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ABSTRACT 

Alternative splicing and polyadenylation are important mechanisms for creating the 

proteomic diversity necessary for the nervous system to fulfill its specialized functions.  I 

discovered an evolutionarily conserved family of alternatively spliced mRNAs encoding 

the CstF-64 polyadenylation protein — collectively called βCstF-64 — that could 

potentially contribute to proteomic diversity in the nervous system.  The βCstF-64 variant 

mRNA in mice was generated by inclusion of two alternate exons (that we call exons 8.1 

and 8.2) found between exons 8 and 9 of the CstF-64 gene, and contained an additional 

147 nucleotides, encoding 49 additional amino acids. Immunoblot and 2D-PAGE 

analyses of mouse nuclear extracts showed that a protein corresponding to βCstF-64 was 

expressed in brain at approximately equal levels to CstF-64.  I also found that βCstF-64 

was expressed in all parts of the brain, the spinal cord, and in neuron-like cell lines 

including PC-12 cells, where its expression was regulated by nerve growth factor.  These 

data together with the extensive conservation of the βCstF-64 splice variant family 

members in vertebrate species suggested an evolutionarily conserved function for βCstF-

64 in neural gene expression.  I hypothesized that βCstF-64 functioned in 

polyadenylation of nervous system-expressed mRNAs. 

In order to test the hypothesis that βCstF-64 played a role in mRNA polyadenylation in 

the nervous system, I chose to focus on establishing that βCstF-64 was a polyadenylation 

factor.  Co-immunoprecipitation analysis indicated that βCstF-64 was part of the CstF 

complex and hence a polyadenylation protein by this criteria. I used in vivo luciferase 

assay to test whether βCstF-64 could promote polyadenylation of reporter genes.  For 

this, I used the β-adducin mRNA as a model since it contained two prominent 
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evolutionarily conserved poly(A) sites (termed pA1 and pA4), with the promoter-distal 

pA4 site being brain-specific.  With this assay, I showed that βCstF-64 was as active as 

CstF-64 in enhancing luciferase activity from plasmids containing polyadenylation 

signals corresponding to the pA1 and pA4 sites of β-adducin mRNA.  These data 

supported the hypothesis that βCstF-64, like CstF-64, was a polyadenylation protein.  In 

contrast to the observations in PC-12 cells, βCstF-64 was less active than CstF-64 in 

enhancing luciferase activity from plasmids containing the brain-specific pA4 

polyadenylation region of β-adducin mRNA in HeLa cells (a non-neuronal cell line). 

These data led me to propose that βCstF-64 interacts with neuronal proteins that 

modulate its activity on certain polyadenylation sites in neuronal cells.  Our discovery 

and functional characterization of βCstF-64 is of importance to the field of RNA 

processing since it is the first instance of a nervous system-specific isoform of a key 

polyadenylation protein.  This discovery has paved way for future studies to help 

understand the role of βCstF-64 in neural mRNA polyadenylation and to uncover 

potential new mechanisms of alternative RNA processing in the nervous system. 
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CHAPTER I 

INTRODUCTION 

Overview 

In eukaryotes, messenger RNA precursors (hnRNA or pre-mRNA) transcribed by RNA 

polymerase II (polII) undergo processing in the nucleus leading to the generation of a 

mature mRNA molecule.  This mature mRNA molecule is ready to be exported to the 

cytosol and translated to generate functional protein.  The four main mRNA processing 

events that occur co-transcriptionally are capping, methylation, splicing, and 

polyadenylation.  During capping, a 7-methyl guanosine moiety is added to the 5′ end of 

the pre-mRNA.  The presence of the methylated cap structure and the protein complex 

that binds to it (the cap binding complex) serve to protect the mRNA from the action of 

5′-3′ exonucleases.  The cap also plays a role in translation initiation in the cytosol.  

Splicing is the process of excision of non-coding regions of the pre-mRNA (introns) and 

ligation of the protein-coding sequences (exons).  Splicing is essential for gene 

expression since unspliced mRNAs are not exported out of the nucleus and hence fail to 

get translated.  Finally, polyadenylation is the mechanism by which the 3′ end of most 

eukaryotic mRNAs is formed in the nucleus.  During polyadenylation the pre-mRNA is 

cleaved at a specific site, and then a stretch of polyadenylate residues is added to the 

cleaved end.  The process of polyadenylation has important effects on many steps of gene 

expression.  Polyadenylation is known to be essential for transcription termination, 

splicing of the last intron, mRNA export to the cytosol, mRNA stability, and translation 

initiation.  Alternative forms of gene expression such as alternative splicing and 

polyadenylation are important mechanisms to expand protein output from a limited set of 



 

 

 

2  

genes in the genome.  Alternative splicing and polyadenylation are especially important 

in the nervous system due to the diverse array of cell types and gene products expressed. 

In this chapter, I will first describe the biochemistry of polyadenylation including the pre-

mRNA sequences and proteins that are critical for polyadenylation.  I will then describe 

the ways in which polyadenylation is linked to other steps in gene expression.  Finally, I 

will describe alternative splicing and polyadenylation with emphasis on their role in 

generating proteomic diversity in the nervous system. 

Sequences in pre-mRNA essential for polyadenylation 

The field of polyadenylation had its origin in the discovery of an enzyme purified from 

calf thymus that could polymerize ATP into a sequence of adenylate units [1].  The role 

of this enzyme, now known as poly(A) polymerase, remained mysterious until the 

discovery of poly(A) tails in heterogeneous nuclear RNA and polyribosomal fractions 

isolated from HeLa and mouse sarcoma ascites cells [2-4].   Even though the location of 

the poly(A) tail on the mRNA was not known, it was hypothesized that they represented 

terminal sequences, possibly as a result of transcription termination [4].  However, the 

finding that transcription occurred well beyond the site of polyadenylation led to the 

proposal that a mechanism other than transcription termination generated the 3′ ends of 

mRNAs [5, 6].  It became clear over the next two decades that a complex set of protein 

factors carried out a seemingly simple reaction of cleavage and addition of adenylate 

residues to form the 3′ end of most eukaryotic mRNAs [7].  During this period, the 

mRNA sequences and protein factors responsible for polyadenylation were elucidated.  I 

will first describe the sequence elements required for mRNA polyadenylation and 

subsequently discuss the role of different proteins in polyadenylation. 
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There are three sequence elements in the pre-mRNA which constitute the core 

polyadenylation signal (Figure 1.1). The first is the AAUAAA signal (and its close 

variants), occurring 12-25 nucleotides upstream of the cleavage site and is essential for 

both cleavage and poly (A) addition [8].  The second sequence element is found 

approximately 30 nucleotides downstream of the cleavage site and consists of a less 

conserved U- or GU- rich element [9].  The third is the poly(A) site, and its selection 

depends upon the distance between the AAUAAA sequence and the downstream U- or 

GU- rich sequence element.  A CA dinucleotide is found at the poly(A) site in most genes 

[10].  Some pre-mRNAs also contain auxiliary sequences such as upstream sequence 

element (USE; [11-13]) and G-rich downstream sequence element (DSE; [14]) that 

modulate the efficiency of cleavage and polyadenylation of that mRNA. 

The AAUAAA sequence element 

The AAUAAA sequence was the first among the three mRNA sequence elements to be 

discovered.  Using oligo-dT-primed reverse transcription and single-stranded DNA 

sequencing, it was shown that the AAUAAA sequence element was present in six 

different mRNA molecules [15].  The high degree of sequence identity observed in these 

mRNAs suggested an evolutionarily conserved function for this sequence element [15]. 

The first evidence of a functional role for the AAUAAA sequence in polyadenylation 

was obtained using mutants of simian virus 40 (SV40) late mRNA [8].  This study 

involved creating mutants of SV40 late mRNA lacking sequences that flanked the 

AAUAAA sequence that were used to infect a monkey kidney cell line (CV-1P).  

Cytoplasmic poly(A)-containing RNA was isolated from wild-type or  mutant-infected 

cells, subjected to reverse transcription and cDNA sequenced by dideoxy chain 
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termination method.  In mutants that lacked segments between the AAUAAA sequence 

and the poly(A) site, polyadenylation occurred downstream from the wild-type site.  As 

the deletions became larger, the site of polyadenylation was moved further downstream.  

This finding implied that polyadenylation always occurred at a distance of 11-19 

nucleotides downstream of the AAUAAA sequence.  Viruses carrying deletion mutations 

flanking the AAUAAA sequence were viable.  However, viruses that carried a 16 bp 

deletion encompassing the AAUAAA sequence were not viable.  These data suggested 

that the AAUAAA sequence was important for polyadenylation of mRNAs.   

Another group used an alternative approach to demonstrate the effect of mutations 

in the AAUAAA segment using the oocyte injection technique [16], wherein plasmids 

containing mutations in the AAUAAA sequence were injected into the nuclei of frog 

oocytes and polyadenylated mRNA analyzed.  Reduced amounts of polyadenylated 

mRNAs were obtained from oocytes injected with plasmids containing mutations in the 

AAUAAA sequence; these mutations included AUUAAA, AAGAAA, AAUGAA, and 

AAUACA. Interestingly, the amount of total mRNA isolated from oocytes injected with 

wild-type or mutant plasmids were similar.  The mRNAs containing the above mutant 

AAUAAA sequences were long and were found to extend past the poly(A) site and hence 

were referred to as “read-through transcripts.”  These data suggested that the AAUAAA 

sequence was also important for cleavage of the pre-mRNA [17].  Additional evidence 

for the role of AAUAAA in cleavage of pre-mRNA came from a study showing that 

HeLa cells infected with a mutant virus (AAUAAA→AAGAAA) accumulated elongated 

transcripts and produced reduced amounts of polyadenylated mRNA [18].  Subsequently, 

a number of studies demonstrated that mutation of the AAUAAA sequence abolished 
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cleavage and polyadenylation of mRNA precursors [19]. It became clear that the 

AAUAAA sequence occupied a central role in 3′ end formation and hence was essential 

for gene expression.  This was exemplified by the finding that mutation in the AAUAAA 

sequence leads to several human diseases.  The mutation AAUAAA→AAUAAG caused 

drastic reduction in the accumulation of the α2 globin gene which led to α-thalassemia 

[20]. Similarly, the mutation AAUAAA→AACAAA in the β globin gene led to β-

thalassemia [21].  In both cases, long transcripts accumulated in the nucleus suggesting 

defective transcription termination.  Bioinformatic analyses using human and mouse 

expressed sequence tags (ESTs) have revealed that the AAUAAA sequence (also called 

polyadenylation signal, PAS) was present in approximately 70% of all mRNAs with the 

most common variant being AUUAAA (present in ~15% of all mRNAs) [22-24]. 

Downstream sequence element 

The second sequence element in the pre-mRNA that constitutes the core polyadenylation 

signal is the downstream sequence element (DSE) that occurs downstream of the poly(A) 

addition site.  As opposed to the highly conserved AAUAAA sequence, the downstream 

element is less conserved.  The location of the downstream element can be anywhere 

between 20-50 nucleotides downstream of the cleavage site [25, 26].   

The first evidence for the role of downstream sequences for proper mRNA 

polyadenylation came from a study employing the adenovirus E2A gene as a model 

mRNA [9].  In this study, plasmid constructs containing deletions in regions downstream 

of the poly(A) site were transfected into human 293 cells and the production of the E2A 

mRNA and protein were assayed.  Transfection of plasmid constructs containing at least 

35 nucleotides downstream of the poly(A) site generated mature mRNA and protein 
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whereas those containing only 20 nucleotides downstream of the poly(A) site failed to 

produce mature mRNA and protein.  Also, S1 nuclease mapping showed that long E2A 

mRNAs (read-through transcripts) accumulated in cells transfected with deletion plasmid 

constructs containing 20 nucleotides downstream of the poly(A) site.  These data 

suggested that the region downstream of the poly(A) site was important for cleavage of 

the pre-mRNA as was the case with the upstream AAUAAA sequence.  Similar results 

were obtained using downstream sequences of SV40 early [27]and rabbit β-globin 

mRNA [28].   

Unlike the AAUAAA sequence that was conserved in viral and eukaryotic genes, 

the downstream sequences important for 3′ end formation were different in different 

mRNAs; the E2A mRNA contained a tandem repeat of U(A/G) UUUUU sequence (U-

rich), the SV40 early mRNA contained a GU-rich sequence (GUUGUGGU), and the 

rabbit β-globin mRNA contained both U- and GU-rich sequences [27,28].   

The U-rich and GU-rich downstream sequences have been characterized 

extensively. The U-rich sequence element (URE) was found in 77% of 131 mammalian 

polyadenylation signals surveyed in an early bioinformatic survey [26]. This observation 

was supported by a more recent bioinformatic survey of 244 human genes from GenBank 

[29]. Approximately 70% of pre-mRNAs surveyed contained UREs while 25% contained 

the GU-rich element. There are spatial constraints with respect to the occurrence of the 

URE relative to the cleavage site and the AAUAAA sequence.  The URE is normally 

found 10-30 bases downstream of the cleavage site [26].  There is also an optimal 

distance between the AAUAAA sequence and the URE for cleavage to occur since 

moving the AAUAAA sequence farther away from the URE causes inefficient cleavage. 



 

 

 

7  

The other type of downstream sequence element — the GU-rich sequences — is found in 

many pre-mRNAs. A survey of viral and mammalian genes showed that approximately 

67% of the 95 mRNAs contained GU-rich sequences with the consensus YGUGUUUU 

(where Y is a pyrimidine).  

These data suggest that, unlike the AAUAAA sequence, there is no consensus 

sequence for the downstream sequence element.  Additionally, not all downstream 

sequences were found to be essential for cleavage activity.  For example, deletion 

mutants containing only 1, 10 or 13 nucleotides downstream of the poly(A) site of the 

bovine growth hormone mRNA were cleaved and polyadenylated although the site of 

cleavage was shifted either upstream or downstream from the wild-type position [30]. 

Similar results were obtained using the human antithrombin III mRNA [31]. .These 

experiments suggest that the downstream sequences are important not just for cleavage of 

the pre-mRNA but also to help specify the exact location of the cleavage site.  

Poly(A) site or Cleavage site 

The poly(A) site or cleavage site is the precise location where the pre-mRNA is cleaved 

followed by addition of the poly(A) tail at the cleaved site.  The nucleotide sequence 

surrounding the cleavage site is not well defined.  However, there is some consensus with 

respect to the dinucleotide at the cleavage site. Sheets et al. observed that a CA 

dinucleotide was found at the cleavage site in a majority of polyadenylation signals 

surveyed [32].  Mutagenesis of the CA dinucleotide showed that following is the order of 

nucleotides preferred at the cleavage site: A>U>C>>G [26]. These experiments also 

revealed that cleavage occurs no closer than 11 nucleotides but no farther than 23 

nucleotides from the AAUAAA sequence.  A similar distance requirement was found 
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with respect to the downstream sequence element.  Thus, the distance between the 

AAUAAA and the downstream element helps specify the site of the cleavage in the pre-

mRNA. 

The Biochemical mechanism of polyadenylation 

The sequence elements or cis elements in the pre-mRNA form one component of the 

polyadenylation reaction.  The other component of polyadenylation is formed by the 

protein factors that recognize these sequence elements and carry out the two steps of 

polyadenylation: cleavage and addition of poly(A) tail. 

By the late 1970s, it became clear that mRNAs contained poly(A) tails and that 

transcription proceeded well past the polyadenylation site.  These findings led to the 

hypothesis that the 3′ ends of mRNAs were formed by a mechanism that involved two 

steps.  The first step was an endonucleolytic cleavage of the pre-mRNA and the second 

step entailed polymerization of adenosine residues onto the cleaved end, most likely by 

the enzyme poly(A) polymerase.  The major goal then was to develop in vitro systems 

that could recapitulate the two steps of polyadenylation.  The successful development of 

in vitro transcription reactions provided a major boost for developing systems that could 

recapitulate the two steps of polyadenylation.  Initially, methods to measure transcription 

of endogenous DNA in isolated nuclei were developed.  This technique, called nuclear 

run-on assay, measured the level of specific transcripts that had been initiated in vivo but 

remained incomplete at the time of nuclei isolation.  These nuclei contained “paused” 

RNA polymerases that could resume transcription during subsequent in vitro reaction 

[33].  This was followed by development of cell-free extracts from HeLa cells that could 

initiate transcription from exogenously added DNA derived from the major late 
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transcription unit of adenovirus.  The synthesis of RNA from the exogenously added 

DNA was accurate, as judged by the site of transcription initiation, and also contained a 

cap structure at the 5′ end [34].  

A modified version of this HeLa whole cell lysate was employed to achieve 

efficient, sequence-specific polyadenylation of exogenously added mRNA precursors 

[35].  In this assay, a plasmid DNA containing the strong adenovirus late promoter and 

the SV-40 early polyadenylation signal was used as a template for in vitro transcription 

assay using HeLa whole-cell lysate.  The RNA precursor thus generated was called a 

“run-off” transcript because the template had no termination or polyadenylation 

sequences, and the RNA polymerase would terminate by “running off” the end of the 

linearized template.  The labeled RNA was extracted and purified from the mixture and 

added to another whole-cell lysate.  The exogenously added RNA was found to be 

polyadenylated, containing approximately 150-300 adenosine residues.  However, a 

drawback of this system was that the exogenously added RNA substrate was not 

polyadenylated at the in vivo site but was polyadenylated at the 3′ end created by the run-

off transcription reaction.  Thus, this system could polyadenylate exogenously added 

RNA but not cleave it.  

Subsequently, a coupled transcription/polyadenylation system that could both 

cleave and polyadenylate mRNA was developed [36].  In this case, the pre-mRNA was 

generated in situ by infection of HeLa cells with adenovirus 2 containing the L3 gene of 

the major late transcription unit.  However, the same RNA could not be cleaved if it was 

added exogenously as observed earlier [35].  Additionally, inhibition of transcription by 

actinomycin D or α-amanitin did not prevent polyadenylation thus implying that 
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polyadenylation and transcription were not coupled (it is now known that the two 

processes are actually coupled, see below). 

 Two technological advances overcame the inability to accurately cleave 

exogenously added RNA.  The first was development of nuclear extract from HeLa cells 

stripped of chromatin and nuclear membranes that replaced the whole-cell preparations 

[37].  This protocol became the universal way of preparing nuclear extracts for studying 

in vitro splicing and polyadenylation.  The second development was the technique to 

generate large amounts of RNA in vitro using the bacteriophage SP6 promoter and 

polymerase [38].  The SP6 transcription system proved to be a very popular method of 

synthesizing single stranded RNA of high specific activity for use in in vitro RNA 

processing reactions [38].  Using capped RNA substrates transcribed by SP6 polymerase 

and HeLa nuclear extract, Moore and Sharp [39] demonstrated efficient and accurate 

cleavage and polyadenylation at the L3 polyadenylation site.  The optimal reaction 

conditions such as concentration of ATP, creatine phosphate, Mg2+, KCl and other 

components conducive to cleavage and polyadenylation were described that still remain 

the standard conditions to carry out in vitro polyadenylation assays today.  These 

experiments revealed two important mechanistic details of polyadenylation: 

1) The pre-mRNA is first cleaved and then polyadenylated.  If the pre-mRNA is 

cleaved, then one would expect to find two half molecules.  The 5′ moiety would contain 

the polyadenylated mRNA, while the 3′ half would contain the downstream cleavage 

product.  This was demonstrated as follows:  In the presence of excess EDTA, a chelator 

of Mg2+, the extent of processing decreased and a product that represented the 

downstream cleavage product accumulated.  The downstream cleavage product was 
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never observed in any of the earlier experiments implying that it was rapidly degraded.  

Thus, in the above experiment, the downstream cleavage product was stabilized by high 

EDTA concentration (low Mg2+) and degradation was prevented.  

2) The two steps of cleavage and polyadenylation are not inexorably coupled.  

This was demonstrated by use of ATP analogues in nuclear extracts used for in vitro 

polyadenylation. ATP was essential for both cleavage and polyadenylation.  When β-γ 

methylene-ATP that contained a non-hydrolysable β-γ bond was used, cleavage and 

polyadenylation still occurred.  However, when α-β methylene ATP that contained a non-

hydrolysable α-β bond was used, the substrate RNA was cleaved but not polyadenylated, 

suggesting that cleavage and polyadenylation were two distinct steps.  This experiment 

also eliminated the possibility that that polyadenylated mRNA was formed in vivo by 

ligation of a pre-formed poly(A) to mRNA.  These analogs of ATP were then used to 

map the termini of the cleavage products [40].  The upstream cleavage product ended 

with a UA dinucleotide with a 3′ hydroxyl group on the terminal adenosine (designated as 

UA-OH).  This dinucleotide was 19 nucleotides downstream of the AAUAAA sequence. 

The ATP analog 3′ dATP, cordycepin triphosphate, uncoupled cleavage from 

polyadenylation by incorporation of a single 3′ dAMP residue at the UA dinucleotide, 

giving a product with UAA-H at the terminus.  The downstream fragment contained a 

phosphate at its 5′ terminal nucleotide that was adjacent to the poly(A) site in the pre-

mRNA. 

The in vitro polyadenylation assays also helped confirm the role of AAUAAA 

and the downstream sequences in cleavage and polyadenylation that was inferred from in 

vivo experiments.  The AAUAAA sequence was important for both cleavage and 
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polyadenylation of exogenously added RNA substrates [41].  Incubation of RNA 

substrates containing point mutations in the AAUAAA sequence with HeLa nuclear 

extracts prevented cleavage of the substrate RNA.  The AAUAAA sequence was also 

important for polyadenylation of RNA substrates.  This was demonstrated using 

substrates that were “pre-cleaved”.  The pre-cleaved substrates that terminated at the 

authentic cleavage site were prepared by run-off transcription.  The pre-cleaved RNA 

substrates containing mutations in the AAUAAA sequence abolished addition of a 

poly(A) tail.  The role of AAUAAA in cleavage and polyadenylation was further 

confirmed by a modification interference technique.  Here, RNA was modified at purines 

and pyrimidines by diethylpyrocarbonate and hydrazine respectively and incubated with 

nuclear extract.  The only modifications that prevented cleavage and polyadenylation 

were in the AAUAAA sequence [42].  Similar studies also showed that downstream 

sequences of SV40 early [43] and adenovirus E2A poly(A) sites [44] were essential for 

cleavage but not for polyadenylation of precursor RNA.  Interestingly, all these studies 

also showed that the presence of the cap structure influenced efficiency of 

polyadenylation, although it was not essential. 

Proteins involved in pre-mRNA polyadenylation 

The in vitro polyadenylation assay described above helped not only to elucidate the 

mechanism of polyadenylation but also to isolate protein factors essential for 

polyadenylation.  The nuclear extracts used for in vitro polyadenylation assays were 

believed to contain proteins factors essential to bring about polyadenylation.  The 

prevailing hypothesis was that polyadenylation, like splicing, was catalyzed by protein 

complexes and that these protein complexes recognized the sequence elements in the pre-
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mRNA that were previously found to be important in vivo for 3′ end processing.  In order 

to test the hypothesis that protein complexes formed at the AAUAAA element, an 

oligonucleotide/RNase H protection method was employed [45].  An RNA substrate 

containing AAUAAA was incubated with nuclear extract, following which anti-

AAUAAA oligo and RNase H were added. RNase H digests the RNA strand in a RNA-

DNA hybrid.  If complexes formed on the AAUAAA element in the RNA substrate, then 

the anti-AAUAAA oligo would not bind to the sequence element and hence would be 

protected from RNase H digestion.  Using this technique, it was shown that complexes 

formed on the AAUAAA containing RNA substrate both during cleavage and 

polyadenylation (as demonstrated using pre-cleaved substrate).  RNA substrate 

containing a point mutation in the AAUAAA sequence (AAUACA) prevented cleavage 

and complex formation.  Using gel retardation assays, it was demonstrated that a 67 

nucleotide region containing the upstream AAUAAA and downstream sequences was 

protected from RNase T1 digestion, implying that complex formation occurred both on 

the upstream and downstream sequence elements [46].  These and other studies led to a 

working model of complex formation during mRNA polyadenylation [47, 48].  

According to this model, a pre-cleavage complex consisting of proteins that binds to the 

AAUAAA and downstream sequences forms on the pre-mRNA.  After cleavage, the 5′ 

half of the mRNA retains a post-cleavage complex while the 3′ half the mRNA is 

released.  The post-cleavage complex then adds the poly(A) tail in an AAUAAA-

dependent manner and dissociates to act on another pre-mRNA molecule.  The above 

techniques in combination with biochemical fractionation led to the identification and 

enumeration of the various proteins that participate in mRNA polyadenylation.  
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 Several groups carried out chromatographic separation of nuclear extracts in order 

to elucidate the factors required for cleavage and polyadenylation.  Initial fractionation of 

nuclear extracts showed that the cleavage and polyadenylation reactions were catalyzed 

by two distinct factors [49].  The Cleavage/Specificity factor (CSF) was responsible for 

the cleavage reaction while poly(A) polymerase (PAP) was responsible for addition of 

poly(A) tail.  CSF could efficiently cleave RNA substrate in an AAUAAA-dependent 

manner while purified PAP lost specificity since it no longer required an AAUAAA 

signal.  However, specificity was restored when the two fractions were mixed [49]. 

 Further fractionation of CSF showed that it consisted of four distinct factors: 

Specificity Factor (SF), required for both specific cleavage and polyadenylation; cleavage 

factors I and II that were sufficient for accurate cleavage when mixed with SF; and 

Cleavage Stimulation Factor (CstF) that enhanced cleavage efficiency when mixed with 

the other three factors [50].  While CF I, CF II, and CstF were required only for cleavage, 

SF and PAP were required for both cleavage and polyadenylation [50].  Similar results 

were obtained by other groups, though the nomenclature of the different fractions 

necessary for cleavage and polyadenylation varied [51-54].  Eventually, a consensus 

nomenclature was established that was used to define the various complexes participating 

in mRNA polyadenylation.  The complex that assembled upstream of the cleavage site 

was called the Cleavage and Polyadenylation Specificity Factor (CPSF; [55]) and one 

that assembled downstream, Cleavage Stimulation Factor (CstF; [56]).  Two other protein 

complexes required for cleavage were Cleavage Factors I and II (CF Im and IIm).  Further 

fractionation of these protein complexes in combination with UV-crosslinking technique 
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led to the identification of the individual proteins of the complex.  The various protein 

factors that participate in 3′ end formation are illustrated in Figure 1.1. 

Cleavage and Polyadenylation Specificity Factor (CPSF) 

The CPSF complex is required for both cleavage and polyadenylation of pre-mRNA.  

Both of these activities of CPSF require a functional AAUAAA signal.  Gel-retardation 

and UV-crosslinking experiments showed that CPSF bound the AAUAAA signal [57].  

CPSF purified from calf thymus and HeLa cells contain four subunits of 160, 100, 73, 

and 30 kDa [55, 58].   

CPSF-160 

The 160 kDa subunit of CPSF, CPSF-160, has been extensively characterized.  CPSF-

160 binds to the AAUAAA sequence as shown by UV-crosslinking studies using both 

crude and pure preparation from HeLa nuclear extract [57, 59].  Recombinant CPSF-160, 

by itself, bound to the AAUAAA sequence though with less specificity (i.e., tolerance of 

mutations in AAUAAA) when compared to native intact CPSF [60].  This suggested that 

CPSF-160 required participation of other factors in the complex to impart specificity of 

binding to the AAUAAA sequence.  UV-crosslinking of CPSF or CstF alone to RNA was 

very weak; however, when CSPF and CstF were mixed, the binding was stronger [61].  

The above cooperative interaction between the CPSF and CstF complexes was due to the 

interaction of CPSF-160 with the 77 kDa subunit of CstF, CstF-77 [60].  CSPF-160 also 

interacted with PAP, consistent with the role of CPSF in the poly(A) addition step of 3′ 

end processing [60].   
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 Cloning of CPSF-160 from bovine and human cDNA libraries showed the 

presence of a bipartite nuclear localization signal [62, 63].  The N-terminal half of the 

protein displayed sequence similarity with RNP1 and RNP2 motifs found in other RNA-

binding proteins such as the spliceosomal U2 snRNP protein [64].  Computational 

analysis of the RNA-binding domain of CPSF-160 and its yeast homologue (Yhh1/Cft1p) 

suggested the presence of β-propeller-like motifs that are also present in the WD repeat 

protein family [65, 66].  The mechanism by which the β-propeller domain recognized 

RNA is not known.   

 CPSF-160 also interacted with the U1 snRNP-A protein (U1A) as shown by 

coimmunoprecipitation, and GST-fusion protein analyses [67].  Addition of U1A to RNA 

and CPSF increased the binding affinity of CPSF to AAUAAA-containing substrates and 

also stimulated polyadenylation of pre-cleaved RNA.  These data supported the view that 

polyadenylation might be linked to other steps in gene expression such as splicing.  The 

interaction of the spliceosomal and polyadenylation complexes may help define the last 

exon and removal of the last intron, and also influence polyadenylation efficiency [68].  

 CPSF-160, along with CPSF-100, and CSPF-73, was also found in the TFIID 

complex that functions in eukaryotic transcription initiation [69].  The CPSF complex 

was hypothesized to be recruited by the pre-initiation complex by TFIID and become 

associated with the hyperphosphorylated C-terminal domain of RNA polymerase II (Pol 

II CTD) as elongation proceeds [70].  Upon encountering the AAUAAA signal, the CPSF 

and CstF complexes are transferred from the CTD to the pre-mRNA, leading to 3′ end 

processing.  These data link 3′ end processing to transcription initiation, splicing, and 
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transcription termination supporting the notion that the different steps of gene expression 

are coupled in vivo. 

 CPSF-160 is essential for polyadenylation not only in the nucleus but also in the 

cytoplasm.  Many mRNAs, particularly those in immature oocytes, containing a 

Cytoplasmic Polyadenylation Element (CPE) undergo polyadenylation in the cytoplasm 

to control mRNA stability and translation [71].  The CPE that is found just upstream of 

the AAUAAA signal is bound by the CPE-binding protein (CPEB) in the cytoplasm. 

CPEB is in complex with two other proteins, Maskin and eIF4E; together these proteins 

keep the mRNA in a translationally dormant stage.  Upon stimulation, CPEB undergoes 

phosphorylation and recruits CPSF-160 and poly(A) polymerase, resulting in the addition 

of a poly(A) tail and subsequently initiation of translation [71].   

CPSF-73 

The 73 kDa subunit of CPSF, CPSF-73, was recently shown to be the endonuclease that 

cleaves the pre-mRNA [72].  In UV-crosslinking experiments, only two proteins, CPSF-

73, and CstF-64, could be crosslinked at the cleavage site [73].  The presence of CstF-64 

at the cleavage was surprising since it was known to bind to GU-rich sequences 

downstream of the cleavage site [74], suggesting that one or both of these proteins might 

be the endonuclease [72].  The crystal structure of CPSF-73 and biochemical data have 

helped eliminate CstF-64 as the endonuclease and it is now accepted that CPSF-73 is the 

endonuclease.  Sequence analyses of the cDNA encoding the 73 kDa subunit of CPSF 

showed high sequence similarity with the yeast Ysh1 protein.  Disruption of this gene in 

yeast resulted in accumulation of long unprocessed transcripts in the nucleus suggesting 

that the mRNA was not cleaved.  The Ysh1 protein is also essential for viability [75, 76].  
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The crystal structure of CPSF-73 has been determined which provides insights into the 

domain structure of this protein [72].  The N-terminus of CPSF-73 is organized into two 

domains: 1) a metallo β-lactamase domain; 2) a β-CASP domain.  Proteins containing the 

β-lactamase domain include hydrolytic enzymes such as esterases and lactamases that use 

zinc as a cofactor [77].  RnaseZ, which contains a β-lactamase domain, is the 

ribonuclease that is involved in processing of tRNA precursors [78].  The name β-CASP 

is derived from the proteins belonging to this group namely CPSF-73 and CPSF-100, 

Artemis, SNM1, and PSo2.  Members of the β-CASP family include nucleases that act on 

DNA (artemis) or RNA (bacterial RNaseJ1).  The crystal structure of CPSF-73 shows 

two zinc binding sites at the interface of the β-lactamase and β-CASP domain.  Mutation 

of the conserved residues that are involved in coordination of the zinc atom leads to 

lethality in yeast [73].  CPSF-73 requires zinc for its activity since zinc-specific chelators 

inhibited cleavage activity which was restored by addition of ZnCl2.  Also, purified 

bacterially- expressed CPSF-73 could cleave exogenous RNA substrate, though the 

activity was weak and not sequence specific [72].  This was expected since efficient and 

specific cleavage of pre-mRNAs requires both the CPSF and CstF complexes.  Taken 

together, these above data provide evidence that CPSF-73 is indeed the endonuclease that 

cleaves the pre-mRNA.  Coimmunoprecipitation and yeast two hybrid screens suggest 

that the C-terminal domain of CPSF-73 interacts with the 100 kDa subunit of CPSF, 

CPSF-100 [79].  Interestingly, a recent study showed that CPSF-73 interacted with a 

tumor- suppressor protein called CSR1 via the C-terminal domain of CPSF-73.  

