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Abstract 

In eukaryotes, pre-mRNA has to undergo different processing steps; addition of cap at 5′ 

end, removal of introns to join functional exons, and addition of poly(A) tail at 3′ end to 

become fully functional mRNA. These processing events are linked to each other; one 

process effects efficiency of the other. Addition of polyA tail is not only limited at 3` end 

but poly A sequences are also found in genes (within exons and introns). The use of one 

of these intronic PAS results in primary transcript with different 3`UTR. DDX5 (p68) and 

DDX17 (p72) are RNA helicases performing different cellular functions; mi-RNA 

processing, transcription, mRNA processing, cell proliferation/transformation, cellular 

development and cancer. Four human genes MET, BCCIP, TGM2, and SMAD2 were 

selected to determine the relationship between p68, U1 snRNP, and activation of intronic 

polyadenylation. Genes were cloned into pGL3-TK vector having Firefly luciferase 

reporter gene. Mutation was introduced in 5`splice site to block U1. MCF7 cells were 

transfected with si-RNAp68/p72. After 24 hours cells were co-transfected with WT and 

Mut plasmids and pRL-SV40 control vector. Expression level of short isoform was 

determined by Dual Luciferase Reporter assay. The results suggest the role of p68 in IPA 

activation. Quantitative PCR was performed on uncleaved/total mRNA that confirmed 

the role of p68 RNA helicase in IPA acting through U1snRNP. To exclude the possibility 

that IPA is activated by splicing inhibition, si-RNAs against two splicing factors were 

used. If competitive inhibition of splicing result in IPA activation then should get the 

same expression level of short isoform with both si-RNAs, but it was not the case. IPA 

activation was seen only after si-U1 70k treatment while no or little short isoform was 

observed after si-U2AF65. These results clearly prove that IPA activation is not related to 

splicing inhibition. Overexpression of p68 and p72 enhanced the IPA event, again 

confirming the role of p68 in IPA. All experimental results prove that p68 activates 

intronic polyadenylation by removing U1 from 5`ss. Influence of p68 on IPA is not direct 

but it is acting through U1. 
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CHAPTER 1 

Introduction 

In eukaryotic cells, DNA is transcribed into pre-messenger RNA (pre-mRNA) 

by RNA polymerase II (RNAP II), producing pre-mRNA having coding exons and 

noncoding introns. This primary transcript (pre-mRNA) has to be processed to 

become fully mature mRNA. The processing includes addition of cap at the 5′ end, 

removal of introns and joining of exons, and addition of poly(A) tail at the 3′ end. All 

three events take place not only co-transcriptionally but all of these three processes 

are coupled to transcription by RNA polymerase II (Bentley, 2005; Ruepp et al., 

2010).  

1.1 Polyadenylation 

Addition of polyA tail (polyadenylation) at 3`end is a very important step in 

processing of mRNA, and is essential for stability, translation, and export of 

transcripts with the exception of histone transcript (Licatalosi and Darnell, 2010). The 

addition of poly(A) tail in mammalian pre-mRNAs take place by two steps; Cleavage 

of pre-mRNA by endonuclease and addition of poly(A) tail at the 3′ end (Zarudnaya, 

2001; Edmonds, 2002). The cleavage and subsequent addition of poly(A) tail in 

mammals requires a big complex comprising of 85 (3` end processing factors) and 

more than 50 proteins that play cross talk with other processes. Core factors essential 

for this process are poly(A) polymerase (PAP), cleavage and polyadenylation 

specificity factor (CPSF), cleavage factor I (CF I), cleavage factor II (CF II), nuclear 

poly(A) binding protein (PABPN1), and DSE bound cleavage stimulatory factor 

(CstF) (Shi et al., 2009). Not only these factors are involved but processing efficiency 

of in vivo 3′ end formation is also modulated by trans-acting factors and additional 

auxiliary cis-acting sequence elements (Brackenridge and Proudfoot, 2000; Hall-

Pogar et al., 2007). 

1.1.1 Poly(A) signals 

Variations are found in polyadenylation signal (PAS) among eukaryotes and 

more than ten different sequences have been documented, but AUUAAA is the most 

important (Hu et al., 2005). Canonical sequence 5`- AUUAAA is present in 70 % of 

hnRNA. Genome wide studies showed incredible fact that more than half of genes 

(54%) in human contain two or more PAS, which hints how important these non 

canonical PAS could be. Alternative PAS are found in almost 50 % of the total human 
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genes (Tian et al., 2005). These poly(A) sites are not only found in 3` untranslated 

region (3`UTR) but also in the upstream region within the gene sequence. Among 

50% of the genes containing alternative poly(A) sites, almost 20% contain 

polyadenylation sites within their introns, most of which result in altered protein 

products (Tian et al., 2007).  

1.2 Properties of mRNA isoforms 

The mRNA variants (Fig. 1.1) produce by intronic polyadenylation (IPA) are 

not destroyed by non-sense mediated decay (NMD), while mRNA isoforms produce 

as a result of non-sense mutations (which produce termination codon in coding 

region) or out of frame splicing are destroyed by this natural decay process (Lejeune 

and Maquat, 2005), therefore survive and translated normally. The alternative IPA 

produces truncated isoforms; properties of these truncated isoforms are significantly 

different from their normal isoforms (Vorlova et al., 2011). For a number of 

oncogenes increased mRNA stability and higher protein expression has been observed 

with shortening of 3`UTRs (Mayr and Bartel, 2009). 

Due to loss of important C-terminal domain, the peptides perform different 

functions as compared to the normal isoforms. For example receptor tyrosine kinases 

(RTKs) are transmembrane (TM) proteins which show the functional difference 

between two isoforms. Receptor tyrosine kinases (RTKs) have intronic PAS, use of 

which results in short isoforms that do not have transmembrane anchoring domain and 

cannot function as kinase in signaling pathway. Short isoforms cannot be anchored in 

the membrane but function as dominant-negative regulators (or ‘‘decoy’’ receptors) of 

important signaling pathway as ligand can still bind to receptor (Lemmon and 

Schlessinger, 2010). 

Figure 1. 1.  Mechanism of APA to generate mRNA isoforms with different 
3`UTRs 
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Gene regulation at posttranscriptional level has got tremendous importance, 

and 3`UTRs are important part of this regulation. They control essential cellular 

processes like metabolism, morphogenesis, cell proliferation, apoptosis and cell 

differentiation by regulating mRNA stability, its localization, processing of 3`end and 

translation (Calin et al., 2005; Croce and Calin, 2005; He et al., 2005; Lu et al., 2005; 

O’Donnell et al, 2005). 

1.3 Splice sites and snRNPs 

 Conserved sequences are present at both ends of intron called 5` and 3` splice 

sites (ss), splicing is initiated by binding of splicing factors at these splice sites (Brow, 

2002; Jurica and Moore, 2003). Consensus sequence (CAG|GTAAGT) is found at 5` 

splice site (5`ss) in mammalian cells, U1snRNP (U1) binds at this consensus sequence 

as U1 snRNA has complementary sequence at its 5` end. However, mismatches occur 

in U1-5`ss base pairing due to variations at different positions at 5`ss (Roca et al., 

2005). Many human diseases like cancer and other genetic disorders are caused by 

mutation, most frequent of which are 5`ss mutations (Stenson et al., 2003; Buratti et 

al., 2007). The effects of disease-causing 5`ss mutations are not very clear but 

mutations that affect the conserved GT at +1 and +2 position of 5`ss cause aberrant 

splicing. However, the mutations involving less conserved positions result in splicing 

defects not in all but few of 5`ss. It shows that extent to which splicing is disrupted is 

dictated by the remaining bases at 5`ss (Roca et al., 2008). 

Splicing is performed by spliceosome, which is a complex of small 

ribonucleoprotein particles (snRNPs) like U1, U2, U4, U5, and U6 and many non-

snRNP proteins (Hastings and Krainer, 2001; Will and Lu-hrmann, 2001). In 

mammalian cells U1 is made of ten different proteins and 165-nucleotides long RNA 

molecule (U1 snRNA). Seven out of ten  proteins called Sm proteins (B, D1, D2, D3, 

E, F and G) are found in all snRNP complexes while three proteins U1-70k, U1-A and 

U1-C are specific to U1snRNP (Buratti and Baralle, 2010).  

Recognition of the 5`ss in the intron by RNA: RNA base pairing is the primary 

function of U1 snRNP (Roca and Krainer, 2009). If U1 comes in contact with 3`UTR, 

it results in the inhibition of polyadenylation (Fortes et al., 2003; Goraczniak et al., 

2009). The interaction between U1 and 5`ss results in inhibition of polyadenylation as 

it inhibits PAS when U1 is tethered to 3`UTR. The U1 plays a major role in splicing, 

but interaction between poly(A) polymerase and U1 inhibits the addition of poly(A) 

tail at 3`end of pre-mRNA (Gunderson et al., 1994, 1998). U1 has also been shown to 
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involve in splicing independent process which is transcriptional activation (Kwek et 

al., 2002). Splicing of pre-mRNA and IPA are interlinked events, involvement of 

common intron makes these processes mutually exclusive (Cartegni et al., 2002; 

Licatalosi and Darnell, 2010). Intronic poly(A) sites are more prevalent in larger 

introns having weaker 5`ss signal, demonstrating dynamic competition between the 

cleavage and splicing machineries. This idea of interplay between splicing and 

cleavage was further supported when U1 knock-down resulted in extensive induction 

of cleavage at numerous cryptic polyadenylation sites within intron. It also shows that 

this factor protects against premature intronic cleavage under normal conditions 

(Kaida et al., 2010).  

1.4 RNA helicases 

RNA helicases is a big group of conserved proteins present in all groups of 

organisms. Cell development, cell division, cell differentiation, mRNA synthesis, and 

processing, assembly of ribosome and protein synthesis are different cellular 

functions affected by these enzymes. RNA helicases are important for remodeling of 

ribonucleoproteins as they have the ability to disrupt interactions between protein and 

RNA (Tanner and Linder, 2001). DEAD-box (DDX) proteins, comprising of 38 

members in humans is the biggest group of RNA helicases; presence of signature 

amino acid sequence (Asp-Glu-Ala-Asp, or D-E-A-D) which is highly conserved is 

the reason for this name. Manipulation of RNA structures is a vital role, played by 

many proteins of DEAD box family. The presence of RNA, either double or single 

stranded stimulates ATP hydrolysis which is carried out by these DDX proteins, but 

in a few processes these DDX proteins act as true RNA helicases. DEAD box proteins 

act as ATP-dependent helicases; they disrupt interactions in RNA–protein complexes, 

which are involved in vital processes like degradation of RNA, transcription, mRNA 

processing, translation and RNA export from nucleus (Linder, 2006). Due to 

dysregulated expression and genomic amplification of RNA helicases (DEAD box), 

they have implications in the development of cancer. Many of these proteins perform 

important functions in processes related to transformation or cellular proliferation. 

DEAD box proteins are the subject of interest in cancer research due to their roles in 

progression or development of cancer (Godbout et al., 2007; Schroder, 2010).  

Two very important helicases, DDX5 (p68) and DDX17 (p72) from DEAD 

box family are related to each other; they are ~90% identical in their conserved core, 

but are quite different in their N- and C-termini. Both p68 and p72 proteins perform 
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different functions in processes like mi-RNA processing, transcription, mRNA 

processing, cell proliferation/transformation, cellular development, and cancer 

(Fuller-Pace, 2006). Although p68 and p72 are expressed ubiquitously but their 

expression level varies considerably between different organs (Rosen et al., 2006).  

Both of these proteins are overexpressed in cancer; overexpression of p68 and p72 

in breast tumors is 30-58 % and 72-76 % respectively (Wortham et al., 2009; Mooney 

et al., 2010). Overexpression of p68 coactivates the androgen receptor and may 

contribute to the formation of prostate tumors (Clark et al., 2008). Both p68 and p72 

are good examples to show that different cellular processes involved in cancer 

development and/or progression are the result of interaction between DEAD box 

helicases and their interacting proteins (Fuller-Pace, 2006).  

Advancement in deep-sequencing techniques specifically adapted for mapping  

3`end of transcript has increased the number of genes reported to contain alternative 

poly(A) sites in their 3`UTR (Fu et al., 2011; Jan et al., 2011). The functional 

significance of APA is largely unknown and is just beginning to emerge (recent 

reviewed Di-Giammartino et al., 2011). U1 bound at 5`ss suppresses the premature 

cleavage and polyadenylation (PCPA) in intron to protect the integrity of the 

transcript (Kaida et al., 2010). The mechanistic details of IPA still need to be 

elucidated. Whether blocking the U1 binding at 5`ss would be sufficient to activate 

the use of intronic PAS? If not, then what could be the other mechanism? Either some 

cis-element or trans-acting factor is involved? RNA helicase p68 has been shown to 

destabilize the U1-5`ss interaction at 5` end of intron (Liu, 2002). There is a need to 

study relation between p68 and U1 and to see that whether both of these factors are 

linked to each other with respect to the phenomenon of PCPA of the transcript. It 

would be of great interest to find any connection between IPA and other steps of 

mRNA processing. Keeping in view the important role played by p68 in development 

and progression of cancer through its interaction with different co-activators, it would 

be extremely valuable to understand the mechanism of IPA. Therefore, the present 

project was designed with the following objectives:  

 To  investigate the effect of  p68  on  IPA through  U1snRNP 

 Whether intronic polyadenylation is in competition with splicing or it is 

an independent mechanism? 
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Chapter 2 

Review of Literature 

Expression of genes is regulated at different levels, but regulation at mRNA 

processing has got tremendous importance during the last few years in higher 

eukaryotes. Transcription, polyadenylation, splicing, nucleo-cytoplasmic transport, 

and translation into proteins are different levels of gene regulation which have been 

well studied. Highly emerging mechanism of gene expression is alternative RNA 

processing, which includes alternative splicing and alternative polyadenylation (Lutz 

and Moreira, 2011).   

2.1 Plyadenylation 

One of the processing steps of all pre-mRNAs except histones is 

polyadenylation at 3`end (Fig.2.1); it is required for mRNA stability, export of mRNA 

out of the nucleus, and translation into protein (Licatalosi and Darnell, 2010). The 

polyadenylation reaction of mammalian pre-mRNAs proceeds in two stages; the 

endonucleolytic cleavage of pre-mRNA and the subsequent addition of poly(A) 

sequence to the newly formed 3′end (Zarudnaya, 2001; Edmonds, 2002). Poly(A) tail 

of definite length (250 nucleotides) is added to mRNA in the nucleus of mammalian 

cells. The process of cleavage and polyadenylation in mammals requires the co-

transcriptional assembly of a large complex consisting of at least six multimeric 

factors onto a bipartite core signal, PAS is composed of the highly conserved 

AAUAAA hexamer situated 10–30 nucleotides upstream of the cleavage site and a 

more degenerate U or GU rich downstream sequence element (DSE). The pre-mRNA 

forms a stable complex through a cooperative interaction between AAUAAA 

hexamer bound cleavage and polyadenylation specificity factor (CPSF) and DSE 

bound cleavage stimulatory factor (CstF). Other factors required for this process are 

cleavage factor I (CF I), cleavage factor II (CF II), poly (A) polymerase (PAP) and 

nuclear poly(A) binding protein (PABPN1). These factors are both necessary and 

sufficient to reconstitute in vitro 3′end processing reaction (Takagaki et al., 1989; 

Wahle, 1991).  
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However, optimal in vivo 3′end processing utilizes additional auxiliary cis-

acting sequence elements and trans-acting factors that have been reported to modulate 

processing efficiency (Brackenridge and Proudfoot, 2000; Hall-Pogar et al., 2007). 

 

 

Figure 2. 1. Addition of poly(A) tail at 3`end of mRNA 

The length control mechanism was observed by Ku-hn et al. (2009), who used 

cleavage and polyadenylation specificity factor (CPSF), poly(A) polymerase and  

nuclear poly(A)-binding protein (PABPN1) to develop a polyadenylation system for 

in vitro study, binding of CPSF  at AAUAAA  was ensured by PABPN1. Binding of 

CPSF stimulated poly(A) polymerase throughout the elongation reaction of 

transcription. They found that addition of 250 nucleotides to tail resulted in disruption 

of polymerase stimulation by CPSF, and also in termination of processive elongation. 

These results confirmed that poly(A) tail length is measured by PABPN1 and 

interaction between poly(A) polymerase and CPSF was also disrupted by the same 

protein. 

2.2 Alternative polyadenylation 

 Now-a-days major emphases of research is on the mechanism of gene 

expression with respect to alternative polyadenylation (APA) that takes place at 

signals lacking canonical signal sequence (Moreira, 2011). Different mammalian PAS 

and their patterns have been studied by using genomic information tools coupled with 

bioinformatics algorithms. The data from analysis reports have shown that more than 

half of the genes are alternatively polyadenylated in mammals, and analysis showed 

that many of the alternative PAS are evolutionarily conserved (Ara et al., 2006; Lee et 

al., 2007).   

A single primary transcript can process differently either due to alternative 

splicing, or selection of alternative poly(A) sites. This alternative processing can 

change the mRNA coding potential or 3`UTR length, affecting the overall mRNA fate 
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(Fig. 2.2). The mechanism of global and gene-specific APA has just been started to be 

explored (Di-Giammartino et al., 2011). 

Poly(A) sites are not only restricted to the 3`end but many poly(A) sites are 

also found in exons and introns. The use of these alternative Poly(A) sites result into 

mRNAs with different 3` UTRs. AU-rich cis elements and sequences for mi-RNA 

targeting are found in 3` UTRs (Farh et al., 2005; Khabar et al., 2005).  

 

Figure 2.2.  Different cellular processes affected by 3` UTRs 

 

The mRNA variants produced by intronic polyadenylation (IPA) are not 

destroyed by nonsense mediated decay (NMD), while mRNA isoforms produce as a 

result of nonsense mutations (which produce termination codon in coding region) or 

out-of-frame splicing are destroyed by this natural decay process (Lejeune and 

Maquat, 2005), therefore survive and translated normally. The use of IPA signal 

results in mRNAs with short 3`UTR. Gene expression pattern changes due to removal 

of regulatory elements such as sequence for mi-RNA regulation (Dickson and Wilusz, 

2010). While these regulatory sequences are present in mRNAs with long 3`UTRs, 

therefore mRNA will be more affected by negative regulation. The length of 3`UTR 

affects the efficiency of mRNA translation, mRNA having short 3`UTR will be more 

efficiently translated and produce higher levels of protein (Sandberg et al., 2008; 

Mayr and Bartel, 2009).  
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In the near past, polyadenylation at mRNA 3`end was thought to be essential 

part of gene expression. Several studies have shown that polyadenylation is not only 

an essential step but is a highly regulated step in mRNA processing. Different steps of 

gene expression are also linked to polyadenylation. Selection of polyadenylation site 

in primary transcripts is changed according to developmental stage, cell growth or 

oncogene activation of the gene (Mayr and Bartel, 2009; Ji and Tian, 2009). Use of 

alternative PAS is different among different human tissues, and APA in different 

tissues is regulated by cis-regulatory elements as well as trans-acting factors (Zhang et 

al., 2005). APA is important in gene expression regulation, as development, 

differentiation, and flowering are affected by this phenomenon (Lutz and Moreira, 

2011). Lutz and Moreira (2011) used Drosphila melanogaster to show how APA is 

affected by kinetics of RNA polymerase II. They worked with six genes, having 

alternative PAS within 3′UTR. They mutated the RNA polymerase II that resulted in 

efficient use of proximal poly(A) site in the flies, as mutation reduced the rate of 

elongation. Model of kinetic coupling between APA and transcription was supported 

by their findings.  

