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ABSTRACT 
 
Interconnections between transcription and pre-mRNA splicing − Oksana Gonchar 

 
Eukaryotic gene expression involves many processes some of which are transcription 

and pre-mRNA splicing. It has been shown that the majority of splicing events are 

functionally or physically coupled to RNA polymerase II transcription machinery. This 

suggests that transcription and splicing processes might influence one another. For 

example, a number of studies have implicated snRNPs, in particular U1 snRNP, in 

transcription initiation and elongation. In this work, interconnections between 

transcription and splicing were tested using an in vitro RNA polymerase II 

transcription/splicing assays (Pol II-TSRs). The results obtained in this study showed 

that inhibition of U1 but not U2 or U6 snRNPs led to a major reduction in transcript 

levels using different DNA templates. However, interference with initiation was 

excluded because it was found that this effect was the result of reduced RNA stability. 

Moreover, similar results were observed both with transcription by T7 RNA polymerase 

and with purified transcripts added to the extract. These results allow to conclude that 

the U1 snRNP has a novel function in protecting RNA from degradation. Further 

investigations showed that the RNA is protected by the U1 snRNP against 5’ 

exonucleases and 3’ exonucleases and possibly endonucleases. It was found that the 

presence of 5’ splice site (5’SS) is necessary for RNA stability. These data suggest that 

the U1 snRNP through a direct interaction with the 5’SS of the pre-mRNA protects it 

from degradation and only U1 snRNP but not the active spliceosome is required for 

RNA stability. It was observed that under splicing conditions, the RNA level of a 

transcript lacking the intronic consensus 5’SS but having it at the 3’ end was 

significantly higher compared to that for a transcript lacking any consensus 5’SSs, 

suggesting that the U1 snRNP protects transcripts from degradation along their length. It 

is proposed that rapid binding of the U1 snRNPs to the nascent transcripts induces the 

assembly of RNA binding proteins that protect the RNA. Interestingly, any transcripts 

tested regardless of the presence of the consensus 5’SSs were stable in the reaction with 

ongoing transcription, suggesting that Pol II transcription has an additional effect on 

RNA stability.  
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1.1 Expression of eukaryotic genes 

 

Genes comprise deoxyribonucleic acid (DNA), the sequence of which is a source of 

genetic information. The production of proteins from genes is not straightforward and 

requires many intermediate steps (Figure 1.1). The flow of information from DNA is 

recorded into precursor messenger ribonucleic acid (pre-mRNA) during transcription 

which is carried out in eukaryotes by RNA polymerase II (Pol II). This is followed by 

the maturation of pre-mRNA by processing factors, leading to messenger RNA 

(mRNA) production. The pre-mRNA undergoes 5’ end capping, splicing and 3’-end 

formation. During capping a guanine nucleotide is added to the 5’ end of the pre-mRNA 

to protect it from degradation. Transcription produces pre-mRNA containing exon and 

intron sequences. The exon is a sequence that remains in the mature mRNA, whereas an 

intron is a sequence located between exons that gets removed. Pre-mRNA splicing 

removes introns and joins the exons together. Therefore, only exons are retained in 

mature mRNA. After Pol II has reached the end of a gene, the nascent transcript 

undergoes cleavage at the 3’ end which is followed by synthesis of a poly(A) tail during 

a process termed polyadenylation.  

 

Initially, it was assumed that transcription and pre-mRNA processing were independent 

processes (Figure 1.1) because in vitro RNA processing could occur in isolation and in 

the absence of transcription. However, it is now well established that RNA processing 

events are linked, initiated and coordinated co-transcriptionally (reviewed by Bentley, 

2014). The coupling of transcription and pre-mRNA processing can be mechanical, 

when the processing complexes are attached to the transcription apparatus. Functional 

coupling also takes place, when RNA processing factors interact with the transcription 

machinery in the vicinity of the nascent transcript when RNA exits from Pol II (Pandya-

Jones and Black, 2009). These tight interactions serve as an important timing 

mechanism necessary to protect transcripts from degradation (reviewed by de Almeida 

and Carmo-Fonseca, 2008).  
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Figure 1.1. Schematic representation of the flow of information from DNA to pro-

teins in eukaryotes. During transcription, coding (exons) and noncoding (introns) re-

gions of DNA are transcribed into precursor messenger RNA (pre-mRNA). The pre-

mRNA undergoes modifications from 5’ and 3’ ends during processes termed capping 

and polyadenylation. Introns of the pre-mRNA are removed while the remaining exons 

joined together during splicing. This leads to the formation of messenger RNA 

(mRNA), which is exported out of the nucleus to the cytoplasm. Finally, the mRNA is 

used for protein synthesis during translation. 

 

 

Cross-talk between transcription and RNA processing events and their effects on one 

another have been widely investigated. It was found that transcription influences 

capping, splicing and polyadenylation, while splicing, in turn, affects transcription 

efficiency (reviewed by Bentley, 2014). This evidence led to a whole field of research,  

ultimately revealing that Pol II is a key player in coupling transcription and RNA 

maturation processes (Cho et al., 1997; Hirose and Manley, 1998; Hirose et al., 1999; 

reviewed by Proudfoot et al., 2011). RNA processing factors are recruited to the 

transcription machinery. This is mostly regulated by posttranslational modifications of 
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the carboxy-terminal domain (CTD) of the largest subunit (Rpb1) of Pol II (reviewed by 

Egloff et al., 2012). Capping and polyadenylation events always occur co-

transcriptionally, when pre-mRNA is still being synthesised by Pol II (Ho and Shuman, 

1999; Moteki and Price, 2002). Although coupling of transcription with splicing has 

being widely investigated (reviewed by Bentley, 2014), the full extent and the precise 

mechanisms of co-transcriptional splicing regulation remain unclear. It has been shown 

that splicing factors interact with transcription components, but their role in 

transcription has not been well characterized.  

 

 

1.2 Transcription  

 

Transcription is a highly controlled process which ensures correct cell growth. In 

eukaryotes, transcription is carried out by three polymerases: Pol I, Pol II and Pol III 

(Roeder and Rutter, 1969; Roeder et al., 1970). It has been shown that each polymerase 

has specific gene targets. For example, Pol I synthesises ribosomal RNAs (rRNAs) 

while Pol III produces noncoding RNAs such as transfer RNAs (tRNAs), 5S rRNA and 

U6 small nuclear RNA (snRNA; Reddy et al., 1987;Vannini and Cramer, 2012). Pol II 

is responsible for transcription of protein-coding genes and noncoding RNAs including 

small nuclear RNAs (U1, U2, U4, U5 and U7 snRNA) and microRNA (miRNA) 

precursors (reviewed by Arimbassery et al., 2014).   

 

 

1.2.1 Transcription by RNA polymerase II 

 

Transcription driven by Pol II is a highly controlled process and requires numerous 

factors. With a help of general transcription factors (GTFs), Pol II is recruited to a 

promoter region, leading to the formation of a pre-initiation complex (PIC; reviewed by 

Luse, 2014). Once the first nucleotides of the pre-mRNA have been synthesised, Pol II 

escapes from the promoter and enters the elongation phase, which comprises the 

lengthening of a transcript. The transcription is completed when Pol II and its factors 

are released from the transcription complex and recycled for further transcription events 

(Zawel et al., 1995; reviewed by Selth et al., 2010). The transcription of highly 
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expressed genes can be carried out by several polymerase molecules simultaneously 

(reviewed by Selth et al., 2010). Pol II is a large enzyme (500 kDa) that consists of 12 

subunits (reviewed by Coulombe et al., 1999). The CTD domain of the largest Pol II 

subunit (Rpb1) is implicated in linking transcription and pre-mRNA processing, which 

is achieved via recruitment of factors required for capping, splicing, cleavage and 

polyadenylation (Cho et al., 1997; Hirose and Manley, 1998; Hirose et al., 1999; Moteki 

and Price, 2002; reviewed by Proudfoot et al., 2011). 

 

 

1.2.1.1 Roles of the carboxy-terminal domain of Pol II  

 

The CTD of Pol II is unique to eukaryotic organisms and conserved from fungi to 

humans (reviewed by Hsin and Manley, 2012). This domain is absent in Pol I and Pol 

III (Allison et al., 1985; reviewed by Buratowski et al., 2009). In vertebrates, the CTD 

contains 52 tandem heptapeptide repeats with the consensus sequence Tyr1-Ser2-Pro3-

Thr4-Ser5-Pro6-Ser7 (Corden et al., 1985; Figure 1.2). The number of repeats differs 

between organisms and it is correlated with their genomic complexity (reviewed by 

Egloff et al., 2012). Studies in mouse, Drosophila and yeast have shown that the total 

deletion of the CTD is lethal (McCracken et al., 1997). This indicates that the CTD 

plays vital roles in gene expression.  

 

 

 

 

 

 

 

Figure 1.2. The CTD of Pol II consists of 52 heptapeptide repeats with the 

consensus sequence.  

 

The amino acids of the CTD repeats undergo different post-translational modifications 

independently of one another (reviewed by Egloff et. al., 2012). The CTD modifications 

play crucial roles in transcription initiation (Kim et al. 1994), promoter escape (Kugel 

and Goodrich, 1998), elongation (Marshall and Price 1995; Marshall et al., 1996) and 



6 
 

termination (Hirose and Manley, 1998; Gudipati et al. 2008) as they coordinate the 

recruitment of many transcription-related factors. The CTD is also involved in co-

transcriptional processing, since upon its modifications numerous factors involved in 

RNA biogenesis are loaded to the CTD (Cho et al., 1997; Hirose and Manley, 1998; 

Hirose et al., 1999; reviewed by Proudfoot et al., 2011). Different residues of the CTD 

are responsible for different functions in pre-mRNA processing (Fong and Bentley, 

2001).  

 

1.2.1.2 The carboxy-terminal domain modifications  

 

The CTD undergoes phosphorylation at Tyr1, Ser2, Thr4, Ser5 and Ser7 (reviewed by 

Egloff et al., 2012 and Heidemann et al., 2012), peptidyl-prolyl bond isomerisation at 

Pro3 and Pro6 (Yogesha et al., 2014) and glycosylation at Thr4, Ser5 and Thr7 residues 

(Ranuncolo et al., 2012). Phosphorylation and glycosylation are mutually exclusive 

processes which influence the function of Pol II (reviewed by Bentley, 2014). The CTD 

modifications are sequential and synchronized during all transcription phases.  

 

Phosphorylation is the most studied post-translational modification of the CTD 

(reviewed by Egloff et al., 2012). Pol II binds to promoter when it is in a 

hypophosphorylated state (Lu et al., 1991). Over the course of transcription, kinases and 

phosphatases add and remove phosphate groups from the CTD repeats. The major CTD 

phosphorylation occurs at Ser2 and Ser5 residues (Corden el al., 1985; reviewed by 

Price, 2000) which are essential for the expression of most Pol II transcribed genes. The 

pattern of CTD phosphorylation and dephosphorylation is correlated with transcription 

initiation, elongation and termination stages. Ser5 phosphorylation peaks near promoter 

and promoter proximal regions, indicating that this modification of the CTD 

predominates at transcription initiation (Komarnitsky et al., 2000; Figure 1.3). As 

transcription progresses, phosphorylation at Ser2 increases further down towards the 

end of genes (Komarnitsky et al., 2000; Figure 1.3). Ser7 and Thr4/Tyr1 residues are 

also phosphorylated during initiation and elongation stages of transcription, respectively 

(reviewed by Heidemann and Eick, 2012).  

 

The CTD phosphorylation events play crucial functions in RNA biogenesis. For 

example, Ser5 mediates the recruitment of capping enzymes (Cho et al., 

http://genesdev.cshlp.org/content/19/12/1401.long#ref-33
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1997; McCracken et al., 1997; Ho et al., 1999) while Ser2 is required for pre-mRNA 

splicing (Bird et al., 2004; Gu et al., 2013). Efficient 3’ end RNA processing depends 

on phosphorylation of the CTD at Ser2 and Thr4 residues (Meinhart and Cramer, 2004; 

Davidson et al., 2014; reviewed by Hsin and Manley, 2012). Phosphorylation at Thr4 

and Ser7 residues can display gene-specific features (reviewed by Egloff et al., 2012). 

For example, phosphorylated Ser7 plays a crucial role in transcription of snRNAs 

(reviewed by Egloff et al., 2007).  

 

 

 

 

 

 

 

Figure 1.3. Phosphorylation pattern of Ser5 and Sr2 residues of the CTD (Cole and 

Cowling, 2008). Transcription factors TFIIH and P-TEFb phosphorylate the CTD at 

Ser5 and Ser2 residues during transcription initiation and elongation stages, 

respectively. The level of Ser5 phosphorylation is increased during transcription 

initiation while that for Ser2 is increased towards the end of a gene. 

 

 

The order and combination of CTD phosphorylation events are regulated by different 

enzymes called Cyclin-dependent kinases (CDKs). CDK7 has a predominant role in 

phosphorylating Ser5 residue (Feaver et al., 1991; Lu et al., 1992) but also it 

phosphorylates Ser7 residue (Akhtar et al. 2009). Until recently it was believed that 

CDK9 was the main kinase which phosphorylates Ser2 (reviewed by Price, 2000). 

However, it has been shown that CDK11, CDK12 and CDK13 are additional Ser2 

kinases (Pak et al., 2015; Bartkowiak et al., 2010; Greifenberg et al., 2016). Apart from 

Ser2, CDK9 was determined to be able to phosphorylate Ser5, Ser7 and Thr4 (Hsin et 

al., 2011; reviewed by Hsin and Manley, 2012). A dual functionality of CDK8 in 

phosphorylating both Ser2 and Ser5 residues has also been demonstrated in vitro (Liao 

et al., 1995; Sun et al., 1998). It is apparent that some CDKs exhibit functions in 

phosphorylating more than one residue, indicating that the CTD code is highly complex.  

 

 

Ser 5 
Ser 2 

http://genesdev.cshlp.org/content/19/12/1401.long#ref-33
http://genesdev.cshlp.org/content/19/12/1401.long#ref-114
http://genesdev.cshlp.org/content/19/12/1401.long#ref-67
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1.2.2 Transcription process 

 

1.2.2.1 Transcription initiation 

 

Transcription of protein-coding genes is regulated at multiple steps and it is one of the 

most highly regulated processes in gene expression. The first step of transcription is 

initiation (Figure 1.4) which begins with the binding of an activator to a promoter 

mediating an ordered recruitment of GTFs. The promoter elements are binding 

platforms for GTFs and define transcription start site (TSS; reviewed by Luse, 2014). 

The engagement of Pol II to a promoter locus is facilitated by core GTFs leading to the 

assembly of the pre-initiation complex (PIC; Sainsbury et al., 2015). The factors of PIC 

facilitate promoter opening, initiate RNA production and stimulate the promoter escape 

by Pol II. 

 

The sequence composition of promoters can be different, although many but not all 

have an element called the TATA box (Mathis and Chambon, 1981). The composition 

of transcription complexes on TATA-containing and TATA-less promoters differs in 

the factors that recognise the promoter (Shandilya and Roberts, 2012). In mammalian 

TATA-containing genes, the TATA box is located about 30 bp upstream of TSS 

(Ponjavic et al., 2006). The interaction of TATA-binding protein TBP, a component of 

the multisubunit TFIID factor complex (Nikolov et al., 1995), with the TATA box is a 

crucial step for PIC assembly and it is regulated by activators and repressors (Kuras and 

Struhl, 1999; Cang et al., 1999). TBP binds to the TATA element and initiates a DNA 

bend (Figure 1.4; Starr et al., 1995). TFIID binding facilitates the ordered assembly of 

other GTFs, leading to PIC formation. TFIIA and TFIIB are recruited to the complex 

leading to the stabilization of the interaction between TBP and the TATA box 

(Shandilya et al., 2012). The loading of Pol II and TFIIF onto an active promoter is 

facilitated by TFIIB (Bushnell et al., 2004) which also has a function in initiating RNA 

synthesis. TFIIF is involved in the stabilisation of TFIIB within the PIC, transcription 

start site (TSS) selection and prevention of pausing by Pol II (Shandilya and Roberts, 

2012). The assembly of the PIC is completed when TFIIE and TFIIH are recruited. 

These transcription factors are required for promoter DNA opening (“transcription 

bubble”). CDK7, the kinase subunit of the general transcription factor TFIIH (Lu et al. 

1992; Akoulitchev et al., 1995), mediates the addition of phosphate groups to the Ser5 
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and Ser 7 residues of the CTD (Feaver et al, 1994; Akhtar et al., 2009). This leads to 

transcription initiation and promoter clearance (Kugel and Goodrich, 1998). After Pol II 

has escaped from the promoter it enters the transcription elongation phase.  
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Figure 1.4. Schematic representation of Pol II transcription initiation (Sainsbury et 

al., 2015). A stepwise assembly of pre-initiation complex (PIC) by general transcription 

factors (GTFs) and RNA polymerase II on a promoter is depicted. After the completion 

of the PIC formation, in an ATP-dependent manner DNA is opened and RNA synthesis 

commences. This is followed by Pol II interacts with elongation factors which enable 

the polymerase to enter transcription elongation phase.  

 

 

1.2.2.2 Transcription elongation 

 

Upon the successful promoter release, Pol II transcription becomes processive. In 

general, the polymerase moves in a 5’ to 3’ direction, but is capable of moving 

backward for several nucleotides. This process is important for removing mispaired 

nucleotides (Thomas et al., 1998; Izban and Luse, 1992). Between early elongation and 

productive elongation, the negative elongation factor (NELF) in conjunction with the 5, 

6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) sensitivity inducing factor (DSIF) 

cause Pol II pausing in the promoter-proximal region (Coppola et al., 1983; Yamaguchi 

et al., 1999; Wu et al., 2003), 25–60 bp downstream of the transcription start site. This 

process is not a repressive step but acts as a quality checkpoint for capping (reviewed by 

Adelman and Lis, 2012).  

 

The release of Pol II from its pausing site is facilitated by the positive transcription 

elongation factor (P-TEFb), which is the main regulator of early elongation steps 

(Marshall and Price 1995; Marshall et al., 1996). P-TEFb contains CDK9, which has a 

predominant role in phosphorylating the CTD at Ser2 residues, leading to transcription 

elongation (reviewed by Price, 2000). In addition, the phosphorylation of NELF by P-

TEFb promotes NELF to leave the complex, allowing Pol II to proceed the elongation 

(Fujinaga et al. 2004; Cheng and Price 2007). A balance between negative elongation 

factors and P-TEFb determines the level of pausing of Pol II (reviewed by Jonkers and 

Lis, 2015).  

 

After Pol II is released from the pausing, Ser2 phosphorylation levels increase towards 

the end of genes leading to productive elongation. At this stage the transcription 

machinery mediates the recruitment of factors required for co-transcriptional splicing 

(Hirose and Manley, 1998), cleavage and polyadenylation (McCracken et al., 1997; 

http://www.nature.com/nrm/journal/v16/n3/full/nrm3953.html#auth-1
http://www.nature.com/nrm/journal/v16/n3/full/nrm3953.html#auth-2
http://www.nature.com/nrm/journal/v16/n3/full/nrm3953.html#auth-2
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Zhao et al. 1999; reviewed by Proudfoot, 2011). This indicates that Pol II is 

accompanied not only by transcription elongation factors but those required for RNA 

processing events. During transcription elongation, Pol II faces significant obstacles. 

For example, histone modifications affect the strength of DNA binding around 

nucleosomes forcing Pol II to pause frequently (reviewed by Selth et al., 2010). The Pol 

II pauses are considered to be regulatory steps for transcription and RNA processing 

including pre-mRNA splicing.  

 

 

1.2.2.3 Transcriptional termination and 3’ end processing of RNA 

 

The last step of the transcription cycle is termination which leads to the production of 

stable transcripts that are consequently exported to the cytoplasm for protein production 

(translation). The removal of the pre-mRNA from the transcription machinery is a 

highly regulated process, where cleavage and polyadenylation are key events (Colgan et 

al., 1997; reviewed by Proudfoot, 2011). The CTD plays an essential role in recruiting 

cleavage and polyadenylation factors to the elongating Pol II machinery (McCracken et 

al., 1997; Zhao et al., 1999). This indicates that termination and 3’end processing events 

of the pre-mRNA occur during transcription (reviewed by Proudfoot, 2011).  

 

There are some important sequences located at the end of the gene that are required for 

the recruitment of the cleavage and polyadenylation machinery. In particular, a 

polyadenylation signal (PAS) that comprises a hexanucleotide AAUAAA sequence 

(Lim and Canellakis, 1970; Edmonds et al., 1971; Adesnik et al., 1972; Mendecki et al., 

1972; Proudfoot, 1989). It has been shown that this site is not well conserved (Tian et 

al., 2005). In addition, two terminator elements are located downstream of PAS such as 

GU-rich (Gil and Proudfoot, 1984, 1987; McLauchlan et al., 1985) and AT-rich 

sequences (White et al., 2013). After transcription has passed these elements, these sites 

are exposed to the cleavage and polyadenylation machinery. As a result, cleavage of the 

nascent RNA occurs between PAS and GU-rich sequences. This implies that the signals 

are recognized co-transcriptionally.  

 

The main factors that mediate the key events of transcription termination are cleavage 

and polyadenylation specificity factor (CPSF; Dantonel et al., 1997), cleavage 
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stimulatory factor (CstF; Takagaki et al., 1996), cleavage factor I (CFI; reviewed by 

Proudfoot, 2011) and Poly (A) polymerase (PAP; Winters and Edmonds, 1973 a, b). 

Once PAS appears in the pre-mRNA, CPSF binds to it leading to Pol II pausing 

(Yonaha and Proudfoot, 2000; Nag et al., 2007). This event is necessary for efficient 

transcription termination. The GU-rich sequence is recognized by CstF, while the role 

of CFI is to stimulate the recognition of PAS (Brown and Gilmartin, 2003; 

Venkataraman et al., 2005). The cleavage of RNA is facilitated by CPSF73 (a 

component of CPSF complex) leading to RNA break (Mandel et al., 2006). The RNA 

tethered to Pol II undergoes degradation by the 5’-3’ exonuclease Xrn2 (Gromak et al., 

2006; West et al., 2008). This results in Pol II termination and its dissociation from the 

chromatin template. PAP is then recruited to the RNA lying to the 5’ from the cleavage 

site to add 250–300 adenine nucleotides (in humans) to the 3’ end of the RNA 

(Kaufmann et al., 2004; Mandel et al., 2008). After, the poly(A) tail is bound by the 

poly(A)-binding protein (PABP) which serves as a scaffold to protect the transcript 

from exonuclease degradation (Blobel, 1973; Minvielle-Sebastia et al., 1997). The 

polyadenylated RNA ensures efficient mRNA export and translation (Lewis et al., 

1995).  

 

It has been discovered that many genes contain more than one PAS, indicating the 

existence of alternative polyadenylation (APA; Tian et al., 2005). Trans-acting factors 

are involved in APA regulation, leading to the production of mRNAs with alternative 3’ 

ends. It has been found that cryptic PASs located in close proximity to the 5’SS are 

silenced (Guo et al., 2010). It was shown that the usage of these sites is subject to 

regulation by splicing factor U1 snRNP (Kaida et al., 2010). Based on this evidence it 

becomes clear that all RNA processing events are cross correlated and to some extent 

affect one other. 
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1.3 Capping of pre-mRNA  

 

In eukaryotes, the modification of the 5’ end of Pol II transcripts is the first pre-mRNA 

processing event which occurs as soon as transcripts are emerging from Pol II (Furuichi 

et al., 1975; Shimotohno et al., 1997; Moteki and Price, 2002). The promoter-proximal 

pause of Pol II coincides with capping and serves as a checkpoint to ensure proper 

capping of the nascent pre-mRNA (reviewed by Adelman and Lis, 2012). RNA capping 

entails three enzymatic modifications (Figure 1.5 A) which occur when the length of 

RNA reaches about 20-40 nt (Coppola et al., 1983; Rasmussen and Lis, 1993; 

Yamaguchi et al., 1999). Once pre-mRNA emerges from the exit channel of Pol II, 

RNA 5’ triphosphatase removes the terminal phosphate group creating a diphosphate 

RNA end (reviewed by Decroly et al., 2012). Next, RNA guanylyltransferase facilitates 

the addition of a guanosine monophosphate (GMP) to the diphosphate RNA forming an 

unusual 5’-5’ triphosphate linkage (GpppRNA). GpppRNA cap is methylated at 

position 7 by methyltransferase. As a result, the 5’ end of the nascent pre-mRNA is 

modified (Figure 1.5 B). The cap binding complex (CBC) is recruited to the 7-

methylguanosine triphosphate cap (m7 GpppRNA) to stabilize and protect RNA from 

decapping and degradation (reviewed by Gonatopoulos-Pournatzis and Cowling, 2014). 

Capping mediates mRNA stability and protects it from degradation. The cap structure of 

pre-mRNA positively affects splicing, polyadenylation, mRNA export and translation 

(Konarska et al., 1984; Edery and Sonenberg, 1985; Ohno et al., 1987; reviewed by 

Bentley, 2014). 

 

The recruitment of CBC and the capping enzymes to the CTD is mediated by phosphor-

Ser5 residues (Cho et at., 1997; McCracken et al., 1997; Ho et al., 1999). The 

recruitment of the capping enzymes to the transcription complex disables NELF-

mediated stalling of transcription, resulting in progressive transcription elongation 

(Mandal et al., 2004). It has been shown that capped pre-mRNA enhances elongation 

rates through an association between CBC and P-TEFb (Lenasi et al., 2011).  

 

The removal of the 5’ cap structure occurs in the cytoplasm which is facilitated by the 

decapping enzymes Dcp1 and Dcp2 (Dunckley and Parker, 1999; Wang et al., 2002). 

This results in the exposure of the 5’ mono-phosphorylated RNA to the cytoplasmic 5’ 

https://en.wikipedia.org/wiki/Guanosine_monophosphate
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gonatopoulos-Pournatzis%20T%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cowling%20V%5Bauth%5D
http://genesdev.cshlp.org/content/19/12/1401.long#ref-114
http://genesdev.cshlp.org/content/19/12/1401.long#ref-67
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exonuclease Xrn1 (Stevens, 1978; reviewed by Houseley and Tollervey, 2009). 

Decapping is an important process in gene expression and it is implicated in mRNA 

decay, turnover and quality control. 

 

A 

 

 

 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

Figure 1.5. The mechanism of pre-mRNA capping and the cap structure (Decroly 

et al., 2012). (A) Illustration showing the cap structure synthesis which is facilitated by 

three enzymes. (B) The mRNA cap structure contains a 7-methylguanosine which is 

connected to the mRNA through a 5’–5’ triphosphate linker. The methyl group at the 

guanosine N7 is depicted in green. Methylation reactions also occur on the first and 

second nucleotides of mRNA (cap-1 and cap-2). These methyl groups are depicted in 

red.  
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1.4 Pre-mRNA splicing 

 

Splicing was discovered in 1977 (Berget et al., 1977; Chow et al., 1977) and it was 

determined that intron removal is catalysed by a macromolecular enzymatic complex 

termed the spliceosome. This process occurs in coordinated and regulated sequences of 

RNA-RNA, RNA-protein and protein-protein interactions. During splicing, the 

spliceosome is assembled in a stepwise manner by the ordered recruitment of five small 

uridine-rich nuclear ribonucleoprotein particles (snRNPs) to the pre-mRNA (reviewed 

by Will and Lührmann, 2011). Each snRNP is a complex itself consisting of a small 

nuclear RNA (snRNA), specific proteins and seven Sm proteins. The latters are shared 

among the snRNPs (Hermann et al., 1995; Raker et al., 1996; Mayes et al., 1999). The 

role of snRNPs is to identify the exons and introns in the pre-mRNA to promote a 

splicing reaction. Some of the snRNPs base pair with short consensus sequences termed 

splice sites (SSs). These elements are located at the boundaries between exons and 

introns of pre-mRNA. In addition to the core splicing factors, the spliceosome contains 

up to 150 auxiliary factors, including RNA helicases which act as motors to drive the 

rearrangements of RNA-RNA and RNA-protein interactions (reviewed by Will and 

Lührmann, 2011).  

 

 

1.4.1 The mechanism of splicing 

 

In humans the 5’SS contains about eight nucleotides with a GU dinucleotide being 

located at the beginning of an intron (Breathnach et al., 1978; Staley and Guthrie, 

1998). The 3’SS includes the 3’SS itself, the branch point sequence (BPS) and a 

polypyrimidine tract (PPT) (Staley and Guthrie, 1998). The 3’SS comprises a AG 

dinucleotide being located at the end of an intron. BPS harbouring adenosine lies 

approximately 15–50 nt upstream of the 3’SS. PPT having a sequence of pyrimidines is 

located between the 3’SS and the BPS (reviewed by Will and Lührmann, 2011). In 

addition to these key sequence elements, there are numerous cis-acting regulatory 

motifs which are embedded over the whole length of the pre-mRNA (reviewed by 

Kornblihtt et al., 2013). The cis-acting sequences are required for the recruitment of 

trans-acting factors which are able to enhance or repress the spliceosome assembly.  
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Upon base pairing to the splice sites, snRNAs mediate spliceosome assembly which 

catalyses the intron removal via two sequential transesterification reactions (Figure 1.6; 

Moore and Sharp, 1993). In the first step, the 2’-OH group of the branch point 

adenosine carries out a nucleophilic attack on the 5’-3’phosphodiester bond at the 5’SS, 

connecting the 5’ end of the intron to the branch site (Figure 1.6). This reaction leads to 

the formation of the 3’ exon lariat intermediate and release of the 5’ exon. In the second 

step, the 3’-OH group of the upstream exon attacks the 5’-3’phosphodiester bond at the 

3’SS, displacing the intron (Figure 1.6). This leads to the splicing of two exons together 

and the release of introns having a lariat structure (Grabowski et al., 1984; Ruskin et al., 

1984). 

 

 

 

 

 

 

 

 

Figure 1.6. Schematic representation of two sequential transesterification reactions 

of pre-mRNA splicing (Will and Lührmann, 2011). Boxes and lines illustrate exons 

and introns, respectively. The branch site adenosine, 5’ and 3’ splice sites are repre-

sented. In the first reaction, the 2’-hydroxyl group of the adenosine branch point per-

forms a nucleophilic attack on the phosphate group at the 5’SS resulting in the produc-

tion of lariat intermediate. In the second reaction, the 3’-hydroxyl group of the 5’SS at-

tacks the phosphate at the 3’SS. This results in the fusion of two exons and release of 

the intron in a form of lariat. 

 

 

 

Efficient in vitro splicing assay using nuclear extracts (NEs) allowed characterisation of 

composition of the spliceosomal complexes (Reed, 2000). It was found that within the 

spliceosome, snRNPs rearrange, some interact with each other and some undergo 

structural intramolecular reorganisations (Hilliker et al. 2007; Perriman and Ares, 

2007). This leads to the formation of different complexes named in order of appearance 

as complex A, B, Bact and C (Figure 1.7; Jamison et al., 1992; reviewed by Will and 

Lührmann, 2011). Apart from these complexes there is also a heterogeneous complex 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3119917/#A003707C155
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3119917/#A003707C155
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3119917/#A003707C156
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(complex H) formed on pre-made pre-mRNA, which comprises RNA binding proteins 

of NE bound to the added pre-mRNA. However, it is not known if this complex is 

formed in cells because it has been suggested that complex H is not a functional 

precursor to the spliceosome (Das et al., 2006). 

 

In vitro splicing assays have shown that the early splicing complex (complex E) is 

assembled in an ATP-independent manner when the U1 snRNP base pairs to the 5’SS 

through the 5’ terminus of the U1 snRNA (Figure 1.7; Michaud and Reed, 1991; 

Jamison et al., 1992; Eperon et al., 2000). This interaction is stabilized by binding of 

serine-arginine-rich (SR) proteins (Eperon et al., 1993; Kohtz et al., 1994), proteins of 

the U1 snRNP (Du and Rosbash, 2002) and the cap-binding complex (Lewis et al., 

1996). In addition, complex E includes SF1, known as branch point binding protein 

(BBP; Kramer and Utans, 1991; Berglund et al., 1998) and U2 auxiliary factor (U2AF), 

which consists of two subunits U2AF35 and U2AF65 (reviewed by Will and Lührmann, 

2011). The 3’SS and PPT are recognised by U2AF35 and U2AF65, respectively 

(Merendino et al., 1999; Wu et al., 1999; Zorio and Blumenthal, 1999; Shao et al., 

2014). Both of these factors are able to interact with each other (Zamore and Green, 

1989). In an ATP-dependent manner complex A is formed, in which the U2 snRNP 

replaces SF1 from the BPS and tightly binds to it (reviewed by Will and Lührmann, 

2011). The precatalytic complex B is formed when the tri-snRNP is recruited. The tri-

snRNP consists of U4 and U6 snRNPs, which are base-paired and the U5 snRNP. At 

this stage the spliceosome contains all the necessary components for catalysis but is not 

active yet, because some internal reorganisations are required for splicing reactions to 

begin. Helicases disrupt the connection between the U4 and U6 snRNPs, resulting in the 

release of the U1 and U4 snRNPs from the spliceosome (reviewed by Will 

and Lührmann 2011). This leads to the formation of the catalytically active complex 

Bact in which the U6 snRNP binds to the free 5’SS (Wassarman and Steitz, 1992; 

Kandels-lewis and Seraphin, 1993) and base pairs with the U2 snRNP (Madhani 

and Guthrie, 1992). Together these snRNPs form the active core of the spliceosome. 

Complex C is formed when the U5 snRNP binds to the 5’ and 3’ exons and brings them 

into close proximity allowing the second transesterification reaction to occur (Yan et al., 

2015). Consequently, the exons are joined together while the lariat intron is removed. 

Upon the spliceosome cycle completion, splicing components are displaced and 

recycled for a new splicing process.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=L%26%23x000fc%3Bhrmann%20R%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=L%26%23x000fc%3Bhrmann%20R%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=L%26%23x000fc%3Bhrmann%20R%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Madhani%20HD%5BAuthor%5D&cauthor=true&cauthor_uid=1423631
http://www.ncbi.nlm.nih.gov/pubmed/?term=Madhani%20HD%5BAuthor%5D&cauthor=true&cauthor_uid=1423631
http://www.ncbi.nlm.nih.gov/pubmed/?term=Guthrie%20C%5BAuthor%5D&cauthor=true&cauthor_uid=1423631
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Figure 1.7. Schematic representation of the splicing cycle (Will and Lührmann, 

2011). The order of five U snRNPs recruitment to pre-mRNA during the spliceosome 

assembly is represented. The key additional factors and main spliceosome complexes 

are depicted.  