Overexpression of CSR1 induced translocation of CPSF-73 from the nucleus to the 

cytoplasm, inhibition of polyadenylation, and eventually cell death [80].  Thus, CPSF-73 
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functions not only in polyadenylation but could also be a target for regulation of cellular 

processes that govern cell proliferation and death. 

CPSF-100 

The 100 kDa subunit of CPSF (CPSF-100) was found in complex with other members of 

the CPSF complex [62].  CPSF-100 could also interact with hClp1, a subunit of Cleavage 

factor II (CFIIm).  CPSF-100 displays sequence and structural similarity with respect to 

the β-lactamase domain of CPSF-73.  Crystal structure of the yeast CPSF-100 protein 

(Cft2p/Ydh1p) showed that, like CPSF-73, CPSF-100 contained β-lactamase and β-

CASP domains [72].  However, unlike CPSF-73, the conserved zinc binding residues 

were absent in CPSF-100.  Therefore, CPSF-100 is expected to lack endonuclease 

activity but may participate through interaction with CPSF-73 [79].  The exact function 

of CPSF-100 is unknown although immunodepletion of CPSF-100 abolished cleavage 

and polyadenylation activity [62]. 

CPSF-30 

Cloning of the gene encoding the 30 kDa subunit of CPSF, CPSF-30, from bovine cDNA 

library revealed that it contained five consecutive N-terminal CCCH zinc finger motifs 

(Z1-Z5) [81].  The zinc finger motifs have been implicated in binding to DNA and RNA 

[82, 83].  Additionally, a C-terminal “zinc knuckle” motif is present in all metazoan 

CPSF-30.  The zinc knuckle motif is frequently present in RNA-binding proteins such as 

mammalian Splicing Factor 1 (SF1) and the yeast factor SLU7 [84, 85].  The presence of 

these motifs suggested that CPSF-30 could bind to RNA.  Indeed, in vitro translated 

CPSF-30 was able to bind RNA containing a poly(U) sequence [81].  The presence of the 
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zinc knuckle motif was essential to binding to the poly(U) sequence.  Interestingly, the 

Drosophila homologue of CPSF-30, clipper, also contains five zinc finger and two zinc 

knuckle motifs [86].  The zinc finger motifs were shown to be responsible for the 

endoribonuclease activity of the Clipper protein while the zinc knuckle motif bound RNA 

with preference to poly(G) sequences [86].  Unlike clipper, no endonuclease activity has 

been detected for CPSF-30.  The yeast homologue of CPSF-30 (Yth1) lacks the zinc 

knuckle motif.  The Yth1 protein is essential for yeast viability and mRNA 

polyadenylation.  CPSF-30, on the other hand, is essential for both cleavage and 

polyadenylation since immunodepletion of HeLa nuclear extracts with anti-CPSF-30 

antibody abolished prevented cleavage and polyadenylation of substrate RNA [81].  Both 

CPSF-30 and Yth1 bind another component of the polyadenylation machinery, 

hFip1/Fip1.  CPSF-30 also binds to poly(A) binding protein II (PAB II) which is required 

for PAP-catalyzed processive synthesis of poly(A) tails containing 200-250 adenosine 

units [87]. 

 The importance of CPSF-30 in mRNA 3′ end processing is further revealed from 

its interaction with the NS1 protein from the influenza A virus [88].  The influenza NS1 

protein is known to inhibit 3′ end processing of cellular mRNAs during infection.  The 

NS1 protein has an N-terminal RNA-binding domain, and a C-terminal effector domain.  

The NS1 protein binds CPSF-30 and poly(A) binding protein II via its effector domain.  

In influenza-infected cells, NS1 binds CPSF-30 which is in complex with the other CPSF 

subunits and inhibits pre-mRNA cleavage and polyadenylation in vitro and in vivo.  

Binding of NS1 to CPSF-30 at the zinc finger domain inhibits cleavage and 

polyadenylation of cellular anti-viral mRNAs.  These uncleaved cellular mRNAs are not 
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exported to the cytosol, thus supporting the view that 3′ end processing is essential for 

mRNA export.   A role for CPSF-30 in splicing has also been proposed.  Using, single- 

intron pre-mRNA substrates, it was shown that binding of CPSF-30 by the NS1 protein 

resulted in inhibition of splicing of the pre-mRNA [89].  These data suggest that CPSF-

30 could function both in polyadenylation and splicing by possibly coupling the two 

processes.   

hFip1 

A fifth member of the CPSF complex, hFip1, went undetected for a long time.  However, 

the yeast homologue of hFip1, Fip1, was discovered much earlier and found to be 

essential for viability [90].  The Fip1 protein interacts with yeast poly(A) polymerase, 

and temperature sensitive Fip1 mutants are defective in in vitro polyadenylation [90].  

The cDNA encoding hFip1 was cloned from human testis and found to encode a 66 kDa 

protein [91].  Antibodies against hFip1 immunoprecipitated CPSF-160, 100, 30, and 73 

suggesting that hFip1 is associated with the CPSF complex[91].  hFip1, like yeast Fip1, 

also interacts with PAP [91].  Since CPSF-160 also interacts with PAP, a ternary complex 

of hFip1, CPSF-160, and PAP might exist in the nucleus.  hFip1 stimulates the 

polyadenylation activity of PAP in vitro.  Interestingly, hFip1 also binds to U-rich 

sequences and to the upstream sequence element (USE) that lies upstream of the 

AAUAAA signal [91].  USEs are present in many viral and mammalian genes are known 

to positively influence the efficiency of cleavage and polyadenylation of pre-mRNAs 

containing these signals [11] .  Presence of these sequences in the RNA substrate resulted 

in highly efficient stimulation of PAP by hFip1 [91].  These data suggest that the function 
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of hFip1 might be to recognize USE-containing pre-mRNAs and increase the efficiency 

of cleavage and polyadenylation by recruiting PAP to the polyadenylation site.   

Cleavage Stimulation Factor (CstF) 

The protein complex that assembles downstream of the cleavage site in the pre-mRNA is 

called Cleavage Stimulation Factor (CstF).  The CstF complex is required only for the 

cleavage step whereas the CPSF complex is required for both cleavage and 

polyadenylation [56].  The CstF complex is composed of three subunits of 77, 64, and 50 

kDa [56]. 

CstF-64 

The 64 kDa subunit of CstF, CstF-64, was the first protein to be UV cross-linked to 

substrate RNA in an AAUAAA dependent manner [59, 92].  Since binding of CstF-64 to 

RNA was abolished by a point mutation in the AAUAAA signal, it was thought that 

CstF-64 bound to the AAUAAA sequence although this was later shown to be an error 

[93].  The requirement of a functional AAUAAA signal for CstF-64 binding to pre-

mRNA probably reflects cooperative interactions between CPSF and CstF, with the 

CPSF-RNA interaction requiring a functional AAUAAA signal [94].  Subsequently, 

fractionation of HeLa nuclear extract was conducted to identify the fraction responsible 

for UV cross-linking activity [61].  Nuclear extract was fractionated into three fractions: a 

Cleavage Stimulation Factor (CstF) fraction; Cleavage Factor (CF); and Specificity 

Factor (SF, later shown to be identical to CPSF).  Each of these fractions by themselves 

failed to cross-link the 64 kDa protein; mixing the CstF and SF fractions efficiently 

reconstituted cross-linking.  These data suggested cooperative interactions between the 
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CstF and SF complexes and requirement of the SF complex for binding of CstF to pre-

mRNA.  Further fractionation of the CstF complex by chromatography and glycerol 

gradient centrifugation showed that it contained three polypeptides with estimated 

molecular weights of 77, 64, and 50 kDa [56].  Immunoprecipitation analyses using 

monoclonal antibodies against the 64- and 50- kDa subunits suggested that the three 

proteins were present in a complex.  To demonstrate that the 64 kDa protein that was UV 

cross-linked in earlier studies was indeed CstF-64, HeLa nuclear extracts were incubated 

with 32P-labeled SV40 pre-mRNA, irradiated with UV light and subjected to 

immunoprecipitation with the anti-CstF-64 and control antibodies.  This experiment 

showed that CstF-64 does indeed cross-link to pre-mRNAs in an AAUAAA-dependent 

manner.  Other studies showed that UV crosslinking of CstF-64 to pre-mRNAs required 

the GU-rich downstream sequence element [95].  Using an RNase H-mediated mapping 

technique, it was shown that CstF-64 bound to U-rich sequences 16-30 nucleotides 

downstream of the cleavage site [93].  Recombinant CstF-64 also bound to U-rich 

sequences but in a non-AAUAAA specific manner suggesting that the other proteins in 

the complex were necessary for specificity.  A U-rich sequence containing four 

consecutive U residues was able to substitute for the native downstream sequence 

element (DSE) of SV40 late mRNA in binding to CstF-64.  The relative position of the 

downstream U-rich sequence with respect to the AAUAAA sequence determined the site 

of cleavage in the pre-mRNA.     

 Cloning of the cDNA encoding CstF-64 from HeLa cDNA expression library 

revealed that the CstF-64 protein contained multiple domains [96].  The N-terminal 

portion contained an RNA-binding domain (RBD) of the consensus RNA Recognition 
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Motif (RRM) type [96].  Following the RBD is a protein-protein interaction domain that 

is required to bind the 77 kDa subunit of CstF, CstF-77.  A region rich in proline/glycine 

is present C-terminal to the CstF-77-binding domain.  There is also a region that consists 

of 12 nearly identical repeats of the amino acid met-glu-ala-arg-ala/gly and a highly 

conserved carboxy terminus that may interact with the transcriptional co-activator PC4 

[97] and Pcf11 [98].  

The RNA-binding domain of CstF-64 

As mentioned previously, the downstream sequence elements in pre-mRNA are varied 

and can contain either U-rich or GU-rich sequences.  Therefore, it was proposed that 

CstF-64 could recognize both these motifs.  In vitro RNA selection experiments 

(Systematic Evolution of Ligands by Exponential Enrichment; SELEX) have provided 

insights into the RNA-binding specificities of CstF-64.  A SELEX study using just the 

RNA-binding domain of CstF-64 showed that the RBD binds preferentially to GU-rich 

and U-rich sequences [99].  These GU-rich motifs consisted of repeats of GU 

dinucleotides.  The SELEX-selected sequences were active in in vitro cleavage assays 

using partially purified CPSF and CstF fractions.  SELEX experiments using purified 

CstF from calf thymus and HeLa gave similar results with the exception that the GU 

dinucleotides were part of an extended stretch of sequence [100].  The NMR structure of 

the RBD of CstF-64 has provided insights into the mechanism of RNA binding.  The N-

terminal RBD adopts the classical RRM fold.  The RRM or Ribonucleoprotein (RNP) 

domain is one of the most abundant eukaryotic protein domains.  RRM-containing 

proteins participate in a wide variety of post-transcriptional events such as mRNA 

processing, constitutive and alternate splicing, mRNA stability, mRNA export etc.  The 
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RRM domain consists of two consensus sequence elements termed RNP1 and 2.  The 

RRM domain is composed of a four-stranded antiparallel β-sheet with a β1α1β2β3α2β4 

topology [101].  The residues of β3 and β1 contribute to RNP1 and RNP2 respectively.  

The CstF-64 RBD closely resembles the above RRM fold with the exception that it 

contains two additional helices at the N-terminal and C-terminal ends (Helix C).  Helix C 

lies perpendicular to the RRM occluding the RNA recognition surface and unfolds upon 

binding to RNA.  Residues in Helix C and within the RNP1 and RNP2 motifs form a 

small hydrophobic core that accommodates the nucleotides of the RNA.  The residues of 

the C-terminal Helix C are well conserved in vertebrate CstF-64, implying that it might 

be an important structural element.  As mentioned earlier, CstF-64 recognizes U-rich and 

GU-rich sequences that have no clear consensus but still discriminates against other 

random sequences in the RNA.  The structural basis for this conundrum was provided by 

analyses of the RBD in complex with several RNA substrates containing GU-rich 

sequences [102].  CstF-64 binds more stably to GU-rich sequences containing UU 

dinucleotides (for example, UGUGUGUU) than those containing exclusively GU repeats 

(for example, [GU] 7).  Upon binding UU dinucleotide-containing RNA, a conformational 

change occurs that removes Helix C from the RNA recognition surface.  The protein-

RNA interface acquires significant mobility on the micro- to millisecond timescale upon 

binding GU-rich RNA.  The binding pocket for the UU dinucleotide that is presented to 

the RRM in a GU-rich context lends specificity for recognition of RNA.  On the other 

hand, the local motions in the β strands of the RRM allow CstF-64 to bind a variety of 

GU-rich sequences with no defined sequence or consensus.  Deka et al. propose that “the 

CstF-64 sequence has been optimized in evolution not to make strong and unique contact 
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with a particular sequence, but rather to retain sufficient mobility to accommodate 

multiple yet related RNA sequences” [103].  The unfolding of Helix C upon binding 

RNA is also proposed to be a signal for assembly and interaction of the CPSF and CstF 

complexes.   

CstF-77-interacting domain or Hinge domain 

The CstF-77-interacting domain, also known as the hinge domain, is present C-terminal 

to the RBD.  The hinge domain of CstF-64 interacts with CstF-77 [104].  This interaction 

is necessary for the nuclear localization and polyadenylation functions of CstF-64 since 

deletion of the hinge domain resulted in cytoplasmic accumulation of CstF-64 (Hockert, 

A.J., unpublished observations).  The hinge domain also interacts with symplekin, a 

protein that was previously shown to be present in tight junctions [104].  Symplekin is 

proposed to act as a scaffolding/assembly protein, helping to assemble the subunits of 

CstF and also to help stabilize interactions between CstF and CPSF complexes.  

Symplekin may also function in polyadenylation since yeast lacking Pta1, a homolog of 

symplekin, are defective in cleavage and polyadenylation [105].  Pta1 is also essential for 

cell viability [105]. 

Proline/Glycine-rich domain 

A region rich in proline/glycine is found C-terminal to the hinge domain [104].  This 

domain is largely unstructured owing to the presence of prolines and glycines (~40%). 

The function of this domain is unknown.  However, deletion of this domain resulted in 

decreased polyadenylation activity of CstF-64 in vivo implying that this domain is 

required for some aspect of CstF-64 polyadenylation function (Hockert, A.J., unpublished 

observations).  Further, I discovered a nervous system-expressed evolutionarily 
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conserved variant form of CstF-64, βCstF-64, that contained a 49 amino acid insertion in 

the proline/glycine domain (Shankarling et al., submitted, and Chapter 2).  A potential 

role for βCstF-64 in neural mRNA polyadenylation is discussed in the rest of this 

dissertation (Chapters 2-5). 

12X MEARA domain 

A domain consisting of 12 repeats of the amino acids MEARA/G is present in the C-

terminal portion of CstF-64.  This domain adopts a helical confirmation consisting of 16 

turns [96, 106].  The function of this domain is unknown, though it was proposed to be a 

protein-protein interaction domain [96] or a “molecular ruler” helping to define the 

distance between the cleavage site and the downstream sequence element [93, 106]. 

Carboxy-terminal domain (CTD) 

The carboxy terminal domain of CstF-64, like the RBD, is highly conserved in evolution 

[98, 104].  Recently, NMR solution structure for the CTD of human CstF-64 was 

provided that showed that the CTD adopts an unusual structure consisting of three α 

helices [98].  Strong sequence conservation in the CTD is reflected in the fact that the 

three α-helix orthogonal bundle structure was also found in the yeast homolog of CstF-

64, RNA15.  Disruption of helices 2 and 3 in RNA15 resulted in lethality in yeast, 

suggesting that this structure was important for cell viability.  The CTD also interacts 

with Pcf11 which is proposed to be critical for assembly of 3′ end processing factors due 

to its association with RNA polymerase II C-terminal domain (Pol II CTD), RNA14 

(yeast homolog of CstF-77), RNA15, and with several other components of the 3′ end 

processing machinery [98].  Pcf11, through its interactions with the Pol II CTD, is also 

necessary for transcriptional termination.  Disruption of the RNA15 CTD resulted in loss 
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of interaction with Pcf11 leading to normal transcription termination but defective 

cleavage and polyadenylation of pre-mRNA.  Thus, Pcf11 has two separate domains: one 

domain interacts with Pol II CTD and is critical for transcription termination; and a 

second domain interacts with RNA15 CTD and this interaction is critical for normal 

cleavage and polyadenylation.  The CTDs of RNA15 and CstF-64 were also shown to 

interact with the transcriptional coactivator PC4 [97], although this interaction could not 

be verified in the NMR structural studies of CTD by Qu et al. [98].  It is possible that the 

interaction of PC4 with RNA15 does not involve the CTD, and that a region upstream of 

the CTD might be important for this interaction. 

CstF-77 

The 77-kDa subunit of CstF is called CstF-77. CstF-77 serves to link CstF and CPSF and 

to the transcriptional apparatus and has been shown to interact directly with CstF-64, 

CstF-50, and CPSF-160 [70, 104, 107]. CstF-77 is a multi-domain protein, several of 

which have been proposed to participate in protein-protein interactions. CstF-77 has 11 

HAT (Half-A-TPR) domains. The HAT domains are very similar to the tetratricopeptide 

repeat (TPR)-like motifs found in some yeast U1 small nuclear ribonucleoproteins 

(snRNPs).  The crystal structure of murine CstF-77 has revealed important information 

regarding the structural organization of the HAT domains [108].  The HAT domain is 

divided into the N-terminal HAT-N domain, and a C-terminal HAT-C domain.  The HAT 

domain forms a dimer, with the HAT-C domain responsible for bringing about 

dimerization.  The dimeric association of the HAT domains of CstF-77 was confirmed by 

yeast-two hybrid and analytical ultracentrifugation experiments [104, 108].  These data 

suggested that the entire CstF complex existed as a dimer at some point during the 
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polyadenylation reaction.  It was proposed that dimerization of CstF-77 provided a 

platform for recruitment and assembly of the CPSF and CstF complexes on the pre-

mRNA [108].  Apart from its role in dimerization, the HAT-C domain was also 

implicated in binding to CPSF-160  consistent with the role of the HAT domains in 

bringing about protein-protein interactions [108, 109].  

 CstF-77 is the only protein in the CstF complex that has a putative bipartite 

nuclear localization signal (NLS) [107].  This suggests that CstF-77 may transport the 

other two proteins of the CstF complex into the nucleus by forming a heterotrimeric 

complex in the cytoplasm (Hockert, A.J., unpublished).  CstF-77 also has a proline-rich 

domain near the C terminus.  Proline-rich regions in other proteins are often found to be 

involved in protein-protein interactions.  Consistent with this feature, a single region in 

the proline-rich domain in CstF-77 is required for interacting with itself, CstF-64, and 

CstF-50 [104].  CstF-77 also interacts with RNA polymerase II C-terminal domain (pol II 

CTD) [70], although this domain in CstF77 has not been mapped.  

  It has been proposed that CstF-77, by virtue of its interaction with multiple 

polyadenylation proteins, acts as a positioning/assembly factor during polyadenylation. 

The function of CstF-77 may be to bring together the two protein complexes, CPSF and 

CstF, thus promoting the assembly of an active polyadenylation complex on the pre-

mRNA [104].  Recently, a truncated transcript of CstF-77 was discovered in mice, that, if 

translated, would lack the nuclear localization signal and CstF-64, CstF-50 and CstF-77 

binding domains [110].  Interestingly, the Drosophila homologue of CstF-77, named 

suppressor of forked, su(f), also generates truncated transcripts.  It is proposed that the 

su(f) protein downregulates its own expression by the formation of the truncated 1.3-kb 
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transcript [111].  The yeast homologue of CstF-77, RNA14, is also proposed to undergo 

autoregulation:  RNA14 produces truncated transcripts whose accumulation requires 

wild-type RNA14 function [112].  The fact that a truncated transcript is present in yeast, 

Drosophila and vertebrates suggests that the level of the CstF-77 protein could be tightly 

controlled and regulated in an analogous fashion. 

CstF-50 

The cDNA encoding CstF-50 was cloned from HeLa cell cDNA library which revealed a 

431 amino acid open reading frame (ORF) encoding a protein of ~50 kDa [113].  CstF-50 

was shown to be necessary for cleavage activity in in vitro assays [107].  Sequence 

analysis of CstF-50 revealed that the C-terminus shared significant identity with the 

human and bovine G protein β subunit.  This region contains seven homologous repeats, 

known as, transducin or WD-40 repeats.  The WD-40 repeat motif is thought to mediate 

protein-protein interaction in other proteins [114].  Consistent with this idea, the seven 

transducin repeats of CstF-50 are necessary for interaction with CstF-77 [104] since 

removal of this domain completely abolished binding to CstF-77 in vitro.  CstF-50 also 

interacts with itself, probably via the N-terminal portion of the protein [104].  CstF-50 

binds to the RNA pol II CTD and this interaction requires both the N-terminal portion 

and the transducin repeats of CstF-50 [70].  CstF-50 thus participates in the coupling of 3′ 

end processing to transcription.  CstF-50 also couples 3′ end processing to other nuclear 

events such as DNA damage repair.  CstF-50 interacts with the BRCA1 (breast cancer-

associated tumor suppressor)-associated RING domain protein, BARD1 [115].  The 

interaction of BARD1 with CstF-50 inhibits polyadenylation in vitro.  There is a transient 

repression of cleavage of pre-mRNAs in UV-damaged cells which correlates with an 
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increase in the CstF-50/BARD1/BRCA-1 complex.  These data suggest that the 

interaction of BARD1/BRCA-1 and CstF complexes results in a transient inhibition of 

polyadenylation of cellular mRNAs in response to DNA damage [116].  The BRCA1-

BARD1 complex is known to function in DNA damage response by forming a 

heterodimeric E3 ubiquitin ligase that targets the elongating RNA pol II (Pol II O) for 

degradation [117].  Given the fact that RNA pol II is itself an essential 3′ end processing 

factor [118], degradation of pol II could therefore further contribute to inhibition of 

mRNA polyadenylation.  Recently, it was shown that CstF-50, along with 

BARD1/BRCA-1, associated with sites of repaired DNA in UV-damaged cells, and that 

depletion of CstF-50 enhanced UV-sensitivity of chicken DT40 cells. These data suggest 

a direct role for CstF-50 in the DNA damage response pathway and seems to link 

transcription-coupled RNA processing and DNA repair [119].  

Cleavage Factor Im 

Chromatographic separation of HeLa nuclear extract showed that six different factors 

were required for cleavage and polyadenylation [49, 50].  While CPSF and PAP were 

required for both cleavage and polyadenylation, CstF and CF Im and IIm were required 

only for cleavage.  Purification of CF Im from HeLa nuclear extract suggested that it 

contained 3 subunits of 68, 59, and 25 kDa [120].  A minor 72 kDa subunit was also 

detected.  CF Im could be UV-crosslinked to RNA in the absence of other factors such as 

CstF and CPSF.  Gel-retardation assays showed that CF Im stabilized the CPSF-RNA 

complex but not the CstF-RNA complex.  However, addition of CF Im caused a supershift 

in the CstF-CPSF-RNA complex, suggesting that CF Im stabilized the CstF-CPSF-RNA 

complex.   
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 CF Im exists as a heterodimer composed of the 25 kDa subunit and any one of 69, 

58 or 72 kDa subunits [120].  Cleavage complementation of CF Im can be reconstituted in 

vitro by the 25- and 69 kDa subunits.  Preincubation of CF Im with pre-mRNA reduced 

the lag phase of the cleavage reaction from 8 to 4 minutes, suggesting that it might act as 

a nucleation protein and help bring together the different factors necessary for cleavage 

[121].  Indeed, CF Im facilitated the recruitment of CPSF to pre-mRNA by interacting 

with a specific component of CPSF, hFip1 [122].  CF Im also interacts with PAP and 

PABN1 as described below [123].  According to a recent study, a role for protein 

phosphorylation in 3′ cleavage has been revealed.  It was shown that treatment of nuclear 

extract with serine/threonine phosphatase inhibited cleavage of mRNA substrate in vitro. 

Dephosphorylation of different fractions of HeLa nuclear extract showed that CF 

(containing both CF Im and IIm) was the target of dephosphorylation [124].  These data 

have led to the hypothesis that phosphorylation of CF could be a mechanism to regulate 

polyadenylation function in vivo. 

 Recent crystallographic analysis showed that CF Im25 existed as a dimer and 

contained the classic Nudix domain in the middle of the protein [125].  The Nudix 

domain is characteristic of hydrolases, which are metal-binding enzymes.  CF Im25 lacks 

metal binding residues and hence is not expected to be a hydrolase.  However, CF Im25 

binds the nucleotide, diadenosine tetraphosphate (Ap4A) and could also bind ATP.  

Though the physiological role of Ap4A is unclear, it might act as an intracellular 

signaling molecule [126].  It is proposed that under conditions of stress when there is a 

high concentration of Ap4A, it might inhibit PAP, thereby regulating mRNA 

polyadenylation [125].  The Nudix domain that is contributed by residues 81-160 of CF 
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Im25 is also a protein-protein interaction domain since this region is known to bind PAP 

and nuclear poly(A) binding protein (PABN1; [123]).   

 CF Im25, as mentioned above, also interacts with CF Im68, and this interaction 

requires the entire CF Im25 protein [123].  CF Im25 can be UV-crosslinked to RNA in a 

manner requiring the N-terminus of the protein.  CF Im25 lacks a consensus RRM and 

hence it has been proposed that the homodimeric form of this protein might constitute a 

new RNA recognition motif [125].  SELEX experiments using the CF Im25/CF Im68 

dimer revealed that it bound to RNA sequences containing UGUAA elements [127].  

Interestingly, the mRNA encoding CF Im68 contained UGUAA elements upstream of the 

AUAAA signal.  Addition of increasing amounts of CF Im68 resulted in suppression of 

cleavage and poly(A) addition of the CF Im68 mRNA suggesting that CF Im68 could 

autoregulate its own expression.  A role for CF Im25 in alternative polyadenylation has 

been proposed.  Knock-down of CF Im25 by siRNA altered polyadenylation site choice in 

4 different endogenous mRNAs in HeLa cells [128].  Interestingly, the mRNA encoding 

CF Im25 contained multiple poly(A) sites that were expressed in a tissue-specific manner.  

The significance of expressing alternatively polyadenylated forms of CF Im25 was not 

clear. 

 CF Im68 was cloned from human brain cDNA library.  Sequence analysis showed 

that CF Im68 had three distinct domains: an N-terminal RBD containing the RNP1 and 

RNP2 motifs, a central region rich in prolines, and a C-terminal region containing mainly 

arginine residues alternating with glutamate, asparatate, and serine residues [121].  The 

domain organization of CF Im68 is reminiscent of spliceosomal SR proteins (SR proteins 

are known to function in constitutive and alternative pre-mRNA splicing).  SR proteins 
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and related family members contain an N-terminal RRM and a C-terminal domain 

consisting repeats of Arginine-serine dipeptides (RS domain).  Consistent with its 

relatedness to SR proteins, CF Im 68 is recognized by the monoclonal antibody Mab76H3 

which detects most of the classical SR proteins.  CF Im 68 interacts with CF Im25 via its 

N-terminal RRM and with a specific subset of SR proteins via its C-terminal RS-like 

domain [123].  The interaction of CF Im 68 with the RS domain-containing SR proteins 

suggests that CF Im68 could contribute to definition of the last exon during the processing 

of intron-containing pre-mRNAs and also contribute to coupling of mRNA 3′ end 

processing to splicing.   

 A role for CF Im in coupling of polyadenylation to splicing is further supported by 

the interactions of CF Im25 with the 70 kDa protein of U1 snRNP that functions in pre-

mRNA splicing [129], and the interaction of U2AF 65 with CF Im 59 [130].  U2AF 65 

binds to the polypyrimidine tract that is located between the branch point and 3′ splice 

site of pre-mRNA[131].  CF Im59 was similar to CF Im68 with the exception that it lacked 

the central proline-rich domain. U2AF 65, via a 17 amino acid stretch containing 

arginine/serine-rich region, binds to CF Im 59 at its RS-like domain.  MS2-tethering 

analyses indicated that U2AF 65 bound to the pyrimidine tract of the last 3′ splice site 

recruited CF Im 59 and stimulated cleavage and polyadenylation [130].  CF Im 68 was 

localized in a discrete component of the nucleus termed paraspeckles [132].  These 

nuclear subdomains are adjacent to cleavage bodies that contain CstF-64 and CPSF-100 

and nuclear speckles that contain splicing factors [133]. 

 The 72 kDa subunit of CF Im, CF Im72, could be an alternatively spliced form of 

CF Im68 [120].  The function of CF Im72 is not known. 
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Cleavage Factor IIm (CF IIm) 

CF IIm consists of hPcf11, and hClp1, both of which are human homologs of the yeast 3′ 

end processing factors, Pcf11 and Clp1.  In addition to hPcf11 and hClp1, the CF IIm 

complex also contains splicing factors (U2AF65 and U2AF 35, PTB), transcription 

factors (TFIIH p52, TFIIH p89), CF Im, and a DNA repair protein [134].  The presence of 

these proteins in the 3′ end processing complex reinforces the notion that 3′ end 

formation is linked to other nuclear processes. 

hPcf11 

The hPcf11 factor has an estimated molecular mass of 200 kDa and seems to link 

transcription termination with 3′ end processing [135].  NMR structure of the N-terminal 

RNA pol II interaction domain (CID) of yeast Pcf11 indicated that it interacted with the 

phosphorylated CTD of RNA polymerase II [136].  Mutations in the CID abolished 

interaction with pol II CTD resulting in defective transcription termination [135].  As 

mentioned earlier, yeast Pcf11 also interacted with the C-terminal domain of RNA15 (the 

yeast homolog of CstF-64).  The binding of Pcf11 to pol II CTD and RNA15 is mediated 

by different domains of Pcf11, suggesting independent functions for the two domains in 

transcription termination and 3′ end formation. 

hClp1 

The hClp1 protein is similar to yeast Clp1p and has an apparent molecular mass of 47 

kDa [134].  hClp1 is essential for cleavage but not polyadenylation of pre-mRNA.  hClp1 

interacts with CPSF-100, CFIm 25 and the other CFIIm subunit, hPcf 11 [134].  Thus, 

hClp1 seems to bridge the CPSF and CF complexes.  hClp1 contains Walker A and B 
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motifs which are known to bind ATP/GTP [137].   Indeed, crystal structure of yeast Clp1 

protein showed that it bound ATP but not GTP via its central domain [138].  The central 

domain also interacts with Pcf11.  Despite having a binding site for ATP, no ATPase 

activity has been described for Clp1 yet.  It is proposed that a member of the 3′ end 

processing complex may interact with Clp1 and stimulate ATPase activity.  ATP 

hydrolysis might trigger conformational changes in one or several of the 3′ end 

processing factors that may be a signal for initiating cleavage and polyadenylation of pre-

mRNA [138]. 

Poly(A) polymerase 

Poly(A) polymerase (PAP) was the first polyadenylation factor to be discovered [1], 

although its function in polyadenylation came to be known only after the discovery of 

poly(A) tails in mRNA [2-4].  Since then, PAP has been extensively characterized. 

 PAP catalyzes the addition of adenosine residues to the 3′ end of the pre-mRNA 

generated by cleavage [52].  PAP is also required for the cleavage step of 3′ end 

formation [52].  Purified PAP, by itself, is non-specific since it add poly(A) tails to 

almost any RNA primer in the presence of Mn2+.  However, in the presence of CPSF and 

Mg2+, PAP catalyzes AAUAAA-dependent addition of adenosine residues to the cleaved 

end of pre-mRNA [139].  PAP interacts with CPSF-160, hFip1, CF Im25, and also with 

U1A and U2AF65 splicing factors.  Thus, PAP functions not only in 3′ end processing 

but also links splicing to 3′ end formation.   

 Several forms of PAP have been reported.  The predominant form of PAP, termed 

PAP II, contains 740 amino acids with an apparent molecular mass of 83 kDa.  The 

crystal structure of bovine and yeast PAP shows that PAP is a U-shaped molecule 
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consisting of an N-terminal catalytic domain, a central domain, and a C-terminal RNA-

binding domain [137].  The N-terminal catalytic domain is highly conserved in evolution 

and binds two Mg2+ (or Mn2+) ions.  The catalytic domain is highly similar to members of 

the nucleotidyl transferase family such as DNA and RNA polymerase.  The C-terminal 

domain of PAP folds into a 4-stranded anti-parallel β-sheet that is topologically similar to 

members of the RRM family.  The C-terminal domain also contains two bipartite Nuclear 

Localization Signals (NLS) that are both required for nuclear localization of PAP.  A 

region rich in serines and threonines is present downstream of the NLS that is subject to 

phosphorylation.  Phosphorylation of serines and threonines in this region by Maturation 

Promoting Factor (MPF) inhibits PAP activity resulting in repression of cellular mRNA 

expression [140]. 