From above discussion it can be concluded that mechanism of alternative 

polyadenylation is as much important with respect to gene expression regulation as 

the normal process of polyadenylation at 3`end.  

2.3 RNA helicases p68 (DDX5) and p72 (DDX17) 

RNA helicases is a big group of conserved proteins present in all groups of 

organisms. DEAD-box (DDX) proteins, comprising of 38 members in humans is the 

biggest group of RNA helicases. DEAD box family has two important members, p68 

(DDX5) and p72 (DDX17), which are involved in important processes; synthesis of 

primary transcript, processing of pre-mRNA and mi-RNA etc. These proteins have 

homology and show overlapping functions but there are some functions which are 

unique to each protein (Table 2.1). Both p68 and p72 show interaction for many 

factors, so they have the ability to affect many cellular processes. RNA helicase p68 

predominates in the cell nucleus due to its role in transcriptional regulation as well as 

pre-mRNA splicing. It is clear now that p68 moves between cytoplasm and nucleus 

and it also stays in cytoplasm for short time. This movement between nucleus and 

cytoplasm takes place via RanGTPase-dependent pathway with the help of two 

nuclear localization and two nuclear exporting signal sequences (Wang et al., 2009). 
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2.3.1 Role of p68 and p72 in Cancer 

Both p68 and p72 have important role in regulation of cellular differentiation 

and proliferation. Different studies support the idea of cancer development by 

dysregulated function and/or expression of p68/p72 (Causevic et al., 2001; Shin et al., 

2007). Several post-translational modifications of p68 (ubiquitylation) has been 

observed in cancer (Causevic et al., 2001). Phosphorylation at tyrosine residue of p68 

is involved in cellular transformation, resistance to apoptosis and transition of 

epithelial to mesenchyma in cell line models (Yang et al., 2006; 2007). 

Overexpression of p68 and p72 has been observed in carcinomas and colon adenomas 

(Causevic et al., 2001; Shin et al., 2007). Cell proliferation in colon cancer as well as 

tumor formation ability of p68/p72 was inhibited by simultaneously inhibiting the 

expression of both proteins (Shin et al., 2007). In prostate cancer p68 is overexpressed 

(Clark et al., 2008) while it is associated with poor prognosis and high tumor grade in 

breast cancers (Wortham et al., 2009). All these findings are in agreement about the 

roles of p68 and p72 in development of cancer, although they also suppress the tumor.  

Cancer development is affected by change in function or cellular expression 

level of p68 and p72. The roles of both the proteins are context dependent and are 

oncogenic and pro-proliferation in function. In contrast to their role in cancer 

development they also possess antiproliferative or tumor co-suppressor roles. It is 

hard to decide exact function of both proteins in cancer, as different interacting 

proteins and cellular environment affect their function (Fuller-Pace and Moore, 2011).  

In contrast, there are several examples in which p68 and p72 appear to have 

antiproliferative (or tumor suppressor) roles. p53 is an important tumor suppressor 

during DNA damage response, p68 but not p72 is an important co-activator of the p53 

(Bates et al., 2005). p72 is associated with good prognosis in breast cancers (Wortham 

et al., 2009).   

2.3.2 Role of p68 and p72 in mi-RNA processing  

Role of p68 and p72 in mi-RNA processing has been established by different 

studies. Both were found to be associated with the Drosha complex (Gregory et al., 

2004). Individual knockdown of p68 and p72 in transgenic mice not only resulted in 

embryonic and neonatal lethality respectively but processing of many mi-RNAs was   

also dysregulated. Use of antibodies against p68 and p72 resulted in depletion of both 

proteins as well as defects in maturation of pri-miRNA into pre-miRNA, which is in 

agreement with their association with Drosha complex (Fukuda et al., 2007). 
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Experiments on p68/p72-knockout mice found that both proteins are part of 

the Drosha complex and processing of 5.8S rRNA involved both helicases (Fukuda et 

al., 2007). This observation is a continuity of previous reports that yeast homolog of 

p68/p72 is vital for processing of rRNA and nonsense-mediated decay (Bond et al., 

2001), proposing that both p68 and p72 play conserved role in processing of rRNA. 

Table 2.1 Reported functions of p68 and p72 

DEAD box 
member 

Functions Reference 

p68/DDX5 Co-activates the androgen receptor, 
over expresses in prostate cancer  

(Clark et al., 2008) 

Destabilizes interaction between U1 and 
5`ss 

(Liu, 2002) 

Transcriptional initiation on p21 promoter.  
transcription co-activator of p53 dependent 
promoter 

(Bates et al., 2005) 
(Metivier et al., 2003) 

Organ development and maturation (Wang et al., 2009) 

Represses p53-dependent expression of  
∆133 p53 isoform  

(Moore et al., 2010) 

Alternative splicing of H-Ras  proto-
oncogene 

(Guil et al. 2003) 

P72/DDX17 Co-activates  ERα activity (Watanabe et al., 2001)  
 (Wortham et al., 2009) 

p68/p72 Overexpression in breast cancer  (Wortham et al., 2009) 
(Mooney et al., 2010) 

Transcription repression from some 
promoters by interaction with HDAC1 

(Wilson et al., 2004) 

Interact with U1 and its components (Liu, 2002)  (Lee, 2002) 

miRNA processing associated with the 
Drosha complex 

 (Fukuda et al., 2007 ; 
Gregory et al., 2004) 

Interaction of ERα with Drosha complex (Yamagata et al., 2009). 

Processing of rRNA  (Bond et al., 2001 ; 
Fukuda et al., 2007). 

 

2.3.3 p68 and p72 as co-regulators of transcription factors  

Studies from different researchers have reported p68 and p72 as co-regulators 

of many transcription factors playing different roles in development and cancer. 

p53 is a transcription factor acting as tumor suppressor, expressing in response 

to DNA damage, increase proliferation, and hypoxia. It plays vital role in removal of 

cancer cells by bringing changes in the expression of genes involved in apoptosis or 
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senescence and inhibiting cell cycle. During tumor development major reason for the 

loss of function of p53 is either gene mutation/loss or variation in the expression of 

factors regulating function or level of p53 (Zilfou et al., 2009). Transcription factor 

(p53) is co-activated by interaction of p68 and p72. First report about the involvement 

of p68 in p53 response during DNA damage came from Bates et al. (2005) who 

knockdown the expression of p68 and p72 by si-RNA to find which of these was 

actually activating the p53. They found that during DNA damage response 

transcriptional activity of p53 was induced by p68 while p72 did not play any 

significant role. p68 suppresses tumor formation by participating in p53 response to 

DNA damage. p21
Waf

 gene is induced by p53 during DNA damage response and p68 

is recruited at the promoter of p21 to help in transcription initiation (Metivier et al., 

2003) supporting the idea that essential role is played by p68 in regulation of 

transcriptional initiation. p68 not only regulates the expression of wild type p53 but 

expression and function of its isoform ∆133 is also affected by p68. The function of 

wild type p53 is regulated by its ∆133 isoform. So p53 is influenced by p68 in many 

ways. However, p53 stability and expression of non-p53-responsive genes was 

independent of p68 inhibition (Bates et al., 2005).  

Clark et al. (2008) found the overexpression of p68 in prostate cancer. It 

interacts with androgen receptor (AR) and induces its transcriptional activity. They 

used AR agonist R1881 and p68 was recruited to PSA (AR-responsive) promoter. 

Expression of AR responsive genes was reduced by knockdown of p68. It confirmed 

the involvement of p68 in transcription of AR-responsive genes in the same way, as it 

does for p53 and ERα. AR represses the splicing of an androgen-responsive minigene. 

Most important finding of the study was that p68 helps in enhancing the AR 

dependent splicing repression (Clark et al., 2008). 

Wortham et al. (2009) conducted a study in breast cancer cell line MCF- to 

find the effects of p68 or p72 knock-down on ERα transcriptional activity. Their 

results showed that estrogen-dependent cell growth and transcription of genes in 

response to ERα required p72 but not p68. Both proteins interact and co-activate ERα 

dependent transcription (Watanabe et al., 2001; Wortham et al., 2009). Requirement 

of only p72 but not the p68 for the activity of ERα proposed distinct functions for p68 

and p72. 

2.3.4 Role of p68 and p72 in mRNA processing 
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Previous reports give clues that p68 and p72 interact with different factors of 

complexes involved in transcription and splicing, thus act as coupling factors between 

transcription and splicing of mRNA (Auboeuf  et al., 2005; Fuller-Pace, 2006). Role 

of p68 in splicing/alternative splicing and results from Bates et al. (2005) suggested 

that p68 may have role in linking the initiation of transcription to processing of 

primary transcript. 

 Both p68 and p72 have role in assembly of spliceosome as they are purified 

with factors participating in complex formation. p68 cross links to 5`ss of RNA 

component of U1snRNP and is essential for in vitro splicing (Liu et al., 1998; Liu, 

2002). p68 is involved in destabilizing interaction between U1snRNP and 5`ss (Liu, 

2002). Lee (2002) copurified p72 with U1snRNP. Splicing regulation has important 

consequences in disease development. Importance of tau exon 10 splicing is evident 

in tauopathy where it plays very important role. Alternative splicing of tau exon 10 is 

regulated by a stem-loop structure at 5`ss. It was not known that which helicase (s) 

involved in modulating this stem-loop structure. Their work identified that p68/DDX5 

was involved in activation of splicing. They proposed that p68 increases the access of 

U1 to the 5`ss by producing changes in stem-loop structure (Kar et al., 2011). 

p68 and p72 regulate alternative processing but they show specificity in this 

activity. H-Ras has alternative intron D exon (IDX), which can be included to 

generate p19 H-Ras isoform or can be excluded to produce p21 H-Ras isoform by 

alternative splicing of transcript (Cohen et al., 2003). Alternative splicing of H-Ras is 

modulated by p68, production of oncogenic p21 H-Ras enhanced in the presence of 

p68 as it inhibited the inclusion of IDX (Guil et al., 2003; Camats et al., 2008). 

Considering this activity, p68 promotes tumor formation by promoting oncogenic p21 

H-Ras production. H-Ras is an important protein of mitogenic signaling pathway. 

Mutations are common in this gene in cancers and can regulate apoptosis, cell 

proliferation, and senescence (De-Nicola et al., 2009).  

Transcription and splicing are linked to each other, as both splicing and 

alternative splicing are influenced by transcriptional co-regulators and promoter 

sequences. Honig et al. (2002) constructed minigene from CD44 gene with only 

variable exons V4 and V5. They found that only p68 not p72 was involved in 

inhibition of exon skipping. A study on steroid-responsive promoter showed 

inhibition of ERα/ERβ dependent exon skipping in response to estrogen by p72 

(Auboeuf et al., 2002), while AR-mediated exon skipping in a similar CD44 minigene 
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was enhanced by p68 in response to androgen agonist (R1881) (Clark et al., 2008). 

Not only splicing and alternative splicing are regulated by both the helicases but 

nuclear receptor-dependent transcription and alternative splicing are also coordinately 

regulated. This is an additional level to affect tumor development and nuclear receptor 

function (Fuller- Pace and Moore, 2011).  

RNA release from chromatin was promoted by homolog of p68 in Drosophila 

(Buszczak and Spradling, 2006) like this transcription was inhibited instead of its 

activation. But again supports the multiple level influences of p68 and p72 in 

transcription and processing of mRNA.  

It can be concluded that RNA helicases p68 and p72 are multifunctional 

proteins performing role in many cellular processes. They affect the transcription and 

mRNA processing. An important role is played during organ development, 

maturation, cell differentiation, and proliferation. Role of p68 and p72 in development 

of cancers (breast, colon, prostate) is of great interest. However, precise roles played 

by these proteins may depend on expression of their interacting proteins as well as 

type of tumor; it is also the reason for difference in functions of both proteins.  

2.4 Cellular functions performed by U1snRNP (U1)  

2.4.1 Selection of 5`splice site (5`ss) 

Base pairing between U1 snRNA and 5`ss is essential in selection of 5`splice 

site, it has been shown both by strong genetic and biochemical evidences (Seraphin et 

al., 1988; Siliciano and Guthrie, 1988). Not only correct base pairing but some other 

factors also help in 5`ss selection. U1 snRNA-5`ss base pairing is also affected by 

splicing regulatory (SR) proteins and some of the U1 proteins (Chen et al., 2001; Du 

and Rosbash, 2002). Two other snRNPs U5 and U6 also base pair to the 5 `ss. But 

they may be preassembled to U1 before its binding to 5`ss of intron (Malca et al., 

2003). Although different factors affect the 5`ss selection but experiments showed 

that basic role in choice between nearby 5`ss is played by the stability of U1 snRNA 

and the 5`ss duplex stability (Roca et al., 2005).  

For RNA duplex formation correct base-pairing is very important. In humans 

many of the U1 associated proteins like TIA-1 (the human homologue of yeast 

Nam8p factor) U1-C protein (Du and Rosbash, 2002), hLuc7A factor (Puig et al., 

2007), and hPrp8 (Reyes et al., 1999) have been shown to affect the selection of 5' ss. 

These proteins perform important function of bringing U1 to correct 5`ss of intron. 

These proteins interact with U1snRNA, making an extensive network of protein-RNA 
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interactions around the 5'ss, stabilizing the original U1snRNA-mRNA interaction at 

the 5`ss. All the proteins interacting with U1 do not help in recognition of 5'ss, some 

particular factors, such as dephosphorylated SRp (Burse et al., 2001) interacts with 

U1 and interferes in recognition of 5’ss (Shin et al., 2004). 

2.4.2 U1snRNP and splicing 

U1 binding at 5`ss and variations in U1-5`ss site interaction is a major step 

controlling spliceosome assembly (Liu et al., 1997). The binding of U1 at 5′ss 

initiates spliceosome assembly by forming the E complex. The E complex also 

contains the U2 snRNP, which is attached via protein-protein interactions (Das et al., 

2006). The branch point of the primary transcript is occupied by U2 snRNP and 

complex E is converted into complex A. Triplet, U4/U6.U5 snRNP joins the complex 

and B complex is generated. Additional conformational change takes place in this B 

complex and catalytically active C complex is formed (Hastings and Krainer, 2001; 

Will and Lu-hrmann, 2001).  

 

Figure 2. 3. Assembly of Spliceosome 

A protein of 65-kDa molecular weight (p65) was identified by cross-linking 

experiment. It interacted with the U1 when it was bound at 5`ss of intron in 

spliceosome formation (Liu et al., 1998). Later on, they performed in vitro experiment 

to splice primary transcript and showed that p65 protein was essential for the splicing 
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reaction, and identified it as member of helicase family (RNA helicase p68). Binding 

of U1 at 5`ss site but not its dissociation from 5`ss was affected by depletion of 

endogenous p68 in early step of splicing. Its depletion also inhibited the 

transformation of pre-spliceosome into active spliceosome, suggesting role of p68 in 

activation of spliceosome. All these results show that interaction between U1 and 5`ss 

is disrupted by RNA helicase p68 (Liu, 2002). Systematic analysis of alternative 5`ss 

was performed in in vitro splicing assays. Rate of splicing was correlated with base 

pairing potential between U1 snRNA and 5`ss. Presence of proximal exon in 

downstream overcome the weak interaction between U1 snRNA and 5`ss, showing  

efficiency of splice site recognition in defining intron. However, if 3`ss is present in 

downstream, it plays major role in selection of splice site. Kinetic analysis showed 

that rate of proximal splicing was enhanced by the presence of 5`ss in the upstream. 

The experimental data discovered new splicing enhancer role of 5`ss (Hicks et al., 

2010).  

2.4.3 Suppression of PCPA of transcript 

In eukaryotes, all small nuclear ribonucleoproteins (snRNP) U1, U2, U4, U5, 

and U6 combine in equal stoichiometry to form spliceosome; however, U1 is more 

abundant in human than other snRNPs. This excess amount points towards its use not 

only in splicing but in other processes as well. Use of antisense morpholino 

oligonucleotide (AMO) against U1 snRNA caused its functional knock down in HeLa 

cells. Presence of cryptic PAS in the introns resulted in premature cleavage and 

polyadenylation (PCPA) alongwith splicing inhibition by U1 knock-down. While the 

use of drug spliceostatin A and AMO (cause inactivation of U2 snRNP) resulted only 

in splicing inhibition. Combined use of U1 and U2 (AMO) resulted in splicing 

inhibition and PCPA. The results showed that PCPA at alternative PAS in intron was 

suppressed by complementary base pairing between pre-mRNA and U1 snRNA. All 

these experimental results discovered unique role of U1 in protection of transcript 

which was independent of its essential role in splicing, and reason for its abundance in 

the cell (Kaida et al., 2010). 

 

2.4.4 U1snRNP and transcription 

U1 is not only a splicing factor but in the near past it was also found to be 

participating in other cellular events, which are initiation of transcription for mRNA 

synthesis and its degradation. Kwek et al. (2002) worked upon transcription initiation 
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and found that during the initiation step the TFIIH (which is a general transcription 

initiation factor) was associated with the U1, especially with U1 snRNA. The results 

of their analysis showed that the rate of first phosphodiester bond formation by RNA 

Polymerase II was stimulated in the presence of U1 snRNA. 

2.4.5 U1snRNP and polyadenylation 

Polyadenylation is another process where U1 participates; it affects this 

process through interaction between 160-kD subunit of the CPSF and its U1-A 

protein. The interaction between these two factors increases the polyadenylation 

efficiency at SV40 late PAS (Lutz et al., 1996). U1 not only stimulates 

polyadenylation but it can also inhibit the process. It has been  shown that if  5'ss like 

sequence is present in the 3'UTR then it binds at that sequence and results in 

inhibition of polyadenylation which ultimately results in pre-mRNA degradation 

(Gunderson et al., 1998; Fortes et al., 2003). 

