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One gene more products

• CAGE/SAGE, RNA-Seq and tiling arrays have revealed 
an unexpected number of protein-coding and noncoding 
transcripts.

• Focusing on protein-coding genes, we see a surprising 
veriety of RNAs from the same gene, and also a variety 
of mature, functional mRNAs.  

Some genes display “alternative promoters”
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Some promoters direct transcription from multiple TSS
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Other genes possess “alternative polyadenylation sites”
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Paper discussed in part in Lesson 4 
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In totale, 64% dei trascritti poliadenilati corrisponde a geni noti, mentre il 
restante 34% mappa su regioni non annotate.

14% di questi possono essere attribuiti a “splice junctions”

In totale, ci sono 7,2 giunzioni per gene e in media 3,8 reads per giunzione.

Si sono osservate tantissime giunzioni con un solo read, ma questo non 
sembra dovuto al caso, perché è un numero troppo grande. 

Il 95% degli splicing attesi è stato effettivamente visto.

Inoltre si sono visti 4096 splice sites non noti in 3106 geniInoltre, si sono visti 4096 splice sites non noti in 3106 geni.

. I concetti generali di “processamento” dei trascritti

. I meccanismi dello splicing 

. I concetti di base di splicing alternativo

t i ti lco-transcriptional

capping
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polyadenylation
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How prevalent is splicing (i.e. exon-intron gene 
organization) in different organisms ?

S  cerevisiae has only 253 introns (3% of enes)  S. cerevisiae has only 253 introns (3% of genes), 
only 6 genes have 2 introns.

S. pombe 43% of the genes have introns, many 
of them contains >1 intron

(40-75 nt)

H. sapiens >99% of genes contain multiple 
introns
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Average human gene:

Length:   28,000 bp

No. of exons:  8.8 

Exon length:  120 bp

No. of introns:  7.8N . f ntr n   7.

Intron length: 10 to >100.000 bp
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one intron in  the human neurexin gene is approx. 480,000 nt !

Biochemical mechanism: 

absolutely conserved in all organisms, derives from the group II 
autocatalytic introns (fungi organelles).

RNA and proteins in spliceosome:

quite conserved, but the complexity increases

cis-elements in introns and exons defining splice sites:

quite conserved, but with differences and increasing complexity
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Pre-mRNA splicing occurs in two ATP-Independent transesterification reactions

A) first transesterification

B) second transesterification

esoni congiunti

Exons and introns are defined at their borders and sorroundings by functional 
sequences  that interact with components of the spliceosome or accessory proteins

vertebrate

sequences, that interact with components of the spliceosome or accessory proteins.

Yeast

sito di splicing 5’ (5’-ss) sito di splicing 3’ (3’-ss)
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From: Ast G. (2004) 
“How did alternative splicing evolve?”  
Nature Rev Gen 5: 773-782.

BS (branch site) in S. cerevisiae is very 
conserved (5’-UACUAAC-3’) in S. pombe is much ( ) p
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).

5’-ss has also major differences.

S.cerevisiae introns have 6 nt well conserved: 5’-
GTATGT-3’

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

Spliceosome

snRNP = small nuclear ribonucleoproteins

RNA U + 8-12 peptides

protein U1 U2 U5 U4/U6
___________________________________________________________
B,B’,D,D’,E,F,G + + + +
70k A C +70k, A, C +
25k, 1BP +

RNA nt 164 187 116 145+106

Al riconoscimento delle sequenze 
di RNA necessarie allo splicing 
(i.e. 5’-ss, 3’-ss, branching point) 
partecipano sia interazioni RNA-
RNA, sia proteine-RNA

In S. cerevisiae, the branching site sequence is very 
conserved (much less in higher eukaryotes) 

Le proteine che interagiscono con 
l’RNA in modo specifico 
possiedono domini tipici, 
chiamati: 

RBM – RNA binding motif

RRM – RNA recognition motif
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Il modello sequenziale di montaggio e funzionamento dello spliceosome.
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Bioessays (2003), 25: 1147-1149.

