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Abstract 
Phosphorylation of the RNA Polymerase II C-terminal domain (Pol II CTD) has 
important roles in the kinetic coupling of splicing with transcription, which is essential 
for many genes to maintain correct splicing patterns. However, because of the 
extensively repeated low complexity sequences of Pol II CTD, it was unclear how 
phosphorylation-dependent molecular interactions were able to provide sufficient 
specificity to spatiotemporally partition various co-transcriptional events. Here we try to 
view the molecular mechanisms governing co-transcriptional splicing from the role of 
phase separation based on recent studies showing the ability of Pol II CTD to form 
droplets. 
 
Visual summary 
 
 
 
 
 
 
 
 
 
 
 
 
  



Introduction 
Pre-mRNA splicing is an essential step for eukaryotic gene expression to remove 
introns. It is catalyzed by the spliceosome, a macromolecular RNA–protein complex 
that is highly dynamic, and must be assembled on an intron in every splicing reaction1. 
In vitro splicing using an artificially transcribed substrate showed that spliceosomes 
recognize introns independently from transcription; however, observations that many 
splicing events occur co-transcriptionally2–5 indicate that spliceosome assembly is also 
necessarily a co-transcriptional process.  

This process is thought to proceed in a stepwise assembly of pre-built 
subcomplexes, small nuclear ribonucleoproteins (snRNPs) onto pre-mRNA, but 
transcription machineries, such as the C-terminal domain of RNA polymerase II (CTD), 
are also required for the efficient recruitment and assembly of snRNPs6–10. Although co-
transcriptional splicing is essential for many genes to ensure a correct splicing pattern is 
achieved11,12, post-transcriptional splicing is occasionally used for rapid and accurate 
responses to various stimuli 13–18. However, the molecular mechanism by which post-
transcriptional splicing occurs, particularly in its spatial context, is not fully 
understood19.     

Importantly, splicing is not only the process coupled with transcription; indeed, 
capping, RNA editing, and 3¢ end processing occur in a co-transcriptional manner20–24, 
suggesting that cells have mechanisms to select and turn on individual processing 
machinery at appropriate times. Several mechanisms have been reported to maintain the 
accuracy of RNA processing. For example, U1 snRNP was shown to compete with the 
3¢ end processing complex to protect the transcript by binding potential 5¢ splice sites. 
This so-called “tele-scripting” mechanism is thought to avoid pre-mature processing at 
the cryptic proximal polyA site25,26. Moreover, inhibition of Clk kinase often induces 
conjoined splicing among transcripts derived from two tandem genes. Thus, Clk kinase 
normally regulates transcription termination and functions to avoid mis-splicing 
between transcripts from adjacent genes27. These results suggest that cells have multi-
layered systems to maintain the accuracy of transcription-coupled RNA processing. Pol 
II CTD is known to coordinate these coupling mechanisms10,28, but it remains unclear 
how CTD and its post-translational modifications regulate co-transcriptional processes. 
In this review, we provide an overview of the molecular mechanisms governing co-
transcriptional splicing from the principle of liquid–liquid phase separation, and discuss 
future directions to uncover the mechanism ensuring post-transcriptional splicing. 



Outline of the spliceosome assembly pathway 
At the beginning of a splicing reaction, the spliceosome assembles in a step-wise manner 
on an intron by recognizing three conserved sequences: the 5¢ splice site, 3¢ splice site, 
and the branch site. The 5¢ and 3¢ splice sites are positioned at the 5¢ and 3¢ ends of introns, 
respectively, and the branch site is typically located about 20 bases upstream of the 3¢ 
splice site. Spliceosome subunits such as U1 snRNP, the SF1, and U2AF complex first 
recognize the 5¢ splice site, branch site, and 3¢ splice site, respectively, then SF3b and 
U2AF complexes cooperate to form functional U2 snRNP on the 3¢ splice site29. The 
resulting A complex consists of U1 and U2 snRNP on an intron, and is further converted 
to the pre-catalytic B complex upon joining of U4/U6.U5 tri-snRNP. The association of 
Prp19 complex followed by the release of U1 and U4 snRNP finally triggers catalytic 
activation of the spliceosome1,30–32. This type of assembly pathway is known as the 
“intron definition” model 33 (Figure 1A), while the “exon definition” model has also been 
proposed to explain the splicing mechanism of metazoa, which typically have short exons 
flanked by much longer introns (Figure 1B).  