Furth et al. (1994) worked with papilloma virus to show the function of U1 in 

inhibition of polyadenylation. They found that if sequences similar to 5`ss are present 

in the terminal exon at 3`end of  transcript, U1 binds at this site and inhibits the 

addition of poly(A) tail as well as gene expression. Abad et al. (2008) developed a 

novel method to silence the gene expression based on polyadenylation inhibition 

property of U1. 

The role of U1 in regulation of splicing has been known from the start. Later 

on, questions were raised about its role beyond splicing. As discussed here, many of 

these have been answered in the past decade. U1 is a versatile molecule playing 

important role in splicing, polyadenylation, transcription, and more recently in 

suppression of PCPA of transcript to maintain its integrity. More wonders would be 

expected from this molecule distinct of above mentioned roles. 

2.5 Interplay between alternative splicing and alternative polyadenylation 

At present, phenomenon of APA is as common as alternative splicing; both 

processes are rather linked to each other. Dynamic interaction between alternative 

splicing and polyadenylation produces different protein isoforms (LeTexier et al., 

2006; Tian et al., 2007). Advanced understanding of the molecular mechanisms 

involved in 3`end processing of mRNA has revealed how the processes of 

transcription and mRNA processing are linked to each other. Deregulation of 3`end 

processing leads to a number of human diseases, therefore, it is important to keep 

precision in this process. Mutations of RNA sequence involved in binding of specific 
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processing factors, as well as problems in coordination between these factors result in 

gene specific deregulation of 3`end processing (Danckwardt et al., 2008). 

The processes of splicing and polyadenylation are not independent, but linked 

to each other and linked to transcription via CTD of RNA polymerase II as well 

(Proudfoot et al. 2002). Several splicing factors involved in splicing like  SRp20, 

p54nrb U1A, PTB and U1 70 influence the addition of poly(A) tail at 3`end of mRNA 

(Lou et al., 1998; Liang and Lutz, 2006), different polyadenylation and splicing 

factors interact through protein–protein interactions, CF Im interacts with U1 

(Awasthi and Alwine, 2003), CPSF is necessary for good splicing and interacts with 

U2 snRNP  (Kyburz et al., 2006), U2AF 65 with CF Im (Millevoi et al., 2006). 

Carboxy terminal domain (CTD) of RNA polymerase II is also linked to different  

splicing and poly(A) factors throughout the process of transcription (Hirose and 

Manley, 2000; Kaneko and Manley, 2005). pre-mRNA splicing and polyadenylation 

are crucial steps involved in maturation of most human mRNAs. In some genes 

alternative polyadenylation and alternative splicing come into play to generate mRNA 

variants. Either internal exon is converted into 3` terminal exon, or 3` terminal exon is 

used that is otherwise skipped as a result of IPA. Polyadenylation sites in introns are 

found in all currently known human genes using cDNA/EST and genome sequences. 

The poly(A) sites in 3`most exons are more conserved in human and mouse than 

intronic poly(A) sites. Tian et al. (2007) also demonstrated that splicing and 

polyadenylation are not independent processes, IPA, and complexity of transcriptome 

result from interplay between these essential steps of mRNA processing. 

All these interactions show that splicing and polyadenylation are linked to 

each other. Both alternative splicing and alternative polyadenylation work together in 

many of human genes to produce mRNA variants. One example is alternative 

processing of heavy chain gene of immunoglobulin M (IgM); different mRNA 

isoforms are generated as a result of use of alternative poly(A) site present in intron. 

These isoforms are expressed during different stages in development of B cells. 

Alternative mRNA transcripts of IgM heavy chain genes are produced as a result of 

combined effect of APA and splicing (Edwalds- Gilbert and Milcarek, 1995). Lou et 

al. (1998) found alternative processing in calcitonin/calcitonin gene-related peptide 

gene (CALCA). It is second example where IPA and splicing work together to 

produce different protein in brain and thyroid from same primary transcript. Splicing 
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factor SRp20 regulates the tissue specific expression of proteins by choice of 

alternative poly(A) site in intron. 

2.6 Selected genes and their functions 

Four human genes, MET (Mesenchymal-epithelial transition factor gene), 

TGM2 (Tissue transglutaminase gene) BCCIP (BRCA2 and CDKN1A Interacting 

Protein gene) and SMAD2 were selected for the present study. All of these genes have 

alternative PAS in intron. 

2.6.1 TGM2 
TGM2 gene encodes “tissue transglutaminase (TG2)”; it is an enzyme 

producing cross-links in proteins and is ubiquitously expressed. Extracellular matrix 

integrity depends upon TG2-dependent cross-links and it was proposed that this TG2 

activity establishes a barrier to tumor spread. TG2 is also involved in sensitivity to 

chemotherapeutic drug doxorubicin. TG2 expression and doxorubicin sensitivity are 

highly variable in cultured human breast cancer cell lines. TG2 is a very good 

candidate for epigenetic silencing because of its potential tumor suppressor activity 

and all above mentioned characteristics (Ai et al., 2008). TG2 protein has 

multifunctional nature, epigenetic silencing results in loss of TG2 expression which 

could impact tumorigenesis and different evidences suggest TG2 as a tumor 

suppressor protein (Jones et al., 2005; Xu et al., 2006). Suppression of its proposed 

proapoptotic function allows cells to extend life span and it showed that dysregulation 

of apoptotic mechanisms play role in tumorigenesis (Reed, 1999). 

The interaction between extra cellular matrix (ECM) and cell is stabilized by 

preventing ECM from any type of degradation, proteolytic or mechanical. This 

stabilization is provided by TG2 which increases the cross linking of ECM. Inhibition 

of TG2 expression leads to development of tumor through its proposed function as a 

barrier to tumor spread (Zemskov et al., 2006). Most of breast cancers are 

adenocarcinomas that develop from the ductal epithelium of the mammary gland; 

therefore maintenance of ECM integrity has a distinctly important role in breast 

cancer (Ai et al., 2008). Incorporation of transforming growth factor-β into the ECM 

is facilitated by TG2 (Gaudry et al., 1999). Tumor suppressor function of TGF β is 

negatively affected by loss of extracellular TG2 activity (Jakowlew, 2006). G protein-

coupled receptor and metastasis suppressor GPR56 bind to TG2; therefore tumor 

progression would be favored by loss of TG2 expression (Xu et al., 2006).  
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Stiffness of ECM is affected by TG2-induced cross-linking, this stiffness is 

accepted as regulator of cell behavior, and it may plays vital role in the process of 

invasion and tumorigenesis (Discher et al., 2005; Huang and Ingber, 2005). 

Epigenetic silencing of TGM2 reduces its ability to suppress metastasis and/or tumor 

growth and contributes to the carcinogenic process (Miyoshi et al., 2010). The long 

3`UTR of TGM2 is involved in up-regulation of genes involved in differentiation and 

morphogenesis such as extracellular structure organization, while down-regulation of 

genes involved in proliferation, such as DNA replication and cell-cycle phase during 

mouse embryonic development (Ji et al., 2009). 

TGM2 is a versatile gene; most striking role is played in suppression of tumor. 

Considering this important role detailed study of mechanism involved regulation of 

TGM2gene expression is needed to be uncovered.   

2.6.2 BCCIP 

  Due to alternative splicing two isoforms of BCCIP proteins are expressed in 

humans (Meng et al., 2003). BCCIP interacts with BRCA2 and CDKN1A. The most 

important function of p53 is tumor suppression, which is conferred by its 

transactivation activity. In 50% of human cancers this activity was destroyed by 

mutations in p53. Its knockdown by RNAi diminishes the transactivation activity of 

p53 with no decrease in p53 level in p53 wild type cells. It inhibits the p53 binding at 

promoters of HDM2 and p21 also reduces tetramer formation of p53. BCCIP has 

critical role in maintaining the transactivation activity of p53 and it also suggested 

that down-regulation of BCCIP is a novel way to impair the p53 function in cells with 

wild type p53 (Meng et al., 2007). BCCIP has role in regulating the intracellular 

distribution of p21. p21 is a potent inhibitor of CDK. During cell cycle progression 

CDK regulate the G1-S transition, p21 inhibits this step in nucleus. This inhibition 

activity is enhanced by BCCIP. Nuclear p21 is reduced while cytoplasmic p21 is 

increased by down-regulation of BCCIP in the cell. Cytoplasmic p21 has anti-

apoptosis and pro-proliferation. Overall fate of cell is determined by the intracellular 

distribution of p21. Function of p21 is modulated by this new mechanism involving 

BCCIP (Fan et al., 2009). 

BCCIP is affecting many cellular processes. Interaction of BCCIP with factors 

with role in DNA damage response has made it good candidate to study its regulation 

at post-transcriptional level.   

2.6.3 MET 



21 
 

A single-chain precursor is processed proteolytically to form mature 

disulphide linked heterodimer MET and its ligand HGF (hepatocyte growth factor). 

MET receptor is normally expressed in epithelial cells while HGF is expressed in 

mesenchymal cells. Both proteins play role in embryonic development, promote liver 

repair and regeneration (Paranjpe et al., 2007), and mature tissue damage 

(Chmielowiec et al., 2007). The oncogenic pathways, adaptor proteins and direct 

kinase substrates implicated in HGF–MET signaling are RAS–RAF–MAPK 

(mitogen-activated protein kinase) PI3K (phosphatidylinositol 3-kinase)–AKT, β-

catenin and SRC, P85 regulatory subunit of PI3K, GRB2 (growth-factor-receptor-

bound protein 2), GAB1 (GRB2-associated binder), STAT3 (signal transducer and 

activator of transcription 3) and PLC-γ (phospholipase C-γ). Cell-cycle progression is 

regulated by RAS–RAF–MAPK pathway, MET is linked to this pathway by the direct 

binding of GRB2 to the MET docking site (Gentile et al., 2008). The key events in 

tumor progression and metastasis are dissociation and migration of tumor cells, 

proteolysis of extracellular matrix proteins and adhesive interactions of cells with the 

extracellular matrix. The dysregulation of membrane receptors with tyrosine-kinase 

activity is related to malignant transformation and resistance to anticancer therapies. 

In many tumor types, MET-HGF molecular pathway affects cancer development from 

initiation to metastatic behavior (Karamouzis et al., 2009). 

MET is a proto-oncogene. Importance of dysregulation of signaling through 

Met receptor affects oncogenic pathways. Therefore, it would be valuable to study 

IPA in this gene. 

2.6.4 SMAD2 

Transforming growth factor β1 (TGF-β1) is a secreted homodimeric protein 

involved in regulation of many cellular responses, like differentiation, proliferation, 

apoptosis, and migration (Blobe et al., 2000). Very crucial role is played in tissue 

homeostasis and development by members of the TGF-b family. Many diseases of 

humans, for example cancer, auto-immune disease, fibrosis, and developmental 

disorders result from dysregulation of TGF signaling pathway (Blobe et al., 2000).  

TGF-β signaling is mediated by family of proteins named as SMAD. There are 

three major groups of SMAD family; Inhibitory SMADs (I-SMADs), Receptor-

associated SMADs (R-SMADs), and Co-operating SMADs (Co-SMADs), and all the 

members are highly conserved (Ross and Hill 2008; Huminiecki et al., 2009). 

SMAD1, SMAD2, SMAD3, SMAD5, and SMAD8 are R-SMADs found in human 
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and are substrates for activated TGF-β receptors. Two SMADs; SMAD2 and SMAD3 

serve as substrate for receptors activated by TGF-βs and activins (Makkar et al., 

2009). TGF-β binds and activates its cell surface receptor to begin its diverse cellular 

responses. Signal is propagated inside the cell from receptor through the 

phosphrylation of serine residues at C-terminal domain of receptor-regulated Smads 

(R-Smads: Smad1, Smad2, Smad3, Smad5 and Smad8) (Dijke and Hill, 2004). 

Heteromeric complex is formed from SMAD4 and activated R-Smads. This complex 

accumulates in the nucleus and interacts with transcription factors, co-repressors and 

co-activators, and control gene expression depending on ligand dose and specific cell 

type (Dijke and Hill, 2004). There are two domains which are conserved in Smad 4 

and R-Smads; the N-terminal Mad Homology 1 (MH1) and C-terminal domain MH2 

(Dijke and Hill, 2004). Smads recruit ubiquitin ligases and regulate the stability of 

Smad-interacting proteins thus functioning as adaptors (Dijke and Hill, 2004). 

Variations in TGF-β signaling have implications in human cancer. TGF-β acts as a 

tumor suppressor before tumor initiation and early during progression, but is often a 

tumor promoter at later stages. A deep understanding of mechanisms involved in 

TGF-β signal transduction has increased knowledge of cancer invasion, progression, 

epithelial-to-mesenchymal transition, and metastasis (Drabsch and Dijke, 2012). 

Regulation of gene expression at post-transcriptional level has become the 

centre of research for the last few years. Emerging mechanism of gene regulation is 

alternative processing. APA results a decrease in the expression of normal mRNA and 

increase production of isoforms with short 3`UTRs. These mRNA isoforms escape 

from regulation due to the removal of regulatory elements. RNA helicases p68 and 

p72 are multifunctional proteins performing role in transcription, mRNA processing, 

cell differentiation and proliferation. Role of p68 and p72 in development of cancers 

(breast, colon, prostate) is of great interest. However, precise roles played by these 

proteins may depend on expression of their interacting proteins. The role of U1snRNP 

in regulation of splicing has been well known. U1 is a versatile molecule playing 

important role in splicing, polyadenylation, transcription and more recently in 

suppression of PCPA of transcript to maintain its integrity. Binding of U1 at 5`ss 

inhibits the use of downstream intronic PAS. Recent studies have demonstrated that 

APA is much more prevalent than was previously appreciated; gene shortening in 

multiple cell types and tissues linked APA also to cancer. The mechanistic details still 

need to be elucidated. Fortunately, clues about IPA regulation have been provided  
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recently, most important is suppression of IPA by U1 bound at 5`ss. Role of cis 

elements/trans factors in IPA has also been proposed. p68 interacts with many factors 

involved in important cellular processes. A significant role is played by p68 in 

destabilizing the interaction between U1 and 5`ss of primary mRNA.  

In this scenario it would be of great value to study that either blocking the U1 

binding at 5`ss could result in use of intronic PAS or some other factor is also 

involved. Is there any connection between destabilization of U1-5`ss interaction and 

IPA suppression. Inhibition of U1 binding inhibits the splicing; it may result in IPA 

activation. A detailed study about the relation between p68, U1, and splicing 

inhibition is required to get some knowledge about the mechanism involved in IPA 

regulation. 
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Materials and Methods 

The research work was conducted at INSERM U981, Institute Gustave 

Roussay, Villejuif, France. 

3.1 Maintenance of cell culture 

MCF7, HEK293 and mouse 4T1 cells were cultured in Dulbecco's Modified 

Eagle Medium (DMEM glutMAx), supplemented with 10 % Fetal Bovine Serum 

(FBS) at 37 oC in a 5 % CO2 atmosphere. All cell culture reagents were obtained from 

Invitrogen. 

3.2 Isolation of genomic DNA from MCF7 cells 

Genomic DNA was isolated from MCF7 cells by using QIAamp® DNA 

Micro kit from Qiagen by following the manufacturer`s protocol. 

Cells were taken in a 1.5 mL microcentrifuge tube and ATL buffer was added to a 

final volume of 100 μL. After it 10 μL proteinase K and 100 μL Buffer AL were 

added and mixed by pulse-vortexing for 15 s and incubated at 56 °C for 10 min. Then 

50 μL of ethanol (96–100%) was added and mixed thoroughly by pulse-vortex for 15 

s and again incubated for 3 min at room temperature. From the previous step, the 

entire lysate was carefully transferred to the QIAamp MinElute column (in a 2 mL 

collection tube) without wetting the rim, and centrifuged at 8000 rpm for 1 min. The 

QIAamp MinElute column was placed in a clean 2 mL collection tube, and the 

collection tube containing the flow-through was discarded. To the QIAamp MinElute 

column 500 μL Buffer AW1 was added and centrifuged at 8000 rpm for 1 min. The 

column was placed in a new clean 2 mL collection tube, and collection tube 

containing the flow-through was discarded. To the column 500 μL Buffer AW2 was 

added and centrifuged at 8000 rpm for 1 min. The column was again placed in a clean 

2 mL collection tube, and collection tube containing the flow-through was discarded. 

The tube was centrifuged at 14,000 rpm for 3 min to dry the membrane completely. 

The column was placed in a clean 1.5 mL microcentrifuge tube and collection tube 

containing the flow-through was discarded. After it, 20–100 μL buffer AE was 

applied to the centre of the membrane, incubated at room temperature (15–25 ° C) for 

1 min, and centrifuged at 14,000 rpm for 1 min. The DNA was stored at -20°C. 

3.3 PCR amplification of genes 

3.3.1 Sequence of oligonucleotides for human genes; 

For PCR amplification of genes following primers were designed in the lab. 



25 
 

TGM2: 

For XbaI: 5` TGCTCTAGAGAAGGAGTG GTCAGA GAG  

Rev BglII: 5` GA AGATCTAAAGGCAACTAGGCTGGTGCT  

BCCIP: 

For XbaI: 5` TGCTCTAGAGAAAACCTGAGGTGCTTGGAG 

Rev BamHI: 5` CGGGATCCATTGAAAGTAATGGCAAAAAC 

SMAD2: 

For XbaI: 5` TGCTCTAGATTTAATCATAGGCTGTAATCTGAAGA 

Rev BamHI: 5` CGGGATCCTACACTTAAAACAGCACAGT 

MET: 

For XbaI: 5` TGCTCTAGAGAAATGATATTGACCCTGAAGCAGT  

Rev BamHI: 5`CGCGGATCCCATTATGTATATTTTACCTCAATTCA    

 p68: 

For BglII: 5`GGAAGATCTACCATGTCGGGTTATTCGAGTGAC  

Rev XhoI: 5`CCGCTCGAGTTAAGCGTAGTCTGGGACGTCGTATGGGTA 

P72: 

For XhoI: 5`CCGCTCGAGACCATGCGCGGAGGAGG  

Rev EcoRI: 5`CGGAATTCTCAAGCGTAGTCTGGGACGTCGTATGGGTA  

3.3.2 Polymerase chain reaction 

The selected genes were amplified by using GoTaq® Hot Start Polymerase 

from Promega by following the manufacturer’s protocol. To PCR tube 10 µL 5x 

colorless Go Taq flexi buffer, 3 µL 25 mM MgCl2, 1 µL 10 mM dNTPs, 0.5 µL Go 

Taq Hot Star Polymerase, 5 µL primer mix, 2 µL template DNA  and 28.5 µL  H2O 

were added to make final volume 50 µL. In blank 2 µL H2O was added instead of 

template DNA. All the components were mixed by pipetting. The reaction was 

centrifuged for 3 min at 4000 rpm and placed in PCR machine (Applied 2720 

thermocycler). Initial denaturation was performed at 94 oC for 30 s and final extension 

at 72 oC for 10 min. Extension and annealing were performed at 72 oC 1:40 s and 59 

oC for 30s respectively for TGM2, BCCIP, MET, p68 and p72. Extension and 

annealing of SMAD2 were performed at 72 oC 1:30 s and 57 oC for 30 s. Number of 

PCR cycles was 38.      

