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from previous lectures...........

Alternative splicing control:

ESE, ESS, ISE, ISS   cis-elements
SR/hnRNP ratio

Tissue-specific splicing factors (Nova, ESPR, nPTB)

Promoters/Enhancers can confer higher/lower speed to RNA Pol II and Promoters/Enhancers can confer higher/lower speed to RNA Pol II and 
speed is proportional to higher exclusion of “wseak” exons.

Promoters/enhancers can “load” splicing factors to the RNA PolII elongation 
complex

Effects of nucleosomes on RNA Pol II elongation rate
Nucleosomes are preferentially positioned on exons as compared to introns



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



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

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). 



Figure 2. Exon-Biased Distribution of 
Specific Histone H3 Methylation Marks. (B–
F) (B) Histone marks are similarly enriched 
in highly and lowly expressed genes. 
Profiles centered on exons for (C) 
monomethyl histone marks, (D) dimethyl
histone marks, and (E) . (C)–(F) are 
normalized to average library ChIP signal 
across the displayed region.



FGFR2 pre-mRNA tissue-specific  
exon IIIb / IIIc alternative splicing exon IIIb / IIIc alternative splicing 
was studied in PNT2 (prostate 
normal epithelium) and in hMSC 
(human mesenchimal 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:



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

H3K36(me3) is recognized by the 
bromodomain protein MERG15. 
When MERG15 is overexpressed in When MERG15 is overexpressed in 
epithelial cells, IIIb/IIIc raio falls by 75%:

MERG15 co-immunoprecipitates 
with the RNA binding protein PTB



Suggested model:

Such a model makes the first link ever between epigenetics and alternative splicing

Importantly, this explain a possible mechanism of epigenetic AS “memory” at the 
cell level, that can also explain phenomena like Dscam

In addition this model is compatible with nucleosome positioning data.



The Authors present a more elaborated model in a Review article published 
this year
Luco et al., 2011, Cell, 144:16-26.  (available in previous lecture materials).

The Authors also present evidences from the literature that similar 
mechanisms may concern other chromatin binding proteins and other RNA 
binding proteins.

Finally, an integrative model is presented, that takes into account all the Finally, an integrative model is presented, that takes into account all the 
different mechanisms and models proposed for alternative splicing control.



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.



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. 

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).



Figure 5. An Integrated Model for the Regulation of Alternative Splicing
Alternative splicing patterns are determined by a combination of parameters
including cis-acting RNA regulatory elements and RNA secondary structures
(highlighted in orange) together with transcriptional and chromatin properties
(highlighted in blue) that modulate the recruitment of splicing factors to the premRNA.



A model of epigenetic “memory” of alternative splicing in the cells
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Cellular Localization
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Abstract.  Transcription is a central function occurring in the nucleus of Abstract.  Transcription is a central function occurring in the nucleus of 

eukaryotic cells in coordination with other nuclear processes. During 

transcription, the nascent pre-mRNA associates with mRNA-binding 

proteins and undergoes a series of processing steps, resulting in export 

competent mRNA ribonucleoprotein complexes (mRNPs) that are 

transported into the cytoplasm. Experimental evidence increasingly 

indicates that the different processing steps (5′-end capping, splicing, 3′-

end cleavage) and mRNP export are connected to each other as well as to 

transcription, both functionally and physically. Here, we review the

overall process of mRNP biogenesis with particular emphasis on the 

functional coupling of transcription with mRNP biogenesis and export and 

its relationship to nuclear organization.



Several lines of evidence suggest that Several lines of evidence suggest that 
processing proteins are recruited to the 
Transcription Elongating Complex (i.e. 
active RNA Polymerase II) either at the 
promoter (before transcription begins) 
or during elongation. 



guanine-N7-

methyltransferase
Elongation 

factor

EJC deposited 20-24 nt upstream the 

exon-exon junction

From Aguilera 2005, Curr Op Cell Biol, 17:242.

Splicing factors and snRNPs are replaced by 
the EJC (exon junction complex) proteins



Proteins necessary for mRNP 
transport through the nuclear 
pores are also charged to RNA 
during transcription

Fig. 1 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.



mRNA export.
One of the most important proteins is 
Mex67/Mtr2, that is a briding protein, i.e. it 
interacts with adaptors such as the 
THO/TREX transport complex, that is 
composed of several RNA-binding proteins, 
and with other adaptors that connect it with 
the nucleoporins.



Interestingly, several interaction between 
TREX and /or Mex67(Mtr2 were found with 
SAGA (the major histone acetyltransferase 
complex in Yeast).
This allows a model where active genes (i.e. 
those that contain SAGA) are recruited close 
to the nuclear pores to allow transcription, 
processing and transport at the same time.
It should be noted, however, that several 
genes are trascribed also in the middle of the 
nucleus, rather than at the periphery.