To accurately identify genuine splice sites from the abundant cryptic splice sites 
that exist in long introns, marking both ends of an exon by the co-transcriptional 
deposition of U1 and U2 snRNPs is more useful than scanning the entire intron region. 
This “exon definition” pathway is guaranteed by the assistance of RNA binding proteins 
and the epigenetic modification of nucleosomes. Furthermore, Pol II CTD is a scaffold 
for the exonic region of RNA until the spliceosome is formed28 (Figure 1B). Recent 
analysis of the purified spliceosome using cryo-electron microscopy and mass 
spectrometry (MS) has added further details about the structural and compositional 
changes that occur during spliceosome assembly (reviewed in1,34,35). Current remaining 
questions include how to integrate this knowledge, which was mainly determined in vitro, 
into the co-transcriptional process, and if the assembly pathway differs between co-
transcriptional and post-transcriptional splicing.  
 
CTD phosphorylation ensures the productive elongation of transcription  
To understand the switching mechanism between co-transcriptional and post-
transcriptional splicing, it is necessary to know the molecular mechanism by which co-
transcriptional splicing occurs. Pol II CTD phosphorylation has been shown to play 
important roles that smoothly couple transcription and spliceosome assembly on nascent 
RNA (reviewed in 36). CTD consists of a repeated number of heptad amino acid residues, 
YSPTSPS, which range from 26 in yeast to 42 in flies, and 52 in humans37. All residues, 
including Ser2, Ser5, Thr4, Ser7, and Tyr1 can be phosphorylated at the heptad repeats38. 



Phosphorylation at distinct positions is thought to function differently in co-
transcriptional RNA processing, although phosphorylation levels vary according to 
position. Moreover, recent MS analysis of CTD phosphorylation revealed that the 
phosphorylation code is not complicated; rather, single repeats often contain a single 
phosphorylation39. 

Studies about the molecular interaction networks of CTD, particularly involving 
the comprehensive identification of phospho-CTD interacting proteins 36,40,41, suggest 
that phosphorylated CTD acts as a scaffold to assemble RNA processing machineries 
during transcription. Phosphorylation levels dynamically change together with the 
relative position of RNA pol II on the gene. For example, Ser2 and Ser5 are the most 
abundantly phosphorylated residues, but their phosphorylation levels peak at different 
positions in a gene. Ser5 phosphorylation, which is thought to be mainly mediated by 
CDK7 in transcription factor TFIIH, reaches a maximum level around the transcription 
start site (TSS), and is an important cue for transcriptional initiation by releasing Pol II 
from the mediator complex42–44. After initiating transcription, Ser5 phosphorylation 
levels are thought to be reduced rapidly, and maintained at lower levels until transcription 
termination for protein-coding genes38,45. Ser2 phosphorylation is another cue required to 
progress transcription into the elongation phase. Shortly after initiation, Pol II normally 
pauses around 30–60 nucleotides downstream of the TSS in mammalian cells. In the 
paused state, DRB sensitivity-inducing factor (DSIF) and negative elongation factor 
(NELF) bind Pol II, thereby replacing initiation factors and blocking transcriptional 
elongation by changing the conformation of the DNA–RNA hybrid formed on the Pol II 
funnel46. The positive transcription elongation factor (P-TEFb), a complex consisting of 
CDK9 and cyclin T1, releases Pol II from the paused state with the assistance of PAF and 
SPT6 47–49. The phosphorylation target of P-TEFb is not limited to Pol II CTD, but 
includes many proteins in the paused elongation complex such as DSIF and NELF50–52. 
Interestingly, a recent study revealed that a linker region of Pol II between the core 
domain and CTD is also phosphorylated by P-TEFb, and that SPT6 binds the 
phosphorylated linker region48. This interaction places CTD closer to the Pol II core 
domain and nascent exiting RNA, which is advantageous for the role of CTD as a scaffold 
to recruit RNA processing factors on nascent RNA48. 