3.4 Agarose gel electrophoresis 

PCR amplification of the target sequence was confirmed by agarose gel 

electrophoresis. All the DNA samples were run on 1% agarose gel in TBE (Tris 
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Borate EDTA 0.5M) electrophoresis buffer. DNA bands were observed on Gel 

Documentation System. 

3.5 PCR product purification 

                         PCR product was purified by using the QIAquick PCR Purification 

Kit by following manufacturer’s protocol. 

Five volumes of Buffer PB were added to 1 volume of the PCR sample and 

mixed; QIAquick spin column was placed in a provided 2 mL collection tube. The 

sample was applied to the QIAquick column and centrifuged at 13,000 rpm for 30-60 

s. The flow-through was discarded and the QIAquick column was placed back into the 

same tube. The column was washed by adding 0.75 mL Buffer PE to the QIAquick 

column and centrifuged at 13,000 rpm for 30–60 s. The flow-through was discarded 

and the QIAquick column was placed back in the same tube. The column was 

centrifuged for an additional 1 min at 13,000 rpm. The QIAquick column was placed 

in a clean 1.5 mL microcentrifuge tube. To elute the DNA, 30 μl Buffer EB (10 mϺ 

Tris·Cl, pH 8.5) was added in the center of the column and allowed to stand for 1 min. 

The column was centrifuged at 13,000 rpm for 1 min. The DNA was stored at –20 oC.  

3.6 Digestion of PCR product and vector with restriction enzymes 

  After purification, concentration of the PCR products was measured by 

nanodrop (Nanodrop spectrophotometer ND-100 Labtech) and digested with their 

respected restriction enzymes.  

3.6.1 Digestion of amplified product 

To 2 µg of PCR product 1.5 µL of each of the two restriction enzymes was 

added, followed by addition of 5 µL buffer and nuclease free water to make final 

volume to 50 µL. The reaction was incubated at 37 oC overnight.  

3.6.2 Digestion of vectors 

The pGL3-TK vector (Fig. 3.1) was used for the cloning of MET, SMAD2, 

BCCIP, TGM2, TLK2 and GFP vector (Fig. 3.2) for the cloning of p68 and p72. 

To 5 µg of vector 2 µL of each of the two restriction enzymes, 10 µL buffer, 

and nuclease free water was added to make the final volume to 100 µL and incubated 

at 37 oC for 4 hours. 



27 
 

 

 

Fig 3.1 Restriction map of pGL3 vector 

 

Fig 3.2 Restriction map of GFP vector 

 

 

 



28 
 

 

3.7 Purification of digested products 

Digested PCR product was purified by using the QIAquick PCR Purification 

Kit as given in section (3.5) and digested vector was purified by using QIAquick Gel 

Extraction Kit. 

3.7.1 QIAquick gel extraction kit protocol 

 DNA fragment was excised from the agarose gel with a clean, sharp scalpel. 

The gel slice was weighed in a colorless tube and 3 volumes of Buffer QG were added 

to 1 volume of the gel and incubated at 50 °C for 10 min to dissolve the gel. Then mix 

by vortex every 2–3 min during the incubation. After the gel slice has been dissolved 

completely, 1 gel volume of isopropanol was added to the sample and mixed. The 

QIAquick spin column was placed in a provided 2 mL collection tube. To bind DNA, 

the sample was applied to the column and centrifuged for1 min at 13,000 rpm. Flow-

through was discarded and column was placed back in the same collection tube. To 

wash the column 0.75 mL of Buffer PE was added and centrifuged for 1 min at 

13,000 rpm. The flow-through was discarded and column was centrifuged for an 

additional 1 min at 13,000 rpm. The column was placed in a clean 1.5 mL 

microcentrifuge tube. To elute DNA, 30 μl of Buffer EB (10 mM Tris·Cl, pH 8.5) 

was added to the center of the QIAquick membrane and allowed to stand for 1 min. 

The column was centrifuged at 13,000 rpm for 1 min and DNA was stored at – 20 oC.  

3.8 Cloning of genes  

3.8.1 Ligation 

Digest purified PCR products were ligated into vector (digested with the same 

restriction enzymes). 

For ligation, 50 ng vector, 500 ng pcr product, 2.0 µL T4 buffer, and 1.0 µL T4 ligase 

were added to 1.5 mL centrifuge tube. The nuclease free water was added to make the 

final volume to 20 µL. All the components were mixed by pipetting, centrifuged for 

few seconds, and incubated at 16 oC overnight. For ligation control same amount of 

all the components was added except that PCR product was replaced with nuclease 

free water. 

3.8.2 Transformation 

 DH5α competent cells from Invitrogen were used for transformation. The 

competent cells were gently thawed on ice and an aliquot of 50 µL was taken in 1.5 
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mL tube. Ligation mixture (1.5 µL) was added to competent cells; mixed by pipetting 

and incubated on ice for 15-20 min. Cells were incubated at 42 oC for 42 s. After it 

cells were incubated on ice for 1 min 30 s. After incubation 900 µL of S.O.C medium 

was added to the cells and incubated in orbital shaker at 37 oC, 220 rpm for 1 hour. 

Cells were mixed by pipetting and 300 µL cells were spread on pre-warm LB 

ampicillin plate (100 µg/µL final concentration) with sterilized glass beads (by back 

and forth movement). Same transformation was performed for the ligation control. 

Plates were incubated at 37 oC overnight. 

3.8.3 LB ampicillin plates and Broth 

 LB broth 20 g and LB agar 32 g (from invitrogen) were added to distilled 

water in two bottles and sterilized by autoclave at 15 psi, 221 oC for 15 min. The 

medium was cooled to room temperature and 1 mL of ampicillin was added (final 

conc. 100 µg/mL). Plates were prepared and incubated at 4 oC after they solidified. 

3.9 Plasmid Purification 

3.9.1 Plasmid Miniprep 

 Miniprep was performed by using the PureYield™ Plasmid Miniprep System 

from Promega. 

3.9.1.1 Culture for miniprep 

A single colony was picked from the plate and 4 mL of LB liquid was 

inoculated (ampicillin 100 µg/mL final conc.). The tube was incubated overnight at 

37 °C with vigorous shaking (approx. 220 rpm). 

3.9.1.2 Miniprep procedure 

Bacterial culture was centrifuged for 15 min at maximum speed to make the 

pellet and supernatant was discarded. Cell pellet was resuspended in 600 μl of 

nuclease free. Then 100 μl of Cell Lysis Buffer (Blue) was added and mixed by 

inverting the tubes 6 times following by addition of 350 μl of cold (4–8°C) 

Neutralization Solution. The tubes were centrifuged at maximum speed in a 

microcentrifuge for 3 min. The supernatant (~900 μl) was transferred to a 

PureYield™ Minicolumn without disturbing the cell debris pellet. The minicolumn 

was placed into a collection tube and centrifuged at maximum speed in a 

microcentrifuge for 15 s. The flow through was discarded and the minicolumn was 

placed into the same collection tube. Then 200 μl of Endotoxin Removal Wash (ERB) 

was added to the minicolumn, centrifuged at maximum speed in a microcentrifuge for 
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15 s. Then 400 μl of Column Wash Solution (CWC) was added to the minicolumn, 

centrifuged at maximum speed for 30 s. Minicolumn was transferred to a clean 1.5 

mL microcentrifuge tube and 30 μl of Elution Buffer was directly added to the 

minicolumn matrix. The minicolumn was incubated for 1 minute at room temperature 

and centrifuged for 15 s to elute the plasmid DNA. The eluted plasmid DNA was 

stored at –20 °C. 

3.9.2 Plasmid Midipreps 

Midiprep was performed with QIAprep Spin Midi/Maxiprep Kit from Qiagen. 

3.9.2.1 Culture for midiprep  

A single colony was selected from a freshly streaked plate and a pre-culture of 

2 mL LB ampicillin broth was inoculated. It was incubated for 2 hours at 37 °C with 

vigorous shaking (220 rpm). Then 250 mL of LB ampicillin broth was inoculated with 

300 μL of pre-culture and incubated overnight at 37 °C with vigorous shaking (220 

rpm). 

 3.9.2.2 Midiprep procedure 

The bacterial cells were harvested by centrifugation at 4000 rpm for 10 min at 

4°C. The bacterial pellet was homogenously resuspended in 6 ml Buffer P1. Then 6 

mL of Buffer P2 was added and mixed thoroughly by vigorously inverting the tube 4–

6 times, and incubated at room temperature (15–25 °C) for 5 min. Then 6 mL of 

chilled Buffer P3 was added and mix immediately and thoroughly by vigorously 

inverting the tubes 4–6 times. The lysate was poured into the barrel of the QIAfilter 

Cartridge and incubated at room temperature (15–25 °C) for 10 min. A high speed 

midi tip was equilibrated by applying 4 mL Buffer QBT, and allowed the column to 

empty by gravity flow. The cap was removed from the QIAfilter Cartridge outlet 

nozzle. The plunger was gently inserted into the QIAfilter Midi Cartridge and the cell 

lysate was filtered into the previously equilibrated Hi-speed Tip. The clear lysate was 

allowed to enter the resin by gravity flow. Then the QIAGEN-tip was washed with 20 

mL Buffer QC. DNA was eluted with 5 mL Buffer QF and precipitated by adding 3.5 

mL room-temperature isopropanol and incubated for 5 min. The plunger was removed 

from a 20 mL syringe and QIAprecipitator midi was attached onto the outlet nozzle. 

The QIAprecipitator was placed over a waste bottle, and elute/isopropanol mixture 

was transferred into the syringe. Plunger was inserted in the syringe. The 

elute/isopropanol mixture was filtered through the QIAprecipitator by using constant 

pressure. The QlAprecipitator was removed from the syringe and plunger was pulled 
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out. The QIAprecipitator was reattached and 2 mL of 70 % ethanol was added to the 

syringe. The DNA was washed by inserting the plunger and pressing the ethanol 

through the QlAprecipitator using constant pressure. The QlAprecipitator was 

removed from the syringe and plunger was pulled out. The QIAprecipitator was 

reattached to the syringe and the plunger was inserted. The membrane was dried by 

pressing air through the QlAprecipitator quickly and forcefully. The previous step was 

repeated. The outlet nozzle of QlAprecipitator was dried with absorbent paper to 

prevent the ethanol carryover. Plunger was removed from a new 5 mL syringe and 

QlAprecipitator was attached onto the outlet nozzle. Outlet of the QlAprecipitator was 

held over a 1.5 mL collection tube and 1 mL of buffer TE was added to the 5 mL 

syringe. The plunger was inserted and DNA was eluted into the collection tube by 

applying constant pressure. QlAprecipitator was removed from the 5 mL syringe, 

pulled out the plunger and QlAprecipitator was reattached to the 5 mL syringe. The 

eluted DNA was transferred from collection tube to the 5 mL syringe and eluted for a 

second time into the same 1.5 mL tube. The DNA was stored at -20 °C. 

3.10 Mutation of 5` splice site 

Mutagenesis was performed by using Quickchange XL Site- Directed 

Mutagenesis Kit by Stratagene. Primers for mutagenesis were designed in lab. by 

following the instructions given in the Kit. 

3.10.1 Sequences of the oligonucleotides for mutagenesis 

MET Mut1; 
Wild Seq;                         5` AAGGTGA 
Mut For: 5`TGACCCTGAAGCAGTTAGGATCCCAGTGTTAAAAGTTGGA 
Mut Rev: 5`TCCAACTTTTAACACTGGGATCCTAACTGCTTCAGGGTCA 

MET Mut 2: 

Wild seq;                                             5`AGGTGG 

Mut For: 5`AGCGAGCTAAATATAGCTCGAGCATTCCTGCATTCCTCTCA 

Mut Rev: 5`TGAGAGGAATGCAGGAATGCTCGAGCTATATTTAGCTCGCT 

MET Mut 3: 

Wild seq;                               5`AGGTA 

Mut For: 5`CCCAAGCCTGGGGATCCCATCTCAAAAGTTCTT 

Mut Rev: 5`AAGAACTTTTGAGATGGGATCCCCAGGCTTGGG 
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SMAD2 Mut 1: 

Wild seq;                                                                5`GGTATG 

Mut For: 5`TGAAAGGGTGGGGAGCAGAATACTCTAGAGAAATACATAT 

Mut Rev: 5`TGGGGAGCAGAATACTCTAGAAAAATACATAT 

SMAD2 Mut 2: 

Wild seq;                                               5`AGGTTA 

Mut For: 5`TGTATCTATTTTCAATGCTCGAGCAGAGTCAGCTGATCTTTATG 

Mut Rev: 5`CATAAAGATCAGCTGACTCTGCTCGAGCATTGAAAATAGATACA 

SMAD2 Mut 3:  

Wild seq:                        5`AAGGTG           

Mut For:5`GGCACATGATCTAGTTGTAATCTAGAGATTGGATTTCAATAGTC 

Mut Rev:5`GACTATTGAAATCCAATCTCTAGATTACAACTAGATCATGTGCC 

BCCIP Mut 1: 

Wild seq;                                            5`AGGT 

Mut For: 5`CCGATACAGCACGGACTCTGCTCTGTTCCCCCAGTA 

Mut Rev: 5`TACTGGGGGAACAGAGCAGGATCCGTGCTGTATCGG 

BCCIP Mut 2:                                     

Wild seq:                                        5`AGGT 

Mut For: 5`CCAGTTCCGATACAGCACAATGGTTGGTCTGTTCCCCCAGTA3` 

Mut Rev: 5`CCGATACAGCACGGATCCTGCTCTGTTCCCCCAGTA3` 

TGM2 Mut: 

 Wild seq:                                             5`AGGTTA 

Mut For: 5`CTCAACCTGGAGCCTTTCTTCTAGAAAGCCCTGTGTTCCTGGAGC 

Mut Rev: 5`GCTCCAGGAACACAGGGCTTTCTAGAAGAAAGGCTCCAGGTTGAG 

3.10.2 Mutagenesis reaction 

To a small PCR tube 5 µL of  10 X  reaction buffer, 1  µL dNTPs mix, 1 µL 

Pfu Turbo DNA Polymerase, 1.25 µL of each primer (diluted to final conc. 100 ng/ 

µL), 2 µL  plasmid (diluted to final conc. 5 ng/µL) and 38.5 µL of nuclease free water 

were added to make final volume to 50 µL. Thermocycling conditions used for 

mutagenesis were 1 cycle 95 oC  for 1 min and 18 cycles (95 oC 50 s; 60 oC 50 s; 68 oC 

1 min /kb of plasmid) and final extension at 68 oC for 7 min. Thermocycling was 

conducted by using thermocycler from Applied Biosystem. 
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3.10.3 Dpnl digestion of the mutant amplified product 

One µL of the Dpnl restriction enzyme was directly added to each 

amplification reaction, each reaction was gently and thoroughly mixed by pipetting 

the solution up and down several times. The reaction mixture was spin down in a 

microcentrifuge for 1 min and immediately incubated the reaction at 37 oC for 1 hour 

to digest the parental supercoiled dsDNA. 

3.10.4 Transformation into XL10-Gold ultracompetent cells 

The XL10-Gold Ultra competent cells were gently thawed on ice, 45 µL of the 

ultracompetent cells were aliquot to a pre-chilled tube. Then 2 µL of the beta-ME 

(mercaptoethanol) was mixed. The contents of the tube were gently swirled and 

incubated on ice for 10 min, swirled gently every 2 min. Then 2 µL of the Dpnl 

treated DNA was added to ultracompetent cells. The transformation reaction was 

gently swirled to mix and incubated on ice for 30 min. Tubes were heat pulsed in a 42 

oC water bath for 30 s and incubated on ice for 2 min. After incubation 0.5 mL of 

S.O.C broth was added to tube and incubated at 37 oC for 1 hour with shaking at 225-

250 rpm. Then 200 µL of transformation mixture was spread on ampicillin agar plate 

and incubated at 37 oC for 16 hours.  

3.11 Removal of intron from pRL-SV40 vector 

To remove the intron from pRL-SV40 vector (Fig3.3), NheI site was mutated 

to HindIII site by using the Site directed Mutagenesis kit from Stratagene as given in 

section (3.10). After mutation the vector was digested with Hindlll enzyme to remove 

the intron. Digested vector was purified from the agarose gel. The vector was 

religated and transformed into DH5α competent cells (section 3.8). The plasmid was 

purified by following the same procedure previously (section 3.9). 

3.12 Construction of wild type and mutant short MET plasmid 

Mutagenesis was performed to introduce BamHI site in the wild type and 

mutant MET plasmid by following the procedure given in 3.10. After mutation 

positive mutants were selected and purified by following the procedure given in 3.9. 

Purified plasmids were digested with BamHI to remove two poly(A) sites from the 

construct. After removal of fragment of desired size, plasmids were purified from the 

gel, self-ligated, and cloned into DH5α competent cells by following the procedure 
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given in 3.8. Positive clones for short wild type and mutant MET were selected and 

purified as given in 3.9. 

 

 

 

Fig 3.3 Restriction map of pRL-SV40 vector 

3.13 Cell transfection  

Cells were transfected with si-RNAs and plasmids. Reduced Serum medium 

Opti-MEM (Modified Eagle's Minimal Essential Medium), si-RNA transfection 

reagent RNAiMax, and plasmid transfection reagent Lipofectamine 2000 from 

Invitrogen were used for transfection. 

3.13.1 si-RNA transfection  

  si-RNA transfection was performed by using RNAiMAX. 

Step I; to one tube 300 µL Opti-MEM medium, 0.75 µL of si-RNA p68/72 (si-

p68/p72, final conc. of 25 nM), and 0.75 µL of si-RNA p68 (si-p68, final conc. of 25 

nM), were added vortex and centrifuged for few seconds. Mixture was incubated for 5 

min at room temperature.  

Step II; to second tube 300 µL Opti-MEM medium and 13.5 µL of Lipofectamine 

RNAiMax were added, tube was vortex and incubated at room temperature for 5 min.  

Step III; contents of the tubes from step I and step II were combined in one tube, 

mixed by pipetting and incubated at room temperature for 15-20 min. 
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Step IV; medium was removed from the cultured cells and 200 µL of transfection 

mixture (from stepIII) was added to two respected wells.  

To each control well 200 µL of Opti-MEM medium and 4.5 µL of Lipofectamine 

RNAiMax were added. The plate was incubated at 37 oC, 5 % CO2 and 4.5 % 

moisture for 24 hours. 

