The mechanisms of alternative splicing regulation 


