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Nuclear fate of RNA
Birth of RNA - transcription
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Transcription cycle by PolII



Nuclear fate of RNA

RNA matures - RNA processing



Two-step splicing reaction

Luciano E. Marasco & Alberto R. Kornblihtt,
Nature Reviews, 2022



Splicing machinery



Eukaryotic gene architecture
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models for coupling transcription with mRNA capping, 
splicing, editing and 3ʹ end formation. I highlight recent 
experiments that illuminate the following questions: how  
much mRNA processing is co-transcriptional and  
how much of it is post-transcriptional? What is the rela-
tionship between elongation of the nascent RNA tran-
script and mRNA processing? And what is the role of the 
Pol II carboxy-terminal domain (CTD) and its phospho-
rylation ‘code’ in controlling recruitment of processing 
factors to the transcription elongation complex (TEC)?

Mechanism of co-transcriptional coupling
The recruitment model. Transcription by an ‘inappropri-
ate’ RNA polymerase, such as Pol I or Pol III, impairs 
pre-mRNA maturation19,20. The ‘fate’ of a transcript is 
therefore determined by the polymerase that made it,  
and RNA Pol II is unique in that it supports coupling and 
hence efficient pre-mRNA processing. For the purpose of 
spatial coupling of transcription and pre-mRNA process-
ing, Pol II is uniquely equipped with an appendage — the 
conserved CTD of the large subunit, which comprises 
heptad repeats with the consensus sequence YSPTSPS21 
(BOX 2). The CTD acts as a ‘landing pad’ (REF. 22) that 
recruits processing factors to the TEC and binds directly 
to capping factors, splicing factors and 3ʹ end processing 
factors (FIGS 2b, 3; reviewed in REFS 23–25). Recruitment 
of these factors to the CTD enhances mRNA maturation 
by the mass action effect of concentrating factors to their 
site of action, by allosteric activation26 and possibly also by 
facilitating co-transcriptional assembly of multisubunit  
processing factors27,28. In vitro, this domain stimu-
lates all three major mRNA processing reactions26,29,30. 
The advantage of processing in close proximity to the 
CTD is shown by the fact that processing is inhibited if  
the CTD is deleted31 or if the transcript is cut loose from the  
polymerase prematurely by ribozyme cleavage32,33.  
The CTD interaction surface is modified in a pro-
grammed way during the cycle of transcription initiation, 
elongation and termination by reversible phosphoryla-
tion at multiple positions24,34 (BOX 2; FIG. 3). It has been 
suggested that these changes constitute a CTD code that  
directs the traffic of factors on and off the landing pad.

The kinetic coupling model. Kinetic coupling (also 
known as kinetic competition)35,36 is a generalization of 
the ‘first come, first served model’ of splicing, which pro-
posed that 5ʹ introns will be removed before 3ʹ introns 
because they get a ‘head start’ on spliceosome assembly37. 
As transcription proceeds, RNA sequence targets on the 
nascent transcript become available to bind to proteins 
and complementary RNA elements in a progression, the 
timing of which is set by the rate of elongation. If these 
RNA targets compete with one another for binding part-
ners, then the elongation rate could affect the outcomes 
of co-transcriptional RNA processing events, because 
slow elongation lengthens the ‘window of opportunity’ 
for an upstream event to occur on the nascent transcript 
before facing competition from a downstream RNA 
sequence element (FIG. 4). Kinetic competition could have 
a major influence on alternative splicing, which occurs at 
~100,000 sites on >95% of human pre-mRNAs and is a 

Figure 2 | The co-transcriptional nature of pre-mRNA processing. a | Transcription of 
a gene and co-transcriptional processing of nascent transcripts are shown. 'Miller 

spread' electron micrograph (left) and its interpretation (right) are shown for a 

Drosophila melanogaster embryonic gene. The electron micrograph shows the DNA 

template with several engaged RNA polymerase II (Pol II) molecules and their associated 

nascent RNA transcripts with bound proteins (seen as dark blobs) that extend on  

either side of the DNA. Grey and white arrows mark introns that are spliced out  
co-transcriptionally. The black arrow indicates the direction of transcription along the 