In comparison with mechanisms by which CTD phosphorylation functions at the 
initial stage of transcription, little is known about the in vivo function of CTD 
phosphorylation in coupling splicing to transcription. This is possibly because the 
inhibition of CTD kinases necessarily reduces productive elongation of the Pol II complex, 
making analysis difficult. Additionally, reduced CTD phosphorylation indirectly affects 



the kinetic coupling of transcription and splicing because it decreases elongation rates. 
The importance of a proper elongation rate to maintain accurate splicing patterns is 
explained by the “window of opportunity” model53 and “Goldilocks” model11,12,53–56. A 
study combining DRB and UV treatment in alternative splicing provided interesting 
observations57. UV enhances CTD phosphorylation but also triggers the reduction of 
elongation rates, while DRB reduces both CTD phosphorylation and elongation rates. 
Thus, combined DRB and UV treatment would reduce the elongation rate but produce 
opposing effects on CTD phosphorylation. In some genes, DRB blocks UV-induced 
alternative splicing change57, suggesting that CTD phosphorylation has a regulatory role 
in alternative splicing apart from kinetic coupling. This is consistent with the finding that 
P-TEFb reduction affects alternative splicing58, although the detailed molecular roles of 
CTD phosphorylation in co-transcriptional splicing are unclear.   
 
S5P CTD complex involves the spliceosome 
Recently, the novel mammalian native elongating transcript sequencing (mNET-seq) 
approach was developed to read nascent RNA attached to the elongating Pol II complex. 
It revealed that the 5¢ exon, an intermediate product of the first step reaction of splicing, 
is associated with Ser5-phosphorylated (S5P) CTD40,59. This directly indicates that the 
existence of S5P in the gene body and the enrichment of splicing intermediates specific 
to the S5P complex function in co-transcriptional splicing in mammalian cells. In yeast, 
expression of the Pol II CTD mutant in which the first eight Ser5 residues are replaced 
with alanine increased intron retention41, suggesting that the role of S5P in co-
transcriptional splicing is conserved between yeast and humans. However, there are 
likely differences in the detailed molecular mechanisms because the interaction network 
of phosphorylated CTD largely differs between species to accommodate variations in 
average numbers and lengths of introns. These observations provide further evidence 
that CTD phosphorylation plays roles in co-transcriptional splicing other than the 
regulation of transcription speed. 

Although the kinase responsible for phosphorylating S5P in the gene body is still 
unclear, it is possible that both CDK9 and CDK7 affect Ser5 phosphorylation levels in 
the gene body among the several potential S5P kinases36. CDK9, a catalytic component 
of the P-TEFb complex, is already known as a Ser2 kinase but is also able to 
phosphorylate Ser5 in vitro60. BRD4, a bromo domain-containing protein that binds 
acetylated histone, is an activator of P-TEFb and stimulates CDK9 to phosphorylate 
Ser261,62; however, an in vitro study revealed that the stimulating function of BRD4 on 



P-TEFb is specific for Ser5 when Ser7 is pre-phosphorylated. This discrepancy may be 
partly explained by the abundant Ser5 phosphorylation at the promotor region by 
CDK7, which would mask the subtle, locus-specific change of Ser5 phosphorylation 
induced by CDK9 inhibition at the gene body. Indeed, the simultaneous 
pharmacological inhibition of both CDK7 and CDK9 significantly reduced S5P levels 
in the gene body63,64, while neither the individual inhibition of CDK7 nor CDK9 could 
induce such a significant reduction. Furthermore, partial phosphorylation is observed 
when both CDK7 and CDK9 are inhibited, suggesting the existence of an additional 
Ser5 kinase at the gene body. DYRK1A is another interesting candidate for the Ser5 
kinase because it is a known gene-specific kinase that phosphorylates both Ser2 and 
Ser5; however, the extent and generality of its role in Ser5 phosphorylation remain 
unclear65.  

 
Subcellular localization of transcription and splicing machineries  
Studies of the subcellular localization of Pol II, spliceosomes, and mRNAs indicate that 
nuclear speckles connect co-transcriptional splicing and mRNA export66–68. Actively 
elongating hyperphosphorylated Pol II and pre-mRNA containing an intron are known to 
be co-localized with nuclear speckles66,69,70. Detection of the subcellular localization of 
the active spliceosome using phosphorylated SF3b155 as a marker revealed its 
localization at the periphery of nuclear speckles under normal conditions. When 
transcription is blocked by DRB treatment, phospho-SF3b155 was shown to relocate into 
the inner part of nuclear speckles71, suggesting that post-transcriptional splicing occurs 
here. These results imply that nuclear speckles are spatially separated within their layered 
structure, although another study reported that post-transcriptional splicing can occur in 
the nucleoplasm19.  
 