 

 

1.4.2 Alternative splicing 

 

Initially, it was thought that the number of genes would correspond to the number of 

proteins. In the mid-1990s it was estimated that the number of genes present in the 

human genome was between 50,000 and 100, 000 (reviewed by Pertea and Salzberg, 

2010). However, later it was discovered that humans have only about 25, 000 genes and 

up to 95% of these genes undergo alternative splicing (AS; Wang et al., 2008; Pan et al., 

2008). With the help of AS one gene is capable of producing many different mRNAs, 

leading to the synthesis of different protein isoforms (Sharp, 2005; Berget et al., 1977; 

Chow et al., 1977). On average, there are 3.9 AS events per human gene (Su et al., 

2006). This means that apart from constitutively spliced exons, which are always 

included into mRNA, the pre-mRNA has variable exons and introns. AS comprises a 



19 
 

reaction, in which the recognition of 5’SS and 3’SS is in competition with other splice 

sites. This indicates that splice sites have different “strength” which depends on 

complementarity with the spliceosomal snRNPs. Usually, variable exons are surrounded 

by at least one “weak” SS. In different tissues variable exons are spliced in different 

ways, outlining tissue-specific expression pattern of a gene.   

 

AS is a highly regulated process in which numerous splicing factors play roles as 

enhancers or inhibitors (reviewed by Kornblihtt et al., 2013). For example, the 

serine/arginine-rich proteins (SR) represent a group of activators, while heterogeneous 

nuclear ribonucleoproteins (hnRNPs) have negative function in splicing. These two 

groups of splicing regulators bind to sequences within the pre-mRNA and work 

antagonistically on the spliceosome assembly (Figure 1.8). These sequences can be 

enhancers or silencers and they are located within exons and introns.  

 

 

 

 

 

 

 
Figure 1.8. Sequences and factors important for alternative splicing (Kornblihtt et 

al., 2013). Splicing is regulated by cis-regulatory sequences located within exons and 

introns of the pre-mRNA. These motifs are exonic splicing enhancers (ESEs), exonic 

splicing silencers (ESSs), intronic splicing enhancers (ISEs) and intronic splicing 

silencers (ISSs). There are two main families of alternative splicing regulatory proteins 

such as SR and hnRNPs. These factors either mediate or prevent recruitment of 

components of the spliceosome (green) which interact with the 5’SS and 3’SS.  
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1.4.3 Co-transcriptional splicing  

 

Initially, based on in vitro studies, it was believed that splicing was a transcription-

independent process. However, a growing body of evidence obtained for the last couple 

of decades has shown that the majority of splicing events are catalysed in a 

transcription-dependent manner (reviewed by Bentley, 2014). On average a splicing 

event is accomplished within 0.5-2.5 min (Huranová et al., 2010), suggesting that pre-

mRNA splicing can occur before Pol II has reached the end of a gene. This allows 

multiple spliceosomes to be assembled on a pre-mRNA simultaneously.  

 

 

1.4.3.1 Evidence of co-transcriptional splicing 

 

The term “co-transcriptional splicing” is used not only when the transcription and 

splicing machineries are physically coupled, but also when splicing is completed post-

transcriptionally meaning that splicing can, at least, be initiated during transcription. 

The first and most convincing data on co-transcriptional splicing was obtained by Beyer 

and Osheim in 1988. The electron micrographs of Drosophila melanogaster chorion 

genes revealed intron loops on the nascent pre-mRNAs that are still attached to the 

transcribing Pol II (Figure 1.9). Later it was shown that splicing factors are loaded to 

transcription sites during active transcription (Spector et al., 1991; Jimenez-Garcia and 

Spector, 1993; Misteli and Spector, 1997; Neugebauer and Roth, 1997). The 

accumulation of splicing factors on intron-containing genes has also been observed 

(Huang and Spector, 1996; Listerman et al. 2006). RNA in situ hybridization also 

provided evidence that spliced RNA is retained at the chromatin until splicing is 

completed (Zhang et al., 1994; Lacadie and Rosbash, 2005).  
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Figure 1.9. Electron micrograph of a Drosophila melanogaster embryonic gene 

showing co-transcriptional splicing (Beyer and Osheim, 1988). The nascent pre-

mRNAs emerge from the DNA template have splicing loops (arrows). The length of the 

gene is 6 kb. Bar, 200 nm.     

 

 

It has been revealed that the majority of introns are excised during transcription 

especially those that flank constitutive exons (Neugebauer, 2002; reviewed by 

Merkhofer et al., 2014). Introns flanking alternative exons are removed before Pol II 

reaches the end of a gene. The 3’ end terminal introns are excised after the transcript 

release (Baurén G, and Wieslander L, 1994; Wetterberg et al., 1996). It has been shown 

that Pol II is forced to make a pause at the terminal exon giving time for spliceosome 

assembly on the upstream introns (Carrillo Oesterreich et al., 2010; Alexander et al., 

2010). Regarding AS, it has been found that the decision on the variable exon inclusion 

or exclusion is made during transcription (Singh and Padgett, 2009). The promoter 

structure, regardless of the promoter strength, can influence AS pattern, where the 

sensitivity to splicing regulators like SR proteins strongly depends on the promoter 

architecture (Cramer et al. 1997; Cramer et al. 1999; Kadener et al., 2002; Nogues et al., 

2002). Promoter sequence also influences the efficiency of constitutive splicing 

(Rosonina et al., 2003). 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Pandya-Jones%20A%5Bauth%5D
http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.cell.com/trends/biochemical-sciences/fulltext/S0968-0004(00)01591-7&ei=FuTEVIf_Cqbe7Aby3ICABw&psig=AFQjCNGOuMrvbsXA5Fey3iY3Tu33agOnGA&ust=1422275948008368
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1.4.3.2 “The recruitment model” of co-transcriptional splicing  

 

The recruitment coupling model suggests that splicing regulators and spliceosome 

components associate with the transcription machinery leading to their increased local 

concentration in the locus of transcription (Ujvari and Luse, 2004). As soon as the 

nascent transcript emerges from the transcribing Pol II, it becomes easier for 

accumulated splicing factors to be recruited from the transcription apparatus to their 

binding sites within the pre-mRNA (Greenleaf, 1993; Pandya-Jones and Black, 2009; 

reviewed by Hsin and Manley, 2012). This essential property of the CTD to recruit 

splicing factors enables the transcription and splicing machineries to be functionally 

coupled. Some studies have shown that splicing factors do not only associate with the 

polymerase but can directly interact with GTFs (Fong and Zhou, 2001; reviewed by 

Bentley, 2014). The rapid co-transcriptional recruitment of splicing factors to the pre-

mRNA stabilizes RNA preventing it from degradation and ensures proper maturation 

(Hicks et al., 2006).  

 

Splicing factors such as U2, U5, U6 snRNPs and U2AF65 have been shown to be 

recruited to the transcription machinery if genes contain introns (Listerman et al., 2006; 

Tardiff and Rosbash, 2006). In comparison, U1 snRNP is preloaded onto genes 

regardless of the presence of introns (Spiluttini et at., 2010; Brody et al., 2011). There is 

a co-transcriptional accumulation of U4/U6·U5 snRNPs on active transcription units 

which is mediated by CBC (Pabis et al., 2013). Splicing factor U2AF65 is capable to 

interact directly with the CTD (David et al., 2011; Spiluttini et al., 2010). It has been 

shown that phosphorylated Ser2 is responsible for the recruitment of splicing factor 

U2AF65 (Gu et al., 2013; Figure 1.10).   
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Figure 1.10. The recruitment of U2AF65 to phosphorylated Ser2 residues of the 

CTD. Ser2 phosphorylation mediates recruitment of U2AF65 and U2 snRNP to the 

CTD. As soon as pre-mRNA appears from the exit pore of Pol II, the splicing factors 

are recruited to the splice sites. The cap structure of the pre-mRNA is illustrated in 

black. 

 

 

Splicing regulators such as SR proteins and hnRNPs associate with the pre-mRNA in a 

transcription-dependent fashion (Listerman et al., 2006), suggesting that the competition 

between SR proteins and inhibitory hnRNP proteins can occur co-transcriptionally (Das 

et al., 2007). SR proteins were found to be efficiently recruited to both intron-containing 

and intronless genes (Huang and Steitz 2001; Pozzoli et al., 2004; Spiluttini et al., 

2010). SR proteins are able to interact with the transcription machinery before 

transcription starts and during transcription complexes assembly (Kornblihtt et al., 

2004; Lin et al., 2008; Ji et al., 2013; Das et al., 2007). These proteins preferentially 

bind to the phosphorylated CTD (Vincent et al., 1996; Mortillaro et l., 1996; Kim et al., 

1997). It has been shown that the direct interaction between SR proteins and the CTD 

can affect the efficiency of splicing in vitro (Das et al., 2007). Strong support for the 

recruitment model was obtained from experiments showing that splicing factor SRp20 

is recruited from the CTD to the fibronectin pre-mRNA and inhibits the inclusion of a 

cassette exon in the mRNA (de la Mata et al., 2006; Figure 1.11). Some proteins interact 

with the CTD transiently (Sapra et al. 2009; reviewed by Bentley, 2014). Although, it 

has been shown that numerous splicing factors are recruited to the transcribing 
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polymerase complex, but it is not easy to understand if these interactions are direct or 

mediated by the nascent pre-mRNA (Listerman et al., 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. The recruitment coupling model of co-transcriptional splicing (Munoz 

et al., 2010). (A) Upon recruitment to the CTD, SRp20 facilitates skipping of extra do-

main I (EDI) alternative exon of the human fibronectin gene. (B) Mutated CTD fails to 

recruit SRp20 to the EDI exon resulting in the production of mRNA containing the vari-

able exon.    
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1.4.3.3 “The kinetic model” of co-transcriptional splicing  

 

A kinetic coupling model was originally proposed by Eperon et al. (1988). It was 

suggested that the rate of transcription can influence RNA secondary structure, which 

consequently can affect splicing. Transcription elongation rates are different across the 

chromatin because of the presence of the nucleosomes (reviewed by Kornblihtt et al., 

2004). The analysis of genome-wide datasets has shown that nucleosomes are mainly 

positioned in exons, while there is a random distribution of nucleosomes in introns 

(Andersson et al., 2009; Schwartz et al., 2009; Kolasinska-Zwierz et al., 2009). This 

suggests that during transcription Pol II makes transient pauses over exons, allowing the 

splicing machinery to identify SSs on pre-mRNA (Berget, 1995; Nahkuri et al., 2009). 

It has been shown that Pol II pauses on terminal exons and this facilitates the 

spliceosome assembly on the upstream introns (Carillo Oesterreich et al., 2010). 

Therefore, transcription elongation rates affect splicing outcome (Roberts et al., 1998; 

reviewed by Kornblihtt et al., 2004). 

 

The kinetic model supports the notion that the rates of Pol II-mediated elongation 

determine the time for weak and strong splice sites to be exposed to splicing factors. It 

implies that the speed of transcription modulates the recognition of weak splice sites. 

This provides the opportunity for competition between splicing factors which assemble 

on the upstream and downstream splice sites (de la Mata et al., 2003). This, in turn, 

determines if they promote exon inclusion or skipping (reviewed by Munoz et. al., 

2010). In a situation when the elongation is fast, the skipping of variable exon occurs if 

the 3’SS of the downstream intron is stronger than the 3’SS of the upstream intron 

(Figure 1.12; reviewed by Munoz et al., 2010). Since transcription occurred rapidly and 

the spliceosome has not assembled yet, the strong 3’SS of the downstream intron will be 

favoured. This leads to the exon skipping as the 5’SS is joined to the strong downstream 

3’SS rather than the weak upstream 3’SS. In contrast, when the elongation rate is 

reduced, for example, because of the polymerase pausing between these two splice sites, 

the upstream intron is spliced first, followed by the splicing of the downstream intron. 

This results into the inclusion of an alternative exon into the mRNA. In both models, the 

CTD plays a key function as the recruitment of splicing factors and the modulation of 

the transcription elongation speed are controlled by the modifications of the CTD 

(reviewed by Merkhofer et al., 2014).  

http://rnajournal.cshlp.org/search?author1=ALBERTO+R.+KORNBLIHTT&sortspec=date&submit=Submit
http://rnajournal.cshlp.org/search?author1=ALBERTO+R.+KORNBLIHTT&sortspec=date&submit=Submit
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Figure 1.12. The kinetic model of co-transcriptional splicing in alternative splicing 

regulation (Munoz et al., 2010).   

 

 

1.4.3.4 Splicing effects transcription 

 

The “reverse coupling” model suggests that transcription efficiency is correlated with 

splicing activity. Early studies demonstrated that the presence of an intron within a gene 

had a positive effect on transcription efficiency (Brinster et al., 1988; Choi et al., 1991). 

Later it was shown that Pol II activity is enhanced if genes containing introns in 

comparison to intronless genes (Furger et al., 2002). Also a promoter proximal 5’SS has 

a transcription stimulatory effect (Furger et al., 2002; Damgaard et al., 2008). A 

template harbouring mutated PPT, the 5’ and 3’ splice sites showed impaired ability to 

stimulate transcription (Fong and Zhou, 2001). These data confirm an intron-dependent 

stimulatory effect on transcription (Fong and Zhou, 2001; Damgaard et al., 2008). It has 

been revealed that GTFs, which participate in PIC assembly, are more abundant over 
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promoter region and the distribution of Pol II is higher across the whole length of a gene 

which contains an active 5’SS (Damgaard et al., 2008). The authors proposed that the 

5’SS close to the promoter is required for transcription stimulation by specifically 

affecting the recruitment of transcription initiation factors. 

 

A splicing regulator SRSF2 (originally known as SC35) was found to play a crucial role 

in transcription elongation (Lin et al., 2008). SRSF1 and SFSF2 proteins are able to 

associate with both promoter sequence and RNA near the TSS (Ji et al., 2013). It has 

been shown that SRSF2 promotes the escape of Pol II from pausing near promoter 

element by triggering the release of P-TEFb from the 7SK complex. Previously it has 

been known that inactive P-TEFb is sequestered in the 7SK complex (Peterlin and 

Price, 2006), and upon its release, P-TEFb becomes active and stimulates transcription 

elongation. In an RNA-dependent manner, SRSF2 stimulates the recruitment of P-TEFb 

and other key transcription elongation factors to promoters. The spliceosome 

component U2 snRNP has been demonstrated to be responsible for a transcription 

elongation checkpoint as Pol II accumulates over introns if the U2 snRNA is mutated 

(Chathoth et al., 2014). This study has proposed that the proper co-transcriptional 

formation of spliceosome triggers efficient transcriptional elongation.   

 

 

1.4.3.5 In vitro co-transcriptional splicing 

 

After the discovery of splicing, attempts were made to study the mechanism of splicing 

of pre-mRNA transcribed by Pol II in the NE (Weingartner and Keller, 1981; Kole and 

Weissman, 1982; Padgett et al., 1983), but the results were inconsistent and low splicing 

efficiencies were observed (Hernandez and Keller, 1983). The basic mechanisms of 

splicing reactions were studied using in vitro splicing systems in which pre-made pre-

mRNA, previously transcribed by bacteriophage RNA polymerases (T7 or SP6), was 

added to HeLa NE for splicing to occur (Krainer et al., 1984). Using this assay splicing 

was studied independently of other processes including transcription. Significantly later 

an in vitro transcription/splicing reactions (TSRs) were set up to investigate the 

mechanisms of coupling between Pol II transcription and pre-mRNA splicing (Ghosh 

and Garcia-Blanco, 2000; Das et al., 2006; Hicks et al., 2006; Lazarev and Manley, 

2007). Since the NE contain all necessary transcription and RNA processing factors, the 
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system allows both Pol II transcription and splicing to occur in the same extract. 

Previous studies tested three systems: Pol II-TSR supplemented with a DNA template 

carrying an appropriate promoter for Pol II; conventional splicing reaction (SR) in 

which pre-made transcripts are added; and T7-TSR in which transcription of a DNA 

template having a T7 promoter is driven by T7 RNA polymerase (T7 Pol) in the NE. T7 

Pol was chosen as a control model for Pol II because it is a small (99 kDa) and fast (40 

nucleotides per sec) enzyme which lacks any domains responsible for the recruitment of 

RNA processing factors (Skinner et at., 2004).  

 

It was found that splicing of pre-mRNA transcribed by Pol II was faster and more 

efficient than that in either T7-TSR or conventional SR (Ghosh and Garcia-Blanco, 

2000; Das et al., 2006). The yield of spliced mRNA, if pre-made pre-mRNA had been 

directly added to the NE or produced by T7 Pol in the NE, was low in comparison to 

Pol II counterparts. A fraction of splicing products was found to be associated with a 

DNA template in Pol II-TSR, while in the reaction where the NE was supplemented 

with T7 Pol splicing products were not determined to be associated with a DNA 

template (Ghosh and Garcia-Blanco, 2000; Yu et al., 2010). The authors concluded that 

splicing occurred while the nascent transcripts were still tethered to Pol II in in vitro 

TSR. The effect of Pol II transcription on spliceosome assembly was investigated (Das 

et al., 2006). There was a large spliceosome complex detected in both Pol II-TSR and 

SR, but only complex H was observed in T7-TSR. There was no complex H assembly 

found in Pol II-TSR. It was concluded that by coupling transcription to splicing, the pre-

mRNA was not accessible for highly abundant splicing inhibitors such as hnRNP 

proteins and as a result complex H was not formed in Pol II-TSR. However, rather fast 

and efficient spliceosome assembly was found on transcripts produced by Pol II. A late 

study demonstrated a contradictory result where neither kinetics nor splicing efficiency 

were improved by Pol II in comparison to that for standard SR (Lazarev and Manley, 

2007).  
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1.5 The U1 snRNP 

 

1.5.1 The U1 snRNP structure and function in splicing 

 

As all snRNPs, the U1 complex contains snRNA and a number of proteins (Figure 1.13; 

Pomeranz Krummel et al., 2009). The U1 snRNA has a sequence of 164 nt forming four 

stem loops (SL). The U1-specific proteins are U1-A, U1-70K, U1-C (Mount et al., 

1983; Bringmann and Lührmann, 1986) and Sm proteins such as SmB/SmB′, SmD1, 

SmD2, SmD3, SmE, SmF and SmG which are shared between other snRNPs (reviewed 

by Guiro and O’Reilly, 2015). The U1-specific proteins have direct and indirect 

interactions with the U1 snRNA. Sm proteins form a ring around a portion of U1 

snRNA between SL3 and SL4 (Pomeranz Krummel et al., 2009; Weber et al., 2010). 

With the help of RNA recognition motif (RRM), U1-70K and U1-A proteins bind to 

SLI and SLII, respectively (Pomeranz Krummel et al., 2009). U1-C protein does not 

have a direct interaction with the U1 snRNA, but it becomes a part of the complex 

through the protein-protein interactions with U1-70K and SmD3 (reviewed by Will and 

Lührmann, 2011). The maturation of the U1 snRNA occurs in the cytoplasm by the 

assembly of Sm proteins which is coordinated by the survival of motor neuron (SMN) 

complex (Fischer et al., 1997), while the U1-specific proteins are recruited to the U1 

snRNA in the nucleus (reviewed by Guiro and O’Reilly, 2015). 

 

The U1-associated proteins play crucial roles in 5’SS recognition (Krämer et al., 1984; 

Zhuang and Weiner, 1986). It has been shown that through RRM of U1-70K protein, 

U1 snRNP interacts with RRMs of splicing enhancers such as SR proteins (reviewed by 

Graveley, 2000; Roca et al., 2013). The disruption of U1-C interaction with the U1 

snRNP complex prevents the U1 snRNA to bind to the 5’SS, suggesting that U1C 

contributes to 5’ SS sequence specificity (Du and Rosbash, 2002). These results suggest 

that the function of U1-C is to stabilize the base pairing between the U1 snRNA and the 

5’SS. The U1 snRNP and SR proteins have been found to be loaded onto the CTD (Das 

et al., 2007), suggesting their cooperation function in co-transcriptional spliceosome 

assembly. 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Pomeranz%20Krummel%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=19325628
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pomeranz%20Krummel%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=19325628
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pomeranz%20Krummel%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=19325628
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Figure 1.13. Secondary structure of the U1 snRNP (Guiro and O’Reilly, 2015). The 

U1 snRNA is depicted in black. Base changes and additional bases which can be found 

in U1 snRNA variants are shown in red and by blue triangles, respectively. A specific 

trimethyl cap structure of the U1 snRNA is shown as m32,2,7Gppp. The U1-specific 

proteins such as U1-70K, U1-A and U1-C are depicted in blue, green and yellow, re-

spectively. Sm proteins are illustrated in brown.  

 

 

 

Apart from the U1 snRNA gene located on the short arm of chromosome 1, 1p36 

(Naylor et al., 1984), there is a large number of U1 snRNA pseudogenes which are 

spread throughout the genome (reviewed by O’Reilly et al., 2013). The U1 snRNA 

pseudogenes encode incomplete copies of the U1 snRNA leading to the production of 

U1 snRNA variants (Denison et al., 1981). A recent study has found that some U1 

snRNA variants contribute to the regulation of 3’ end processing (reviewed by O'Reilly 

et al., 2013).  
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1.5.2 Splicing-independent roles of the U1 snRNP  

 

The U1 snRNP complex exerts its main function in 5’SS selection where the 5’ end of 

the U1 snRNA binds to the 5’SS of pre-mRNA (Krämer et al., 1984; Zhuang and 

Weiner, 1986). This interaction mediates a stepwise assembly of the other snRNPs that 

form the spliceosome complex (reviewed by Will and Lührmann, 2011). However, 

evidence that the abundance of the U1 snRNA far exceeds that of the other 

spliceosomal snRNAs (reviewed by Guiro and O’Reilly, 2015) led to the proposition 

that the U1 snRNP can have additional roles in RNA processing than just a single 

function in pre-mRNA splicing. Indeed, it has been shown that the U1 snRNP has a 

crucial non-splicing role, which is the regulation of transcript length (Gunderson et al., 

1998; Kaida et al., 2010). For premature termination to occur, cryptic PASs located 

every 500–800 nucleotides have to be used (Kaida et al., 2010). A genomic tiling 

microarrays analysis and sequencing study have shown that the functional knockdown 

of the U1 snRNA by using antisense morpholino oligonucleotides (AMO) led to the 

accumulation of unspliced and short polyadenylated transcripts (Kaida et al., 2010). It 

implies that transcription did not produce full length pre-mRNAs because they had been 

prematurely cleaved and polyadenylated (PCPA). This effect was not observed when 

the U2 snRNP activity had been inhibited, suggesting that only U1 snRNP plays a vital 

role in the suppression of cryptic PAS usage and premature cleavage. This has been 

proven by showing the production of long mRNAs upon overexpression of the U1 

snRNA (Berg et al., 2012). When the 5’SS upstream of the alternative PAS has been 

blocked the PAS was activated (Vorlova´ et al., 2011). In contrast, the inhibition of the 

downstream 3’SS had no effect on PAS activity. A recent study has shown a dramatic 

increase of Ser2 phosphorylation level of the CTD close to PAS upon the inhibition of 

U1 snRNA (Davidson et al., 2014). These data supports the notion that the U1 snRNP 

has a crucial role in regulating the 3’ end processing in a transcription-dependent 

manner. 

 

It has been reported that U1-70K protein through its RRM domain physically interacts 

with PAP abolishing its ability to add a poly(A) chain to the 3’ end of pre-mRNA 

(Figure 1.14 A; Gunderson et al., 1998; Vagner et al., 2000). Upon knockdown of U1-

70K the usage of alternative PASs occurred. Also, U1-70K protein has been found to 

associate with components of the cleavage factor1 (CF1; Awasthi and Alwine, 2003).  
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In addition to U1-70K protein, the PCPA can be controlled by U1-A protein (Boelens et 

al., 1993; van Gelder et al., 1993). The interaction of U1-A with pseudo U1 snRNA 

binding elements, which are located between two GU-rich motifs, prevents pre-mRNA 

cleavage at pseudo PASs (Figure 1.14 B; Spraggon and Cartegni, 2013). Based on the 

fact that there are numerous 5’SS variants spread across the human genome (Roca et al., 

2012) and that high complementarity of the U1 snRNA to bind pre-mRNA is not 

required, it has been suggested that the U1 snRNP targets pre-mRNA sequences and 

enables suppression of alternative PAS usage by competing with factors of the 

polyadenylation machinery (Kaida et al., 2010; Almada et al., 2013).  

 

A 

 

 

 

 

 

B 

 

 

 

 

 

Figure 1.14. Schematic representation of the mechanisms how the U1 snRNP 

prevents premature cleavage and polyadenylation (Spraggon and Cartegni, 2013). 

(A) Once the U1 snRNP is bound to the 5’SS, U1-70K is able to inhibit the function of 

Poly(A) polymerase (PAP). (B) U1-A specific protein of the U1 snRNP complex 

prevents PAP and CstF to bind to a poly(A) signal (PAS) and G/U sequence, 

respectively.  

 

 

Since transcription driven by Pol II occurs both in the sense and antisense directions 

from active promoters (Core et al., 2008; Seila et al., 2008; Grzechnik et al., 2014), it 

has been proposed that the U1 snRNP might regulate the synthesis of the upstream 

antisense RNAs. Indeed, a number of U1 snRNA binding sites is smaller in the 

antisense direction in comparison to their abundancy in the sense direction (Almada et 
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al., 2013). This indicates that the U1 snRNP is less recruited to RNA produced upstream 

from the promoter (Figure 1.15), leading to transcription termination and 

polyadenylation. It has been determined that such short transcripts are not used for 

further process because they are targeted for degradation by exosomes (Preker et al., 

2008). There is an abundant amount of U1-snRNA-like sequences across the 

downstream part of a pre-mRNA from its 5’ end. This allows the U1 snRNP be 

recruited to these sequences. Therefore, a suppression of cryptic PASs usage is 

regulated by the U1 snRNP, allowing transcription downstream from the promoter to be 

carried out efficiently. Together, the studies demonstrated that the U1 snRNP appears to 

play splicing-independent roles in facilitating proper gene expression. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15. The function of the U1 snRNP to inhibit polyA site selection (Guiro 

and O’Reilly, 2015). U1 snRNP binding sites (*) are located not only at exon/intron 

junctions but within introns and untranslated regions. There are alternative poly(A) (pA) 

sites in the pre-mRNA. Through the interaction with the pre-mRNA, the U1 snRNP pre-

vents the recognition of cryptic poly(A) sites leading to a normal transcript synthesis. 

There are less U1 snRNP binding sits in the antisense direction of a gene in respect to a 

promoter position. Transcripts are prematurely cleaved if transcription occurs in the an-

tisense direction because there is less bound U1 snRNP.   
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1.5.3 The U1 snRNP and transcription factors 

 

Some studies have shown links between the U1 snRNP and Pol II transcription 

machinery (Figure 1.13), and suggested possible roles of the U1 snRNP in transcription 

regulation. One of the first observations revealed that the U1 snRNP via U1-70K 

protein interacts with the human transcription elongation factor TAT-SF1 (Fong and 

Zhou, 2001). TAT-SF1 can interact with P-TEFb complex which is a component of 

transcription elongation apparatus functioning in phosphorylation of the CTD at Ser2 

(Zhou and Sharp, 1996; reviewed by Price, 2000). The study showed that transcript 

level was reduced upon inhibition or depletion of the U1 snRNA from TAT-SF1-U1 

snRNP complex. Therefore, the data was interpreted as the U1 snRNP could stimulate 

Pol II transcription elongation. A recent in vivo study showed that the U1 snRNP 

inhibition led to a reduced level of transcripts (Koga et al., 2015), representing a 

reproducibility of the effect between in vivo and in vitro. 

 

The next study showed that the U1 snRNA associates with the general transcription 

factor TFIIH (Kwek et al., 2002; Figure 1.13), which phosphorylates the CTD of Pol II 

during transcription initiation (Feaver et al., 1994; Akoulitchev et al., 1995). It was 

shown that the removal of the U1snRNA from the TFIIH-U1 snRNP complex led to the 

reduction of TFIIH activity and the efficiency of transcription reinitiation was 

dependent on both the U1 snRNA and the promoter proximal 5’SS (Kwek et al., 2002). 

Based on these results the authors proposed a potential role of the U1 snRNA in 

transcription initiation. Later it was highlighted that the CDK7-associated cyclin H 

(cyclin H), a component of TFIIH, interacts with the U1 snRNA (O’Gorman et al., 

2005). The SLI and SLII of the U1 snRNA were responsible for this association. The 

study showed that the U1 snRNA played a role in supporting the kinase activity of 

TFIIH complex. 

 

In addition, it has been found that the U1 snRNA and U1 snRNP-specific components 

U1-70K, U1-C, and Sm can associate with TBP-associated factor 15 (TAF15; Jobert et 

al., 2009; Leichter et al, 2011), which is a component of TFIID complex (Bertolotti et 

al, 1996). However, a functional property of the U1 snRNP in transcription regulation 

was not shown in these studies. The association between the U1 snRNP and Pol II has 

also been found (Tian, 2001; Robert et al., 2002; Yu and Reed, 2015). The protein 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Feaver%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=8001136
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fused-in-sarcoma (FUS) is responsible for bringing the U1 snRNP to Pol II (Yu and 

Reed, 2015; Figure 1.16). Another study has shown that the distribution of Pol II across 

genes was not changed upon U1 snRNP inhibition (Davidson et al., 2014). Also, there 

was no change in the CTD phosphorylation level of either Ser5 or Ser7 which are 

responsible for transcription initiation. Together these data suggest that the U1 snRNP 

might not be required for transcription regulation but transcript stability.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16. The U1 snRNA/RNP interacts with different transcription factors 

(Guiro and O’Reilly, 2015). GTFs stands for general transcription factors.         
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1.6 MECHANISMS OF RNA DEGRADATION  

 

Gene transcripts are generated as large precursors which are processed extensively to 

the functional forms. Finally, all RNAs undergo degradation. Messenger RNAs are de-

stroyed in the cytoplasm. However, errors can occur during RNA maturation steps, fold-

ing or mRNA export. Surveillance machineries search for such defective transcripts and 

degrade them in both the cytoplasm and nucleus. This indicates that cells have acquired 

quality control mechanisms to ensure that only high-quality RNAs are used for protein 

synthesis. However, RNA degradation occurs not only to discard RNA after translation 

or those which failed processing but it is a key mechanism in transcription termination 

(Gromak et al., 2006; West et al., 2008). Also, degradation of some introns leads to pro-

duction of small nucleolar RNAs and microRNAs (Schmid and Jensen, 2008).  

 

General RNA turnover through degradation is ubiquitous (Schmid and Jensen, 2008). 

There are three classes of RNA-degrading enzymes: endonucleases, 5’ exonucleases 

and 3’ exonucleases. Exonucleases function on transcripts with accessible single-

stranded termini. Endonucleases catalyse the internal cleavage of RNA, generating 

substrates subject to digestion by 5’ and 3’ exonucleases. The activity of 5’ 

exonucleases is stimulated by the presence of a 5’-monophosphate (Schmid and Jensen, 

2008). Each class of nucleases contains numerous factors. Some of them function 

during transcription. If one enzyme loses its activity, this does not prevent RNA 

degradation, indicating that the same RNA can be a substrate for other enzymes 

(Vanacova et al., 2007). The main degradation pathways are described in this section.  
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Figure 1.17.  RNA degradation pathways. 5’ and 3’ exonucleases target transcripts 

through their accessible ends while endonucleases perform internal cleavage.    

 

 

One of the most studied nuclear 5’-3’ exonucleases is Xrn2 (exoribonuclease 2; Zhang 

et al., 1999). There are different mechanisms that can create entry sites for Xrn2. For 

example, during 3’ end processing and transcription termination, when cleavage occurs, 

RNA that is attached to the transcribing polymerase is degraded by Xrn2 (Gromak et 

al., 2006; West et al., 2004). The removal of the cap structure usually occurs in the 

cytoplasm after translation is completed (Dunckley and Parker, 1999; Wang et al., 

2002) but in a situation of capping failure, transcription elongation does not proceed 

(Guiguen et al., 2007) and decapping is carried out in the nucleus (Liu et al., 2004; 

Brannan et al., 2012). At this stage RNA undergoes degradation in a 5’ to 3’ direction 

by Xrn2 (Brannan et al., 2012). Xrn2 has also been implicated in degradation of 

aberrantly processed transcripts in the nucleus (reviewed by Houseley and Tollervey, 

2009). If pre-mRNAs harbour mutations in splice sites and splicing is invalid it has been 

shown that such transcripts are subject to degradation by Xrn2 (Davidson et al., 2012). 

Transcripts cleaved by endonucleases are potential Xrn2 substrates (reviewed by 

Houseley and Tollervey, 2009). 
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In eukaryotes 3’ end degradation is facilitated by the exosome complex which also 

exhibits endonuclease activity (Mitchell et al., 1997). The exosome plays a role in RNA 

biogenesis (Andrulis et al, 2002) and is responsible for degradation of the majority of 

transcripts generated by RNA polymerases I, II and III (Allmang et al., 1999a; reviewed 

by Houseley and Tollervey, 2009). The exosome is functional in the cytoplasm and 

nucleus. Aberrant pre-mRNAs that result from failed splicing, 3’ end processing or 

export are substrates for the exosome (Bousquet-Antonelli et al, 2000; Libri et al, 2002; 

Wyers et al., 2005; Das et al., 2006). In the nucleus the exosome localizes at the sites of 

transcription (Andrulis et al, 2002). This complex has a core that is composed of nine 

protein subunits (Liu et al., 2006; Hernandez et al., 2006). The core components 

themselves are inactive and the exosome becomes functional when exonucleases Rrp44 

and Rrp6 join the complex (Dziembowski et al., 2007; Lorentzen et al., 2008; Allmang 

et al., 1999b). Rrp44 degrades structured and unstructured transcripts (Lee et al., 2012) 

while Rrp6 has a preference for unstructured substrates (Schmid and Jensen, 2008).  

 

There is an additional surveillance mechanism called nonsense-mediated decay (NMD). 

NMD targets newly transcribed mRNAs that have acquired premature translation 

termination codons (PTCs) as a result of a point mutations or inclusion of an alternative 

exon containing PTC (He and Jacobson, 2015; Lewis et al., 2003). NMD prevents 

translation of defective mRNAs that could be used for synthesis of abnormal proteins. 

This translation-dependent process requires NMD-specific trans-acting factors such as 

UPF1, UPF2 and UPF3 (Culbertson et al., 1980; Conti and Izaurralde, 2005). Initially, it 

was thought that NMD exclusively occurs in the cytoplasm but it has been shown that 

NMD can occur in the nucleus (Muhlemann et al., 2001).  
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1.7 AIMS 

 

 

The aims of this project were to establish in vitro transcriptional/splicing assays in 

which transcription would be carried out by RNA polymerase II (Pol II) or T7 RNA 

polymerase in nuclear extract. Test whether Pol II transcriptional/splicing system (Pol 

II-TSR) is able to recapitulate coupled reaction between the two processes. Investigate 

whether the in vitro Pol II-TSR is a suitable system to address questions such as: is Pol 

II transcription machinery able to affect splicing yield of constitutively and alternatively 

spliced subtracts, splicing kinetics and spliceosome assembly. Identify factors that 

mediate functional coupling between transcription and splicing.    
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2   MATERIALS AND METHODS 

 

 

2.1 General molecular biology techniques 

 

2.2 In vitro RNA techniques 

 

2.3 Mammalian cell biology techniques 
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2.1 General molecular biology techniques 

 

2.1.1 Exonuclease III cloning 

 

Cloning procedure involved amplification of insert DNA by polymerase chain reaction 

(PCR), gel purification of PCR product, double restriction enzyme digestion of EFGP-

C1 vector, Exonuclease III treatment of vector and PCR product. An insert and the vec-

tor were ligated prior transformation. To determine the presence of insert DNA in the 

plasmid, a colony screening PCR was done. This followed by plasmid isolation from 

bacterial cultures. Each procedure is outlined in details below. 