Review 1

You must “splice” these concepts to what you’ve learnt in the 22 October 
Cell Biology lecture

This will connect the processing story with the data illustrating the 
differential localization of hetrochromatin and euchromatin in the nucleus. 

2007



A

B

Figure 1 | Heterochromatin in mammalian and yeast cells is distinct from nuclear pores. 

A | An electron micrograph of the mammalian liver nucleus (with an enlarged section 

shown in part B), showing dense-staining heterochromatin located around the nucleolus 

and against the nuclear envelope. Nuclear pores open onto lighterstaining open 

chromatin.



Figure 2 | The nuclear periphery in metazoans and yeast. In eukaryotic cells, the nuclear compartment is separated 

from the cytoplasm by the inner and outer nuclear membranes. This membrane bilayer is perforated by nuclear pores, 

which are constituted by a large multiprotein complex (the nuclear pore complex (NPC)) that is composed of about 30 

proteins. This nuclear membrane, together with the pores, is commonly referred as the ‘nuclear envelope’ (NE). 

b | In metazoan nuclei, the nuclear envelope is underlaid by a continuous meshwork of lamins and lamin-associated 

proteins (LAPs), which preferentially associate with inactive chromatin regions. Increasing evidence implicates 

interactions of chromatin with various nuclear-envelope components in gene repression as well as gene activation. BAF, 

barrier to autointegration factor; GCL1, germ-cell-less homologue; RB, retinoblastoma 1.



An extraordinary number of different proteins were found involved in 
RNA export in yeast.

Most of them were recruited to the elongating RNA Polymerase co-
trascriptionally

This astonishing number of RBPs poses the question whether all of  This astonishing number of RBPs poses the question whether all of  
them are present together on the same RNA, or whether  these proteins 
show a certain degree of specificity for different classes of RNA.

A study in yeast using RNA immunoprecipitation followed by microarray 
identification suggested  a degree of specificity.



From Aguilera 2005, Curr Op Cell Biol, 17:242.



33:155-161.



From: Mata et al.(2005) Trends Biochem Sci 30:506-514.



mRNA that are differentially found 
in complex with Mex67 or Yra1.



Example of validation of results. One of these mRNA is RPS8B, which is 
immunoprecipitated with Mex67, but not with Yra1.
Temperature-sensitive mutants of Mex67 and Yra1 demostrate that Mex67, but 
not Yra1, is necessary for the export of this mRNA. 



To identify all the factors involved in mRNA nuclear to cytoplasmatic 
transport, researchers have used genome-wide RNAi screens

In this technique, double-stranded interfering RNAs (siRNA) directed against 
all known protein-encoding transcripts are individually transfected in cells.

To increase througput,  reverse transfection is used: RNAi is mixed wih 
gelatin and delivered to the wells of 384-wells culture plates. Cells are plated  
on the gelatin in these plates together with lipofection reagents. After several on the gelatin in these plates together with lipofection reagents. After several 
hours, cell phenotype is measured with appropriate techniques.

For this particular project, cells were hybridized to fluorescent oligo-dT 
probes, which will reveal the localization of all poly(A+)-containing RNAs .



Genes and Development, 2008



Figure 1. Identification and classification of 

genes affecting mRNA export in Drosophila 

S2R+ cells. (A) A library of 21,300 dsRNAs was 

arrayed in black, clear-bottomed 384-well 

plates. S2R+ cells were plated on these 

dsRNAs, incubated for 4 d, then fixed and 

assayed for localization of poly-(A+) RNA using 

a Cy3-labeled Oligo-d(T)30 probe. Images 

were collected by automated microscopy and 

visually inspected for nuclear accumulation of 

poly-(A+) RNA. Images were scored negative 

(left image) or positive (right image) for 

nuclear poly-(A+) RNA accumulation. In nuclear poly-(A+) RNA accumulation. In 

positive cells, mRNA accumulates in the 

nucleus (asterisk) and is excluded from the 

nucleolus (arrow). (B) Gene ontology 

categories of the 72 mRNA export factors 

identified in this screen.

(C) The cells shown were treated with dsRNAs

for 4 d, targeting the genes indicated. After 

fixation and hybridization, poly-(A+) RNA 

localization (red, top panels) was determined 

by overlaying images with the nuclear 

membrane marker, wheat germ agglutinin 

(WGA) (green, bottom images). Bar, 4 µm.

downregulation of these genes 

causes mRNA nuclear retention



mRNA localization

A number of mRNAs are not translated immediately when they enter the 
cytoplasmatic compartment, but are redistributed to specific subcellular 
localizations before they can be translated.

This phenomenon in some cases depends on direct active transport of 
specific mRNA, but in other cases relies on other mechanisms, such as 
trapping, or local protection against diffused degradation, or local 
degradation of a translational inhibitor.