DNA template. b | A co-transcriptional mRNA processing scheme is shown. A 
transcribed gene is shown with multiple polymerases, and the transcription start site is 

indicated with a green flag. Processing reactions (shown by curved black arrows) are 

carried out by Pol II-associated factors that act on the nascent transcript (shown in red) 

at 5ʹ and 3ʹ splice sites (5ʹSS and 3ʹSS) and the poly(A) site (AAUAAA). Capping factors 

(CFs, including the mRNA-capping enzyme and guanine-7-methyltransferase) and 3ʹ 
end processing/termination factors all bind directly to the carboxy-terminal domain 

(CTD) of Pol II (but not all factors that bind to the CTD are shown). Transcription 

elongation (shown by straight black arrows) occurs at variable rates with strong pauses 

near the transcription start site and downstream of the poly(A) site (shown by pause 

signs). Proteins that make direct contacts with the CTD are shown in bold, and the 

dynamic nature of binding is indicated by dashed arrows. CTD phosphorylation changes 

during the transcription cycle with high levels of phospho-Ser5 (represented by the 

CTD in blue) at the 5ʹ end (which binds to CFs) and high levels of phospho-Ser2 

(represented by the CTD in green) at the 3ʹ end (which binds to the PCF11 subunit of 

cleavage factor II (CFIIm) (shown in orange)). Note that some 3ʹ end processing factors 

— including cleavage and polyadenylation specificity factor (CPSF), CFs and the 

cap-binding complex (CBC) — are present on transcription elongation complexes 

throughout the length of genes. Nucleosomes that wrap the DNA template have 

different densities and methylation patterns in exons and introns3. Splicing and 

trimethylation of histone H3 lysine 36 (shown as green balls) by the methyltransferase 

SET domain-containing 2 (SETD2) may influence one another to establish and maintain 

splicing patterns (shown by the grey arrow). CstF, cleavage stimulation factor; snRNP, 
small nuclear ribonucleoparticle; U2AF, U2 auxiliary factor. Part a is reproduced, with 

permission, from REF. 1 © (1988) Cold Spring Harbor Laboratory Press.
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pre -mRNA maturation occurs co-transcriptionally

Beyer, A. L. & Osheim, Y. N. Genes Dev. 2, 754–765 (1988)



Co-transcriptional RNA splicing
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Co-transcriptional RNA splicing
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Cellular environment can modify RNA life cycle
Alternative splicing- when multiple distinct mRNAs are made from the same gene by splicing different combinations
of the exons and introns



Cellular environment can modify RNA life cycle

Alternative Splicing Alternative promoter Alternative polyadenylation

Constitutive splicing

Alternative splicing



What is the potential for the alternative splicing?

DSCAM 

Dscam isoforms function to 
mediate cell recognition events
during the wiring process.



Majority of human genes undergo alternative splicing

LENGTH ~mm-cm ~1.75 m

# CELLS ~1000 ~trillions

# GENES 20000

vs

# introns/gene ~5 ~8

% of Alt Spliced genes ~ 10-25% ~ 70-95%



Alternative processing leads to increased proteome diversity



Nuclear fate of RNA

RNA processing – factors and co- transcriptional regulation



Alberto Kornblihtt (University of Buenos Aires)

Interaction of splicing factors with cis-sequences

RNA processing regulation -splicing



Bentley, Nature Reviews 2012

Pol II coordinates RNA maturation..

via CTD domain

Commitment complex
A stable complex formed 
between an intron-containing 
pre-mRNA, the U1 small 
nuclear ribonucleoprotein 
particle bound to the 5’ splice 
site, branch point-binding 
protein bound to the branch 
point and U2 auxiliary factor 
bound to the 3’ splice site. 
Once formed, it remains 
committed to the completion 
of splicing even when 
challenged with an excess  
of pre-mRNA substrate.

R-loops
Structures that are formed by 
the hybridization of RNA 
transcripts to double-stranded 
DNA in which the displaced 
non-template DNA strands  
are looped out. Their 
recombinogenic nature  
causes genomic instability.

it is higher in the liver than in the brain and higher in 
adult brain than in fetal brain74.