 

2.1.1.1 Oligonucleotide design 

 

All genes of interest were incorporate into AgeI and HindIII sites of a EGFP-C1 vector 

(Clontech). Overlapping oligonucleotides were designed to be about 50 bp in length. 

The insert complimentary part was designed to have approximately AT:CG ratio of 

50%, ensuring an annealing temperature to be around 55-60°C. Oligonucleotides were 

synthesized and purified by Invitrogen. They were dissolved in TE.1 buffer (10 mM 

Tris pH 7.5, 0.1 mM EDTA pH 8) to stock concentrations of 100 µM and stored at -20 

ºC. Oligonucleotides used to amplify Bg, RON and Bcl-X are listed in Table 2.1. To 

clone CD44v5 and Bg mutants Bg2 F VAP and Bg3 R primers were used. 

  

   Name Sequence 

Bg2 F VAP TAGTGAACCGTCAGATCCGCTAGCGCTACCGGTGGGCTGCTG 

GTTGTCTACCCA 

Bg3 R  GTCGACTGCAGAATTCGAAGCTAACTTACCTGCCAAAATG 

ATGAGACAGC 

RON10 F  TAGTGAACCGTCAGATCCGCTAGCGCTACCGGTTGTGAGAGG 

CAGCTTCCAGAG 

RON12 R  TCCTCGCCCTTGCTCACCATGGTGGCGACCGGTCTAGCTGCT 

TCCTCCGCCA 

Bcl-X F TAGTGAACCGTCAGATCCGCTAGCGCTACCGGTGGGAGGTGA

TCCCCATGGCAG 
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Bcl-X R  GTCGACTGCAGAATTCGAAGCTTACTTACCTGGCCACAGTCAT 

Table 2.1 List of primers for PCR amplification of DNA templates for Exonuclease 

III cloning.  

 

2.1.1.2 DNA amplification by PCR 

 

All amplifications were carried out in a Storm PCR thermocycler. To produce insert 

DNA for cloning, Phusion high-fidelity DNA polymerase (NEB, UK) was used. A 50 µl 

volume reaction contained 50 ng of highly pure plasmid, 1 µM each forward and re-

verse primers, 1x buffer, 0.4 mM dNTPs (Promega) and 1 unit (U) DNA polymerase. 

Cycle conditions were set up according to manufacturer’s recommendations. Annealing 

temperature varied depending on oligonucleotides sequence composition. PCR was 

done during 35 cycles. Gel electrophoresis was done to confirm the presence of PCR 

products.  

 

2.1.1.3 Agarose gel electrophoresis 

 

The total PCR reaction was combined with 6x loading buffer (NEB) in appropriate pro-

portions. Samples were resolved by electrophoresis on 1% agarose gel (Helena) con-

taining ethidium bromide (0.5 mg/ml) in 1x TAE buffer. To determine the size of am-

plified DNA fragments, 2 μl of 1 kb DNA ladder (NEB) were used. Electrophoresis was 

performed at 80 V for 45 min. PCR products were analysed under UV light. 

 

2.1.1.4 Agarose gel extraction of PCR products 

 

The PCR products were excised from gel with a clean scalpel. The DNA fragments 

were extracted from gel slices by using QlAquick gel extraction kit (Qiagen) following 

the manufacturer’s instructions. Purified DNA templates were eluted in 30 µl of TE.1 

Buffer and their concentrations were determined by measuring A260 using nanodrop. 

 

2.1.1.5 Double restriction enzyme digestion  

 

3 µg of EGFP-C1 plasmid was digested with 3 U of each restriction endonucleases AgeI 

and XindIII (NEB) in 30 µl reaction mixture in the presence of 1x Buffer I (NEB). The 
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reaction was incubated at 37 ºC for 2 h. The enzyme inactivation was achieved by incu-

bating the reaction at 65 ºC for 20 min. The size of the digestion products was con-

firmed by agarose gel electrophoresis as described in Section 1.1.3. 

 

2.1.1.6 Exonuclease III digestion and products ligation 

 

Exonuclease III reaction was carried out according to previously optimised conditions 

in the laboratory. A standard reaction mixture was 10 μl in volume and contained 300 

ng vector and purified insert in a molar ratio of 1:1-1:3 and 1x Buffer I (NEB). 1 U of 

freshly diluted Exonuclease III enzyme (NEB) in Buffer I was added last. To allow 

step-wise release of nucleotides from the 3’ end of DNA double strands by the enzyme, 

the reaction was incubated at 14 ºC for 1 min. The reaction was terminated with “Stop” 

buffer containing 50 μl of 10 mM Tris pH7.5 and 4 mM EDTA. Samples were span 

with 1/10 volume 3M NaAc and 3 volume 100% ethanol at room temperature (RT), 

13000 rpm for 15 min. A pellet was washed with 200 μl of 70% ethanol and span again 

under the same conditions. After drying DNA was resuspended in 10 μl TE.1 buffer. To 

anneal the products, the reaction was incubated at 55 ºC for 3 min and then at 37 ºC for 

3 min. The ligation reaction was transformed into competent cells.  

 

2.1.2 TOPO vector cloning 

 

Zero Blunt TOPO PCR Cloning Kit (Invitrogen) was used to clone PCR amplified U1 

snRNA gene. 3 µl reaction containing 50 ng PCR product and 0.5 µl of each TOPO vec-

tor and salt solution (supplied) was incubated at RT for 5 min. This was followed by 

transformation.  

 

2.1.3 Transformation of chemically competent cells 

 

5 µl of cloning reaction was added to 50 µl of chemically competent TOP10 E. coli 

cells (Invitrogen). After incubation on ice for 5 min, the sample was heat shocked at 42 

ºC for 40 sec and immediately placed on ice. After 2 min, 200 µl of Luria Bertani me-

dium (LB; 10 g Bacto-tryptone, 5 g Yeast extract, 10 g NaCl in 1 L H2O) was added to 

the cells. The tubes were incubated at 220 rpm, 37 ºC for 1 h. 200 μl of each sample 

were spread onto pre-warmed selective LB plates (antibiotic at 30 µg/ml) following the 
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incubation at 37 ºC for 12-14 h. Colonies were tested for the presence of a DNA insert 

by PCR. 

 

2.1.4 Colony screening PCR 

 

Colony screening PCR was done to identify colonies which contained the insert. Red 

Taq DNA polymerase (Sigme) was used. The same primers designed to amplify mini-

genes for in vitro transcription were used for colony screening PCR (Table 2.2). A 10 µl 

reaction mixture contained 1 mM of each forward and reverse primers, 1x buffer, 0.4 

mM dNTPs and 0.5 U of Red Taq DNA polymerase. Individual colonies were streaked 

on a selective agar plate. The remaining colony was added directly to the PCR reaction. 

Cycle conditions were set up according to manufacturer’s recommendations, primer an-

nealing temperature and a length of the insert. The number of cycles was 35. On com-

pletion PCR reactions were analysed by agarose gel electrophoresis (Section 1.1.3). The 

plate was incubated for 12 h at 37 ºC. Successful colonies were used for plasmid isola-

tion. 

 

2.1.5 Small scale plasmid isolation 

 

A successful colony was inoculated into 5 ml of LB medium containing the appropriate 

antibiotic (30 μg/ml). The cells were cultured at 37 ºC, 220 rpm for 12 h. The cells were 

harvested by centrifugation at 4 ºC, 4600 rpm for 10 min. 200 μl of Solution 1 (25 mM 

Tris-HCl pH 8.0, 10 mM EDTA, 50 mM glucose and 6 μ/ml RNase A (NEB) was 

added to resuspend a cell pellet following incubation at RT for 10 min. 400 μl of fresh 

Solution 2 (1% SDS and 0.2M NaOH) was added. The samples were mixed and incuba-

tion on ice for 5 min. 300 μl of Solution 3 (3M KAc pH 4.8) was added, mixed and in-

cubated on ice for 10 min. After centrifugation at 4 ºC, 13 000 rpm for 10 min, 400 μl of 

the supernatant was taken to precipitate plasmid with 100% ethanol. Plasmid pellet was 

washed with 70% ethanol. DNA was resuspended in 100 μl of water prior phenol 

chlrophorm extraction and ethanol precipitation (Section 2.1.11). Plasmid was resus-

pended in 50 μl of TE.1 buffer. Plasmid concentration was determined by measuring 

A260 using nanodrop machine with further sending for sequence verification. 
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2.1.6 Sequence analysis 

 

250 ng of each plasmid DNA was used per one sequencing reaction. Primers comple-

mentary to the vector (Frw: GCCACCTCTGACTTGAGCGT; Rev: AGGTCAGGGT 

GGTCACGAG) were supplied at the concentration of 1 pmol/µl. Sequencing was done 

by Protein Nucleic Acid Chemistry Laboratory (PNACL; University of Leicester). 

 

2.1.7 Growing calcium competent cells  

 

5 ml bacterial cell culture was incubated at 37 ºC, 220 rpm overnight (O/N). The culture 

was diluted 1:100 in fresh LB medium (100 ml) and grown until OD600 reached 0.5. 

Cells were collected by centrifugation for 10 min at 3000 rpm and 4 ºC. This was fol-

lowed by resuspending a cell pellet in 25 ml of 0.1 M CaCl2 and incubated on ice for 30 

min. Cells were collected by centrifugation under the same conditions and resuspended 

in 4 ml of 0.1 M CaCl2 and 15% glycerol. 50 µl aliquots were frozen using dry ice and 

industrial methylated spirit and stored at -80 ºC. 

 

2.1.8 Routine PCR  

 

Red Taq DNA Polymerase (Sigma) was used to optimize PCR conditions, amplify a 

gene of interest after reverse transcription and generate DNA templates for in vitro tran-

scription and transcription/splicing assays. A 50 µl reaction mixture contained 1 mM of 

each forward and reverse primers, 1x buffer, 0.4 mM dNTPs, 50 ng of DNA and 1 U of 

Red Taq DNA polymerase. The reaction was prepared on ice. Cycle conditions were set 

up according to manufacturer’s recommendations, primer annealing temperature and a 

length of a gene. The number of cycles was 35. On completion PCR reactions were ana-

lysed by agarose gel electrophoresis (Section 1.1.3).  
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Oligonucleotide 

name 

Oligonucleotide sequence 

P16  AAATTAATACGACTCACTATAGGGCTGCTGGTTGTC

TACCCA 

P17  AACTTACCTGCCAAAATGATGAGACAGCAC 

CMV Frw ATAGTAATCAATTACGGGGTCATTAGTT 

Bg 3 Rev TGCCAAAATGATGAGACAGCACAA 

RON 10 Frw AAATTAATACGACTCACTATAGGGTGTGAGAGGCA

GCTTCCAGA 

RON 12 Rev CTAGCTGCTTCCTCCGCCAC 

T7-GFP AAATTAATACGACTCACTATAGGGCGCCACCATGGT

GAGCAA 

GFP Rev CAGCTCGATGCGGTTCACCA 

GFP-U1 BS Rev AACTTACCTCAGCTCGATGCGGTTCA 

T7-Bcl-X Frw AAATTAATACGACTCACTATAGGGCGTGATCCCCAT

GGCA 

Bcl-X Rev TACTTACGTCATGCCCTGGCCACA 

T7-U1 Frw AAATTAATACGACTCACTATAGGATACCTTACCTGG

CAGGGGAGATACCA 

U1 Rev CAGGGGAAAGCGCGAACGCA 

Table 2.2. List of primers used for PCR amplification of DNA templates for in vitro 

transcription and co-transcriptional splicing.  

 

2.1.9 PCR with radiolabelled nucleotides  

 

PCR with radiolabelled dTTP nucleotide was done to label DNA templates for DNA-

protein complexes analysis. 0.5 µl of [α-32P] dTTP (10 mCi/ml, 3000 Ci/mmol; Perki-

nElmer) was added to a 50 µl Red Taq PCR reaction. The components of the reaction 

mixture are described in Section 2.1.8. On completion PCR reactions were analysed by 

agarose gel electrophoresis (Section 1.1.3). 

 

2.1.10 Phenol-chloroform extraction and ethanol precipitation of PCR products  

 

The procedure was performed at RT. PCR products were diluted in autoclaved ultra-

pure water reaching 100 μl. 1 volume of Phenol: Chloroform: Isoamyl alcohol (25:24:1) 

was added to the samples, mixed by vortexing and centrifuged for 3 min at 13000 rpm. 

The upper aqueous phase was collected in a fresh tube and this step was repeated. In a 

fume hood 100 μl of chloroform was added to the sample, mixed by vortexing and span 

under the same conditions. This step was repeated. The volume of the samples was as-

sessed. 1/10 volume of 3M NaAc pH 5.2 and 2 volumes of 100% ethanol were added 
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and mixed by shaking. After centrifugation at 13000 rpm for 15 min, the supernatant 

was removed. A DNA pellet was washed with 100 μl of 70% ethanol and span applying 

the same conditions. After drying, DNA was resuspened in 20 μl of TE.1 buffer. The 

samples were stored at -20 ºC.  

 

 

2.2 In vitro RNA techniques 

 

2.2.1 In vitro transcription with radiolabelled nucleotides (“Hot transcription”) 

 

Transcription reactions were prepared at RT. DNA fragments containing the T7 pro-

moter at the 5’ end were generated by PCR. The homemade T7 RNA polymerase was 

used to generate transcripts for in vitro splicing assays. The reaction mixture (10 μl) 

contained transcription buffer (40 mM Tris pH 7.5, 6 mM MgCl2, 10 mM NaCl), 0.5 

mM ATP, 0.5 mM CTP, 0.5 mM UTP, 0.05 mM GTP (Promega), 50 ng DNA template, 

10 U RNaseOut (Invitrogen), 5% T7 Pol (1:20 dilution), 1 mM Ribo m7G cap analogue 

(Promega) and 0.5 μM [α-32P] GTP (10 mCi/ml, 3000 Ci/mmol; Pelkin Elmer). After 

incubation at 37 °C for 2 h, samples were mixed with 10 μl formamide dyes (90 % v/v 

formamide, 50 mM EDTA, bromophenol blue and xylene cyanol) and fractionated on 

6% denaturing polyacrylamide gel electrophoresis (Section 2.2.3). RNA was visualized 

using x-ray film (Fujifilm) and excised with a clean scalpel. RNA was eluted O/N at 4 

ºC using 300 μl RNA Elution buffer (0.5 M NaCl pH 4, 0.2 % SDS, 1 mM EDTA 0.5 M 

pH 8).  

  

2.2.2 In vitro transcription without radiolabelled nucleotides (“Cold transcription”) 

 

Transcription reactions were prepared at RT. DNA fragments containing the T7 pro-

moter at the 5’ end were generated by PCR. The home-made T7 RNA polymerase was 

used. The reaction mixture (100 μl) contained 40 mM Tris (pH 7.5), 6 mM MgCl2, 10 

mM NaCl, 0.5 mM ATP, 0.5 mM rCTP, 0.5 mM rUTP, 0.05 mM rGTP, 1 μg DNA 

template, 10U RNaseOut (Invitrogen), 5% T7 Pol (1:20 dilution) and 1 mM Ribo m7G 

cap analogue (Promega). After incubation at 37 °C for 4 h, DNA template was digested 

by RNase A (10 mg/ml). Samples were purified using S-300 column (GE Healthcare) 
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according to manufacturer’s recommendations. RNA was phenol-chloroform extracted 

and ethanol precipitated (Section 2.1.11). The pellet was dissolved in 30-50 μl TE.1 

buffer adding 10U RNaseOut. RNA was stored at -80 °C. 

 

2.2.3 Denaturing polyacrylamide gel 

 

20 ml and 40 ml gels contained 7 M Urea, 6 % acrylamide 19:1 bisacrylamide solution 

(National Diagnostics) and 1X TBE (89 mM Tris base, 89 mM boric acid, 2 mM 

EDTA). Polymerisation was achieved using 0.1% ammonium persulfate (AMPS) and 

0.002% TEMED (Sigma). Formamide dyes (10μl) were added to samples prior loading 

onto the gel. The electrophoresis was carried out for various times depending on the 

length of RNA. Splicing gels were dried and exposed to Phosphor screens (Packard) for 

analysis. 

 

2.2.4 RNA purification from polyacrylamide gel  

 

RNA eluted O/N was incubated at 30 ºC for 5 min. The liquid phase was transferred 

into a fresh tube. This was followed by the addition of 900 μl 100% ethanol and centrif-

ugation at 13000 rpm, RT for 15 min. The pellet was washed with 1 ml 100% ethanol 

and spun again. After drying, RNA was dissolved in 30-50 μl TE.1 buffer adding 10U 

RNaseOut. Transcripts were stored at -80 °C. 

 

2.2.5 In vitro standard splicing assay 

 

Samples contained 1.5 mM ATP, 20 mM creatine phosphate, 3.2 mM MgCl2, 20 mM 

Hepes (pH 7.5), 20 mM CrP, 50 mM KGlu, 0.05% NP-40, 30% nuclear extract (Cil-

biotech) and 1 μl of RNA (10-20 cps). For time-course and triplicate assays a reaction 

volume was 10 μl and 5 μl, respectively. The reaction mixtures were set up on ice and 

incubated at 30 °C for 2 h. Aliquots of 2 μl were taken into a microtitre plate on dry ice 

at 0, 30, 60 and 120 min. Samples were proteinase K treated, ethanol precipitated, dis-

solved in 10 μl of formamide dyes and heated at 80 °C for 30 sec. RNA was fraction-

ated on 6% denaturing polyacrylamide gel electrophoresis (Section 2.2.3). Quantifica-
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tion of pre-mRNA and splicing products was done using OptiQuant software. The inten-

sities of each band was normalized according to the number of guanines in each RNA 

specie. 

 

2.2.6 In vitro Pol II transcription/splicing assay 

 

Samples contained 1.5 mM ATP, 20 mM creatine phosphate, 3.2 mM MgCl2, 20 mM 

Hepes (pH 7.5), 20 mM CrP, 50 mM KGlu, 0.05% NP-40, 30% nuclear extract (Cil-

biotech), 10 U RNaseOUT (Invitrogen), 0.2 μM [α-32P] GTP and 1 μl of CMV-DNA. 

The concentration of DNA template was 10 ng/μl. For time-course and triplicate assays 

a reaction volume was 10 μl and 5 μl, respectively. The reaction mixtures were set up 

on ice and incubated at 30 °C for various times. Aliquots of 2 μl were taken into a mi-

crotitre plate on dry ice. The rest of the procedure was the same as described in Section 

2.2.5.   

 

2.2.7 In vitro T7 transcription/splicing assay 

 

Samples contained 1.5 mM ATP, 0.5 mM rCTP, 0.5 mM rUTP, 0.05 mM rGTP, 20 mM 

creatine phosphate, 3.2 mM MgCl2, 20 mM Hepes (pH 7.5), 50 mM KGlu, 20 mM CrP, 

0.05% NP-40, 30% nuclear extract (Cilbiotech), 10U RNaseOUT (Invitrogen), 0.2 μM 

[α-32P] rGTP (10 mCi/ml, 3000 Ci/mmol; Pelkin Elmer), 5% T7 Pol (1:20 dilution) and 

1 μl of T7-DNA. The concentration of DNA template was 10 nM. For time-course and 

triplicate assays a reaction volume was 10 μl and 5 μl, respectively. The reaction mix-

tures were set up on ice and incubated at 30 °C for various times. Aliquots of 2 μl were 

taken into a microtitre plate on dry ice. The rest of the procedure was the same as de-

scribed in Section 2.2.5.   

 

2.2.8 Inhibition of snRNAs using antisense 2’-O-methyl oligonucleotides 

 

To block the U1, U2 and U6 snRNAs 2’-O-methyl modified oligonucleotides were used 

at concentrations 5 μM, 4 μM and 2 μM, respectively. These oligonucleotides were 

added to either standard splicing or Pol II/T7 transcription/splicing assays. Samples 

were incubated for 15 min at 30 °C following the addition of RNA or DNA. The proce-

dures for SR, Pol II- and T7-TSR were the same as described in the above sections. The 
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concentrations of anti-U1/U2 and U6 2’-O-methyl oligonucleotides (in bold; Table 2.4) 

were 5 μM, 4 μM and 2 μM, respectively. Some batches of the NEs required to increase 

the concentrations of these oligos.   

 

2.2.9 Oligonucleotide-directed RNase H digestion 

 

DNA antisense oligonucleotides against the U1 (1-14), U2 (L15) and U6 (MB) snRNAs 

(Table 2.4) were used in HeLa NEs. 10 μl of reaction mixtures (SR or Pol II-TSR) in-

cluding the NE were supplemented with 0.2 U RNase H (NEB). Samples were incu-

bated for 15 min at 30 °C following the addition of RNA or DNA. The procedures for 

SR and Pol II-TSR were the same as described in the above sections.   

 

Name Sequence 

anti-U1 UGCCAGGUAAGUAU 

anti-U2 CAGAUACUACAGUUG 

anti-U6 CUGUGUAUCGUUCCAAUUUU 

1-14 TGCCAGGTAAGTAT 

L15 CAGATACTACAGTTG 

MB CTTCTCTGTATCGTTCCAATT 

Table 2.3. Oligonucleotides complementary to the U1, U2 and U6 snRNAs. Se-

quences in bold indicate 2’-O-methyl modification.   

 

 

2.2.10 Pulse chase of transcription/splicing assays 

 

Pol II-TSR and T7-TSR assays were set up as described in Section 2.2.6 and Section 

2.2.7. After incubation at 30 °C, unlabelled nucleotides (GTP) were added to reach the 

final concentration of 5 mM. The reactions were mixed well following further incuba-

tion.           

 

2.2.11 Antarctic Phosphatase and XRN-1 treatment 

 

10 ng of radiolabelled RNA were added to a mixture containing 3.2 mM MgCl2, 20 mM 

Hepes (pH 7.5), 50 mM KGlu, 0.05% NP-40, 0.1 mM ZnCl2, 1U of XRN-1 and 1.5U of 

Antarctic Phosphatase enzymes. The reaction volume was 10 µl. Samples were incu-

bated for 1 h at 30 °C. The efficiency of RNA digestion was analysed by 6% PAGE. 
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This was followed by phenol-chloroform extraction and ethanol precipitation of RNA 

(Section 2.1.11). Dry RNA pellet was resuspended in TE.1 buffer and stored at -80 °C. 

 

2.2.12 Proteinase K treatment and ethanol precipitation  

 

Time points were treated with 50 μl Proteinase K buffer (100 mM Tris-HCL pH 7.5, 

12.5 mM 0.5 M EDTA, 150 mM NaCl, 1 % SDS) supplemented with proteinase K (0.4 

mg/ml; Roche) for 15 minutes at 37 °C. 100 µl of 100% ethanol was added to the sam-

ples following centrifugation at 62000 rpm, RT for 15 min (Rotonta 460 R). The liquid 

was discarded using water pump. RNA was washed with 150 µl 100% ethanol and span 

again. 10 μl of formamide dyes were added to each sample prior loading on denaturing 

polyacrylamide gel. 

 

2.2.13 Analysis of spliceosomal complexes  

 

To analyze heparin-resistant complexes in SR and Pol II-TSR, the reaction mixtures 

were prepared as described in Section 2.2.5 and Section 2.2.6, respectively. The sam-

ples were incubated at 30 °C. Aliquots of 2 μl were taken at different time points into a 

microtitre plate on dry ice. Heparin at the final concentration of 0.8 mg/ml was added to 

each aliquot and incubated at RT for 30 min. This followed by the addition of 2 μl of 

TG loading buffer (1X TG buffer, 40% glycerol, bromophenol blue and xylene cyanol 

dyes) and loading the samples on 2% LMP agarose gel (Invitrogen) containing 1x TG 

buffer (50mM tris base and 50mM glycine). The gel electrophoresis was done at 4 °C, 

80V for 5 h for 2 exon construct or 8 h for 3 exon construct.  

 

2.2.14 Analysis of DNA-protein complexes in transcription/splicing assays 

 

The reaction mixtures were prepared as described in Section 2.2.6. The radiolabelled 

DNA templates under either the CMV promoter or T7 promoter were used. The proce-

dure was the same as for spliceosomal complexes and it is described in Section 2.2.14.  
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2.2.15 Synthesis of radioactive ladder 

 

To prepare a DNA ladder for radioactive labelling, the plasmid pBR322 (NEB) was di-

gested with the restriction enzyme HpaII (NEB). A sample (10 μl) contained 1 μg of 

plasmid DNA and 1 U of the restriction enzyme. Incubation was carried out at 37 °C for 

30 min. 1 μl of the digested DNA templates was added to a reaction mixture containing 

1 μl of T4 polynucleotide kinase (PNK; NEB), 1x PNK buffer and 1 μl of [γ-32P] ATP. 

The volume of the mixture was 10 μl. The sample was incubated at 37 °C for 30 min. 

Free nucleotides were removed by centrifugation through a G50 column (GE 

Healthcare) according to manufacturer’s recommendations. 50 μl of formamide dyes 

were added. The radiolabelled marker was heated at 80 °C for 8 min prior loading on a 

denaturing polyacrylamide gel. 

 

Sizes of DNA ladder fragments: 622, 527, 404, 307, 242, 238, 217, 201, 190, 180, 160, 

147, 123, 110, 90, 76 and 67. 

 

2.2.16 RNA extraction 

 

10 cm dish of HEK 293T cells was washed twice wish 5 ml ice cold 1x PBS buffer 

(136.89 mM NaCl, 2.68 mM KCl, 10.14 mM Na2HPO4, 1.76 mM KH2PO4). 2 ml of 

1x PBS buffer were used to collect cells in a fresh eppendorf tube. RNA was extracted 

by using RNeasy Mini Kit (Qiagen) according to manufacturer’s recommendations. 

RNA pellet was dried and resuspended in 30 μl of TE.1 buffer and stored at -80 °C.   

 

2.2.17 Reverse transcription 

 

2 μg of cell extracted RNA was mixed with 0.5 μg random primers (Promega) and made 

up to 17 μl with water. This was heated to 70 °C for 5 min and incubated on ice for 10 

min. A 17 μl reaction mixture contained 1 μl MMLV reverse transcriptase (RNase H-, 

Promega), 1x MMLV reverse transcriptase buffer and 0.5 mM dNTPs. The reaction vol-

ume was 25 μl. The samples were incubated at 37 °C for 1 h. 50 ng of cDNA was used 

for PCR using Phusion High-Fidelity DNA Polymerase (Thermo Scientific). PCR pro-

cedure was done according to manufacturer’s recommendations. 
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2.3 Mammalian cell biology techniques 

 

2.3.1 Establishing HEK 293T cells from a frozen stock  

 

An aliquot (1 ml) of HEK 293T cells was warmed up in hands. Cells were placed in a 

10 cm plate containing 9 ml of DMEM (Gibco) supplemented with 1% PenStrep 

(Gibco) and 10% FBS (Gibco). The plate was incubated at 37 ºC, 0.5% CO2. The con-

fluence of cells was assessed under Olympus Tokyo 10x microscope. The cell number 

was measured using a heamocytometer. When cells reached 70-80% confluence they 

were split.  

 

2.3.2 Freezing mammalian cells  

 

Cells were harvested using trypsin and centrifuged for 8 min at 1000 RPM. A mixture 

of 10 ml of 70% DMEM, 20% FBS and 10% DMSO was used to resuspend cells. The 

concentration of cells was measured by a haemocytometer. After diluting cells to 

achieve the concentration of 2x106/ml, they were frozen at -20 °C for 2 h, then -80 °C 

O/N and transferred to liquid nitrogen. 

  

2.3.3 Calcium chloride transfection  

 

HEK 293T cells were seeded at 5x105 cells per well of a six-well plate supplemented 

with 2 ml complete DMEM. When cells reached 30-40% confluence, the media was re-

placed and cells were incubated for 4 h. 10 μl of plasmid DNA (0.5-1 μg) was added to 

60 μl of ice cold CaCl2 buffer (1 mM Tris-HCL pH 7.5, 0.1 mM EDTA, 300 mM 

CaCl2) and 60 μl 1x HBS buffer (135 mM NaCl, 5 mM KCl, 0.7 mM mM Na2HPO4, 

5.5 mM glucose, 21 mM Hepes pH 7.05). The incubation was carried out on ice for 10 

min. The mixture was gently added to cells. After 24 hours, pre-warmed 

DMEM:DMSO solution (75% DMEM:25% DMSO) was added to cells for 3 min. Cells 

were washed twice with 100% DMEM and left for 24-48 h of incubation. After trans-

fection, fluorescence was detected using a Nikon Eclipse TS100 microscope at 40x and 

10x magnifications. A eGFP filter 460 nm-500 nm was used to detect eGFP fluoro-

phores. 
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3.1 Introduction 

 

Understanding of the basic mechanisms of splicing reaction was achieved by the 

development of an in vitro splicing assay in which pre-made transcripts are spliced in 

HeLa nuclear extract (NE; Krainer et al., 1984). In this assay transcripts are generated 

by RNA T7 polymerase (T7 Pol) following their purification. After, naked pre-mRNA 

is added to the NE for splicing. This procedure is applicable if a study addresses 

questions about the mechanisms of splicing regulation by factors which have direct or 

indirect interactions with RNA sequences and their function does not depend on 

transcription. In living cells the molecular events of gene expression are dynamic and 

factors involved in one process can interact with those required for another process 

(reviewed by Bentley, 2014). To study the mechanisms of RNA processing at least 

reactions which follow one another do not have to be separated, as transcription and 

RNA maturation take place within or involve the Pol II transcription complexes. 

Differences in splicing outcomes obtained from in vitro and in vivo studies supported 

the model of co-transcriptional splicing regulation (reviewed by Kornblihtt et al., 2013). 

For example, in living cells introns of 55,000 nt in length are efficiently removed, while 

in vitro they have to be significantly shortened (for example Bcl-X; Cloutier et al., 

2008; Weldon et al, 2016). Intron excision takes several minutes in vivo, while up to 

one hour is needed for splicing reaction in vitro (Mueller and Hertel, 2014). Also, it has 

to be taken into account that after in vitro transcription RNA is kept in buffers suitable 

for storage, but these conditions can greatly affect the structure of RNA, which to some 

extent can be different to that in the nucleus. Proteins bound to RNA can change its 

structure which, in turn, makes an impact on splicing outcome (Glisovic et al., 2008). 

Therefore, due to limitations of in vivo technologies, splicing regulation has to be 

studied in a combined in vitro reaction. In a recapitulated in vitro system even if RNA 

has been released from Pol II and it enters the splicing pathway in the same manner as it 

happens in the conventional in vitro splicing assay but structural properties of the newly 

synthesised RNA could be different. This can happen because RNA might be trapped 

by proteins as soon as it emerges from the polymerase exit pore. This can result in the 

natural RNA structure organisation. Therefore, to address questions about potential 

effects of Pol II transcription on splicing and test plausible roles of splicing factors in 

Pol II transcription it would be helpful to validate a model system that would support 
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transcription and splicing in the NE. Factors that mediate coupling between Pol II 

transcription and splicing can be elucidated by this approach.  

 

To investigate whether two processes affect one another, they have to be studied in a 

comparison with an uncoupled reaction. The conventional splicing assay is an 

uncoupled reaction as pre-made transcripts are added to the NE. However, an assay in 

which transcription is carried out by a polymerase which could not be implicated in 

coupling transcription to RNA processing is a better system. T7 RNA polymerase (T7 

Pol) has no domain responsible for the recruitment of RNA processing factors (Skinner 

et al., 2004). It is widely used to generate transcripts in vitro which are efficiently 

spliced in a separate reaction in the presence of the NE. Therefore, an assay in which 

transcripts are synthesized by T7 Pol in the presence of the NE is necessary to test. 

Although T7-TSR and the conventional splicing reaction (SR) are both uncoupled 

reactions and transcripts are produced by T7 Pol but there is a significant difference 

between these two systems. In T7-TSR released RNA in the NE may exhibit different 

secondary structure to that of pre-synthesised RNA. Therefore, to study effects of Pol II 

transcription machinery on splicing, a reaction in which transcripts are synthesized by 

T7 Pol in the presence of NE is ideal. The establishment and optimization of Pol II and 

T7 transcription/splicing assays will be described in this chapter. The effects of Pol II 

transcription on constitutive and alternative splicing and spliceosome assembly were 

investigated in this study and will be described below.  

 

 

3.2 Establishing an in vitro Pol II transcription/splicing assay 

 

In previous studies, significant progress was achieved in developing an in vitro 

transcriptional splicing assay that allowed transcription and splicing to occur 

simultaneously (Ghosh et al., 2000; Das et al., 2006; Hicks et al., 2006). Previously, 

DNA constructs with various Pol II promoters were tested (Lazerev and Manley, 2007). 

The most efficient transcription and splicing were obtained with substrates containing a 

cytomegalovirus (CMV) promoter. Based on this, the CMV promoter having the core 

elements and enhancers was used in this study. To establish an in vitro 

transcription/splicing reaction (TSR), a β-globin (Bg) mini-gene was used, comprising a 
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sequence of the second exon, a shortened second intron and the beginning part of the 

third exon (Skordis et al., 2003; Hodson et al., 2012). Previously in the laboratory, the 

5’SS of Bg was replaced with the consensus 5’SS (CAGGGTGAGT---CAGGTAAGT) 

in order to achieve full complementary with the 5’ end of the U1 snRNA (Hodson et al., 

2012). Prior to testing this substrate in Pol II-TSR, the Bg mini-gene was cloned into 

EGFP-C1 plasmid containing the CMV promoter (Materials and Methods). As a result, 

the gene was fused downstream from the CMV promoter. Bg mutants with inactivated 

splice sites and other constructs having different gene origins were cloned into the 

EGFP-C1 plasmid to attach the CMV promoter to the 5’ end of mini-genes.  

 

CMV-Bg DNA template was amplified by PCR using a CMV Frw primer and either 

primer P17 or Bg 3 Rev (Table 2.2; Materials and Methods). PCR fragments amplified 

by CMV Frw and P17 primers contained the 5’SS at the 3’ end because primer P17 

contained the consensus 5’SS (Figure 3.1 A). This was used with the aim to increase a 

stability of pre-mRNA, demonstrated in the laboratory earlier (Hodson, 2011). This 

construct will be further called Bg C. PCR fragments amplified by CMV Frw and Bg 3 

Rev primers did not contain the 5’SS at the 3’ end. This construct will be further called 

Bg K. The majority of experiments were carried out using the Bg C construct. P16 and 

P17 primers (Materials and Methods) were used to amplify a Bg C mini-gene 

containing a T7 promoter (from P16). This DNA fragment was used for transcribing 

pre-mRNA by T7 Pol for further use in a conventional in vitro splicing reaction (SR). 