3.13.2 Plasmid transfection  

Lipofectamine 2000 reagent was used for plasmid transfection. 

Step I; To one tube 300 µL Opti-MEM medium, 1.5 µg wild type plasmid (final 

amount 500 ng) and 150 ng of control plasmid pRL-SV40 (final amount 50 ng) were 

added. The tube was vortexed and incubated for 5 min at room temperature. 

The tube with mutant plasmid was also prepared similarly.  

Step II; To the third tube 600 µL Opti-MEM medium and 30 µL of Lipofectamine 

2000 reagent were added. The tube was vortexed, centrifuged and incubated for 5 min 

at room temperature. 

Step III; Reaction mixture 300 µL from step II was transferred to the tubes of step I. 

Contents of the tube were mixed by pipetting. Tube was incubated at room 

temperature for 20 min. 

StepIV; The medium was removed from the cultured cells and 200 µL of transfection 

mixture was added to their respected wells, then 800 µL of serum containing DMEM 

medium was added to make final volume 1mL. The plate was incubated for 24 hours 

at 37 oC, 5% CO2 and 4.5% moisture (Fong and Bentley, 2001; Rosonina and 

Blencowe, 2004).  

3.14 Dual-Luciferase Reporter assay 

Luciferase reporter assay was performed by using Dual Luciferase Reporter 

Assay system from Promega. 

3.14.1 Cell lysis 

 Cultured cell lysis was performed by using the standard protocol of Dual-

Luciferase Reporter assay system by Promega. 

First the growth medium was removed from the cultured cells. The cells were 

rinsed with 1X DPBS. The rinsed solution was removed and 400 µL of cell lysis 

buffer (1X PLB buffer) was added to the cells. The culture plate was gently rocked for 

15 min at room temperature. Cell lysate was collected in 1.5 mL tube and centrifuged 
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at 13,000 rpm for 5 min at 4 oC. The clear lysate was transferred into new tube and 

stored at -80 oC (Aparicio et al., 2006). 

 

3.14.2 Protein estimation 

Protein content of the cell lysate was measured by using Micro BCA Protein 

Assay Kit (Product No; 23235) 

3.14.2 .1 Preparation of protein standards 

The BSA standards were prepared by mixing the BSA and nuclease free water 

as given in Table 3.1. 

3.14.2 .2 Preparation of the Micro BCA Working Reagent (WR)  

Required volume of Working Reagent (WR) was calculated by using the 

following formula; 

WR required= (# standards + # unknowns) × (# replicates) × (volume of WR per 

sample) 

 Working Reagent was prepared by mixing 25 parts of Micro BCA Reagent MA and 

24 parts Reagent MB with 1 part of Reagent MC (25:24:1).             

3.14.2.3 Microplate Procedure (linear working range of 2-40 μg/mL)  

First 150 μL of each standard and unknown sample was pipetted into 96 well 

microplate (2 replicates). Then 150 μL of the working reagent was added to each well. 

Plate was placed on a plate shaker for 30 s to mix the components. Plate was covered 

with aluminium foil and incubated at 37 °C for 2 hours. The plate was cooled to room 

temperature and absorbance was noted at 562 nm on a plate reader (Victor Parkin 

Elmer 2030 VICTOR X4). Concentration of each unknown sample was calculated 

from standard curve. 

3.14.3 Reporter assay procedure 

Reporter assay was performed by using GloMaxR 96 Microplate 

Luminometer with Dual Injectors by following the manufacture’s protocol. 

3.15 RNA isolation 

Total RNA was isolated by using Trizol reagent from Invitrogen by following 

manufacturer’s protocol. 

3.15.1 Total RNA isolation 

Medium was removed and 1 mL of Trizol reagent was added to flask, and 

cells were collected by pipetting the Trizol up and down on all sides of the flask.   



37 
 

 

 

 

Table 3.1 Preparation of diluted albumin (BSA) standards 

Vial Volume of 

diluents 

Volume and source 

of BSA 

Final BSA 

Concentration 

A 4.5 mL 0.5 mL of Stock 200 μg/mL 

B 8.0 mL 2.0 mL of vial A 

dilution 

40 μg/mL 

C 4.0 mL 4.0 mL of vial B 

dilution 

20 μg/mL 

D 4.0 mL 4.0 mL of vial C 

dilution 

10 μg/mL 

E 4.0 mL 4.0 mL of vial D 

dilution 

5 μg/mL 

F 4.0 mL 4.0 mL of vial E 

dilution 

2.5 μg/mL 

G 4.8 mL 3.2 mL of vial F 

dilution 

1 μg/mL 

H 4.0 mL 4.0 mL of vial G 

dilution 

0.5 μg/mL 

I 8.0 mL 0 0 μg/mL 

 

The cell lysate was transferred to a 1.5 mL tube followed by addition of 200 µL of 

chloroform, mixed by pipetting and 5 µL of glycogen was also added. The tubes were 

incubated on ice for 15 min and centrifuged at 13000 rpm for 15 min at 4 oC. The 

upper pink liquid phase was transferred to new tube and Trizol reagent (equal to 

volume of upper phase) and chloroform (20 µL for 100 µL) were added and mixed by 

inverting tubes for 15s. The tubes were incubated on ice for 10 min and centrifuged at 

13000 rpm for 15 min at 4 oC. The upper liquid phase was transferred to new 1.5 mL 

tube and equal volume of chloroform was added and incubated on ice for 5 min. The 

tubes were inverted for 15 s and centrifuged at 13000 rpm for 6 min at 4 oC. The 

upper liquid phase was transferred to new 1.5 mL tube and equal volume of 
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isopropanol was added. Mixed by inverting the tubes for few seconds and incubated at 

room temperature for 10 min. After ten minutes tubes were shifted to -20 oC for 

overnight. The tubes were centrifuged at 12000 rpm for 35 min at 4 oC to pellet the 

RNA. After centrifugation, liquid phase was removed from pellet carefully. Then 

pellet was washed with 1 mL of 75 % ethanol and centrifuged at 13000 rpm for 10 

min at 4 oC. Ethanol was removed from pellet and pellet was dried for time till it 

became transparent. Pellet was resuspended in 50 µL of nuclease free water. Tubes 

were incubated on ice for 10 min and shifted to -80 oC (Sambrook and Russell, 2000). 

3.15.2 DNase treatment 

  DNase treatment was given by using DNase from (Ambion) and ethanol 

precipitation was done (Sambrook and Russell, 2000). 

3.15.3 Agilent analysis 

The integrity of the RNA samples was analyzed by Agilent RNA 6000 Nano 

assay kit from Agilent Technologies (Catalog No. 5067-1511). 

3.15.3.1 Decontamination of electrodes 

Wells of electrode cleaner were filled with 350 μl RNase ZAP and 350 μl of 

RNase free water.  

3.15.3.2 Preparation of gel  

All the reagents of kit were equilibrated to room temperature for 30 min 

before use. First 550 μL of Agilent RNA 6000 Nano gel matrix was taken into the top 

receptacle of a spin filter. Then spin-filter was placed in a microcentrifuge and 

centrifuged for 10 min at 4000 rpm. Aliquot of 65 μL filtered gel was made in RNase-

free tube.  

3.15.3.3 Preparation of Gel-Dye mix 

 RNA 6000 Nano dye concentrate was vortexed for 10 s and centrifuged for 

few seconds. Then 1 μl of RNA 6000 Nano dye concentrate was added to 65 μL 

aliquot of filtered gel. Tube was centrifuged for 10 min at room temperature at 14000 

rpm.  

3.15.3.4 Loading of Gel-Dye mix 

A new RNA Nano chip was placed on the chip priming station. Gel-dye mix 

9.0 μL was dispensed at the bottom of the well. The timer was set to 30 s and plunger 

was adjusted at 1 mL mark. The chip priming station was closed. Plunger of the 

syringe was pressed down. Plunger was released after 30 s. The chip priming station 

was opened and 9.0 μL of the gel-dye mix was pipette in each of the marked wells. 
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3.15.3.5 Loading of RNA 6000 Nano marker, ladder and RNA samples 

 RNA 6000 Nano marker 5 μL was pipetted into the well marked with the 

ladder symbol and each of the 12 sample wells. RNA ladder 1 μL (heat denature at 70 

°C, 2 min) was pipetted into the well marked with the ladder symbol. Then 1 μL of 

each sample was pipetted in sample well. Chip was placed in the adapter of the IKA 

vortex mixer and vortexed for 60 s at 2400 rpm.  

3.15.3.6 Analysis of RNA samples   

The chip was placed into the receptacle of Agilent 2100 bioanalyzer. Lid was 

closed and 2100 expert software was used to analyze the RNA samples. 

3.16 Reverse transcription–polymerase chain reaction (RT-PCR) 

First-strand cDNA was synthesized by using SuperScript™ II Reverse 

Transcriptase from Invitrogen according to the manufacturer’s instructions. 

3.16.1 First-Strand cDNA synthesis 

1st step; Following components were added to PCR plate  according to the number of 

samples; random primers 1 μL, RNA  2 μL, 10 mM dNTP Mix 1 μL, sterile nuclease 

free water to make final volume 12 μL. Plate was covered with sheet, vortexed and 

centrifuged for 5 min at 900 rpm. Plate was incubated at 65 °C for 5 min and quick 

chilled on ice for 1 min.  

2nd step; Mixture was prepared in microcentrifuge tube by adding 5X First-Strand 

Buffer 4 μL, 0.1M DTT 2 μL, RNaseOUT™ 1 μL and 1 μL of SuperScript™ II RT, 

mixed by pipetting gently up and down. Then 7 μL mixture was added to the reaction 

from 1st step. Plate was covered with sheet, vortexed and centrifuged for 5 min at 900 

rpm. Plate was incubated at 25 °C for 5 min, 50 °C for 60 min and 70 °C for 15 min. 

Control; same procedure was done but without RNA. 

3.16.2 PCR amplification 

Following components were added to a PCR plate according to the number of 

sample; 10X PCR Buffer 5 μL, 50 mM MgCl2 1.5 μL, 10 mM dNTP Mix 1 μL,  primer 

mix 10 μL, Taq DNA polymerase 0.5 μL, 2 μL  cDNA from first-strand reaction and 

nuclease free water to make final volume 50 μL. All the components were mixed 

gently, centrifuged for 5 min at 900 rpm. Initial denaturation was performed at 95 °C 

for 3 min. Annealing and extension time was separate for each gene, total 30 cycles of 

PCR were performed. 

3.17 Quantitative-PCR (q-PCR) 
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SYBR green PCR master mix (Applied Biosystems, Foster City, CA) was 

used for quantitative polymerase chain reaction (qPCR).  

In total, 2 µL of cDNA was added to final 20 µL PCR reaction volume using above-

outlined reverse transcription– polymerase chain reaction (RT–PCR) primer sets for 

the genes. Thermocycling conditions used for qPCR were; 1 cycle (95oC, 10 min) and 

40 cycles (95oC, 15 s; 58 oC, 30 s; 72 oC, 30 s). Thermocycling was conducted using a 

one step thermocycler from Applied Biosystems.  

3.18 Western Blot 

3.18.1 Reagents required; 

a. MOPS running buffer, To 50 mL of 10X MOPS running buffer 950 mL of 

distilled H2O was added. 

b. Transfer buffer, NUPAGE transfer buffer (20X) 50 mL, 200 mL absolute ethanol, 

and 750 mL of distilled H2O. 

c. TBST 20 buffer, Tris buffer saline (10X) 100 mL, 1 mL of Tween 20 (final 

concentration 0.1 %) and 900 mL of distilled H2O. 

d. PVDF membrane activation, Membrane was put in absolute ethanol for 15 s then 

rinsed in H2O for 2 min and put in transfer buffer. 

e. Membrane blocking solution, 5 % milk was prepared by dissolved 5g of 

powdered milk in 100 of TBST 20 buffer to make membrane blocking solution.  

f. BSA solution 5%, Bovine Serum Albumin 5g (BSA) was dissolved in 100 mL of 

TBST 20 buffer to make 5% BSA solution. 

g. Primary antibody solution, primary antibody solution was prepared by mixing 10 

µL of antibody with 10 mL of 5% BSA solution.  

h. Secondary antibody solution, secondary antibody solution was prepared by 

mixing 2 µL of antibody with 20 mL of 5 % milk solution. 

i. Sample preparation, To 20 µg of protein 5 µL of SDS buffer (4X) and H2O was 

added to make final volume 20 µL. The sample was heated at 95 oC for 5 min and put 

on ice. 

J. Antibodies; primary antibodies; mouse anti-p68, rabbit anti p72 and (cell 

signalling) mouse anti GAPDH (Sigma), secondary antibodies; anti mouse, anti-rabbit 

(Sigma) were used for western blot. 

3.18.2 Procedure  

a. Running of gel 
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Protection was removed from gel (4-12% Bis Tris gel), and then gel was 

placed in the box and box was locked. Inside and outside of box was filled with 

running buffer. Then 5 µL marker and 18 µL sample was loaded. Gel was run at 160 

volts for 1 hour. 

b. Blotting 

 Box (from BioRAD) was placed in ice. Blot holder was opened and put 1 

sponge, 2 whatman papers, PVDF membrane, gel, 2 whatman papers (press with glass 

rod to remove the bubbles), and 1 sponge. Holder was locked and placed in the box 

and run at 100 volts for 1 hour 30 minutes. 

c. Blocking and incubation with Primary antibody 

Membrane was blocked with blocking solution for 40 min. Then membrane 

was placed in small pockets and 5 mL of primary antibody solution was added and 

pocket was sealed. It was put at 4 oC overnight with gentle shaking.  

d. Incubation with Secondary antibody 

Next morning, primary antibody solution was removed from the pocket and 

membrane was washed twice with TBST 20 for 5 min with shaking. Membrane was 

placed in blocking solution for 15 min. Then put in secondary antibody solution for 2 

h 30 min. Secondary antibody solution was removed and membrane was again 

washed with TBST 20 three times (5 min each time). After washing, presence of 

desired proteins was visualized. 

e. Incubation with control GAPDH antibody 

Membrane was washed with TBST 20 for 5 min (twice). Membrane was put in 

small pocket and 5 mL of primary antibody solution was added and pocket was 

sealed. Pocket was incubated at 4 oC with shaking for 1 hour. After 1 hour primary 

antibody solution was removed and the membrane was washed with TBST 20 three 

times (5 min each time) with shaking. Membrane was transferred to secondary 

antibody solution for 1 hour. Membrane was washed with TBST 20 buffer after 

removing the secondary antibody solution. 

3.18.3 Documentation  

Super Signal west Dura Extended duration Substrate from Thermo Scientific  

was used to confirm the presence of proteins. Membrane was placed on TartanTM 

sheet. Equal volume of reagent A and B was mixed in a tube. Required volume of the 

reagent was dispensed on the membrane. Presence of the desired proteins was 

analyzed by documentation system (CHAMBRE-NOIRE-CHIMIOLUMIN-01). 
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3.19 Mouse model 

To study the effect of IPA in mouse TLK2 gene (tousled-like kinase 2 gene) 

was selected. It has intronic PAS (intron 22).   

3.19.1 Sequence of oligonucleotides for mouse gene 

Primers for the PCR amplification were designed in the lab. Primers for 

Mutagenesis were also designed in the lab by following the instructions provided in 

Quickchange XL Site- Directed Mutagenesis Kit by Stratagene.  

3.19.1.1 For PCR 

For_ XbaI: 5` TGCTCTAGAGTTGGGAAAGAGCCACCAAAGAT 

Rev_BamHI: 5` CGCGGATCCCAAGCAAGCCGAACAAGCCA 

3.19.1.2 For mutation of 5`ss 

Wild seq:                     5 AGGT 

Mut For: 5` GGGAGGACTTAGAGGAAGAAGGCAGTGGAGCAGCCTGGGG 
 Mut Rev: 5`  
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Chapter 4 

Results 

Poly(A) sites are not only found in 3` untranslated region (3` UTR) but also in 

the upstream regions within gene; 20 % of the genes contain polyadenylation sites 

within their introns (Tian et al., 2007). The alternative intronic polyadenylation (IPA) 

produce truncated isoforms with different 3`UTRs; properties of these truncated 

isoforms are significantly different from their normal isoforms (Vorlova et al., 2011). 

Gene regulation at post-transcriptional level has got tremendous importance, and 3` 

UTRs are important part of this regulation. They control essential cellular processes 

like, metabolism, morphogenesis, cell proliferation, apoptosis and cell differentiation 

by regulating mRNA stability, its localization, 3`end processing and translation 

(Ambros, 2004; Calin et al., 2005).  

Now-a-days major emphasis of research is on the mechanism of gene 

expression with respect to APA. Considering the global importance of IPA, present 

project was designed with two objectives; first objective was to find which factors are 

involved in the regulation of IPA, and to uncover the underline mechanism. The 

second objective of this study was to find that activation of intronic PAS is in 

competition with splicing mechanism or it is an independent mechanism. 

4.1 Selection of the genes having intronic PAS 

Previously in laboratory there was data from micro-array, indicating that APA 

event could be found in genes expressed in human breast cancer MCF7 cell line. After 

transfection with si-RNA p68/p72, there was increase in the expression level of most 

of the exons while expression of introns with alternative PAS was decreased. These 

results showed that p68 could have a role in regulation of IPA. 

For present study genes with intronic PAS were selected from Exon Level 

Expression: Intensity report (Elexir database) from MCF7 cells transfected with si-

RNA p68/p72. Selected genes were MET (Mesenchymal-epithelial transition factor 

gene), TGM2 (Tissue transglutaminase gene) BCCIP (BRCA2 and CDKN1A 

interacting protein gene) and SMAD2. 

4.2 PCR amplification of the genes 

Selected genes were amplified by PCR and amplification was confirmed by  
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agarose gel electrophoresis (Fig. 4.1). Concentration of the PCR products (ng/µL) 

was; SMAD2 234.3, TGM2 478.2, BCCIP 375, MET 422.4, p68 357, p72 421. 

 

 

 

 

 Figure 4. 1. PCR amplification of genes from DNA extracted from MCF7 cells.  

PCR products were confirmed on 1% agarose gel. (A) lane 1, 1kb DNA ladder; lane 2 

blank; lane 3-6 are amplified SMAD2. (B) lane 1, 1kb DNA ladder; lane 2 blank; lane 

3-6 are amplified TGM2. (C) lane 1, 1kb DNA ladder; lane 2 blank; lane 3-7 are 

amplified MET. (D) lane 1, 1kb DNA ladder; lane 2b lank; lane 3-6 are amplified p68. 