 PAP I is an alternatively spliced form of PAP II that is identical to PAP II except 

that it lacks 50 amino acids at the C-terminus [141].  Both PAP I and II are enzymatically 

active.  PAP IV is an intronless pseudogene and is predominant in mouse brain.  PAP III, 

IV, and VI are generated as a result of competition between splicing and polyadenylation 

in the PAP mRNA.  PAP III, IV, and VI are truncated forms of PAP II and are not 

translated to make protein [141].  The significance of the truncated forms of PAP 

isoforms is not clear, although it was proposed that PAP generates truncated isoforms to 

autoregulate its expression [141].  Recently, it was shown that PAP is post-translationally 

modified by sumoylation.  Sumoylation of PAP was essential for nuclear localization and 

stability of PAP [142].  The consequences of sumoylation of PAP on regulation of 

polyadenylation are not known.  However, it is clear that post translational modification 
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of PAP by phosphorylation, sumoylation, and possibly acteylation might serve as a 

means to regulate nuclear gene expression.  

Poly(A) Binding Protein (PAB) 

Poly(A) tail synthesis takes place in two distinct phases: an initial distribution phase 

wherein 10-15 adenosine residues are added in a CPSF- and AAUAAA-dependent 

manner, and a subsequent processive phase wherein a poly(A) tail of approximately 200 

residues is generated [143].  The protein responsible for conferring processivity to PAP is 

poly(A) binding protein II (PAB II), also named nuclear poly(A) binding protein 1 

(PABN1).  There is also a cytoplasmic form of PAB, named PABC1 that functions in 

translation initiation and mRNA decay in the cytosol [144].  Nuclear PAB II binds to the 

short oligoadenylate tails on the mRNA generated by PAP and forms a complex with 

PAP and CPSF.  Thus, PAB II stabilizes the RNA-PAP-CPSF complex and aids in 

processive synthesis of a long poly(A) tail by PAP [145].  The interaction of PAB II and 

PAP-CPSF is interrupted after the poly(A) tail reaches the optimum length; thus PAB II 

also functions to regulate poly(A) tail length [146].  PAB II has an apparent molecular 

mass of 33 kDa.  The N-terminal region of PAB II contains 4 RRM motifs that bind oligo 

adenylate RNA while the C-terminal domain is rich in arginine [137].  The NS1 protein 

of influenza A virus interacts with PAB II resulting in nuclear accumulation of mRNAs 

with short poly(A) tails [88].  This suggests a role for PAB II in export of mRNA from 

nucleus to cytosol. 



 

 

 

39  

Polyadenylation linked to other steps in gene expression 

For a long time, generation of mRNA 3′ ends was believed to be an isolated nuclear 

event.  However, research in the past decade has shown that 3′ end processing is 

intimately coupled to other steps in gene expression such as capping, splicing, 

transcription, and transcriptional termination.  Thus, the concept of an mRNA “factory” 

has emerged wherein extensive cross-talk between the different processing machineries 

occurs [147].  The protein that is responsible for coupling the different processing 

reactions is RNA pol II, in particular its long carboxy terminal domain (CTD).  The 

length of the CTD (62 nm) enables it to serve as a platform onto which multiple RNA 

processing machineries are loaded [148].  The CTD contains tandem repeats (52 in 

human, 27 in yeast) of the heptad sequence — Y1S2P3T4S5P6S7 — that is subject to 

phosphorylation on serine residues.  Phosphorylation at serine 5 of the CTD occurs just 

after transcription initiation and at serine 2 during elongation [149].  Recruitment of the 

capping machinery requires serine 2 phosphorylation while recruitment of splicing and 3′ 

end processing machineries requires serine 5 phosphorylation.   

Role of polyadenylation in mRNA export 

Mature mRNA molecules generated in the nucleus are exported to the cytosol via the 

mRNA export pathway.  Proteins involved in export of mRNA are conserved from 

human to yeast and are deposited onto the mRNA co-transcriptionally.  This complex of 

proteins and mRNA, termed messenger ribonucleoprotein complex (mRNP), interacts 

with the members of the nuclear pore complex via adaptor proteins leading to exit of 

mRNA from the nucleus to the cytosol [150].  The earliest evidence for a role of 

polyadenylation in export came from a study that involved generation of mRNA 3′ ends 
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in vivo by ribozyme-mediated cleavage [151].  Reporter mRNAs whose 3′ ends were 

generated by cleavage and polyadenylation were efficiently exported whereas those 

generated by a self-cleaving ribozyme sequence were retained in the nucleus.  

Additionally, inserting a long stretch of poly(A) residues in the plasmid encoding the 

reporter mRNA did not direct export, suggesting that the actual process of 

cleavage/polyadenylation is required for export and not merely the presence of a poly(A) 

tail.  The process of polyadenylation may promote interaction of proteins involved in 3′ 

end processing and mRNA export leading to efficient mRNA export.  Studies in 

Saccharomyces cerevisiae have shown that 3′ end processing factors are required for 

mRNA export [152].  Yeast strains carrying temperature sensitive mutants of 

RNA14/CstF-77, RNA15/CstF-64, and PAP were all defective in mRNA export.   

 A role for 3′ end processing factors in mRNA export is also revealed by studies 

on the influenza A viral protein, NS1 [87].  The influenza virus employs a unique method 

of suppressing host cell gene expression.  It does so by blocking export of cellular 

mRNAs while promoting export of its own message.  The NS1 protein interacts with 

CPSF-30 and inhibits cleavage and polyadenylation of cellular mRNAs.  Despite this 

inhibition, there are some cellular mRNAs that continue to be correctly cleaved and 

polyadenylated.  These mRNAs accumulate in the nucleus with short poly(A) tails.  The 

accumulation of short poly(A) tails is due to sequestration of PAB II by NS1, thus 

preventing processive elongation of short poly(A) tails by PAP and CPSF.  These 

mRNAs containing short poly(A) tails are defective in mRNA export.  Thus, in addition 

to a role for 3′ end processing factors in mRNA export, there is also evidence for the 

poly(A) tail in mRNA export.  A recent study in Xenopus oocytes suggests that the 
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poly(A) tail could be an identity element for mRNA export [153].  It is proposed that a 

poly(A) tail of an appropriate length serves as a platform to recruit mRNA export factors. 

Role of polyadenylation in Capping 

Pre-mRNA capping is the first RNA processing reaction and is catalyzed by three 

enzymes that act sequentially: 1) RNA 5′ triphosphatase, 2) guanylyl transferase, and 3) 

N7G-methlytransferase [154].  The cap structure is added to the pre-mRNA when it is 

about 20-25 bases long.  The CTD of RNA pol II is essential for 5′ capping of pre-mRNA 

since deletion of the CTD prevents efficient capping [70].  As the RNA pol II switches 

from initiation to elongation mode, the CTD is phosphorylated at serine 5 by the Kin 28 

kinase subunit of TFIIH [155].  The capping enzymes bind to serine 5-phosphorylated 

CTD and catalyze addition of the cap structure to the pre-mRNA.  The cap structure is 

immediately bound by the Cap Binding Complex (CBC) that renders the pre-mRNA 

resistant to attack by 5′-3′ exonucleases.  The CBC interacts with components of the 

splicing, export, and translation initiation machineries thus influencing every step of gene 

expression.  The cap structure also influences 3′ end formation [156].  Immunodepletion 

of CBC from HeLa nuclear extracts reduced efficiency of cleavage but not 

polyadenylation of pre-mRNA in vitro.  The CBC influenced the stability of the cleavage 

complexes formed on the pre-mRNA substrate.  Thus, a physical interaction between the 

5′ CBC and 3′ end processing machineries is proposed that would stem from a “closed 

loop” conformation of the mRNA [157]. 
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Role of Polyadenylation in transcription 

The view that 3′ end processing factors are recruited during the final stage of 

transcription is no longer true.  Chromatin immunoprecipitation analyses (ChIP) have 

showed that cleavage/polyadenylation factors are present not only at the 3′ end of the 

gene but also at the promoter and throughout the length of the gene.  In fact, CPSF is 

recruited to the preinitiation complex (PIC) by TFIID and is transferred to the elongating 

Pol II CTD [69].  It is possible that CstF is also recruited at the PIC by the transcriptional 

coactivator PC4 [97].  Early recruitment of 3′ end processing factors likely ensures that 

they are at the right place and at the right time to carry out cleavage/polyadenylation.  

The role of RNA pol II CTD is crucial in linking transcription to polyadenylation.  Pol II 

CTD has two main functions in 3′ end processing; one direct and the other indirect.  The 

direct role for Pol II CTD comes from studies implicating the CTD as an essential 

cleavage factor in the absence of transcription [118].  Deletion of the Pol II CTD resulted 

in inefficient cleavage/polyadenylation of transcripts in transient transfection experiments 

[70].  Immunodepletion of Pol II inhibited in vitro cleavage which was rescued by 

addition of the purified Pol II enzyme.  Thus, RNA pol II seems to be an essential 

cleavage factor in polyadenylation.  The indirect role for Pol II in 3′ end formation is due 

to its role in recruitment of cleavage/polyadenylation factors.  Both CPSF and CstF 

complexes are carried by the Pol II CTD until it reaches the poly(A) signal.  Once the 

poly(A) signal is transcribed, CPSF and CstF complexes are transferred onto the pre-

mRNA where they catalyze 3′ end formation.  The CTD interacts directly with CPSF-

160, CstF-77, CstF-50 and Pcf11.  The interaction of Pcf11 with the CTD requires serine 

2 phosphorylation [135]. 
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Cleavage/polyadenylation is coupled to transcription termination 

Termination is defined as the release of the pol II subunit from the DNA template and is 

important for recycling of pol II to initiate another round of transcription [158].  Nuclear 

run on assays have demonstrated that transcription termination occurs well past the 

poly(A) site [159].  RNA polymerase can be found as much as 1 Kb downstream of the 

poly(A) site [159].  Early studies implicated the poly(A) signal in transcription 

termination [160, 161].  Mutation in either the AAUAAA or downstream U/GU-rich 

sequences led to nuclear accumulation of long transcripts suggesting failure in 

transcription termination.  The requirement of a functional poly(A) signal for termination 

is logical, since it ensures that termination does not occur prematurely and only happens 

once the end of the gene is reached.  Two models have been proposed to address the role 

of cleavage/polyadenylation in mediating transcription termination: the “torpedo” model, 

and the “antiterminator” or “allosteric” model [158].  The torpedo model requires 

cleavage of the mRNA which provides an entry site for a 5′-3′ exonuclease that acts on 

the 3′ half of the cleavage product and degrades it until it reaches the pol II elongation 

complex.  The interaction of the ribonuclease with the pol II complex could result in 

dismantling of the elongating pol II complex.   

 Support for the torpedo model came from the discovery of a 5′-3 exonuclease 

(Rat1 in yeast, Xrn2 in human).  The Rat1 protein was associated with the Rtt103 protein 

that binds to serine 2 phosphorylated CTD.  Yeast mutants lacking Rat1 were defective 

for transcription termination.  Analogously, RNAi depletion of the human homolog, 

Xrn2, resulted in defective termination [162].  The allosteric model does not require 
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cleavage of pre-mRNA for termination although it still requires a functional poly(A) 

signal.   

 Support for the allosteric model came from electron microscopy studies in 

Drosophila and Xenopus showing that polymerase terminated downstream of 

polyadenylation sites with no apparent cleavage of the transcript [163, 164].  According 

to this model, the pol II elongation complex undergoes a conformational change as it 

encounters the poly(A) signal.  It was proposed that in addition to the poly(A) signal, 

polymerase “pause” sites are present downstream that also induce conformational change 

in pol II.  These conformational changes involving the pol II CTD could serve as signal 

for release of antitermination factors from complex or induce termination factors to bring 

about termination [158].  The Pcf11 and PC4 proteins were proposed to serve as 

termination and anti-termination factors respectively [158].  

  It is possible that both the torpedo and allosteric models are responsible for 

bringing about termination.  Hence, a hybrid of the torpedo and allosteric models has 

been proposed.  According to this model, the 5′-3′ exonuclease interacts with an unknown 

helicase and/or allosteric modulator of the polymerase, converting it from an elongation 

state to a non processive state leading to disruption of the RNA-DNA hybrid and release 

of polymerase [162].   

Coupling of polyadenylation to splicing 

Research in the past decade has shown that polyadenylation and splicing are coupled.  In 

fact, splicing also occurs co-transcriptionally with Pol II CTD serving to recruit splicing 

factors such as SR proteins [148].  The co-transcriptional splicing of pre-mRNAs is 

explained by experiments that address the exon definition hypothesis [68].  According to 
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the exon definition model, splicing machineries interact not only in a cross-intron manner 

but also in a cross-exon fashion that helps to mark exons in vast stretches of intron in the 

pre-mRNA.  Cross-exon interaction occurs by interaction of the splicing machineries 

assembled on the 3′ and 5′ splice sites flanking an exon.  The SR group of proteins help 

bridge the interactions between the U1 snRNP and U2AF 65 that bind to the 3′ and 5′ 

splice sites flanking the exon thus leading to definition of the exon that needs to be 

included in the final mRNA molecule [165].   

 The exon definition model also provides for recognition and definition of the 

terminal exons. Experiments have shown that the 5′ cap binding complex interacts with 

the U1 snRNP at the 5′ splice site of the first intron and stimulates splicing of the first 

intron [166]. Similarly, a number of experiments have indicated that splicing and 

polyadenylation machineries interact to define the last exon of the mRNA molecule.  

Mutation of the 3′ splice site upstream of the last exon decreased cleavage and 

polyadenylation in vitro; conversely mutation of the AAUAAA signal inhibited splicing 

of the last intron but not of the upstream introns in a multi-intron pre-mRNA substrate 

[167, 168].  These experiments suggest that proteins involved in splicing and 

polyadenylation mutually stimulate each other and hence couple splicing to 

polyadenylation.  The 65 kDa subunit of U2AF, U2AF65, that binds to the intronic 

polypyrimidine tract sequence seems to be the molecular bridge between splicing and 

polyadenylation [130].  The last 20 amino acids of PAP interact with U2AF65 to 

stimulate in vitro splicing of pre-mRNA.  Stimulation of splicing by PAP requires a 

functional AAUAAA signal and occurs by promoting tethering of U2AF65 to the intronic 

polypyrimidine tract [169].  In the converse experiment, it was shown that U2AF65 
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bound to the polypyrimidine tract could stimulate pre-mRNA cleavage in vitro [170]. 

U2AF65 stimulates 3′ end processing by interacting with an RS-like domain of CF Im 59 

[130].  These data suggest the model that U2AF65 bound to the intronic polypyrimidine 

tract recruits the CF Im complex via interaction with CF Im 59.  In turn, CF Im 59 interacts 

with hFip1 and PAP resulting in stimulation of cleavage of pre-mRNA [130]. 

 Recent studies have shown that U2 snRNP which binds to the intronic 

branchpoint sequence (BPS) is associated with the CPSF complex [171].  Specifically, 

CPSF-100 was shown to interact with the SF3b subunit of U2 snRNP and depletion of 

CPSF-100 resulted in inhibition of splicing in a coupled in vitro splicing and 3′ end 

cleavage assay.  Another interaction of the CPSF complex with the splicing apparatus 

was discovered when it was found that the U1A protein of U1 snRNP interacted with 

CPSF-160 [67]. The U1A protein binds to the Upstream Sequence Element (USE) found 

approximately 50 nucleotides upstream of the AAUAAA signal in the SV40 late pre-

mRNA and stimulates cleavage and polyadenylation of substrate mRNA in vitro.  This 

suggested a model in which the U1A protein bound to USE interacted with CPSF-160 

bound to the AAUAAA signal and helps stimulate polyadenylation of mRNAs containing 

USEs.  Stimulation of polyadenylation by splicing factors via interaction with USEs is 

also found in mammalian pre-mRNAs such as prothrombin [13] and C2 complement 

mRNAs [12]; the stimulatory splicing factors being U2AF65, U2AF35, PTB, and 

hnRNPI.   

 Interestingly, U1 snRNP can also negatively regulate polyadenylation efficiency.  

An example for this can be found in the autoregulation of U1A mRNA [172].  In this 

case, two molecules of the U1A protein bind to sequences upstream of the AAUAAA 
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signal and inhibit polyadenylation of its own pre-mRNA.  The inhibition is brought about 

by direct interaction of U1A with poly(A) polymerase.  Thus, the mutual interaction of 

the splicing and polyadenylation proteins couple splicing and polyadenylation and help 

define the last exon of the mRNA.  The coupling of splicing and polyadenylation also has 

an important role in regulated use of alternative 3′ terminal exons [173]. 

Role of polyadenylation in translation initiation 

A role for translation of mRNA was one of the earliest functions ascribed to the poly(A) 

tail.  Research in the early 1980s and 1990s showed that the poly(A) tail stimulated 

translation initiation of mRNA [174].  Microinjection experiments in Xenopus oocytes 

showed that poly(A)+ RNA was much efficient than poly(A)- RNA in stimulating mRNA 

translation [175].  In these experiments, a greater percentage of poly(A)+ RNA was 

incorporated into large polysomes than was poly(A)- RNA, thus explaining the 

stimulation of translation by the former.  Subsequent studies showed that a synergistic 

effect of the 5′ cap structure and the 3′ poly(A) tail stimulated translation initiation [176].  

 Poly(A) binding protein (Pab1p in yeast) is the protein that integrates the function 

of the 5′ cap and 3′ poly(A) tail in translation initiation [177].  The cap structure is bound 

by the eukaryotic initiation factor 4F (eIF4F) complex consisting of eIF4E, eIF4G, and 

eIF4A.  The Pab1p protein binds simultaneously to the pol(A) tail and to the eIF4G, thus 

leading to formation of a closed loop conformation of mRNA in the cytosol [177].  The 

formation of such a closed loop conformation leads to stimulation of binding of the 40S 

subunit of ribosome to the initiation codon in the mRNA, thus enhancing translation 

initiation [178].  In humans, PABP does not bind to eIF4G but rather binds eIF4A via 
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PABP-interacting protein (PAIP-1) [179].  These interactions lead to mRNA 

circularization and translation initiation.  

Role of poly(A) tail in mRNA stability 

The regulation of mRNA turnover is one of the most important ways to control protein 

output of a particular gene.  Translation initiation and mRNA decay are two important 

processes that regulate mRNA levels in a cell; the poly(A) tail and the 5′ cap are 

important for both of these processes.  The proteins bound to the terminal ends of the 

mRNA serve as a shield to protect the mRNA from decay by exonucleases.  There are 

two main pathways of mRNA decay in S. cerevisiae; both employ the poly(A) tail as the 

rate limiting and critical first step [180].  In the first (and major) pathway called 

deadenylation-dependent decapping pathway, the poly(A) tail is exonucleolytically 

shortened to about 10 nucleotides by the enzyme poly(A) nuclease [181].  This is 

followed by hydrolysis of the 5′ cap by the Dcp1 decapping enzyme which in turn leads 

to hydrolysis of the mRNA in the 5′-3′ direction by Xrn1 nuclease [180].  The second 

pathway involves all of the above steps except that the mRNA is hydrolyzed in the 3′-5′ 

direction by the CCR4-NOT complex [180].  

  The initial trimming of the poly(A) tail by PAN requires its interaction with the 

poly(A) binding protein (Pab1p in yeast, and PABC in human) [144].  PABC not only 

protects the poly(A) tail from attack by PAN but also prevents decapping of mRNA.  

Protection from decapping by PABC is due to its interaction with eIF4G subunit of eIF4F 

forming a closed loop conformation.  PABC also inhibits the action of another 

deadenylation enzyme called poly(A) ribonuclease (PARN).  PARN is proposed to be the 

default deadenylating enzyme that functions in translation regulation [144].  PARN binds 
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directly to the 5′ cap of mRNAs but only in the presence of a poly(A) tail.  PARN is 

proposed to function by invading the closed conformation of mRNA in the cytosol and 

digest the mRNA in a 5′-3′ direction [180].  Shortening of the poly(A) tail in turn leads to 

decapping of the 5′ end by the Dcp1/2 proteins.  Thus, the poly(A) tail in conjunction 

with the cap structure serves as an important structural element that dictates mRNA 

stability which in turn determines mRNA half life. 

Overview of Splicing 

Eukaryotic mRNAs transcribed by RNA polymerase II undergo a series of processing 

steps before they can be translated in the cytosol namely 5′ capping, splicing, and 

polyadenylation.  Splicing is the process of removal of non-coding sequences in the pre-

mRNA followed by ligation of the protein-coding exonic sequences.  Splicing is not only 

a constitutive and essential step in gene expression but also a highly regulated process 

and is a major contributor to proteomic diversity.  Nuclear pre-mRNA splicing is 

catalyzed by a supra-molecular RNA-protein complex called the spliceosome [182].  

Affinity purification and mass spectrometry analyses have indicated that more than 200 

proteins make up the spliceosomal complex and a majority of them are conserved 

between yeast and human [182].  Two major types of spliceosomes exist in eukaryotic 

cells: the major U2-dependent spliceosome that catalyzes removal of U2-type introns and 

the minor U12-dependent spliceosome that excises the rare U12-type of introns [131].  In 

this chapter, splicing of the major U2-dependent introns will be discussed (Figure 1.2). 
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Pre-mRNA sequences in splicing 

Splicing requires 4 major pre-mRNA sequences, each of which is recognized by a 

particular small nuclear ribonucleoprotein (snRNP) complex: the 5′ and 3′ splice sites, 

branchpoint sequence (BPS) containing the catalytic adenosine residue and the 

polypyrimidine tract sequence present in between the BPS, and the 3′ splice site [183].  

The consensus sequences for the 5′ splice site, 3′ splice site, and the BPS are GURAGU, 

YAG, and CURACU respectively.  Splicing occurs by two trans-esterification reactions.  

In the first reaction, the 2′ OH of the branchpoint adenosine carries out a nucleophilic 

attack on the phosphodiester bond at the 5′ splice site resulting in cleavage of the pre-

mRNA and ligation of the 5′ end of the intron to the branchpoint adenosine.  In the 

second trans-esterification reaction, the 3′ splice site is attacked by the 3′ OH of the 5′ 

exon leading to ligation of the 5′ and 3′ exons, and excision of the intron in the form of a 

lariat intermediate [182].  The above reaction mechanism of pre-mRNA splicing is very 

similar to that of the RNA-catalyzed self splicing of Group II introns suggesting that both 

types of splicing might be evolutionarily related [184].  In addition to the above sequence 

elements, pre-mRNAs also contain splicing regulatory signals termed exonic and intronic 

splicing enhancers and silencers [185].  Recognition of these cis-acting sequences by 

trans-acting factors leads to tissue-specific alternative splicing.  These regulatory proteins 

typically act by stimulating or repressing the assembly of spliceosomal complexes at 

adjacent splice sites leading to exon inclusion or skipping.  

Protein factors required for pre-mRNA splicing 

Recognition of pre-mRNA sequence elements in the intron described before and ligation 

of exons are catalyzed by a mega-dalton RNA-protein complex termed the spliceosome.  
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The major U2-dependent spliceosome is assembled from the U1, U2, U5, and U4-U6 

snRNPs and numerous non-snRNP proteins [186].  The snRNP-associated proteins 

include a group of seven polypeptides collectively called Sm proteins that are common to 

all of the snRNPs.  The non-snRNP proteins are unique to each of the U1, U2, U5, and 

U4-U6 snRNPs.  In addition to these proteins, spliceosomes may also contain additional 

proteins such as SR and hnRNP proteins that maybe substrate-specific and bind splicing 

enhancers and silencers [187].  Each of the U1, U2, U5, and U4-U6 snRNPs contain 

RNA components termed snRNA [188].  The snRNAs base pair with cognate pre-mRNA 

sequences in the intron and also contain binding sites for the protein component of the 

snRNPs.  Thus, the snRNAs have a central role in catalysis of pre-mRNA splicing.  In 

fact, in vitro experiments have indicated that the U2 and U6 snRNAs can catalyze the 

first trans-esterification reaction with no help from protein components suggesting that at 

least some steps of the pre-mRNA splicing pathway are ribozyme-mediated [189]. 

Pathway of pre-mRNA splicing 

Pre-mRNA splicing proceeds in a step-wise fashion and contains several intermediary 

protein complexes (E, A, B, B*, and C) [131].  In the first step, the U1 snRNP recognizes 

the 5′ splice site via U1 snRNA base pairing with pre-mRNA.  This interaction is 

stabilized by the U1-70K and U1-C proteins, as well as members of the SR protein family 

[190].  These events lead to formation of the E complex.  Next, the branchpoint sequence 

is recognized by SF1/mBBP that requires simultaneous binding of U2AF65 to the 

polypyrimidine tract in the intron [190].  U2AF65 not only binds to the polypyrimidine 

tract but also contacts the BPS via its RS domain.  During this time, U2AF35 binds to the 

AG dinucleotide of the 3′ splice site in the intron. Subsequently, in an ATP-dependent 
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reaction, the U2 snRNP recognizes the branch point sequence displacing SF1/mBBP to 

form the A complex (or pre-spliceosomal complex).  The U2 snRNP recognizes the 

branch point sequence (BPS) via U2 snRNA base pairing which is stabilized by the 

heteromeric splicing factors, SF3a and SF3b.  The U5/U4-U6 tri snRNP complex then 

binds to this complex to form the B complex.  Major rearrangements in RNA-RNA and 

RNA-protein interactions, leading to the destabilization and exit of the U1 and U4 

snRNPs, give rise to the catalytically activated spliceosome (i.e., the B* complex).  The 

latter is converted to into the C complex, in which the first of the two trans-esterification 

reaction takes place.  After the first trans-esterification step, the spliceosome undergoes 

additional conformational changes which properly align the 3′ hydroxyl of the 5′ exon to 

attack the 3′ splice site.  Upon ligation of the exons, the spliceosome disassembles to 

carry out additional rounds of splicing.  The structural rearrangements in the 

spliceosome’s RNA-RNA and RNA-protein networks are catalyzed by the DEXH/D-box 

family of RNA helicases/RNPases and several other protein factors [191].  The 

rearrangements in the spliceosomes catalyzed by these proteins are essential for correct 

and efficient pre-mRNA splicing. 

Overview of alternative splicing 

Alternate forms of gene expression are mechanisms that generate multiple forms of 

mRNA or protein from a common precursor pre mRNA molecule. Alternative RNA 

processing has a critical role in generating this gene product diversity in a cell.  It is now 

widely accepted that alternative splicing and polyadenylation are the most important 

forms of alternative RNA processing pathways responsible for proteomic 

expansion[192]. 
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 In this section, I will discuss some important aspects of alternative splicing and 

alternative polyadenylation with emphasis on the nervous system.  I will also provide a 

summary of the regulation of alternative polyadenylation in the nervous system and its 

functional consequences with respect to the physiology of neurons.   

Alternative splicing  

Alternative splicing is a mechanism of differential joining of the protein coding 

sequences of mRNA (exons) leading to generation of protein isoforms with different 

structure or biochemical activity [187].   Approximately 75% of all human mRNAs are 

proposed to undergo alternative splicing indicating the importance of this process in 

regulated gene expression [193].  There are many ways in which a pre mRNA can be 

subjected to alterative splicing [187]: a) an exon that is differentially included, either in a 

developmental stage-specific or tissue-specific manner is called cassette exon, b) in an 

multi exon scenario only one exon is included at a time; such an exon is called a mutually 

excluded exon, c) exons that are lengthened or shortened by use of alternative 5′ or 3′ 

splice sites, or d) coupling of alternative splicing to alternative promoters or alternative 

polyadenylation sites. The different patterns of alternative splicing are shown in Figure 

1.3.  Pre mRNAs can undergo alternative splicing using either one or combination of the 

above pathways to diversify protein output from a single gene.  Alternative splicing not 

only impacts cellular processes, but is also important from a disease perspective [185].  

There are a number of human diseases caused due to misregulation of splicing pathways 

many of which are neurological [194].   
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Alternative splicing in the nervous system 

Alternative splicing is ubiquitous with regard to tissue distribution.  However, the 

greatest impact of alternative splicing is realized in the nervous system.  A number of 

bioinformatic studies using ESTs and microarray analyses have shown that the nervous 

system has the highest degree of alternative splicing when compared to other tissues 

[195, 196].  The nervous system has more cell types than any other organ system and 

expresses a diverse array of proteins that help define the complexity of the nervous 

system.  It is estimated that there might be as many as 10,000 types of neurons in the 

human brain with added diversity in individual cells within a neuronal subtype [197]. The 

extraordinarily high diversity of gene product expression in the nervous system demands 

that alternative forms of gene expression be utilized.  The nervous system uses alternative 

splicing in regulating gene expression profiles of a diverse group of genes including those 

encoding for neurotransmitter receptors, ion channels, synaptic surface receptors, axonal 

guidance receptors and other genes [198].   

Pre-mRNA sequences and proteins in alternative splicing 

Alternative splicing involves exon inclusion or skipping which is promoted by regulated 

use of pre-mRNA sequences via recognition by non-snRNPs splicing factors [187].  Pre-

mRNA sequences that promote inclusion of exons can be found either in exons or 

introns.  Sequences that are present in exons are called exonic splicing enhancers (ESE) 

while those in introns are called intronic splicing enhancers (ISE).  Pre-mRNAs also 

contain splicing repressing signals, called silencers, which block inclusion of exons; such 

sequences can be either intronic splicing silencers (ISS) or exonic splicing silencers 

(ESS).  The enhancers and silencers are each bound by discrete group of splicing 
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regulators and some mRNAs use a combination of these factors to bring about tissues- 

specific alternative splicing [187].   

Exonic Splicing Enhancers and SR proteins 

ESEs are short purine-rich sequences embedded in exons that stimulate inclusion of that 

exon in the final mRNA molecule.  The ESEs are recognized by the SR group of splicing 

factors that function in both constitutive and alternative splicing [199].  Some of the most 

well studied proteins of this family include Alternative Splicing Factor (ASF)/Splicing 

Factor 2 (SF2), SRp20, SRp55, SC35 and others [199].  There are also numerous SR-

related proteins like U2AF, U170K, and SRm160/300 that function in constitutive 

splicing [131].  Experiments suggest that SR protein bound to ESE stimulate binding of 

U2AF65 to the intronic poly pyrimidine tract via an interaction with U2AF35 [187]. SR 

proteins also stimulate binding of the U1 snRNP to the 5′ splice site via interaction with 

U170K [187]. Thus, by directing the spliceosome to bind the weak upstream 3′ splice site 

and downstream 5′ splice site flanking and alternate exon, SR proteins stimulate exon 

inclusion. The alternative splicing activity of SR proteins can be regulated by 

phosphorylation, by SR protein kinases (SRPK).  Phosphorylation of SR proteins affects 

the protein-RNA and protein-protein interaction properties of these proteins [200]. 

Intronic Splicing Enhancers 

Enhancer sequence elements in introns have not been characterized as extensively as 

ESEs.  An ISE element with the consensus sequence UGCAUG has been identified in 

alternative splicing of neuronal and muscle-specific exons [187]. The alternative splicing 

of the N1 exon in c-Src mRNA is a good example of ISE regulation.  The N1 exon is a 
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neuron-specific exon and is found throughout the brain.  An ISE element called 

downstream control sequence (DCS) is present downstream of the N1 exon that promotes 

inclusion of the N1 exon in neuronal cells [194].  The DCS is bound by a large group of 

proteins comprising of hnRNPs F and H, nPTB and the KH type splicing regulator 

protein (KSRP) [194].  Interestingly, hnRNPs F and H also participate in alternative 

polyadenylation [201].  The brain specific neuronal poly pyrimidine tract binding protein 

(nPTB) splicing factor promotes assembly of mRNP complexes on the DCS leading to 

inclusion of the N1 exon in neuronal cells [194].  In non- neuronal cells nPTB is replaced 

by PTB that blocks complex formation on the intron enhancer and causes the N1 exon to 

be looped out and excluded.  The ISEs are also recognized by other splicing factors such 

as TIA-1 and the CELF group of proteins that function in muscle-specific alternative 

splicing [187].   

Exonic Splicing Silencers (ESS) 

Sequence elements present in exons can suppress exon inclusion and can be found 

adjacent to ESEs. The best characterized protein that recognizes ESSs is hnRNPA1 

which typically acts by competing with SR proteins for binding to exons [187].  Other 

proteins such as hnRNP F and H also act as ESS biding proteins [187].   

Intronic Splicing Silencers (ISS) 

The ISS elements are well characterized and mostly consist of poly-pyrimidine 

sequences. These sequences normally occur upstream of the regulated exon and binds the 

PTB protein (hnRNP1).  PTB has been shown to compete with U2AF65 for binding to 

the poly-pyrimidine tract of 3′ splice sites and hence block use of the 3′ splice sites [187].  
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This leads to skipping of the regulated exon in a tissue-specific manner.  Interestingly, 

PTB has a brain specific isoform called neuronal PTB (nPTB) that relieves exon 

repression by PTB thus promoting exon inclusion in neuronal cells [198].  The neuronal 

nPTB protein replaces PTB as neurons differentiate and this induction in nPTB promotes 

splicing of many neuron-specific exons that are important for neuronal function [202].  

The nPTB protein interacts with another neuron-specific splicing factor called Nova-1 to 

regulate inclusion of neuron-specific exons [198].  Interestingly, PTB and Nova-1 are 

also implicated in alternative polyadenylation in the nervous system (discussed below).  

It is important to note that tissue-specific alternative splicing is not dictated by any one 

splicing factor but rather depends upon a balance between positive and negative 

regulatory elements and the cellular level of proteins that bind these elements.   

