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Nelle lezioni della parte 2.1 abbiamo imparato:

-risultati di analisi con deep-sequencing forse fino a 98% dei geni con AS (hu)

-AS diviene sempre più importante nell’evoluzione verso i Vertebrati

i  bi hi i  d ll  li i g/ li   t i  i t

Regolazione dello splicing alternativo (AS)

-meccanismo biochimico dello splicing/spliceosoma e proteine associate

-sequenze che definiscono confine esone/introne e sequenze introniche

-modelli di AS (exon skipping, alternative 5’/ 3’, mutually excl., etc.) 

-Alternative TSS, poly(A) signals, frequenze di uso alternativo di esoni.

-Esempi funzionali di AS (compreso il gene Dscam di D. melanogaster)

-Studi genome-wide con microarrays esonici

-Studi genome-wide con microarrays exon-junction
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Nature Rev Mol Cell Biol (2005) 6:386.

Review (27/11/09)
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review
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Pre-mRNA

A B
Competing 3’ ss

Competing 5’ ss A B
Pre-mRNA

First point:   What does mean “strong” or “weak” splice site?

a) Of course the degree of complementarity to the RNA U comes first

b) Are there additional sequences that contribute strength to the 
machinery ? Are there specific proteins?

1) strength of RNA-RNA interaction

In yeast there is a clear correlation of 5’-ss sequence with usage:

From: Ast G. (2004)  
Nature Rev Genetics 5: 773.
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5’-ss has major differences.

S.cerevisiae introns have 6 nt well conserved: 5’-

....but vertebrates do not:

BS (branch site) in S. cerevisiae is very 
conserved (5’-UACUAAC-3’) in S. pombe is much 
more variable  as in mammals (5’ CURAY 3’)

GTATGT-3’

the -1 “G” increases in frequency from 
S.cerevisiae (37%) to humans (80%), positions +1 
to +6 degenerate a little.

From: Ast G. (2004) 
“How did alternative splicing evolve?”  
Nature Rev Gen 5: 773-782.

more variable, as in mammals (5 -CURAY-3 )

Polypyrimidine tract is also variable, as well as 
the distance between BS and 3’-ss. (distance 
very short in S. pombe).

In 3’-SS a clear consensus 
sequence in addition to the 
AG(G) rule is not present, as 
well: in this papers authors 
tried to see whether U2AF35 tried to see whether U2AF35 
has any additional sequence 
preference in addition to strict 
3’-splice site

1) they determined the 
footprint of U2AF35 over the 
splice sitep

2) they run RNA- SELEX to see 
sequence preference by 
U2AF35
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one single nucleotide was labelled in RNA

SDS
PAGE

if that particular nucleotide is protected by the protein:

UV
ssRNAse

autoradiography

if that particular nucleotide is NOT protected by the protein:

SDS
PAGE

if that particular nucleotide is NOT protected by the protein:

UV
ssRNAse

autoradiography
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from Wu et al. (1999), Nature 402: 832

In vitro evolution of molecules (RNA) RNA - SELEX

A B

Randomized sequences
of lenght = x

Starting with a pool of 
randomized DNA 
sequences (N=4x)

T7

promoter

Fixed sequences

promoter

In vitro transcribed RNA

In vitro transcription with T7 
RNA Polymerase + NTPs

Protein YFPtag

Tagged YFP immobilized on 
Sepharose beads
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Protein YFPtag

Anti-tag antibody

The random RNA pool is 
applied to the column

PCR amplify using T7-extended 
A primer             and B primer

Repeat PCR and 
selections as many 
times as needed

Transcription with T7 Pol

Unbound RNA 
washed away

At higher ionic 
strenght, specifically 
retained RNA is eluted

Using B primer, 
retrotranscribe RNA

After 6 cycles of SELEX, the 
eluted RNAs are RT, amplified, 
ligated, cloned (published in 
1999) and sequenced in series, 
in order to read the sequences 
selected and their relative 
fequencies.
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Implication of additional exonic or intronic sequences

-in some cases, experimentally detected using mutation and in vitro splicing;

-conservation between organisms when alternative exons are conserved is 
observed within and around alternative exon;

-difficult to find out by bioinformatics (very variable in terms of nucleotide 
and position)

-specificity of interacting proteins often very difficult to identify

Exonic regulatory elements?

Determination of sex in Drosophila gave the first example of exonic 
sequences enhancing a “poor” 3’-ss utilization.