Independent support for widespread co-transcriptional  
splicing was provided by sequencing of pulse-labelled 
RNA from human B lymphocytes, which showed that 
65% of intron sequences had already been spliced out 
and degraded after only five minutes75. Furthermore, 
by using an antibody against a specific phosphorylated 
isoform of the splicing protein SF3B to detect active  
spliceosomes, researchers found that >80% of active spli-
ceosomes were bound to chromatin in HeLa cells27, 
which suggests that they are working co-transcription-
ally. The 10–20% of active spliceosomes that act post- 
transcriptionally localize at nuclear speckles76. In sum-
mary, several independent approaches show that, in 
multiple species and cell types, co-transcriptional splic-
ing operates on a large proportion of introns most of 
the time. However, a substantial amount of splicing is 
also completed post-transcriptionally, and such delayed 
splicing can control the timing of gene activation77,78.

Kinetic regulation of splicing. By its nature, the degree 
of co-transcriptional splicing for each intron depends 
on how quickly it is spliced relative to the time for Pol II 
to travel from the 3ʹ splice site to the end of the gene 
and for the transcript to be cut loose at the poly(A) site. 
Hence, relative rates of splicing, transcription elonga-
tion and poly(A) site cleavage can all affect the extent 
of co-transcriptional splicing. Consistent with this 
model, upstream introns that have longer windows of  
opportunity are, with some exceptions70, spliced more co- 
transcriptionally than downstream introns69–71 as  
predicted by the first come, first served model37.

One general conclusion from nascent RNA-seq is that 
alternatively spliced introns are removed more slowly 
than constitutive introns70,71,79,80. In two well-studied 

cases — human FN1 exon 33 and SRC exon N1 — splic-
ing that skips the alternative exon is slower than splicing 
that includes the alternative exon, but all of these events 
are completed co-transcriptionally most of the time79. 
The reasons that alternative splicing tends to be slower 
are unclear, but the relative weakness of their splice sites 
is probably a contributing factor81.

Elongation rate can affect alternative splicing deci-
sions38 by determining the duration of windows of 
opportunity for competing upstream and downstream 
events on the nascent transcript36 (FIG. 4). Elongation rate 
could influence where spliceosome components assem-
ble and where sequence-specific splicing regulators bind, 
which may in turn determine whether they enhance or 
inhibit exon inclusion (reviewed in REF. 82).

The first come, first served model predicts that when 
an alternatively spliced exon is included, the 5ʹ flanking 
intron should be removed before the 3ʹ flanking intron 
(FIG. 4a) but, unexpectedly, examination of nascent RNA 
intermediates showed that when human FN1 exon 25 or 
exon 33 is included, it is actually the 3ʹ flanking intron that 
is removed first79,83. One can rationalize these findings if a 
stable commitment complex84 forms on the 5ʹ intron before 
the 3ʹ intron is recognized, even though excision of the 5ʹ 
intron is delayed83. Formation of a commitment complex 
on the 5ʹ intron would be favoured by slow transcription 
elongation that affords a longer window of opportunity for 
upstream events (FIG. 4a). Currently, little is known about 
the stability of committed splicing complexes in vivo, but 
U2 and U5 snRNPs dwell at the site of transcription for 
15–30 seconds85 and intermediates can persist in vitro for 
>10 minutes86,87. An important future challenge is to gain 
a genome-wide perspective on how elongation rate affects 
constitutive and alternative splicing. In this regard, it is 
interesting to note that, in fly and yeast cells, slow elongation  
is associated with enhanced intron removal70,88.

Kinetic coupling implies that factors that coordinate 
elongation with mRNA processing exist. Such coupling 
factors are predicted to directly modulate both splicing 
and transcription elongation. Of note, nascent RNA-
binding factors can also indirectly affect transcription 
elongation by preventing formation of R-loops (that is, 
extended RNA–DNA hybrids) that slow down Pol II89. 
One candidate kinetic coupling factor is the abundant 
serine/arginine-rich splicing factor 2 (SRSF2; also known 
as SC35) that acts as a positive effector of elongation by 
interacting with P-TEFb18,90. Another candidate coupling 
factor is the DBC1–ZIRD (DBIRD) complex, which asso-
ciates with hnRNPs, enhances elongation and promotes 
selective exon skipping91. The RNA-binding protein 
KHDRBS1 (KH domain-containing, RNA-binding, signal 
transduction-associated protein 1; also known as SAM68) 
is another possible coupling regulator that influences 
alternative splicing and impairs transcription elongation 
in collaboration with BRM (also known as SMARCA2), 
which is the ATPase subunit of the SWI/SNF chromatin 
remodeller. However, this effect of BRM is independent 
of chromatin remodelling92. An intriguing question is 
how kinetic coupling factors could modulate elongation 
rate to affect splicing of specific exons. One possibility 
is that it is achieved by local re-decoration of phosphate 