Esistono due forme di splicing un po’ diverse:    la prima si riferisce ad un sottotipo 
di introni detti AT-AC dai dinucleotidi di confine, molto poco frequenti, che hanno 
snRNP dedicate.

La seconda è detta “trans-splicing” ed è un fenomeno raro in cui un esone presente 
in un pre-mRNA viene ligato ad un altro esone presente in un secondo pre-mRNA
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H. sapiens  Estimated number of genes: < 30,000
Estimated number of proteins: > 90,000

Complexity of higher organisms (animals vertebrates) is estimated to 
require more functions than the number of genes detected in sequeced 
genomesgenomes.

This can be accounted for if we assume a more extensive than 
previously suspected role for alternative splicing

S. cerevisiae:      253 genes contain introns
only 3 genes shown experimentally to undergo alternative splicing

H. sapiens: >99% predicted to have exon-intron structure
>60% predicted to undergo alternative splicing

......but we will see this by RNA-Seq experiments !
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Splicing alternativo della fibronectina 



27/11/2009

14

Figure 3 

Types of alternative splicing. 

In all five examples of alternative 
splicing, constitutive exons are 
shown in red and alternatively 
spliced regions in green, introns are 
represented by solid lines, and ep ese ed by so d es, a d
dashed lines indicate splicing 
activities. Relative abundance of 
alternative splicing events that are 
conserved between human and 
mouse transcriptomes are shown 
above each example (in % of total 
alternative splicing events).

From: Ast G. (2004)  
Nature Rev Genetics 5: 773.

Nature Rev Mol Cell Biol (2005) 6:386.

Review
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Fig. 1. Alternative splicing of the slo gene. 
(a) The mammalian cochlea. The cochlea 
is a snail-like structure of the inner ear 
that contains hair cells organized along a 
basilar membrane. The basilar membrane 
traverses the length of the curled-up 
cochlea. 
(b) The cochlea is sliced transversely as 
shown in (a) and the section of the 
cochlea containing the basilar membrane 
and the hair cells depicted. There are four 
rows of hair cells, one inner hair cell and 
h   h i  ll  i d b  h  three outer hair cells, situated above the 

basilar membrane.
(c) The cochlea is unrolled to reveal the 
basilar membrane viewed from above. The 
four hair cells are arranged in rows along 
the length of the basilar membrane. The 
hair cells are tuned to unique narrow 
sound frequencies along the basilar 
membrane creating a tonotopic gradient. 
At one end of the membrane, hair cells 
are tuned to respond to a frequency of 20 
Hz, where as hair cells at the other end 
respond to 20 000 Hz. 

From: Graveley BR (2001) Trends Genet., 17:100-106.  

respond to 20 000 Hz. 
(d) Organization of the human slo gene. 
The exon–intron organization of the 
slogene (determined by an analysis of 
draft sequence of the human genome) is 
depicted. The constitutive splicing events 
are indicated below the gene and 
alternative splicing events are depicted 
above the gene. The constitutive exons 
are white and the alternative exons are 
shaded. The STREX exon is purple. 

(e) Isoforms of the Slo protein lacking sequences encoded by the 
STREX exon have fast deactivation kinetics and low Ca 2+ sensitivity, 
where as isoforms containing STREX-encoded sequences have slower 
deactivation kinetics and higher Ca 2+ sensitivity.

present in the postsynaptic cell, and thus function to initiate synaptogenesis. In contrast, b-neurexin I containing exon 20 encoded sequences can not 
interact with neuroligins. This form of b-neurexin I might indirectly function in releasing synapses.

From: Graveley BR (2001) Trends Genet., 17:100-106.  
Neurexins
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Drosophila Dscam gene provides probably the extreme example of 
alternative splicing.

Perhaps the most complex event that takes place during development 
is the migration and connection of neurons. Even in a ‘simple’ organism 
such as Drosophila melanogaster, which contains only ~250 000 
neurons  accurately wiring neurons together would appear to be a neurons, accurately wiring neurons together would appear to be a 
daunting task.