(E) lane 1, 1kb DNA ladder; lane 2 blank; lane 3-6 are amplified BCCIP. (F) lane 1, 

1kb DNA ladder; lane 2 blank; lane 3-7 are amplified p72. The amplified PCR 

product is indicated on the right. 
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 4.3 Cloning and selection of positive clones 

After PCR amplification; MET, BCCIP, TGM2 and SMAD2 genes were cloned 

into pGL3-TK vector (Fig 3.1) having Firefly  luciferase (F. luc) reporter gene, it has 

SV40 late poly(A) signal, which was replaced with construct having 5`ss and 

downstream poly(A) signal from the selected genes. These were wild type constructs. 

p68 and p72 were cloned into pMSCV-GFP vector (Fig 3.2). 

4.4 Mutation of 5`ss and selection of positive clones 

 Mutation was introduced in consensus sequence of 5`ss (5`AAGGTGA

5`GCAACCC) to block U1 binding. In the selected sequence there was one 

normal U1 binding site in the start of the intron. Alongwith the normal U1 binding 

site, there were also putative U1 binding sites in the construct. There was the 

possibility of U1 binding at these sites, and it could disturb the results, therefore 

mutation was introduced in these sites as well one after the other. The construct with 

mutation in only one U1 binding site was given the name as 1st mutant. The construct 

with mutation in two U1 binding sites was 2nd mutant. The construct with mutation in 

three U1 binding sites was the 3rd mutant. Three mutations were introduced in MET 

and SMAD2. Two mutations were introduced in BCCIP while only one mutation was 

introduced in TGM2.   

4.5 Sequencing 

Confirmation of selected wild type and mutant positive clones was done by 

digestion of purified plasmids (with same restriction enzymes used for cloning) 

(Fig.4.2), as well as by sequencing. 

4.6 p68 is involved in IPA activation by removing U1 from 5`ss 

Four human genes; MET (intron 15), BCCIP (intron 8), TGM2 (intron 10), 

and SMAD2 (intron 11) were selected to determine whether p68 participates in IPA 

regulation or not, and to study the relation between p68 and U1 in activation of 

intronic polyadenylation. These genes were chosen because of their direct 

involvement in multiple human pathologies.  

4.6.1 Knockdown of p68 and p72 by si-RNA in MCF7 Cells 

RNA helicase p68 and p72 are expressed in MCF7 cells. Expression of both 

helicases was knockdown by using si-RNA p68/p72 (si-p68/p72). For quantitative 

PCR, cultured MCF7 cells were transfected with 50 nM of si-RNA. Cells were 

harvested after 24 hours. Total RNA was isolated from the control transfected cells. 
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Figure 4. 2. Restriction digestion of the purified plasmids. Purified plasmids were 

digested with the same enzymes used for cloning. Digestion products were resolved 

on 1% agarose gel. vec. Vector (A) lane 1, DNA ladder 1kb; lane 2 and 3 are positive 

clones of p68 (B) lane 1, DNA ladder 1kb; lane 2 and 5 are positive, lane 3 and 4 

negative clones of p72. (C) lane 1, DNA ladder 1kb; lane 2 -5 are positive clones of 

Mut BCCIP; lane 7 DNA ladder 100bp (D) lane 1, DNA ladder 1kb; lane 2-6 are 

positive clones of Mut TGM2 (E); Lane 1 DNA ladder 1kb; Lane 2-6 are HindIII 

digested pRL-SV40 clones to remove intron. (F) Lane 1 DNA ladder 1kb, Lane 2-6 

are HindIII digested intronless pRL-SV40   positive clones. 
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RNA was reverse transcribed into cDNA and used for quantitative PCR. Change in 

the expression level (2∆∆Ct) was calculated for p68 and p72 (Fig. 4.3). In both 

control samples, Fold Change (F.C) was 1.0. While F.C was -5.7 for p68 after 

transfecting the cells with si-RNA, which was non-significant, showing that si-RNA 

had knockdown the expression of p68 in MCF7 cells. Similarly, F.C was -4.8 for p72; 

again showing that expression of p72 has been knockdown by si-RNA. 

Two sample t-test was used to check the significance of difference between means of 

p68 and p72 expression level by using Minitab 16 software. Large p-value (p=0.365) 

shows that two means are statistically non-significant. 

 

 
Figure 4.3. Knockdown of RNA helicase p68 and p72 in MCF7 cells. Reverse 

transcription of RNA from MCF7 cells transfected with si-RNA p68/p72, followed by 

real-time PCR with primers specific to amplify p68 and p72. Error bars represent ± 

S.D. 

4.6.2 p68 dependent modulation of IPA 

Mutagenesis approach was used to change 5`ss sequence thus inhibiting the 

binding of U1 at 5`ss. Two different si-RNAs, one si-RNA p68 (si-p68)) and 2nd si-

RNA p68/p72 (si-p68/p72) were used, both could base pair with endogenous p68 

RNA. As p68 and p72 are 90 % identical, therefore 2 si-RNAs were used. Use of si-

RNAs resulted in knockdown of p68. Time of si-RNA transfection was varied 

between 8-24 hours. Maximum inhibition was obtained after 24 hours of transfection.  

First the cells were transfected with 50 nM si-RNAs (25 nM of each si-RNA). After 8 

hours the cells were transfected with 500 ng of pGL3-TK (F. luc) wild type (WT) and 

mutant (Mut) plasmids and 50 ng pRL-SV40 encoding Renilla luciferase (R. luc) 
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control vector. Cells were harvested after 24 hours of si-RNA transfection and 

expression level was determined by Dual Luciferase Reporter assay (Fig.4.4). For all 

samples, first F. luc expression level was normalized for transfection efficiency to R. 

luc. Next the expression of F. luc was normalized in percentage.      

In cells transfected with wild type plasmid only (WT C), U1 was present in the 

cells at its normal level and was bound at 5`ss,  p68 was also at its normal cellular 

level, expression level for the genes were taken as 100 %. For cells transfected with 

wild type plasmid and both si-RNAs (WT  Si), U1 was present in the cells at the same 

level as in WT C but the level of p68 was decreased due to its  knockdown, now there 

was a little decrease in the expression level. For cells transfected with mutant plasmid 

only (Mut C), level of U1 was same as in WT C  but its binding at 5`ss was inhibited 

due to mutation of the site. This time there was increase in expression level as 

compared to WT C. For cells transfected with mutant plasmid and both si-RNAs (Mut 

Si), U1 binding was inhibited and p68 was absent, same expression level was 

expected for Mut Si as for Mut C. But the results were not according to expectation. 

 

Figure 4.4. Effect of RNAi-mediated knockdown of p68. (A) Illustration of 

the Luciferase reporter vector containing the U1 binding 5 `ss and intronic PAS 

inserted downstream from the Firefly luciferase gene (F. luc) (B) The ratio of 

Firefly/Renilla luciferase activities (F. luc/R. luc) determined using MCF7 cells 

cotransfected with WT C, WT Si, Mut C, Mut Si plasmids and pRL-SV40 encoding 

Renilla luciferase gene (R.luc) as control. Error bars represent ± S.D. 
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Plasmid was transfected after 8 hours of si-RNA transfection, but 8 hours were 

not enough for complete inhibition of the p68/p72. Probably it was the reason for less 

decrease in case of WT Si transfected cells. Therefore, time for si-RNA transfection 

was increased from 8 hours to 24 hours for complete inactivation of p68. pRL-SV40 

vector was used for the normalization of F. luc, but it has intron in its back bone, 

while pGL3-Tk vector is without intron. For good normalization intron was removed 

from control vector and the reporter assay was repeated (Fig. 4.5). 

In WT Si samples when p68 was inhibited and was not there to remove U1 

from 5`ss, good decrease in expression level was observed, which showed that p68 

was required for the activation of IPA, as expression level was decreased in the 

absence of p68. For Mut C samples, U1 could not bind at 5`ss, so increase in 

expression level was observed (it showed that IPA was activated by inhibiting U1 

binding at 5`ss). For Mut Si samples, U1 could not bind at 5`ss and p68 was also not 

there, same expression level was expected for Mut Si and Mut C samples. The results 

obtained for Mut C and Mut Si samples after increase in si-RNA transfection time and 

intronless control vector were better than the previous results, but still not consistent 

with what was expected. The selective effect of p68 and U1 on IPA (especially in si-

RNA treated cells expressing WT and Mut plasmids) showed that activation of IPA 

may depends on the poly(A) signal context. 

Hence it was supposed that whether the problem was the presence of more 

than one intronic polyadenylation sites in the construct? Therefore, it was concluded 

that the effect on mRNA level be compared rather than luciferase reporter assay. Also 

it was decided to try another more direct method to access p68 influence on IPA, 

which is qPCR on uncleaved/cleaved parts of RNA. 

As p68 is also a transcription activator, so its knockdown in Mut Si might 

have resulted in decrease in overall expression of the sample and the control vectors. 

Similarly, Wortham et al. (2009) knockdown the expression of p72 and observed 

oestrogen dependent stimulation of pS2 and cathepsin D1 and proposed that p68 or 

other ERα co-regulators can partially compensate its knockdown.  
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Figure 4. 5. Effect of p68 inhibition on IPA activation. The ratio of 

Firefly/Renilla luciferase activities (F. luc/R. luc) was determined using MCF7 cells 

cotransfected with WT C, WT Si, Mut C, Mut Si reporter plasmids and an internal 

intronless control plasmid pRL-Sv40 encoding R. luc gene. IPA was seen in control 

and si-p68 treated cells expressing mutant plasmid. While no or little intronic 

cleavage and polyadenylation occurred in si-p68 treated cells expressing wild type 

plasmid. (A) BCCIP (B) MET (C) TGM2 (D) SMAD2. Error bars are ± S.D. 
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4.6.3 qPCR on uncleaved part of pre-mRNA normalized by total (cleaved) gene 

expression to study the effect of p68 on IPA activation 

For quantitative PCR, cultured MCF7 cells were transfected with 50 nM of 

both si-RNAs (25 nM of each si-RNA). After 24 hours the cells were transfected with 

2 µg of WT and Mut plasmids and harvested after 48 hours. Total RNA was isolated 

from the transfected and control cells (Table 4.1), reverse transcribed into cDNA and 

used for quantitative PCR.  

Two pairs of primers were used, one to amplify uncleaved part of pre-mRNA, 

while the second to amplify total mRNA. The amount of uncleaved pre-mRNA 

relative to fully processed mRNA (∆Ct) was calculated in wild type control and 

compared with (∆Ct) for other samples. Afterwards change in gene expression 

(2∆∆Ct) was calculated. With primer pair 1 total (cleaved) part of pre-mRNA was 

amplified, whereas the primer pair 2 amplified the uncleaved mRNA. Results are 

shown in Fig.4.6. In si-RNA treated cells expressing WT plasmid there was an 

increase in the amount of uncleaved isoform  as binding of U1 at 5`ss in the absence 

of p68 resulted in the inhibition of IPA. For Mut C, binding of U1 at 5`ss was 

inhibited by mutation in the site, so there was decrease in the amount of uncleaved 

pre-mRNA. The amount of uncleaved pre-mRNA was also decreased for Mut Si 

sample (p68 could not affect IPA through its interaction with U1). It is consistent with 

the results that some trans-acting factors have been shown to be involved in 

determining the chance of using proximal PAS by acting globally and tissue 

specifically in combination with other factors (Mayr and Bartel, 2009). Our results 

suggest that inhibition of U 1 binding at 5`ss in Mut C as well as in Mut Si transfected 

cells resulted in cleavage and subsequent polyadenylation at intronic PAS. It shows 

that p68 is required for the activation of IPA, as expression level was decreased in the 

absence of p68. It is also consistent with the findings that interaction between U1 and 

5`ss is disrupted by RNA helicase p68 (Liu, 2002). Similar results were observed by 

Volvora et al. (2011) who found IPA inhibition by U1. While in the presence of 5`ss 

blocking compound IPA was activated instead of exon skipping, resulting in 

generation of short length receptor (sdRTKs) compromising full-length receptors 

production. 

These results suggest that qPCR on uncleaved/total mRNA is more sensitive 

method to study the influence of p68 on IPA as compared to luciferase reporter assay. 
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Figure 4.6. p68 is involved in the activation of IPA by removing U1 from 

5`ss (A) Primer pairs showing region of amplification. (B) Reverse transcription of 

RNA from MCF7 cells transfected with WT C, WT Si, Mut C and Mut Si, followed 

by real-time PCR with primers specific to BCCIP, SMAD2 and MET to amplify both 

the uncleaved and total (cleaved mRNA). Error bars represent ± S.D. 
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Table 4.1 Concentration of Total RNA isolated from MCF7 cells 

Gene Sample name RNA conc ng/µL ± S.D Absorbance 260/280 

BCCIP WT C 1746 ± 3.21 1.97 

 WT Si 1627 ± 2,79 1.97 

 Mut C 1811 ± 3.67 1.97 

 Mut Si 1575 ±3.11 1.98 

 

MET WT C 1042 ±2.89 1.94 

 WT Si 706 ±2.12 1.92 

 Mut C 1282 ±2.98 1.93 

 Mut Si 1064 ±3.35 1.96 

 

SMAD WT C 1944 ±3.65 1.97 

 WT Si 1559 ±2.78 1.96 

 Mut C 1781 ±3.66 1.96 

 Mut Si 2048 ±4.03 1.97 

U snRNP  

 Cont MCF7 1564 ±2.93 1.98 

 U1si 1618 ±3.45 1.98 

 U2 (1)si 1548 ±3.63 1.98 

 U2 (2)si 834 ±2.88 1.97 

 

Control Cont MCF7 1819 ±4.10 1.96 

p68 p68 2012 ±3.88 1.97 

p72 P72 2213 ±3.21 1.97 

 

4.6.4. Presence of more than one poly(A) sites in same intron affects IPA  

To check the possibility that presence of more than one intronic poly(A) sites 

in the constructs was responsible for little decrease in the expression level of Mut Si  

in dual luciferase reporter assay (Fig 4.5), MET was selected for the analysis due to its 

involvement in multiple human pathologies. Wild type MET pGL3-TK mini-gene 

was constructed, comprising a truncated intron 12 with only one PAS. A similar 

mutant MET mini-gene having truncated intron 12 was also constructed (Fig 4.7). 
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Minigenes were constructed to study whether putative PAS are functionally relevant 

or not. 

 

Figure 4.7. Removal of 2 poly(A) sites from MET to construct wild type   

 and mutant minigene. (A) Lane1, DNA ladder 1kb, lane 2 represent 

negative clone; lane 3-6 are positive clones showing the removal of 2 poly(A) sites 

from wild MET after BamHI digestion. (B) Lane1, DNA ladder 1kb, lane 2, 3 and5 

are positive clones showing the removal of 2 poly(A) sites from Mut MET after 

BamHI digestion, lane 4 is negative clone. 

4.6.4.1 Luciferase reporter assay for MET minigene (short MET) 

Cultured MCF7 cells were transfected with si-p68 and si-p68/p72 (final conc. 

50 nM) and after 24 hours with 500 ng of WT and Mut short MET. Cells were 

harvested and expression level was analysed by luciferase reporter assay (Fig. 4.8A).  

Expression level was taken 100% for WT C. For WT Si when p68 was not in 

cells to remove U1 from 5`ss, there was 29% decrease in expression level. For Mut C, 

U1 could not bind at 5`ss, so IPA was up-regulated resulting in 26% increase in 

expression level. For Mut Si, U1 could not bind at 5'ss, so p68 could not act on IPA 

through U1, therefore expression level was same for Mut C and Mut Si. It shows that 

p68 is not affecting IPA directly (in that case expression level should decrease). 

Decrease in expression level was observed only in WT Si, confirming the effect of 

p68 in regulation of IPA through U1. The same result was also confirmed by qPCR 

for MET uncleaved/total mRNA (Fig. 4.6 B).  

The increase in luciferase expression level in Mut C was significant as 

compared to WT C for short MET was also proven statistically. Significance of 

difference between means of Mut C and WT C was determined by two sample t-test. 
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Small p-value (p<0.001) showed that two means are significant with Mut C having 

higher value as compared to WT C showing low value. 

4.6.5 qPCR on short form normalized by full length mRNA of MET endogene 

Further confirmation about the role of p68 was achieved by qPCR on MET endogene 

(Fig. 4.8 C). After treating cells with control morpholino (co mo) ratio (short 

mRNA/full length mRNA) was 1, which was not significant. It shows that in the 

presence of co mo, U1 was bound at 5`ss and it suppressed the use of intronic PAS. 

This ratio was negative (no or very little short isoform while more full length isoform) 

after treating cell with si-RNAp68 (si-p68) as p68 was absent to remove U1 from 

5`ss. Decrease in the ratio showed the role of p68 in IPA activation as IPA was 

inhibited by its knockdown, while U1 performed normally in splicing to produce fully 

processed full length mRNA. Increase in the ratio (more amount of short isoform) was 

found after treating cells with U1 morpholino (U1 mo) and combine U1 morpholino 

and si-RNAp68 (U1 mo- si-p68) treatment. In both samples U1 mo blocked the U1, 

only difference was the presence of p68 in the cells. It again confirmed that p68 is not 

acting on IPA directly but only through U1.  

The result of qPCR on MET endogene is in agreement with the qPCR result 

(uncleave/total gene expression) obtained after transfecting MCF7 cells with MET 

plasmid. Both results confirmed the role of p68 in removal of U1 from 5`ss to activate 

intronic PAS.  

Mutagenesis approach was used to change the consensus sequence at 5`ss thus 

inhibiting the binding of U1 due to the loss of complementarity between 5`ss and 5` 

end of U1 RNA. Transfection of cultured MCF7 cells with mutant plasmid resulted 

in, each case; switch from full length to short mRNA isoform both at protein level in 

luciferase assay and mRNA level in qPCR. The effect was specific for Mut C and Mut 

Si, where U1 did not bind at 5`ss, and only difference was the presence of p68. The 

results are consistent with Vorlova et al. (2011) who used antisense oligonucleotides 

(ASOs) to block U1 binding at 5`ss, and presence of PAS in the downstream intron 

promoted activation of IPA instead of exon removal.  
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Figure 4.8. p68 activates the use of intronic PAS. (A) The ratio of 

Firefly/Renilla luciferase activities (F luc/R.lu) was determined using MCF7 cells 

cotransfected with WT C, WT Si, Mut C, Mut Si reporter plasmids of short MET and 

an internal control plasmid encoding R. luc gene. (B) Primer pairs showing the region 

of amplification. (C) Reverse transcription of RNA from MCF7 cells transfected with 

co mo, si-p68, U1 mo and combine U1mo-sip68, followed by real-time PCR with 

primers specific to MET to amplify both the short form and full length form mRNA. 