Alternative splicing of 3′ end processing factors 

In the nervous system, alternative splicing is responsible for generating protein isoforms 

that participate in a wide array of cellular functions.  Surprisingly, there is very little 

known about alternative spliced forms of 3′ end processing factors.  The only known 

brain-specific splice variants are those involving the mRNA encoding poly(A) 

polymerase [141].  The gene encoding PAP consists of 23 exons.  The major forms of 

PAP, PAP I and PAP II are identical except for minor differences in their splicing 

patterns [141].  PAP II mRNA contains exons 1-22, while in PAP I mRNA, exon 19 is 

spliced to exon 21 which in turn is spliced to exon 23 (thus skipping exon 22).  PAP IV is 

a brain-predominant mRNA that is identical to PAP II except that exon 20 is excluded 

from the final mRNA [141].  Brain also contains a truncated form of PAP II that is 

generated as a result of competition between splicing and polyadenylation and stops at 
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exon 12.  PAPV and VI mRNAs are truncated forms of PAPII mRNA that stop at exon 

10 and 9 respectively [141].  None of the truncated spliced forms of PAP mRNA are 

translated to make protein and none of these forms are active in  in vitro polyadenylation 

assays.  It is hypothesized that PAP generates truncated isoforms in order to auto-regulate 

the expression of its own mRNA [141].  This hypothesis remains to be tested.   

 Another example of a variant form of a 3′ end processing factor is the one 

encoding CstF-77. In Drosophila, human and mouse, a truncated form of the CstF-77 

mRNA is generated as result of competition between splicing and polyadenylation [110].  

In this case an alternative polyadenylation signal in intron 3 is used to generate a 

truncated CstF-77 mRNA that would code for a putative protein lacking many of the 

protein-protein interaction domains of CstF-77.  As in the case of PAP there is no 

evidence that the truncated form of CstF-77 mRNA is translated to make protein. 

 We discovered an evolutionarily conserved family of splice variants of the CstF-

64 mRNA that are found predominantly in the nervous system (Chapter 2 and 

Shankarling et al., submitted).  Our discovery is the first example of a variant form of a 3′ 

end processing factor that is translated to make protein.  We hypothesize that this variant 

protein contributes to proteomic diversity in the nervous system by carrying out 

alternative polyadenylation of neuronal mRNAs.  In the following section, I will review 

neuronal mRNAs that are known to contain alternative polyadenylation signals and will 

discuss some of the functional consequences of generating mRNAs with differing 3′ 

ends.   
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Alternative Polyadenylation in the nervous system 

Like alternative splicing, alternative polyadenylation is a mechanism that increases 

proteomic diversity in an organism. Alternative polyadenylation involves use of 

alternative polyadenylation signals leading to mRNAs with distinct 3′ ends or different 

protein coding sequences.  A number of bioinformatics studies have revealed that there is 

a high degree of alternative polyadenylation in human and rodent genes [22, 203].  While 

initial computational analyses estimated that about a third of human genes have 

alternative polyadenylation signals [204], more recent EST clustering studies have 

suggested that this number could be as high as 54% [22].  Furthermore, recent data have 

begun to shed light on mechanisms by which use of alternative polyadenylation signals 

can influence mRNA localization, stability and protein function.  Therefore, the 

previously underrated phenomenon of alternative polyadenylation is now beginning to 

gain rapid ground as an important mechanism of alternative RNA processing that could 

influence protein output from a limited set of genes in the genome.   

Patterns of alternative polyadenylation  

There are different ways in which alternative polyadenylation signals in a given mRNA 

can be used (Figure 1.4).  These patterns are determined by the location of the poly(A) 

site which can be either in the 3′ UTR, intron or internal exons.  According to the 

classification by Tian et al. [22], Type I genes have a single poly(A) site in their 3′ UTR.  

Type II genes have multiple (2 or more) tandem sites in their 3′ UTR.  Use of alternative 

poly(A) sites in this class of genes results in generation of mRNA species with differing 

3′ UTR with no change in the protein coding sequences.  Type II genes have alternative 

poly(A) sites in introns or internal exons.  Use of such internal poly(A) sites results in 
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generation of protein isoforms with different protein coding sequences.  Neuronal 

mRNAs containing alternative polyadenylation sites that correspond to both type II and 

III classes are expressed and an example of both type II and III mRNA will be discussed. 

Factors dictating alternative polyadenylation  

There are three factors that could influence whether a given mRNA can undergo 

alternative polyadenylation: 1) cis-acting sequences in the pre-mRNA, 2) differential 

cellular levels of proteins essential for polyadenylation, and 3) presence of tissue-specific 

polyadenylation factors.  The decision to select an alternative polyadenylation site could 

be a combinatorial control of these above factors. 

1) Cis-acting sequences 

As described earlier, there are 3 sequence elements on the pre-mRNA that influence 

polyadenylation efficiency: the AAUAAA signal/ (also called poly(A) signal or PAS) 

present upstream of the cleavage site, the downstream U/GU-rich sequence elements, and 

the cleavage site sequence.  Pre-mRNAs that contain variants of the AAUAAA signal are 

also proposed to be sites of alternative polyadenylation site usage [203].  Such non-

AAUAAA-containing mRNAs are frequently found in testis where they are proposed to 

participate in tissue-specific alternative polyadenylation [205].  While non-AAUAAA 

signals could be associated with male germ cell-specific alternative polyadenylation, the 

downstream U/GU-rich sequence could determine brain-specific alternative 

polyadenylation.  This observation comes from a recent large scale bioinformatics 

analysis of ESTs [203].  This study showed that brain mRNAs had significant differences 

in the representation of the downstream U/GU-rich sequences when compared to other 

tissues.  The downstream sequence element in brain mRNAs was found to be enriched in 
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GU dinucleotides suggesting that brain-specific alternative polyadenylation could result 

from use of these alternative polyadenylation sites.  This study also indicated that brain 

mRNAs having tandem poly(A) sites tend to use the 3′ most or promoter distal poly(A) 

sites thus giving rise to mRNA with long 3′ UTRs.  

2) Differential levels of basal polyadenylation factors 

Alternative polyadenylation of the immunoglobulin M heavy chain mRNA (μ) is a classic 

example of the concentration of basal polyadenylation factors controlling alternative 

polyadenylation.  The µ pre-mRNA has two poly(A) sites: use of the strong µm poly(A) 

site in B cells leads to the formation of the µm mRNA encoding the membrane-bound 

form of IgM, whereas use of the weak µs poly(A) site in differentiated plasma cells leads 

to the formation of the µs mRNA that encodes the secreted form of IgM [7].  Cells 

stimulated with LPS made predominantly μs mRNA.  Early work suggested that the 

amount of CstF-64 increased in mouse B cells after treatment with lipopolysaccharide 

(LPS) [206]. Overexpression (more than 10-fold) of CstF-64 in primary B cells was 

sufficient to switch heavy chain expression from the membrane-bound (µm) to the 

secreted form (µs).  Conversely, decreasing the level of endogenous CstF-64 promoted 

production of the μs mRNA [207].  These results suggested that the changes in levels of 

CstF-64 could influence alternative poly(A) site selection in the μ mRNA.  However, 

other data have suggested that proteins other than CstF-64 could control alternative 

poly(A) site selection in the μ mRNA and that these factors that could act in conjunction 

with CstF-64 to regulate µ pre-mRNA processing [201].  Thus, it would be logical that it 

is not the differential levels of a single factor but rather a combinatorial control of various 

proteins and pathways that controls alternative polyadenylation in this system.  
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3) Tissue-specific alternative polyadenylation factors 

Tissue-specific alternative polyadenylation factors are proposed to bind to non-canonical 

AAUAAA or other sequences in order to promote tissue-specific use of poly (A) site-

containing mRNAs.  The first example of a tissue-specific polyadenylation factor was the 

male germ-specific τCstF-64 protein that was proposed to carry out polyadenylation of 

non-AAUAAA-containing mRNAs [208].  In addition, a role for CF Im has been 

proposed in alternative polyadenylation in testis[209].  A similar example of a nervous 

system-specific polyadenylation factor comes from our discovery of a splice variant of 

CstF64 (Chapter 2 and Shankarling et al., submitted).  Tissue specific polyadenylation 

factors could act alone or in conjunction with other members of the polyadenylation 

machinery to bring out alternation polyadenylation.  The mechanisms by which tissue 

specific factors carry out alternative polyadenylation remain to be elucidated.   

Examples of alternative polyadenylation in the nervous system 

Survey of the literature revealed that there were a number of mRNAs that underwent 

nervous system-specific alternative polyadenylation. In this section, I have classified such 

mRNAs into two major types based on their expression pattern.  Type A mRNAs are 

expressed only in the nervous system and their mRNAs have tandem poly(A) sites in 

their 3′ UTR or contain internal (intronic or exonic)  poly(A) sites.  Type B mRNAs are 

those that have a nervous system-specific polyadenylation site.  In other words, these 

mRNAs have one poly(A) site that is used in non-neural and neural tissues while the 

other poly(A) site is used only in neural tissues.  Table 1 contains a compilation of neural 

mRNAs that undergo alternative polyadenylation separated into Type A and Type B 

mRNAs.  All mRNAs listed in this table have been shown to undergo alternative 
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polyadenylation using northern blot and/or 3′ RACE analyses.  This compilation suggests 

that mRNAs encoding a diverse set of proteins including ion channels, cell adhesion 

molecules, synaptic proteins, neurotransmitters, and signal transduction molecules 

undergo alternative polyadenylation.  A few common themes emerge form this analysis: 

1) many mRNAs including β-adducin, Huntingtin, NCAM, glutamate EAAT2, SCN8A, 

and others express long 3′ UTRs.  This is in agreement with bioinformatic analysis of 

brain mRNAs which indicated that brain tends to express long 3′ UTRs [203] ; 2) 

approximately a third of the mRNAs contained non-AAUAAA polyadenylation signal 

(PAS).  Poly(A) sites that contain non-AAUAAA PAS have been hypothesized to be sites 

of alternative polyadenylation and it is possible that these sites bind tissue-specific 

polyadenylation factors as has been proposed with the male germ cell-specific τCstF-64 

[205, 208].  Finally, even though the downstream U/GU-rich sequences were not 

examined in this study, it is known that brain mRNAs are enriched in GU-rich sequences 

when compared to other organs [203].  It is possible that such variant sequences are 

recognized by variant forms of polyadenylation factors to bring out nervous system-

specific polyadenylation of these mRNAs. 

Functional consequences of alternative polyadenylation site usage in the nervous 

system 

Like alternative pre-mRNA splicing [198], alternative polyadenylation has the potential 

to increase proteomic diversity in the nervous system.  There are two ways by which 

alternative poly(A) site recognition could result in diversity of protein expression and 

function.  First, recognition of internal intronic or exonic poly(A) sites could result in 

generation of distinct protein coding sequences from a common pre-mRNA.  Second, 
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recognition of alternative poly(A) sites in the 3′ UTR could result in changes the length 

of the 3′ UTR that could influence different aspects of mRNA metabolism.  In recent 

years a number of studies have shown that the 3′ UTR contains sequence elements that 

are important for mRNA stability, translational repression and mRNA localization [210].  

Alternative polyadenylation can result in inclusion or exclusion of the elements 

responsible for mRNA stability [211], translational repression [212] or mRNA 

localization [213] thus influencing the function of the protein encoded by these mRNA in 

a spatial or cell type specific manner.  Alternative polyadenylation can also generate 

protein isoforms when polyadenylation sites in internal exons or introns are used [214].  

Below, I will discuss some examples of nervous system-specific alternative 

polyadenylation events which affect protein function either by changing protein-coding 

regions of the mRNA or by influencing mRNA metabolism 

Alternative polyadenylation leading to generation of protein isoforms 

A well studied example of alternative polyadenylation coupled to alternative splicing is 

the mRNA encoding calcitonin or calcitonin gene-related peptide (CT/GCRP) [214]. 

Calcitonin is a peptide hormone and inhibits osteoclast-mediated bone resorption [215]. 

CGRP is a neurotransmitter and a potent vasodilator [215].  The competition between 

splicing and polyadenylation in this mRNA results in expression of two proteins with 

distinct biological functions [215].  The gene encoding CT/CGRP has 6 exons (Figure 

1.4).  In thyroid C cells, the first 4 exons, exon 1-4 are spliced together and 

polyadenylation site in intron 4 is used to generate the mRNA encoding calcitonin.  In 

neuronal and glial cells, exon 3 is spliced to exon 5 and 6 (thus skipping 4) and a 

polyadenylation site after exon 6 is used. The alternative RNA processing pathway of 
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CT/CGRP mRNA thus involves a combinatorial control of alternative polyadenylation 

and alternative splicing in order to generate two proteins having distinct functions.  The 

intron between exon 4 and 5 contains some regulatory elements that promote exon 4 

inclusion in most cell types.  A 127-nucleotide region downstream of exon 4, called the  

intron enhancer, plays a critical role in promoting polyadenylation at this site leading to 

the inclusion of exon 4 [214].  The intron enhancer is unique in terms of its sequence 

content.  The enhancer has an AAUAAA sequence element followed by sub-optimal 

poorly defined U-rich sequence.  The sub-optimal polyadenylation signal is followed by 

an unusual arrangement of splice sites; a 3′ splice site followed by a conserved 5′ splice 

site.  The 3′ splice site sequence included an AG dinucleotide preceded by a 

polypyrimidine sequence.  The 5′ splice site and the polypyrimidine sequences were 

important for inclusion of exon 4 in non-neuronal cells since mutation of these sequences 

inhibited cleavage/polyadenylation after exon 4 in in vitro assays [216].  The intron 

enhancer binds a complex set of splicing proteins that help stimulate use of the upstream 

sub-optimal polyadenylation signal and subsequent exon 4 inclusion.  These splicing 

proteins include U1snRNP, SR proteins (ASF/SF2 and SR p20), PTB and TIAR proteins 

[217, 218].  The mechanism by which exon 4 is skipped in neuronal cells is not clear 

though a role for the neuron-specific Fox 1 and 2 proteins has been proposed in CGRP 

processing pathway [219].  

Alternative polyadenylation leading to differential mRNA localization 

It has been long hypothesized that alternative poly(A) site selection allows for selection 

of mRNA elements influencing cellular compartmentalization and localization [173].  A 

number of mRNAs are localized to dendrites in neuronal cells where they participate in 
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local protein synthesis.  Local protein synthesis in the dendrites is proposed to be a 

critical part in the process of synaptic plasticity, the phenomenon of creating or 

modification of synapses.  The mRNA encoding Brain Derived Neurotrophic Factor 

(BDNF) has at least 14 different mRNA isoforms generated by use of alternative 

promoters and alternative poly(A) sites [220].  The BDNF mRNA has two poly(A) sites 

in the 3′ most exon (Figure 1.4); use of the promoter proximal site generates a short 3′ 

UTR while use of the distal poly(A) generates a message with longer 3′ UTR [220].  It 

was recently demonstrated the BDNF mRNAs with the long 3′ UTR was selectively 

targeted to the dendrites of hippocampal neuronal cells while mRNAs with the short 3′ 

UTR were restricted to cell body and soma of these neurons [213].  Thus, the two BDNF 

mRNAs encode the same protein but are targeted to different compartments of the neuron 

by virtue of having two distinct 3′ UTRs.  The authors generated a BDNF knockout 

mouse that was defective in producing the long BDNF mRNA.  In such mutant mice, 

dendritic localization of BDNF mRNA and protein was impaired resulting in defective 

dendritic growth, pruning, and morphology [213].  These mice were also defective in 

long-term potentiation (LTP) in the hippocampal CA1 synapses.  The authors proposed 

that targeting of BDNF mRNA with short 3′ UTR helps carry out its role in neuronal 

survival and maintenance while targeting of the long 3′ UTR-containing mRNA to 

dendrites helps regulate synaptic structure and function [213].  Thus, the above example 

is an elegant illustration of how regulated poly(A) site usage in the nervous system results 

in spatial changes in protein function by targeting a given mRNA to different 

compartments of a neuron.   
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Alternative polyadenylation leading to differential mRNA stability and 

translation 

The 3′ UTR of many mRNAs contains sequence elements that determine the stability 

and/or translation efficiency which in turn controls the amount of protein produced from 

the given mRNA [180].  The most prevalent mRNA sequence element in the 3′ UTR that 

dictates mRNA stability is the AU-rich element (ARE).  AREs can positively or 

negatively influence mRNA stabilization or translation efficiency [180].  AREs bind a 

variety of proteins including hnRNP D, TIA-1/TIAR, HuR/HuA, and the neuronal HuD, 

B, and C proteins [221].  The factors that bind the AREs act primarily by modulating the 

interaction between the poly(A) tail and the associated PABP protein and induce rapid 

deadenylation of mRNAs.  In some cases, these proteins also protect mRNAs from 

deadenylation. 

 There are a few examples of use of alternative poly(A) sites to regulate mRNA 

stability and translation in the nervous system.  The mRNA encoding β amyloid 

precursor protein (βA4) has two poly(A) sites in its 3′ UTR [222].  The βA4 mRNA 

containing the longer 3′ UTR was more efficient in translation in in vitro and in vivo 

assays.  Though the functional consequence of alternative poly(A) site use in the βA4 

mRNA is not known, it is hypothesized that the longer more translationally efficient 3′ 

UTR may have a role in etiology of Alzheimer’s disease [222].  A similar scenario is 

encountered with the mRNA encoding the mouse kappa opioid receptor (KOR) [211].  

The opioid receptor binds opiates and endogenous opioid peptides and is present 

throughout the brain and spinal cord in the nervous system.  The mRNA encoding KOR 

has two polyadenylation sites resulting in two mRNA species of 1.6 and 3.8 kB.  The 



 

 

 

68  

longer mRNA isoform was more stable and more active in luciferase assays than the 

shorter mRNA.  This suggested that the 3′ UTR of the larger KOR mRNA contained 

sequence elements that made it more stable and translationally efficient than the shorter 

mRNA.  The longer 3′ UTR was also responsive to retinoic acid (RA); treatment with RA 

suppressed use of the second poly(A) site.  It is proposed that the purpose of generating 

two mRNA species encoding the KOR receptor might be to differentially regulate KOR 

expression in response to different signaling molecules (such as RA) and at different 

physiological states in the nervous system.  While the ARE elements regulate stability of 

some mRNAs, others are regulated by microRNA (miRNA) binding to 3′ UTRs.  

miRNAs are small regulatory RNAs (21-23 nucleotides) that bind to target sites in the 3′ 

UTR of mRNAs and mediate translation repression in most cases or activation in other 

cases [223].  It was recently discovered that there were two mRNA species encoding β-

actin in neuronal cells [212].  Alternative poly(A) site selection generating the longer 

mRNA species was more translationally active when compared to the shorter form.  The 

3′ UTR in the longer mRNA isoform contained binding sites for miRNAs that were found 

to stabilize and upregulate translation from the longer 3′ UTR.  Actin is localized to 

synapses in neurons and is critical component of activity-dependent synaptic plasticity 

[224].  It is possible that the more stable long 3′ UTR of β-actin mRNA plays a role in 

regulating synaptic plasticity in neurons.  This hypothesis needs to be tested in future 

experiments. 

Splicing factors as alternative polyadenylation factors 

As discussed in previous sections, there is a great deal of coupling between splicing and 

polyadenylation machineries.  Polyadenylation factors such as PAP, CF Im68, CF Im25, 
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and CPSF-160 interact with members of the splicing apparatus [129, 130, 171, 172].  

Splicing factors that interact with the above polyadenylation factors not only help define 

the last exon but also influence regulated use of exons in a tissue-specific manner.  There 

is growing evidence that some splicing factors may actually help carry out alternative 

polyadenylation in a tissue-specific manner.  Much of the information about splicing 

factors acting as modulator of polyadenylation comes from studies of the CT/CGRP RNA 

processing pathway.  As described above, calcitonin is produced in non-neuronal cells by 

use of the first 4 exons and the polyadenylation site in the intron between exon 4 and 5 

while CGRP is produced in the neuronal cells by splicing of exon 3 to exon 5 and 

polyadenylation at the end of exon 6.  An intron enhancer element present downstream of 

exon 4 has an important role in inclusion of exon 4 in non-neuronal cells [216].  UV-

cross linking studies have shown that a number of splicing factors assemble at the intron 

enhancer element.  The 5′ spice site in the intron enhancer was bound by U1 snRNP 

[218] and by ASF/SF2 [216], while the pyrimidine tract was bound by PTB.  A role for 

PTB in promoting polyadenylation at exon 4 came from experiments wherein pre-

incubation of PTB with oligonucleotides corresponding to the intron enhancer decreased 

polyadenylation of exon 4 in vivo [225].  Moreover, mutation of the polypyrimidine tract 

greatly reduced cleavage/polyadenylation at the exon 4 polyadenylation site.  PTB is also 

known to repress exon inclusion by preventing binding of U2AF65 to the 3′ splice site 

thereby blocking the formation of spliceosome complexes on pre-mRNA [226].  These 

data suggest a positive role for PTB in inclusion of exon 4 and it is proposed that 

interaction of PTB with the polypyrimidine tract in the intron enhancer promotes 
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assembly of the cleavage/polyadenylation complex at the upstream polyadenylation site 

[216]. 

 The intron enhancer also binds another protein, SRp20 that belongs to the SR 

group of splicing factors.  Experiments suggest that SRp20 promotes inclusion of exon 4 

via stimulation of polyadenylation at the exon polyadenylation site [218].  Data from 

these experiments suggest the model that SRp20 likely stimulates polyadenylation at 

exon 4 by interacting with RS-domain containing-proteins such as CF Im.  These 

interactions might indirectly stabilize binding of the CPSF and CstF complexes on the 

weak exon 4 polyadenylation and promote its inclusion.  A similar role for U1snRNP in 

stimulating polyadenylation at exon 4 has been proposed [218].  In this case, stimulation 

of polyadenylation by U1 snRNP might occur via positive interaction with CPSF-160.  

Thus, the CT/CGRP model mRNA presents a unique scenario where there is a positive 

role for 3 splicing factors PTB, SRp20 and U1snRNP in promoting polyadenylation and 

use of alternative terminal exon.   

While those splicing proteins can stimulate exon 4 inclusion in non-neural cells, a 

neuron-specific protein is proposed to promote exon 4 exclusion in neural cells and splice 

exon 3 to exon 5 and 6 giving rise to the CGRP mRNA.  The Hu family of proteins 

include neuronal RNA-binding proteins that bind to AU-rich sequences in the 3′ UTR of 

pre-mRNA and influence mRNA stability [221, 227].  Recently it was shown that Hu 

protein binds to U-rich sequences that are present upstream of the AAUAAA 

polyadenylation signal in SV40 late pre-mRNA and alternative 3′ terminal exon 4 [227].  

Binding of the proteins to U-rich sequences in the calcitonin exon 4 polyadenylation site 

prevented cleavage and polyadenylation of this mRNA in vitro.  Even though the 
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mechanism by which Hu proteins block polyadenylation is not clear, data suggest that Hu 

protein interacts with CstF-64 and prevent its binding to the exon 4 polyadenylation site 

[227].  It will be interesting to test whether Hu proteins interact with βCstF-64 to regulate 

alternative poly(A) site selection in the CT/CGRP pre-mRNA.  Thus, by blocking the 

binding of polyadenylation factor to the exon 4 polyadenylation site, the protein could 

promote skipping of exon 4 in neural cells. 

Nova splicing factor as an alternative polyadenylation factor 

A dual function for splicing factors in splicing and polyadenylation is an emerging theme. 

Recently it was discovered that a neuron-specific alternative splicing factor, Nova, could 

function in neuronal alternative polyadenylation [228].  The Nova family consists of 

Nova-1 and Nova-2 that were identified as autoimmune antigens in paraneoplastic 

disorders [198].  Nova-1 null mice die post-natally primarily due to neuronal cell death in 

the brain stem and spinal cord indicating their importance in neuronal cell survival [229].  

Nova-2 mutant mice, on the other hand, are defective in long term potentiating of 

inhibitory synaptic currents, suggesting that Nova-2 is important for synaptic plasticity 

[230].   Nova proteins bind to YCAY clusters in introns and stimulate neuron-specific 

exon inclusion or exclusion in a number of mRNAs that encode synaptic proteins and 

axonal guidance receptors [231].  The Darnell group has been using a technique called 

cross linking and immunoprecipitation (CLIP) to identify mRNA targets of Nova in 

mouse brain [232].  In this technique, mouse brains were irradiated with UV light to cross 

link to its target mRNAs followed by immunoprecipitation with anti-Nova antibody. The 

RNA fraction was then purified and subjected to high throughput sequencing.  The above 

technique, called HITS-CLIP, provided a genome-wide RNA-Nova interaction map.  
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Thus, in addition to being present at intronic and exonic sequences, Nova was found to be 

near polyadenylation sites in the 3′ UTR of a number of genes [228].  Microarray analysis 

comparing Nova wild type and knockout brain mRNAs showed that a number of mRNAs 

had changes in poly(A) site usage in their 3′ UTR suggesting that Nova could function in 

alternative polyadenylation site selection in the brain.  Quantitative RT-PCR and RNA 

protection analyses comparing wild type and knockout brain mRNAs showed that a 

majority of mRNAs examined contained long 3′ UTR.  This is an agreement with a 

bioinformatic analysis which suggested that brain mRNAs tend to make long 3′ UTRs 

[203].  The mechanism by which Nova carries out alternative polyadenylation is unclear 

though it is proposed that Nova binds to YCAY elements near the polyadenylation sites 

of target mRNA to either promote or block use of these polyadenylation sites [228].   

Purpose of Study 

As described in the above sections, the nervous system relies on alternative forms of gene 

expression to expand its proteomic content.  While the contribution of alternative splicing 

to proteomic diversity in the nervous system is well documented, the role of alternative 

polyadenylation is less clear.  A variant form of CstF-64 was previously discovered that 

was hypothesized to regulate alternative polyadenylation in male germ cells.  Based on 

the precedence of existence of tissue-specific isoforms of CstF-64, we hypothesized that 

the nervous system expressed a variant form of the CstF-64 polyadenylation protein in 

order to carry out alternative polyadenylation in those tissues.  Indeed, we discovered a 

spliced isoform of CstF-64 that is expressed predominantly in the nervous system.  

Chapter II records the discovery and characterization of this nervous system-predominant 

isoform of CstF-64, that we named βCstF-64.  Chapter III describes functional analyses 
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of βCstF-64 using the neuronal PC-12 cells line as a model system.  In this chapter, I 

show that βCstF-64 is a polyadenylation factor.  In Chapter V, the mechanism of 

polyadenylation functions of βCstF-64 in a non-neuronal cell line is described that 

suggest a PAS-independent mechanism of differential polyadenylation function of βCstF-

64.  The data described in this dissertation is the first demonstration of a nervous system-

predominant form of CstF-64 with potential implications in controlling alternative 

polyadenylation in the nervous system.   
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Figure 1.1:  Pre-mRNA sequences and proteins involved in polyadenylation. 

(Top) the three main sequence elements in the pre-mRNA, the AAUAAA signal, 

cleavage site sequence, and downstream U/GU-rich sequences are indicated. Some 

mRNAs contain upstream sequence elements (USE) that are present upstream of the 

AAUAAA signal. Some mRNAs also have auxiliary downstream sequences (G-rich) 

located downstream of U/GU-rich sequences (not shown).  (Bottom) the proteins 

involved in polyadenylation are illustrated.  The CPSF complex binds the AAUAAA 

signal via CPSF-160 while the CstF complex binds the U/GU-rich sequence via CstF-64.  

RNA pol II CTD which is also an essential polyadenylation factor is not shown. 
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Figure 1.2: Pre-mRNA sequences and proteins involved in splicing.   

The 5′ splice site sequence is bound by U1 snRNP, the branchpoint A is bound 

by SF1, the polypyrimidine tract sequence is bound by U2AF65, and the 3′ splice 

site (AG) is bound by U2AF35. Splicing proceeds via formation of distinct 

complexes (E, A, B, B*, and C).  For simplicity, only the A and B complexes are 

shown.  The products of the splicing reaction - ligated exons and intron lariat - 

are shown. 
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Figure 1.3: Different patterns of alternative splicing.   

The boxes denote exons while the curved lines denote introns.  A regulated exon 

that is differentially excluded or included is called cassette exon.  In a multi-

exon scenario, the exon that is included at any given time is called a mutually 

exclusion exon. Length of exons can be also altered by selection of alternative 5′ 

or 3′ splice sites (bottom two).  
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Figure 1.4:  Different patterns of alternative polyadenylation.   

Type I genes have a single poly(A) site in their 3′ UTR.  Type II genes have two 

tandem poly(A) sites in their 3′ UTR or terminal exon.  The arrows denotes 

poly(A) sites.  Type III genes have internal poly(A) sites as seen in the 

CT/CGRP mRNA.  Internal poly(A) sites may also be present in internal exons 

(not shown in the figure).  The arrows denotes poly(A) sites. 
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Tables 

 Table 1.1: Type A genes: mRNAs that are expressed only in the nervous system         

 
Gene 

 
 

Number 
of 

poly(A) 
sites 

Poly(A) site 
Configuration * 

Size of 
the 

longest 
transcri

pt 

Function of different poly(A) sites PAS signal 
(Promoter 
Proximal 
→Distal) 

Glutamate Transporter 
EAAT2 [233] 

Four Tandem  
(Type II) 

~12 kB Not known. The longest mRNA is differentially expressed in 
different parts of the nervous system  

AATAAA 
ATTAAA 
AAGAAA 
Unknown 

Kappa Opioid Receptor [211] Two Tandem (Type 
II) 

3.8 kB The long mRNA is more stable than the shorter mRNA; repressed by 
Retinoic Acid 

AATAAA 
AATAAA 

Vesl-1/Homer1 (synaptic plasticity 
regulated gene) [234] 

Three Internal (Type 
III) 

Unkno
wn 

Membrane depolarization and Protein kinase A stimulates formation 
of promoter proximal poly(A) site-containing transcripts 

AAUAAA 
AUUAAA 

F3/Contactin 
(Cell Adhesion Molecule) [235] 

Two Tandem (Type 
II) 

Unkno
wn 

Unknown AATAAA 
CATAAA 

SCN8A (Voltage-gated Sodium 
Channel) [236] 

Two Tandem (Type 
II) 

12 kB Unknown. Two Cytoplasmic polyadenylation Elements (CPE) 
located upstream of the first site 

AATAAA 
AATAAA 

Dopamine β-Hydroxylase [237] Two Tandem (Type 
II) 

2.7 kB Unknown. The longer transcript is more abundant in the Nervous 
System 

AGTAAA 
AATAAA 

Precerebellin-1 
(Possible Synaptic function) [238] 

Two Internal (Type 
III) 

3.2 kB Unknown AATAAA 
AATAAA 

β amyloid precursor protein (βA4) 
[222] 

Two Tandem (Type 
II) 

3.4 kB Unknown. The longer mRNA is more translationally efficient than 
the shorter mRNA 

AATAAA 
AATAAA 

Opsin [239] Three Tandem (Type 
II) 

~ 5.1 
kB 

Not known.  AATAAA 
AATAAA 
AATAAA 

Neurofilament 68 kDa [240] Two Tandem (Type 
II) 

3.5 kB Not known. Longer mRNA is more stable than shorter mRNA AATAAA 
AATAAA 

Orphan G Protein-Coupled Receptor 
[241] 

Two Tandem (Type 
II) 

6.3 kB Not known CATAAA 
CATAAA 

Brain derived neurotrophic factor 
[213] 

Two Tandem (Type 
II) 

4.2kB The longer mRNA is selectively targeted to dendrites where it 
functions in synaptic plasticity 

AAUAAA 
AUUAAA 
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Table 1.2: Type B genes- mRNAs having two sites, one of which is neural-specific and the other is present in non-neural and neural tissues 
* As dedined in Tian et al. [22] and Figure 1.4

Gene Number of Neural-
specific poly(A) 
sites 

Poly(A) site 
Configuration * 

Size of the Neural-specific  transcript Function of neural-specific poly(A) site PAS signal (Promoter 
Proximal →Distal) 

Huntingtin [242] One Tandem (Type II) ~13 kB Not known.  AATAAA 
AGTAAA 

Gsα (G protein family) 
[243] 

One Internal (Type III) 1.0 kB  (Neural-specific transcript 
shorter than non-neural mRNA) 

Not known. The Neural-specific 
transcript (GsαN1) is induced by 
dexamethasone in CA77 cell line. 

AATAAA 
AATAAA 

Pituitary Adenylate 
Cyclase Activating 
Polypeptide (PACAP) 
[244] 

One Tandem (Type II) 2.2 kB and 0.9 kB Unknown. The shorter transcript is 
induced upon depolarization of neurons 

Unknown 

β-adducin [245] One Tandem (Type II) ~ 5.5 kB The longer mRNA is more active in 
Luciferase assays than the shorter mRNA 

AATAAA 
AGTAAA 

Neural Cell Adhesion 

Molecule (NCAM) [246] 

One Internal (Type III) ~7.4 kB Not known.  AATAAA 

 

Methyl CpG binding 

protein-2  (MeCP-2) [247, 

248]  

One Tandem (Type II) 10 kB Not known.  The longer transcript is 
differentially expressed during mouse 
development. 