The first and most known model of 
regulated alternative splicing is the 
determination of sex in Drosophila.
The primary determinat is the X:A 
chromosome ratio.chromosome ratio.
This determines 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.
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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 

sxl

competes with U2AF 
for binding to the 
poly-pyrimidine tract 

tra

dsx

In the drosophila doublesex gene, the ESE element is present in 
exon 4 in addition to common intronic elements

L  i ti i i d ll’  4 di d bl  i  D hil   

(rep)6

Le ripetizioni dell’esone 4 di doublesex in Drosophila sono 
stati i primi Exonic Splicing Enhancer conosciuti (ESE)

ESE sono poi state riconosciute in numerosissimi esoni di 
varie specie.
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From: Hertel & Maniatis, (1998) 
Mol. Cell 1: 449.

SR proteins = splicing regulators

The most typical domain is an alternating Arginine-Serine domain, called 
“RS d i ”  i  i   i i  i i  d i

Con che cosa interagiscono queste ESE ? 

“RS domain”: it is a protein-protein interaction domain.

SR are phosphorylated at Ser by several kinases regulates interaction 
with each other and with other proteins.

SR proteins are “proximalizing factors”, whenever there is a “ss” choice, 
i.e. they have function in constitutive splicing, promoting the formation 
of complexes with pre-mRNA, snRNP U1 and U2.

SR proteins also interact with the CAP-binding protein and with poly-A 
binding proteins.

Useful characteristics: they precipitate with 10 mM Mg++, so that it is easy to 
deplete nuclear extracts of SR factors (e.g. the S100 extract)
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SR proteins display an RS motif 
accompanied by one or more RRN 
domain.

Other related proteins possess 
RS domains.
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hnRNP = heterogeneous nuclear ribonucleoproteins
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Everything has to be tought as a dynamic process since it is now clear 
that exon and intron definition occurs co-transcriptionally

review
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Extensive research on several model systems has led to definition of several sequences that regulale 
alternative splicing:

ESE – Exonic splicing enhancer

ESS – Exonic splicing silencer

ISE – Intronic splicing enhancer

ISS – Intronic splicing silencer

As a general rule, enhancers interact – directly or indirectly – with SR proteins or related, while silencers 
generally work through hnRNPs.

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.

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.  
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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.

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.
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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.

Splicing regulatory elements ESE, ISE, ESS, ISS

how do they look like ?

We will go through one of the first paper addressing this question

Very difficult to define, poor conservation, superposition with other 
sequence algorithms, possibly combinatorial interaction with many different 
RNA-binding proteins

We will go through one of the first paper addressing this question, 
starting from the known ESE in the dsx gene, then we will move to 
more “modern” approaches that put together bioinformatics and 
functional assays to explore the whole genome in search of sequence 
elements or “motifs” regulating AS.
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SELEX procedure for 
selecting 18-mers with 
exon splicing enhancer 
properties
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FIG. 2. Evolution of the dsx-N18 pool. (A) The dsx-N18 and 
dsx-(AAG)6 constructs are shown schematically. Exon 3, 
intron 3, exon 4, and the enhancer(s) are indicated by E3, 
IVS3, E4, and N18 or AAG6, respectively. The 59 and 39 
splice sites are indicated by GU and AG, respectively. (B) 
Kinetic analysis showing in vitro splicing assays performed 
with HeLa cell nuclear extracts and uniformly labeled pre-
mRNA splicing substrates comprising the total pool of dsx-
N18 pre-mRNAs after various rounds of the selection 
(rounds 1  2  4  and 6 are shown in lanes 4 to 6  7 to 9  10 to (rounds 1, 2, 4, and 6 are shown in lanes 4 to 6, 7 to 9, 10 to 
12, and 13 to 15, respectively). The negative control pre-
mRNA (lanes 1 to 3) is an dsx pre-mRNA lacking an 
enhancer [dsx(enh2)]. The positive control pre-mRNA (lanes 
16 to 18) is a dsx pre-mRNA activated by six consecutive 
copies of a multimerized AAG trinucleotide splicing enhancer 
(modeled after a synthetic polypurine splicing enhancer in 
reference 66) that is otherwise isogenic to the dsx-N18 
construct. In the kinetic analysis shown, the reaction 
mixtures were incubated for the number of hours indicated at 
the top, and positions of the precursors, intermediates, and 
products of the splicing reaction are indicated to the left and 
right. The RNAs were analyzed on a 10% denaturing gel in 
order to resolve the lariat-exon 4 intermediate from the 
spliced product. (C) Quantitation of the in vitro splicing 
reactions in panel B. The splicing efficiency (ratio of spliced 
product to precursor) is calculated from quantitation of 
individual bands after subtraction of background using a 
BAS2000 phosphorimager.
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Science (2002) 297: 1007-1013.
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RESCUE-ESE procedure

ESE    +       -

Transfect, assay 
splicing by qRT-PCR

Fig.2. RESCUE-ESE prediction of 5’ and 
3’ ESEs in human genes. 