Error bars represent ± S.D. 
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The data suggest that U1 binds at 5`ss (acting normally in splicing) and 

suppresses the premature cleavage and polyadenylation (PCPA) in intron, but in the 

presence of p68, U1 is removed from 5`ss and suppression is released. It is consistent 

with the finding that IPA can be inhibited by protein factors particularly working at 

5`ss and enhancing splicing (Tian et al., 2007). Role of U1 in inhibition of 

polyadenylation has been reported by other researchers. U1A and 70k inhibit 

polyadenylation (Gunderson et al., 1994; 1998). In human brain high expression of 

U1A resulted in less use of polyA sites located upstream of 3` most exon (Zhang et 

al., 2005).  

4.7 Activation of intronic polyadenylation (IPA) is independent of splicing 
inhibition 
  

Mutation of 5`ss not only blocked the U1 binding at 5` ss of intron but splicing 

was also blocked (as U1 is a splicing factor). Question was raised that either IPA 

activation was result of splicing inhibition or it was a unique individual effect of U1 

on IPA (inspite of its role in splicing)? To answer these question si-RNAs against two 

splicing factors were used. One was specific for U1 70k (si-U1 70k) component of 

U1snRNP and other for U2AF65 (si-U2AF65). Cultured MCF7 cells were transfected 

with si-RNAs. Total RNA was isolated and reverse transcribed into cDNA and used 

for quantitative PCR. The amount of short form mRNA relative to full length mRNA 

was calculated and used to study the change in gene expression. The results are shown 

in Fig.4.9. 

Splicing was inhibited by using si-RNAs against two splicing factors. SMN2 

gene was used as splicing control, with splicing inhibition there was skipping of exon 

7 with both si-RNAs, it confirmed that splicing inhibition resulted in exon skipping. 

Consistent with the results obtained by Bauman et al. (2009) who also used SMN2 

gene as a control of U1 functional down regulation and confirmed that inclusion of 

exon 7 of the SMN2 gene was reduced by antisense oligonucleotides (ASO) against 

5`ss treatment. If competitive inhibition of splicing resuledt in IPA activation then 

same expression level of short isoform was expected with both the si-RNAs but it was 

not the case. IPA activation was seen only in cells treated with si-U1 70k, while no or 

very little IPA activation was seen with si-U2AF65. Splicing was blocked by si-U1 

70k and 2.1 fold change (F.C) was obtained in the expression level of short isoform. 

Use of si-U2AF65 also blocked splicing but short isoform could not be seen, F.C was 

-1.4, which was non-significant.  
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Figure 4.9. Activation of IPA is independent of splicing inhibition. (A). Primer 

pairs showing the region of amplification (B). Effect of functional knockdown of 

U1snRNP and U2AF65 on SMN2 gene (a splicing control). (C). Reverse transcription 

of RNA from MCF7 cells treated with si-RNAs to knockdown  U1snRNP and 

U2AF65, followed by real-time PCR with primers specific to BCCIP, TGM2 and 

MET to amplify both the short  form normalized by full length form mRNA. 

Presented values are mean ± SD for three independent experiments. 
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These results clearly show that IPA activation is not related to splicing inhibition (as 

there was not the same result for both the si-RNAs). Splicing inhibition by 

knockdown of U1 and U2AF65 was not sufficient to activate downstream IPA sites in 

multiple targets (MET, TGM2, BCCIP). Use of si-U1 70k inhibited U1 and resulted in 

IPA activation. Unlike si-U1 70k, qPCR with si-U2AF65 did not show IPA 

activation. The present result shows that U1 has unique role in IPA inspite of its role 

in splicing. Activation of IPA is independent of splicing was also proven from 

statistical analysis for all the three genes. Difference between two means U1-70k and 

U2AF65 was significant or not was inferred from two sample t-test. Small p-value 

(p<0.001 for all three genes)  confirms that two means are statistically significant with 

U1 70k having higher mean as compared to U2AF65  for the production of short 

isoform of mRNA. 

The present result is in agreement with previous role of U1-70K 

overexpression in prevention of skipping of exon 5 of the PS2 pre-mRNA by 

interfering HMGA1a-U1 complex formation (Manabe et al., 2003). U1-70K interacts 

directly with poly(A) polymerase to regulate addition of poly(A) tail at 3`end 

(Gunderson et al., 1998).  

4.8 Overexpression of p68 resulted in increased IPA 

Up till now si-RNA was used to establish the effect of p68 on IPA, results 

obtained from present experiments confirmed its effect on IPA through U1. Effect of 

overexpression of p68 and p72 on expression level of short isoform was also studied. 

HEK cells were transfected with 8 µg of each of p68 and p72 plasmids, 

harvested after 48 hours and total protein was extracted. Total protein concentration 

was 4.5µg/µL after transfecting cells with p68 plasmid while 4.7µg/µL after 

transfecting cells with p72 plasmid. Overexpression was checked by western blot by 

using antibodies specific for p68 and p72 (Fig. 4.10 A). An increase in the expression 

of both the proteins was observed after plasmid transfection; expression level was not 

very high because transfection efficiency was not high as size of the plasmid was very 

big and small amount of plasmid was used for transfection as cells suffered when the 

amount of plasmid was increased (data not shown).  

For total RNA isolation, MCF7 cells were transfected with p68 and p72 plasmids. 

Cells were harvested after 24 hours. Total RNA was isolated and reverse transcribed 

to synthesize cDNA. The effect of p68 and p72 overexpression on IPA for MET 

endogene was checked by using primers specific for short and full length mRNA. The 
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overexpression of p68 and p72 in MCF7 cancer cell line increased the production of 

short isoform of MET, compromising its full length isoform. The results are shown in 

Fig. 4.10 B. Fold change (F.C) for MET with p68 was 3.6 while 2.5 with p72. 

Overexpression of p68 produced more amount of short isoform as compared to short 

isoform produced by overexpression of p72. It shows that if there is more p68 in the 

cells then it can remove more U1 from 5`ss and results in increased activation of IPA. 

This result again supports the suggested function of p68 in IPA activation.  

The same result was also confirmed from statistical analysis which was performed by 

using Minitab16 software. Statistical significance of difference between means of 

effect of overexpression of p68 and p72 on the expression of short MET was 

determined by performing two sample t-test. Small p-value (p<0.001) indicates that 

two means are statistically significant with p68 gives higher mean (more production 

of short MET) as compared to p72. Overexpression of RNA helicase may contribute 

to various tumor formations, and p68 was overexpressed in colorectal cancer 

(Causevic et al., 2001). 

 
Figure 4.10. Overexpression of p68 resulted in increased activation of IPA. (A)   

Overexpression of p68 and p72 was determined by western blot analysed by 

antibodies specific to p68 and p72 (B) Reverse transcription of RNA from MCF7 

cells overexpressing p68 and p72, followed by real-time PCR with primers specific to 

MET to amplify both the short  form and full length mRNA.  
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4.9 Mouse Model 

After getting the confirmed results about the involvement of p68 in IPA 

activation in MCF7 cells, mouse model was used to check whether the same 

mechanism of regulation was found in mouse model (4T1) or not? It was studied for 

(intron 22) of mouse gene TLK2 (tousled-like kinase 2) gene. 

4.9.1 PCR amplification and cloning of TLK2 gene 

For amplification of TLK2 gene, DNA was isolated from 4T 1 cells. Gene was 

PCR amplified, concentration of the PCR product was 374 ng/µL. After PCR 

amplification of the gene was cloned in pGL3-TK vector (Fig3.1) having F. luc 

reporter gene, it has SV40 late poly(A) signal, which was replaced with construct 

having 5`ss and downstream poly(A)signal from TLK2 gene. This was wild type 

construct. Mutation was introduced in 5`ss (5`AAGGTGA  5`GCAACCC) to 

block U1 binding. Positive wild type and mutant clones were selected and confirmed 

by restriction digestion of purified plasmid (Fig. 4.11) and by sequencing. Sequence 

of wild type and mutant plasmids was confirmed by sequencing.  

 

Figure 4.11. PCR amplification and selection of WT and Mut clones of TLK2. 

PCR products and digested purified plasmids were resolved on 1 % agarose gel. 

Purified plasmids were digested with the same restriction enzymes used for the 

cloning (A) PCR amplification of TLK2 gene, Lane 1 DNA ladder 1kb, Lane 2 Blank, 

Lane 3-6 are amplified products (B) Restriction digestion of purified WT plasmid; 

Lane 1 DNA ladder 1kb, Lane 2-5 are positive clones (C) Restriction digestion of 

purified Mut plasmid. Lane 1 DNA ladder 1kb, Lane 2-5 are positive clones. 
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4.9.2 Effect of p68 knockdown on IPA regulation 

Cultured 4TI cells were transfected with 50 nM OF both si-RNAs (si-p68 and si-

p68/p72). After 24 hours the cells were transfected with 500 ng WT and Mut plasmids 

alongwith 50 ng of pRL-SV40 control vector encoding Renilla luciferas (R. luc). 

Renilla luciferas was used for the normalization of Firefly luciferase. Cells were 

harvested after 48 hours of si-RNA transfection and expression level was determined 

by Dual Luciferase Reporter assay. For all samples first F. luc expression levels were 

normalized for transfection efficiency to R. luc, next the expression of F. luc was 

normalized in percentage (Fig. 4.12). In WT Si sample when expression of p68 was 

inhibited and p68 was not there to remove U1 from 5`ss, decrease in the expression 

level was observed. It showed that p68 was required for the activation of IPA as 

expression level was decreased in the absence of p68. For Mut C, U1 could not bind 

at 5`ss thus increase in expression level was observed (it shows that IPA is activated 

by inhibiting U1 binding at 5`ss). For Mut Si sample, U1 could not bind at 5`ss and 

p68 was also not there. Same expression level was expected for Mut C and Mut Si. 

But results were not according to expectation.  

 

Figure 4.12. Effect of p68 knockdown on IPA in TLK2. The ratio of Firefly/Renilla 

luciferase activities (F. luc/R. luc) was determined using 4T1 cells cotransfected with 

WT C, WT Si, Mut C, Mut Si reporter plasmids and an internal control plasmid 

encoding R. luc. IPA was seen in control and si-RNA treated cells expressing mutant 

plasmid. While no or little IPA in si-RNA treated cells expressing wild type plasmid. 
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This construct also has more than one PAS and their presence might have interfered 

with the results as was the case for MET. There is a need to construct minigene 

keeping only one PAS and to repeat the analysis.  

Conclusion 

IPA has been the focus of research for the last few years but the mechanism 

involved in the activation of IPA was not known. Considering the results of this study 

and previous literature it is clear that RNA helicase p68/DDX5 is involved in removal 

of U1 snRNP from 5`splice site and subsequent use of intronic PAS to generate 

truncated mRNA isoforms. It is also considerable that modulating the p68 level or its 

ability to remove U1 from 5`ss could be a mechanism for regulating gene expression. 

It is suggested that p68 has role in IPA activation and this activation is increased by 

increasing the amount of p68. It is also suggested that IPA activation is independent 

of splicing inhibition. 
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Chapter 5 

Discussion 

Alternative poly(A) signals are found in almost 50 % of the total human genes 

(Tian et al., 2005). Poly(A) sites are not only restricted to the 3`end but many poly(A) 

sites are also found in exons and introns. The use of one of these alternative poly(A) 

sites result into mRNAs with different 3`UTRs. AU-rich cis-elements and sequences 

for mi-RNA targeting are found in 3`UTRs (Farh et al., 2005; Khabar et al., 2005). 

However, little is known about polyadenylation in introns on a global level. 

Activation of IPA is an essential post-transcriptional control of gene regulation. 

Deregulation of 3` end formation of human mRNAs can effect human health; it has 

been shown by increasing number of different diseases (Danckwardt et al., 2008).  

Although IPA has become centre of research regarding the post-transcriptional 

control of gene regulation but the underline mechanism was not known. The main 

objective of the present study was to elucidate the mechanism involved in the 

activation of IPA, resulting in the production of mRNA isoforms with short 3` UTRs. 

The study has revealed a novel function for the RNA helicase p68 (DDX5) in the 

regulation of IPA by its ability to remove U1 from 5`ss of the intron, and that IPA 

activation is independent of splicing inhibition.  

Different researchers have reported several mechanisms that regulate APA. 

Choice of poly(A) site changes by modulation of specific polyA factors. In IgM heavy 

chain gene processing, use of poly(A) site near to promoter is increased by 

upregulation of CstF64 during B-cell maturation (Takagaki et al, 1996). In various 

tissues during development and in reprogrammed cells an inverse correlation was 

found between global 3`UTR length and mRNA expression of polyA factors (Ji and 
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Tian, 2009). Knockdown of 25-kD subunit of cleavage factor I (CFI) in HeLa cells 

resulted in APA in many gens (Kubo et al 2006). Regulation of APA during cell 

proliferation/differentiation is affected by modulation of the general polyadenylation 

activity (Ji et al., 2011). Many of RNA binding proteins (RBPs) bind to cis-elements 

adjacent to the poly(A) site and modulate APA (Millevoi and Vagner, 2010).  

5.1 p68 is involved in IPA activation through its ability to remove U1 from 5`ss 

The results of luciferase reporter assay for MET (Fig. 4.4) after transfecting 

MCF7 cells with wild type plasmid and si-RNA (WT Si) showed decrease in the 

expression level of short isoform as compared to WT C as a result of si-RNA 

mediated downregulation of p68. This decrease in the expression level proposed the 

involvement of p68 in activation of IPA. In Mut C expression of short isoform was 

increased as compared to WT C, while in Mut Si sample little decrease in the 

expression level was seen. In both mutant samples difference was only the presence or 

absence of p68 in the cell. If p68 was acting through U1, same expression level was 

expected for both Mut samples, but it was not the case. The results from WT and Mut 

samples presented the contradicting view about the role of p68. It can be explained 

that in case of both wild type samples U1 was bound at its original as well as putative 

U1 binding sites in the construct. In WT Si sample p68 knockdown reduced the 

amount of p68 available to remove U1 from all the binding sites; its binding 

suppressed the use of intronic PAS. This resulted in production of more full length 

mRNA as compared to short isoform. Original U1 binding site was mutated in both 

mutant samples but U1 was bound on putative sites. In Mut C, p68 removed the U1 

from putative sites and more amount of short isoform was produced. While in Mut Si, 

si-RNA mediated knockdown decreased the amount of p68 to remove U1 from 

putative sites and resulted decrease in the expression of short isoform. It was 

supposed that mutation of original U1 binding site was not sufficient to check the 

influence of p68 on IPA in Mut Si sample. Therefore, it was necessary to mutate 

downstream putative sites as well. The results of luciferase reporter assay after 

mutating the putative sites in all the constructs were better but not according to 

expectations (Fig.4.5). Kaida and colleagues has recently reported the role of cryptic 

5`ss as tethering sites for U1 activity to serve a non-splicing purpose to recruit U1 to 

suppress PCPA of transcript at intronic PAS (Kaida et al., 2010). In present study 

decreasing the amount of U1 bound at 5`ss affected the IPA directly. Previous results 
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suggest that U1 participates in suppression of poly(A) usage within intron as it does 

within 3`UTRs (Fortes et al., 2003; Gunderson et al., 1998).  

This explanation is not sufficient about the role of p68 in IPA activation 

through U1. p68 is a versatile molecule participating in many cellular processes. p68 

might have affected the transcription activation and splicing of full length mRNA as 

compared to short isoform. Hence it was good to study the influence of p68 on IPA 

activation at mRNA level. 

The role of p68 in mRNA processing at different levels has been reported in 

the past. RNA helicases help in transcription either by stabilizing primary transcript or 

its release from the template after its completion (Eisen and Lucchesi, 1998). In 

splicing different snRNAs interact with pre-mRNA, RNA helicases help in 

association and dissociation of snRNAs. Mass spectrometric analysis identified RNA 

helicase p68 an important component of spliceosome (Charroux et al., 1999). First 

report about the role of p68 and p72 in gene regulation was reported for ERα. p68 was 

found associated with ERa phosphorylated at S118 in the transcription activation 

function AF1 (Endoh et al., 1999). RNA helicase p68 and p72 interact with U1 that 

recognizes and binds at 5’ss of intron (Campbell et al., 2000; Ou et al., 2001). 

Interaction between U1 and 5`ss is disrupted by RNA helicase p68 (Liu, 2002). 

However, this dissociation by p68 was inhibited in the absence of its ATPase or RNA 

helicase activity as unspliced RNA was accumulated as a result of p68 

downregulation (Yan et al., 2003). Alternative splicing in mRNA is affected by p68 

and p72 (Lee et al., 2005). All the listed functions suggest that both these proteins 

play very important role in RNA splicing. Both p68 and p72 helicases work as co-

regulators in transcription for many transcription factors and regulate gene expression 

(Fuller-Pace, 2006). MCF7 cell line is ERα-positive and oestrogen-dependent, and 

p72 is required for oestrogen-dependent cell growth. Expression of p68 and p72 in 

breast cancers suggested favorable prognosis by increased expression of p72 

(Wortham et al., 2009). ERα is coactivated by p72 (Watanabe et al., 2001). 

In present study, analysis of qPCR for the involvement of p68 in IPA 

activation was used to measure the “uncleaved (not polyadenylated) to total (cleaved) 

RNA” for selected genes (Fig 4.6). The ratio uncleaved/total RNA was increased for 

Wt Si, p68 knockdown reduced its amount to remove U1 bound at 5`ss. Bound U1 

suppressed the PCPA within intron and more amount of uncleaved mRNA was 

produced. This ratio was decreased in Mut C and Mut Si samples. The decrease in 
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ratio again confirmed the role of p68 in IPA activation through U1. Overexpression of 

p68 and p72 enhanced the event of IPA in MET (Fig. 4.10 B). More increase in ratio 

(short/full length) was seen as a result of overexpression of p68 while less increase in 

this ratio was seen after p72 overexpression. It again reinforced the idea about role of 

p68 in IPA regulation. 

In this scenario removal of bound U1 by p68 released the IPA silencing in 

intron. As the level of bound U1 decreased more use of weak intronic PAS was seen. 

These results are in agreement with previous reports about the role of 

transacting factors in IPA activation. Binding of U1 at 5` ss is not sufficient to prevent 

the activation of IPA, combined control from inhibition of U1 binding at the upstream 

5`ss and cis-elements/trans-acting factors was proposed by Kaida et al. (2010). 

Inhibition of U1 binding at 5`ss can affect the IPA activation in both ways directly or 

indirectly. Direct influence would be suppression of intronic poly(A) site use as it 

does within 3`UTRs of the transcript, while indirect effect through decrease in 

splicing efficiency which would enhance the competing poly(A) event (Gunderson et 

al., 1998; Fortes et al., 2003). Berg et al. (2012) knock-down U1 snRNA expression 

by antisense morpholino oligonucleotides (AMO). They identified global poly(A) 

transcripts by genome-wide high-throughput sequencing of differentially expressed 

transcripts (HIDE-seq). Analysis of the expression patterns in a number of organisms 

confirmed that U1 snRNA prevents premature cleavage and polyadenylation of 

primary transcripts. 