AATAAA 
TATAAA 
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CHAPTER II 

AN EVOLUTIONARILY CONSERVED FAMILY OF SPLICE VARIANTS OF CstF-

64 EXPRESSED IN VERTEBRATE NERVOUS SYSTEMS 

Abstract 

 
Alternative splicing and polyadenylation are important mechanisms for creating the 

proteomic diversity necessary for the nervous system to fulfill its specialized functions. 

The contribution of alternative splicing to proteomic diversity in the nervous system has 

been well documented, whereas the role of alternative polyadenylation in this process is 

less well understood.  Since the CstF-64 polyadenylation protein is known to be an 

important regulator of tissue-specific polyadenylation, we examined its expression in 

brain and other organs.   

 We discovered several closely related splice variants of CstF-64 — collectively 

called βCstF-64 — that could potentially contribute to proteomic diversity in the nervous 

system.  The βCstF-64 splice variants are found predominantly in the brains of several 

vertebrate species including mice and humans.  The major βCstF-64 variant mRNA is 

generated by inclusion of two alternate exons (that we call exons 8.1 and 8.2) found 

between exons 8 and 9 of the CstF-64 gene, and contains an additional 147 nucleotides, 

encoding 49 additional amino acids.  Some variants of βCstF-64 contain only the first 

alternate exon (exon 8.1) while other variants contain both alternate exons (8.1 and 8.2). 

In mice, the predominant form of βCstF-64 also contains a deletion of 78 nucleotides 

from exon 9, although that variant is not seen in any other species examined, including 

rats.  Immunoblot and 2D-PAGE analyses of mouse nuclear extracts indicate that a 
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protein corresponding to βCstF-64 is expressed in brain at approximately equal levels to 

CstF-64.  Since βCstF-64 splice variant family members were found in the brains of all 

vertebrate species examined (including turtles and fish), this suggests that βCstF-64 has 

an evolutionarily conserved function in these animals.  βCstF-64 was present in both pre- 

and post- natal mice and in different regions of the nervous system, suggesting an 

important role for βCstF-64 in neural gene expression throughout development.  Finally, 

experiments in representative cell lines suggest that βCstF-64 is expressed in neurons but 

not glia. 

This is the first report of a family of splice variants encoding a key 

polyadenylation protein that is expressed in a nervous system-specific manner.  We 

propose that βCstF-64 contributes to proteomic diversity by regulating alternative 

polyadenylation of neural mRNAs. 

 

 

 

 

                                                                                                                                                                              

 

Note:  At the time of writing this dissertation, this Chapter was submitted as a manuscript 

to BMC Molecular Biology. This chapter has now been published in BMC Molecular 

Biology (2009, 10:22). 
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Introduction 

 
Alternative mRNA processing is the mechanism by which multiple forms of mRNAs are 

generated from a common pre-mRNA via differential ligation of exons (alternative 

splicing, [1]), or differential 3′ end site choice (alternative polyadenylation, [2]). 

Alternative mRNA processing contributes to proteomic diversity by generating protein 

isoforms that have different biochemical and structural properties [3, 4].  Both of these 

processes are regulated in a tissue-specific manner, with the highest incidence occurring 

in the nervous system [5-7].  Not surprisingly, the processes of splicing and 

polyadenylation are coupled, leading to a high degree of interaction between the two 

processing machineries [8, 9].  However, there have been only a few reports of 

alternative processing of mRNAs encoding critical proteins of the polyadenylation 

machinery: alternative splicing of poly(A) polymerase (PAP, [10]) and alternative 

splicing and polyadenylation of the 77 kDa subunit of the cleavage stimulation factor 

(CstF-77) in Drosophila [11] and mammals [12] have been reported.  Alternatively 

spliced forms of these and other polyadenylation proteins could contribute to expansion 

of the proteome by promoting tissue-specific polyadenylation.  

 Like splicing, polyadenylation is an essential step in gene expression.  The 

process of 3′ end formation promotes transcription termination, mRNA export from the 

nucleus to the cytosol, mRNA stability, and translation initiation [13, 14].  In addition to 

having a constitutive role in gene expression, polyadenylation also contributes to the 

generation of mRNA isoforms in a tissue-specific manner, particularly in the nervous 

system.  For example, the mRNAs encoding β-adducin [15], huntingtin [16], amyloid 

precursor protein [17], ferritin heavy chain [18, 19], glutamate transporter EAAT2 [20], 
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voltage-gated potassium channel [21], 68-kDa neurofilament [22], and many other 

proteins [23-28] have alternative polyadenylation signals that lead to production of 

nervous system-specific transcripts.  Nervous system-specific coupling of alternative 

splicing and polyadenylation of mRNAs encoding calcitonin/calcitonin gene-related 

peptide [29], neural cell adhesion molecule [30], and vesl-1/homer1 [31] proteins lead to 

generation of tissue-specific protein isoforms from a common pre-mRNA.  It has been 

speculated that use of alternative polyadenylation signals in these mRNAs may be due to 

expression of nervous system-specific polyadenylation factors [32], although none have 

been reported. CstF-64 is a key subunit of the polyadenylation complex that is known to 

function in regulation of polyadenylation [33, 34].  Important domains of CstF-64 include 

an RNA-binding domain [35-38], CstF-77 interaction domain [39], proline/glycine-rich  

domain [36], MEARA repeat domain [40], and a conserved C-terminal domain [41]. 

Furthermore, a paralogous form of CstF-64, τCstF-64, was previously discovered in 

mouse male germ cells [42] and was found to be essential for normal spermatogenesis 

[43].  

In this chapter, I report the discovery of a family of alternatively spliced forms of 

the CstF-64 mRNA that are expressed in the nervous system of all vertebrate animals we 

have examined.  These splice variants, which we collectively call βCstF-64, are due to 

inclusion of one or two alternate exons between constitutive exons 8 and 9.  In mice, 

these alternate exons join to an alternative 3′ splice site within exon 9.  Mice express 

another minor splice variant, αCstF-64, which is formed by joining of exon 8 to the 

alternative 3′ splice site in exon 9.  However, the αCstF-64 splice variant was not 

observed in any other species including rats or humans.  All the βCstF-64 splice variants 
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are in-frame with the CstF-64 coding region and encode up to 49 additional amino acids 

in the proline/glycine-rich domain.  The βCstF-64 splice variants are expressed in brains 

of many vertebrate species, including human and turtle, and the genome of simple 

vertebrates such as pufferfish and zebrafish contain homologous sequences.  This leads 

us to hypothesize that the βCstF-64 variants have an important evolutionarily conserved 

role in brain function.  Other experiments suggest that βCstF-64 is expressed 

predominantly in neurons, suggesting that it plays a role in expression of alternatively 

polyadenylated mRNAs important for neuronal function, thus contributing to proteomic 

diversity in the nervous system.   

Results 

Alternatively spliced CstF-64 mRNAs are present in mouse brain 

Previous results from our laboratory indicated that CstF-64 mRNA could be subject to 

alternative splicing (B. Dass and A. M. Wallace, unpublished).  In order to investigate 

this possibility, we conducted an RT-PCR survey of CstF-64 mRNA in mouse tissues 

using primers that together span the entire CstF-64 coding region (Figure 2.1).  RNA was 

isolated from various mouse tissues as indicated and subjected to RT-PCR using primer 

pairs A, B, C and D that span exons 1-5, 5-8, 7-11 and 9-14 respectively (Figure 2.1A). 

RT-PCR with primer pairs A, B, and D yielded a single PCR product in all tissues that 

corresponded to the reported form of CstF-64 (Figure 2.1B, panels a, b, d, lanes 1-8).  

This suggests little or no alternative splicing between exons 1-8 and 9-14.  However, RT-

PCR using primer pair C (which spans exons 7-11) resulted in multiple PCR products 

(Figure 1B, panel c).  Every mouse tissue examined showed the presence of the reported 

form of CstF-64 (595 bp) and a shorter splice variant that we named αCstF-64 (panel c, 
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lanes 1-8). Cloning and sequencing of the αCstF-64 PCR product indicated that the 

shorter splice variant of CstF-64 was generated by joining of exon 8 to an alternative 3′ 

splice site in exon 9 resulting in an mRNA molecule shorter by 78 nucleotides (Figure 

2.1C).  We reported this alternatively spliced form to GenBank as αCstF-64, variant 4 

(GenBank: EU616681).  The αCstF-64 splice variant is in frame with exon 9, and should 

result in a protein isoform that is shorter by 26 amino acids (not tested, but see Figure 

2.2C).  Since the αCstF-64 splice variant was not expressed in any other species we 

examined (see below), we chose not to characterize it further. 

Surprisingly, using primer pair C, we found that brain had a larger PCR product 

(664 bp) that was absent from all the other tissues (Figure 2.1B, panel c, compare lane 1 

to lane 2-8).  Cloning and sequencing of the larger PCR product revealed that it contained 

an additional 147 nucleotides between exon 8 and the αCstF-64 splice site within exon 9 

(see Additional File 1 for nucleotide sequence).  We named the alternate exons 8.1 and 

8.2, and the longer brain-expressed variant CstF-64, βCstF-64. The above form of mouse 

βCstF-64 containing exons 8.1, 8.2 and use of alternative 3′ splice site was given the 

GenBank nomenclature βCstF-64, variant 1 (GenBank: EU616682.1).  We compared the 

sequence of the βCstF-64 variant region to the mouse genome and determined that βCstF-

64 was generated by splicing of two alternate exons (8.1 and 8.2, Figure 2.1C) from the 

intronic region between exons 8 and 9 and selection of an alternative 3′ splice site in exon 

9. Exons 8.1 and 8.2 contained 60 and 87 nucleotides respectively.  The alternative 

splicing patterns suggests that βCstF-64 remains in-frame with the CstF-64 coding 

region, and that it encodes an expressed protein isoform of CstF-64.  The predicted 

domain structure of the protein isoform encoded by βCstF-64 mRNA is illustrated in 
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Figure 2.1D; this predicted protein isoform would lack 26 amino acids in the 

proline/glycine-rich domain of CstF-64 encoded by exon 9 and contain an additional 49 

amino acids encoded by exons 8.1 and 8.2 (Figure 2.1D).  BLAST comparison of the 

brain-expressed βCstF-64 domain to all sequences in GenBank revealed no other 

described proteins with similar features (not shown). Thus, these data suggest that mouse 

βCstF-64 mRNA encodes a protein in brain that is 23 amino acids longer than CstF-64, 

containing a unique 49 amino acid brain-specific domain.   

The βCstF-64 protein isoform is expressed in mouse brain 

In order to investigate whether the βCstF-64 protein was expressed in mouse brain, 

antibodies were raised against 16 amino acids of the unique 49 amino acid domain of the 

protein (Materials and Methods).  The specificity of the anti-βCstF-64 antibody was 

tested using recombinant βCstF-64 and CstF-64 proteins expressed in HeLa cells (Figure 

2.2A).  Plasmids encoding epitope-tagged (3XFLAG)-βCstF-64 and CstF-64 proteins 

were transfected into HeLa cells as described in “Materials and Methods”.  Whole cell 

lysates were prepared and subjected to SDS-PAGE and immunoblot analysis using anti-

βCstF-64 (Figure 2.2A, top panel), anti-FLAG (Figure 2.2A, middle panel), and anti-

tubulin antibodies (Figure 2.2A, bottom panel).  This experiment demonstrated that the 

βCstF-64 epitope was not detected in HeLa cells (lane 1) or in HeLa cells transfected 

with FLAG-CstF-64 (lane 2) but was expressed at the predicted size in HeLa cells 

transfected with FLAG-βCstF-64 (lane 3) suggesting that the anti-βCstF-64 antibody 

could uniquely distinguish CstF-64 and βCstF-64 in mammalian cells. 

Next, expression of βCstF-64 protein in various mouse tissues was investigated 

using the anti-βCstF-64 antibody.  Nuclear extracts from the indicated mouse tissues 
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were subjected to immunoblot analysis using the anti-βCstF-64 and anti-CstF-64 

antibodies (Figure 2.2B).  Using the anti-CstF-64 antibody, CstF-64 was detected in all 

tissues (Figure 2.2B, lower panel).  In contrast, using the anti-βCstF-64 antibody, a 

protein of approximately 68 kDa was detected in brain but not in other tissues examined 

(Figure 2.2B, upper panel, compare lanes 1 and 2-7).  Detection of this protein was 

blocked by preincubation of the antibody with the 16 amino acid peptide that was used as 

an immunogen (lane 9).  These results suggest that while the CstF-64 protein is expressed 

in most or all tissues [44], the βCstF-64 isoform is restricted to brain and probably other 

neural tissues. 

βCstF-64 and CstF-64 protein levels are similar in mouse brain 

We wanted to investigate the relative levels of the CstF-64 and βCstF-64 proteins in 

mouse brain.  Since we could not resolve βCstF-64 from CstF-64 proteins in a single 

dimension (Figure 2.2B and data not shown), 2D-PAGE analysis was employed to 

investigate this.  Nuclear extracts from mouse brain and liver were resolved in the first 

dimension by isoelectric focusing and in the second dimension by SDS-PAGE [45]. 

Using the anti-CstF-64 antibody, at least two closely opposed patterns of spots were 

detected in brain (Figure 2.2C, panel a) while a single pattern of spots was detected in 

liver (Figure 2.2C, panel c). The basic to acidic range of spots most likely reflects 

differential phospohorylation of CstF-64 [36, 46].  Identical blots were probed with the 

anti-βCstF-64 antibody, and only a single pattern of spots was detected in brain (Figure 

2.2C, panel b), while no signal was detected in liver (panel d).  Alignment of the anti-

CstF-64 blot (panel a) with the anti-βCstF-64 blot (panel b) confirmed that the anti-

βCstF-64 pattern overlapped with the upper pattern in the anti-CstF-64 blot.  This 
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suggested that only the upper pattern detected in brain by the anti-CstF-64 antibody 

contained the βCstF-64 epitope.  Judging by the relative intensities of the two patterns of 

spots in brain (panel a), we estimate that the protein levels of CstF-64 and βCstF-64 are 

approximately the same in mouse brain.  Interestingly, a faint pattern of spots is seen in 

both brain and liver using the anti-CstF-64 antibody (panels a and c, asterisks).  We 

speculate that this might represent the mouse-specific αCstF-64 protein isoform. 

The βCstF-64 family of splice variants is evolutionarily conserved 

In order to determine whether βCstF-64 was also expressed in brains of other mammalian 

species, RT-PCR analysis was conducted using human RNA samples (Figure 2.3A).  RT-

PCR analysis using human-specific primers flanking exons 8 and 9 (Table 1) indicated 

that CstF-64 mRNA was present in brain, liver and testis (Figure 2.3A, lanes 1-3).  A 

larger PCR product was detected in human brain RNA (Figure 2.3A, lane 1).  Smaller 

amounts of this product were also detected in human testis (lane 3).  Cloning and 

sequencing of the larger PCR product from human brain revealed a product that 

contained only exon 8.1 and lacked exon 8.2 and use of the alternative 3′ splice site.  This 

demonstrated that the alternatively spliced βCstF-64 isoform in human brain differed 

from that in mice.  We named this isoform, βCstF-64 variant 2 (GenBank: EU616679.1).  

However, EST database searches (NCBI) showed that mRNAs containing exon 8.1 

joined to exon 8.2 were found in humans (Accession numbers: AK095684.1, 

DA513594.1 and wild boar (Accession number: AJ959057.1).  Therefore, using primers 

specific to the predicted exon 8.2, we detected mRNAs containing this exon in humans 

(data not shown).  We have never observed a βCstF-64 variant mRNA (either by database 

searches or by cloning) containing exon 8 joined to exon 8.2 in either humans, mice or 
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any other mammals.  The βCstF-64 mRNA that contained both exons 8.1 and 8.2 but 

lacked use of the alternative 3′ splice site in exon 9 was given the GenBank 

nomenclature, βCstF-64 variant 3 (GenBank: EU616680.1).  These data suggested that 

both βCstF-64 variant 2 (exon 8.1 only) and βCstF-64 variant 3 (exon 8.1 and 8.2) are 

expressed in human brain. The βCstF-64 variant 3 mRNA was also detected in the brains 

of the mouse species Mus spretus and in rats (data not shown).  No product 

corresponding to αCstF-64 was seen in any of the human samples (lanes 1-3). 

We wanted to determine whether the βCstF-64 variant family was restricted to 

mammals, or could be detected in other vertebrate species.  Therefore, RT-PCR analysis 

was conducted using RNA from brain and liver of turtle (Trachemys scripta elegans). 

RT-PCR products corresponding to βCstF-64 mRNA were detected in turtle brain (Figure 

2.3, lane 7) but not liver (Figure 2.3, lane 8).  Cloning and sequencing of the band 

revealed that its splicing pattern was similar to βCstF-64 variant 2 mRNA observed in 

human (Figure 2.3B).  RT-PCR analysis suggested that βCstF-64 mRNA with a splicing 

pattern similar to that observed in turtle was also present in ground squirrel, alligator, and 

Monodelphis (not shown, summarized in Figure 2.3B). 

Database searches using exons 8.1 and 8.2 as query were conducted to determine 

the distribution of βCstF-64 in various animal species (Figure 2.3B). Comparison of 

mouse βCstF-64 nucleotide sequence to the human genome showed that exon 8.1 was 

98% identical whereas exon 8.2 was 96% identical.  The nucleotide sequence of exons 

8.1 and 8.2 were 96% identical when compared to that of rhesus monkey (Macaca 

mulatta). Additionally, survey of the whole-genome-shotgun sequence database at NCBI 

showed a high degree of conservation of exons 8.1 and 8.2 in the genomes of other 
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mammalian species such as guinea pig, horse, cat, and others.  Finally, using BLASTX 

and BLASTP searches at the NCBI database, amino acids encoded by exon 8.1 were 

predicted to be present in proteins from chimpanzee, cow, dog (eutherian mammals), 

platypus (monotreme), Xenopus (amphibian), pufferfish, and zebrafish (fish).  We note 

that exon 8.2 was not explicitly observed in these species, but the incomplete nature of 

some of these genome data sets does not allow us to rule out its presence.  The high 

degree of conservation in vertebrate animal species suggests an essential function for the 

βCstF-64 family of splice variants in neural mRNA polyadenylation.  

βCstF-64 mRNA is present throughout the mouse nervous system 

An RT-PCR approach was used to investigate the expression of βCstF-64 mRNA in 

mouse nervous system.  RNA was isolated from mouse spinal cord and five different 

regions of the brain (cerebrum, cerebellum, brain stem, diencephalon and olfactory bulb). 

βCstF-64 mRNA was detected in all five brain regions (Figure 2.4, lanes 3-7) and in 

spinal cord, but not in adrenal gland (Figure 2.4, lane 8), consistent with nervous system-

predominant expression of βCstF-64. RT-PCR of ribosomal S16 mRNA was used to 

assess RNA loading (Figure 2.4, lower panel).  

βCstF-64 mRNA is not present in glial cell lines examined 

We wanted to determine in which neural cell types (neurons or glia) βCstF-64 was 

expressed.  For this, RNAs from various rodent and human neuronal and glial cell lines 

were subjected to RT-PCR using species-specific primers flanking exons 8 and 9 of the 

CstF-64 gene (Figure 2.5).  The rat and human thyroid carcinoma cell lines (CA77, 

Figure 2.5A, lane 5 and TT, Figure 2.5B, lane 2) used in this study have a neuronal 
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phenotype and are neuroendocrine in nature [47, 48].  The PC-12 cell line (Figure 2.5A, 

lane 6) derived from rat adrenal chromaffin cells, is neuroendocrine in nature, and, when 

treated with nerve growth factor (NGF, lane 7), differentiates into a cell that resembles 

the sympathetic neurons in the peripheral nervous system [49]. βCstF-64 mRNA was 

detected in CA77 (Figure 2.5A, lane 5), undifferentiated and NGF-differentiated PC-12 

cell lines (Figure 2.5, lanes 6 and 7), TT (Figure 2.5B, lane 2), and SK neuroblastoma cell 

lines (Figure 2.5B, lane 3). Interestingly, the expression of βCstF-64 mRNA appeared to 

increase in PC-12 cells treated with nerve growth factor (NGF, lane 7). βCstF-64 mRNA 

was not detected in mouse P19 embryonic carcinoma cell line (Figure 2.5A, lane 3), and 

NB41A3 neuroblastoma cell line (Figure 2.5A, lane 2).  In contrast, βCstF-64 was not 

detected in any of the human glial cell lines tested (Figure 5B, lanes 4-7), suggesting that 

βCstF-64 expression might be restricted to neurons in the nervous system. 

βCstF-64 mRNA is present in mice of all ages 

We wanted to investigate the developmental expression of βCstF-64 in mice (Figure 2.6). 

For this experiment, female mice mated with male mice were examined for the presence 

of copulatory plugs.  The day copulatory plugs were found, embryos were designated as 

day 1 post-coitum (1 dpc).  Newborn mice were designated as day 1 postpartum (1 dpp) 

and mice at 42 dpp were designated as adult. RNA from the brains of embryos at 15, 19, 

21 dpc, 1 dpp, and adult male mice was subjected to RT-PCR analysis using primers 

flanking exons 8 and 9 of the CstF-64 gene.  The mRNAs corresponding to αCstF-64, 

CstF-64 and βCstF-64 were detected at 15, 19, and 21 dpc, 1dpp, and adult mice (Figure 

6, lane 1-5).  RT-PCR of ribosomal S16 mRNA was used to assess RNA loading (Figure 

2.6, lower panel). βCstF-64 mRNA was also detected in male and female mice of ages 1 
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dpp, 5 dpp, 7 dpp, 9 dpp, 13 dpp , 15 and 42 dpp at approximately equal levels as CstF-64 

mRNA (data not shown). 

Discussion  

 
While surveying the CstF-64 mRNA for evidence of alternative splicing, we made the  

discovery of a family of alternatively spliced forms, collectively called βCstF-64, that 

were found exclusively in the brain and spinal cord of mice and other vertebrate animal 

species (Figures 2.1, 2.3).  In mice, the predominant form of these splice variants 

includes two alternate exons (8.1 and 8.2) joined to an alternative 3′ splice site in exon 9, 

encoding an additional 49 amino acids while deleting 26 amino acids from exon 9.  

Interestingly, a smaller splice variant, αCstF-64, which was expressed widely in mice 

(Figure 2.1B), was not observed in non-rodent species, suggesting it arose independently 

of the βCstF-64 variants.  We summarized the nomenclature of these isoforms in Figure 

2.3B.  Since our data demonstrate that the βCstF-64 protein is expressed in mice (Figure 

2.2), and that the βCstF-64 mRNA family is present in all vertebrate species examined, 

we propose that the βCstF-64 protein variant has an ancient and essential role in neural 

function.  We hypothesize that βCstF-64 regulates alternative polyadenylation in these 

tissues, leading to greater diversity of neural gene expression.  

A survey of the EST and protein databases (BLASTX and BLASTP programs) 

indicated that exon 8.1 was predicted to be present in mammalian and non-mammalian 

genomes.  In contrast, a similar analysis showed that exon 8.2 was predicted to be present 

only in mammalian genomes.  This suggests the possibility that exon 8.2 appeared after 

the divergence of mammals and other vertebrates, and might serve to supplement the 



 

 

 

112  

function of the more ancient exon 8.1.  We also found that the intronic regions between 

exons 8.1, 8.2 and 9 were highly conserved between mice and humans (84% identity). 

Since the intronic regions and exons 8.1 and 8.2 likely contain splicing regulatory 

sequences [50], this supports the notion that the region between exons 8 and 9 is a “hot 

spot” for alternative splicing during evolution.  We failed to detect βCstF-64 exonic 

sequences in invertebrates such as Drosophila [51] and the simple chordate Ciona 

intestinalis [52], leading us to hypothesize that βCstF-64 has a role in aspects of mRNA 

polyadenylation that are specific to higher vertebrates, perhaps being critical for 

important features of neural functions such as myelination [53]. 

 In surveying rodent and human neuronal and glial cell lines (Figure 2.5), we 

obtained data suggesting that βCstF-64 expression was restricted to neurons in the 

nervous system.  Even though we did not detect βCstF-64 in any of the glial cell lines 

examined, we do not rule out the possibility that it might be expressed in normal glial 

cells.  Detailed immunohistochemical analysis of brain slices will provide a better 

understanding of βCstF-64 expression in neurons and glia.  

We obtained data suggesting that βCstF-64 was expressed in cell lines that 

represent neural progenitor cells and are neuroendocrine in nature (Figure 2.5).  For 

example, we found evidence for βCstF-64 expression in neural-crest derived cell lines 

such as CA-77 and thyroid carcinoma cells.  We also obtained data suggesting that while 

βCstF-64 was expressed in undifferentiated and NGF-differentiated PC-12 cell lines 

(Figure 5), it was not expressed in adrenal gland (Figure 2.4). PC-12 cells, unlike adrenal 

chromaffin cells, are thought to possess the pluripotency of primitive progenitor cells 
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such as neural crest cells.  These data support the hypothesis that βCstF-64 is important 

for neuronal gene expression. 

What might be the function of βCstF-64 in the nervous system?  Our finding that 

βCstF-64 was expressed throughout the nervous system and at different stages of 

development suggests that it might be important for global neural gene expression and 

brain function.  Several studies have indicated that many neural mRNAs have multiple 

polyadenylation sites in their 3′ UTRs or use sites that differ from those in other tissues. 

Many of these mRNAs have regulatory elements surrounding the alternative 

polyadenylation sites. Differential use of polyadenylation sites within the 3′  UTR has 

been shown to regulate translation [17], stability [54], and rate of transcription [54] of 

these neural mRNAs. It has been hypothesized that tissue-specific use of polyadenylation 

sites in these mRNAs might be due to the expression of nervous system-specific 

polyadenylation factors [15].  Our discovery of the nervous system-specific βCstF-64 

splice variant supports the above hypothesis, and leads us to propose that βCstF-64 might 

recognize alternative polyadenylation signals in these mRNAs contributing to their 

neural-specific expression.  It is possible that βCstF-64 might also contribute to the 

generation of protein isoforms specific to the nervous system by use of internal poly(A) 

sites found in many neural mRNAs [29-31]. 

How might βCstF-64 function in neural mRNA polyadenylation?  In one model, 

βCstF-64 might recognize RNA sequence elements that are specific to nervous system- 

expressed polyadenylation sites.  A similar model has been proposed for the testis-

expressed τCstF-64 variant [35, 55].  A bioinformatic survey revealed that the 

downstream U/GU-rich sequences in the pre-mRNA are enriched in nervous system-
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specific transcripts, lending plausibility to this model [6].  How might βCstF-64 

recognize these variant RNA sequence elements if its RNA-binding domain is the same 

as CstF-64? The insertion in βCstF-64 in the proline/glycine-rich domain might alter the 

conformation of that domain which might in turn affect the conformation of the RNA-

binding domain and alter the RNA binding specificities of βCstF-64 or otherwise affect 

the overall rate of polyadenylation [56].  In another model, the insertion of the βCstF-64 

domain might alter the overall structure of the CstF complex  (for example, its 

dimerization, [57]), affecting its interaction with CPSF or other components of the 

polyadenylation machinery.  

For a final model, we note that the 49 amino acid βCstF-64 domain is not similar 

to any other known protein domains (data not shown).  Based on this, we speculate that 

the βCstF-64 domain might be a previously undescribed protein-protein interaction 

domain. It is possible that βCstF-64 interacts with as-of-yet unknown nervous system-

specific polyadenylation factors or brings about new interactions within the 

polyadenylation complex.  It might also interact with the splicing machinery since 

splicing factors are known to modulate polyadenylation efficiency [58-60].  Any of these 

proposed interactions could help βCstF-64 in generating protein isoforms via recognition 

of internal intronic and exonic poly(A) sites thus increasing proteomic diversity in the 

nervous system.  

Methods and Materials 

Animals and RNA Samples 

All animal studies were conducted in accordance with the National Institutes of Health 

guidelines and all protocols were approved by the TTUHSC Institutional Animal Care 
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and Use Committee.  Tissues from adult male and female CD-1 mice (Charles River 

Laboratories, Wilmington, DE) were dissected post-euthanasia and stored in RNAlater 

(Ambion, Austin, TX).  Brains from mouse embryos at days 15, 19, and 21 days post-

coitus (dpc) were dissected from the gravid females post-euthanasia.  The first day on 

which a vaginal plug was observed in the female, after mating, was considered as 1 dpc. 

Human brain, liver and testis RNA samples purchased from Ambion (Austin, TX) were 

from single individuals. Slider turtle (Trachemys scripta elegans) brain and liver RNA 

and 13-lined ground squirrel (Spermophilus tridecemlineatus) brain RNA were obtained 

from B. Dass (TTUHSC, Lubbock, TX) and Alligator (Alligator mississippiensis) custom 

cDNA library was a gift from Phil Hartig (US-EPA).  Monodelphis tissues were provided 

by Janice MacRossin and John L. VandeBerg (Southwest Foundation for Biomedical 

Research). 

RNA Analysis and RT-PCR 

Different regions of the brain and indicated mouse tissues were dissected, total RNA 

extracted by using TRIzol reagent (Invitrogen, Carlsbad, CA), and treated with 

TurboDNase (Ambion).  Equal amounts of DNased RNA (4μg) from each tissue sample 

were used to synthesize cDNA using SuperScriptII Reverse Transcriptase and oligo-dT 

according to the manufacturer’s protocol (Invitrogen).  Polymerase chain reaction (PCR, 

30 cycles) was conducted using the indicated primers (see Table 1) in an Air 

Thermocycler (Idaho Technologies, Salt Lake City, UT).  Amplicons were resolved by 

electrophoresis on a 1% agarose gel electrophoresis. Ethidium bromide stained RT-PCR 

products were excised from the gel (Qiagen, Valencia, CA), cloned using Topo II system 

(Invitrogen), and identified by DNA sequence analysis. 
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Cloning and Plasmids 

The plasmid encoding full length βCstF-64 fused to the FLAG epitope tag [61] 

(3XFLAG-βCstF-64) was created as follows: mouse brain cDNA was subjected to RT-

PCR using primers X and Y containing HinDIII, KpnI restriction sites (Table 1) and 

ligated into a 3X-HA vector encoding full length CstF-64 (kind gift of K. W. McMahon) 

digested by the same enzymes.  Note that this vector also contained the MS2 RNA 

binding domain though that did not interfere with its expression or antigenicity.  The 

3XFLAG-βCstF-64 plasmid was created by amplifying full length βCstF-64 using 

primers E and F containing XbaI, BglII sites (Table 2.1) using 3X-HA-βCstF-64 as 

template.  This fragment was digested with Xba I and Bgl II, and ligated into a similarly 

digested 3XFLAG-CstF-64 vector. The cloning scheme of 3XFLAG-CstF-64 is described 

in [61]. 

Cell Culture and Transfections 

HeLa cells were grown at 37°C in 5% CO2 in Dulbecco’s Minimal Eagle Media 

(CellGro, Manassas, VA) containing 10% cosmic calf serum and 1% 

penicillin/streptomycin (Gibco).  HeLa cells were seeded in 6-well plates at a density of 

300,000 cells/well and transfected the next day with 800 ng of the indicated plasmids 

using Lipofectamine (Invitrogen).  Cells were harvested 48 hours post-transfection by 

rinsing with ice-cold PBS, and lysed in SDS loading buffer [62]. 

Antibodies 

The following antibodies were used in this study: anti-α-tubulin and anti-FLAG 

antibodies (Sigma, St. Louis, MO);  anti-CstF-64 antibody (3A7, [44]) and anti- βCstF-64 
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custom antibody generated in rabbits by Genscript Corporation (Piscataway, NJ) by 

injection of the peptide GPAGPASIERVQGQRT representing part of the βCstF-64 

insert. 

Protein Analysis 

For protein analysis, nuclear extract was prepared from indicated mouse tissues [63], 

boiled and sonicated in SDS loading buffer [62].  Protein concentration was measured 

using the bicinchoninic acid (Pierce, Rockford, IL) assay.  Equal amounts of protein from 

the indicated tissues (20 μg) or HeLa cells were resolved by 10% SDS-PAGE, and 

transferred to nitrocellulose membranes for immunoblotting.  For immunoblotting using 

anti-CstF-64 antibody, membranes were blocked with Tris-buffered saline containing 

0.2% Tween-20 (TBST) with 2% nonfat dry milk (TBST) for 2 hours and treated with 

anti-CstF-64 antibody [44] at a dilution of 1:50.  For immunoblotting using anti-βCstF-64 

antibody, the membrane was first treated with 0.2mM glycine-HCl, pH 2.6 for 30 

minutes at room temperature, and rinsed extensively with TBST.  Pre-treatment with 

glycine at low pH was found to enhance the effectiveness of this antibody while 

decreasing non-specific background.  The membrane was then blocked with 2% nonfat 

dry milk in TBST for 2 hours.  The anti-βCstF-64 antibody was used at a dilution of 

1:5000 in 2% nonfat dry milk in TBST, 0.05% Empigen (Calbiochem, La Jolla, CA).  In 

the peptide blocking experiment, the anti-βCstF-64 antibody (1μg/μL) was incubated 

with 10 fold excess peptide (10 µg) in 2% nonfat dry milk in TBST for 2 hours at room 

temperature before addition to the membrane.  Membranes were subsequently treated 

with horseradish peroxidase-conjugated goat anti-mouse and anti-rabbit IgG (1:2500) and 
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immunoreactive bands were visualized by chemiluminescence using the Pierce 

SuperSignal kit (Rockford, IL). 