Molecular networks around the S5P Pol II complex resemble nuclear speckles 
Comprehensive analysis of the protein composition of the S5P Pol II complex obtained 
by mNET-seq showed that it contains many factors involved in the catalytically active 
spliceosome as well as those associated with the pre-catalytic complex (Figure 2). This 
suggests that S5P CTD functions as a scaffold from the assembly step to catalysis of the 
spliceosome 40, although U1 factors were poorly detected in contrast to a study using 
yeast41. The manually annotated protein list of nuclear speckles has already been 
reported72,73. Most proteins in this list were identified by MS analysis of purified inter 
chromatin granule clusters (IGCs), which are thought to be nuclear speckles observed by 



electron microscopy. When comparing protein compositions of the S5P Pol II complex 
and nuclear speckles, about one third of S5P Pol II complex components are identified as 
nuclear speckles proteins, despite different purification methods. Notably, splicing factors 
are specifically enriched in the S5P Pol II complex (Figure 2). By contrast, 3¢ end 
processing factors, transcription factors, and heterogeneous nuclear (hn)RNP proteins 
that are abundantly detected in nuclear speckles are absent from the S5P PolII complex. 
Interestingly, cyclophilin family peptidyl prolyl isomerases (PPIases) are enriched in the 
S5P complex compared with IGCs40. Cyclophilin family PPIL1, PPIE, PPIL2, PPIL3, 
and PPIG are core components of the spliceosome-related complex and were detected in 
the S5P complex (Figure 2). Additionally, PPIL4, another highly conserved cyclophilin 
known as Rct1 in Schizosaccharomyces pombe74, Sig-7 in Caenorhabditis elegans75, and 
Atcyp59 in Arabidopsis thaliana76, was also detected in the S5P complex. Genetic and 
biochemical studies using C. elegans showed that the PPIL4 homolog Sig-7 interacts with 
CTD and functions in co-transcriptional splicing75, suggesting an additional role for S5P 
in co-transcriptional splicing.       

Collectively, both physical interaction and subcellular localization studies 
indicate that the periphery of nuclear speckles is the location of co-transcriptional 
splicing. Pol II may attach to nuclear speckles upon S5P phosphorylation and 
spliceosome assembly may begin at the periphery of nuclear speckles (as shown in 
Figure 4), which could explain the core-shell structure and transcription-dependent 
irregular shape of nuclear speckles77–79. If so, it remains to be determined how 
phosphorylated CTD is selectively recruited to the periphery of nuclear speckles.  

 
Nuclear speckles as a liquid–liquid phase separation-oriented membraneless organelle 
Liquid–liquid phase separation has recently been shown to provide force to assemble 
membraneless organelles (reviewed in 80–82). Multivalent interactions with lower 
specificity through intrinsically disordered regions (IDRs) or low complexity domains 
(LCDs) with no ordered structure lead to the condensation of similar IDR- or LCD-
containing proteins, resulting in the formation of characteristic droplets. The molecular 
property of IDRs and LCDs in droplet formation can be altered by post-translational 
modification83–86, enabling cells to control the timing and composition of droplets. 
Splicing factors within nuclear speckles contain a high proportion of LCDs such as 
Arg–Ser dipeptide repeats (RS repeats) in SR family RNA binding proteins72,73. These 
repeats undergo extensive and cyclical phosphorylation and also recruit spliceosomes 
on their target RNA (reviewed in87). Because of their droplet-like behavior and protein 



composition, nuclear speckles are thought to be a constitutively formed phase-separated 
subnuclear compartment88. However, the spatial pattern of their shape is highly 
dynamic, and responds to the cellular environment or the levels of RNA accumulation79. 
Because the CTD itself is also a large LCD, it is conceivable that multivalent 
interactions between CTD and IDR/LCD regions absorb Pol II onto the periphery of 
nuclear speckles, and that this may be enhanced by Ser5 phosphorylation.  

 
Phase separation property of Pol II CTD 
In support of the aforementioned idea, an enhancing role for CTD phosphorylation in 
droplet formation has been reported89. CycT1, a cyclin for CDK9, undergoes phase 
separation with CTD via its histidine-rich (his-rich) LCD, which allows CDK9 to 
efficiently phosphorylate CTD89. Hyperphosphorylated CTD has an increased ability to 
form droplets with CycT1 his-rich LCD. Because both CDK9 and CycT1 are known to 
be localized in nuclear speckles90, P-TEFb-mediated CTD phosphorylation may occur at 
the periphery of nuclear speckles, thereby enhancing absorption of the Pol II complex 
into nuclear speckles by phase separation. 