 There were putative hexamer PAS signals within the same intron in selected 

TGM2, BCCIP, MET and SMAD2 genes. Canonical hexamer poly(A) sequence (most 

frequently AAUAAA or AUUAAA) found every 2,000 nucleotides, although in the 

genes chosen for the study including MET, SMAD2 and BCCIP putative PASs are 

found very close. To check whether the presence of putative PAS interferes with the 

activation of IPA or not, MET minigene was constructed keeping only one PAS (first 

PAS) in the construct. MET was chosen for further study as previous studies have 

reported its involvement in multiple pathologies.  

The involvement of p68 in IPA activation was checked for this minigene. IPA 

activation resulted in production of short MET. In WT Si sample, expression of  short 

MET was reduced as compared to WT C, as p68 was not there to remove the U1 from 

5`ss. Binding of U1 suppressed the IPA activation. The expression level of the short 

MET was same for the Mut C and Mut Si samples in luciferase reporter assay (Fig. 
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4.8A). The result for short Met shows that p68 is involved in the activation of IPA. If 

it would not be the case then the expression level should not be the same for both Mut 

samples. These results also suggest that the cleavage and polyadenylation takes place 

preferably at the first PAS in the construct. Same results were not obtained for other 

genes (Fig. 4.5), where all the constructs were with putative PAS. The results 

obtained after mutating original and putative U1 binding sites and removal of putative 

poly(A) signal from the construct confirm that p68 is involved in the removal of U1 

from 5` ss thus releasing the IPA suppression by U1. If p68 was not involved in the 

activation of IPA through its interaction with the U1 then 5` ss mutations would be 

expected to cause premature termination of transcription resulting in transcript 

degradation. But it did not happen as good amount of cleaved and polyadenylated 

mRNA was seen for both Mut samples of all four genes. The results of quantitative 

PCR for MET endogene (Fig 4.8 C) also confirmed the involvement of p68 in IPA 

acting through U1. After treating cells with si-p68, ratio (short/full length mRNA) 

was negative (no or very little short form), showing the inhibition of use of intronic 

PAS upon p68 knockdown. The same ratio was obtained after treating cells with U1 

mo, and combine U1 mo and si-p68 (co mo-si-p68), which again supported that p68 

was not influencing IPA activation directly but was acting through U1. Thus p68 is 

not only activating the use of intronic PAS after transfecting cells with the MET 

plasmid but it is working in the same way to activate IPA in MET endogene. 

First report about the involvement of dysregulation of U1 dissociation from 

5`ss induced by trans-acting factor in human disease came from Ohe and Mayeda 

(2010). Results of present study are in agreement with the previous results from other 

researchers. Kaida et al. (2010) prevented the U1 base pairing at 5`ss by treating the 

cells with U1-AMO and found that cleavage and polyadenylation occurred co-

transcriptionally at the first actionable PAS that came in contact with the transcription 

elongation complex. While under normal condition this encounter happens after the 

last 5`ss in the 3` UTR of last exon, thus protecting the transcript through the whole 

process. The presence of pausing sites may enhance the normal or premature 

termination of the transcript (Gromak et al., 2006). Merkhofer1 and Johnson (2012) 

used small genes having actionable poly(A) sequences. They observed the 

phenomenon of PCPA at a proximal PAS when the 5`ss was mutated and binding of 

U1 was blocked. But when the 5`ss-proximal PAS was also mutated PAS sequence 
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further downstream from the 5`ss was used. U1 snRNA knockdown alongwith 5` ss 

mutation resulted in use of the downstream PAS.  

5.2 Activation of IPA is independent of splicing inhibition 

To answer the question that if IPA activation is in competition with splicing or 

not, splicing inhibition environment was produced by using si-RNAs against two 

splicing factors; one for U1 snRNP and second for U2AF65. For control SMN2 gene, 

same result with both si-RNAs showed that skipping of exon 7 in SMN2 gene was the 

result of splicing inhibition. Effect of splicing inhibition was studied for all four genes 

(Fig.4.9 C). Splicing inhibition with both si-RNAs did not affect the IPA in the same 

way. This result shows that U1 functional knockdown has additional unique role in 

the activation of intronic PAS inspite of its role in splicing inhibition. Splicing 

inhibition with si-U2AF65 did not result in IPA activation to produce short mRNA 

isoform. This observation confirmed that IPA activation has no connection with 

splicing inhibition. 

Splicing independent role of splicing factors is not only limited to U1. U2 

snRNP helps in 3 `end formation of histone mRNAs (Kyburz et al., 2006; Friend et 

al., 2007). Frasor et al. (2003) performed microarray analysis of gene expression in 

MCF-7 cells treated with estradiol and demonstrated that approximately 70% of 

estrogen-regulated genes were down-regulated after the treatment. Later Normano et 

al. (2005) found that many down-regulated genes were with anti-proliferative or pro-

apoptotic function or transcriptional repressors, while up-regulated genes were 

involved in cell proliferation induction. APA is regulated by transcription, as use of 

poly(A) site is generally coupled to transcriptional activity (Ji et al., 2011). 

Now, it can be claimed that IPA activation is not related to splicing inhibition 

(no same result for both si-RNAs) but it is the unique role of U1 in IPA inspite of its 

role in splicing. It will be good to consider that varying the level of p68 could be a 

mechanism for regulating the gene expression by downregulation of the mRNA or 

switching expression to short form mRNA.  

5.3 Biological significance of genes under study  

Present study has revealed that the use of intronic PAS produced the truncated 

mRNA in the selected genes, and the resultant proteins will function differently. All 

of the four genes play significant biological roles; production of their truncated 

isoforms could affect those processes.    
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In present study MET was chosen for study, as previous studies have reported 

its involvement in multiple human pathologies. Signaling from aberrant RTK has role 

in multiple pathologies of many diseases as tumor development, maintenance and 

progression in humans (Lemmon and Schlessinger, 2010). In 15–20% of human 

breast cancers expression of MET is elevated (Camp et al., 2000). Alone or in 

collaboration with downstream signal transduction proteins FAK and PI3K, Met is 

related to metastasis and decreased patient survival (Garcia- Echeverria and Seller, 

2008). Many alterations are observed in human cancers, one of which is abnormal 

signaling initiated by inappropriate activation of MET; it plays critical role in 

metastasis and tumorigenesis (Trusolino and Comoglio, 2002; Birchmeier et al., 

2003). Most common mechanism of MET oncogenic activation results from its 

overexpression and this happens at transcriptional level. An association has been 

suggested between tumor invasiveness, poor clinical prognosis and high HGF–MET 

expression (Comoglio et al., 2008). An important pathway with key role in 

carcinogenesis is “hepatocyte growth factor (HGF)–mesenchymal-epithelial transition 

factor (MET)”; it has implications in angiogenesis, proliferation, and inhibition of 

apoptosis, invasiveness, migration, and metastasis. These molecular events take place 

by membrane and intracellular co-players and their interaction between downstream 

effector proteins. MET cross reacts with ligands of epithelial growth factor receptor 

(EGFR) possibly substituting their activity, producing resistance against EGFR-

targeting drugs. Identification of MET inhibitors may improve the sensitivity of 

currently used molecularly targeted antineoplastic compounds and might lead to new 

treatments for MET-triggered neoplasia (Karamouzis et al., 2009). Truncated isoform 

of MET receptor (soluble MET) has been produced (Gentile et al., 2008). These 

soluble receptors inhibit MET activation by both HGF-independent and HGF-

dependent mechanisms, because these decoy MET block binding of ligand and 

homodimerisation of the receptor (Karamouzis et al., 2009). Met contributes to 

tumorigenesis by cross-talk between Met and other receptor tyrosine kinases (RTKs) 

and cell surface protein families such as plexins, integrins, G protein-coupled 

receptors plexins and CD44 (Lai et al., 2009). Hence RTKs can be ideal and effective 

targets to treat cancer (Volvora et al., 2011).  

TG2 (TGM2 product) is expressed and associated with drug resistance and 

metastasis in breast and pancreatic cancer cells (Chen et al., 2004; Mehta et al., 

2004). TGM2 induce cell survival signaling pathways by promoting a stable 
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interaction with extracellular matrix protein components in association with some 

members of the integrin family of proteins (Herman et al., 2006). A major role in 

antiapoptotic signaling pathway is played by TGM2. Therefore, cancer cell lines 

expressing high levels of TGM2 have been selected for chemotherapeutic drug 

resistance (Han et al., 1999). Cancer cells become sensitive to chemotherapeutic 

drugs as a result of downregulation of TGM2 expression by si-RNA (Herman et al., 

2006). TGM2 expression is associated with tumor growth as proliferation of CRC is 

reduced by inhibition of TGM2 (Ai et al., 2008). TGM2 is a possible novel target for 

clinical cancer therapy such as anticancer agents, and the sensitizer in addition to the 

novel marker of prognosis and prediction about the susceptibility of anticancer agents 

(Miyoshi et al., 2012). Two major isoforms of BCCIP proteins are expressed as a 

result of alternative splicing in human cells (Meng et al., 2003). BCCIP have role in 

homologous recombination DNA repair (Lu et al., 2005), which implies that down-

regulation of BCCIP would sensitize cells to radiation. Cell cycle progression stalls at 

G1/S phase by overexpression of BCCIP β, while G1/S checkpoint activation is 

abrogated by partial downregulation of BCCIP after irradiation (Meng et al., 2004). 

BCCIPα (also known Tok-1α) interacts with p21 protein (Ono et al., 2000). BCCIPβ 

isoform also interacts with p21 (Meng et al., 2004). Extent of BCCIP and p21 

interaction changes in responded to exogenous DNA damage, it support the role of 

BCCIP protein in p21-dependent regulation of cell cycle due to damage in DNA 

molecule (Fan et al., 2009). BCCIP has critical role in maintaining the transactivation 

activity of p53. The dependence of p53 function on BCCIP makes an ideal argument 

that BCCIP may function as a tumor suppressor, and BCCIP defects are responsible 

for astrocytoma aggression and resistant to radiation therapy. Because BCCIP has also 

been shown to be required for completion of mitosis, and severe knockdown of 

BCCIP resulted in growth retardation in other cell types (Meng et al., 2007 

Overexpression of BCCIPα is involved in inhibition of growth of some types of tumor 

cells (Liu et al., 2001). Expression level of BCCIP α protein is reduced in some breast 

and brain cancer cell lines (Liu et al., 2001) BCCIP is a gene of importance in cancer 

etiology due to its interaction with BRCA2 and p21, there is anticipation that in 

kidney cancer expression of BCCIP is down-regulated  (Meng et al., 2003). BCCIP 

expression is lacking in more than 70% of astrocytic brain tumors, and lack of 

expression is related to aggressiveness of astrocytic brain tumors (Kastan et al., 1991) 

proposing an etiological role of BCCIP in cancer. BCCIP down-regulation is 
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associated with reduce transcriptional activity of wild type p53, BCCIP deficiency 

may contribute to tumor spreading in cancers having wild type p53 by overruling the 

p53 transactivation activity (Meng et al., 2007).  

Transforming growth factor β1 (TGF-β1) is mediated by SMADs (Huminiecki 

et al., 2009). Variations in TGF-β signaling have implications in human cancer. TGF-

β acts as a tumor suppressor before tumor initiation and early during progression but 

is often a tumor promoter at later stages (Drabsch and Dijke, 2012). Low level 

mutations of SMAD2 have been found in lung, head, colon, and neck carcinomas 

(Kretzschmar, 2000). SMAD Mutations and misregulations contribute to the 

development of cancers (Drabsch and Ten Dijke, 2012). 

 

 

 

  

Fig. 5.1. Illustration of the role played by p68 in IPA activation. Solid arrow 

shows the presence of p68. + indicated increase, while dotted arrow shows removal of 

U1 snRNP.  

Future perspective 

The expression level of the selected genes was increased in MCF7 cell line in the 

absence of p68/p72; all these genes have some connections in cancer development. 

Activation of IPA generates very stable truncated mRNA variants, which are involved 

in multiple human pathologies like cancer. Due to the development of resistance 

against chemotherapeutic drugs, it is very important to identify novel method to treat 

the disease. In present scenario these truncated form can be very good target to cure 

the disease. As result for mouse model also pointed towards the involvement of p68 in 

IPA, so it would be good to investigate the mechanism involved in IPA activation in 

different genes of mouse as well. 
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Summary 

In eukaryotes, 3` end cleavage and addition of poly(A) tail is a universal step of 

primary transcript processing with the exception of histone transcript. The poly(A) 

signals are not only found in 3` UTR but also in upstream region in exons and introns. 

Alternative polyadenylation (APA) results by use of one of the alternative poly(A) 

signal. APA could result in RNA transcripts having different length 3`UTRs. APA is 

regulated by cis-regulatory elements as well as trans-acting factors. U1 is an 

important component of spliceosome; performing the splicing step of pre-mRNA. 

Primary function of U1 is recognition of 5`ss of the intron by RNA-RNA base 

pairing. Binding of U1 at 5`ss prevents the use of adjacent alternative PAS. Blocking 

of intronic PAS is a second major function of U1 inspite of its role in splicing. RNA 

helicases p68 and p72 take part in the regulation of important cellular processes. 

Cancer development is affected by change in function or expression level of p68 and 

p72. p68 performs important function of destabilizing the U1-5`ss interaction at the 

5`end of intron. 

Previous micro-array data indicated that APA event could be found in genes 

expressed in human breast cancer MCF7 cell line. After transfection with si-RNA 

p68/p72, there was increase in the expression level of most of the exons while 

expression of introns with alternative PAS signal was decreased. These results 

showed that p68 could have a role in regulation of intronic polyadenylation.   
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There was the need to study that what role is played by p68 in the regulation 

of IPA as its inhibition resulted decrease in the activation of intronic PAS.  

In present study four human genes MET (intron 15), BCCIP (intron 8), TGM2 

(intron 10), and SMAD2 (intron 11) were selected from Exon Level Expression: 

Intensity report (Elexir database) from MCF7 cells transfected with si-p68/72 to 

determine the relationship between p68 and U1 and activation of IPA. To test this 

hypothesis after PCR amplification the genes were cloned into pGL3-TK vector 

having Firefly luciferase (F. luc) reporter gene, it has SV40 late polyA signal, which 

was replaced with construct having 5`ss and downstream PAS. These were wild type 

constructs. 

Mutation was introduced in 5`ss to block U1. Putative U1 binding sites were 

present in the construct alongwith 1 normal U1 binding site. There was the possibility 

of U1 binding at these sites. Therefore, putative sites were also mutated one after the 

other. The construct with mutation in only one U1 binding site was 1st mutant. The 

construct with mutation in two U1 binding sites was 2nd mutant. The construct with 

mutation in three U1 binding sites was 3rd mutant. Cultured MCF7 cells were 

transfected with 50 nM  si-RNA, and after 24 hours the cells were transfected with 

500 ng of  WT and Mut plasmids and 50 ng pRL-SV40 (R. luc) as control vector. 

Cells were harvested after 48 hours of si-RNA transfection and expression level was 

determined by Dual Luciferase Reporter assay. In WT Si sample, when p68 was 

inhibited and was not there to remove U1 from 5`ss, good decrease in expression was 

seen, it showed that p68 was required for the activation of IPA, as expression level 

was decreased in the absence of p68. For Mut C sample, U1 could not bind at 5`ss so 

increase in expression level was found that showed that IPA was activated by 

inhibiting U1 binding at 5`ss. For Mut Si sample, U1 could not bind at 5`ss and p68 

was also not there. To prove the hypothesis same expression level was expected for 

Mut C and Mut Si, but the results were not according to expectations. 

Thus it was supposed that the reason for unexpected results might be due to 

the presence of more than one intronic PAS in the constructs. A more direct method to 

access p68 influence on IPA (qPCR on uncleaved/cleaved (total) RNA) was 

employed. Nucleated transcript abundance relative to total expressed transcript 

abundance (∆Ct) was calculated in wild type control, and compared with (∆Ct) for 

other samples, and subsequently used to calculate changes (2∆∆Ct) in gene 

expression. In si-RNA treated cells expressing WT plasmid, increase in the amount of 
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uncleaved isoform was seen as binding of U1 at 5`ss in the absence of p68 resulted in 

the suppression of IPA. For Mut C, binding of U1 at 5`ss was inhibited by mutation in 

the site so there was decrease in the amount of uncleaved pre-mRNA. The amount of 

uncleaved pre-mRNA was also decreased for Mut Si sample (p68 could not affect 

IPA through its interaction with U1). These results show that p68 acts through U1 to 

regulate IPA.  

To check the possibility that presence of more than one intronic poly(A) sites 

might be responsible for little decrease in the expression level of Mut Si in dual 

luciferase reporter assay, MET was selected for further analysis. A WT pGL3-TK 

mini-gene comprising a truncated intron 12 with only one PAS was constructed. An 

identical plasmid was also constructed having truncated intron 12 as well as mutation 

at U1 binding sites. Results of dual luciferase reporter assay and qRT-PCR for this 

short MET confirmed that p68 did not affect IPA directly (in that case expression 

level should decrease for Mut Si). Decrease in expression level was observed only in 

WT Si confirming the effect of p68 through U1. 

To exclude the possibility that IPA is activated by splicing inhibition, si-RNA 

against two splicing factors were used. SMN2 gene was used as splicing control, with 

splicing inhibition there was skipping of exon 7 with both si-RNAs; it confirmed that 

splicing inhibition resulted in exon skipping. If competitive inhibition of splicing 

results in IPA activation then same expression level of short isoform with both si-

RNAs should have been assumed, but it was not the case. IPA activation was seen 

only after si-U1 70k treatment, while no or little short isoform was observed after si-

U2AF65 treatment. These results clearly prove that IPA activation is not related to 

splicing inhibition (as did not have the same result for both si-RNAs), splicing 

inhibition by knockdown of U1 and U2AF65 is not sufficient to activate downstream 

IPA sites in multiple targets (MET, TGM2, BCCIP). It is the unique role of U1 in IPA 

regulation inspite of its role in splicing. 

The experimental results have uncovered the novel mechanism involved in the 

activation of IPA. It is clear that RNA helicase p68/DDX5 is involved in removal of 

U1 from 5`ss and subsequent use of intronic PAS. It is also considerable that 

modulating the p68 level or its ability to remove U1 from 5`ss could be a mechanism 

for regulating gene expression. It is suggested that p68 has role in IPA activation and 

this activation is increased by increasing the amount of p68. It is also suggested that 

IPA activation is independent of splicing inhibition. The truncated mRNA variants are 
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involved in multiple human pathologies like cancer. In present scenario these mRNA 

isoforms can be very good target to cure the disease. 
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