Two dimensional–PAGE Analysis 

Nuclear extracts from mouse brain and liver were prepared as described above. Protein 

concentration was estimated by BCA assay. 392 μL of rehydration buffer (9M urea, 2% 

Triton X-100), 8 μL IPG buffer (pH 4-7) (Amersham Biosciences, Piscataway, NJ) and 

0.5 μL 1M DTT was added to 80 μg of nuclear protein.  The mix was layered over a 7 cm 

pH 3-10 immobiline strip (Amersham Biosciences) and allowed to rehydrate for 16 

hours.  The strips were then subjected to isoelectric focusing at the following voltages: 

200V for 1 minute, 500V for 20 minutes, 1000, 1500, 2000, 2500V for 20 minutes and 

3500V for 60 minutes.  The strip was equilibrated in equilibration solution (20% SDS, 

50mM Tris, pH 8.8, 6M urea, 30% glycerol) containing 65mM DTT but no 

iodoacetamide for 15 minutes and then in equilibration solution containing 135mM 

iodoacetamide but no DTT for 15 minutes.  The strip was then placed horizontally on a 

10% SDS gel, subjected to denaturing PAGE and immunoblot analysis.  
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Figures 

 

 

Figure 2.1: An alternatively spliced mRNA of CstF-64 is present in mouse brain.   

A) Gene structure of CstF-64 and location of primer pairs. Boxes indicate exons while 

the black line indicates introns. Exons 8 and 9 are shown in red while all the other exons 
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are shown in black. The 3′ UTR is indicated in blue. B) RT-PCR analysis of alternatively 

spliced mRNAs of CstF-64. RNA from indicated mouse tissues was subjected to RT-

PCR analysis using primer pairs A, B, C, and D (panels a, b, c, and d respectively). Sizes 

of amplified products are indicated at the right. Panel e (-RT) denotes RT-PCR analysis 

using primer pair C with no reverse transcriptase added. C) Splicing patterns in CstF-64 

mRNA. a) CstF-64 genomic structure showing exon 8, 9 and the intervening intron. The 

boxes represent exons while introns are shown as horizontal lines. Splicing pattern is 

indicated by thin vertical lines. The sizes of exons 8.1 and 8.2 are indicated. The thin 

white line in exon 9 denotes the alternative 3′ splice site.  b) Splicing pattern of the 

regular form of CstF-64 mRNA. c) Splicing pattern of the shorter CstF-64 mRNA 

(αCstF-64). d)  Splicing pattern of βCstF-64 mRNA. The sizes of the βCstF-64-specific 

exons (8.1 and 8.2) are indicated. D) Predicted domain structures of mouse CstF-64 and 

βCstF-64 with features as indicated. Shown are the RNA-binding domains (RBD, dark 

gray), the region of interaction with CstF-77 (77-BD, light gray), the proline/glycine 

domain (Pro/Gly, white box), MEARA repeat domain (12X MEARA, dark gray) and the 

conserved C-terminal domain (CTD, light gray).  The region within the Pro/Gly domain 

that contains a deletion of 26 amino acids is indicated by vertical lines, and the 49 amino 

acid βCstF-64-specific domain is indicated by the black box.  
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Figure 2.2: βCstF-64 protein is expressed predominantly in mouse brain.   

A) Whole cell extracts from HeLa cells transfected with 800 ng of either 3XFLAG (lane 

1), 3XFLAG-CstF-64 (lane 2) or 3XFLAG-βCstF-64 (lane 3) were subjected to 

immunoblot analysis using anti-βCstF-64 (upper panel), anti-FLAG (middle panel), or 

anti-α-Tubulin (lower panel) antibodies. The apparent molecular weights of 3XFLAG-

CstF-64, 3XFLAG-βCstF-64, and tubulin are indicated at left. B) Protein immunoblot 
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detection of βCstF-64 in various mouse tissues. Nuclear extracts from indicated mouse 

tissues were subjected to immunoblot analysis using pre-immune serum (lane 8), peptide-

blocked anti-βCstF-64 antibody (lane 9), anti-βCstF-64 antibody (upper panel, lanes 1-7), 

or anti-CstF-64 antibody (lower panel, lanes 1-7). The apparent molecular weights of 

CstF-64 and βCstF-64 are indicated at left. C) 2D-PAGE analysis of mouse brain and 

liver nuclear extracts. Nuclear extracts were resolved in the first dimension by isoelectric 

focusing on a pH 3-10 immobiline strip as indicated. The proteins were then resolved in 

the second dimension by denaturing PAGE, transferred to nitrocellulose membrane and 

probed with the anti-CstF-64 antibody (panels a and c) or anti-βCstF-64 antibody (panels 

b and d). The arrows denote CstF-64 and βCstF-64. The asterisk in panels a and c 

indicates a pattern that may be αCstF-64. 
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Figure 2.3: The βCstF-64 family of splice variants is evolutionarily conserved in 

vertebrates.   

A) RT-PCR analysis of human and turtle CstF-64 mRNAs. Human brain, liver, and testis 

RNAs were subjected to RT-PCR using primers flanking exons 8 and 9 of the human 

CstF-64 gene (lanes 1-6). RNA isolated from brain and liver of adult turtle was subjected 

to RT-PCR analysis using primers flanking exons 8 and 9 of the turtle CstF-64 gene 

(lanes 7-10). RT-PCR with no reverse transcriptase (-RT) is shown in lanes 4-6 (left 

panel) and lanes 9, 10 (right panel). B) Alternative splicing patterns of CstF-64 in various 

animal species. The splicing pattern of CstF-64 is shown on top. The distributions of the 

βCstF-64 variant mRNAs in different animal species is as follows: βCstF-64, variant 1: 

Mus musculus; βCstF-64, variant 2: chimpanzee (Pan troglodytes), bovine (Bos taurus), 
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dog (Canis familiaris), thirteen-lined ground squirrel (Spermophilus tridecemlineatus), 

gray short-tailed opossum (Monodelphis domestica), African clawed toad (Xenopus 

laevis), duck-billed platypus (Ornithorhynchus anatinus), zebrafish (Danio rerio), and 

pufferfish (Tetraodon nigroviridis); βCstF-64, variant 3: Algerian mouse (Mus spretus), 

rat (Rattus norvegicus), human (Homo sapiens), pig (Sus scrofa domestica); βCstF-64, 

variant 4: mouse (Mus musculus). The splicing patterns of βCstF-64 mRNA in mice (Mus 

musculus and Mus spretus), rat, human, ground squirrel, short-tailed opossum, alligator, 

and turtle were determined from cloning and sequencing of RT-PCR products. The 

splicing patterns for chimpanzee, bovine, dog, toad, platypus, zebrafish, and pufferfish 

were obtained by searches of EST and protein databases utilizing BLASTX and BLASTP 

programs (not shown). 
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Figure 2.4: βCstF-64 mRNA is present throughout the mouse nervous system. 

RT-PCR analysis was performed on RNA isolated from the spinal cord, adrenal 

gland and five regions of mouse brain using primer pair C that flanks exons 7-11 

of the CstF-64 gene. RT-PCR products were resolved by 1% agarose gel 

electrophoresis. RT-PCR of ribosomal S16 mRNA (lower panel) was used a 

loading control. 
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Figure 2.5: βCstF-64 mRNA is expressed predominantly in neuronal cell lines.  

 RT-PCR analysis of βCstF-64 using exon-specific primer pairs (Table S1) from 

indicated rodent and human neuronal and glial cell lines. A) RT-PCR analysis of 

βCstF-64 mRNA from mouse brain (lane 1), NB41A3 mouse neuroblastoma (lane 

2), P19 mouse embryonic carcinoma (lane 3), rat brain (lane 4), CA77 rat thyroid 

carcinoma (lane 5), PC-12 rat pheochromocytoma (lane 6), or PC-12 rat 

pheochromocytoma cells treated for 4 days with 50 ng/mL NGF (lane 7). B) RT-

PCR analysis of βCstF-64 mRNA from human brain (lane 1), TT thyroid 

carcinoma (lane 2), SK neuroblastoma (lane 3), CHME5 microglia (lane 4), 

1321N1 astrocytoma (lane 5), A172 astrocytoma (lane 6), or T98G glioblastoma 

cells (lane 7). 
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Figure 2.6: βCstF-64 mRNA is present in mice of all ages.  

 RT-PCR analysis using RNA isolated from brain of day 15 embryo (lane 1), day 

19 embryo (lane 2), day 21 embryo (lane 3), newborn mice (1dpp, lane 4), and 

adult male mice (lane 5). RT-PCR of ribosomal S16 mRNA (lower panel) was 

used a loading control. 
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Tables 

Table 2.1: Primers used in detection and analysis of CstF-64 splice variants 

Nucleotide sequences of the various primer pairs used in this study are indicated at right. 

The names of primer pairs along with their corresponding species are indicated at left in 

the table. 

Species Primer 
Name 

Primer Sequence 

Mouse Pair A 5′ GGGTGAGCCATGGCGGGTT 3′ 
5′ CTGTTCTGGTGGAAGACTGGCAA 3′ 
 

Mouse Pair B 5′ CCCCAGGAAGCACGAAACA 3′ 
5′ CCTCGTTCCATGGGCACTG 3′ 
 

Mouse, Rat Pair C 5′ CAATGGCGCACCTCCTATGATG 3′ 
5′ GGCACGGGCTTCCAGTCCT 3′ 
 

Mouse Pair D 5′ GATTAGATGCACGGGGGATGGA 3′ 
5′ TGGAGCAATGGCGATGTAAGACC 3′ 
 

Human Pair C 5′ CCCCTCAGGCCCAGTCTTTG 3′ 
5′ TGGCCCTCCCCTCAGTTCAT 3′ 
 

Turtle Pair C 5′ GACAGATGCCAGCCTCCGTAGC 3′ 
5′ CCATTGGTCCTCCCCTCATTTCAT 3′ 
 

Mouse X 5′ CAATGGCGCACCTCCTATGATG 3′ 
 

Mouse Y 5′ TTCCACCTTGCATGCTTGCTC 3 
Mouse E 5 ′ GATCTATGGCGGGTTTGCCAGTGAG 3′ 

 
Mouse  F 5 ′ TCTAGATCAAGGTGCCCCAGTGGATTTC 3 
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CHAPTER III 

AN NGF-REGULATED VARIANT POLYADENYLATION FACTOR (βCstF-64) 

EXPRESSED IN NEURONAL-LIKE PC-12 CELLS 

Abstract 

Alternative splicing and polyadenylation help create gene product diversity in the 

nervous system.  In Chapter II, I described an evolutionarily conserved family of 

alternatively spliced mRNA isoforms encoding the CstF-64 polyadenylation protein, 

collectively named βCstF-64.  In rodents and other animal species, the βCstF-64 protein 

was expressed predominantly in the nervous system.  I also demonstrated that βCstF-64 

was expressed in a number of neuron-like cell lines including PC-12 cells, and that 

βCstF-64 expression increased on treatment of PC-12 cells with nerve growth factor 

(NGF) and reduced serum.  My hypothesis regarding the function of βCstF-64 was that 

βCstF-64 participated in polyadenylation of nervous system-expressed mRNAs. 

In this chapter, I describe the functional characterization of βCstF-64 in PC-12 

cells.  I obtained data indicating that βCstF-64 mRNA and protein expression increased 

in PC-12 cells treated with NGF.  The observed increase in βCstF-64 expression was due 

to NGF treatment and not due to serum reduction.  The concomitant increase in βCstF-64 

expression as PC-12 cells become more neuronal supports our hypothesis that βCstF-64 

functions in neuronal gene expression.  We used the β-adducin mRNA as a model to 

investigate the polyadenylation functions of βCstF-64 since it contained two prominent 

evolutionarily conserved poly(A) sites.  Interestingly, using 3′ rapid amplification of 

cDNA ends (RACE) analysis, we found that, concomitant with increase in βCstF-64 

expression in differentiated PC-12 cells, there was increased use of the promoter-distal 
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brain-specific pA4 poly(A) site and decreased use of the promoter-proximal pA1 site of 

β-adducin mRNA.  These data suggest that the β-adducin mRNA could be subject to 

alternative poly(A) selection in an NGF-dependent manner.   

In order to test our hypothesis that βCstF-64 played a role in mRNA 

polyadenylation in the nervous system, we chose to focus on establishing that βCstF-64 

was a polyadenylation factor.  Using co-immunoprecipitation analysis, we showed that 

βCstF-64 interacted with CstF-77 thus suggesting that βCstF-64 could be part of the CstF 

complex and hence a polyadenylation factor.  Using in vivo luciferase assays, we showed 

that βCstF-64 was able to enhance luciferase activity in plasmids containing the upstream 

and downstream polyadenylation regions of the pA1 and pA4 sites of β-adducin mRNA.  

These data support our hypothesis that βCstF-64, like CstF-64, is a polyadenylation 

factor.  Finally, we analyzed the role of upstream polyadenylation regions in 

polyadenylation functions of βCstF-64 using a modified luciferase assay wherein the 

naturally occurring U/GU-rich signals were replaced by MS2 loops.  This experiment 

showed that the polyadenylation functions of βCstF-64 required a functional AAUAAA 

signal thus suggesting that βCstF-64 formed cooperative interactions with the AAUAAA-

recognizing CPSF complex.  Additionally, βCstF-64 was less active than CstF-64 when 

using the SV40 upstream polyadenylation region that contained a canonical AAUAAA 

sequence suggesting that βCstF-64 activity could be different than CstF-64 on some 

poly(A) sites.   
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Introduction 

 
With the exception of histone mRNA, all mRNAs transcribed by RNA pol II contain a 

poly(A) tail at their 3′ ends [1].  Nuclear pre-mRNA polyadenylation is a critical 

component of the RNA processing pathway leading to the generation of a mature poly(A) 

tail-containing mRNA molecule [1, 2].    The pre-mRNA contains three important 

sequence elements that are necessary for basal polyadenylation: the highly conserved 

AAUAAA sequence (also called the polyadenylation signal, PAS) present 12-25 

nucleotides upstream of the cleavage site [1, 3]; a variable U/GU-rich element (also 

called the downstream sequence element, DSE) present approximately 30 nucleotides 

downstream of the cleavage site [4]; and the cleavage site sequence containing a CA 

dinucleotide in most mRNAs [5].  Many viral [6] and mammalian mRNAs [7] also 

contain auxiliary sequence elements such as the upstream sequence element (USE) that 

serve to modulate the efficiency of cleavage and polyadenylation.   

 Multiple protein complexes assemble sequentially and co-transcriptionally on the 

pre-mRNA and carry out the two-step reaction of cleavage and polyadenylation of the 

pre-mRNA [8].  Two key protein complexes that recognize the AAUAAA sequence 

element and the DSE are CPSF and CstF complexes, respectively [8].  The 160 kDa 

subunit of CPSF, CPSF-160, recognizes the AAUAAA sequence and is essential for both 

cleavage and polyadenylation of pre-mRNA [9, 10].  CPSF-160 interacts not only with 

other members of the CPSF complex but also with splicing factors [6], poly(A) 

polymerase [10], and the CstF complex [11].  The interaction of CPSF-160 with the CstF 

complex is mediated via its interaction with the 77 kDa subunit of CstF, CstF-77 [11].  
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CstF-77 also interacts with two other members of the CstF complex, CstF-50 [11] and 

CstF-64 [11].   

 CstF-64 binds to the U/GU-rich DSE in the pre-mRNA via its RNA-binding 

domain [12-14] and is essential for the cleavage step of pre-mRNA polyadenylation [15]. 

Many studies have shown that CstF-64 plays a central role in mRNA 3′ end formation 

and hence gene expression.  Perturbing the cellular levels of CstF-64 has profound effects 

on cell growth and proliferation.   For example, depletion of CstF-64 in the chicken DT40 

cell line caused a cell cycle arrest at the G0/G1 boundary in some cells, while the rest 

became apoptotic [16].  In another study, CstF-64 protein levels were shown to increase 

approximately five fold during the G0 to S phase transition in fibroblasts stimulated with 

serum [17], suggesting a role for CstF-64 in that checkpoint.  An increase in CstF-64 

protein levels in macrophages treated with lipopolysaccharide (LPS) also suggested that 

its expression was regulated in response to extracellular stimuli [18].   

 CstF-64 is important not only for normal cell growth and proliferation but also for 

regulated use of alternatively polyadenylated sites.  Alternative mRNA polyadenylation 

[19] and alternative mRNA splicing [20] are two of the most important forms of 

alternative mRNA processing and together are responsible for creating much of the 

proteomic diversity in an organism.  There are two proposed mechanisms by which CstF-

64 could participate in alternative polyadenylation.  The first mechanism involves cell 

and developmental stage-specific alteration in the levels of CstF-64 to regulate alternative 

poly(A) site selection; alternative polyadenylation of the IgM pre-mRNA has been 

proposed to occur by this mechanism [19].  The second mechanism by which CstF-64 

could contribute to alternative polyadenylation is by expression of tissue-specific 
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isoforms.  A testis-specific paralog of CstF-64 was previously described and was 

proposed to function in male germ cell-specific polyadenylation [21, 22].  In addition to 

the testis-specific isoform of CstF-64, we also recently discovered a family of nervous 

system-expressed spliced isoforms of CstF-64 that we collectively named βCstF-64 

(Chapter II, Shankarling et. al, submitted), and showed in mice that it was translated to 

make protein in brain.  Our discovery of βCstF-64 was the first instance of a nervous 

system-expressed protein isoform of a 3′ end processing factor.  The βCstF-64 family of 

splice variants was found in a wide range of vertebrate animal species suggesting an 

evolutionarily conserved function for βCstF-64 in the nervous system.  My hypothesis 

regarding the function of βCstF-64 is that it functions in mRNA polyadenylation in the 

nervous system. 

βCstF-64 is expressed in some neuronal-like cell lines including the rat adrenal 

medulla pheochromocytoma PC-12 cell line.  Furthermore, βCstF-64 mRNA expression 

increases in these cells upon treatment with reduced serum and nerve growth factor 

(NGF), concomitant with differentiation of these cells into a more neuronal phenotype 

(Chapter II).  Therefore, as a first step towards investigating the function of βCstF-64, I 

investigated its polyadenylation functions using PC-12 cells as a model system.  In these 

cells, the expression of βCstF-64 was induced by NGF alone, suggesting that the 

alternative splicing mechanism leading to βCstF-64 expression was regulated by the NGF 

pathway.  Co-immunoprecipitation of βCstF-64 with CstF-77 indicated that it, like CstF-

64, was part of the CstF polyadenylation complex.  Using in vivo luciferase assays, we 

showed that βCstF-64 was able to enhance luciferase activity in plasmid constructs 

containing cellular polyadenylation signals, supporting the hypothesis that βCstF-64 was 
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involved in polyadenylation.  Finally, using a modified in vivo luciferase assay, we 

showed that the polyadenylation function of βCstF-64 required a functional AAUAAA 

signal, further indicating a role for βCstF-64 in polyadenylation, including cooperative 

interactions with CPSF.  In these assays, we also found that βCstF-64 was less active than 

CstF-64 when presented with the upstream polyadenylation region of the SV40 

polyadenylation site containing the canonical AAUAAA PAS.  These findings suggest 

that depending on the nature of polyadenylation signals, the activity of βCstF-64 might 

be different than CstF-64 on these same sites.  Taken together, data presented in this 

chapter indicate that βCstF-64 is a polyadenylation and likely participates in mRNA 

polyadenylation in the nervous system. 

Results 

βCstF-64 expression increases in NGF-treated PC-12 cells 

 
As described in Chapter 2, βCstF-64 was expressed in several neuronal cell lines. While 

investigating the expression of βCstF-64 in the rat pheochromocytoma cell line (PC-12), 

it was found that expression of βCstF-64 was induced in PC-12 cells treated with NGF 

(Figure 2.5).  The uninduced cells were cultured in DMEM containing 15% serum.  In 

order to induce differentiation, PC-12 cells were cultured in DMEM containing 2% 

serum and 50ng/mL NGF.  In order to confirm that increased βCstF-64 expression was 

due to NGF treatment and not due to the serum reduction, PC-12 cells were cultured in 

DMEM with 15% serum and 50ng/mL NGF and in DMEM with 2% serum.  After four 

days, RNA and protein were extracted these cells as described before.  Equal amounts of 

RNA (4 μg) were used to synthesize cDNA by reverse transcription and subjected to PCR 
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analysis using primers that flanked exons 8 and 9 of the human or rat CstF-64 gene.  As 

shown in Figure 3.1A, using human-specific primers, CstF-64 but not βCstF-64 mRNA 

was detected in HeLa cells (lane 1).  However, using rat-specific primers, both CstF-64 

and low levels of βCstF-64 mRNA were detected in undifferentiated PC-12 cells cultured 

in 15% serum (lane 2).  There was no increase in βCstF-64 mRNA levels in PC-12 cells 

grown in 2% serum-containing medium (lane 3).  However, upon treatment with NGF, 

βCstF-64 mRNA expression increased in cells grown in 2% serum-containing medium 

(lane 4).  βCstF-64 expression also increased in NGF-differentiated PC-12 cells grown in 

15% serum-containing medium (lane 5).  RT-PCR of S16 mRNA was conducted to 

compare cDNA equal loading (lower panel).   

In order to examine βCstF-64 protein expression in uninduced and NGF-

differentiated PC-12 cells, immunoblot analysis was conducted using whole cells extracts 

from PC-12 treated as described above (Figure 3.1B).  Equal amounts of protein (30 μg) 

from each sample was resolved by SDS-PAGE, transferred to nitrocellulose membrane 

and probed with either anti-βCstF-64 or anti-tubulin antibodies.  Consistent with the 

increase in βCstF-64 mRNA expression, βCstF-64 protein expression increased in NGF-

differentiated PC-12 cells grown in 2% serum-containing medium (lane 3) and in NGF-

differentiated PC-12 cells grown in 15% serum-containing medium (lane 4), but not in 

PC-12 cells grown in 15% serum-containing medium lacking NGF (lane 1) or in 2% 

serum-containing medium lacking NGF (lane 2). Immunoblot analysis using an anti-

tubulin antibody was conducted to compare protein loading (lower panel).  These 

experiments suggest that NGF stimulated βCstF-64 expression in PC-12 cells and that the 

observed increase in βCstF-64 expression was not due to serum withdrawal.  The 
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observation that βCstF-64 expression increased in NGF-treated cells suggests that its 

expression is regulated and influenced by NGF-regulated signaling pathways in the cell. 

βCstF-64 expression in PC-12 cells increases in NGF-treated cells in a time-

dependent fashion 

 
In the experiment described above, the expression of βCstF-64 increased in PC-12 cells 

treated with NGF.  As an extension of the above study, we wanted to investigate when 

during the differentiation process did βCstF-64 expression increase.  To investigate this, 

PC-12 cells were treated with NGF and RNA isolated at 1, 2, 3 and 4 days after 

treatment.  RT-PCR using primer pair C that flanked exons 8 and 9 of the rat CstF-64 

gene was conducted to analyze the expression of βCstF-64 mRNA in the differentiated 

cells. As shown in Figure 3.2A, the βCstF-64-specific band increased in intensity relative 

to the CstF-64 band starting at day 2 post NGF treatment (Figure 3.2A, compare lane 3 to 

lanes 1 and 2).  This increase in βCstF-64 mRNA expression began at day 2 of NGF 

treatment and continued through day 4 (Figure 3.2A, lanes 3-5). RT-PCR of ribosomal 

S16 mRNA was conducted to compare cDNA loading (Figure 3.2A, bottom panel).  

Since βCstF-64 mRNA expression increased in NGF-differentiated PC-12 cells,   

similar analysis was conducted to investigate whether βCstF-64 protein expression also 

increased.  PC-12 cells were treated with NGF and whole cell extracts (WCE) were made 

at 1, 2, 3, and 4 after treatment.  Protein concentration was assayed by BCA 

(Bicinchoninic Acid) method, and equal amounts of protein (30μg) were loaded and 

resolved by SDS-PAGE, transferred to nitrocellulose membrane and probed with anti-

βCstF-64, CstF-64, and anti-tubulin antibodies (Figure 3.2B).  βCstF-64 protein 
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expression started to increase at day 2 and was highest at days 3 and 4 post NGF 

treatment (Figure 3.2B, top panel, compare lane 2 to lanes 3-6).  On the other hand, CstF-

64 protein levels remained unchanged (Figure 3.2B, middle panel and bottom panels).  

Note that the anti-CstF-64 antibody does not distinguish CstF-64 from βCstF-64 under 

these conditions (see Figure 2.2)   Thus, the above data suggest that βCstF-64 mRNA and 

protein expression is stimulated by NGF-induced signaling pathways in PC-12 cells.  

The 3′ ends of some mRNAs change in PC-12 cells treated with NGF 

 
There have been many reports of use of alternative polyadenylation sites in mRNAs 

expressed in the nervous system [23].  Therefore, we wanted to investigate whether 

treatment of PC-12 cells with reduced serum and NGF induced alternative poly(A) site 

selection in mRNAs that were known to be regulated by this treatment.  Microarray 

analysis comparing gene expression profiles between undifferentiated and differentiated 

PC-12 cells showed that a number of mRNAs had increased expression levels in NGF-

treated cells [24].  On the other hand, the expression of some mRNAs was downregulated 

in NGF-differentiated cells [24].  In collaboration with Dr. Bin Tian at University of 

Medicine and Dentistry, New Jersey, bioinformatic analysis was conducted to identify 

potential alternative poly(A) sites in mRNAs whose expression levels were found to be 

altered in microarray experiments [24].  This analysis showed that some mRNAs 

contained putative alternative poly(A) sites in their 3′ UTRs.  I chose to examine 3′ ends 

of a subset of these bioinformatically-identified mRNAs using 3′ random amplification of 

cDNA ends (RACE) technique.  Since the 3′ RACE technique helps identify the 3′ ends 

of mRNAs, we used this technique to investigate whether the 3′ ends of these mRNAs 
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were altered in differentiated PC-12 cells.  RNA was isolated from undifferentiated and 

differentiated PC-12 cells and subjected to 3′ RACE analysis using a gene-specific primer 

(GSP1) for each gene and Universal Primer Mix in the first PCR reaction, and a nested 

gene-specific primer (NGSP1) and Nested Universal Primer (NUP) in the second PCR 

reaction (see Materials and Methods and Table 3.1).   

 3′ RACE using gene-specific primers showed that the mRNAs encoding 

tropomodulin-1 (Tmod1), thymosin β4 (Tβ4), and similar to actin related protein 2/3 

(ARC34) were expressed in differentiated PC-12 cells (Figure 3.3, panels A, B, and D, 

compare –NGF and +NGF lanes) although no changes in the length of their 3′ UTRs 

were apparent.  Visual inspection suggested that the expression of the mRNA encoding 

ATPase Na+, K+ transporting protein (ATP1B1) was increased upon NGF treatment 

(Figure 3.3, panel C, upper bands).  Additionally, a faster migrating band that was present 

in undifferentiated PC-12 cells was not seen differentiated cells (Figure 3.3, panel C, 

lower bands), suggesting the presence of an alternative site of polyadenylation.  This was 

not tested further in this study.   

 3′ RACE to analyze expression of lipoprotein lipase (Lpl) mRNA was conducted 

since the Lpl mRNA was known to express mRNA species of 3.2 and 3.6 kB in adipose 

and muscle tissue respectively due to alternative polyadenylation [25].  Our data showed 

that the longer Lpl mRNA was more abundant than the shorter isoform in 

undifferentiated PC-12 cells (Figure 3.3, panel E, compare upper and lower bands in –

NGF lane).  Upon treatment with NGF, expression of both the longer and shorter LPL 

mRNAs appeared to increase, although visual inspection suggested that expression of the 

longer mRNA was stimulated to a greater extent than that of the shorter Lpl mRNA 
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(Figure 3.3, panel E, compare upper and lower bands in –NGF and +NGF lanes).  

Finally, we also tested whether the mRNA encoding methyl CpG binding protein-2 

(MeCP2) underwent alternative poly(A) selection in NGF-treated PC-12 cells.  The 

mRNA encoding MeCP2 has two poly(A) sites in its 3′ UTR.  Use of the promoter 

proximal poly(A) site results in the generation of a short mRNA while use of the 

promoter-distal poly(A) site results in the generation of a long brain-specific 10 kB 

mRNA [26].  We were not able to detect any product corresponding to the shorter Mecp2 

mRNA in either undifferentiated or differentiated PC-12 cells (data not shown).  

However, the expression of mRNA corresponding to the longer 10 kB isoform appeared 

to increase in NGF-differentiated PC-12 cells (Figure 3.3, panel F).  Regulated use of 

alternative poly(A) sites in the Lpl, ATP1B1, and Mecp2 mRNAs suggest that PC-12 

cells could be a good model to test the role of βCstF-64 in alternative poly(A) site 

selection in neuronal mRNAs. 

The mRNA encoding β-adducin has two poly(A) sites that are differentially used 

in undifferentiated and differentiated PC-12 cells 

 
The experiments described above indicated that the PC-12 cell line could be a good 

model system to elucidate the role of βCstF-64 in polyadenylation and possibly 

alternative processing.  Our hypothesis regarding the function of βCstF-64 is that βCstF-

64 participates in mRNA polyadenylation in the nervous system.  For this study, we 

chose to use the mRNA encoding β-adducin as the model system to investigate the 

polyadenylation functions of βCstF-64.  Adducins are a family of cytoskeletal proteins 

that are encoded by three genes, α, β, and γ and function as heterodimers or 
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heterotetramers composed of α/β or α/γ subunits [27].  The α and γ subunits are expressed 

ubiquitously while β-adducin (Add2) is expressed mainly in brain and hematopoietic 

tissues such as bone marrow and spleen.  The 3′ untranslated region (UTR) of the β-

adducin mRNA has four polyadenylation sites, two of which are prominent (illustrated in 

Figure 3.4A).  The promoter-proximal site, pA1, is present in brain and spleen, while the 

promoter-distal site, pA4, is brain-specific [28].  Use of the brain-specific poly(A) site 

leads to the formation of an unusually long 3′ UTR of 9 kB in length [28].   The mRNA 

sequence elements of the two prominent poly(A) sites are distinct but evolutionarily 

conserved among mice, rats and humans.   

 In order to confirm that β-adducin mRNA containing the two poly(A) sites are 

expressed in rat brain and spleen, 3′ RACE analysis was conducted.  RNA was isolated 

from rat brain and spleen, cDNA synthesized by reverse transcription, and subjected to 

PCR using primers specific to either the pA1 or pA4 sites of β-adducin mRNA.  As 

shown in Figure 3.4B, β-adducin mRNA containing the pA1 site was present in brain and 

spleen (lanes 1, and 2, upper panel), while β-adducin mRNA containing the pA4 site was 

present in brain but not in spleen (lanes 1, and 2, lower panel).  As a control, 3′ RACE 

with no reverse transcriptase was conducted (lanes 3, and 4, upper and lower panel). 

In order to investigate whether the two prominent poly(A) sites of β-adducin 

mRNA (pA1 and pA4) were used in PC-12 cells, 3′ RACE analysis was conducted using 

RNA isolated from undifferentiated and differentiated PC-12 cells. Use of the promoter-

proximal poly(A) site (pA1) of β-adducin mRNA appeared to decrease (Figure 3.4C, 

upper panel, compare lanes 1 and 2) while that of the brain-specific promoter-distal site 

(pA4) increased upon stimulation with NGF (Figure 3.4C, middle panel, compare lanes 1 
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and 2).  In order to assess equal loading, RNA isolated from rat brain, undifferentiated, 

and differentiated PC-12 cells were subjected to RT-PCR using primers specific to S16 

mRNA (Figure 3.4C, lower panel).  The above experiments suggested that the pA4 site of 

β-adducin mRNA was used predominantly in rat brain and in NGF-differentiated PC-12 

cells.  The amount of β-adducin mRNA containing the pA4 poly(A) site appeared to 

increase while the amount of β-adducin mRNA containing the pA1 site decreased in PC-

12 cells treated with NGF.  These data suggest that there is a differentiation stage-specific 

regulation of use of the pA1 and pA4 sites of β-adducin mRNA in PC-12 cells. 

Exogenously expressed CstF-64 and βCstF-64 proteins interact with CstF-77 in 

PC-12 and HeLa cells 

 
As a first step towards characterizing the polyadenylation functions of βCstF-64, we 

wanted to investigate whether it interacted with other members of the polyadenylation 

complex.  For this, we chose to investigate whether βCstF-64 interacted with CstF-77 

which is a member of the CstF complex [8].  Previous research indicated that CstF-64 

interacted with CstF-77 [11, 29].  Towards this, I transfected 3XFLAG, 3XFLAG-CstF-

64 or 3XFLAG-βCstF-64 expression constructs into PC-12 cells and subsequently 

conducted co-immunoprecipitation analysis using anti-FLAG antibody coupled to 

agarose beads (Materials and Methods).   