Interestingly, unphosphorylated CTD has also been shown to undergo phase 
separation. Pol II with its unphosphorylated CTD forms droplets with the mediator 
complex and many other transcription factors91 on super-enhancers, and the protein 
partitioning required for transcriptional activation by phase separation is understood to 
form part of the molecular basis of the super-enhancer’s activity92–94. This droplet 
formation containing an unphosphorylated CTD is repressed when Ser5 is 
phosphorylated by CDK795. Furthermore, droplets formed by LCDs of FET proteins 
(FUS, EWS, and TAF15) also bind unphosphorylated CTD and the interactions are 
abrogated by hyper-phosphorylation that can be potentially mediated by CDK7/983,96. 
These dephosphorylated state-dependent droplet formations of CTD are thought to 
occur during the pause function at the initiation phase of transcription, and CTD release 
from droplets by phosphorylation explains how CDK7 enables transcription initiation45. 
Taken together, these observations suggest that CDK7/9-mediated phosphorylation 
regulates which droplets CTD joins, as shown in Figure 3. Interestingly, an extension of 
the CTD repeat length in fly and human cells results in aberrant CTD granules that are 
more condensed with lower movement97, suggesting that the length of CTD repeats is 
finely tuned for appropriate phase separation in the nuclear environment of each 
species.   

 



CTD phosphorylation directs the compartment where Pol II joins 
Core components of the spliceosome have evolutionarily increased the content of IDRs. 
Interestingly, the IDR distribution in the spliceosomal protein is not equal; rather, early 
factors in spliceosome assembly contain more IDR98. Given that phosphorylated CTD 
stimulates an in vitro splicing reaction6–8, functioning as a scaffold to mediate weak 
multivalent interactions of IDR may ensure flexible and efficient spliceosome assembly 
that processes largely varied introns in higher eukaryotes. Notably, the protein 
compositions of immunopurified U1 snRNP and Pol II particles from nuclear extracts 
largely overlap99, but differ from that of the S5P elongating Pol II complex which lacks 
most U1 snRNP proteins40 (Figure 2). Furthermore, FUS which associates with lower 
phosphorylated Pol II mediates interactions between U1 snRNP and Pol II100, 
suggesting that phosphorylation-dependent conversion of interacting proteins plays a 
key role in early spliceosome assembly. Many exonic regions are marked and wrapped 
in nucleosomes. Given that BRD4 binds acetylated chromatin101 and specifically 
upregulates CDK9 activity102, CTD phosphorylation levels may increase near exonic 
regions through the action of P-TEFb.  

The loose separation of droplets formed by phosphorylated or unphosphorylated 
CTD therefore appear to play a role in coupling or uncoupling splicing and other 
transcriptional processing steps (Figure 4). In consistent with this model, the recent 
study on this topic has shown that the CTD-unphosphorylated and -phosphorylated 
form of Pol II colocalize with the enhancer droplet and splicing droplet, respectively, 
and are separately built around the transcription site. This is the first evidence directly 
showing that CTD phosphorylation functions as a switch to select which droplet Pol II 
should join94. 

It remains unclear if S2P and S5P differ in physical properties in terms of phase 
separation and how the biased distribution of S5P is maintained in Pol II within co-
transcriptional splicing. It will also be important to detect changes in S5P and S2P with 
spatiotemporally higher resolution. Considering these questions, elucidation of the 
dephosphorylation mechanism is important. Because phosphatases and PPIases 
functioning in CTD dephosphorylation have a specificity for S2P or S5P103–107, it is 
tempting to examine if CTD localization can be affected by modulating not only 
phosphorylation but also dephosphorylation. Indeed, the overexpression of PPIase Pin1 
that preferentially binds Ser5 induces both hyper phosphorylation of CTD and novel 
droplet formation of Pol II that does not overlap with nuclear speckles108.   