The efficiency of Pol II-TSR system will be compared with standard SRs in which the 

optimal potassium, magnesium and HeLa NE concentrations were previously 

established in the laboratory.  

 

HeLa NE has been widely used to study the mechanisms of splicing regulation using in 

vitro assays, in which pre-made pre-mRNA is spliced with high efficiency. Since the 

NE also contains transcription factors including Pol II, it is also widely used for 

studying transcription. Therefore, the protocol for in vitro TSR was adapted from a 

standard SR by adding the components required for transcription such as a DNA 

template containing a CMV promoter, radiolabelled nucleotides and RNase inhibitor 

(Folco and Reed, 2014). The exact conditions and salt concentrations used in this study 

are described in detail in Materials and Methods. 100 ng of the CMV-Bg C PCR 

product of 977 bp (Figure 3.1) and 2 fmol  of pre-made Bg C pre-mRNA (385 nt) were 
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incubated in two different commercial HeLa NEs (A: batch number 5317 and B: batch 

number 5343). RNA transcribed in TSR was visualised by adding trace amount of [α-

32P] GTP (0.66 µM). It was found that efficient transcription varied among NEs, even 

though they supported splicing with equal efficiency (Figure 3.1 B). Splicing products 

such as mRNA and intermediates were assigned in conventional SR in the laboratory 

previously. There were three bands detected in TSR.  

 

A 

 

 

 

 

B 

 

 

 

 

 

 

 

 

Figure 3.1. Schematic of the Bg C DNA template used for Pol II polymerase-driven 

RNA synthesis. CMV promoter (open box) and the position of the transcription start 

site are shown. The grey boxes represent exons 2 and 3 of rabbit Bg gene. The intron is 

shown in the black box. Transcription from the CMV promoter starts at 22 nt upstream 

of the 5’ end of the exon 2. Therefore, a smaller open box represents extra 22 nt 

transcribed from the CMV promoter and this piece of RNA becomes a part of the exon 

2. The positions of the 5’ and 3’ splice sites are indicated. The consensus 5’SS at the 3’ 

end is shown as a red box. The sizes of exons, intron and CMV promoter are indicated. 

(B) Testing different commercial nuclear extracts (A and B) in splicing and 

transcription/splicing reactions (SR and TSR). The concentration of CMV-Bg C DNA 

template in each sample was 10 ng/μl (reaction volume was 10 μl). The experiment was 
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done in triplicate. Incubation was carried out for 90 min. RNA was fractionated on 6% 

denaturing polyacrylamide gel. Radiolabelled nucleotides (GTP) get incorporated into 

the pre-mRNA during transcription and allow detection of the splicing products using 

phosphorimager screens. Icons illustrated to the left hand side of the gel indicate the 

positions of pre-mRNA and species produced as a result of splicing (mRNA and 5’ 

exon) in SR. Pre-mRNA and splicing products in TSR were not assigned at this point.  

 

 

In the time-course experiment transcripts having different length were visualized 

(Figure 3.2 A). These products were not present when the general transcription inhibitor 

Actinomycin D (Act D), which is known to bind to DNA leading to transcription 

inhibition (Sobell, 1985), was used at the start of the reaction. Since not all reaction 

products appeared simultaneously and some were accumulated over the course of 

incubation, it was possible to differentiate pre-mRNA from mRNA. Also, assignments 

can be validated by staling splicing at certain steps of the spliceosome formation. 

Therefore, splicing was inhibited by a 2’-O-methy oligonucleotide that anneals to a part 

of the U6 snRNA (27–46 nt) that forms a duplex with the U2 snRNA during splicing 

(Materials and Methods; Table 2.3; Dönmez et al., 2007). The NE was incubated with 

this oligonucleotide for 15 min at 30oC prior to the addition of the CMV-Bg C DNA. 

This was followed by further incubation for 120 min. As a result, the precursor was 

observed as one band accumulating with time while other species were absent in this 

sample (Figure 3.2 B). This suggests that the observed bands in the uninhibited reaction 

were the mRNA and the 5’ end exon intermediate. It is apparent that transcription and 

splicing occur sequentially.   

 

The length of precursor and splicing products in TSR was determined based on their 

electrophoretic mobility relatively to the radiolabelled markers (Figure 3.2 C). The 

origin of splicing products in SR was assigned in the laboratory previously. However, 

all transcripts in TSR were longer by 22 nt because transcription starts at the position 

+22 from the 5’ end of the gene (Figure 3.1 A). Therefore, Pol II transcription yields Bg 

C pre-mRNA of 407 nt in length. In this reaction splicing of Bg C precursor produces 

mRNA of 300 nt and the intermediate 5’ exon is 246 nt. In some experiments, the 

intermediate 3’ exon lariat (161 nt) and intron lariat (107 nt) were not detected, but they 

could be observed in others (for example, Figure 3.10 C). From two systems the 
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products have similar electrophoretic mobilities, suggesting that the expected sites were 

selected. 
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B                                                                              C 

 

 

 

 

 

 

 

Figure 3.2. An in vitro Pol II transcription/splicing system. (A) Effect of Actinomy-

cin D on Pol II transcription. Actinomycin D (Act D) was titrated with increasing con-

centrations. DMSO was used as a control as Act D was dissolved in 10% DMSO. The 

final concentration of DMSO in each reaction was 1%. DMSO and Act D were added at 

the beginning of the reaction. (B) Anti-U6 snRNA 2’-O-methyl oligonucleotide-medi-

ated inhibition of splicing in Pol II-TSR. The oligonucleotide at the concentration of 2 

μM was added to inhibit splicing with the aim to assign splicing products. (C) PAFE of 

time-course Pol II-TSR with the marker. The MspI digest fragments of pBR322 DNA 

were used as size markers. Icons illustrated to the left hand side of the gel indicate the 

positions of species produced as a result of transcription and splicing. M refers to the 

marker with indicated sizes. (A, B and C) Time points of 0, 30, 60 and 120 min were 

taken. 
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To confirm that Pol II was responsible for the observed transcription, 5, 6-dichloro-1-β-

D-ribofuranosylbenzimidazole (DRB) compound was used as it has been shown that Pol 

II is the only polymerase sensitive to this molecule (Yankulov et al., 1995). DRB di-

luted in 10% DMSO was added at the start of the reaction at different concentrations 

(Figure 3.3). Quantification of pre-mRNA and splicing products was calibrated accord-

ing to the number of GTP. The level of transcription was calculated as the sum of the 

pre-mRNA, mRNA and 5’ exon intermediate molecules. The result showed that the 

level of transcription was reduced, indicating that pre-mRNA synthesis is carried out by 

Pol II. There was a threefold decrease in transcription level in the sample with 50 μM 

DRB. Interestingly, transcription at 60 min incubation was of the same level in the sam-

ples with the two concentrations of DRB, while at 120 min it was different, fitting the 

progressive inhibition of Pol II elongation.  

 

 

3.2.1 CMV-Bg C DNA titration 

 

Although conditions for Pol II-TSR have been optimized previously by other groups 

(Ghosh et al., 2000; Das et al., 2006; Hicks et al., 2006), there could be differences in 

the efficiency of the NE used in this study. The most obvious starting point for 

optimization was to titrate DNA with the aim of obtaining optimal Pol II transcription 

and splicing efficiency. Initially, 100 ng of CMV-DNA was used. CMV-Bg C DNA 

template was used to optimize TSR conditions in further experiments. The amount of 

DNA was optimized in a range between 50 and 200 ng per 10 μl reaction. The result 

showed a linear increase in the level of RNA during incubation for all samples (Figure 

3.4). There were equal amounts of transcripts made in the reactions with 100 ng and 200 

ng of DNA, suggesting a limiting capacity of the NE. The graph shows that the highest 

level of RNA was generated in the reaction with 150 ng of DNA. Based on the data 

obtained from the samples with 100 ng and 200 ng it is expected that the level of 

transcripts should be similar in the sample with 150 ng. The experiment was not done in 

triplicate and the result from the sample with 150 ng was attributed to loading error. 

Since Pol II-TSR with 100 ng of CMV- Bg C DNA represented high levels of 

transcription, this amount of DNA was used in further experiments. 
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Figure 3.3. Effect of DRB on transcription. (A) DRB titration in transcription/splicing 

reaction. The experiment was done in triplicate and incubated for the indicated time. 

DRB was dissolved in DMSO and added to the samples to produce the final 

concentration indicated. Final concentration of DMSO was 1%. Icons illustrated to the 

left hand side of the panel represent pre-mRNA, mRNA and 5’ exon. (B) Graph shows 

quantification of transcription levels (sum of the pre-mRNA, mRNA and 5’ exon) of the 

data (A) versus time. 
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Figure 3.4. Optimisation of Pol II transcription/splicing system. (A) CMV-Bg C 

DNA template titrated with increasing concentrations. The amount of input DNA in 10 

μl reaction is represented. M refers to the marker with indicated sizes. The MspI digest 

fragments of pBR322 DNA were used as size markers. Time points of 0, 30, 60 and 120 

min were taken. (B) Transcription level (sum of the pre-mRNA, mRNA and 5’ exon) 

from (A) was plotted versus time. The amount of RNA in each band was calculated as 

total counts divided by the number of GTP located in RNA sequences.  
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3.2.2 Carrier DNA titration 

 

It was found previously in the laboratory that not all RNA molecules are committed to 

splicing as some either undergo degradation or get adsorbed onto the plastic walls of a 

test tube. To investigate the proportion of DNA being transcribed, the amount of CMV-

DNA in the presence of carrier DNA which lacks the CMV promoter was reoptimized. 

To obtain a carrier DNA, TOPO plasmid containing RON mini-gene was used for PCR 

amplification using RON 10 Frw and RON 12 Rev primers (Materials and Methods; 

Smith et al., 2013). This DNA template was titrated while the amount of input CMV-Bg 

C DNA was 10 ng in all reactions (Figure 3.5). The experiment showed increased 

transcription in the samples with 100 ng and 200 ng of carrier DNA. Transcription was 

inhibited by carrier DNA at the amount of 400 ng. It is suggested that transcription 

factors could associate with a sequence of carrier DNA. There was a band above the 

pre-mRNA in the reactions with carrier DNA but its nature was not determined. It is 

clear from the appearance of weak bands in the mock sample (10 ng CMV-Bg C DNA) 

in comparison to other samples that a significant proportion of CMV-Bg C DNA did not 

participate in transcription as transcripts are barely detectable in the mock sample. 

Based on the levels of transcripts, twice as much DNA became available for 

transcription if the carrier DNA was present (samples: 100 ng or 200 ng; Figure 3.5 B), 

suggesting that DNA undergoes degradation in the NE. Although the transcription level 

was equal in the reactions containing 100 ng and 200 ng RON DNA but the mRNA/pre-

mRNA ratio was higher in the reaction with 100 ng (Figure 3.5 C). Splicing was 

inhibited by the abundant RON DNA (400 ng). To explain this, it is possible that 

splicing regulators could associate with transcription factors (Fong and Zhou, 2001), 

forming complexes and, if these factors could interact with the abundant DNA 

templates, this could deprive pre-mRNA of splicing factors. In conclusion, since, in all 

experiments 100 ng CMV-DNA was used, it is assumed that only 50% of DNA 

template was used for transcription.    
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Figure 3.5. Transcription by Pol II is enhanced in the presence of carrier DNA (I). 

(A) Time course of Pol II transcription with carrier DNA. The amount of input carrier 

DNA (RON PCR fragment) in 10 μl reaction is represented. The amount of CMV-Bg C 

DNA was constant in each reaction (10 ng). Time points of 0, 30, 60 and 120 min were 

taken. (B) Quantification of transcription level at 120 min time point. (C) The ratio 

between mRNA and pre-mRNA at 120 min time point is shown in the diagram. 

 

 

In the next experiment, equal amounts of carrier DNA (150 ng) were used and the 

concentration of CMV-Bg C DNA template was titrated in 10 μl of Pol II-TSR (Figure 

3.6 A). Time points at 50, 90 and 120 min were taken. The result showed that 

transcription was enhanced proportionally to the increased amount of CMV-Bg C DNA 

(Figure 3.6 B). The most efficient transcription was under conditions in which the 

amount of CMV-Bg C DNA was 25 ng. Interestingly, there was no significant increase 

of transcription with time in all samples. There are two reasons behind this. First, RNA 

might not be steady stable. Second, at later time of incubation ATP become limited. 

This experiment allowed conditions to be identified in which the highest transcription 

level can be achieved with relatively similar mRNA/pre-mRNA ratio (Figure 3.6 C). 

Pol II-TSR conditions comprising 150 ng of carrier DNA and 25 ng of CMV-DNA 

were used in experiments in which the spliceosome complexes assembly was 

investigated (Section 3.5). These conditions allowed the detection of complexes with 

the highest resolution.  
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Figure 3.6. Transcription by Pol II is enhanced in the presence of carrier DNA (II). 

(A) Time course of Pol II transcription with carrier DNA. The amount of input CMV-Bg 

C DNA in 10 μl reaction is represented. The amount of carrier DNA (RON PCR frag-

ment) was constant in each reaction (150 ng). Time points of 0, 50, 90 and 120 min 

were taken. (B) The graph shows quantification of transcription levels from (A). (C) 

The ratio between mRNA and pre-mRNA at 120 min time point is shown in the dia-

gram. 

 

 

3.2.3 Effects of exogenous nucleotides on Pol II-TSR 

 

In the original protocol (Materials and Methods), exogenous nucleotides were used in 

TSR. By measuring the amount of radioactivity of nucleotides incorporated into pre-

mRNA during transcription, we would be able to infer the concentration of pre-mRNA 

in TRS. However, the presence of endogenous NTPs would complicate the analysis. To 

test this, reactions were done in the absence of exogenous CTP and UTP, such that 

transcription could only take place if there were endogenous rNTPs that had survived 

dialysis. Each sample contained equal amounts of [α-32P] GTP. As shown in Figure 3.7, 

the intensity of bands was increased in the reaction supplemented with ATP and lacking 

exogenous CTP and UTP nucleotides. This experiment also suggests that nucleotides 

present in the NE are not limiting factors for efficient transcription. In all further 

experiments unlabelled CTP, GTP and UTP nucleotides were not used, but ATP and [α-

32P] GTP. The concentration of radiolabelled RNA being synthesised in Pol II-TSR was 

not measured because the amount of endogenous nucleotides in the NE was not known. 
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Figure 3.7. Effect of exogenous nucleotides on transcription level. Testing ATP and 

rNTP mix in Pol II-TSR. 0.66 µM [α-32P] GTP was used in each sample. The final con-

centration of exogenous ATP in each sample was 0.5 mM. In the sample in which exog-

enous NTPs were added, the concentrations of three UTP/CTP and GTP were 0.5 mM 

and 0.05 mM, respectively. (B) Transcription level from (A) was quantified and plotted 

versus time.   
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3.2.4 Testing long constructs in Pol II-TSR 

 

To investigate whether Pol II-TSR can also be efficient on long DNA templates than 

407 bp (Bg C), we tested under the same conditions as before a DNA template three 

times longer than Bg C. Plasmid CPXJ41, containing a Nrxn2 mini-gene downstream of 

the CMV promoter, was used (provided by Professor D Elliott, Newcastle). The Nrxn2 

construct contains three exons and two introns (Figure 3.8 A). Exon 2 of Nrxn (90 bp) 

with flanking intronic sequences was cloned into the second intron of rabbit β-globin 

gene (Ehrmann et al., 2013). The middle exon is subject to alternative slicing, so, the 

Nrxn2 precursor (1166 nt) produces three-exon (inclusion, 276 nt) and two-exon 

(skipping, 186 nt) mRNA isoforms. For Pol II-TSR, Nrxn 2 mini-gene was PCR 

amplified using CMV Frw and Bg 3 Rev primers (Materials and Methods). The results 

showed efficient production of pre-mRNA but no mRNA isoforms were detected during 

the course of incubation (Figure 3.8 B). To test if the bands migrating above the pre-

mRNA are lariat intermediates of splicing, splicing was blocked by sequestering the U6 

snRNA with 2’-O-methyl oligonucleotide. The top bands were lost, suggesting that they 

correspond to lariat intermediates. Since mRNA isoforms were not detected it is 

concluded that splicing was not completed under these conditions, but the splice sites 

were recognized. The spliceosome was able to assemble on the pre-mRNA progressing 

to Bact complex and the first transesterification reaction occurred. This suggests that 

some splicing factors required for the progression of the spliceosome complex C could 

be limiting or more time was needed for splicing to be completed. Since the Nrnx2 pre-

mRNA generated by Pol II was inefficient, it was not used in further experiments.    
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Figure 3.8. 1.2 kb transcript is efficiently synthesised by Pol II but splicing is not 

completed. (A) Diagram of chimeric Nrxn2 mini-gene and an alternative splicing pat-

tern. The variable exon 2 (open box) of Nrxn gene was cloned into the full length intron 

of rabbit Bg gene. The grey boxes represent exons 2 and 3 of rabbit Bg. The Bg exons 

were shortened. The length of exon 2 and 3 was 140 and 46 bp, respectively. The size of 

Nrxn 2 exon was 90 nt. The positions of the 5’ and 3’ splice sites are indicated. The 

sizes of pre-mRNA and mRNA isoforms are indicated. (B) Pol II transcription/splicing 

of Nrxn2 DNA fragment under CMV promoter. Time points of 0, 30, 60 and 120 

minutes were taken. An icon illustrated indicates the positions of pre-mRNA. Ani-U6 

snRNA 2’-O-methyl oligonucleotide was used to inhibit splicing in order to determine if 

the bands above pre-mRNA are lariat intermediates. 
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3.2.5 Testing homemade nuclear extracts in Pol II-TSR 

 

One of the possible applications of transcription/splicing system could be to test effects 

of different proteins in transcription and splicing. Commercial HeLa NE is often used 

for studying the mechanisms of splicing regulation in vitro. If a protein of interest has to 

be introduced with the aim of investigating its function, then a recombinant protein can 

be added directly to the NE. However, this can be challenging as full-length proteins are 

not always soluble and it is not easy to purify sufficient amounts of proteins. As 

alternative, the desired proteins can be overexpressed in human cells, prior to NE 

preparation. Unfortunately, in my experiments any “homemade” NEs prepared in the 

laboratory and tested in TSR did not support transcription (Figure 3.9), even though 

they were efficient in conventional in vitro splicing assays (data not shown). This 

suggests that transcription factors were lost during NE preparation. There are two 

possible reasons behind this. First, transcription factors were less positively charged and 

they were lost from the nucleus during the stages when cells are swollen and disrupted. 

Second, they are highly charged and stay bound to the chromosomal DNA and, 

therefore, not eluted in the high salt buffer C.      

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. Homemade HeLa nuclear extracts do not support efficient transcrip-

tion. B and C stand for commercial NE (batches numbers 5343 and 5314).  

Two different homemade NE were tested (HM1 and HM2). The experiment was done in 

triplicate. Linear CMV-Bg CDNA was used. The samples were incubated for 90 min.  
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3.3 Comparison of splicing between Pol II-TSR and SR assays 

 

3.3.1 Pol II transcription does not improve splicing efficiency 

 

The amount of pre-mRNA which undergoes splicing was compared between two 

optimised SR and Pol II-TSR systems to determine whether transcription driven by Pol 

II is able to affect splicing efficiency. The concentration of pre-made Bg C pre-mRNA 

was 2.3 fmol in each reaction. Quantification of pre-mRNA and splicing products was 

converted for number of GTPs in each specie. Splicing efficiency was calculated as the 

percentage of (mRNA+5’exon)/(pre-mRNA+mRNA+5’exon). The experiment showed 

that 70% pre-mRNA was spliced in Pol II-TSR while up to 90% of pre-made pre-

mRNA was spliced in standard SR (Figure 3.10 A and B). However, these 

measurements were not precise as pre-mRNA was still transcribing in the 

transcription/splicing system. To establish a “zero” time point for Pol II-TSR, 

transcription was allowed for 30 min and pulse chase was done by adding an excess of 

unlabelled GTP nucleotides (5 mM). This was followed by the incubation for another 

80 min. The experiment revealed that at 80 min time point, 65% pre-mRNA underwent 

splicing (Figure 3.10 C). Based on many experiments done in this study, splicing 

efficiency of Bg C in Pol II transcriptional/splicing system appeared to be maximum of 

70% 2h after the start of the reaction. The data suggests that Pol II transcription does not 

increase the rate of intron removal in comparison to standard SR assay.  
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Figure 3.10. Splicing efficiency is not enhanced in the Pol II transcription/splicing 

system. (A) Denaturing PAGE of conventional splicing reaction (SR) and Pol II tran-

scription/splicing reaction (TSR) in triplicates. Reaction conditions were identical ex-

cepting that some components required for transcription were added to TSR. Nuclear 

extract comprised 30% of the total volume. Pol II transcription and the splicing of 

presenthysised pre-mRNA were carried out for 90 min. (B) Splicing efficiency was cal-

culated as the percentage by the following formula: (mRNA+5’exon)/(pre-

mRNA+mRNA+5’exon) and shown in the diagram. Error values are standard deviation 

values. (C) Pol II transcription/splicing pulse chase assay. Transcription from CMV-Bg 

C DNA was allowed to proceed for 30 min and unlabelled GTP was added to a final 

concentration of 5mM. The samples were incubated further to the times shown. Apart 

from pre-mRNA, mRNA and 5’ exon, intermediate 3’ exon lariat and intron lariat are in-

dicated.  
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3.3.2 Pol II transcription does not enhance splicing kinetics 

 

The “recruitment model” of co-transcriptional splicing suggests that splicing factors are 

recruited to the nascent pre-mRNA by the transcription machinery leading to splicing 

enhancement (reviewed by Bentley, 2014). We hypothesised that if splicing were 

coupled to transcription in this in vitro system, then splicing kinetics would be enhanced 

resulting to faster intron excision as observed in vivo where it occurs on a timescale of 

0.5-2.5 min (Bauren and Wieslander, 1994), while in a conventional in vitro splicing 

assay it takes up to 60 min (Mueller and Hertel, 2014). We, therefore, investigated 

whether Pol II transcription can improve the kinetic characteristics of splicing. The 

splicing of pre-synthesized RNA added to HeLa NE and RNA produced by Pol II in the 

same extract were compared in time-course (Figure 3.11) which was run with evenly 

spaced time points (every 3 min). RNA was first clearly detectable at the 3 min time 

point. The 5’ exon intermediate and mRNA appeared in the Pol II-TSR at 18 min and 

24 min after the start of the reaction, respectively. In the corresponding SR, the 5’ exon 

was first detected at 9 min time point and mRNA was observed at 12 min. The rate of 

splicing was twice slower in transcription/splicing system in comparison to that in the 

conventional splicing assay. The apparent difference in the splicing kinetics allowed 

concluding that in a detectable way Pol II transcription does not enhance the in vitro 

rate of intron removal.  

 

 

 

 

 

 

Figure 3.11. Splicing kinetics is not enhanced by Pol II transcription. (A) 

Denaturing PAGE of conventional splicing reaction (SR) and Pol II 

transcription/splicing reaction (TSR) set side-by-side. Time points are represented. 

Icons comprising pre-mRNA, mRNA and 5’ exon intermediate are indicated.  
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3.4 Establishing an in vitro T7 transcription/splicing assay 

 

Conventional SR is supplemented with pre-made splicing substrate, whereas in TSR a 

precursor has to be transcribed by Pol II. Therefore, a more valid comparison for the Pol 

II system has to be a reaction in which transcription occurs by a polymerase that is not 

implicated in coupled transcription and splicing. For this, HeLa NE can be 

supplemented with phage T7 polymerase (T7 Pol), and T7 transcription/splicing 

reaction (T7-TSR) would be able to carry out two processes. Some studies compared 

three systems (Ghosh and Garcia-Blanco, 2000; Das et al., 2006) and used their 

comparison as a basis for claims. It was found that transcripts generated by Pol II are 

spliced more efficiently than the T7 Pol counterparts. Also, the splicing rate was 

enhanced by Pol II in comparison to that in T7-TSR. Thus, whether pre-made T7 

transcripts were directly added to the NE or produced in the NE, the yield of spliced 

mRNA was low in comparison to Pol II counterparts. Based on these data it was 

concluded that in vitro Pol II-TSR system recapitulates functional in vivo coupling 

(Ghosh and Garcia-Blanco, 2000; Das et al., 2006). However, it was not clear why pre-

mRNA being transcribed by T7 Pol in a separate reaction and then added to the NE 

splices efficiently while pre-mRNA transcribed by T7 Pol in the presence of NE is 

barely spliced. To answer this question, a T7-TSR assay in which transcription is 

carried out by T7 Pol in the NE was optimized in this study. For this, a DNA construct 

containing the Bg C gene under the T7 promoter was used. 

 

3.4.1 Splicing does not occur in T7-TSR  

  

To establish T7 transcription/splicing assay, first a titration of T7 Pol concentration was 

done. 10 ng/μl of T7-Bg C DNA was used. The result showed that T7 transcription 

occurred in the presence of NE as some transcription products were detected (Figure 

3.12 A). Since more mRNA was detected in the reaction with 5 µg/μl of T7 Pol, this 

concentration of T7 Pol was used in further experiments. To differentiate the precursor 

from splicing products, splicing was prevented by using anti-U6 2’-O-methyl 

oligonucleotide (Figure 3.12 B).The result was consistent with the previous findings 

(Ghosh and Garcia-Blanco, 2000; Das et al., 2006l; Hicks et al., 2006), showing 
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efficiently transcribed pre-mRNA by T7 Pol in the presence of NE but barely any 

spliced mRNA was detected (3%).  
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Figure 3.12. RNA transcribed by T7 polymerase does not splice in HeLa nuclear 

extract. (A) Titration of T7 polymerase in vitro T7 transcription/splicing assay. The 

concentration of the polymerase is indicated. (B) Time course of T7 transcription/splic-

ing system. Ani-U6 snRNA 2’-O-methyl oligonucleotide was used to inhibit splicing 

and assign splicing products. (A and B) Time points of 0, 30, 60 and 120 min were 

taken.  
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3.4.1.1 Spliceosome assembly in T7-TSR 

 

To characterize the spliceosome complexes in T7-TSR, they can be compared with 

complexes formed on pre-made pre-mRNA in SR using electrophoresis in native gels 

(Hodson et al., 2012). As described in Chapter 1, the spliceosome assembles on a pre-

mRNA in a series of sequential reorganizations, and complexes can be characterized by 

using inhibitors to stop spliceosome formation at different points.  

 

Based on data on the concentration of oligonucleotides needed to efficiently inhibit 

snRNPs (Hodson et al., 2012), the progression of splicing complexes was prevented at 

certain points by blocking snRNPs by antisense oligonucleotides in SR and T7-TSR. 

The inhibition of the 5’ end of the U1 snRNA using 2’-O-methyl oligonucleotide 

(Materials and Methods; Table 2.3) led to a complete inhibition of complexes in T7-

TSR (Figure 3.13 A), suggesting that these are the spliceosome complexes. It is 

concluded that complex assembly was abolished as it depends on the U1 snRNP (Reed, 

1990). Splicing was not completely inhibited in SR as some complexes were still 

visualized. To stall the spliceosome at complex E, the NE has to be depleted of ATP 

before addition to a splicing reaction because complex E is defined as being ATP-

independent (Michaud and Reed, 1991). However, this method is not applicable in 

transcription/splicing assay, because transcription requires ATP. The function of the U2 

snRNP was inhibited by incubating extracts with anti-U2 2’-O-methyl oligonucleotide 

which prevents the U2 snRNA base-pairing with BP (Materials and Methods; Black et 

al., 1985). This led to staling the spliceosome in both reactions. By using antisense U6 

snRNA 2’-O-methyl oligonucleotide (Donmez et al., 2007), the spliceosome was 

sequestered and this complex is defined as complex A, as the transition from complex A 

to B depends on tri-snRNP (Chapter 1). This allows to assign complexes in the mock 

reaction in T7-TSR. There were three bands observed in the mock reaction (SR). 

Previously these were assigned as complexes A, B and C (Hodson et. al., 2012). Based 

on the appearance and electrophoretic mobility of the complexes formed on the pre-

mRNA transcribed by T7 Pol, it is concluded that the spliceosome progresses through 

complexes A and B. Complex C was not identified in T7-TSR but was formed after 10 

min of incubation in SR. It is suggested that the reaction conditions of T7-TSR are 

suitable for splice site recognition by the core splicing factors but the spliceosome does 

not progress through step 1 to complex C. Our results disagree with previous study (Das 
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et al., 2006) which showed that complex H is formed in T7-TSR as this complex was 

not detected in T7-TSR (Figure 3.13). 
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Figure 3.13. The spliceosome complexes are able to assemble on Bg C pre-mRNA 

generated by T7 polymerase but the spliceosome is stalled at complex B. (A) As-

signment of splicing complexes in T7-TSR and SR by sequestering the U1, U2 and U6 

snRNAs with 2’-O-methyl oligonucleotides. Samples were incubated with the oligonu-

cleotides, following by the addition of T7-Bg C DNA template and naked Bg C pre-

mRNA. T7-TSR and standard SR were set up side by side. Time points of 0, 5, 10 and 

15 min were taken. (B) Same as (A) but different time points. The reactions were incu-

bated for the times indicated. (A and B) Heparin was added to each sample. Complexes 

were fractionated on 2% low-melting-point agarose gel. The nonspecific complex H and 

the spliceosome complexes A, B and C are represented in letters on the sides of the pan-

els.  
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A more detailed time-course provided evidence of complex C’s existence in T7-TSR 

(Figure 3.13 B). It was found that the kinetics of the spliceosome formation in T7-TSR 

was slowed down compared to SR. Complex A was formed by 1 min in both samples. 

This suggests that the spliceosome is assembled on transcribing pre-mRNA as fast as on 

added pre-made RNA. The transition from complex A to B occurred between 5 and 10 

min in T7-TSR, while complex B was organised after 2.5 min of the start of the 

reaction. Complex C was assembled after 10 min in SR while 30 min were required for 

its assembly in T7-TSR. The efficiency of complex B to complex C transition could not 

be estimated because the complexes were not well separated and overlapped. However, 

it is clear that the transition of complex B to complex C was more efficient in SR than 

in T7-TSR. It is suggested that the spliceosome was stalled in complex B in T7-TSR. 

This observation is in line with the hypothesis that splicing factors are titrated out 

among abundant transcripts produced by T7 Pol leading to inability of the spliceosome 

to fully progress through the spliceosome cycle.  

 

The electrophoretic mobility of complexes A, B and C suggested that transcription by 

T7 Pol did not make an effect on the protein composition of the spliceosome. 

Remarkably, there was no complex H formed in T7-TSR. The observation that complex 

H is missing in T7-TSR suggests that, during splicing complex assembly in vitro, 

binding of non-spliceosomal proteins occurs (Reed, 1990), indicating that newly 

transcribed RNA is committed to splicing while pre-made pre-mRNA is bound by 

numerous proteins as soon as it has been added to the NE. This might happen because 

pre-made RNA is added to the NE in excess. Our results demonstrate that spliceosome 

assembly occurs in T7-TSR. This observation differs from previous study in which only 

complex H was detected on transcripts generated by T7 Pol in the NE (Das et al., 2006).  
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3.4.1.2 Degradation profiles of T7 transcripts 

 

Pulse chase experiment in which Pol II- and T7-TSR were assayed side-by-side showed 

that the amount of transcripts generated by T7 Pol was 3-5-fold higher in comparison to 

Pol II counterparts. The result revealed that RNA produced by T7 Pol was not 

committed to splicing but displayed significant degradation (Figure 3.14). In contrast, a 

degradation profile for Pol II transcripts showed that Pol II transcripts were more stable 

and committed to splicing. To test a hypothesis that T7 Pol has abilities to inhibit 

splicing, T7 Pol was added to Pol II-TSR (data not shown). The experiment showed that 

splicing was unaffected. 
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Figure 3.14. RNA transcribed by T7 polymerase undergoes degradation in HeLa 

nuclear extract. (A) Pol II and T7 transcription/splicing pulse chase assays. The zero 

time point refers to the addition of excess unlabelled GTP 30 min after the start of incu-

bation. Icons illustrated to the right hand side of the gel indicate the positions of pre-

mRNA, mRNA and 5’ exon in Pol II-TSR. T7 splicing products were not indicated as it 

was difficult to differentiate them from products of degradation. (B Quantification of the 

degradation profiles versus time is shown in the graph. 

 

 

3.4.2 Optimization of T7-TSR  

 

3.4.2.1 Testing cap analogue in T7-TSR 

 

The cap structure of RNA does not only provide resistance to 5’-3’exonucleases 

(Furuichi et al., 1977; Shimotohno et al., 1977) but is a critical determinant of RNA 

metabolism including pre-mRNA splicing (Konarska et al., 1984; Edery and Sonenberg, 

1985; Ohno et al., 1987; Patzelt et al., 1987; Jzaurralde et al., 1994; Lewis et al., 1996). 

Based on these data and the fact that transcripts generated by Pol II spliced efficiently 

(Figure 3.14), we suggested that capping, which occurs during Pol II transcription 

(Rasmussen and Lis, 1993), enhanced splicing whereas pre-mRNAs produced by T7 Pol 

did not undergo capping and, therefore, spliced poorly or degraded. Cap analogue 

(m7G(5’)ppp(5’)G) is usually used in an in vitro transcription assay for incorporation at 

the 5’ end of RNA. Further experiment to enhance mRNA yield in T7-TSR was done by 

using cap analogue. Cap analogue at a concentration used in a standard transcription 

assay (1mM) was added to T7- and Pol II-TSRs. The amount of input DNA in Pol II 

and T7 transcription/splicing assays was the same (10 ng/µl), but the concentration was 

16 nM and 38 nM, respectively. As can be seen in Figure 3.15 A and B, transcription by 

T7 Pol was remarkably improved (7-fold), suggesting that RNA was capped in the 

reaction. A reason for the observed elevated levels of transcription can be explained that 

the cap structure protects RNA from 5’ end degradation (Furuichi et al., 1977; 

Shimotohno et al., 1977). Some products of degradation but not mRNA were detected. 

In conclusion, the rate of splicing in this sample was not improved by the cap structure 

of the pre-mRNA.  