 An aliquot of total protein (5%; denoted “Total”), unbound proteins from the 

immunoprecipitation reaction (5%; denoted “Unbound”) and 50% of immunoprecipitated 

proteins (denoted “Bound”) were resolved by SDS-PAGE, transferred to nitrocellulose 

membrane and probed with anti-FLAG to detect the transfected CstF-64 or βCstF-64 
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proteins or anti-CstF-77 antibodies.  The 3XFLAG-CstF-64 and 3XFLAG-βCstF-64 

proteins were expressed at similar levels (Figure 3.5A, upper panel, lanes 4, and 7) and 

were immunoprecipitated using anti-FLAG antibodies (Figure 3.5A, upper panel, lanes 5, 

and 8).  Immunoprecipitation and immunoblot analyses using cells transfected with 

3XFLAG construct did not result in detectable CstF-77 in the bound fraction (Figure 

3.5A, lower panel, lane 2), with substantial CstF-77 detected in the unbound fraction 

(Figure 3.5A, lower panel, lane 3), demonstrating that endogenous CstF-77 did not 

interact non-specifically with the 3XFLAG moiety or the anti-FLAG agarose beads.   

 Similarly, immunoprecipitation and immunoblot analyses using cells transfected 

with 3XFLAG-CstF-64 and 3XFLAG-βCstF-64 expression constructs showed that 

endogenous CstF-77 was associated with both 3XFLAG-CstF-64 and 3XFLAG-βCstF-64 

proteins (Figure 3.5A, lower panel, lanes 5 and 8).  Note that the transfection efficiency 

in PC-12 cells is approximately 10-20% (data not shown) and hence only a fraction of the 

endogenous CstF-77 is associated with the transfected 3XFLAG-CstF-64 and 3XFLAG-

βCstF-64 proteins (Figure 3.5A, lower panel, lanes 6, and 9).  Similar results were 

obtained using HeLa cells (data not shown). This experiment suggested that βCstF-64 

interacted with CstF-77 as part of the CstF complex, as did CstF-64, thus suggesting that 

βCstF-64 could be a polyadenylation factor.   

As described above, co-immunoprecipitation analysis using anti-FLAG antibody 

suggested that both βCstF-64 and CstF-64 proteins could interact with CstF-77.  In order 

to confirm this, I conducted the converse experiment wherein FLAG-tagged CstF-64 and 

βCstF-64 proteins were immunoprecipitated using an anti-CstF-77 antibody (Bethyl 

Laboratories) and immunoblotted with the anti-FLAG antibody. This experiment was 
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conducted in HeLa cells which is a human cell line because the anti-CstF-77 antibody 

was raised against human CstF-77.  HeLa cells were transfected with 3XFLAG, 

3XFLAG-CstF-64 or 3XFLAG-βCstF-64 expression constructs and subjected to co-

immunoprecipitation analysis using anti-CstF-77 antibody (see Materials and Methods), 

then immunoblotted using anti-FLAG or anti-CstF-77 antibodies.  No protein 

corresponding to 3XFLAG was seen in either total cell extracts (Figure 3.5B, upper 

panel, lanes 1-3) or in co-immunoprecipitation experiments using anti-CstF-77 antibody 

(Figure 3.5B, upper panel, lanes 2, and 3).  Co-immunoprecipitation and immunoblot 

analyses using HeLa cells transfected with 3XFLAG expression construct did not result 

in immunoprecipitation of CstF-77 (Figure 3.5B, lower panel, lane 2) even though it was 

present in whole cell extract (Figure 3.5B, lower panel, lanes 1, 4, and 7).  The 3XFLAG-

CstF-64 and 3XFLAG-βCstF-64 proteins were expressed in HeLa cells although higher 

amounts of 3XFLAG-CstF-64 protein were found when compared to 3XFLAG-βCstF-64 

as shown in the “total” extract lanes (Figure 3.5B, upper panel, compare lane 4 to 7).  Co-

immunoprecipitation analysis with anti-CstF-77 antibody and immunoblot analysis using 

anti-FLAG antibody using cells transfected with 3XFLAG-CstF-64 and 3XFLAG- 

βCstF-64 expression constructs showed that that both 3XFLAG-CstF-64 and 3XFLAG-

βCstF-64 proteins co-immunoprecipitated with CstF-77 (Figure 3.5B, upper panel, lanes 

5 and 8).  Lesser amount of 3XFLAG-βCstF-64 protein was found to be associated with 

CstF-77 when compared to 3XFLAG-CstF-64 possibly due to lower levels of expression 

of 3XFLAG-βCstF-64 protein.  Exogenously expressed CstF-64 and βCstF-64 proteins 

did not co-immunoprecipitate with CstF-77 when control rabbit IgG was used (Figure 

3.5B, lower panel, lanes 5, and 8) indicating specificity of the anti-CstF-77 antibody in 
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immunoprecipitation experiments.  Taken together, these experiments suggested that 

βCstF-64 interacted with CstF-77, as did CstF-64, thus supporting the notion that βCstF-

64 is a polyadenylation factor. 

The pA4 polyadenylation region of the β-adducin mRNA supports more efficient 

polyadenylation than the pA1 polyadenylation region 

 
Data obtained from immunoprecipitation analysis indicated that βCstF-64 was associated 

with the CstF complex, hence suggesting that it could be a polyadenylation factor.  While 

association with the polyadenylation complex is one criterion to evaluate whether a given 

protein is a polyadenylation factor, the other criterion is whether the protein can function 

in in vitro or in vivo polyadenylation assays.  The amount of relative luciferase activity 

(ratio of Renilla and Firefly luciferase activities) obtained from transfected cells is a 

standard way to measure polyadenylation efficiency of a given polyadenylation signal 

and has been used before to study somatic and male germ cell-specific polyadenylation 

elements [30].  In order to investigate the polyadenylation functions of βCstF-64, we used 

luciferase assays to test whether the sequences flanking the two prominent poly(A) sites 

of β-adducin could function to support polyadenylation of luciferase reporter genes.  

Therefore, a 270 nucleotide region comprising sequences upstream and downstream of 

the cleavage site in the pA1 and pA4 sites of β-adducin mRNA was cloned downstream 

of the Renilla luciferase coding region.  The 270 nucleotide segment of pA1 and pA4 

sites of β-adducin mRNA was termed “polyadenylation region.”  The 270 nucleotide 

segment contained 150 and 120 nucleotides corresponding to the upstream and 

downstream polyadenylation regions respectively.   
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 The Renilla luciferase plasmids containing the pA1 and pA4 polyadenylation 

regions of the β-adducin mRNA were termed pA1FULL-Luc and pA4FULL-Luc 

respectively (illustrated in Figure 3.6A).  The pA1 and pA4FULL-Luc plasmids were 

transfected into PC-12 cells along with a plasmid encoding Firefly luciferase to control 

for transfection efficiency.  Cells were lysed 48 hours post-transfection and assayed for 

relative luciferase activity (ratio of Renilla and Firefly luciferase activities).  As shown in 

Figure 3.6B, the amount of relative luciferase activity obtained from cells transfected 

with the pA4FULL-Luc plasmid was approximately 8 fold more than that obtained by 

transfecting the pA1FULL-Luc plasmid.  This finding suggested that the polyadenylation 

region corresponding to the pA4 site of β-adducin mRNA contained sequences that 

directed more efficient protein production from a reporter construct than the pA1 site thus 

implying that the pA4 site is a stronger polyadenylation site than the pA1 site. 

 Next, we wanted to investigate the effect of exogenously expressed CstF-64 or 

βCstF-64 proteins on the luciferase activity encoded by the pA1FULL-Luc or pA4FULL-

Luc expression constructs.  PC-12 cells were transfected with pA1FULL-Luc plasmid 

along with 3XFLAG, 3XFLAG-CstF-64, or 3XFLAG-βCstF-64 vectors.  Identical 

transfections were carried out using pA4FULL-Luc plasmid construct.  The plasmid 

construct encoding Firefly luciferase was cotransfected with the above vectors to control 

for transfection efficiency.  As shown in Figure 3.6C, transfection of 3XFLAG-CstF-64 

encoding construct resulted in a 1.6 fold increase in relative luciferase activity using the 

pA1FULL-luc plasmid (Figure 3.6C, left panel).  Transfection of the 3XFLAG-βCstF-64 

encoding plasmid also resulted in a 1.6 fold increase in relative luciferase activity using 

the pA1FULL-Luc plasmid.  Similar results were obtained using the pA4FULL-Luc 
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plasmid construct (Figure 3.6C, right panel).  In both sets of transfection, approximately 

equal amount of 3XFLAG-CstF-64 and βCstF-64 proteins were expressed as shown by 

immunoblot analysis using anti-FLAG antibody (Figure 3.6C, bottom panel).  There are 

two main conclusions from the above experiment: 1) βCstF-64, like CstF-64, is a 

polyadenylation factor as judged by its association with the CstF complex (Figure 3.5) 

and the ability of exogenously expressed βCstF-64 to enhance luciferase activity encoded 

by expression constructs containing functional polyadenylation signals (Figure 3.6C); 2) 

as measured by luciferase assays, exogenously expressed CstF-64 or βCstF-64 proteins 

enhance polyadenylation of Renilla luciferase mRNA containing pA1 and pA4 

polyadenylation region sequences to the same extent (Figure 3.6C).  Thus, in this assay, 

there was no differential activity of either CstF-64 or βCstF-64 on the two poly(A) sites 

of β-adducin mRNA suggesting that the mechanism of polyadenylation functions of the 

two proteins are likely the same on the two poly(A) sites of the β-adducin mRNA.     

Exogenously expressed βCstF-64 is less active in SLAP than CstF-64 using the 

SV40 polyadenylation signal 

 
It is well established that cooperative interactions between the CstF and CPSF complexes 

are needed for cleavage and polyadenylation of pre-mRNA [15, 29, 31].  CstF-64 binds 

to U/GU-rich sequences downstream of the cleavage site; this binding requires the 

presence of an intact AAUAAA (or similar) polyadenylation signal (PAS) [15].  We 

wanted to investigate whether the polyadenylation functions of βCstF-64 also required a 

functional PAS.  For this purpose, we chose to use the Stem Loop Assay for 

Polyadenylation (SLAP) that was developed by Andrew Hockert in our laboratory to 
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investigate the polyadenylation functions of CstF-64 (Hockert, A.J., unpublished, [32]).  

For SLAP, the Renilla luciferase coding region is placed upstream of the polyadenylation 

region of a given mRNA with one modification; the naturally occurring U/GU-rich 

downstream sequences in the polyadenylation region are replaced by two stem loops 

(MS2 loops) derived from the MS2 bacteriophage replicase gene [32].  This plasmid is 

co-transfected with a plasmid construct that encodes a fusion protein containing the MS2 

RNA binding domain and CstF-64 or βCstF-64.  The main advantage of SLAP is that it 

prevents binding of the endogenous CstF complex to the MS2 loops but allows the MS2-

modified CstF-64 to bind, hence allowing for clearer interpretation of the results obtained 

from the luciferase assay.  An illustration of the principle of SLAP and the constructs 

used in SLAP is shown in Figure 3.7A. 

 The SV40 late polyadenylation signal is well studied and has been used before in 

SLAP to characterize the role of various domains of CstF-64 in polyadenylation 

(Hockert, A. J., unpublished observations).  Renilla luciferase constructs containing 

upstream sequence elements of the SV40 late polyadenylation signal fused to MS2 loop 

sequences (termed SV40-SL-Luc) were transfected into PC-12 cells along with a 

construct that encoded epitope-tagged 3XFLAG-MS2-CstF-64 or 3XFLAG-MS2-βCstF-

64.  Co-transfection of these constructs with a plasmid encoding Firefly luciferase served 

to control for transfection efficiency.  The relative luciferase activity (RLU) values were 

a ratio of Renilla and Firefly luciferase values.  As shown in Figure 3.7B, the relative 

luciferase activity values obtained from cells transfected with 3XFLAG-MS2-CstF-64 

(bar B) construct were three fold higher than that obtained by transfection with 3XFLAG-

MS2 alone (bar A).  Interestingly, the relative luciferase activity values obtained from 
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cells transfected with 3XFLAG-MS2-βCstF-64 (bar C) were 33% less than those 

obtained by transfection with 3XFLAG-MS2-CstF-64 construct (p< 0.001).  A functional 

hexameric polyadenylation signal (PAS) was important for luciferase activity since 

mutation of the AAUAAA PAS to AGGAGA decreased luciferase activity to almost 

unmeasurable levels (p< 0.001; bar D).  Co-transfection of either 3XFLAG-MS2-CstF-64 

or 3XFLAG-MS2-βCstF-64 encoding plasmids did not restore polyadenylation activity 

of this mutant construct (bars E, and F).  There are two main conclusions from this 

experiment: 1) when presented with the upstream polyadenylation region containing a 

canonical hexameric PAS such as AAUAAA, βCstF-64 was 33% less active in SLAP 

when compared to CstF-64; 2) like CstF-64, the polyadenylation function of βCstF-64 

was greatly increased by a functional AAUAAA signal.  This suggests that βCstF-64, like 

CstF-64, mediates its polyadenylation functions via cooperative interactions with the 

CPSF complex that binds to the PAS. 

βCstF-64 is as active as CstF-64 in SLAP using upstream polyadenylation 

regions of pA1 and pA4 of β-adducin mRNA 

As described above, βCstF-64 was as active as CstF-64 in enhancing luciferase activity in 

plasmid constructs containing the entire polyadenylation region corresponding to the pA1 

and pA4 sites of β-adducin mRNA.  The pA1 and pA4 sites are distinct with respect to 

their poly(A) site sequence compositions.  The downstream U/GU-rich sequences in the 

pA4 site are better defined than the pA1 site [28].  The pA1 and pA4 upstream 

polyadenylation regions are distinct; the PAS in the upstream polyadenylation region of 

pA4 is AGUAAA while that of pA1 is AUUAAA.  The pA1 and pA4 sites also contain 

putative upstream sequence elements (USE; [28]) and possibly other sequence elements.  
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We used SLAP in order to eliminate effects of the downstream polyadenylation regions 

of the pA1 and pA4 sites in βCstF-64 function.  This would allow us to investigate the 

role of the upstream polyadenylation regions of the pA1 and pA4 site in the 

polyadenylation function of βCstF-64.  The SV40 late upstream polyadenylation region 

was replaced by those corresponding to the pA1 or pA4 upstream polyadenylation 

regions, while the downstream region consisted of the MS2 stem-loops (see Materials 

and Methods).  Renilla luciferase constructs containing the upstream polyadenylation 

regions of pA1, pA4 or SV40 fused to MS2 loops were termed pA1-SL-Luc, pA4-SL-

Luc, and SV40-SL-Luc respectively.  PC-12 cells were transfected with pA1-SL-Luc, 

pA4-SL-Luc, and SV40-SL-Luc plasmids along with Firefly luciferase plasmid to control 

for transfection efficiency.  As shown in Figure 3.8A, the amount of relative luciferase 

activity values obtained from cells transfected with the above plasmids (wherein the 

U/GU-rich downstream signals were replaced by MS2 loops) were lower than those 

obtained from cells transfected with pA1 or pA4FULL-Luc plasmids (that contained the 

U/GU-rich sequences; compare to Figure 3.6B).  Additionally, the amount of relative 

luciferase activity values obtained from cells transfected with pA4-SL-Luc was 

approximately four fold higher than those obtained from cells transfected with pA1-SL-

Luc (Figure 3.6A, compare bars 1 and 2).  This is in contrast to the eight fold difference 

observed between the amount of luciferase values obtained from cells transfected with 

pA4FULL-Luc and pA1FULL-Luc (see Figure 3.6B).  These results suggest that the 

downstream signals in the pA4 site of β-adducin mRNA are important for the observed 

difference in the amount of luciferase activity produced by the pA4FULL-Luc plasmid 

when compared to the pA1FULL-Luc expression constructs.  Furthermore, the amount of 
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relative luciferase activity values obtained from cells transfected with SV40-SL-Luc was 

approximately 10 fold and 2 fold higher than those obtained with cells transfected with 

pA1-SL-Luc and pA4-SL-Luc respectively (Figure 3.8A, compare bar 3 with bars 1 and 

2).  These results suggest that the upstream polyadenylation region of SV40 is more 

efficient than those of pA1 and pA4 in directing luciferase activity in SLAP. 

 Next, we wanted to investigate the effect of exogenously expressed CstF-64 or 

βCstF-64 proteins on the luciferase activity encoded by the pA1-SL-Luc or pA4-SL-Luc 

expression constructs.  PC-12 cells were transfected with pA1-SL-Luc plasmid along 

with 3XFLAG-MS2, 3XFLAG-MS2-CstF-64, or 3XFLAG-MS2-βCstF-64 vectors 

(Figure 3.8B, left panel).  Identical transfections were carried out using pA4-SL-Luc 

(middle panel) and SV40-SL-Luc plasmid constructs (right panel).  In these experiments, 

approximately equal amount of 3XFLAG-MS2-CstF-64 and βCstF-64 proteins were 

expressed as determined by immunoblot analysis using anti-FLAG antibody (data not 

shown).  As shown in Figure 3.8B, co-transfection of 3XFLAG-MS2-CstF-64 encoding 

construct with pA1-SL-Luc resulted in a 2.5 fold increase in relative luciferase activity 

(Figure 3.8B, bar B).  Identical results were seen using the 3XFLAG-MS2-βCstF-64 

encoding plasmid (bar C). Similarly to pA1-SL-Luc, co-transfection of 3XFLAG-MS2-

CstF-64 encoding construct with pA4-SL-Luc resulted in a 2 fold increase in relative 

luciferase activity (Figure 3.8B, bar E) as did co-transfection with 3XFLAG-MS2-βCstF-

64 encoding plasmid (Figure 3.8B, bar F).  For comparison, SLAP using SV40-SL-Luc 

plasmid is shown (Figure 3.8B, right panel).   

 Results obtained from this experiment indicate that exogenously expressed βCstF-

64 is as efficient as CstF-64 in promoting luciferase activity when presented with 
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upstream polyadenylation regions corresponding to the pA1 and pA4 sites of β-adducin 

mRNA.  However, the lower activity of βCstF-64 when compared to CstF-64 in SLAP on 

upstream polyadenylation regions containing canonical AAUAAA PAS (Figure 3.7) 

suggests that the activity of βCstF-64 might be different on different polyadenylation 

sites. 

Discussion 

It is well known that the nervous system employs alternative pre-mRNA splicing to 

increase protein output from a limited set of genes in the genome in order to carry out its 

complex and specialized functions [33].  Consistent with this theme, we discovered a 

nervous system-predominant spliced isoform of CstF-64 that we named βCstF-64 

(Chapter 2, and Shankarling et al., submitted).  We hypothesized that βCstF-64 functions 

in polyadenylation of nervous system mRNAs, and possibly in regulating alternative 

poly(A) site selection in the nervous system.  While we have not yet found support for 

the latter hypothesis, I present here abundant support for the former.   

While using the PC-12 neuronal cell line to investigate the polyadenylation 

functions of βCstF-64, we found that NGF caused an increase in βCstF-64 mRNA and 

protein expression (Figures 3.1 and 3.2).  NGF belongs to the neurotrophin family of 

proteins  that function in neuronal cell survival and differentiation and neuronal synaptic 

plasticity [30, 34].  NGF binds to the receptor tyrosine kinase TrkA receptor and to the 

neurotrophin receptor and mediates a wide range of functions including cell survival, 

apoptosis, neuronal phenotype, synaptic plasticity, and neural repair [35, 36].  Our 

observation that NGF treatment of PC-12 cells stimulates the alternative splicing pattern 

of CstF-64 to generate βCstF-64 is intriguing, although the mechanism is not known. 
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However, there is precedent for regulation of alternative splicing by NGF signaling.  In 

PC-12 cells, NGF was shown to induce alternative splicing of mRNAs encoding TrkA 

[37], neurofilament1 [38], agrin [39], and neural cell adhesion molecule [40].  It is 

possible that signal transduction pathways activated by NGF result in increased 

expression of splicing regulators such as SR proteins that might activate alternative 

splicing patterns of CstF-64 and other pre-mRNAs [41].  NGF regulates not only pre-

mRNA splicing but also transcription-dependent and transcription-independent increases 

in gene expression profiles of a number of proteins involved in various neuronal 

processes such as neurogenesis, synaptic plasticity, and neurotransmitter synthesis [24].  

Upon treatment with NGF, PC-12 cells extend varicose processes similar to those 

produced by sympathetic neurons in primary cell culture [42]. Undifferentiated PC-12 

cells lack axons and dendrites but start extending them after day 2 of NGF treatment and 

reach their peak at day 4 [42]. Our data indicate that the increase in βCstF-64 expression 

occurs within 24-48 hours after NGF treatment. The concomitant increase in the 

expression of βCstF-64 during the time period where PC-12 cells assume a neuronal 

phenotype supports our hypothesis that βCstF-64 participates in neuronal gene 

expression.   

In addition to regulating the alternative splicing pattern of CstF-64, NGF 

treatment of PC-12 cells also resulted in differential poly(A) site use in the β-adducin 

mRNA.  Using 3′ RACE, we obtained data indicating that mRNAs that contained the 

brain-specific pA4 site of β-adducin mRNA were upregulated in NGF-differentiated PC-

12 cells, while those containing the pA1 site were downregulated (Figure 3.4B).  Could 

βCstF-64 play a role in selectively recognizing the brain-specific pA4 site of β-adducin 
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mRNA? Our data showing a concomitant increase in βCstF-64 expression and β-adducin 

pA4 site-containing mRNA in NGF-differentiated cells suggests a possible link.  

However, the co-transfection studies described here fail to support a model in which 

βCstF-64 is sufficient to alter polyadenylation at the pA4 site in the β-adducin mRNA.  It 

is possible that βCstF-64 is more active on the pA4 site in differentiated PC-12 cells.  

However, differentiated PC-12 cells function poorly in transient transfection experiments 

which has precluded us from using these cells to test this hypothesis.  Further studies are 

needed to investigate whether βCstF-64 is involved in regulation of alternative poly(A) 

site selection in the β-adducin or any other neural mRNAs. 

In this study, we chose to focus on establishing that βCstF-64 was a 

polyadenylation factor.  Traditionally, two main approaches have been adopted to address 

whether a given protein could be a polyadenylation factor: first, whether the protein is 

found in complex with other known polyadenylation proteins; and second, whether the 

protein can function in in vitro [43] or in vivo polyadenylation assays [30].  Using both 

these approaches, we showed that βCstF-64 was indeed a polyadenylation factor.  Since 

the anti-βCstF-64 antibody did not function well in immunoprecipitation assays (data not 

shown), we used a transfection-based approach to investigate whether it interacted with 

another member of the CstF complex, CstF-77.  The somatic form of CstF-64 is a known 

polyadenylation factor since it interacts with CstF-77 [11, 44] and functions in in vitro 

cleavage and polyadenylation assays [15].  Using anti-FLAG and anti-CstF-77 

antibodies, we showed that like CstF-64, βCstF-64 also interacts with CstF-77 (Figure 

3.5) in both PC-12 and HeLa cells.  Thus, βCstF-64 is likely part of the CstF complex in 

neuronal cells of the nervous system.   
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If both CstF-64 and βCstF-64 proteins interact with similar proteins, then how 

might the function of βCstF-64 be distinct from that of CstF-64?  We hypothesize that the 

insertion of a 49 amino acid segment in the proline/glycine-rich domain, βCstF-64 

enables it to interact with neuron-specific polyadenylation proteins or other neuronal 

proteins.  Apart from βCstF-64, neuron-specific polyadenylation factors have not been 

discovered, yet.  However, there is evidence that neuronal splicing factors such as Hu 

[45] and Nova [46] might function in alternative polyadenylation in the nervous system.  

Since there is great degree of coupling between splicing and polyadenylation machineries 

[47], it will be interesting to investigate whether βCstF-64 interacts with any of these 

neuronal splicing proteins. 

In this study, we used in vivo luciferase assays to investigate the polyadenylation 

functions of βCstF-64 since this is a standard way to measure polyadenylation efficiency 

of a given polyadenylation signal and has been used before to study somatic and male 

germ cell-specific polyadenylation elements [30].  Towards this, we placed the entire 

polyadenylation regions of the pA1 and pA4 sites of β-adducin mRNA (containing 150 

and 120 nucleotides of upstream and downstream sequences respectively) downstream of 

Renilla luciferase coding region and determined the amount of luciferase activity 

produced in response to exogenously expressed CstF-64 or βCstF-64 proteins.  In vivo 

luciferase assays have been used before to correlate luciferase activity to the efficiency of 

polyadenylation signals [30] .  Intriguingly, transfection of plasmids containing the β-

adducin pA4 polyadenylation signal in PC-12 cells gave much greater levels of luciferase 

activity when compared to β-adducin pA1 polyadenylation signal (Figure 3.5B).  This 

finding suggests that polyadenylation signals of the β-adducin pA4 site are stronger than 
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that of the pA1 site. This could be due to the fact that the downstream U/GU-rich signal 

in the pA4 site is more well-defined and conserved when compared to that in the pA1 site 

[28].   

We also found that exogenously expressed βCstF-64 or CstF-64 equivalently 

stimulated luciferase activity encoded by constructs containing the pA1 or pA4 

polyadenylation regions of β-adducin.   These data suggest that the undifferentiated PC-

12 cells are limiting for CstF-64 or βCstF-64 protein levels with respect to the pA1 and 

pA4 sites and that βCstF-64 is as active as CstF-64 on the two sites as measured by this 

assay.  Our data showing that the pA4 site of β-adducin is used much more efficiently 

than the pA1 site in undifferentiated PC-12 cells in luciferase assays is in contrast to the 

3′ RACE analysis data (Figure 3.4C) which showed that the pA4 site-containing mRNA 

was expressed at low levels in undifferentiated levels PC-12 cells while its use was 

upregulated in NGF-differentiated cells.  A reason for this discrepancy could be 

explained by the complex nature of RNA processing of the β-adducin mRNA.  In 

addition to having alternative poly(A) sites, β-adducin also contains alternative brain-

specific promoters and exons [28].  Since polyadenylation is coupled to splicing, 

transcription initiation and termination [48, 49], it is possible that the efficiency of use of 

the pA4 site in undifferentiated PC-12 cells is dependent on the coordinated regulation of 

all of these processes.  

 Having shown that βCstF-64 was indeed a polyadenylation factor, we further 

investigated the polyadenylation functions of βCstF-64 using a modified luciferase assay 

(SLAP) which has been used before in our laboratory to investigate the polyadenylation 

functions of CstF-64 ([32], Hockert, A.J., unpublished).  We used SLAP because this 
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allowed us to investigate the role of upstream polyadenylation regions of the pA1 and 

pA4 site of β-adducin mRNA in polyadenylation functions of βCstF-64 while eliminating 

effects of the downstream sequences.  In SLAP, the naturally occurring U/GU-rich signal 

in the Renilla luciferase gene was replaced by two copies of the MS2 stem-loop.  Using 

this assay, we showed that the polyadenylation functions of βCstF-64 required a 

functional AAUAAA signal.  This is in agreement with previous studies showing that 

UV-crosslinking of CstF-64 to the downstream U/GU-rich sequence element required a 

functional AAUAAA signal [15, 50, 51].  Taken together, our data suggest that βCstF-64 

forms cooperative interactions with the CPSF complex via interaction with CstF-77 and 

that these interactions require a functional AAUAAA signal.  We also found that βCstF-

64 was 33% less active than CstF-64 in SLAP when presented with the SV40 upstream 

polyadenylation region containing the canonical AAUAAA signal.  In contrast, βCstF-64 

was as active as CstF-64 in SLAP when presented with the β-adducin pA1 or pA4 

upstream polyadenylation regions (the pA1 and pA4 upstream polyadenylation regions 

contain the non-canonical AUUAAA and AGUAAA signals respectively).  Thus, our 

data suggests that, in PC-12 cells, the mechanism of polyadenylation function of βCstF-

64 is similar to that of CstF-64 on the two poly(A) sites of the β-adducin mRNA. 

Why does the nervous system require two forms of CstF-64?  One reason could 

be due to the fact that the nervous system needs a greater diversity in gene products than 

other organ systems in order to fulfill its complex and specialized functions.  While 

alternative splicing would be one way to expand proteomic content, the other way would 

be express alternative forms of 3′ end processing factors.  Alternative forms of 3′ end 

processing factors — βCstF-64 being the first example — could contribute to proteomic 



 

 

 

162  

diversity in the nervous system by regulated use of exonic or intronic poly(A) sites 

leading to generation of protein isoforms from a common pre-mRNA.  On the other hand, 

regulated use of alternative poly(A) sites present in the 3′ UTR by βCstF-64 could lead to 

mRNA isoforms with differential 3′ UTR lengths.  Differential 3′ UTR lengths could 

result in changes in mRNA localization [52], or in mRNA stability/translation [53-55]  

that could impact neuronal processes such activity dependent mRNA translation and 

synaptic plasticity.  The data presented in this chapter addressing the polyadenylation 

functions of βCstF-64 form the first of many steps towards understanding its role in 

regulating alternative poly(A) site selection in the nervous system. 

Methods and Materials 

Cell Culture and Transfection 

PC-12 cells were grown at 37°C in 5% CO2 in Dulbecco’s Minimal Eagle Media 

(DMEM; CellGro, Manassas, VA) containing 10% equine serum (Hyclone, Logan, UT), 

5% cosmic calf serum (Hyclone, Logan, UT) and 1% penicillin/streptomycin (Gibco, 

Carlsbad, CA).  For NGF treatment, PC-12 cells (3 × 106 cells) were plated on 14 cm 

plastic dish (Nunc, Rochester, NY) coated with 50 µg/mL poly-D-lysine (Sigma, St. 

Louis, MO) and cultured in 20 mL DMEM containing 2% serum for 3 hours.  After 3 

hours, Nerve Growth Factor (Promega, Madison, WI) was added to a final concentration 

of 50 ng/mL.  For culturing PC-12 cells in 2% serum-containing DMEM (Figure 3.1), 

cells (6 ×106) were seeded on 14 cm plastic dish (Nunc) coated with 100 µg/mL poly-D-

lysine (Sigma).  As an alternative protocol for NGF treatment (Figure 3.1), PC-12 cells (3 

× 106 cells) were plated on 14 cm plastic dish (Nunc) coated with 50 µg/mL poly-D-

lysine (Sigma) and cultured in 20 mL DMEM containing 15% serum.  All transfections 
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in PC-12 cells were conducted using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) at 3 

μL/μg of transfected DNA.  HeLa cells were grown at 37°C in 5% CO2 in Dulbecco’s 

Minimal Eagle Media (CellGro) containing 10% cosmic calf serum and 1% 

penicillin/streptomycin (Gibco). HeLa cells (2 × 106) were seeded in 10 cm dish (Nunc) 

and transfected the next day with 10 μg of the indicated plasmids using Lipofectamine 

2000 (Invitrogen) at 2.5 μL/μg of transfected DNA. Cells were harvested 48 hours post-

transfection by rinsing with ice-cold PBS, and lysed in SDS loading buffer (ref 62 from 

paper).  

Antibodies 

The following antibodies were used in this study: anti-α-tubulin and anti-FLAG 

antibodies (Sigma, St. Louis, MO); anti-CstF-64 antibody (3A7, ref); anti-CstF-77 

monoclonal antibody (Abnova, Walnut, CA, catalog # H00001479-M01); and anti-CstF-

77 polyclonal antibody (Bethyl, Montgomery, TX, catalog # A301-096A).  

RNA Analysis and RT-PCR  

Total RNA from rat brain, rat spleen, undifferentiated and NGF-differentiated PC-12 

cells at the indicated time points were extracted by using TRIzol reagent (Invitrogen, 

Carlsbad, CA), and treated with TurboDNase (Ambion).  Equal amounts of DNased RNA 

(4μg) from each tissue sample were used to synthesize cDNA using SuperScriptII 

Reverse Transcriptase and oligo-dT according to the manufacturer’s protocol 

(Invitrogen). Polymerase chain reaction (PCR, 30 cycles) was conducted using the 

indicated primers (see Table 1) in an Air Thermocycler (Idaho Technologies, Salt Lake 

City, UT).  Amplicons were resolved by electrophoresis on a 1% agarose gel 



 

 

 

164  

electrophoresis.  Ethidium bromide stained RT-PCR products were excised from the gel 

(Qiagen, Valencia, CA), cloned using Topo II system (Invitrogen), and identified by 

DNA sequence analysis. 

3′ RACE analysis 

For 3′ RACE analysis, total RNA from rat brain, rat spleen, undifferentiated and NGF-

differentiated PC-12 cells at the indicated time points were extracted and treated with 

DNase as described earlier.  DNA-free RNA (1 µg) was used to synthesize cDNA with 

the SMART RACE cDNA amplification kit (BD Biosciences, Mountainview, CA).  The 

cDNA was diluted with 100 µL Tricine-EDTA buffer and 2 µL of the diluted cDNA used 

for the first round of PCR.  The first round of PCR (30 cycles) was conducted using 

Gene-Specific Primer (GSP; see Table 3.1) and Universal Primer Mix A in an Air 

Thermocycler (Idaho Technologies).  The PCR reaction from the first round was diluted 

1:10 in ddH20 and 2 µL used for the second PCR reaction.  The second round of PCR (30 

cycles) was conducted using Nested Gene-Specific Primer (NGSP; see Table 3.1) and 

Nested Universal Primer Mix in an Air Thermocycler (Idaho Technologies).  The PCR 

products were resolved and sequenced as described earlier. 