Figure 3 | The carboxy-terminal domain ‘landing pad’ of RNA polymerase II.  
The core yeast RNA polymerase II structure (which consists of ten subunits and has a 

mass of ~500 kDa) and its extended carboxy-terminal domain (CTD, which contains 26 

heptads with the consensus sequence YSPTSPS) are shown to scale. The human CTD 
has 52 heptads with the consensus sequence YSPTSPS. The five phosphorylation (P) 
sites, two peptidyl-prolyl bonds (~) that are converted between cis and trans 

conformations and three sites of O-GlcNAcylation (*) are indicated. Heptads with 
phospho-Ser5 make conserved direct interactions with the mRNA-capping enzyme, 

whereas heptads with phospho-Ser2 and phospho-Ser7 directly interact with the 3ʹ 
end processing/termination factor Pcf11, and the integrator complex, respectively. 

The figure is modified, with permission, from REF. 188 © (2001) American Association 

for the Advancement of Science.

Nature Reviews | Genetics
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via elongation rate

Pol II coordinates RNA maturation..

Kinetic model



Greenleaf et al. 1980; 
Coulter and Greenleaf, 1985

Drosophila C4: Rbp1 R741H

Mammalian C4: Rbp1 R749H

Kinetic regulation by Pol II is essential

Maslon et al, 2019, EMBO J.



Cytoplasmic fate of mRNA

RNA moves



Martin and Ephrussi, Cell 2009

Classic Examples of Localized mRNAs



Cytoplasmic fate of mRNA

RNA plays its role - translation



Mechanisms of translation regulation

Saba, Liakath-Ali, Green & Watt, Nature Reviews, 2021

43S pre-initiation complex
80S initiation complex



Gebauer & Hentze, Nature Reviews 2004 

Mechanisms of translation regulation



Cytoplasmic fate of mRNA

End of RNA- RNA degradation



Mechanisms of mRNA degradation in eukaryotes

Nagarajan, Green, 2013



Fate of mRNA

RNA binding proteins



The life of eukaryotic mRNA - mRNPs

Khong and Parker, RNA 2020.

• RNAs in cells are associated with RBPs 

• The RBPs function is context-dependent/shapes development

• RBPs developmentally regulated through levels/localization.



SR proteins control all steps of mRNA life cycle

Manley and Krainer (2010); Twyffels et al (2011)]

• Required for constitutive and alternative splicing

• Shuttling SR proteins have numerous 
cytoplasmic functions



Michlewski et al. (2008) Mol
Cell 

SRSF1

SRSF3

SRSF1

SR proteins control all steps of mRNA life cycle
e.g. translation



Maslon and Heras et al, 2014, Elife

SR proteins control all steps of mRNA life cycle
e.g. translation



Consequences of lack of SRSF1 in cytoplasm

CELL

ORGANISM



SRSF1 translation ensures appropriate cell division

Maslon and Heras et al, 2014, Elife
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Haward*, Maslon*, Yeyati* et al., Elife 2021

Growth restriction

Hydrocephaly

Immotile sperm

SRSF1 translation ensures appropriate development



RNA based drugs



Splicing in disease

Cancer

SRSF6 SRSF2 Pro95
U2AF1

Overexpression of SF

SRSF1

Mutations

ASD

Autoimmune disease

Multiple Sclerosis

Duchenne muscular dystrophy

Schisophrenia

ALS Early-onset
Parkinson
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Spinal muscular atrophy



We can trick splicing machinery by using antisense oligonucleotide (ASO)

Pre-mRNA

Pre-mRNA with mutation



SMA is caused by recessive mutation in SMN1 gene
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Therapeutic modulation of alternative splicing

Marasco & Kornblihtt, Nature Reviews 2022



• Most genes are able to produce multiple mRNA products
• mRNA life cycle is dependent on the coordinated effects of a large

and intricate set of regulatory machinery
• RNA binding proteins are involved in all steps of RNA life cycle
• Errors of RNA biology are common and found in human disorders

Summary