 

 

https://www.neb.com/products/s1404-m7g5ppp5g-rna-cap-structure-analog
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There are two plausible reasons behind the observed poor splicing of transcripts 

generated by T7 Pol in the reaction with cap analogue. First, cap analogue could 

compete for cap binding complex (CBC), in line with work showing that CBC is 

involved in splicing (Izaurralde et al., 1994). Second, since the amount of RNA 

generated in T7-TSR was three-fold higher than that for Pol II-TSR (Figure 3.15 B and 

C), it is suggested that in T7-TSR splicing factors were titrated out among abundant 

transcripts leading to inability of the spliceosome to assemble on all pre-mRNAs. The 

latter is in line with the evidence on inefficient spliceosome assembly (Figure 3.13 B).  
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Figure 3.15. Yield of Bg C splicing is not increased if pre-mRNA is capped in T7 

transcription/splicing system. Pol II and T7 transcription/splicing reactions either con-

taining or lacking the cap analog (m7GpppG) were incubated during the indicated time. 

Pre-made capped and uncapped Bg C pre-mRNAs were spliced in standard splicing as-

say (SR). The mount of input DNA was 10 ng/μl (38 nM and 16 nM in T7-and Pol II-

TSRs, respectively). All reactions were set up side by side. For better visualisation a 

part of the gel showing T7-TSR was adjusted. The graphs show RNA levels in Pol II-

TSR (B) and T7-TSR (C).    

 

 

RNA stability was compared in SR using capped and uncapped pre-synthesised Bg C 

pre-mRNAs. The experiment showed that 23% of pre-made capped transcripts and 7% 

of the uncapped ones were left after 120 min of incubation, suggesting that capped RNA 

is more stable than uncapped (Figure 3.15 A). Interestingly, cap analogue had a nega-

tive effect at the level of transcription in Pol II-TSR (Figure 3.15 C). It is known that the 

protecting role of the cap structure in RNA biogenesis is mediated by CBC which inter-
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acts with the cap structure of pre-mRNA (reviewed by Gonatopoulos-Pournat-

zis and Cowling, 2014). It is possible that cap analogue competed for CBC, inhibiting 

the binding of CBC to capped RNA in vitro. These data fit the model that the pre-

mRNA generated by Pol II in vitro undergoes capping and CBC interacts with the cap 

structure. If it was not the case the reaction (Pol II-TSR with cap analogue) would not 

be inhibited.  

 

3.4.2.2 Magnesium chloride titration and changing T7 Pol storage buffer 

 

Experiments were carried out to optimize T7-TSR assay with the aim of improving the 

mRNA yield. Usually the polymerase is kept in storage buffer (20 mM Tris-HCl pH 7.5, 

100 mM NaCl, 1 mM DTT and 50% Glycerol). To exclude any inhibitory effect of the 

buffer on splicing, T7 Pol was added undiluted keeping the same absolute amount of it 

as it was in the previous experiments (5 ng/μl). Previously in the laboratory, the concen-

tration of MgCl2 was titrated showing that splicing required MgCl2 but was not en-

hanced by increasing the concentration above 3.2 mM. In the experiments described 

above 3.2 mM MgCl2 was used. To investigate whether MgCl2 could improve splicing 

in T7-TSR, MgCl2 concentrations of 1.6 mM and 3.2 mM were compared. Undiluted T7 

Pol was used in all samples. The experiment showed that splicing efficiency was im-

proved by 20% in T7-TSR with both MgCl2 concentrations (Figure 3.16) in comparison 

to the previous experiment (Figure 3.12). This suggests that the storage buffer had a 

negative effect on splicing. An effect of T7 storage buffer on splicing was not tested in a 

separate experiment but it is possible that NaCl (50 mM final concentration) could neg-

atively influence splicing. No difference in the efficiency of splicing was observed be-

tween two samples with different concentrations of MgCl2 but the level of transcription 

was significantly increased with 3.2 mM MgCl2. The concentration of MgCl2 appeared 

to have no effect on splicing efficiency in Pol II-TSR (Figure 3.16). 3.2 mM MgCl2 in 

all three assays was used in further experiments.  

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Gonatopoulos-Pournatzis%20T%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gonatopoulos-Pournatzis%20T%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cowling%20V%5Bauth%5D
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Figure 3.16. Magnesium does not enhance splicing but increases transcription in 

T7 transcription/splicing assay. (A) Denaturing PAGE shows titration of MgCl
2
 in Pol 

II-TSR and T7-TSR in triplicates. The incubation was carried out for 90 min. (B) Quan-

tification of splicing efficiency in two systems is shown in the graph. Error values are 

standard deviation values. 
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3.4.2.3 T7-Bg C DNA titration      

 

The next step towards the improvement of splicing in T7-TSR was to optimize the 

concentration of T7-Bg C DNA. In the experiments characterised above, the amount of 

input DNA was 10 ng/μl (38 nM and 16 nM in T7-and Pol II-TSR, respectively). The 

concentration of the T7-Bg C DNA template was titrated from 38 nM to 4 nM. A sharp 

increase in the level of transcription was observed in the reaction with the highest DNA 

concentration (38 nM; Figure 3.17). This effect was consistent with results from some 

other experiments (data not shown), suggesting that it is reproducible. It is clear that 

when transcription reaches equal levels in both assays (19 nM and 16 nM of DNA in 

T7-and Pol II-TSR, respectively), the splicing efficiency is almost similar. These data in 

conjunction with experiments on the spliceosome complexes allow us to conclude that 

the reason behind poor splicing efficiency in T7-TSR was that splicing factors were 

titrated out among the abundant pre-mRNA molecules generated by T7 Pol. In 

conclusion, based on splicing efficiency Pol II does not affect splicing.  
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Figure 3.17. Yield of splicing is remarkably enhanced if less DNA is used in T7 

transcription/splicing system. (A) Titration of T7-Bg C DNA template in transcrip-

tion/splicing assay (sample volume was 5 μl). The concentration of CMV-Bg C and T7-

Bg C DNA templates is represented. The concentration of input DNA in Pol II (16 nM) 

and T7 (38 nM) transcription/splicing assays was the same. The reactions were carried 

out for 90 min. (B) Quantification of RNA synthesis in Pol II (red) and T7 (blue) tran-

scription/splicing systems is shown in the graph. Transcription level was quantified as 

sum of the pre-mRNA, mRNA and 5’ exon. (C) The yield of spliced mRNA was calcu-

lated as the percentage by the following formula: (mRNA)/(pre-

mRNA+mRNA+5’exon) and is shown in the graph. Error values are standard deviation 

values. 

 

 

3.5 Effects of Pol II transcription on splicing 

 

3.5.1 Splicing pattern of an alternatively spliced transcript is changed in Pol II-

TSR  

 

There is a large amount of data showing that the kinetics of transcription by Pol II and 

factors recruited to the CTD can influence alternative splice site choice (reviewed by 

Munoz et al., 2010; Kornblihtt et al., 2013). To examine whether the presence of Pol II 

transcription affects alternative splicing patterns in vitro, a mini-gene containing two 

constitutive exons and a variable exon in the middle was tested. It has been shown 

previously that the inclusion of exon 5 into mRNA is mediated by a splicing factor, 

Sam68, which is a downstream target in the MAPK pathway (Matter et al., 2002). In 

cells, this exon is usually skipped, but in case when the MAPK pathway is 

overactivated, Sam68 binds to ESE and ISE sequences in the pre-mRNA. This promotes 

the exon 5 inclusion. It has been shown that Sam68 associates with Brm, which is a 

component of the chromatin remodeling complex (SWI/SNF; Batsché et al., 2006). This 

led to a model in which Brm recruits Sam68 during transcription of CD44 pre-mRNA 

(Batsché et al., 2006). Therefore, CD44v5 substrate was of a particular interest to test in 

this study as a model for transcription-dependent alternative splicing. 
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Previously in the laboratory exon 5 (117 bp) with flanking intron sequences (238 bp 

upstream and 270 bp downstream) had been cloned into the intron of rabbit β-globin. To 

be able to use the CD44v5 construct in a transcription/splicing assay it was fused to a 

CMV promoter as described in Materials and Methods. The AS pattern of CD44v5 pre-

mRNA was determined using Pol II-TSR and standard SR (Figure 3.18 A and B). The 

experiment showed that in SR CD44v5 precursor (930 nt) produced two mRNA 

isoforms: the inclusion mRNA (421 nt) which contains exon 5 between two Bg exons, 

and the skipping mRNA (304 nt) which lacks exon 5. A significant difference in the 

extent of variable exon inclusion was observed between the two systems (Figure 3.18 

B). In particular, in SR 20 % of mRNA containing the inclusion isoform, whereas in 

TSR only the exclusion mRNA isoform was generated. Splicing efficiency was 

compared between SR and TSR samples, showing 68% and 52%, respectively (Figure 

3.18 C). To test whether the result of Pol II-TSR is consistent with splicing outcome in 

cells, HEK 293T cells were co-transfected with plasmids containing CD44v5 mini-gene 

and either GFP or Sam68. Sam68 was overexpressed in cells to show that the CD44v5 

mini-gene was functional and the pre-mRNA was able to splice producing two mRNA 

isoforms. The experiments were not performed in triplicate. It was found that exon 

inclusion reached only 7% in cells with GFP, whereas 61% was reached in cells with 

overexpressed Sam68 protein (Figure 3.18 D and E). By comparing the results obtained 

from Pol II-TSR and in vivo assays (sample of GFP and CD44v5 plasmids), it is 

apparent that the “weak” 3’SS flanking the variable exon is not favored and the distal 

5’SS and 3’SS are recognized by the spliceosome resulting to skipping of the exon 5. 

These data show that in contrast to SR, transcription/splicing system recapitulates the in 

vivo outcome. Our data is in line with previous study (Hicks et al., 2006) which tested 

an effect of Pol II transcription on AS showing that an alternative exon was skipped in 

the reaction with Pol II transcription in comparison to the conventional splicing assay. It 

is suggested that the process of transcription could affect alternative splice site choice in 

the in vitro assay. Alternatively, the secondary structure of the newly transcribed pre-

mRNA may be different to that of pre-made pre-mRNA leading to a different splicing 

pattern.  
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Figure 3.18. Pol II transcription affects alternative splice site choice. (A) Diagram 

shows alternative splicing pattern of CD44v5/Bg chimeric pre-mRNA. Bg exons (grey 

boxes), introns (black lines), CD44 exon v5 (open box), splicing alternatives (red and 

blue lines) and PCR primer positions (arrows) are illustrated. Thick parts of the line 

indicate flanking intronic regions of the exon 5. Thin parts of the line indicate intronic 

regions of Bg. (B) Time-courses of in vitro splicing and Pol II transcription/splicing 

assays using pre-made CD44v5 pre-mRNA and CMV-CD44v5 DNA template, 

respectively. Time points of 0, 30, 60 and 120 min were taken. The pre-mRNA, 

inclusion, exclusion and 5’ exon products are indicated to the left side of the 

phosphorimage. (C) Splicing efficiency at each time point was measured as the 

percentage by the following formula: (inclusion +exclusion)/(pre-mRNA+ inclusion 

+exclusion +5’exon) and is shown in the graph. (D) RT–PCR analysis of HEK 293T 

cells co-transfected with CD44v5–mini-gene construct and either an expression 

construct for human Sam68 fusion to GFP (pLEICS25) or the empty expression vector 

(pEGFP-C1) which contained GFP. Empty pLEICS25 was not used as a control as it is 

lethal for cells. The experiment was not done in triplicate. cDNA was synthesized by 

use of a downstream Bg 3 Rev oligonucleotide (green arrow). PCR was done using 

radiolabelled primers (blue arrows) and samples were electrophoresed through native 

6% PAGE. (E) Diagram shows the percentage of inclusion mRNA isoform from (D).  

 

 

CD44v5 has a pattern of AS in which an alternative cassette exon can be either included 

or skipped. However, there are other patterns of AS such as usage of an alternative 

5’SS, where there is a competition between two 5’SS located within one exon. If the 

upstream 5’SS is favoured by the spliceosome recognition and it is joined to the 3’SS, 

then splicing leads to the inclusion of the upstream portion of the exon, while the 

downstream part of it is removed together with an intron. As a result, a short mRNA 

isoform is produced. In contrast, the usage of the downstream 5’SS causes the full-
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length exon to be included into mRNA. To investigate the ability of the transcription 

machinery to influence the 5’SS recognition in vitro, a construct having alternatively 

spliced 5’SSs was used. For this, Bcl-X construct containing two 5’ SSs within the 

upstream exon was used (Weldon et al., 2016; Figure 3.19 A). The distance between the 

two 5’SS is 189 nt. The substrate contains a shortened intron (originally 55,000 bp long) 

of 241 bp in length having 180 nt from the 5’ end of intron and 61nt from 3’ end of 

intron. The length of the pre-mRNA, Xl and Xs was 671 nt, 430nt and 250nt, 

respectively. The Bcl-X construct was cloned into pEGFP-C1 plasmid (Materials and 

methods). CMV-Bcl-X and T7-Bcl-X DNA templates were used in Pol II-TSR and SR, 

respectively. 

 

Pulse chase of transcription/splicing assay was done to determine the relative use of 5’ 

SSs (Figure 3.19 B). Bcl-X splicing products and intermediates were assigned by in 

vitro SR (Weldon et al, 2016). The experiment showed no difference in the Xl/Xs ratio 

between Pol II-TSR and SR assays at the last time point (Figure 3.19 C). Importantly, 

the splicing pattern of the Bcl-X substrate in vivo had been tested in the laboratory 

(Weldon et al., 2016) and the result showed a similar ratio between two mRNA 

isoforms. Since the three systems are consistent in the Bcl-X splicing outcome, it is 

suggested that in the case of Bcl-X, transcription by Pol II does not influence the 

recognition of 5’SSs.  
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Figure 3.19. Transcription does not affect splicing of Bcl-X substrate. (A) Diagram 

shows alternative splicing pattern of Bcl-X pre-mRNA. Exons (boxes), intron (black 

line), splicing alternatives (red and blue lines) are illustrated. The alternative 5’ splice 

sites are indicated. (B) Time-courses in vitro Pol II transcription/splicing and splicing 

assays using CMV-Bcl-X DNA and pre-made Bcl-X pre-mRNA, respectively. Pulse 

chase of Pol II-TSR was done after 40 min of incubation and this time was referred as 

zero min time point. The pre-mRNA, long and short products are annotated. (C) 

Diagram shows the ratio between short and long mRNAs at the last time points (120 

min).  

 

 

3.5.2 Effects of CTD phosphorylation on splicing 

 

The transcription repressor DRB is a molecule that is able to inhibit the elongation stage 

of transcription (Zandomeni et al., 1986) through targeting several kinases that 

phosphorylate the CTD. DRB does not exhibit a particular selectivity as it has been 

found to inhibit the activity of CDK7 (Yankulov et al., 1995), CDK8 (Rickert et al., 

1999) and CDK9 (Marshall et al., 1996; Saunders et al., 2006). An effect of Pol II 

transcription on splicing by inhibiting transcription elongation by DRB in vivo was 

tested (Bird et al., 2004). It was found that efficient splicing required CTD 

phosphorylation at Ser2 when coupled to transcription but not when splicing occurred in 

a transcription-independent manner. However, another in vivo study showed that DRB 

inhibited transcription but splicing was not affected (Koga et al., 2015).   

C 
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To test whether the phosphorylation state of the CTD affects splicing outcome in our in 

vitro Pol II-TSR assay, DRB was used. The control systems in which splicing is not 

linked to transcription (T7-TSR and SR) were also treated with this molecule. We 

hypothesised that if splicing efficiency would be affected by DRB treatment in Pol II-

TSR but remained unchanged in T7-TSR and SR then the result would allow to suggest 

that Pol II transcription affects splicing co-transcriptionally. By treating cells with DRB 

as it was done in previous study co-transcriptional splicing was negatively affected 

(Bird et al., 2004). However, it is possible to deactivate proteins other than CDK7, 

CDK8 and CDK9 that are also required for splicing activity. Therefore, we also aimed 

to determine whether kinases necessary for phosphorylation of splicing factors are 

affected by DRB. We hypothesised if they were not sensitive to DRB then splicing 

would not be changed in assays such as T7-TSR and SR.  

 

The result revealed that Pol II transcription level was decreased upon DRB treatment 

(2.5-fold), while T7 transcription efficiency was not changed (Figure 3.20). There was 

14% less mRNA production in the reaction in which transcription was carried out by 

Pol II (Figure 3.20). No difference in splicing efficiency in either T7-TSR or SR was 

detected. It is suggested that in Pol II-TSR the activity of splicing regulators was not 

affected by DRB treatment.   
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Figure 3.20. Inhibition of Pol II transcription elongation by DRB results in 

reduced splicing efficiency in Pol II-TSR. Effect of DRB on splicing efficiency in 

splicing, Pol II transcription/splicing (A) and T7 transcription/splicing (B) assays. DRB 

was dissolved in DMSO and added to reactions to produce the final concentration 

shown. (A) T7 and Pol II transcription/splicing reactions were incubated in the presence 

of DRB at the concentration of 30 μM. (A and B) The reactions were done in triplicate 

and incubated for 90 min. (C) Diagram shows quantification of RNA synthesis in Pol II 

and T7 transcription/splicing systems. (D) Diagram shows splicing efficiency which 

was measured using data from (A) and (C). Error values are standard deviation values. 

 

 

Since the amount of the pre-mRNA synthesised by Pol II was decreased after DRB 

treatment, it was necessary to test whether less transcripts are poorly spliced. Two- and 

three-fold less CMV-Bg C DNA compared to the previous experiment (10 ng/µl) was 

used. Carrier DNA was added to keep the same overall amount of DNA in each sample 

(50 ng/µl). The experiment showed no difference in the level of transcription between 

mock-treated samples regardless of DNA concentration. The efficiency of splicing was 

reduced by 13% in all treated samples (Figure 3.21). This is in line with our previous 

results (Figure 3.5 and Figure 3.6) which showed that not all DNA templates were 

available as transcription substrates in Pol II-TSR. Together the results suggest that 

about three fourth of CMV-Bg C DNA is either degraded or get adsorbed onto the 

plastic walls of a test tube.  
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Figure 3.21. Testing DRB in Pol II-TSR using different concentrations of CMV-Bg 

C DNA. The experiment was done in triplicate and incubated for 90 min. DRB was dis-

solved in DMSO (1% final concentration). DRB and DMSO were added prior the be-

ginning of incubation. Diagrams show quantification of transcription level (B) and 

mRNA splicing (C). 
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To investigate if splicing efficiency depends on the amount of transcripts, the 

concentration of premade pre-mRNA was varied in SR (Figure 3.22). It has to be noted 

that the amount of RNA generated in transcription/splicing assay was not determined. 

The result showed that the NE supports better splicing if fewer pre-mRNA is present. In 

conclusion, the observed decrease in splicing efficiency in Pol II-TSR upon DRB 

treatment (Figure 3.20) was not due to the decrease of transcript amounts.   

 

Although splicing was affected only by 14 % in Pol II-TSR (Figure 3.20) but the fact 

that splicing remained unchanged in either SR or T7-TSR systems, it is suggested that 

the change in splicing outcome in Pol II-TSR was not due to the inhibition of proteins 

necessary for splicing. This result is in line with previous findings which showed that 

CTD phosphorylation on Ser2 residue ensures efficient pre-mRNA splicing when it is 

linked to Pol II transcription but not when splicing occurs post-transcriptionally (Bird et 

al., 2004). It is suggested that splicing efficiency decrease is a result of inhibited CTD 

Ser2 phosphorylation and the two reactions could be functionally coupled in Pol II-

TSR.  
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Figure 3.22. Splicing is more efficient if less pre-mRNA is present. (A) Pre-made Bg 

C pre-mRNA titration in the in vitro splicing assay. The experiment was done in tripli-

cate and incubated for 90 min. The concentration of pre-mRNA is indicated. (B) Dia-

gram shows quantification of splicing efficiency from (A). 
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3.5.3 Characterization of spliceosome complexes 

 

In order to investigate whether Pol II transcription affects spliceosome assembly, the 

complexes formed on Bg C RNA in this reaction need to be defined. SR is 

supplemented with pre-made transcripts at high concentration and this leads to the 

synchronised formation of the complexes and easy technical detection. In contrast, 

transcripts have to be synthesised in the transcription/splicing assay and their amount 

should be high enough for detection. In TSR the precursor was observed as early as 3 

min (Figure 3.11) making spliceosome investigations possible at the earliest stages of 

incubation. The spliceosome complexes formed in optimized Pol II 

transcription/splicing and conventional splicing systems were characterised side-by-

side. Since the highest transcription efficiency was obtained when 150 ng of carrier 

DNA and 25 ng of CMV-DNA were used (Figure 3.6), these conditions were applied in 

the spliceosome complexes assay.  

 

In SR complexes A, B and C were assembled at 1, 5 and 10 min time points, 

respectively (Figure 3.13), suggesting that the pattern of the spliceosome complexes 

obtained in this study was in line with previous results (Hodson et al., 2012). 

Complexes formed in Pol II-TSR will be compared to those in SR. The inhibition of the 

5’ end of U1 snRNA with anti-U1 oligonucleotide (Materials and Methods) at 5 μM led 

to a loss of some complexes (Figure 3.23 A). This experiment allows to determine 

complexes which have splicing origin as they are dependent on the presence of the U1 

snRNA (Reed, 1990). Apart from the spliceosome complexes, other bands were 

visualised which were unaffected by the inhibition of the U1 snRNA. This suggests that 

these are splicing-unrelated complexes. There was a possibility that they were either 

transcription or capping complexes. We hypothesised if the complexes were related to 

transcription then they would still be present regardless of any radiolabelled nucleotides 

used, or if they were capping complexes then they would be lost as capping factors can 

trap GTP (Chapter 1). To test this hypothesis, the reaction was supplemented with [α-

32P] UTP. As a result, the complexes were lost (Figure 3.23 B). This observation 

suggests that bands observed in TSR sample treated with anti-U1 oligonucleotide 

(Figure 3.23 A) were capping complexes.  
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Figure 3.23. Analysis of ATP-dependent spliceosomal complexes assembly in Pol II 

transcription/splicing and splicing systems. (A) 2% LMP agarose gel shows time 

course of spliceosome complex assembly in Pol II transcription/splicing (TSR) and 

splicing (SR) assays. Splicing complexes assembled on radioactively labelled pre-made 

Bg C pre-mRNA in SR. Anti-U1 snRNA 2’-O-methyl oligonucleotide was used to 

identify the spliceosome complexes. Naked Bg C pre-RNA was loaded to assign the 

precursor produced in TSR. (B) Capping-related complexes (shown by arrows) were 

assigned in the sample with 32P-GTP as complexes were missing in the sample with 32P-

UTP. (C) The spliceosome was inhibited by using 2’-O-methyl oligonucleotides 

complementary to the U2 and U6 snRNAs.  
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This result allowed the spliceosomal complexes to be assigned (Figure 3.23 A). Since 

transcription was not inhibited in the mock reaction, it was expected that the similar 

bands would be detected during the whole incubation time. However, this was not the 

case as different bands were detected. It is possible that transcripts were not 

continuously generated. Our result showed that from 50 to 120 min almost steady-state 

levels of RNA were observed (Figure 3.6). It is possible that nucleotides or ATP might 

me limiting factors for transcription. The experiment showed that complexes sensitive 

to anti-U1 oligonucleotide were detected at 15 min and their qualitative and quantitative 

characteristics changed over time. Also the intensity of bands was increasing, indicating 

that the complexes were accumulating over the course of incubation time. Complexes at 

45, 60 and 90 min in Pol II-TSR comigrated with those formed at 15 min in SR. It is 

known that the speed of Pol II transcription in vivo is approximately 20-40 nt per sec 

(Jonkers et al., 2014). Even if transcription is slower in vitro but, still, there is more time 

needed for the splicesome complexes progression in Pol II-TSR in comparison to SR. 

This data suggests that transcription by Pol II affects the kinetics of spliceosome 

assembly and it is possible that splicing occurs when the pre-mRNA is released from 

Pol II in TSR.   

 

To investigate if the spliceosome complexes in Pol II-TSR contain the core components, 

snRNPs were blocked by antisense 2’-O-methyl oligonucleotides. The spliceosome was 

inhibited by incubating the NE with anti-U2 and anti-U6 oligonucleotides (Donmez et 

al., 2007). The result showed stalling of the spliceosome (Figure 3.23 C). The complex 

in the sample with anti-U6 oligonucleotide had the same size as complex A in SR. In 

conclusion, the U2 and U6 snRNAs participate in spliceosome assembly in the reaction 

with Pol II transcription and complex A is assembled in Pol II-TSR.   

 

The experiments (Figure 3.23 A and C) showed that early splicing complexes are 

detected at 15 min. In the next experiment pulse chase was done after 15 min of the 

reaction start to follow the spliceosome progression. After pulse chase two bands are 

lost. Based on the previous experiment they were assigned as capping complexes 

(Figure 3.23 B).  As can be seen from Figure 3.24 A, there was just one complex 

detected after pulse chase having the same size as complex B in SR. Any other 

complexes including complex H formed in SR were not detected in Pol II-TSR. This 

was consistent with the result obtained from the experiment in which the CMV-CD44v5 
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DNA template was used (Figure 3.24 B). These observations were in line with previous 

study in which complex H was absent in Pol II-TSR (Das et al., 2006). An attempt to 

detect other spliceosome complex at later time by using pulse chase assay was not 

successful as still just one complex was observed at 30, 45 and 60 min (data not shown).  

 

In the next experiment we wanted to detect complexes at early time of incubation. The 

spliceosome was stalled at complex A using anti-U6 oligonucleotide. Pulse chase after 5 

min was done. Time points at 6, 10 and 15 min were taken. The result revealed that the 

spliceosome was stalled at complex A (Figure 3.24 C). It is concluded that in the mock 

reaction the single band is a splicing complex because it was not present in the reaction 

with inhibited U6 snRNA. Since just one bigger complex was detected in the mock-

treated sample and the fact that complex A is able to assemble in Pol II-TSR (Figure 

3.24 C) it is suggested that complex A was formed before 6 min in the mock sample. 

Although the single complex comigrates with complex B in SR (Figure 3.24 A and B), 

it is not possible to assign it as complex B because any bigger complexes were detected. 

The nature of this complex can be taken for further investigation. For example, Bg 

construct which lacks the 3’SS can be used in parallel. It is expected that on the mutant 

pre-mRNA the spliceosome will be stalled at complex C. Therefore, the comparative 

mobility of bands can indicate if this is complex B or C.  

 

In conclusion, transcription by Pol II affects the spliceosomal complex assembly rate. 

Also, a remarkable feature was observed, in particular, there was no complex H 

detected in Pol II-TSR. This is in line with our previous result showing that complex H 

was not formed on the pre-mRNA generated by T7 Pol (Figure 3.13). In SR pre-made 

pre-mRNA is added to the NE in excess, it is bound by numerous proteins forming 

complex H before the spliceosome recognises the splice sites (Bennett at al., 1992). 

This suggests that newly transcribed pre-mRNAs generated by either Pol II or T7 Pol 

are committed to splicing as soon as they have been transcribed. Out results agree with 

previous study (Das et al., 2006) which showed that complex H is not formed in Pol II-

TSR but disagree regarding complex H formation in T7-TSR.   
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Figure 3.24. A single spliceosome complex is detected in Pol II 

transcription/splicing assay. (A) Analysis of the spliceosome complexes by 

electrophoresis in a 2% LMP agarose gel. CMV-Bg C DNA template and pre-made Bg 

C pre-mRNA were used in TSR and SR, respectively. (B) CMV-CD44v5 DNA 

template and pre-made CD44v5 pre-mRNA were used in TSR and SR, respectively. (A 

and B) To visualise complexes in Pol II transcription/splicing system pulse chase (PC) 

was done after 15 min of the start of the reaction. The complexes formed in splicing 

reaction are assigned in letters. (C) To detect complexes in Pol II transcription/splicing 

system with CMV-Bg C DNA, PC was done after 5 min of the start of the reaction. The 

spliceosome complex A was stalled by using 2’-O-methyl oligonucleotide to block the 

U6 snRNA. (A, B and C) Incubation times are represented at the top of each 

phosphorimager. After pulse chase two bands are lost. 
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3.6 Characterisation of transcription complexes in Pol II-TSR 

 

In the present study, I wanted to investigate whether splicing factors affect transcription 

complex formation on the CMV promoter-containing DNA. Non-denaturing gel 

electrophoresis is used to great advantage in defining spliceosome complex assembly 

and RNA-protein interactions. Thus, we hypothesized that the same method would be 

applicable to study transcription complexes. For this purpose, native agarose gel 

electrophoresis was done using samples with radiolabeled DNA. The transcription 

complexes needed to be characterized first.  

 

A series of experiments were performed using Bg C DNA template containing the CMV 

promoter that contained radiolabeled nucleotides incorporated during PCR (Materials 

and Methods). To assign transcription elongation complexes, Actinomycin D was used 

to inhibit transcription (Figure 3.25). The DNA template was incubated under optimized 

conditions for the Pol II transcription/splicing assay. Native agarose gel electrophoresis 

was done using the same conditions as for the spliceosome complexes (Materials and 

Methods). Time points were also taken for PAGE, to prove transcription inhibition 

(Figure 3.25 B). The distribution of species containing DNA in native gel had the 

appearance of a ladder (Figure 3.25 A). As expected, the electrophoretic mobility of 

bands was different in the reaction with Actinomycin D. At 0 min time point the bands 

in both reactions looked similar, suggesting that at the beginning of incubation DNA 

molecules can be free from proteins and transcription has not started yet. Shorter ladder 

consistent with reduced elongation. As transcription progresses, different proteins are 

recruited to the transcription machinery, therefore, this leads to DNA shifts during 

electrophoresis. However, the appearance of discrete bands has yet to be accounted for. 
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Figure 3.25. Characterisation of DNA-protein complexes formed in Pol II tran-

scription/splicing system on native agarose gel. (A) DNA-protein complexes were 

fractionated on 2% low-melting-point agarose gel. [α-32P]dTTP was incorporated into 

the Bg C DNA template during PCR to obtain a radiolabeled product. Actinomycin D 

(Act D) at a concentration of 5 μM was used to inhibit transcription. DMSO was added 

to the control sample as Act D had been dissolved in DMSO. (B) Denaturing PAGE of 

the same samples from (A). DNA, transcription and splicing products are indicated on 

the left side of the panel. Time points of 15, 30, 60 and 120 min were taken. 

 

To explore the possibility that splicing can affect transcription complexes formation, a 

DNA template lacking an intron was used. The CMV-GFP DNA template was 

generated by PCR using EGFP-C1, which contains GFP gene downstream of the CMV 

promoter. Primers were designed in a way to amplify the DNA template to be similar in 

length as the Bg C DNA template was. To perform native gel electrophoresis 

radiolabeled CMV-DNAs were added to Pol II-TSR assay (Figure 3.26 A; samples 
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[32P]Bg C DNA and [32P]GFP DNA). These reactions did not contain radiolabeled 

nucleotides. In the absence of the NE, naked DNAs and RNA were detected as single 

bands. This allowed to determine that in the NE DNA and RNA are bound by proteins. 

The result showed that transcription of the CMV-GFP DNA was carried out but splicing 

did not occur (Figure 3.26 B). There was no difference in the pattern of DNA migration 

in the reactions which had either CMV-Bg C or CMV-GFP DNA templates. In a 

parallel reaction unlabeled CMV-Bg C DNA and [α-32P] GTP nucleotide were added to 

detect splicing complexes after pulse chase at 15 min of incubation ([32P]rGTP 

sample). After pulse chase two major bands were lost. Based on the previous result 

(Figure 3.23), these are assigned as capping complexes. A single splicing complex was 

observed at 20 and 30 min time points ([32P]rGTP sample). Although splicing and 

transcription complexes comigrated (samples: [32P]Bg C DNA and [32P]rGTP), based 

on these observations it was not possible to determine whether the spliceosome was 

assembled on the transcribing or released pre-mRNA.  
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Figure 3.26. Characterisation of DNA-protein complexes of genes with and without 

an intron. (A) Effect of splicing on the DNA-protein complexes in Pol II-TSR. Radio-

labeled CMV-Bg C and CMV-GFP DNA templates were added to the samples which are 

indicated as [32P] BgC DNA and [32P] GFP DNA, respectively. Unlabeled CMV-Bg C 

DNA template and [α-32P]GTP nucleotide were added to the sample ([32P]rGTP) to vis-

ualize splicing complexes. PC stands for pulse chase. SR was set up side-by-side and it 

is indicated as pre-made Bg C RNA. Naked DNA and RNA fragments were loaded on 

the gel. Splicing complexes are not fully resolved in this experiment. After pulse chase 

two bands (capping complexes) are lost. (B) Inhibition of Pol II transcription by Actino-

mycin D (Act D) using radiolabelled CMV-GFP DNA. DMSO (1%) was added to the 

mock samples. A control sample of Pol II-TSR contained unlabeled CMV-Bg C DNA 

template.   
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In T7-TSR protein-DNA complexes had the appearance of a ladder too, but the distance 

between bands was greater than that in Pol II-TSR (Figure 3.27). This can be explained 

that the length of T7-Bg C DNA is shorter than CMV-Bg C DNA because of the 

absence of the CMV promoter. Therefore, CMV-Bg C DNA migrated slower and there 

was smaller separation of the bands in Pol II-TSR.   

 

 

 

 

 

 

Figure 3.27. Characterisation of DNA-protein complexes formed in Pol II and T7 

transcription/splicing assays. Protein-DNA complexes were fractionated on 2% low-

melting-point agarose gel. PCR radiolabeled CMV- and T7-Bg C DNA templates were 

used.  

 

 

The effect of RNA production on the DNA-protein complexes was tested by using 

RNase A to degrade transcripts (Figure 3.28). After incubation of Pol II-TSR, RNase A 

at a concentration of 1 µg/µl was added to each time point and left for 10 min at 37 oC. 

Time points were also taken for PAGE, to prove the absence of RNA upon RNase A 

treatment (Figure 3.28 B). Although RNA was degraded by RNase A, complexes were 

not sensitive to RNase A treatment. Since RNA degradation did not lead to DNA-

protein shift, it is suggested that the spliceosome was assembled on the released pre-

mRNA. This result in conjunction with our previous result (Figure 3.23 A) suggest a 

model that the pre-mRNA undergoes splicing after transcription is completed and the 

pre-mRNA is released from Pol II.  
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Figure 3.28. Effect of RNase A on DNA-protein complexes in Pol II-TSR. (A) DNA-

protein complexes were fractionated on 2% low melting point agarose gel. In this 

experiment PCR radiolabeling was not done but PCR product was radiolabeled by 5’ 

end labelling using [γ-32P] ATP. Therefore primers were also labelled. Naked DNA 

template was loaded on the gel. (B) 6% PAGE shows an effect of RNase A in Pol II-

TSR. 



112 
 

It is known that during transcription elongation by Pol II different transcription proteins 

are recruited to the polymerase. We wanted to test if transcription elongation affects the 

appearance of DNA-protein complexes in our study. An effect of DRB on DNA-protein 

complexes was tested (Figure 3.29). Since DRB inhibits transcription elongation and we 

know how complexes appear when transcription does not occur (Figure 3.25 A), we 

expected to observe different electrophoretic mobilities of complexes upon DRB 

treatment. DRB at a concentration of 50 μM was added to Pol II-TSR prior incubation. 