(A) Scatterplot for prediction of 5ESE 
activity. Hexamers are represented by 
colored letters as described in Fig. 1. 
Simplified dendrogram shows clustering 
of 5’ESE hexamers (total of 103 
hexamers with ∆EI>2.5 and ∆5WS>2.5) 
into five clusters of four or more 
hexamers. 

(B) Scatterplot for prediction of 3’ESE 
activity. Simplified dendrogram shows 
clustering of 3’ESE hexamers (total of 
198 hexamers with ∆EI>2.5 and ∆3WS> 
2.5) into eight clusters of four or more 
hexamers. Complete dendrograms of all 
hexamers are shown in fig. S3. The 
aligned sequences in each cluster are 
represented as Pictograms 
(http://genes.mit.edu/pictogram.html). 

Cluster labels (e.g., 3B, 5A/3G) are 
listed to the right of each Pictogram, g f g m,
with the total number of hexamers in 
the cluster indicated in parentheses. 
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Examers + 19-b upstream and 6-b downstream for each “exemplar”
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exon 2 of the Chinese 
hamster dihydrofolate 
reductase (DHFR) gene, 
was used as the testwas used as the test 
exon.

(B) Test of the reporter system with 
two known ESS sequences. Test 1 
(hnRNP A1 binding site, ATGATAG 
GGACTTAGGGT [Burd and Dreyfuss, 
1994]) and test 2 (U2AF65 binding 
site, TTTTTTTTTCCTTTTT 
TTTTCCTTTT [Singh et al., 1995]) 
were inserted into the pZW4 reporterwere inserted into the pZW4 reporter 
construct and transfected into 293 
Flp-In cells, and positive transfectants 
were pooled for flow cytometry. The 
“Control” was a randomly chosen 10-
mer sequence (ACCTCAGGCG) 
inserted into the same vector.

(C) RT-PCR results using RNA 
purified from the transfected cells as 
template, with primers targeted to 
exons 1 and 3 of pZW4.
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D) Microscopic images of transfected cells. Upper panel, GFP 
fluorescence. Lower panel, phase images. Scale bar, 50 µM.

(E) Construction of random decamer
library. The foldback primer was 
synthesized with a random sequence 
of 10 bp, then extended with Klenow 
fragment, digested, ligated into 
pZW4, and transformed into E. coli.
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(F) Sequencing of the random 
decamer region. 293 cells stably 
transfected with the pZW4 library 
were pooled to purify total DNAs, 
from which minigene fragments 
were amplified by PCR and 
sequenced. Sequences around the q q
insertion region are shown.

(G) Flow cytometry profile of single 
transfection using pZW4 random 
decamer library.

Sequences in the green cells cloned and sequenced
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In a large number of cases: tissue-specific regulation 
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Cross-link (U.V.) Nova: the first vertebrate tissue-
specific splicing factors (neurons)
(Nova1 – Nova2)

IMPT

CLIP (cross-link immunoprecipitation)
(Assignment BMG11)

RNA identified on microarrays
or sequenced

48 targets identified in previous studies

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

Scoring YACY clusters (median 
28-base long) in 200-bp boxes 
at 5’- and 3’- SS
Control: genome-wide 

iti  N i d d tpositions Nova-independent

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 
N d d  li i  hNova-dependent splicing enhancers
(red) or silencers (blue). 
b, A conserved YCAY cluster score (y 
axis) was calculated as described in 
Supplementary Methods. The x axis 
shows the nucleotide position of the 
centre of the sequence window. At each 
significant peak of YCAY cluster 
enrichment in Nova-regulated versus 
control pre-mRNAs  the P-value (two-control pre mRNAs, the P value (two
tailed t-test, unequal variance) of YCAY 
clusters is shown. The error value of the 
control pre-mRNAs represents standard 
deviation of the mean values of 100 
random groups of 20 control pre-mRNAs. 
c, YCAY cluster distribution in eight 
Nova-regulated pre-mRNAs that contain 
both NISE2 and NISE3 elements.
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In K.O. mice brain
Red are intronic sites

Blue are exonic sites or adjacent to ss 

Genome-wide scanning with the 
Nova-score definition finds out 51 
new candidate exons
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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