 
A caveat against the study of post-transcriptional splicing 
Post-transcriptional splicing is used in response to environmental stress and neuronal 
activity or as a feedback mechanism to suppress gene expression noise13–18. Most post-
transcriptional splicing occurs for a specific intron. Transcripts containing retained 
introns are observed as nuclear-tethered transcripts, meaning that the target transcript of 
post-transcriptional splicing must be stored in the nucleus until splicing. However, the 
mechanism of tethering these transcripts within the nucleus is unknown and it is unclear 
why the specific intron escapes co-transcriptional splicing. The difficulty of studying 
switching between co-transcriptional and post-transcriptional splicing occurs because no 
specific marker of post-transcriptional splicing exists as both modes yield the same 
product if it is a canonical intron. Thus, identification of specific marker RNA of post-
transcriptional splicing will aid study of how the intron is relieved from co-transcriptional 
splicing in the phosphorylated CTD-dependent droplet.  
 
Non-canonical splicing, a possible marker of post-transcriptional splicing?  
Recently, notable progress has been made in in silico analysis of splicing from RNA-seq, 
leading to the identification of a wide variety of non-canonically spliced transcripts. 
Unexpectedly, non-canonical splicing, thought to be a rare and accidental event, is now 
recognized as a widespread and evolutionarily conserved occurrence. Furthermore, it is 
likely that cells actively use non-canonical splicing under strict regulation (reviewed in 
109). Notably, it has been proposed that particular types of splicing, such as back splicing 
which produces circular RNA (circRNA) and recursive splicing (RS) which removes very 
long introns, include post-transcriptional splicing because their reaction mechanisms or 
timing are inconsistent with co-transcriptional splicing110,111.  
  
Recursive splicing, a type of non-canonical splicing occurring in a post-transcriptional 
manner  
RS is a type of non-canonical splicing that occurs at very long introns112–115. Normally, 
recursively spliced introns contain a tandem allele of 3¢ and 5¢ splice sites (ss) in the 
middle of the intron. When the upstream intron region is spliced out, 5¢ ss become 
functional for the second splicing to enable removal of the long intron (Figure 5). 
Comprehensive analysis of introns removed by RS revealed several important features, 
including that over half of RS splice sites precede a cryptic exon (see “RS exon” in Figure 
5)116. The role of the RS exon is thought to aid recognition of RS 3¢ss by the exon 
definition mechanism. RS exons also have specific features to avoid inclusion117. 



Importantly, a time course study of RS splicing based on 4sUDRB-seq revealed that 
most RS splicing is not co-transcriptional111. Although the average transcription speed of 
human genes is around 2 to 2.5 kb/min, the transcription of RS genes does not take an 
hour despite the length of RS introns. For 90% of RS genes, junction reading indicating 
the beginning of RS splicing was detected 1 h after the restart of transcription, while the 
transcription of 44% of RS genes terminates within 30 min. This clearly shows that RS 
splicing occurs post-transcriptionally. Intriguingly, over 20,000 putative RS introns are 
identified by genomic features such as length and motif; however, only 378 actual introns 
indicate the marks of RS splicing111. It remains unclear why only a small portion of 
putative RS introns are processed by RS splicing. Interestingly, human RS splicing is cell 
type-specific when compared with that of the fly111115, suggesting that additional 
regulatory mechanisms may exist for selecting RS splicing.  
 
circRNA formation, another candidate for non-canonical and post-transcriptional 
splicing 

Recently, progress has been made in identifying novel vertebrate circRNAs. As well 
as the first reported physiological function of circRNA as a molecular sponge for 
microRNA118,119, circRNA is also known to function in various processes such as the 
modulation of transcription120 and alternative splicing121. Furthermore, cytoplasmic 
circRNAs have been shown to be translated122–124. Existence of these physiologically 
functional circRNA suggests that circRNA production is a biologically desirable process 
to adjust to environmental changes or cell fate. Although circRNA production pathways 
are grouped into two classes125 (Figure 6), circRNA formation always yields an irregular 
junction sequence that connects the 3¢ end of an exon to the 5¢ end of an upstream exon. 
Sequencing reads involving this region are not normally mapped to the genome and 
accumulate as unmapped reads. Recent improved algorithms with fewer false positives 
have expanded the repertoire of circRNAs, and the resulting collection allows the 
comprehensive analysis of cis-elements and trans-factors that enhance back splicing in 
circRNA formation126–128.  