The result showed that the appearance of complexes was not changed upon DRB 

treatment (Figure 3.29). It may be that transcription elongation was not inhibited 

completely as complete transcription inhibition was not achieved and some transcripts 

were still produced (Figure 3.3). Thus, transcription complexes were not affected.  

 

 

 

 

 

 

 

 

Figure 3.29. Effect of DRB on DNA-protein complexes in Pol II-TSR. DRB and Ac-

tinomycin D were used at 50 µM and 5 µM, respectively. DNA-protein complexes were 

fractionated on 2% low-melting-point agarose gel. PCR radiolabeled CMV-Bg C DNA 

template was used.  

 

 

Based on the appearance of the protein-DNA complexes we wanted to test whether 

histones can interact with DNA forming complexes. A common experimental approach 

to map nucleosome positions involves the use of micrococcal nuclease (MNase). 

MNase digests DNA in regions which are not bound by proteins; these are linkers in 

DNA connecting two nucleosomes. As a result 147 bp DNA fragments are produced. 



113 
 

We hypothesised that if nucleosomes are formed under transcription/splicing conditions 

then short DNA fragments would be detected in samples treated with MNase. Pol II-

TSR having radiolabeled CMV-Bg C DNA was incubated for 15 min at 30 oC. This was 

followed by the addition of CaCl2 (1 mM) and MNase and incubation for 10 min. To 

inactivate MNase, EGTA at a concentration at 2 mM was added to the samples. After 

PK treatment, the samples were loaded on polyacrylamide gel for electrophoresis. The 

result showed that DNA was digested but bands of the expected size were not detected, 

suggesting that nucleosomes are not formed (Figure 3.30). In conclusion, as the nature 

of protein-DNA complexes was not determined by approaches described above, the 

potential effects of splicing factors in transcription regulation could not be explored by 

this method. However, an interesting question can be addressed in future studies such as 

whether splicing regulators interact with the transcription machinery under Pol II-TSR 

conditions. For this, the CMV-Bg C DNA template can be biotinylated, incubated under 

transcription/splicing conditions, pulled down and the sample can be sent for mass 

spectrometry analysis.  

 

 

 

 

 

 

 

 

 

Figure 3.30. Effect of micrococcal nuclease (MNase) on CMV-Bg C DNA incubated 

under optimizes Pol II transcription/splicing assay. The final concentration of CaCl2 

and EGTA was 1 mM and 2 mM, respectively. The samples were electrophoresed 

through 6% PAGE. The position of radiolabelled CMV-Bg C DNA ([32P]DNA) is 

shown at the left of the image.  
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3.7 Conclusions 

 

To establish an efficient Pol II transcription/splicing assay the Bg C DNA fused to the 

CMV promoter was used for optimization of conditions which can support transcription 

and splicing in HeLa NE. We proved that transcription was carried out by Pol II. RNA 

species synthesized by Pol II were assigned based on comigration with a known marker. 

The same splice sites were recognized as in SR assay. Two optimized conditions 

regarding the usage of carrier DNA were found. It was determined that the presence of 

carrier DNA increases transcript level and improves better spliceosome complexes 

detection. The usage of ATP and one type of radiolabelled nucleotides improves 

detection of RNA.  

 

Different mini-genes were tested. It was found that our in vitro Pol II-TSR system is 

capable of supporting efficient transcription of all tested constructs. However, the length 

of a construct has an impact on splicing outcome. For example, 50% of produced pre-

mRNA of 930 nt (CD44v5) are spliced, but no splicing products are detected if a 

precursor is 1.2 kb (Nrxn2), although the splice sites are recognized by the spliceosome.   

In conclusion, splicing of a long construct can be initiated but is not completed. Pol II-

TSR assay was used to test the properties of Pol II transcription to affect splicing 

efficiency and kinetics in comparison to the conventional SR assay. It was noticed that 

splicing efficiency was not improved using either Bg C or CD44v5. The rate of intron 

removal was not enhances by Pol II.  

 

Initially, in this study splicing efficiency in T7-TSR was low (3%) consistent with 

previous observations (Ghosh and Garcia-Blanco, 2000; Das et al., 2006; Hicks et al., 

2006). Pulse chase experiment showed that RNA produced by T7 Pol was not 

committed to splicing but degraded. A reason behind poor splicing was found. Due to 

the abundant transcripts generated by T7 Pol, splicing factors were titrated out leading 

to inability of the spliceosome to fully progress through the spliceosome cycle. Based 

on electrophoretic mobility of complexes formed in T7-TSR and SR, it is concluded 

that T7 Pol did not make any qualitative effects on complex A and B. After 

optimization of T7-Bg C DNA concentration in T7-TSR assay, the conversion of the 

pre-mRNA to the spliced products occurred with similar efficiency in Pol II-TSR assay. 
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Therefore, it is concluded that transcription by Pol II does not increase splicing 

efficiency. There was no complex H detected in either Pol II-TSR or T7-TSR.  

 

The established assays allowed to explore potential properties of Pol II transcription 

machinery to influence alternative splicing. The CD44v5 construct consisting of three 

exons and two introns was used. It was found that the splicing profile of CD44 v5 was 

different between Pol II-TSR and SR, showing that the distal 3’SS is much more 

preferred over the proximal 3’SS in the reaction with the ongoing transcription. This led 

to exon 5 skipping in TSR. However, this system recapitulated splicing pattern obtained 

from in vivo study. It is concluded that this change in AS choice is transcription-

dependent. Bcl-X substrate, harbouring two alternative 5’SSs, was tested showing 

similar splicing pattern between Pol II-TSR and SR. In particular, the Bcl-X precursor 

was able to produce two possible mRNA isoforms. Since the ratio between short and 

long mRNA isoforms was similar not only between the two in vitro systems but in vivo, 

it is suggested that Bcl-X splicing occurs in a transcription-independent fashion.  

 

We asked whether Pol II transcription is coupled to splicing in the in vitro assay and 

whether functional coupling can be studied in vitro. DRB was used to inhibit 

phosphorylation of the CTD in Pol II-TSR. This was compared with two uncoupled 

systems such as SR and T7-TSR. A small decrease (14%) in splicing efficiency was 

detected in Pol II-TSR assay while splicing was not affected in either SR or T7-TSR. 

This data fits previous model (Bird et al., 2004) which suggested that splicing efficiency 

depends on CTD phosphorylation when splicing occurs co-transcriptionally but not 

post-transcriptionally. Although DRB treatment made a small effect on splicing 

efficiency in Pol II-TSR, it is suggest that transcription is linked to splicing.   

 

The property of Pol II to influence spliceosome assembly was tested. It was determined 

that the rate of spliceosome assembly was significantly slower in comparison to that for 

SR. Based on the observations that transcripts were visualized as early at 3 min and 

splicing complexes were detected at 15 min, it is suggested that splicing occurs post-

transcriptionally. By doing pulse chase at any time after 5 min after the start of 

incubation (Pol II-TSR), a single complex was detected and it was shown that it was not 

complex A. It was detected that the single complex comigrated with complex B in SR. 
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At this stage this complex is not assigned. In the future the nature of this complex can 

be taken for investigation. 
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4.1 Introduction 

 

After the discovery of splicing (Berget et al., 1977; Chow et al., 1977), research was 

focused on the mechanisms of spliceosome formation and intron removal. When 

evidence of co-transcriptional splicing was obtained (Beyer et al., 1989), researchers 

started investigating the potential associations between the core spliceosomal 

components and Pol II transcription factors. It was found that all five snRNPs interact 

with human transcription elongation factors (Fong and Zhou, 2001). When the 

spliceosomal snRNAs were depleted from NE and this NE was used in in vitro Pol II 

transcription, the latter was negatively affected (Fong and Zhou, 2001). Another result 

provided in vivo evidence on decreased transcript levels upon inhibition of the U1, U2, 

U4 and U6 snRNP by antisense morpholino oligonucleotides (Koga et al., 2015). The 

association between the U1 snRNP and the transcription apparatus in the absence of 

transcription was shown (Das et al., 2007). The U1 snRNA was found to interact with 

Pol II (Kim et al., 1997; Tian, 2001) and general transcription factors such as TFIIH 

(Kwek et al., 2002) and TAF15 (Jobert et al., 2009). The disruption of the essential 

base-pairing between the U1 snRNA and the 5’SS of pre-mRNA led to Pol II 

transcription inhibition in vitro (Tian, 2001; Yu and Reed, 2015). When the U1 snRNA 

was blocked in vivo, its vital role in the suppression of cryptic poly(A) site usage and 

premature cleavage was discovered (Kaida et al., 2010). Therefore, these studies 

suggested that the U1 snRNP plays essential roles in transcription initiation, elongation 

and termination. However, ChiP data demonstrated unchanged Pol II occupancy on 

genes upon inhibition of the 5’ terminus of the U1 snRNA (Davidson et al., 2014). 

Another in vivo studies showed that the levels of transcripts are unchanged if mutated 

U1 snRNA interacts with intronic sequences by complementarity (Lu et al., 1990; Dal 

Mas et al., 2015). Thus, it is not clear if the U1 snRNP participates in transcription 

regulation or it is required for RNA stability. To investigate the properties of the core 

spliceosome snRNPs to regulate Pol II transcription or play roles in other RNA 

processing events, an assay with simultaneous transcription and splicing was considered 

ideal (Folco and Reed, 2014). The effects of U1, U2 and U6 snRNPs on Pol II 

transcription were studied using the in vitro Pol II transcription/splicing system 

characterized in Chapter 3.  
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4.2 Transcript level depends on U1 but not U2 or U6 snRNAs  

 

4.2.1 Effects of U1, U2 and U6 snRNAs in Pol II-TSR 

  

To investigate the effect of individual snRNPs on Pol II transcription in an in vitro 

transcription/splicing assay, the activity of the splicing machinery was targeted by 2’-O-

methyl oligonucleotides which interact with regions of U1, U2 and U6 snRNAs that are 

important at different stages of splicing. The effects of these oligonucleotides on the 

spliceosome assembly were tested and the results are shown in Chapter 3. The NEs 

were treated with oligonucleotides prior to the addition of CMV-Bg C DNA. As 

predicted, inhibition of functional U1, U2 and U6 snRNAs resulted in loss of splicing 

activity as splicing products were not detected (Figure 4.1). Interestingly, the U1 snRNP 

functional reduction had an additional and marked effect on Pol II transcription showing 

a five-fold decrease in the amount of transcripts. A slight inhibition of transcription was 

detected in the sample with blocked U6 snRNA and non with anti-U2. These results are 

in line with previous in vitro studies (Tian, 2001; Kwek et al., 2002) which showed that 

transcription by Pol II was abolished by RNA oligonucleotides harbouring sequence of 

the 5’SS. Also these data fits previous results obtained from in vivo studies (Kaida et al., 

2010; Koga et al., 2014) showing that the level of transcripts drops down if the U1 

snRNP has been blocked.    

 

2’-O-methyl oligonucleotides are used to block certain regions of snRNAs indicating 

that a target RNA region is not destroyed but blocked. To confirm that permanent 

inhibition of snRNPs has the same effect on splicing and Pol II transcription, I wanted 

to degrade the same regions of the U1, U2 and U6 snRNAs which were blocked in the 

previous experiment. For this, DNA-directed RNA cleavage by RNase H was done. 

This method is used to degrade the RNA strand of an RNA:DNA duplex (Donis-Keller, 

1979). Interference between DNA oligonucleotides and target sequences was not tested 

in this study, but oligonucleotides were of the same sequence as DNA oligonucleotide 

used for RNase H-mediated degradation of the U1, U2 and U6 snRNPs in previous 

studies (Kramer et al., 1984; Krainer and Maniatis, 1985; Black et al., 1985) proving an 

interaction between the probes and targets. The procedure to deplete snRNAs was the 

same as for 2’-O-methyl oligonucleotides but the reaction mixture was supplemented 
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with RNase H (0.2 U; Materials and Methods). The 5’ terminus (1-14 nt) of the U1 

snRNA was degraded using DNA oligonucleotide (called 1-14; Table 2.3) at 1 μM and 

5 μM. As shown in Figure 4.2, splicing was significantly reduced at 5 μM. The decrease 

in transcription indicates the consistency in the transcription outcome upon the 

functional inhibition of the U1 snRNA by two types of oligonucleotides (Figure 4.1 and 

4.2).  
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Figure 4.1. Pol II transcription of Bg C is decreased upon inhibition of U1 but not 

U2 or U6 snRNAs. (A) Inhibition of in vitro Pol II transcription/splicing reaction by 

anti-U1, U2 and U6 snRNAs 2’-O-methyl oligonucleotides. The mock-treated reaction 

contained water. The reaction mixtures with oligonucleotides were pre-incubated at 

30°C for 15 min before the addition of CMV-Bg C DNA template. Time points of 0, 30, 

60 and 120 min were taken. (B) Transcription level (sum of the pre-mRNA, mRNA and 

5’ exon) from (A) was plotted versus time.  
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Figure 4.2. Transcription is decreased upon RNase H-mediated degradation of the 

5’ terminus of the U1 snRNA. (A) Effect of targeted depletion of the 5’ terminus (1-14 

nt) of the U1 snRNA. The 5’ end sequence of the U1 snRNA was degraded by RNase H 

cleavage directed by a DNA oligonucleotide. The reaction mixture including DNA 

oligonucleotide and RNase H (0.2 U) was pre-incubated at 30°C for 15 min prior to the 

addition of CMV-Bg C DNA. As oligonucleotides were diluted in water, the mock-

treated reaction contained water too. The 5’ end oligonucleotide was added in 

concentrations denoted within the figure. Time points of 0, 30, 60 and 120 min were 

taken. (B) Transcription level from (A) was plotted versus time.  
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RNase H-mediated degradation of the U2 snRNA region (28-42 nt) that interacts with 

the branch site was done using antisense DNA oligonucleotide at 5 μM (L15; Table 2.3) 

(Black et al., 1985). The U6 snRNA region for base-pairing with the U2 snRNA was 

cleaved by RNase H using DNA oligonucleotide (MB; Table 2.3) at 5 and 10 μM. The 

treatments blocked splicing, indicating functionality of all oligonucleotides (Figure 4.3). 

Surprisingly, transcription was slightly increased upon digestion of the U2 snRNA 

(Figure 4.3 A). There were either different transcription or degradation products 

produces in the sample with MB (Figure 4.3 C). The relative number of molecules in 

each band was not calculated by normalising the intensity according to the number of 

GMP in the corresponding RNA molecules because the nature of the bands was not 

determined. Therefore, transcription levels were not measured. However, it is clear that 

the level of transcription was increased upon degradation of the U6 snRNA. This is 

different from the results obtained from experiments using two types of antisense 

oligonucleotides against the U2 and U6 snRNAs. Since the experiment was not done in 

triplicate, it is difficult to assess the effects of the U2 and U6 snRNPs on transcription. 

However, the effect on transcription by inhibiting the U1 snRNP was reproducible and 

in line with previous observations (Tian, 2001; Kwek et al., 2002). 
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Figure 4.3. Transcription is increased upon RNase H-mediated degradation of the 

U2 and U6 snRNAs. Effects of targeted depletion of U2 snRNA (A) and U6 snRNA 

(C) using DNA antisense oligonucleotides L15 and MB, respectively. (B) Transcription 

level from (A) was plotted versus time. The concentration of oligonucleotides was 5 

μM. The reaction mixtures including DNA oligonucleotides and RNase H (0.2 U) were 

pre-incubated at 30°C for 15 min prior to the addition of the CMV-Bg C DNA. Time 

points at 0, 30, 60 and 120 min were taken. (C) Due to the presence of many transcripts, 

transcription level was not measured. 
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4.2.2 The anti-U1 snRNA oligonucleotide effect is not substrate specific 

 

2’-O-methyl oligonucleotides to block U1, U2 and U6 snRNAs were added to Pol II-

TSR supplemented with the CMV-CD44v5 DNA. The experiment showed that 

transcription was sensitive to all oligonucleotides (Figure 4.4). Regarding the U1 

snRNA effect on transcription, this result is consistent with the data obtained from the 

experiment with CMV-Bg C DNA. However, transcription outcome upon inhibition of 

the U2 and U6 snRNAs using Bg and CD44v5 constructs was different (Figure 4.1). To 

validate a contribution of the U2 and U6 snRNAs in Pol II transcription, the experiment 

should be done in triplicate.  

 

Since the CD44v5 construct has sequence similarities with Bg C, as CD44v5 was 

cloned into the intron of Bg C (Appendix), substrate with different origin was also test. 

A three exon-two intron construct derived from RON (Smith et al., 2013) was cloned 

into pEGFP-C1 and fused to the CMV promoter (Materials and Methods; Figure 4.5 A). 

It was previously shown that RON does not undergo splicing in vitro (Smith et al., 

2013), so, we wanted also to test whether Pol II transcription could stimulate splicing of 

RON pre-mRNA. A time-course of Pol II-TSR showed that RON pre-mRNA did not 

undergo splicing in the mock-treated reaction (Figure 4.5 B), suggesting that splicing 

was not stimulated by Pol II transcription. There was a two-fold decrease in the level of 

transcript upon U1 snRNA inhibition suggesting that the efficiency of transcription was 

dependent on the U1 snRNA. The results obtained from the experiments with CD44v5 

and RON substrates were consistent with the experiments in which Bg C was used. In 

conclusion, transcription of DNA constructs with different sequence compositions is 

dependent on the functional activity of the U1 snRNA. 
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Figure 4.4. The level of Pol II transcription of CD44v5 substrate is decreased upon 

inhibition of the U1, U2 and U6 snRNAs. (A) Inhibition of the U1, U2 and U6 

snRNAs by 2’-O-methyl oligonucleotides using CMV-CD44v5 DNA. The pre-mRNA, 

RNA splicing products (inclusion and exclusion mRNAs) and intermediates are 

diagrammed at the right of the phosphorimage. Time points at 0, 30, 60 and 120 min 

were taken. (B) Transcription level from (A) was plotted versus time. 
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Figure 4.5.  The level of Pol II transcription of RON substrate is decreased upon 

inhibition of the U1 snRNA. (A) Diagram shows alternative splicing pattern of RON 

pre-mRNA. Exons 10-12 (boxes), introns (black lines), splice sites and splicing 

alternatives (red and blue lines) are represented. (B) Inhibition of U1 snRNA by 2’-O-

methyl oligonucleotide using CMV-RON DNA. The pre-mRNA is diagrammed at the 

right of the phosphorimage. Time points at 0, 30, 60 and 120 min were taken. (C) 

Transcription level from (A) was plotted versus time. 
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4.2.3 Inhibition of U1, U2 and U6 snRNAs in T7-TSR 

 

The studies that showed that the U1 snRNA associates with Pol II (Kim et al., 1997; 

Tian, 2001) or general transcription factors such as TFIIH (Kwek et al., 2002) and 

TAF15 (Jobert et al., 2009) suggested that the U1 snRNA plays roles in transcription 

initiation and elongation. Previous work had shown that this effect was not observed for 

transcription by RNA Pol III, and it was inferred that it was restricted to RNA Pol II 

(Tian, 2001). To test this, the U1 snRNA was targeted in T7-TSR. Anti-U1 2’-O-methyl 

oligonucleotides at 7 and 14 µM was used. The procedure to inactivate the U1 snRNA 

in T7-TSR was the same as before. The experiment was done in triplicate and 

incubation at 30oC was carried out for 90 min. The yield of RNA was decreased by 3.5-

fold (Figure 4.6 A and B). The oligonucleotide at the highest concentration had no 

additional effect on transcript level, suggesting that 7 μM oligonucleotide was sufficient 

to influence both splicing and transcription. It is concluded that the U1 snRNA effect on 

the level of transcription is polymerase-independent. One possibility is that the binding 

of the U1 snRNPs confers stability of transcripts. 

 

Inhibition of the U2 and U6 snRNPs by 2’-O-methyl oligonucleotides had a converse 

effect: the level of RNA was increased by 3-fold. This result is similar for Pol II-TSR in 

which the U2 and U6 snRNAs were targeted by RNase H-mediated degradation (Figure 

4.3). Although, this increase was not seen with the 2’-O-methy oligos (Figure 4.1). It is 

suggested that the difference in the level of RNA between the untreated and treated 

samples is that spliced products may not be stable and could undergo degradation after 

the completion of splicing.  
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Figure 4.6. Transcript level is decreased upon inhibition of U1 but not U2 or U6 

snRNAs in T7 transcription/splicing system. Effect of anti-U1 (A), U2 and U6 

snRNAs (B) using 2’-O’methyl oligonucleotides. The reaction mixtures with 

oligonucleotides were pre-incubated at 30°C for 15 min prior to the addition of T7-Bg C 

DNA. After, the samples were incubated for further 90 min. (B) Transcription level 

from (A) was plotted in the diagram. (D) Transcription level from (C) was plotted in the 

diagram. Error values are standard deviation values.  

 

 

4.2.4 Inhibition of U1, U2 and U6 snRNAs in SR 

 

The above experiments suggest that a T7 Pol-generated transcript in the NE is not stable 

if the U1 snRNP is not functional. To further evaluate U1 snRNP-dependent effect on 

RNA stability, we tested the RNA stability of pre-synthesised transcripts under splicing 

conditions. Since transcription is not functionally coupled to splicing in T7-TSR or SR, 

we hypothesised that the protective RNA stability effect might be similar in these two 

assays.  

 

Prior to the addition of the pre-mRNA to SR mixtures, the NEs were treated with anti-

U1, anti-U2 and anti-U6 oligonucleotides at 7 μM, 6 μM and 4 μM, respectively (Figure 

4.7). To measure the level of RNA after incubation, 0 and 90 min time points were 

taken. The experiment was done in triplicate, excepting the sample with anti-U6 

oligonucleotide.  
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Figure 4.7. Pre-made pre-mRNA is degraded in nuclear extract under conditions 

with not functional U1 snRNA. In splicing conditions HeLa nuclear extracts were 

treated with anti-U1, U2 and U6 snRNAs 2’-O-methyl oligonucleotides at 30°C for 15 

min prior to the addition of 32P-labelled Bg C pre-mRNA. This followed by the 

incubation for further 90 min. All reactions were done in triplicates, excepting that with 

anti-U6 snRNA oligonucleotide. The pre-mRNA, mRNA and 5’ exon are indicated. (B) 

The diagram shows transcript levels which were measured as the percentage of RNA at 

90 min to the input RNA at 0 min. Error values are standard deviation values. 
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RNA levels were measured as the percentage of the sum of the pre-mRNA and splicing 

products at 90 min relatively to the input pre-mRNA at 0 min time point. Complete 

splicing inhibition was not achieved as splicing products were detected. As expected, 

the level of RNA was decreased under the conditions with inhibited U1 snRNA, but was 

unchanged in the samples with either blocked U2 or U6 snRNAs. This suggests that the 

RNA underwent degradation upon U1 snRNA inhibition. However, no degradation 

products were detected. In conclusion, among the tested spliceosomal snRNPs, U1 is 

the only snRNP that clearly affected RNA stability. In conclusion, the U1 snRNP is 

required for RNA surveillance and this phenomenon is transcription-independent.  

 

 

4.2.5 RNA stability in Pol II-TSR  

 

The above experiments suggest that RNA stability depends on the activity of the U1 

snRNA. To further prove this, we made use of pulse chase assays to measure the 

degradation profiles for Bg C transcripts produced by Pol II under conditions with 

inhibited U1 snRNA. The procedure for the U1 snRNA inactivation by anti-U1 

oligonucleotide was the same as before. After incubation for 30 min, an excess of 

unlabelled GTP was added to quench the production of radiolabelled transcripts and this 

was referred as 0 min time point (Figure 4.8 A). The sum of the pre-mRNA and splicing 

products at each time point was related to the amount of pre-mRNA at the 0 min time 

point. The result is shown in Figure 4.8 B. The quantification of the degradation profiles 

showed a logarithmic decrease in RNA levels in both treated and untreated samples. 

However, a significant increase in the degradation rate of the pre-mRNA under 

conditions with blocked U1 snRNA was observed, which can be seen from the 

comparison of the corresponding slopes. RNA degradation products were detected in 

the treated sample. Also, the RNA is not fully stable in the mock-treated sample, 

suggesting that U1 snRNP-independent degradation also takes place in Pol II-TSR. In 

conclusion, the U1 snRNP has a property to stabilize RNA.  
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Figure 4.8. Bg C RNA transcribed by Pol II undergoes degradation under 

conditions with not functional U1 snRNA. (A) Inhibition of the U1 snRNA by 2’-O-

methyl oligonucleotide using CMV-Bg C DNA in Pol II-TSR. The zero time point 

refers to the addition of excess unlabelled GTP nucleotides 30 min after the start of 

incubation. DP stands for degradation products. (B) Quantification of the degradation 

profiles versus time is shown in the graph.   

 

 

 

 



133 
 

4.3 Investigation of RNA degradation pathways  

 

The described above experiments revealed that the U1 snRNP mediates a greater 

stability of transcripts in both uncoupled reactions (Figure 4.6 and Figure 4.7) and a 

reaction in which transcription is linked to splicing (Figure 4.8). These observations 

indicate that the U1 snRNP plays a crucial role in protecting transcripts from 

degradation. To investigate the mechanisms by which the U1 snRNP stabilises RNA 

and protects it from degradation, it was important to understand how RNA is degraded 

in vitro in the absence of U1 snRNP.  

 

 

4.3.1 RNA protection in Pol II-TSR 

 

In vitro RNA can be degraded by three major classes of RNA-degrading enzymes: 

endonucleases, 5’ exonucleases and 3’ exonucleases. By protecting the ends of 

transcripts, it would be possible to determine which classes of enzymes are involved in 

RNA degradation and, therefore, what kind of RNA degradation pathways become 

activated when RNA is not protected by the U1 snRNP. 2’-O-methyl modified 

oligonucleotides were used to protect RNA from exonuclease cleavage. 

Oligonucleotides complementary to the ends of Bg C pre-mRNA were designed and 

used in Pol II transcription/splicing and splicing assays to render the RNA ends to be 

inaccessible to 5’ and 3’ exonucleases (Figure 4.9 A). Further, these oligonucleotides 

will be called 5’ E and 3’E. We hypothesised that if the 5’ and 3’ ends of transcripts 

become degraded when the U1 snRNP does not interact with RNA then the level of 

transcripts would be increased in the reactions with the oligonucleotides. First, the U1 

snRNA was blocked with anti-U1 oligonucleotide during a pre-incubation step. This 

was followed by the addition of protective oligonucleotides and the CMV-Bg C DNA 

template. The concentration of oligonucleotides was titrated from 0.01 µM to 1 µM. 

Contrary to our expectations, the 5’ E and 3’E oligonucleotides did not show an 

enhancement of transcript levels in Pol II-TSR (Figure 4.9 B). A slight increase of 

transcript was observed in the reaction with both 3’E (0.1 and 1 µM) and anti-U1 oligos 

in comparison to the reaction with only anti-U1 oligo (Figure 4.9 C).  
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Figure 4.9. Protection of pre-mRNA ends by complementary oligonucleotides in 

Pol II-TSR. (A) Diagram shows the position of 2’-O-methyl oligonucleotides annealing 

(called 5’E and 3’E). The oligonucleotide sequences are indicated. In vitro time-courses 

of Pol II transcription/splicing with 5’E (B) and 3’E (C) oligonucleotides. CMV-Bg C 

DNA template was used. In Pol II transcription/splicing conditions HeLa nuclear 

extracts were treated with and without anti-U1 oligonucleotide (5 µM) at 30 °C for 15 

min. After, 5’E, 3’E oligonucleotides and DNA template were added. The 

concentrations of the protective oligonucleotides are represented. Time points at 30, 60 

and 90 min were taken.  
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However, the level of RNA was significantly less compared to the mock sample. From 

this experiment, it is not clear if 3’ end degradation is specific to the absence of the 

functional U1 snRNP or it is a general effect. To test this idea, Pol II-TSR was 

supplemented with 5’E and 3’E oligonucleotides. The U1snRNA was not inhibited in 

this experiment. The result showed a small increase (1.2-fold) of transcript level in the 

reaction with 3’E oligo (Figure 4.10). This result indicates that the newly synthesised 

RNA is not fully protected in the NE and even in the presence of the functional U1 

snRNP some pre-mRNA undergoes degradation from the 3’ end. Since none of the 

protective oligonucleotides were effective in the reaction with inhibited U1 snRNA 

(Figure 4.9), it is suggested that RNA could undergo degradation during transcription 

and, therefore, the RNA was not released form the polymerase. Alternatively, 

transcripts could be degraded by endonucleases and there was no substrates for the 

oligonucleotides to anneal to.     
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Figure 4.10. Pre-mRNA undergoes degradation through the 3’ end in Pol II-TSR. 

(A) In vitro Pol II transcription/splicing assay with 5’E and 3’E oligonucleotides. CMV-

Bg C DNA template was used. The 5’E, 3’E oligonucleotides and the DNA template 

were added all at once. The experiment was done in triplicate. The samples were 

incubated for 90 min. (B) The diagram shows transcript levels. Error values are standard 

deviation values. 
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4.3.2 RNA protection in SR 

 

To investigate the functionality of 5’E oligonucleotide, it was used in a reaction with 

pre-made Bg C pre-mRNA under splicing conditions. Based on the result from Figure 

3.15, which suggested that the nascent RNA is capped in Pol II-TSR, capped pre-made 

pre-mRNA was used in SR. The experiment was done in triplicate. The 5’ terminus of 

the U1 snRNA was blocked by anti-U1 oligonucleotide during pre-incubation, 

following by the addition of 5’E oligo together with the Bg C pre-mRNA. Time points 

at 0 and 90 min were taken. Just 34% of RNA was present in the “anti-U1” sample. The 

analysis revealed a slight effect of the 5’E oligo on transcript level (Figure 4.11). Since 

48 % of the pre-mRNA was still subject to degradation upon inhibition of the U1 

snRNA, it is concluded that capped pre-mRNA was not protected by the 5’E oligo even 

at the highest concentration. Since the cap structure of transcripts plays a role in 

protecting RNA from 5’ exonuclease digestion, it is unlikely that pre-made pre-mRNA 

was decapped in the reaction with inactive U1 snRNP. If the pre-mRNA was decapped 

upon inhibition of the U1 snRNP then the 5’E oligo would protect it from 5’ 

exonucleases.  

 

The majority of pre-mRNA in SR was not degraded by 5’ exonucleases, suggesting that 

the pre-mRNA might undergo degradation by 3’ exonucleases as the 3’ end might be 

accessible for 3’ exonuclease hydrolysis. This was tested by using 3’E oligo in the 

samples with blocked U1 snRNP. The concentration of this oligo was titrated from 0.01 

µM to 1 µM using capped Bg C pre-mRNA. The experiment was not done in triplicate. 

The result showed that in a dose-dependent manner the 3’E oligo protected the pre-

mRNA from degradation (Figure 4.12). A 1.5-fold increase of transcript level at 1 µM 

was achieved in comparison to the sample with just anti-U1 oligonucleotide. The 

experiment demonstrated that the U1 snRNP plays a role in protecting transcripts 

against 3’ exonuclease digestion. However, the 3’E oligo did not protect capped RNA 

from degradation completely, it is possible that some internal degradation by 

endonucleases could take place.   
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Figure 4.11. The 5’E oligonucleotide does not protect pre-made capped pre-mRNA 

from degradation in SR. (A) In vitro splicing reactions in triplicate with anti-U1 (5 

µM) and 5’E oligonucleotides. Capped Bg C pre-mRNA was used. The concentrations 

of 5’E oligonucleotide are represented. The time points are indicated. (B) The diagram 

shows transcript levels which were measured as the percentage of RNA at 90 min to the 

input RNA at 0 min. (*) P < 0.05. Error values are standard deviation values.  

 

 

5’E 



139 
 

A 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. The 3’E oligonucleotide protects capped pre-mRNA from degradation 

in SR. (A) In vitro splicing reactions with anti-U1 (5 µM) and 3’E oligonucleotides. 

Capped Bg C pre-mRNA was used. The experiment was not done in triplicate. The 

concentrations of 3’E oligonucleotide are indicated. (B) The diagram shows transcript 

levels which were measured as the percentage of RNA at 90 min to the input RNA at 0 

min. 
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Since the U1 snRNP is able to somehow protect a transcript from degradation if the 

transcript has a free 3’ end, we hypothesized that the U1 snRNP could protect 

transcripts from 5’ exonuclease activity if the 5’ end were accessible. To test this idea, 

uncapped pre-synthesised Bg C pre-mRNA was used. Based on the previous experiment 

(Figure 4.11), the 5’ E oligo at a concentration of 1 µM was used. The result showed 

that in the mock sample 64% of the pre-mRNA was degraded if the pre-mRNA did not 

contain the cap structure (Figure 4.13). However, the 5’ end protection of RNA using 

the 5’E oligo only did not prevent degradation (sample “5’E”). Just 10% of the pre-

mRNA was left in the sample with blocked U1 snRNA. Interestingly, uncapped pre-

mRNA was protected by the 5’E oligo in the sample with blocked U1 snRNA. It is clear 

that RNA in the “anti-U1/5’E” sample was restored to the same level in the mock-

treated sample suggesting that the U1 snRNP protects uncapped RNA from 5’ end 

degradation.  

 

The cooperative function of the 5’E and 3’E oligonucleotides was tested at a 

concentration of 1 µM. Uncapped Bg C RNA was used. This experiment with two 

protective oligonucleotides proved that the U1 snRNP has the property of protecting 

uncapped RNA from degradation, as the level of RNA was even higher in the sample 

with anti-U1, 5’E and 3’E oligos in comparison to the mock sample (Figure 4.14). 

Based on the results demonstrating that uncapped and not polyadenylated transcripts are 

subjected to degradation through the free ends, it is concluded that the U1 snRNP 

stabilises RNA via protecting it from degradation by 5’ and 3’ exonucleases.  