In flies, the gene encoding the Down syndrome cell adhesion molecule 
(Dscam) appears to fulfill at least part of this role. Dscam encodes an 
axon guidance receptor with an extracellular domain that contains ten 
immunoglobulin (Ig) repeats. The most striking feature of the Dscam 
gene is that it’s pre-mRNA can be alternatively spliced into over 
38 000 different mRNA isoforms (Fig  3a)  This is 2–3 times the 38,000 different mRNA isoforms (Fig. 3a). This is 2 3 times the 
number of predicted genes in the entire organism !

Each mRNA encodes a distinct receptor with the potential ability to 
interact with different molecular guidance cues, directing the growing 
axon to its proper location.

as an axon guidance receptor. It is thought that each Dscam variant will interact with a unique set of axon guidance cues.
The form of Dscam shown on the left will interact with guidance cue A. The form of Dscam shown on the right contains different sequences encoded by exons 
4, 6 and 9 and thus interacts with guidance cue B, rather than guidance cue A. Neurons expressing the form of Dscam shown on the right will be attracted in a 
different direction than neurons expressing the form shown on the left.

From: Graveley BR (2001) Trends Genet., 17:100-106.  
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Potentially 38,000 splicing variants

Very different situations, but “on average” only 
one-two exons per gene appear as “alternative”

So, what do we know at the genomic scale? 
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Exonic arrays

from: Shoemaker et al. (2001) Nature, 409: 922.
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Exon arrays give often “difficult-to-interpret” data

Tiling arrays could give the best information, provided that they 
have really one-nucleotide-tiling probes (one nucleotide resolution)

Exon-junction arrays also have been extensively used 

Exon-exon junction arrays

Oligonucleotide probes, typically 25–60 nucleotides in length, can be designed to hybridize to isoform-specific mRNA regions. 
R tl lt ti li i i h b d i d ith b th t ifi t b th d j tiRecently, alternative splicing microarrays have been designed with probes that are specific to both exons and exon–exon junctions. 
Probes e1, e2 and e3 are exon specific, whereas j1–2, j2–3 and j1–3 are isoform-specific junction probes. Some arrays also contain 
intron probes (i1 and i2) to indicate signals from pre-mRNA. Various array design and data processing strategies facilitate the 
quantitative analysis of alternative splicing patterns, some of which have been subsequently confirmed by PCR after reverse 
transcription of RNA (RT-PCR). Johnson et al.(2003) used arrays with probes for all adjacent exon–exon junctions in 10,000 human
genes and hybridized these with samples from 52 human tissues and cell lines. This revealed cell-type-specific clustering of 
alternative splicing events, and allowed the discovery of new alternative splicing events. Pan et al.136 analysed 3,126 known
cassette-type alternative splicing events in mouse using exon-specific and exon–exon junction probes. Analysis of RNAs in ten 
tissues showed clustering of alternative splicing events by tissue type, and further revealed that tissue-specific programmes of
transcription and alternative splicing operate on different subsets of genes. A direct comparison also showed that computational
prediction of tissue-specific alternative splicing based on ESTs and cDNAs performed poorly compared with the alternative splicing 
microarray and RT-PCR.                                                                         From: Matlin et al. (2005), Nature Rev Mol Cell Biol, 6: 386.
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Fig. 3. AS events observed by junction reads. (A) Distribution of 
the three major types of AS: (i) cassette exons, (ii) alternative 5′ 
splice sites, and (iii) alternative 3′ splice sites. 
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Fig.3- (C) Example of AS in the PKM2 gene. Three isoforms annotated in ENSEMBL (ENST00000335181, ENST00000389092, 
ENST00000389091) are shown next to the gene name, and exons are numbered. The read coverage is shown for each exon (blue 
for HEK and red for B cells). Splice junction reads are shown as arrows; the numbers above the arrows represent the number of
reads at junctions. The bottom box shows basepair resolution coverage in HEK cells of the gene’s regions containing exons 8 to 10 
(green arrows at left) and 4 to 6 (green arrows at right). The blue lines denote splice junctions. (Left) Two different sequenced 
junctions connecting either exon 9 or exon 10 and identifying alternative transcripts with mutually exclusive exons in HEK and in B 
cells. Colored dots represent sequence differences.
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