An example of those features is the insertion of duplicated inverted repeat 
sequences that form secondary structures to maintain the splice site pair adjacent to each 
other, thereby enhancing the efficiency of back splicing (Figure 6)129. Intriguingly, as well 
as cis features that enhance back splicing, the absence of certain trans factors such as 
spliceosome factors, also enhances back splicing110. This suggests that a delay of co-
transcriptional spliceosome assembly through a shortage of building blocks enhances 
circRNA formation, which is consistent with the fact that circRNA formation is a post-



transcriptional process. However, a biochemical fractionation study showed that circRNA 
is linked with chromatin-associated fractions130. Although it is unclear if chromatin 
fractions always contain nascent RNA, splicing of circRNA biogenesis may not be a 
single pathway. Nevertheless, the detection of cellular levels of circRNA may reflect the 
ability of the cell to carry out post-transcriptional splicing. Thus quantification of 
circRNA production may become a better way to test if the intranuclear environment is 
supportive for co-transcriptional splicing or if it switches to post-transcriptional splicing 
in the condition such that Ser5 phosphorylation of CTD is reduced in gene-body region, 
which would cause inefficient phase separation that enhances co-transcriptional splicing.  
 
Conclusion 
It appears that phosphorylation-based phase separation of CTD within nuclear speckles 
triggers efficient spliceosome assembly, thereby switching on co-transcriptional splicing. 
In this case, the definition of “co-transcriptional” may be more complicated than before 
because it is difficult to distinguish post-transcriptionally spliced introns by fractionation 
studies or pulse chase experiments if introns are spatially spliced in the same way but 
temporally uncoupled from transcription or vice versa. Nonetheless, phase separation-
based coupling mechanisms of transcription and splicing allow us to imagine that the 
reduction of CTD phosphorylation increases post-transcriptional splicing by cancelling 
co-transcriptional assembly of the spliceosome. Recent progress in identifying non-
canonical introns indicates that the unusual products yielded by post-transcriptional 
splicing may be valuable markers to determine if the inhibition of CDK9 or other CTD 
kinases affects the rates of post-transcriptional splicing. This may be a useful tool for 
future studies that elucidate how the cell regulates the co-transcriptional and post-
transcriptional mode of splicing.  
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Figure Legends 
Figure 1. Schematic of the spliceosome assembly pathway. (left) Assembly model based 
on “intron definition”. U1 and U2 snRNP first recognize both ends of an intron. (right) 
Assembly by the “exon definition” model is superimposed on a cartoon of elongating Pol 
II. The exonic region of nascent RNA is tethered on Pol II CTD by U1 and U2 snRNPs. 
Nucleosomes often contain exonic regions, and the reduction of elongation rates at the 



nucleosome may induce deposition of both U1 and U2 snRNP on exon ends leading to 
tethering of the exon. At this time, the direction of U1 and U2 is opposite to the intron 
definition model. This complex further accepts tri-snRNP to form a B-like complex that 
can be converted to a catalytically active spliceosome when paired to the upstream or 
downstream exon.     
 
Figure 2. Comparison of spliceosome factors detected in the S5P complex or nuclear 
speckles. Gray boxes indicate that the protein is in the list. Proteins colored by light green 
or orange are specifically listed in nuclear speckles or S5P complex, respectively. The 
classification of spliceosome factors is according to reference 27.  
 
Figure 3. Depiction of independent droplet formation by phosphorylated and 
unphosphorylated CTD. Phosphorylation of CTD triggers its movement to different 
classes of phase separated droplets. 
 
Figure 4. CTD undergoes phosphorylation-dependent loose separation in nuclear 
speckles. Pol II may be incorporated into droplets depending on its phosphorylation levels. 
If Ser5 is highly phosphorylated, the droplet in which CTD is incorporated preferentially 
recruits spliceosome factors compared with other processing factors. In the paused state, 
less-phosphorylated Pol II may be trapped in U1 and FUS-enriched droplets which protect 
nascent RNA. Nuclear speckles store many RNA-binding proteins so spliced RNA and 
released transcripts containing an intron may be tethered deep inside nuclear speckles 
until export. 
 
Figure 5. Schematic of recursive splicing. Recursive splicing is divided into two steps. 
The RS exon is important in the first step but is removed at the second. RS exons have 
several features compared with canonical exons. 
 
Figure 6. Schematic of two possible circRNA formation pathways. circRNA formation 
occurs in independent pathways. In model A, a cis-element and an RNA-binding protein 
cause incorrect spliceosome assembly. In model B, re-splicing of lariat introns containing 
skipped exons causes back splicing.    
 



  



 

  



  



  



  



  



 