 

The difference between the levels of transcripts in “anti-U1/5’E/3’E” and “5’E/3’E” 

reactions is that in “5’E/3’E” reaction the pre-mRNA was spliced while in “anti-

U1/5’E/3’E” reaction splicing was prevented. This suggests that unspliced and spliced 

transcripts might undergo different degradation pathways. Therefore, both 5’E and 3’E 

oligos were ineffective to protect spliced RNA in “5’E/3’E” sample.  
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Figure 4.13. The 5’E oligonucleotide protects uncapped RNA from degradation in 

SR. (A) In vitro splicing reactions in triplicate with anti-U1 (5 µM) and 5’E (1 µM) 

oligonucleotides. Uncapped Bg C pre-mRNA was used. (B) The diagram shows 

transcript levels which were measured as the percentage of RNA at 90 min to the input 

RNA at 0 min. Error values are standard deviation values.  
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Figure 4.14. The 5’E and 3’E oligonucleotides protect uncapped RNA from 

degradation. (A) In vitro splicing reactions in triplicate with anti-U1 (5 µM), 5’E and 

3’E oligonucleotides. Uncapped Bg C pre-mRNA was used. The protective 

oligonucleotides were used at the concentration of 1 µM. (B) The diagram shows 

transcript levels which were measured as the percentage of RNA at 90 min to the input 

RNA at 0 min. Error values are standard deviation values. 
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Interestingly, RNA level was not changed in the sample with the 5’E and 3’E 

oligonucleotides compared to the mock reaction (Figure 4.14). Another independent 

experiment was done to reproduce this phenomenon showing consistency in the results 

(data not shown). These data fit our previous observations which showed that just 5’E 

oligo was not able to protect uncapped RNA from degradation (sample “5’E”; Figure 

4.11). If the cap structure protected RNA just from 5’ end degradation then the 5’E 

oligo (sample “5’E”) would rescue RNA leading to increased levels of RNA. This 

implies that the protection of free ends of the transcript does not prevent it from 

degradation. Therefore, it is suggested that the cap structure protects RNA not only 

from 5’ exonucleases but other nucleases. It is possible that CBC promotes the 

recruitment of RNA binding proteins to RNA mediating the stability of RNA (reviewed 

by Gonatopoulos-Pournatzis and Cowling, 2014).   

 

 

4.3.3 Stability of capped RNA 

 

The experiments (Figure 4.7; Figure 4.11; Figure 4.12) showed that capped pre-made 

RNA is not stable after inhibiting the U1 snRNA. One possible explanation is that some 

of this RNA had not been capped during in vitro transcription. It is not known whether 

all transcripts contained cap after in vitro transcription. It is possible that a proportion of 

RNA can contain GTP at the 5’ end. This can happen because GTP can be incorporated 

as the first nucleotide of the RNA strand too. Thus, after in vitro transcription some 

RNA species are capped while some might be uncapped, indicating the presence of 

heterogeneous RNA species in the sample. We hypothesised, if a proportion of 

transcripts do not contain the cap structure but GTP then this RNA can be a substrate 

for 5’ end degradation. The next experiment was done to test this. RNA was treated 

with Antarctic Phosphatase (AP) and 5’ exonuclease XRN-1 (Materials and Methods). 

It was expected that AP would remove two phosphate groups from the terminal 

nucleotide of the RNA and when the monophosphate is left the RNA would be subject 

to XRN-1 digestion. As a control for the efficiency of AP and XRN-1 treatment, 

uncapped RNA was used. Thus, capped and uncapped Bg C transcripts were used. After 

the treatment by AP and XRN-1 (Materials and Methods), 82% of the uncapped RNA 

was found to have been degraded (Figure 4.15). Since 18% of the uncapped RNA was 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Gonatopoulos-Pournatzis%20T%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cowling%20V%5Bauth%5D
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not degraded it is suggested that the AP and XRN-1 treatment was not completely 

efficient.  
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Figure 4.15. 1/3 of pre-made pre-mRNA does not contain the cap structure. (A) 

PAGE shows pre-made capped (cap) and uncapped (uncap) Bg C pre-mRNAs after 

treatment by Antarctic Phosphatase (AP) and XRN-1. The experiment was done in 

triplicate. A band (*) is a product of degradation. (B) The level of RNA is shown in the 

diagram. Error values are standard deviation values. 

 

 

As we expected, the efficiency of cap analogue incorporation during in vitro 

transcription was not 100%, as 29% capped RNA was degraded. This indicates that in 

the sample with capped RNA, most of the remaining 71% of the RNA contained the cap 

structure. This RNA was considered to be fully capped and taken for further purification 

(Materials and Methods).  

* 
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An in vitro splicing assay was done using purified fully capped pre-made pre-mRNA. 

Anti-U1 oligonucleotide was added. The result showed that the capped RNA suffered 

from degradation in the sample with blocked U1 snRNA (Figure 4.16). This implies that 

both types of RNAs (capped and uncapped) suffer from degradation if the U1 snRNA is 

not functional. This result together with the previous data (Figure 4.11) suggest that 

capped RNA does not become a substrate for 5’ exonucleases when the U1 snRNA has 

been blocked. Based on our results (Figure 4.11) it is suggested that capped RNA is 

targeted by 3’ exonucleases and might be degraded by endonucleases.  
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Figure 4.16. Fully capped pre-mRNA undergoes degradation if the U1 snRNP is 

not functional. (A) In vitro splicing reactions in triplicate with and without anti-U1 

oligonucleotide. Capped Bg C pre-mRNA after Antarctic Phosphatase and XRN-1 

treatment was used. After purification, RNA was added to SR. A band (*) at 0 min time 

point is a product which remains after the treatment. (B) The diagram shows transcript 

levels which were measured as the percentage of RNA at 90 min to the input RNA at 0 

min. Error values are standard deviation values.  
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4.3.4 Evidence of RNA degradation  

 

Although the experiments showed that the U1 snRNA protects transcripts from 

degradation but there was no clear evidence of degradation, except in Figure 4.8. We 

thought that small pieces of RNA were lost during gel electrophoresis. To test this idea, 

electrophoresis of Pol II-TSR with blocked U1 snRNA was carried out till radiolabelled 

nucleotides reached the bottom of the gel. Surprisingly, no degradation products were 

found (data not shown). It is possible that nucleases degrade RNA rapidly and 

completely.  

 

To detect degradation products, 2’-O-methyl oligonucleotides complementary to the 

centres of the intron and 5’ exon of Bg C pre-mRNA were designed (E and I; Figure 

4.17 A). We hypothesised if the RNA were degraded by 5’ and 3’ exonucleases then a 

band of approximately 200 nt would be visualised (Figure 4.17 A). After incubating the 

NE with anti-U1 oligonucleotide under splicing conditions, E and I oligonucleotides 

were added. This followed by the addition of capped Bg C pre-mRNA. To increase the 

visibility of degradation products, 10 times as much pre-mRNA was added in 

comparison to previous SR assays (20 fmol and 2 fmol, respectively). Time-course 

experiment was done. The result showed that E and I oligos had no effect on splicing 

(Figure 4.17 B). A complete inhibition of splicing was not achieved in the sample with 

anti-U1 oligonucleotide only as the mRNA and 5’ exon intermediate were visualised. A 

band of bigger size than the mRNA (278 nt) was detected in the sample with anti-U1, E 

and I oligos (shown in arrow). Based on the results from Figure 4.11 and Figure 4.12 

which showed that capped RNA is digested by 3’ but not 5’ exonucleases, it is 

suggested that the RNA is degraded by 3’ exonucleases until the position of I oligo on 

the RNA. Thus, 294 nt RNA product was detected (Figure 4.17 C). Also, this result 

proves that the capped RNA is not degraded by 5’ exonucleases if the U1 snRNA is 

blocked, as if it was the case a band of 199 nt would be observed (Figure 4.17 A). Also, 

by increasing the concentration of transcripts some other degradation products (DP) 

were detected in the samples with inhibited U1 snRNA. This observation suggests that 

degradation products were not visualised in the previous experiments because low 

amounts of transcripts were present in SR, Pol II-TSR and T7-TSR assays.  
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Figure 4.17. Evidence of RNA degradation. (A) Diagram shows the position of 2’-O-

methyl oligonucleotides (E and I) annealing to exonic and intronic regions of Bg C pre-

mRNA. The sequences of oligonucleotides are indicated. The cap structure is shown in 

black circle. 199 nt band product is expected if the RNA is degraded through the 5’ and 

3’ ends. (B) In vitro time-course splicing assays with oligonucleotides complementary 

to the exon and intron of Bg C pre-mRNA. Under splicing conditions HeLa NEs were 

treated with and without anti-U1 2’-O-methyl oligonucleotide at 30 °C for 15 min prior 

to the addition of E and I oligonucleotides. In 10 min capped labelled Bg C pre-mRNA 

was added. The concentration of Bg C pre-mRNA was 20 fmol in each reaction. This 

followed by the incubation for further 90 min. Time points at 0, 30, 60 and 120 min 

were taken. The samples containing oligonucleotides are assigned. Complete inhibition 
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of splicing by anti-U1 snRNA oligonucleotide was not achieved as mRNA and 5’ exon 

bands were detected. A band of degradation product in the sample with anti-U1 snRNA, 

E and I oligonucleotides is indicated by arrow. DP stands for degradation products, 

which can be seen in the anti-U1 and anti-U1/E/I samples. The sizes of the pre-mRNA, 

mRNA, 5’ exon intermediate and lariat intermediate are represented. (C) Diagram 

shows full length Bg C pre-mRNA and a product with its size after 3’ end degradation. 

The product of degradation is shown by arrow in (B). 

 

 

4.4 Effects of 5’SS and 3’SS on RNA level 

 

4.4.1 Effect of 5’SS on RNA level in SR 

 

The described experiments revealed that inhibition or digestion of the 5’end of the U1 

snRNA led to decreased stability of RNA regardless of the RNA polymerase used or 

whether RNA was transcribed in the NE or added to the NE. This suggests that the 5’ 

terminal portion of the U1 snRNA enables the U1 snRNP to somehow prevent pre-

mRNA from entering the degradation pathway. To test if RNA stability depends on the 

direct interaction between the U1 snRNA and pre-mRNA, a mutant construct that had 

no 5’SS was used (Hodson et al., 2012). This substrate is called Bg M. To exclude a 

possibility that other splice sites are required for RNA stability, a mutant version of Bg 

lacking any SSs could be used. However, to eliminate a possibility of not removing all 

necessary sites required for the binding of the spliceosome components, an intronless 

construct GFP was used. It was expected that neither Bg M RNA nor GFP RNA would 

be stable in the presence of the functional U1 snRNP. It is important to note that Bg C 

pre-mRNA contained two consensus 5’SSs: the first one was located at the beginning of 

the intron and the second one flanked the 3’ exon. This construct was used in the 

majority of experiments as it was shown previously in the laboratory that Bg C pre-

mRNA having an extra 5’SS at the 3’ end of pre-mRNA was more stable in comparison 

to the pre-mRNA containing just the intronic 5’SS (Hodson et al., 2011).  

 

The stabilities of pre-made Bg C, Bg M and GFP transcripts were tested in a 

conventional splicing assay with and without anti-U1 oligonucleotide (Figure 4.18). 

Each RNA was 100% capped prior to addition to the SR, as the RNAs had been treated 

with AP and XRN-1 (Materials and Methods). Each reaction was done in triplicate. To 
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measure the amount of RNA present after incubation, 0 and 90 min time points were 

taken (Figure 4.18 B). As expected, after 90 min of incubation 85% of the input pre-

mRNA carrying 5’SSs remained stable (Bg C), while just 30% of transcript containing 

mutant 5’SS was present (Bg M). Compared to Bg C, Bg M displayed significantly 

higher rates of degradation. It is clear that the observed reduction in transcript level is 

due to the absence of the consensus 5’SS. GFP RNA was not stable suggesting that the 

presence of the 5’ SS is important for RNA stability. Degradation rates of Bg M and 

GFP were not increased in the reactions with blocked U1 snRNA, suggesting that the 

consensus 5’SS is important for RNA stability. 60% of GFP RNA remained after 90 

min, twice as much as for Bg C pre-mRNA. It is possible that the difference arises from 

the secondary structure of these two RNAs.  
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Figure 4.18. RNA stability depends on the functional 5’SS. (A and B) In vitro 

splicing reactions with and without anti-U1 oligonucleotide. The experiment was done 

in triplicate. A band (*) at 0 min time point is a product which remains after Antarctic 

Phosphatase and XRN-1 treatment. (C) The diagram shows transcript levels which were 

measured as the percentage of RNA at 90 min to the input RNA at 0 min. Error values 

are standard deviation values. 
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To test if RNA stability is 5’SS-position dependent, the consensus 5’SS was fused to the 

3’ end of the Bg M pre-mRNA. This construct will be further called Bg K. It was 

expected that the overall Bg K transcript level would be increased compared to that of 

Bg M, as the strong U1 snRNA binding site was available. Surprisingly, the construct 

having the 5’SS at the 3’ end of the pre-mRNA (Bg K) was able to splice very 

efficiently (Figure 4.19). It is known that the genome contains a large number of cryptic 

5’SS (Roca et al., 2012). Depending on the complementarity between the U1 snRNA 

and U1-like sequence the interaction can be “weak” or “strong” (Roca et al., 2013). This 

is known as the splice site strength. Bg C substrate was inspected for the presence of 

cryptic U1 snRNP binding sites. Eleven potential cryptic 5’SSs were found to be 

located in the 5’ exon of the Bg C pre-mRNA (Figure 4.20; umd.be, 2016). Since Bg K 

pre-mRNA produced splicing products it is suggested that cryptic 5’SSs were 

recognized by the U1 snRNP leading to spliceosome assembly. It is possible that the U1 

snRNP bound to the 5’SS at the 3’ end of the Bg K pre-mRNA plays a role in 

stabilization of the interaction between a cryptic 5’SS and the U1 snRNP. Although the 

position of cryptic sites was known but it was not possible to determine which sites 

were recognised by the spliceosome to produce these splicing products. These splicing 

products could be assigned in the future. Relative number of molecules in each band 

was not calculated by normalising the intensity according to the number of GMP in the 

corresponding RNA molecules because the nature of splicing products was not 

determined. Therefore, the intensity of each band at 120 min time point was measured 

and relative RNA levels were calculated. The result showed that Bg K pre-mRNA was 

four-fold more stable than its mutant counterpart, but was 1.5-fold less stable than Bg C 

which harbours two “strong” 5’SSs (Figure 4.19). In conclusion, RNA stability depends 

on the presence of a “strong” 5’SS regardless of its position.  

 

In the reaction with Bg M pre-mRNA, a band of 180 nt was detected. It is the same 

splicing product as that in the sample with Bg K pre-mRNA. It is suggested that the 

same cryptic 5’SS located in the 5’ exon was recognised by the U1 snRNP. This data 

suggests that at least one cryptic 5’SS can be bound by the U1 snRNP but this 

interaction was not sufficient to stabilize the Bg M pre-mRNA. In conclusion, only 

strong base-pairing between the U1 snRNA and pre-mRNA stabilizes RNA under SR 

conditions and a direct binding of the U1 snRNP to the 5’SS of pre-mRNA is required.  
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Figure 4.19. The presence of the 5’SS regardless its position is crucial for RNA 

stability in the conventional splicing assay. (A) In vitro time-course splicing of Bg C, 

Bg K and Bg M pre-mRNAs. The constructs are represented on the top of the 

phosphorimage. Time points at 0, 30, 60 and 120 min were taken. The 5’SS is indicated 

as the red line. (B) Transcript level based on the intensity of each band at 120 min time 

point is shown in the diagram. Relative number of molecules in each band was not 

calculated by normalising the intensity according to the number of rGTP in the 

corresponding RNA molecules because the nature of the bands in the sample with Bg K 

RNA was not determined.  
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Figure 4.20. Sequence of the 5’ exon of Bg C mini-gene with cryptic 5’SSs. The 

sequence in red indicates the consensus 5’SS located at the exon/intron junction. Eleven 

cryptic 5’SSs are represented as underlined and coloured to differentiate them as some 

sites overlap. The position of each site relatively to the start of the exon is indicated.   

 

 

 

4.4.2 Effect of the 5’SS on RNA level in Pol II-TSR 

 

The above experiments provided clear evidence of the dependence of stability on the U1 

snRNP and a functional 5’SS. We next investigated if the consensus 5’SS is required for 

RNA stability in the reaction in which Pol II transcription is linked to splicing. Time-

course Pol II transcription/splicing assays were done using the equal amounts of Bg C, 

Bg M and Bg K templates under the CMV promoter. The results showed that cryptic 

5’SSs of Bg K transcript were recognised by the spliceosome as some splicing products 

were detected (Figure 4.21 A). Strikingly, there was a small difference between the 

levels of Bg C, Bg M and Bg K transcripts (Figure 4.21 B).  
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Figure 4.21. Effects of the consensus 5’SS on RNA level in Pol II-TSR assay. (A) In 

vitro time-course Pol II transcription/splicing using equal amounts of Bg C, Bg K and 

Bg M DNA templates under the CMV promoter. Time points of 0, 30, 60 and 120 min 

were taken. (*) One splicing product is produced in the sample with Bg M suggesting 

that a cryptic 5’SS is recognized by the spliceosome. (B) Transcript level is shown in 

the diagram.  
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Although equal amounts of DNA templates were used before (Figure 4.21), this 

experiment was repeated to exclude a possibility that different concentrations of DNA 

were taken. Bg C, Bg M and Bg K construct and Bg C without the extra 5’SS at the 

3’end (called Bg A) were used. The experiment was done in triplicate. The effect of the 

U1 snRNP on these substrates was tested using anti-U1 oligonucleotide. Surprisingly, 

all transcripts were sensitive to the absence of the functional U1 snRNA as RNA levels 

of all transcripts were decreased (Figure 4.22), contrary to the data from SR assay 

(Figure 4.18). The experiment showed that in the mock-treated samples of Pol II-TSR 

the levels of Bg C and Bg M pre-mRNAs were similar, confirming the previous result 

(Figure 4.21). Strikingly, the ratio between RNA levels in the treated and untreated 

samples differed among the transcripts (Figure 4.23 C). 

 

Comparing the results between SR and Pol II-TSR systems (Figure 4.18 and Figure 

4.22, respectively), it is apparent that transcript levels between Bg C and Bg M 

significantly differ. In particular, in SR assay the level of Bg M pre-mRNA is 2.7-fold 

less than that of Bg C, but there is no difference in Pol II-TSR assay. In Pol II-TSR Bg 

M pre-mRNA lacking a strong 5’SS is stable to the same extent as Bg C pre-mRNA, 

which has two “strong” 5’SSs. Thus, the presence, position and number of the strong 

5’SSs do not affect RNA stability in the reaction with ongoing Pol II transcription. The 

hypothesis is that the U1 snRNP could interact with cryptic 5’SS in a transcription-

dependent manner resulting to stability of newly produced transcripts. In contrast to SR, 

this does not happen as splicing is impaired form transcription.       

 

 

 

 

 

 

 

 

 

 

 

 



156 
 

A 

 

 

 

 

 

 

 

B 

 

 

 

 

  

 

 

C 

 

 

 

 

 

 

 

 

 

Figure 4.22. Regardless of the presence or position of the functional 5’SS, pre-

mRNA is stable under conditions with ongoing Pol II transcription. (A) In vitro Pol 

II transcription/splicing reactions with and without anti-U1 oligonucleotide using 

different Bg constructs. The experiment was done in triplicate. The constructs are 

represented on the top of the phosphorimage. The incubation was carried out for 90 

min. The 5’SS is indicated as the red line. One band (*) migrates between the mRNA 

and the 5’ exon in the sample with Bg A substrate. This product is not detected in the 

reaction with the anti-U1 oligonucleotide. The origin of this product can be explained 
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based on previous study (Hodson, 2011) which suggested that a product of mRNA 

degradation occurs if there is no 5’SS at the 3’ end of the pre-mRNA. (B) Transcript 

level is shown in the diagram. Error values are standard deviation values. (C) 

Quantitation shows a fold change between the mock and anti-U1-treated samples.   

 

 

 

4.4.3 The stability of an intronless transcript depends on the presence of 5’SS 

 

Together the above experiments showed that at least one cryptic 5’SS within the 5’exon 

can be bound by the U1 snRNP, but its usage depends on the presence of the 5’SSs at 

the 3’ end of Bg C pre-mRNA. Also, the stability of Bg M transcript appeared to be 

different between the reaction in which splicing is separated from transcription and the 

reaction in which Pol II transcription occurs (Figure 4.18 and Figure 4.22). Based on 

previous findings that the core spliceosome components can associate with the 

transcription machinery (Fong and Zhou, 2001), we hypothesised that the U1 snRNP 

can be recruited to the nascent pre-mRNA which exits from Pol II and the U1 snRNP 

binds stably to not only the consensus but cryptic 5’SSs. Therefore, transcription 

mediates a strong association between the U1 snRNP and cryptic 5’SSs enabling RNA 

to avoid entering the degradation pathway. To test this hypothesis, the intronless GFP 

construct was inspected for the presence of any cryptic U1 snRNP binding sites. It was 

found that GFP contained 15 U1 snRNP-motifs (Figure 4.23; umd.be, 2016). Pol II-

TSR with and without anti-U1 snRNA oligonucleotide was done in triplicate (Figure 

4.24). The incubation was carried out for 90 min. The result showed that the level of 

GFP transcript in the reaction with blocked U1 snRNA was reduced by 1.4-fold in 

comparison to the mock-treated sample.  
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Figure 4.23. Sequence of GFP gene with cryptic 5’SSs. Fifteen cryptic 5’SSs are 

represented as underlined and coloured to differentiate them as some sites overlap. The 

position of each site relatively to the start of the gene is indicated.   
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Figure 4.24. The stability of intronless RNA depends on the U1 snRNA. (A) In vitro 

Pol II transcription/splicing assay with and without anti-U1 oligonucleotide using the 

CMV-GFP DNA template. The experiment was done in triplicate. The samples were 

incubated for 90 min. (B) Transcript level is shown in the diagram. (*) P < 0.01. Error 

values are standard deviation values. 
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To test whether the U1 snRNP mediates RNA stability of the intronless gene, a pulse 

chase was done after 30 min of incubation. Time points at 30, 60 and 90 min were 

taken. RNA at each time point was measured relative to the amount of RNA at 0 min 

time point. The rates of RNA degradation is represented in Figure 4.25. The 

quantification of the degradation profiles showed an exponential decrease with time in 

both treated and untreated samples. However, a significant increase in the degradation 

rate of the newly synthesised pre-mRNA under conditions with blocked U1 snRNA was 

observed, which can be seen from the comparison of the corresponding slopes.  
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Figure 4.25. Intronless RNA transcribed by Pol II undergoes degradation if the U1 

snRNA is blocked. (A) Inhibition of the U1 snRNA by 2’-O-methyl oligonucleotide 

using the CMV-GFP DNA in Pol II-TSR. The zero time point refers to the addition of 

excess unlabelled rGTP (pulse chase) 30 min after the start of incubation. (B) 

Quantification of the degradation profiles versus time is shown in the graph.   
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These observations allow to conclude that the intronless transcript also suffers from 

degradation if the U1 snRNA is not functional. We found that GFP gene contains 15 

cryptic 5’SSs (Figure 4.23). It is suggested that cryptic 5’SSs might be bound by the U1 

snRNP in a transcription-dependent manner. These interactions might increase the 

stability of the GFP RNA. These data fit the model about the U1 snRNA recruitment 

both to normally spliced and splicing-deficient transcription units (Spiluttiny, 2010), 

possibly through the association of the U1 snRNP with the transcription machinery 

(Fong and Zhou, 2001; Kim et al., 1997; Tian, 2001; Kwek et al., 2002; Jobert et al., 

2009). These data allow to conclude that in Pol II-TSR RNA stability depends on the 

U1 snRNP but not on presence of a strong active 5’SS, unlike in SR. 

 

To test if the consensus 5’SS affects the level of intronless RNA transcript in Pol II-

TSR, it was fused to the 3’ end of GFP. This construct was called GFP-U1(3’). Usually, 

before each experiment, the concentration of DNA templates (PCR products) was 

carefully estimated by spectrophotometer. To exclude a possibility that the 

concentration of DNA templates differed between samples, according to 

spectrophotometer measurements the amount of each DNA template was estimated 

by agarose gel electrophoresis. The experiment proved that equal amounts of DNA were 

added to each sample (Figure 4.26). The result from Pol II-TSR assay showed that the 

level of GFP transcript harbouring the 5’SS at the 3’ end was increased compared to 

GFP wt with an observed fold change of 1.6 (Figure 4.27). This experiment was 

repeated showing the same result (data not shown). These data fit previous studies 

which showed that the 5’SS itself positively affects the level of transcripts (Barret et al., 

1995; Damgaard et al., 2008). The difference in the level of RNA between samples with 

the GFP wt and Bg C DNA templates (Figure 4.27) allows to hypothesise that spliced 

products of Bg C pre-mRNA are not stable and undergo degradation after the 

completion of splicing. This fits our previous observations (Figure 4.14) suggesting that 

spliced and unspliced transcripts could undergo different pathways. 
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Figure 4.26. Testing if equal amounts of RNA are added to Pol II-TSR. (A) Agarose 

gel electrophoresis was done to test the amount of CMV-DNA used in Pol II-TSR 

(Figure 4.27). 100 ng of each DNA template was used. The experiment was done in 

triplicate. DNA substrates are indicated. (B) Quantification of the input DNA is shown 

in the diagram. Error values are standard deviation values. 
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Figure 4.27. The level of intronless RNA is increased if RNA has the consensus 

5’SS at the 3’ end. (A) Effect of the consensus 5’SS at transcript level of an intronles 

substrate (GFP) in Pol II transcription/splicing assay. The reactions were done in 

triplicate. The samples were incubated for 90 min. (B) Quantification shows transcript 

levels. (*) P < 0.01. Error values are standard deviation values.  
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4.4.4 Effect of 3’SS on RNA level in Pol II-TSR 

 

A connection between a functional 3’ SS and transcription has been investigated in vivo 

(Fong and Zhou, 2001; Barret er al., 1995). It was shown that templates harbouring 

mutated 3’SS showed decreased Pol II transcription in comparison to a wt substrate 

(Fong and Zhou, 2001). The effect of the 3’SS on the level of transcript generated by 

Pol II polymerase was also tested in this study. Previously in the laboratory the AG 

dinucleotide of the 3’SS was mutated to GG (construct called Bg gg). To test Bg gg in 

Pol II-TSR system, this gene was cloned into pEGFP-C1 (Materials and Methods). The 

CMV-Bg C and CMV-Bg gg DNA templates were used in a time-course assay. As it 

was expected, there was an accumulation of the 5’ exon and it was the only product 

observed in the sample (Figure 4.28 A). It indicates that the spliceosome was assembled 

on Bg gg pre-mRNA progressing to complex C. The level of transcripts at the 120 min 

time point was estimated showing a slight increase of RNA level in the sample with Bg 

gg construct (Figure 4.28 A). This result is not in line with previous observations (Fong 

and Zhou, 2001) but fits data obtained by Barret er al. (1995).  

 

Since the above result showed that the 5’SS flanking the 3’ exon facilitated splicing of 

pre-mRNA with the inactivated intronic 5’SS (Figure 4.19), this experiment was used as 

an opportunity to test the ability of the consensus 5’SS flanking the 3’ exon to affect 

splicing of Bg gg. For that the CMV-Bg gg DNA template with the consensus 5’SS at 

the 3’ end was used. This construct is called Bg gg U1BS. The experiment revealed that 

the 5’SS at the 3’ end of the Bg gg pre-mRNA promoted splicing as the mRNA and 5’ 

exon intermediate were detected. Based on the size of mRNAs in the samples with Bg C 

and Bg gg constructs, it is apparent that any alternative 3’SS were not targeted by the 

spliceosome but the mutated 3’SS.  However, splicing of Bg gg U1BS was less efficient 

compared to Bg C as the percentage of mRNAs was 8 and 40, respectively (Figure 4.28 

C). Nonetheless, it is concluded that the presence of the 5’SS at the 3’ end of the pre-

mRNA stimulated the complete pathway of the spliceosome resulting to mRNA 

production. The mechanism behind this phenomenon is not clear but it is suggested that 

through the binding to the 5’SS at the 3’ end, the U1 snRNP could stabilise the 

interaction between U2AF35 and the mutated 3’SS.  

 

 



164 
 

A 

 

 

 

 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

C 

 

 

 

 

 

Figure 4.28. The 3’ splice site does not affect RNA stability. (A) In vitro time-courses 

of Pol II transcription/splicing assay using Bg constructs with mutated 3’SS. The 

constructs are represented on the top of the phosphorimage. The 5’SS and 3’SS are 

indicated as the red and blue lines, respectively. BP stands for branch point. Time points 

at 0, 30, 60 and 120 min were taken. (B) The diagram shows transcript level at the last 

time point (120 min). (C) The percentage of spliced mRNA is shown in the diagram. 

Splicing was measured as the percentage by the following formula: [mRNA]/[pre-

mRNA+mRNA+5’exon].  
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4.5 Complementation assays using U1 snRNP/snRNA 

 

The next aim was to restore the ability of the U1 snRNP to stabilise RNA. This could be 

achieved by using NE with overexpressed U1 snRNA, the 5’ terminus of which is 

mutated enabling the U1 snRNA to be complementary to other parts of Bg C. 

Unfortunately, efficient in vitro Pol II transcription/splicing was only supported by 

commercial nuclear extract and homemade extracts were not active (Figure 3.9). Thus, I 

was not able to use NE with overexpressed U1 snRNP. As an alternative, a 

complementation assay could be done using transcribed U1 snRNA or purified U1 

snRNP. A previous study showed that splicing of U1-depleated NE was restored when 

either purified U1 snRNA or synthetically transcribed U1 snRNA were added to in vitro 

conventional SR (Will and Luhrmann 1996). It was suggested that regardless of the 

origin of the U1 snRNA (native or transcribed), the U1 snRNP can be reassembled in 

NEs if all complex components are present there. In another study splicing was affected 

by exogenous stem loop IV of the U1 snRNA (Sharma et al., 2014). Together these data 

indicate that the exogenous U1 snRNA/snRNP can be functional in vitro. We expected 

that transcripts could be stabilized in our in vitro assays when exogenous U1 snRNP 

and U1 snRNA are added.  

 

The 5’ terminus of the endogenous U1 snRNA was inhibited by antisense 

oligonucleotide and an excess of transcribed U1 snRNA or purified U1 snRNP were 

added, then the restoration of both transcript level and splicing could be achieved. The 

priority was given to 2’-O-methyl oligonucleotide to inhibit the U1 snRNA. The native 

U1 snRNP used in this study had been provided by Lührmann’s laboratory. Although 

the previous study showed that the addition of 200 ng of the U1 snRNP restored 

splicing to normal levels (Will and Luhrmann 1996), the concentration of the U1 

snRNP in Pol II-TSR was titrated. After the inhibition of the endogenous U1 snRNA, 

purified U1 snRNP was added and the samples were pre-incubated for 30 min. This was 

followed by the addition of the CMV-Bg C DNA template and further incubation for 90 

min. The experiment revealed an inhibitory effect of purified U1 snRNP on 

transcription (Figure 4.29). 
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Figure 4.29. The addition of purified U1 snRNP did not restore either 

transcription or splicing in extracts with blocked endogenous U1 snRNA. Time-

course Pol II-TSR assay with purified U1 snRNP. The samples were preincubated with 

anti-U1 oligonucleotide at the concentration at 5 µM for 15 min for 30°C. The U1 

snRNP was added following the incubation for 15 min. After, Bg C DNA template was 

used. Time points at 30, 60 and 120 min were taken.  

 

 

To test the exogenous U1 snRNA in the complementation experiments, the U1 snRNA 

gene was cloned. For that, RNA extracted from HEK293T cells was reverse transcribed 

by using random primers to convert to cDNA. After PCR amplification, the U1 DNA 

template was cloned into Zero Blunt TOPO vector. Prior to the addition of the U1 

snRNA to Pol II-TSR, transcription was done. These procedures are described in more 

details in Materials and methods. In transcription and splicing conditions after the 

endogenous U1 snRNA was inhibited, the exogenous U1 snRNA was added at different 

concentrations and the samples were pre-incubated for 30 min. This was followed by 

the addition of CMV-Bg C DNA fragment and further incubation for 90 min. The 

experiment revealed an inhibitory effect of transcribed U1 snRNA on transcription 

(Figure 4.30). The attempts to restore splicing with transcribed U1 snRNA in the 

conventional in vitro splicing system with blocked endogenous U1 snRNA were also 

unsuccessful (Figure 4.31).  
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Figure 4.30. Effect of capped transcribed U1 snRNA in Pol II-TSR. The samples 

were preincubated with the anti-U1 oligonucleotide at the concentration at 5 µM for 15 

min at 30 °C. The exogenous U1 snRNA was added at different concentrations 

following the incubation for 30 min. After, the CMV-Bg C DNA template was used and 

time points at 15, 30, 60 and 90 min were taken.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31. Exogenous U1 snRNA does not stimulate splicing in a splicing assay. 

Effect of transcribed U1 snRNA on splicing in the samples with block endogenous U1 

snRNA. The splicing reactions were preincubated with the anti-U1 oligonucleotide at 

the concentration of 5 µM for 15 min at 30°C. The exogenous U1 snRNA was added at 

different concentrations following the incubation for 30 min. After, Bg C pre-mRNA 

was used. Time points of 0, 30, 60 and 90 min were taken.  
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To test if transcribed U1 snRNA had any side effects on Pol II transcription, a control 

experiment was done by adding the U1 snRNA only. The concentration of transcribed 

U1 snRNA was 1 µM, 5 µM and 10 µM. In a dose-dependent manner, an inhibitory 

effect on transcription was observed with a maximum concentration at 10 µM (Figure 

4.32 A). Unexpectedly, a band of small size was detected in the samples with added U1 

snRNA and it became bigger as the amount of the U1 snRNA was increased. To 

investigate whether exogenous RNA has a property to inhibit transcription, RNA 

extracted from yeast (Thermo Fisher Scientific) was taken for control purpose. The 

result showed a lack of transcription in a concentration-dependent manner (Figure 4.32 

B). This is consistent with the experiment in which the exogenous U1 snRNA was used 

(Figure 4.32 A). It is concluded that exogenous RNA of specific sequence or 

heterogeneous RNA species added to the reaction with ongoing transcription negatively 

affect transcription.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



169 
 

A 

 

 

 

 

 

 

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

 

Figure 4.32. Reconstitution of transcription is not achieved when exogenous U1 

snRNA is added. (A) In vitro Pol II transcription/splicing reactions were performed 

with transcribed U1 snRNA. The U1 snRNA was transcribed by T7 polymerase in vitro 

and gel purified. The cap analog (m7GpppG) was not used in in vitro T7 transcription 

assay. The concentration of U1 snRNA was titrated as shown. A band of low size 

appeared in the samples with transcribed U1 snRNA. The lariat intemediate in the mock 

sample is shown in the open box. The sizes of each product is represented. (B) Testing 

yeast RNA in Pol II-TSR assays. (A and B) Time points at 15, 30, 60 and 120 min were 

taken.  
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The band in the samples with the exogenous U1 snRNA (164 nt) comigrated with the 

lariat intemediate (164 nt) in the mock sample. It is suggested that the exogenous U1 

snRNA was radiolabelled. It is likely that unlabelled U1 snRNA became radiolabelled 

in Pol II-TSR, as the samples contained [α-32P]GTP nucleotide. Since [α-32P]GTP could 

not be internally incorporated into the U1 snRNA, we hypothesised that transcription-

independent capping could occur because the U1 snRNA did not contain the cap 

structure and the sample had an abandon [α-32P]GTP nucleotide. This coincided with an 

opportunity to test if capping can occur post-transcriptionally and in a transcription-

independent manner. To test this, the U1 snRNA was transcribed in the presence of 1 

mM chemically synthesised cap analogue (m7GpppG). The experiment showed a 

remarkable reduction of transcription but the radiolabelling of the U1 snRNA still 

occurred (Figure 4.33 A). However, the intensity of the U1 snRNA band was lower in 

comparison to the previous experiment (Figure 4.32 A). Based on the result which 

showed that about 30% RNA does not contain the cap structure after in vitro T7 

transcription (Figure 3.15), and the fact that less U1 snRNA was labelled (Figure 4.33 

A), it is possible that uncapped species of the U1 snRNA sample could undergo 

capping. There were several ways to test this. First, if 100% capped U1 snRNA was 

used in Pol II-TSR the U1 snRNA should not be labelled. Second, capping of U1 

snRNA would not be detected if [α-32P]GTP was substituted by any [α-32P]rNTPs. To 

test the latter, [α-32P]rUTP was used in Pol II-TSR. Interestingly, the exogenous U1 

snRNA was still labelled in the samples with 32P-rUTP (Figure 4.33 B). It is suggested 

that RNA 3’ end tailing could occur (Gu et al., 1997) but the basis of these observations 

remains unclear. 