Alcuni mRNA vengono localizzati in posizioni specifiche della cellula.

Quanti? 

circa il 10% degli mRNA di origine materna negli oociti di Drosophila

circa 400 mRNA vengono localizzati nei dendriti/assoni dei neuroni, nei mammiferi

Recent estimates brought to up to 70% of early drosophila mRNAs showing some 

degree of preferential oocyte localization

Some genes have localization signals in both mRNA and protein (sometimes 

redundant)

Why to localize mRNA instead of proteins?

1) to localize proteins correctly but preventing their presence elsewhere

2) regulate gene expression differentially in different cell localizations

3) immediateness of specific local responses



Possibili meccanismi di 
localizzazione dell’RNA

trasporto vettoriale dal nucleo





Fig. 2. Examples of asymmetrically localized mRNAs. (A) Differential localization of mRNA determinants within the 
Drosophila oocyte. (B) Animal localization of a transcript encoding a signalingmolecule required for axis 
development in the egg of a cnidarian, Clytia. (C) mRNA enrichment in synapses of an Aplysia sensory neuron in 
response to contact with a target motor neuron (blue). (D) Apical localization of an mRNA in the Drosophila 
embryo, which facilitates entry of its transcription factor product into the nuclei (purple). (E) mRNA localization in
pseudopodial protrusions of a cultured mammalian fibroblast (red signal indicates the cell volume). (F) mRNA 
enrichment within a Xenopus axonal growth cone. mRNAs were visualized by means of in situ hybridization 
except in (E), in which the MS2–green fluorescent protein (GFP) system was used. 







To study specfic mRNA localization, several techniques have been used.

One method is to transcribe the RNA  “in vitro” labellig with fluorochromes.

The RNA is then injected in cells or embryos.

This approach works only if the 
factor that localizes the RNA factor that localizes the RNA 
does not require to be charged 
on the RNA during transcription.  



Another method is to transfect the cells with a minigene fusing a repeated 
hairpin –forming sequence to our mRNA of interest, as for example the 
MCP operator.
The cells are transfected at the same time with a vectro encoding the 
MCP-binding domain fused to GFP.
GFP fluorescence will reveal the localization of our gene mRNA.



Finally, if the “localizator” is known, one can use a GFP fusion of this factor.



Most of our knowledge of 
mRNA localization 
comes from Drosophila 
early development.



Short after fertilization, nuclear 
divisions produce a syncithial 
blastocist, followed by 
migration of nuclei at the 
periphery and only later 
cellularization. Nuclei are then 
exposed to gradients of 
proteins and mRNAs that are 
present in the oocyte. 



Maternal mRNA and proteins are produced by nurse cells and follicle cells.
Nurse cells shrink and pass their RNAs to the oocyte, where different 
mechanisms of mRNA take place, resulting in the differential localization of more 
than 70% of the oocyte mRNAs. 



Hairy mRNA localization in 
syncithial Drosophila blastocyst, 
as determined by microinjection 
of fluorochrome-labeled mRNAs.

Red = wild-type hairy mRNA

Green = mRNA from a mRNA lacking 3’-UTR



In most cases, cis-acting elements in RNA are found in 3’-UTR
(cases of elements within the coding sequence are known, however)

This is interesting because at least 50% of alternative 3’-UTR are tissue-
specific:.

Large number of AS events involving the 3’ UTR

•Alternative Poly(A) site
•Alternative last exon
•Introns within 3’ UTR 

This may imply that differential regulation of RNA fate 
(localization, stability) is an important option for many genes 
that is controlled during RNA maturation.
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How is localization regulated?

RNA localization depends on cis-acting elements (usually –but not exclusively-

within the 3’ UTR)

AND 

trans-acting factors:

•RNA-binding proteins

•Vescicles

•Microtubules

OR

localized protection / degradation mechanisms



from: Farina & Singer 2002, Trends in Cell Biol, 12: 466.



Protein factors bind to sequences present in 3’-UTR and mediate 
translational inhibition and other mechanisms of localization. 

As illustrated in the next slide for example



Figure 4. Interaction with cytoskeletal motors 

during mRNA localization. (a) A LEcontaining

mRNA labeled in vivo with a GFP tag shows tracking 

along a microtubule in time-lapsed images. Red, 

tubulin; green arrow, starting position; blue arrow, 

ending position [70]. (b) The interactions of L-RNPs 

with microtubule

motor complexes or microfilament motor 

complexes have been implicated in

localization. All three types of cytoskeleton-

dependent motors (kinesin, and dynein

for microtubules and myosin for microfilaments) for microtubules and myosin for microfilaments) 

have been suggested to have roles in either 

directed movement or local anchoring. Based on 

the identified examples of L-RNP–motor protein 

complexes, localizing mRNA is depicted here as 

interacting with motors indirectly through LE-

binding proteins as a RNP complex

(represented for simplicity as a gray oval bound to a 

localizing mRNA, but can in fact be extremely large 

with multiple RNA-binding proteins and mRNAs). In 

metazoans, the molecular details of these 

interactions are not known.