 

The poor transcription observed in the samples with either the U1 snRNP or U1 snRNA 

can be explained in two ways. First, low transcription was detected not due to the 

inhibition of transcription process but rather due to the competition for 32P-rGTP which 

was incorporated in the exogenous U1 snRNA. Second, factors required for RNA 

processing and transcription may have been recruited to the U1 snRNA or yeast RNA. 

In conclusion, an in vitro complementation assay cannot be exploited because 

exogenous RNA has a negative effect on transcript visibility. Also, to investigate effects 

of exogenous U1 snRNP in Pol II-TSR, NE depleted from the U1 snRNP should be 

used.      
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Figure 4.33. The exogenous U1 snRNA becomes radiolabelled regardless which 

nucleotide is used in Pol II transcription/splicing assay. The radiolabelled 

nucleotides such as GTP and UTP were used. The samples were preincubated with 

uncapped U1 snRNA at 1 and 5 µM for 15 min at 30°C. This followed by the addition 

of Bg C DNA template and radiolabelled nucleotides. Time points at 15, 30, 60 and 120 

min were taken.  
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4.6 Conclusions 

 

The activities of the U1, U2 and U6 snRNPs in Pol II transcription assay was tested by 

inactivating these factors using a method widely used in conventional splicing assays. 

The results showed that the level of transcripts was significantly decreased if the 5’ end 

of the U1 snRNA was blocked or degraded. This phenomenon is substrate-independent 

as transcripts haing different sequence composition were sensitive to the functional 

inhibition of the U1 snRNA. Even the level of the intronless RNA, GFP, was dependent 

on the U1 snRNA. Transcripts synthesised in T7-TSR or added to the conventional 

splicing reaction were also not stable if the U1 snRNA had been blocked. Together the 

results provide strong evidence that the U1 snRNA exhibits a crucial role in RNA 

stability in a polymerase-independent manner. Indeed, this was proven by the pulse 

chase experiments which showed that in Pol II-TSR both Bg C and GFP transcripts 

underwent degradation in the reactions with blocked U1 snRNA. There was 

inconsistency in comparable experiments involving inhibition or digestion of the U2 

and U6 snRNAs in Pol II-TSR system. However, the result from T7-TSR showed 

increased level of RNA upon inhibition of the U2 and U6 snRNAs. Under splicing 

conditions, pre-synthesised transcripts were stable if the U2 and U6 snRNAs were 

blocked. Therefore, it is suggested that the U1 snRNA is the only snRNP that plays a 

role in RNA stability in both uncoupled reactions (SR and T7-TSR) and the reaction in 

which transcription is linked to splicing (Pol II-TSR). Based on these data and the 

experiments with GFP which lacks any splice sites, it is suggested that the assembly of 

the complete spliceosome is not required to maintain pre-mRNA stability but only the 

U1 snRNP is essential for that. 

 

The pathways of RNA degradation were investigated in this study. Two 

oligonucleotides complementary to the ends of Bg C pre-mRNA were used in SR. The 

results showed that the U1 snRNA protects uncapped pre-mRNA from degradation by 

5’ and 3’ exonucleases. As the complete protection of RNA by the oligonucleotides was 

not achieved using capped RNA, it seems likely that the internal cleavage by 

endonucleases also took place. However, none of the protective oligonucleotides were 

efficient in Pol II-TSR, suggesting that a different RNA degradation pathway is active 

in Pol II-TSR compared to SR.  
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Investigation of the requirements for the 5’SS in transcripts showed that its presence is 

necessary for maintaining pre-made RNA stable under splicing conditions. However, 

this was not the case in Pol II-TSR. We found that Bg C pre-mRNA and its construct 

having mutated 5’SS were both stable in the reaction with ongoing Pol II transcription. 

It is suggested that some cryptic splice sites could be bound by the U1 snRNP during 

transcription mediating the satiability of transcripts which lack the consensus 5’SS. 

Possibly the U1 snRNA stabilizes newly produced transcripts by Pol II during 

transcription. These data allows to suggest that functional coupling between 

transcription and splicing occurs in in vitro Pol II-TSR. However, a different pattern 

was observed using the intronless GFP construct. It was found that the GFP-U1(3’) 

transcript having the consensus 5’SS at the 3’end was more stable than GFP wt RNA. In 

conclusion, the U1 snRNA has a property to protect RNA from degradation but there 

are two distinct mechanisms. The mechanisms depend on the type of the reaction 

regarding the presence or absence of ongoing Pol II transcription.  
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5   DISCUSSION 

 

 

5.1 Effects of Pol II transcription on splicing 

 

5.2 Pol II-TSR recapitulates splicing pattern observed in vivo 

 

5.3 DRB affects splicing in Pol II-TSR but not either in T7-TSR or SR 

 

5.4 Role of U1 snRNP in RNA stability 
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5.1 Effects of Pol II transcription on splicing 

 

Early studies established conditions in which transcription by Pol II and splicing 

occurred in one reaction (Ghosh and Garcia-Blanco, 2000; Das et al., 2006; Hicks et al., 

2006; Folco and Reed, 2014). Previously splicing efficiency was compared between Pol 

II-TSR and conventional SR assays. However, the overall efficiency of splicing was 

low in the conventional SR assay (Ghosh and Garcia-Blanco 2000; Das et al., 2006). 

Despite this, splicing yield was still compared between both assays, concluding that Pol 

II transcription enhances splicing efficiency, kinetics and spliceosome assembly. 

Previous attempts to establish transcription/splicing system dependent on T7 RNA 

polymerase (T7-TSR) were unsuccessful (Ghosh and Garcia-Blanco 2000; Das et al., 

2006; Hicks et al., 2006). It was shown that T7 transcripts were not stable and degraded 

(Hicks et al., 2006). Therefore, it was concluded that splicing was faster, the yield was 

increased and spliceosome assembly was accelerated in Pol II-TSR in comparison to 

T7-TSR (Ghosh and Garcia-Blanco 2000; Das et al., 2006). Based on these observations 

the authors concluded that transcription was functionally coupled to splicing in Pol II-

TSR.  

 

In this study an in vitro Pol II transcription/splicing assay was developed using HeLa 

NE. Initially, poor splicing in T7-TSR was observed in this study. The results showed 

that the level of transcripts generated by T7 Pol was 3-5-fold higher in comparison to 

that for Pol II counterparts (Figure 3.14). Possibly due to highly productive transcription 

by T7 Pol, splicing factors could be saturated due to the abundancy of pre-mRNA. 

Therefore, the spliceosome staling at complex B observed in the experiments (Figure 

3.13) could occurred leading to transcript degradation (Figure 3.14). To achieve similar 

levels of RNA in Pol II-TSR and T7-TSR assays, the amount of T7-Bg C DNA 

template was varied. When similar amounts of transcripts were generated in Pol II-TSR 

and T7-TSR, the pre-mRNAs spliced with almost equal efficiency (Figure 3.17). It is 

possible that splicing factors were titrated out by the abundant T7 pre-mRNAs and the 

spliceosome did not progress through step 1 to complex C. Consequently transcripts 

underwent degradation. This is the first report of almost equal splicing yields in both 

transcription/splicing assays. These result differ from previous observations (Das et al., 

2006; Hicks et al., 2006) in which similar amounts of pre-mRNA were produced by two 

polymerases but splicing was poor in the reaction with T7 Pol. In this study pre-mRNA 
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transcribed in T7-TSR degraded only when RNA concentration was significantly higher 

than that in Pol II-TSR. The results from this work showed clearly that the splicing 

efficiency was similar regardless which polymerase generated pre-mRNAs. The kinetic 

parameters of splicing in the presence of Pol II transcription were not tested in 

comparison to T7-TSR in this study. This can be analysed in future.  

 

The Pol II-TSR system was employed to address questions regarding the ability of Pol 

II to influence spliceosome assembly. The results show that transcripts are visualized at 

3 min (Figure 3.11) while splicing complexes appear at 15 min (Figure 3.23 A). Also, it 

is clear that the splicing complexes are accumulating with time suggesting a 

synchronized pattern of pre-mRNAs to undergo splicing. Therefore, it is suggested that 

splicing occurs post-transcriptionally. This hypothesis is supported by the data obtained 

from the experiment in which DNA-protein complexes were treated with RNase A 

(Figure 3.28 A). It was found that the migration of DNA-protein complexes was not 

changed upon RNase A treatment, suggesting that the pre-mRNA was degraded being 

released from Pol II. If it was not the case and the spliceosome was assembled on the 

pre-mRNA tethered to Pol II then RNA degradation would make an effect on the 

mobility of DNA-protein complexes as the spliceosome is a multi megadalton complex 

(reviewed by Will and Lührmann, 2011).  

 

Early studies showed that complex H is not a functional precursor of the spliceosome 

(Michaud and Reed 1991, 1993). The work by Das et al. (2006) showed that complex H 

was formed on pre-made pre-mRNA and the nascent T7 transcripts, but it was not 

detected in reactions in which transcription was driven by Pol II. Based on these results 

the authors (Das et al., 2006) concluded that Pol II is able to direct immediate 

spliceosome assembly rather than stalling at complex H. Therefore, it was concluded 

that Pol II transcription is functionally coupled to splicing in vitro. Since the CTD has a 

property to interact with splicing factors (reviewed by Bentley, 2014), it was suggested 

that they might be recruited to the pre-mRNA as it emerges from Pol II exit pore. The 

data obtained in this study did not show the presence of complex H in either T7 or Pol II 

transcription/splicing assays (Figure 3.13 and Figure 3.23). In contrast, complexes A 

and B were formed on the nascent T7 transcripts (Figure 3.13). The results obtained in 

this study suggest that as soon as RNA appears from either Pol II or T7 Pol it might be 

bound by splicing factors which then mediate spliceosome assembly. Since the effect is 
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polymerase-independent, the CTD cannot be implicated in functional coupling. 

Complex H may be an artefact of the conventional in vitro splicing assay. Its presence 

can be explained as the abundant hnRNP proteins immediately interact with pre-made 

pre-mRNA (Bennett at al., 1992). It is possible that this happens because transcripts are 

added to the NE in excess and all at once.  

 

In summary, the results showed that splicing yield (Figure 3.10), kinetics (Figure 3.11) 

and spliceosome assembly (Figure 3.23) were not improved by Pol II. Therefore, based 

on these parameters, Pol II does not have a property to stimulate splicing in vitro. These 

data is in line with some previous studies (Lazarev and Manley, 2007; Hicks et al., 

2006) but contrary to others (Ghosh and Garcia-Blanco 2000; Das et al., 2006).  

 

5.2 Pol II-TSR recapitulates splicing pattern observed in vivo 

  

To determine whether transcription has any effects on pre-mRNA splicing, alternatively 

spliced substrates were tested. One of them was a CD44v5 construct consisting of three 

exons and two introns. Two mRNA isoforms (inclusion and skipping) were generated in 

SR (Figure 3.18 B) while in Pol II-TSR just one mRNA isoform (skipping) was 

detected. This implies that in the reaction with ongoing transcription the distal 3’SS was 

preferred to the proximal 3’SS. Interestingly, this system recapitulated the splicing 

profile obtained from an in vivo study (Figure 3.18 D and E). Therefore, it is concluded 

that the change in the alternative splice site choice is transcription-dependent. If it was a 

parallel reaction, in which splicing is initiated after the transcript release, then the 

splicing pattern would be similar to the reaction in which pre-mRNA is added to the 

extract (SR). Based on the recruitment model it is suggested that splicing enhancers 

were not recruited from the CTD to the nascent pre-mRNA. Alternatively, the local 

concentration of splicing inhibitors in the transcription site might be increased (de la 

Mata et al., 2006). Therefore, the alternative exon was not incorporated into the mRNA. 

From the kinetic model of co-transcriptional splicing, slow transcription would favour 

inclusion. If the rate of transcription were fast and SSs of the variable exon 5 were not 

recognized by splicing enhancers, then the pre-mRNA would be spliced producing only 

the skipping isoform. Since the two models of co-transcriptional coupling are not 

mutually exclusive (reviewed by Bentley, 2014), the competition of splicing enhancers 

and repressors could occur during fast transcription, leading to exon skipping. To test 
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this hypothesis recombinant Sam68 protein could be added to Pol II-TSR and SR 

assays.  

 

Alternatively, the absence of the inclusion isoform can be explained as the secondary 

structure of the newly transcribed pre-mRNA may be different to that of pre-made pre-

mRNA leading to different splicing patterns between the two assays. Since, in this study 

T7-TSR was optimized, splicing pattern of CD44v5 in T7-TSR could be compared with 

Pol II-TSR in future. 

 

The result observed from the experiment with a Bcl-X substrate harbouring two 

alternative 5’ SSs showed similar splicing patterns between Pol II-TSR and SR (Figure 

3.18). In particular, Bcl-X precursor was able to produce two possible mRNA isoforms 

(Xl and Xs) in both assays. Since the ratio between the short and long mRNA isoforms 

was similar not only between the two in vitro systems (Figure 3.18) but in vivo (Weldon 

et al, 2016), it is likely that Bcl-X splicing is post-transcriptional. 

 

5.3 DRB affects splicing in Pol II-TSR but not either in T7-TSR or SR 

 

It is known that the CTD of Pol II RPB1 domain serves as a binding platform for 

numerous proteins involved in RNA processing, including splicing (Chapter 1). Early 

studies showed that phosphorylated recombinant CTD enhanced spliceosome assembly 

even in the absence of transcription (Hirose et al., 1999; Zeng and Berget, 2000). Later, 

contradictory data showed that inhibition of phosphorylation of the CTD by DRB (an 

inhibitor of elongation that inhibits phosphorylation of P-TEFb) in vivo had no effect on 

splicing uncoupled from transcription (Bird et al., 2004) but decreased co-

transcriptional splicing. Therefore, it is not clear whether the phosphorylated CTD 

affects splicing when it is linked to transcription or is also able to influence post-

transcriptional splicing. To test this, transcription elongation inhibitor, DRB, was 

included in our optimized in vitro systems.  

 

Decreased splicing efficiency upon DRB treatment was detected in Pol II-TSR assay 

(Figure 3.19) but not T7-TSR or SR. There are two ways in which the phosphorylated 

CTD could influence co-transcriptional splicing. First, via the rate of transcriptional 

elongation and, second, by affecting the recruitment of splicing factors. Based on 
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previous study which showed that the association of U2AF65 with the CTD is mediated 

through phosphorylated Ser2 (Gu et al., 2013), it is likely that U2AF65 is less recruited 

to the transcribing pre-mRNA when the CTD is hypophosphorylated.  

 

These results disagree with data on the abilities of the recombinant CTD to influence 

post-transcriptional splicing (Hirose et al., 1999; Zeng and Berget, 2000) and they are in 

line with the observations obtained by Bird et al. (2004). To test functional coupling, 

biotinylated CMV-Bg C DNA could be used in Pol II-TSR treated with DRB. After 

pulling-down the DNA template, the samples could be used for mass spectrometry 

analysis. Since DRB is able to inhibit activities of CDK7 and CDK9 which, in turn, 

phosphorylate Ser5 and Ser2 residues, respectively (Feaver et al., 1991; Lu et al., 1992; 

reviewed by Price, 2000), at this stage it is not possible to conclude which residues are 

important for splicing regulation. For this western blotting using antibodies against 

specific residues of the CTD could be done in the future.  

 

5.4 Role of U1 snRNP in RNA stability 

 

A number of transcription factors have been shown to associate with the U1 snRNP, 

including initiation factors TFIIH and TAF15 (Kwek et al., 2002; Jobert et al., 2009), 

and the elongation factor TAT-SF1 (Fong and Zhou, 2001). However, these reports 

described only associations and no evidence was shown to support a functional activity 

of the U1 snRNP in transcription initiation and elongation. The U1 snRNP was also 

shown to associate directly and indirectly with Pol II (Kim et al., 1997; Tian, 2001; Yu 

and Reed, 2015). Disruption of the essential base-pairing between the U1 snRNA and 

the 5’SS of pre-mRNA led to inhibition of Pol II transcription in vitro and loss of Pol II 

binding to the CMV promoter (Tian, 2001). Based on these results the author concluded 

that the U1 snRNP participates in the pre-initiation complex (PIC) assembly (Tian, 

2001). However, contradictory ChiP data demonstrated that Pol II occupancy was 

unchanged on genes upon inactivation of the U1 snRNA using the same method 

(Davidson et al., 2014). Furthermore, in vivo studies showed that the levels of 

transcripts were unchanged if mutated U1 snRNA interacts with intronic sequence by 

complementarity (Lu et al., 1990; Dal Mas et al., 2015). However, these data can be 

interpreted as via a direct interaction with pre-mRNA, the U1 snRNP can stimulate 

transcription initiation by enhancing PIC assembly as it was suggested by Damgaard et 
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al. (2008). Therefore, it is not clear whether the U1 snRNP regulates transcription or it 

protects RNA from degradation.  

 

In this study the effect of U1 snRNP on Pol II transcription was investigated using the 

in vitro Pol II transcription/splicing assay. Possible functions of the U2 and U6 snRNPs 

in transcription were also explored. In previous studies the effects of these core 

spliceosomal components on Pol II transcription were studied using antisense 

oligonucleotides which interact with regions of snRNAs that are important at different 

stages of splicing (Tian, 2001; Koga et al., 2015). The same method was exploited in 

this study. It was found that the level of transcripts is significantly decreased if the 5’ 

end of the U1 snRNA is blocked or degraded (Figure 4.1; Figure 4.2). This phenomenon 

is substrate-independent as all constructs tested, regardless of the presence of an intron, 

were sensitive to the functional inhibition of the U1 snRNA. At this stage our results are 

consistent with previous data (Lu et al., 1990; Tian, 2001; Yu and Reed, 2015; Koga et 

al., 2015; Dal Mas et al., 2015). However, we found that transcripts generated in T7-

TSR or added to splicing reactions undergo degradation if the U1 snRNA but not U2 or 

U6 snRNAs have been blocked (Figure 4.6 and Figure 4.7). Since the levels of 

transcripts were decreased in polymerase- and transcription-independent manners, the 

results reported previously (Tian, 2001; Lu et al., 1990) could be attributed to effects on 

RNA stability rather than the level of transcription. The pulse chase experiments of Pol 

II-TSR (Figure 4.8 and Figure 4.25) support the notion that the U1 snRNA is important 

for RNA surveillance. However, our results do not disprove a possible function of the 

U1 snRNP in Pol II transcription regulation. It is possible that the U1 snRNP could 

participate in transcription regulation but it is difficult to estimate how important it is. 

Since we detect severe degradation upon inhibition of the U1 snRNP, this might mask 

an additional role of U1 in transcription regulation. Based on our results it is clear that 

the importance of the U1 snRNP in RNA stability is greater than any role in 

transcription regulation.  

 

It is known that the U1 snRNP has a property to protect transcripts from premature 

cleavage and polyadenylation (Koga et al., 2010; reviewed by Guiro and D O’Reilly, 

2015). However, in our study the U1 snRNP cannot be implicated in suppression of 

premature cleavage and polyadenylation as any poly(A) sites were found within the 

substrates tested.  
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Under splicing conditions the stability of both capped and uncapped transcripts was 

dependent on the presence of functional U1 snRNP (Figure 4.11 and Figure 4.13). The 

pathways of RNA degradation were investigated. The experiments with protective 

oligonucleotides complementary to the terminal parts of Bg C pre-mRNA showed that 

uncapped transcripts are subject to degradation through the free ends by 5’ and 

3’exonucleases if the U1 snRNP has been blocked (Figure 4.13 and Figure 4.14). When 

the 3’ end of capped pre-mRNA was protected, only one third of RNA was rescued 

(Figure 4.12). Since two third of RNA was still degraded it is suggested that capped 

RNA could be cleaved by endonucleases also.  

 

In the Pol II-TSR the protective oligonucleotides did not protect RNA from degradation 

in the samples with blocked U1 snRNA (Figure 4.9). Thus, it is unlikely that the RNA 

was degraded through the 5’ and 3’ ends. Another explanation is that RNA could be 

degraded during transcription. Previously it was shown that splicing-defective pre-

mRNAs undergo degradation during transcription (Davidson et al., 2012). It was found 

that one of the 5’ exonucleases, Xrn2, which physically associates with Pol II, was 

responsible for degrading such transcripts during transcription. Based on these data the 

model (Figure 5.1) suggests that the pre-mRNA could be degraded co-transcriptionally 

by Xrn2 and, therefore, the protective oligonucleotides would be unable to restore RNA 

levels. However, it is not known how RNA becomes accessible for 5’ exonucleases. 

There is a possibility that endonucleases might cleave RNA internally, creating free 5’ 

ends for Xrn2 digestion. Alternatively, capping might not occur, resulting in open 5’ 

termini of the RNA. Since Xrn2 seems a more likely candidate, its responsibility for 

RNA degradation could be tested in vivo by using RNA interference to target Xrn2 with 

further analysis of RNA levels with and without inhibition of the U1 snRNA by 

complementary morpholino oligonucleotides. It is expected that RNA would be 

accumulated upon knocking down this nuclease.               
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Figure 5.1 Schematic representation of a co-transcriptional RNA degradation 

pathway under conditions when the U1 snRNA is not functional. The protective 

oligonucleotides complementary to Bg C RNA ends (5’E and 3’E) are not able to 

anneal to RNA because it is not produced. Ser5 and Ser2 represent phosphorylation 

modifications of the CTD during transcription initiation and elongation, respectively. 

Inhibition of U1 snRNA is depicted.    

 

 

The effects of an intron on gene expression have been investigated previously showing 

that transcription efficiency is increased if genes contain introns (Brinster et al., 1988; 

Choi et al., 1991; Fong and Zhou, 2001; Furger et al., 2002). However, contradictory 

studies have shown that the 5’SS but not the 3’SSs, branch point or polypyrimidine tract 

is essential for gene expression (Barret et at., 1995; Damgaard et al., 2008). Other 

studies provided evidence that the interactions between mutated U1 snRNA and 

complementary sequences led to improved transcription levels of spliced and unspliced 

RNAs (Lu et al., 1990; Kammler et al., 2001; Dal Mas et al., 2015). It was suggested 

that the interactions between the U1 snRNP and pre-mRNAs through the 5’SSs stabilize 

transcripts in a splicing independent-manner. However, since these studies have not 

provided any evidence for that, the data could also be interpreted as a stimulatory effect 

of the 5’SS on transcription (Damgaard et al., 2008). This can be supported by findings 

that 5’SS mutated substrates are not subject to degradation (Damgaard et al., 2008) and 

Pol II activity is increased over intron-containing genes (Furger et al., 2002). Since 

these results were obtained from in vivo studies and it is known that the majority of 

genes are expressed co-transcriptionally, it is not entirely clear whether the U1 snRNP-

5’SS binding is essential for protecting the RNA from nucleases or it is an important 

contributor to transcription activation. To determine whether the U1 snRNP participates 

in transcription regulation or it is required for RNA stability, an in vitro system in which 

splicing is separated from transcription was necessary to use. We found that RNA 
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stability depends on the presence of a consensus 5’SS in transcripts in SR (Figure 4.19; 

Figure 5.2 A) showing that a direct interaction between the U1 snRNP and pre-mRNA 

is essential to obtain steady-state levels of RNA in a transcription-independent manner. 

We found that pre-made RNA is stable if the position of the 5’SS is in the middle or at 

the 3’ end. This fits previous observations which showed that the efficient gene 

expression is 5’SS-dependent (Barret et al., 1995; Damgaard et al., 2008). Based on 

these observations it is possible to suggest a model of how the U1 snRNP stabilizes 

RNA (Figure 5.2 B). This model suggests that regardless of the position of the 5’SS, 

once the U1 snRNP binding has occurred, it mediates the recruitment of RNA binding 

proteins to RNA which propagate across RNA. As a result, RNA is protected from 

degradation because it is inaccessible to nucleases as RNA binding proteins serve as a 

scaffold making RNA stable.  

 

A                                                                   B  

 

 

 

 

 

 

Figure 5.2. The presence of the 5’SS regardless of its position is crucial for RNA 

stability in the conventional splicing assay. (A) Quantification of transcript levels in 

SR. (B) Illustration shows that the U1 snRNA mediates the recruitment of RNA binding 

proteins to RNA upon binding to the consensus 5’SS in reactions in which splicing is 

impaired form transcription. Bg M pre-mRNA contains mutated 5’SS (yellow lines) 

leading to inability of the U1 snRNP to associate with the RNA. Consequently, the Bg 

M RNA becomes unprotected and this leads to degradation. The 5’SS is shown as a red 

line. RNA binding proteins are represented as coloured circles. The cap structure of 

RNA is illustrated as a black circle. 

 

 

 

Transcript level in SR 
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There was a striking difference between RNA levels of Bg C and its mutant version, Bg 

M, which lacks the consensus 5’SSs in Pol II-TSR and SR (Figure 5.3 A and B). In 

particular, under splicing conditions Bg M pre-mRNA is not stable in comparison to Bg 

C (Figure 5.3 A), but both of these transcripts exhibit similar levels in Pol II-TSR 

(Figure 5.3 B). Based on the results which show that at least one cryptic 5’SS located in 

the 5’ exon can be recognized by the spliceosome (Figure 4.21 A) as a splicing product 

is produced in Pol II-TSR with Bg M, it is possible that the stability of RNA is mediated 

by the interaction between the U1 snRNP and this cryptic site. Although the same 

cryptic site is recognized in SR too (Figure 4.19), this interaction is probably not strong 

enough to stabilize the Bg M pre-mRNA. In contrast to the reaction in which splicing is 

separated from transcription (Figure 5.3 A), the scaffolding model suggests that a strong 

interaction between the U1 snRNP and a cryptic 5’SS of Bg M occurs during 

transcription, leading to similar RNA levels between Bg C and Bg M (Figure 5.3 B). In 

contrast, only strong base-pairing between the U1 snRNA and pre-mRNA stabilizes 

RNA under SR (Figure 5.3 A). 

 

In addition, as with Bg M, GFP wt RNA is not sensitive to inhibition of the U1 snRNP 

under splicing conditions (Figure 5.3 C) while it is less stable if the U1 snRNP has been 

blocked in Pol II-TSR (Figure 5.3 D). This fits previous data showing that the U1 

snRNP is preloaded onto transcripts regardless of presence of introns (Spiluttini et at., 

2010; Brody et al., 2011). Since the GFP RNA contains abundant cryptic 5’SS spread 

across the whole length (Figure 4.23), the model suggests that through the base pairing 

to cryptic 5’SSs the U1 snRNA stabilizes RNA via the recruitment of RNA binding 

proteins (Figure 5.3 D). If it was not the case then GFP wt RNA would not be sensitive 

to the functional inhibition of the U1 snRNA. To prove this an immunoprecipitation 

assay with and without anti-U1 oligonucleotide can be done to pull down the DNA with 

further analysis for the presence of the U1 snRNP. 
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Figure 5.3. Suggested models how the U1 snRNP protects intron-containing and 

intronless RNAs from degradation in SR and Pol II-TSR. (A) Under splicing 

conditions the stability of RNA is 5’SS-dependent, possibly mediated via the 

recruitment of proteins to RNA by the U1 snRNP. Bg M pre-mRNA contains mutated 

5’SS (yellow lines). The position of the 5’SS is shown as a red line. The 5’SS is shown 

as a red line. RNA binding proteins are represented as coloured circles. The cap 

structure of RNA is illustrated as a black circle. (B) In Pol II-TSR Bg M RNA lacking 

the consensus 5’SS in the intron is stable to the same extent as Bg C which has 2 sites. 

(C) GFP RNA is not stable under splicing conditions regardless of the presence of 

functional U1 snRNP. (B and D) The stability of RNA in Pol II-TSR is U1-dependent 

suggesting that the U1 snRNP binds to cryptic 5’SSs recruiting RNA binding proteins to 

RNAs.    

 

In Pol II-TSR the level of GFP RNA which contains the consensus 5’SS at the 3’ end 

(GFP-U1(3’)) is increased compared to GFP wt (Figure 5.4). These data fit our previous 

results (Figure 5.3) and in is in line with in vivo data (Barret et al., 1995; Damgaard et 

al., 2008) showing that the 5’SS itself is sufficient for stable RNA accumulation. The 

stability of pre-made GFP-U1(3’) RNA could be tested under splicing conditions in 

future studies. Based on our observations and model (Figure 5.2), it is expected that this 

transcript will be more stable in comparison to the wt.  

A                                                                    B  

 

 

 

 

 

 

 

 

Figure 5.4. The consensus 5’SS stabilizes intronless RNA. (A) Quantification of 

transcript levels. Cryptic 5’SSs are represented in blue boxes. The consensus 5’SS is 

shown as a red line. RNA binding proteins are represented as coloured circles. The cap 

structure of RNA is illustrated as a black circle. (B) Illustration showing that the GFP 

wt RNA is stable when the U1 snRNP binds to cryptic 5’SSs (i). The stability of GFP 

RNA is increased if the consensus 5’SS is available. Upon binding to the “strong” 5’SS 

the U1 snRNP promotes the recruitment of RNA binding proteins (ii) and possibly other 

U1 snRNP (iii).     

Transcript level in Pol II-TSR 
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Due to the differences between RNA levels in SR and Pol II-TSR, and based on the 

facts that the CTD is a binding platform for numerous splicing factors (Greenleaf, 1993; 

reviewed by Bentley, 2014), it is possible that the U1 snRNP is recruited from the CTD 

to cryptic sites during transcription (Figure 5.3 B and D). This implies that the U1 

snRNA stabilizes newly produced transcripts by Pol II in a transcription-dependent 

manner and not only the functional 5’SS but cryptic sites are required for that. Based on 

evidence that the U1 snRNP interacts with SR proteins (Eperon et al., 1993; Kohtz et 

al., 1994; Roca et al., 2013) and the facts that these splicing factors directly associate 

with Pol II transcription machinery (Vincent et al., 1996; Mortillaro et l., 1996; Kim et 

al., 1997; Chabot et al., 1995; Lin et al., 2008; Ji et al., 2013; Das et al., 2007), it is 

possible to speculate on mechanisms by which the U1 snRNP stabilizes RNA. It is 

possible that the U1 snRNP and its partners such as SR proteins (Eperon et al., 2000; 

Roca et al., 2013; Das et al., 2007; Pozzoli et al., 2004; Spiluttini 2010) are recruited to 

the pre-mRNA as soon as it emerges from the exit pore of Pol II enabling transcripts to 

be protected from nucleases and undergo RNA maturation processing (Figure 5.5). 

Based on the experiments with the GFP wt construct which lacks any splice sites, it is 

likely that assembly of the complete spliceosome is not required, but only U1 snRNP 

binding. 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Schematic representation of RNA binding proteins and U1 snRNP 

recruitment to transcripts that emerge from the exit pore of Pol II in a 5’SS-

independent manner.  

 

 

RNA 



188 
 

APPENDIX 

CD44v5 sequence 

The β-globin sequence is shown in italic. The exon 5 of CD44 is shown in grey. 

GGGCTGCTGGTTGTCTACCCATGGACCCAGAGGTTCTTCGAGTCCTTTGGGGAC

CTGTCCTCTGCAAATGCTGTTATGAACAATCCTAAGGTGAAGGCTCATGGCAAGAA

GGTGCTGGCTGCCTTCAGTGAGGGTCTGAGTCACCTGGACAACCTCAAAGGCAC

CTTTGCTAAGCTGAGTGAACTGCACTGTGACAAGCTGCACGTGGATCCTGAGAAC

TTCAGGGTGAGTTTGGGGACCCTGATTGTTCTTTCTTTTTCGCTATTGTAAAATTCA

TGTTATATGGTCGACAGCCAACAGCCCTACAAATGTTAGTCATGTATGTGTATC

ACGTATGATATCTACTCCTCGTGTAGGAACAGATGTATTTACAAACTGTCCTGT

GTCTGTCTCTTAGGTGATGAATACAGCTCACTGACTTGTTGTGTGTCCATCCC

TTTTCTGTCCACTTATAGATGTACTCCAACACAGTTGCTTTAAGTGACGAGTT

CATCGCACTGCAGCCATTGTCGAGGGCAAGGAATCAGCTGAGCAAACTTAGG

TAAGAAGGATGATGCACTGAAGTTGTGGTACCCAACTTATCAGAGATGTTGT

GTAGCTGTTAGCTACACCCTTTTGTGTCTGCACAGTAAATTTATCTGCAGAGC

CTGAAAGAGGACATTTTTAAAAATAAGGAAGAAAGATGCAAGTTGTCAGATT

TTCCAACAGACAAGAATGCCTGCAAAGTAGATGTGAGACACTGGTTTTGTGT

TAATGGTTCCTAAGGGTGTCGACTCTGCTAACCATGTTCATGCCTTCTTCTTTTTC

CTACAGCTCCTGGGCAACGTGCTGGTTATTGTGCTGTCTCATCATTTTGGCAGGTA

AGTT 
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Bg C sequence 

Bg C exon 2 and 3 are underlined. 

GGGCTGCTGGTTGTCTACCCATGGACCCAGAGGTTCTTCGAGTCCTTTGGGG

ACCTGTCCTCTGCTGCTGTTATGAACAATCCTAAGGTGAAGGCTCATGGCAA

GAAGGTGCTGGCTGCCTTCAGTGAGGGTCTGAGTCACCTGGACAACCTCAA

AGGCACCTTTGCTAAGCTGAGTGAACTGCACTGTGACAAGCTGCACGTGGA

TCCTGAGAACTTCAGGTAAGTTTGGGGACCCTTGATTGTTCTTTCTTTTTCGC

TATTGTAAAAATTCATGTTATATGGTCGACTCTGCTAACCATGTTCATGCCTT

CTTCTTTTTCCTACAGCTCCTGGGCAACGTGCTGGTTATTGTGCTGTCTCATC

ATTTTGGCAGGTAAGTT 
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