Several localization factors have been identified to date.  Quite often, these are 
proteins known to play also different roles in RNA metabolism.

from: Farina & Singer 2002, Trends in Cell Biol, 12: 466.



from: Farina & Singer 2002, Trends in Cell Biol, 12: 466.



Example 1

The trans-acting factor hnRNPA2 is involved in the localization of myelin 
basic protein (MBP) mRNA to the myelin-forming processes of mammalian 
oligodendroctyes. 

Like many of the proteins involved in RNA localization, hnRNPA2 has several 
other functions, including splicing, nuclear export, translational regulation and 
RNA stabilization. 

As a trans-acting  factor  of  MBPmRNA localization, hnRNPA2  binds to a  
21-nucleotide (nt) cis element called the hnRNPA2 response element (A2RE), 
formerly known as the ‘RNA trafficking sequence’ (RTS), that is located in 
the 3′ untranslated region (UTR) of the mRNA.

Although it is a predominantly nuclear protein, hnRNPA2 shuttles to the 
cytoplasm, by means of its M9 nucleocytoplasmic shuttling domain, where it 
localizes in cytoplasmic granules [16]. 



Example 2

Sqd localizes gurken mRNA

The Drosophila protein Sqd (hs hnRNPA1) is an RNA-binding protein of 42 
kDa that is needed for the proper localization of gurken (grk) transcripts 
during oogenesis. Like hnRNPA2, Sqd is a member of a class of the hnRNPs 
that shuttle between the nucleus and the cytoplasm through an M9 
shuttling motif. 

Dorsoventral patterning in Drosophila requires localization of grk mRNAto Dorsoventral patterning in Drosophila requires localization of grk mRNAto 
the dorsoanterior corner of the oocyte. In sqd mutants, grk mRNA is 
mislocalized at the anterior of the oocyte, and does not accumulate 
anterodorsally. 

Sqd protein is thought to associate with grk mRNA in the nucleus and to 
deliver it to cytoplasmic anchors at the dorsoanterior of the oocyte. 

Sqd is known to bind directly to the 3′ UTR of grk mRNA.



Elements that mediate localization are called ZIP codes.

As very often with RNA, these elements are particulary difficult to 
identify, since very often they consist of short sequence motifs (4-8 
nt) repeated and dispersed within fragment of hundred bp sizes.

In addition, very often more than one RNA binding protein is 
involved in the recognition of the LE (localizing element) and are involved in the recognition of the LE (localizing element) and are 
required to mediate localization.

This is quite well illustrated by the Vg1 mRNA localizing element, 
illustrated in the next slide.





Complexity of LEs is reflected by the specific structure and mode of interaction 
displayed by RNA binding proteins.



Many RNA-binding proteins have a modular 

structure. Representative

examples from some of the most common RNA-

binding protein families, as illustrated

here, demonstrate the variability in the number of 

copies (as many as 14 in vigilin) and arrangements 

that exist. This variability has direct functional 

implications. For example, Dicer and RNase III both 

contain an endo-nuclease catalytic domain 

followed by a

double-stranded RNA-binding domain (dsRBD). So, 

both proteins recognize dsRNA, but Dicer has 

evolved to interact specifically with RNA species 

that are produced through the RNA interference 

pathway through additional domains that 

recognize the unique structural features of these recognize the unique structural features of these 

RNAs. Different domains are represented as 

coloured boxes.

These include the RNA-recognition motif (RRM; by 

far the most common RNA-binding

protein module), the K-homology (KH) domain 

(which can bind both single-stranded RNA and 

DNA), the dsRBD (a sequence-independent dsRNA-

binding module) and RNAbinding zinc-finger (ZnF) 

domains. Enzymatic domains and less common 

functional modules are also shown. PABP, poly(A)-

binding protein; PTB, polypyrimidine-tract binding; 

R/S, Arg/Ser-rich domain; SF1, splicing factor-1; 

TTP, tristetraprolin; U2AF, U2 auxiliary factor.



Multiple RRM in the 
same peptide



Heteromeric Multimerization of RBPs mediate recognition of complex response elements



Another approach that has been used was the identification of RNA sequences 
that are preferred by specific proteins suspected to regulate localization.

Methods to identify RNA elements:

RNA SELEX 

RNA recombination and selection

Comparison of regulatory sequences

Immunoprecipitation or CLIP followed by microarrays or RNA-Seq

RNAcompete (see next paper)