Cloning and Plasmids 

The plasmids 3XFLAG-MS2, 3XFLAG-MS2-CstF-64, and 3XFLAG-MS2-βCstF-64 

were described in Chapter 2 (see Methods and Materials).  The plasmids SV40-SL-Luc 

and SV40-SL-Luc (AGGAGA) were kind gifts from Andrew Hockert.  The plasmid 

pA1-SL-Luc was created as follows: A 350 nucleotide RACE product corresponding to 

the pA1 site of β-adducin mRNA was cloned into TOPOII vector (Invitrogen) to generate 
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pA1-TopoII plasmid.  A 150 nucleotide region flanked by EcoRI and MfeI sites was 

amplified from the pA1-TopoII plasmid using primers pA1F  and pA1R (see Table 3.1) 

and the PCR product digested with EcoRI and MfeI restriction enzymes.  The digested 

PCR product was gel purified (Qiagen, Valencia, CA) and ligated to similarly digested 

SV40-SL-Luc plasmid to give pA1-SL-Luc plasmid.  The plasmid pA4-SL-Luc was 

created as follows:  A double stranded oligonucleotide (6ng) containing 150 nucleotides 

corresponding to the β-adducin pA4 upstream polyadenylation region flanked by EcoRI 

and HpaI cohesive ends (IDT, Coralville, IA) was ligated to a similarly digested SV40-

SL-Luc plasmid (20 ng) to give pA4-SL-Luc plasmid.  The sequence of the two single 

stranded oligonucleotides (pA4HpaIUltraF and pA4HpaIUltraR) used to generate the 

double stranded oligonucleotide is shown in Table 3.1.  The plasmids pA1FULL-Luc and 

pA4FULL-Luc were created as follows:  the MS2 loops from the pA1-SL-Luc and pA4-

SL-Luc plasmids were excised by digestion with MfeI and HindIII restriction enzymes 

and the digested plasmid was gel purified (Qiagen).   A double stranded oligonucleotide 

containing 120 nucleotides corresponding to the downstream U/GU-rich sequences of 

pA1 or pA4 sites of β-adducin mRNA was synthesized (IDT).  The sequence of the single 

stranded oligonucleotides (pA1FULLUltraF, pA1FULLUltraR, pA4FULLUltraF, and 

pA4FULLUltraR) used to generate the double stranded oligonucleotides is shown in 

Table 3.1.  The double stranded oligonucleotides containing cohesive MfeI and HindIII 

sites were ligated into similarly digested pA1-SL-Luc or pA4-SL-Luc plasmids to give 

pA1FULL-Luc or pA4FULL-Luc plasmids. 
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Protein Analysis  

For protein analysis, whole cell extract was prepared from undifferentiated, NGF-

differentiated, and transfected PC-12 cells and HeLa cells by rinsing cells 2 times with 

ice-cold PBS, lysed and sonicated in SDS loading buffer.  Preparation of mouse nuclear 

extract has been described before (Chapter 2).  Protein concentration was measured using 

the bicinchoninic acid (Pierce, Rockford, IL) assay. Equal amounts of protein (30 μg) 

were resolved by 10% SDS-PAGE, and transferred to nitrocellulose membranes for 

immunoblotting.  For immunoblotting using anti-CstF-64 antibody, membranes were 

blocked with Tris-buffered saline containing 0.2% Tween-20 (TBST) with 2% nonfat dry 

milk (TBST) for 2 hours and treated with anti-CstF-64 antibody at a dilution of 1:50.  

The anti-α-tubulin, anti-FLAG, anti-CstF-77 (monoclonal), and anti-CstF-77 (polyclonal) 

antibodies were used at dilutions of 1:5000, 1:6000, 1:200, and 1:1000 respectively. 

Membranes were subsequently treated with horseradish peroxidase-conjugated goat anti-

mouse or anti-rabbit IgG (Pierce, Rockford, IL) at a dilution of 1:25000 and 

immunoreactive bands were visualized by chemiluminescence using the Pierce 

SuperSignal kit (Rockford, IL).  All antibody dilutions were conducted in 2% nonfat dry 

milk in TBST.   

Stem Loop Assay for Polyadenylation (SLAP)  

PC-12 cells were plated on 24 well plates at 200 × 103 per well and after 24 hours were 

transfected with the following plasmids: 8 ng of pGL3-control plasmid (Firefly luciferase 

plasmid, Promega), 48 ng of Renilla luciferase plasmid (pA1-SL-Luc, pA4-SL-Luc, 

SV40-SL-Luc, and SV40-SL-Luc [AGGAGA]), and 500 ng of either 3XFLAG-MS2 

(denoted “reporter alone”), 3XFLAG-MS2-CstF-64 or 3XFLAG-MS2-βCstF-64 
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plasmids.  Cells were harvested 48 hours post-transfection.  Cell lysis was conducted 

using 1X Passive Lysis Buffer (Promega) and lysates subjected to Dual Luciferase Assay 

(Promega) using a Turner 20 luminometer according to the manufacturer’s instructions.  

Each experimental plasmid (Reporter alone, 3XFLAG-MS2-CstF-64 or βCstF-64) was 

transfected in triplicates and each triplicate repeated five times (for a total of 15 replicates 

per experimental plasmid).  The relative luciferase values (ratio of Renilla to Firefly 

values) were an average of 15 replicates.   Lysates from all 15 replicates for each 

experimental plasmid was pooled and denatured in SDS loading buffer.  Equal volume 

(20 µL) from samples were resolved by SDS-PAGE and subjected to immunoblot 

analysis using anti-FLAG antibody to determine protein expression.  Statistical analysis 

including ANOVA was conducted using InStat program (Graphpad Software inc., 

Sandiego, CA).  Luciferase assays using the pA1FULL-Luc or pA4FULL-luc plasmids 

were also conducted as described above. 

Immunoprecipitation 

PC-12 cells (6 × 106) were plated on 10 cm dish coated with 50 µg/mL poly-D-Lysine 

and transfected next day with 10 µg of either 3XFLAG-MS2, 3XFLAG-MS2-CstF-64 or 

3XFLAG-MS2-βCstF-64 encoding plasmids using Lipofectamine 2000 (Invitrogen).  

Cells were harvested 48 hours post-transfection.  For co-immunoprecipitation analysis, 

cells were washed with ice-cold phosphate buffered saline (PBS), lysed with 1mL 

hypotonic gentle lysis buffer (10mM Tris-HCl, 10mM NaCl, 2mM EDTA, 0.5% Triton-

X-100), incubated on ice for 10 minutes, followed by addition of NaCl to 150mM.  Cell 

lysates were centrifuged at 16,000g for 15 minutes.  An aliquot of the supernatant (5% of 

the total volume) was used as “Total extract” control while the remaining was added to 
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anti-FLAG antibody coupled to agarose resin and incubated overnight at 4°C.  For co-

immunoprecipitation analysis using anti-CstF-77 antibody (Bethyl), anti-CstF-77 

antibody (3 µg/mg cell lysate) or control rabbit IgG was added to the cell lysate followed 

by addition of 100 µL of 20% Protein A – sepharose suspension and incubated overnight 

at 4°C.  Following overnight incubation, an aliquot of the supernatant (5% of the total 

volume was used to analyze “unbound” proteins. The beads were washed extensively 

with NET2 buffer (50mM Tris, 150mM NaCl, 0.05% Triton-X-100) and “bound” 

proteins eluted by boiling in SDS buffer.  The eluted proteins (50% of eluted proteins) 

were resolved by SDS-PAGE, transferred to nitrocellulose membrane and subjected to 

immunoblot analysis using anti-FLAG or anti-CstF-77 antibodies.   
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Figures 
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Figure 3.1: The increase in βCstF-64 expression in differentiated PC-12 cells is 

due to NGF treatment and not serum reduction.   

A) βCstF-64 mRNA increases in NGF-differentiated PC-12 cells. (Upper panel) 

RT-PCR using CstF-64-specific primers was conducted using RNA isolated from 

HeLa cells, undifferentiated PC-12 cells grown in either 15% or 2% serum-
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containing medium, or from NGF-treated PC-12 cells grown in either 2% or 15% 

serum-containing medium. RT-PCR of ribosomal S16 mRNA was conducted to 

assess equal loading (lower panel). B) βCstF-64 protein expression increases in 

NGF-differentiated PC-12 cells. Total proteins were isolated from 

undifferentiated and differentiated PC-12 cells grown in DMEM medium 

containing the indicated amount of serum. Equal amount of protein (30μg) was 

loaded and resolved by SDS-PAGE and immunoblot analysis carried out using 

anti-βCstF-64 (upper panel) or anti-tubulin antibodies (lower panel).  
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Figure 3.2: βCstF-64 mRNA and protein expression increases in differentiated 

PC-12 cells.   

A) βCstF-64 mRNA expression increases in differentiated PC-12 cells. Panel A: 

RNA was isolated from undifferentiated cells and NGF-treated cells at the 
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indicated time points and RT-PCR was conducted. Panel B: RT-PCR of 

ribosomal S16 mRNA was conducted to demonstrate equal loading. B) βCstF-64 

protein expression increases in differentiated PC-12 cells.  Total proteins were 

isolated from undifferentiated and differentiated PC-12 cells.  Equal amount of 

protein (30μg) was loaded and resolved by SDS-PAGE and immunoblot analysis 

carried out using anti-βCstF-64 (upper panel), CstF-64 (middle panel) or anti-

tubulin antibodies (lower panel). Nuclear extract prepared from brain was used 

as a positive control (lane 1).  

 

 



 

 

 

173  

Similar to Actin-
related protein 2/3

Methyl-CpG-
binding protein 2 
(MeCP2)

Tropomodulin 1

Thymosin β4

ATPase, Na+, K+

transporting

Lipoprotein Lipase

225 bp

350 bp

375 bp

350 bp

725 bp

325 bp

250 bp

A

D

C

B

E

F

-NGF +NGF

 

Figure 3.3:  The 3′ ends of some mRNAs change in differentiated PC-12 cells. 

RNA was isolated from PC-12 cells untreated or treated with 50 ng/mL NGF in 

reduced serum for 4 days and subjected to 3′ RACE analysis using gene-specific 

primers.  Panels A, B, C, D, E, and F refer to 3′ RACE analysis primers specific 

to the mRNAs encoding tropomodulin (Tmod1), thymosin β4 (Tβ4), ATPase, 

Na+, K+ transporting (ATP1B1), similar to actin related protein 2/3 (ARC34), 

lipoprotein lipase (LPL), and MeCP2 respectively.  The sizes of 3′ RACE 

products are indicated at right.   
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Figure 3.4: The two poly(A) sites of the β-adducin mRNA are differentially used 

in PC-12 cells treated with NGF.   

A) Illustration of the 3′ UTR of β-adducin mRNA. The upstream and downstream 

poly(A) signals and the mRNA sequence at the cleavage sites  (arrow) for pA1 

and pA4 are indicated. B) 3′ RACE analysis of β-adducin mRNA in rat brain and 

spleen. RNA was isolated from rat brain and spleen, cDNA synthesized by 

reverse transcription and subjected to two rounds of PCR using gene-specific and 

nested gene-specific primers for the pA1 and pA4 sites. “-RT” denotes PCR with 

no reverse transcriptase added during cDNA synthesis. C) 3′ RACE analysis of 

β-adducin mRNA in PC-12 cells. RNA was isolated from PC-12 cells untreated 

or treated with 50 ng/mL NGF for 4 days and subjected to 3′ RACE analysis 

using primers specific to the two polyadenylation sites. 3′ RACE using RNA 

from rat brain was used a control (lane 3, upper and middle panel). RT-PCR of 

S16 mRNA was used to assess equal loading of RNA (bottom panel). “-RT” 

denotes PCR with no reverse transcriptase added during cDNA synthesis. 
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Figure 3.5 βCstF-64 co-immunoprecipitates with CstF-77 in PC-12 cells and 

HeLa cells.  

A) PC-12 cells were seeded onto 10 cm dish and transfected with 10 µg of 

3XFLAG (lanes 1-3), 3XFLAG-CstF-64 (lanes 4-6) or βCstF-64 (lanes 7-9) 

using lipofectamine 2000.  Cells were harvested 48 hours post-transfection. An 

aliquot of cell lysate (5%) was used as “Total extract” control (Upper and lower 

panels, lanes 1, 4, and 7) while the remaining was added to anti-FLAG antibody 

coupled at agarose resin and incubated overnight at 4°C.  Beads were centrifuged 

and an aliquot of the supernatant (5%) was used to analyze “unbound” proteins 

(Upper and lower panels, lanes 3, 6, and 9). After extensive washing with NET-2 

buffer, “bound” proteins were eluted by boiling in SDS loading buffer. The 

eluted proteins (50%) were resolved by SDS-PAGE, transferred to nitrocellulose 

membrane and subjected to immunoblot analysis (IB) using anti-FLAG (upper 

panel) or anti-CstF-77 antibodies (lower panel).  The apparent molecular masses 

of the 3XFLAG-CstF-64 and βCstF-64 proteins and CstF-77 are indicated on left. 

The upper and lower panels show data obtained by immunoprecipitation with 

anti-FLAG antibody (IP: Anti-FLAG) and immunoblot (IB) with anti-FLAG and 

anti-CstF-77 antibodies.  B) HeLa cells were seeded onto 10 cm dish and 

transfected with 25 μg of 3XFLAG, 3XFLAG-CstF-64 or βCstF-64 encoding 

plasmid constructs using lipofectamine 2000. Cells were harvested 48 hours 

post-transfection.  Co-immunoprecipitation analysis using anti-FLAG antibody 

was carried out as described earlier.  Co-immunoprecipitation analysis using 

anti-CstF-77 antibody (upper panel) or control rabbit IgG (lower panel) was 
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conducted by adding anti-CstF-77 antibody (3 μg/mg cell lysate) or control 

rabbit IgG to the cell lysate followed by addition of 100 μL of 20% Protein A – 

sepharose suspension and incubated overnight at 4°C.  The reactions were 

centrifuged at 10,000 rpm for one minute and an aliquot of the supernatant was 

used to analyze “unbound” proteins.  The beads were washed extensively with 

NET-2 buffer (50mM Tris, 150mM NaCl, 0.05% Triton-X-100) and “bound” 

proteins eluted by boiling in SDS buffer. The eluted proteins (50% of eluted 

proteins) were resolved by SDS-PAGE, transferred to nitrocellulose membrane 

and subjected to immunoblot analysis using anti-FLAG (upper and lower panels) 

or anti-CstF-77 antibodies (middle panel).  The apparent molecular masses of the 

3XFLAG-CstF-64 and βCstF-64 proteins and CstF-77 are indicated on left. The 

upper panel shows data obtained by immunoprecipitation with anti-CstF-77 

antibody (IP: Anti-CstF-77) and immunoblot analysis by anti-FLAG antibody 

(IB: anti-FLAG).  The middle panel shows data obtained by immunoprecipitation 

with anti-FLAG antibody (IP: Anti-FLAG) and immunoblot analysis by anti-

CstF-77 antibody (IB: anti-CstF-77).  The lower panel shows data obtained by 

immunoprecipitation with control rabbit IgG (IP: control rabbit IgG) and 

immunoblot analysis using anti-FLAG antibody (IB: anti-FLAG). 
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Figure 3.6: The pA4 polyadenylation region of the β-adducin mRNA supports 

more efficient polyadenylation than the pA1 polyadenylation region 

A) Illustration of the Renilla Luciferase plasmids containing the polyadenylation signals 

of pA1 and pA4 site of β-adducin mRNA. A total of 270 nucleotides flanking either the 

pA1 or pA4 sites of β-adducin mRNA were cloned downstream of the Renilla Luciferase 

coding region (termed pA1FULL-Luc, pA4FULL-Luc). The upstream and downstream 

poly(A) signals and the mRNA sequence at the cleavage sites (arrow) for pA1 and pA4 

are indicated. B) Luciferase assay in PC-12 cells using pA1FULL-Luc or pA4FULL-Luc 

plasmids. PC-12 cells were plated in 24 well plates and transfected with the indicated 

plasmids and with firefly luciferase plasmid using lipofectamine 2000.  Cells were 

transfected in triplicates and each triplicate was repeated five times.  Cells were harvested 

48 hours post transfection and then cells extracts were assayed for luciferase activity.  

Bar graphs display the relative luciferase units obtained by dividing the Renilla luciferase 

units by firefly luciferase units. Error bars denote the 95% confidence interval of the 

results after ANOVA.  C) Luciferase assay in PC-12 cells involving co-transfection of 
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pA1FULL-Luc with either 3XFLAG-MS2 (reporter alone), 3XFLAG-MS2-CstF-64 or 

3XFLAG-MS2-βCstF-64 (left panel) or pA4FULL-Luc with either 3XFLAG (reporter 

alone), 3XFLAG-CstF-64 or 3XFLAG-βCstF-64 (right panel).  PC-12 cells were plated 

in 24 well plates and transfected with the indicated plasmids and with Firefly luciferase 

plasmid using lipofectamine 2000. Cells were transfected in triplicates and each triplicate 

was repeated five times. Cells were harvested 48 hours post transfection and then cells 

extracts were assayed for luciferase activity. The Y-axes in the bar graphs display the 

fold change in relative luciferase units upon transfection with 3XFLAG-CstF-64 or 

βCstF-64 encoding plasmids.  Error bars denote the 95% confidence interval of the 

results after ANOVA.  The asterisks denote results that are statistically significant from 

reporter alone values (p<0.01).  (Bottom panel) Immunoblot analysis of cells transfected 

with the plasmids indicated in 3.4C.  Cell extracts were subjected to SDS-PAGE and 

proteins transferred to nitrocellulose membrane.  Immunoblot analysis was carried out 

using anti-FLAG antibody.  The relative intensities of the various bands were quantified 

by densitometric analysis. 
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Figure 3.7: Exogenously expressed βCstF-64 is less active in SLAP than CstF-64 

using the SV40 polyadenylation signal 

A) Illustration of the principle of SLAP and the various constructs used in SLAP.  The 

MS2 loops replace the naturally occurring U/GU-rich downstream sequences in the pre-

mRNA.  The MS2 loops are fused to sequences upstream of the cleavage site (containing 

AAUAAA or similar PAS) and to Renilla luciferase coding region.  The main advantage 

of SLAP is that endogenous CstF-64 or βCstF-64 proteins do not bind to MS2 loops thus 

allowing for unambiguous interpretation of transfection data.  B) SLAP in PC-12 cells 

using Renilla luciferase constructs containing SV40 late upstream polyadenylation region 

fused to MS2 loops (SV40-SL-Luc).  Bars A-C refer to relative luciferase activity values 

obtained using Renilla luciferase constructs containing a wild type AAUAAA signal in 

the upstream polyadenylation region.  Bars D-F refer to relative luciferase activity values 

obtained using Renilla luciferase constructs containing a mutation in the PAS 
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(AGGAGA) in the upstream polyadenylation region.  PC-12 cells were plated in 24 well 

plates and transfected with the indicated plasmids and with Firefly luciferase plasmid 

using lipofectamine 2000.  Cells were transfected in triplicates and each triplicate was 

repeated five times.  Cells were harvested 48 hours post transfection and then cells 

extracts were assayed for luciferase activity.  The Y-axes in the bar graphs display the 

fold change in relative luciferase units upon transfection with 3XFLAG-MS2-CstF-64- or 

3XFLAG-MS2-βCstF-64-encoding plasmids.  Error bars denote the 95% confidence 

interval of the results after ANOVA.  Results of ANOVA tukey post test are indicated.  

Bar A refers to the amount of relative luciferase activity obtained by transfection of cells 

with SV40-SL-Luc and 3XFLAG-MS2 constructs (denoted “reporter alone”).  The 

amount of relative luciferase activity obtained by transfection with reporter alone was set 

to a value of 1.  Bar B refers to the fold change in the amount of relative luciferase 

activity obtained by transfection of cells with SV40-SL-Luc and 3XFLAG-MS2 CstF-64 

construct.  Bar C refers to the fold change in the amount of relative luciferase activity 

obtained by transfection of cells with SV40-SL-Luc and 3XFLAG-MS2 βCstF-64 

construct.   Bar D refers to the fold change in the amount of relative luciferase activity 

obtained by transfection of cells with SV40-SL-Luc containing a mutant AGGAGA 

signal and 3XFLAG-MS2 construct.  Bar E refers to the fold change in the amount of 

relative luciferase activity obtained by transfection of cells with SV40-SL-Luc containing 

a mutant AGGAGA signal and 3XFLAG-MS2-CstF-64 construct. Bar F refers to the fold 

change in the amount of relative luciferase activity obtained by transfection of cells with 

SV40-SL-Luc containing a mutant AGGAGA signal and 3XFLAG-MS2-βCstF-64 

construct.  The asterisks denote results that are statistically significant when compared to 
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“reporter alone” values.  The two asterisks denote that the difference between bars B and 

C is statistically significant.  
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Figure 3.8: βCstF-64 is as active as CstF-64 in SLAP using upstream 

polyadenylation regions of pA1 and pA4 of β-adducin mRNA 

 A) SLAP in PC-12 cells using Renilla luciferase constructs containing upstream 

polyadenylation regions of pA1 and pA4 sites of β-adducin mRNA and SV40 

polyadenylation site fused to MS2 loops (pA1-SL-Luc, pA4-SL-Luc, and SV40-

SL-Luc respectively).  PC-12 cells were plated in 24 well plates and transfected 

with the indicated plasmids and with Firefly luciferase plasmid using 

lipofectamine 2000.  Cells were transfected in triplicates and each triplicate was 

repeated five times.  Cells were harvested 48 hours post transfection and then 

cells extracts were assayed for luciferase activity.  Bar graphs display the 

relative luciferase units obtained by dividing the Renilla luciferase units by 

firefly luciferase units.  Error bars denote the 95% confidence interval of the 

results after ANOVA. B) SLAP in PC-12 cells involving co-transfection of pA1-

SL-Luc with either 3XFLAG-MS2 (reporter alone), 3XFLAG-MS2-CstF-64 or 

3XFLAG-MS2-βCstF-64 (left panel) or pA4-SL-Luc with either 3XFLAG-MS2 

(reporter alone), 3XFLAG-MS2-CstF-64 or 3XFLAG-MS2-βCstF-64 (middle 

panel) or SV40-SL-Luc with either 3XFLAG-MS2 (reporter alone), 3XFLAG-

MS2-CstF-64 or 3XFLAG-MS2-βCstF-64 (right panel).  PC-12 cells were plated 

in 24 well plates and transfected with the indicated plasmids and with Firefly 

luciferase plasmid using lipofectamine 2000. Cells were transfected in triplicates 

and each triplicate was repeated five times.  Cells were harvested 48 hours post 

transfection and then cells extracts were assayed for luciferase activity.  The Y-

axes in the Bar graphs display the fold change in relative luciferase units upon 
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transfection with 3XFLAG-MS2-CstF-64 or βCstF-64 encoding plasmids.  Error 

bars denote the 95% confidence interval of the results after ANOVA.  The 

asterisks denote results that are statistically significant when compared to 

“reporter alone” values.  The two asterisks denote that the difference between 

bars H and I is statistically significant. 
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Tables. 

Table 3.1: Primers used in RT-PCR and 3′ RACE analysis  

Nucleotide sequences of the various primer pairs used in this study are indicated at right. 

The names of primer pairs along with their corresponding species are indicated at left in 

the table 

 

Species Primer Name Primer Sequence 
Mouse,  
Rat 

Pair C 5′ CAATGGCGCACCTCCTATGATG 3′ 
5′ GGCACGGGCTTCCAGTCCT 3′ 
 

Rat AddupA1GSP1 5′ CAAACACCAGGCACTGTCACGGAT3′ 
 

Rat AddupA1NGSP1 5′ GCTTCTCTCTTGGGTCCCTCCCC 3′ 
 

Rat AddupA1NGSP2 5′ CTTGCACTCTCCCAAACACTCAACCTGAG 3′ 
 

Rat AddupA4GSP1 5′ CCTTGTACATAGGCTGTCTGTGTT 3′ 
 

Rat AddupA4NGSP1 5′ TATGCTAACACATCGAGCCGCTGC 3 
Rat pA1F 5 ′ TGGATGGAAGAATTCTAAGAGCCAAC 3′ 

 
Rat pA1R 5 ′ TTTTTTTTTTTTCAATTGCTACAGTTGGG 3 

 
Rat pA4HpaIUltraF 5 ′ AATTCGATGAGAACTTTCCAAAGGCCTTTT 

GCTGCTTTGTGTCTGACTGTGTTTGGGGTG 
GACTCTGCTTGTGGGTTTCTCTGTGTGTGTGCC 
GTTATTTCACCTGCAGATCTTACCCTAGTA 
AACCAGATGTGCTCGCCGTT 3′ 
 

Rat pA4HpaIUltraR 5 ′ AACGGCGAGCACATCTGGTTTACTAGGGTA 
AGATCTGCAGGTGAAATAACGGCACACACA 
CAGAGAAACCCACAAGCAGAGTCCACCCCA 
AACACAGTCAGACACAAAGCAGCAAAAGGC 
CTTTGGAAAGTTCTCATCG 3 
 

Rat pA1FULLUltraF 5 ′ AAT TGG AAA AAG TCT TAT GCT CAG GGA 
AGA AGT CCT GGG ACA TTG AAA TCT GTT 
GCT GGC ATT GAG TTG TGC CAG GAG GTC 
AGA CAC CCC TTT GGC TTT GCA TGC TAT 
GCA GGG CTG TA 3′ 
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Rat pA1FULLUltraR 5 ′ AGCTTTACAGCCCTGCATAGCATGCAAAGC 

CAAAGGGGTGTCTGACCTCCTGGCACAACT 
CAATGCCAGCAACAGATTTCAATGTCCCAG 
GACTTCTTCCCTGAGCATAAGACTTTTTCC 3 
 

Rat pA4FULLUltraF 5 ′ AATTGCTTCCCAGTGTGTGTGACCCATCTC 
TGTCGGCTCCTTGGGGGCTCCCGGGGAGGT 
GGAAGTTAAAAGGGGGCTCATGTATGCAGG 
TCACACTGGGAACTTAAACCCTTTTCA 3′ 
 

Rat pA4FULLUltraR 5 ′ AGCTTTGAAAAGGGTTTAAGTTCCCAGTGT 
GACCTGCATACATGAGCCCCCTTTTAACTT 
CCACCTCCCCGGGAGCCCCCAAGGAGCCGA 
CAGAGATGGGTCACACACACTGGGAAGC 3 
 

Rat TropomodulinGSP1 5′ CGCCATGATGAACAACAACGACCTTG 3′ 
 

Rat TropomodulinNGSP1 5′ TGCGCAAAGGGACGCCCACGC 3′ 
 

Rat Thymosinβ4GSP1 5′ ATGAGGCGAGCGCCGCCAATATGCACTG 3′ 
 

Rat Thymosinβ4NSP1 5′ TGACTGTGCTGCCCCTTTCACATCAAAG 3′ 
 

Rat ATPase, Na+, K+  
transporting 
GSP1 

5′ GTGTGCAGGTTCAAGCTTGACTGGC 3′ 

Rat ATPase, Na+, K+  
transporting 
NGSP1 

5 ′ GGCTTTCCTCTGCAGTACTATCCCTA 3′ 
 

Rat Similar to Actin-related 
protein 2/3 
GSP1 

5′ CTCTTGGGAACTGAGGAGGAAGCACTG 3′ 
 

Rat Similar to Actin-related 
protein 2/3 
NGSP1 

5′ GGATTCTCCGTTTGGGTTCCATTTTG 3′ 
 

Rat LipoproteinLipaseGSP1 5′ GCACTGCGCAAAGTACAAGTTTTAGAGC 3′ 
 

Rat LipoproteinLipaseNGSP1 5′ CTCAGAGGCTGTTGCTGGGAACAG 3′ 
 

Rat MethylCpG-binding 
protein 2 (MeCP2) 
GSP2 

5′ GCAGCCAGTGACAAGCCACCTTGTG 3′ 

Rat MethylCpG-binding 
protein 2 (MeCP2) 
NGSP2 

5 ′ GATTGCTTTTTTGTAGTGTTCAAAAC 3′ 
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CHAPTER IV 

A POTENTIAL POLYADENYLATION SIGNAL-INDEPENDENT MECHANISM OF 

POLYADENYALTION FUNCTION OF βCstF-64  

Abstract 

 
In Chapter 2, I described the discovery and characterization of a family of spliced 

isoforms of the CstF-64 mRNA collectively named βCstF-64.  In Chapter 3, using the 

neuronal PC-12 cell line, I showed that βCstF-64 was a polyadenylation factor as judged 

by its presence in the CstF complex and by its ability to promote expression of luciferase 

constructs containing cellular polyadenylation signals.  In this chapter, I describe data 

that suggest a polyadenylation signal (PAS)-independent mechanism of differential 

polyadenylation function of βCstF-64.  Similar to the approach used in Chapter 3, I used 

the β-adducin mRNA as a model for my studies since it contained two major 

evolutionarily conserved polyadenylation sites (pA1 and pA4) with the promoter-distal 

pA4 site being brain-specific.  In contrast to our observation in PC-12 cells, I obtained 

data suggesting that, in HeLa cells (a non-neuronal cell line), exogenous βCstF-64 was 

less active than CstF-64 in promoting polyadenylation of luciferase constructs containing 

the pA4 polyadenylation region.  This suggested that βCstF-64 and CstF-64 actually have 

different activities, even though these differences were not revealed in PC-12 cells.  

Therefore, to eliminate effects of differential binding of CstF-64 and βCstF-64 to the pA1 

and pA4 downstream sequence elements (DSEs,),  I used a modified luciferase assay, 

SLAP, that allowed us to isolate the role of upstream polyadenylation regions of the pA1 

and pA4 sites of β-adducin mRNA in the polyadenylation functions of βCstF-64.  Similar 
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to our observation in luciferase assays that employed both the upstream and downstream 

polyadenylation regions, SLAP showed that βCstF-64 was less active than CstF-64 on the 

pA4 site but not on the pA1 site of β-adducin mRNA.  Mutation analysis ruled out a role 

for the hexameric PAS in the differential polyadenylation function of βCstF-64 thereby 

suggesting a role for other upstream elements such as the canonical upstream sequence 

elements (USEs), AU-rich elements (AREs) or other as of yet undefined sequence 

elements present upstream of the PAS in both the pA1 and pA4 sites of β-adducin 

mRNA.  Based on our data obtained in HeLa cells, we suggest a PAS-independent 

mechanism of polyadenylation function of βCstF-64.  According to this model, βCstF-64 

interacts with a protein or proteins that modulate its function in neuronal cells.  This 

modulation might include interaction with USE-binding proteins, splicing proteins, or 

other neuron-specific polyadenylation factors. 
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Introduction 

 
Pre-mRNA polyadenylation is an important RNA processing step leading to the 

formation of a mature mRNA molecule that is exported to the cytosol and translated [1].  

Polyadenylation of precursor mRNA occurs co-transcriptionally and involves cleavage of 

the pre-mRNA followed by addition of a poly(A) tail [1].  Polyadenylation is coupled to 

other steps in gene expression such as splicing [2] and transcription termination [3] and is 

known to be an important determinant of mRNA export [4, 5], mRNA stability [6], and 

translation initiation [6].  The mechanism of polyadenylation is well studied.  A large 

multi-complex protein machinery binds key sequence elements in the pre-mRNA 

resulting in cleavage and polyadenylation of the pre-mRNA [7].  CstF-64 is a key 

component of the CstF complex that binds to the U/GU-rich sequence downstream of the 

cleavage site [8].  Binding of CstF-64 to the U/GU-rich sequence requires a functional 

AAUAAA signal thus suggesting cooperative interactions between the CstF and the 

AAUAAA-binding CPSF complex [9, 10].  The pre-mRNA also contains auxiliary 

sequences upstream of the AAUAAA signal that stimulate cleavage and polyadenylation 

of pre-mRNA.  These auxiliary sequences termed Upstream Sequence Element (USE) are 

present in viral and mammalian pre-mRNAs and bind a number of splicing and 

polyadenylation factors [11-14] .  Splicing also influences polyadenylation with 

proximity of a 3′ splice site to a poly(A) site favoring polyadenylation [15]. 

 Previously, we discovered a nervous system-expressed variant isoform of the 

CstF-64 polyadenylation protein, βCstF-64, that we hypothesized to function in mRNA 

polyadenylation in the nervous system (Chapters 2 and 3).  We used the neuronal PC-12 

cell line to investigate the polyadenylation functions of βCstF-64 using the β-adducin 
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mRNA as a model system. The β-adducin mRNA was chosen because it contained 

evolutionarily conserved alternative poly(A) sites, one of which was brain-specific.  

Using PC-12 cells, we showed that βCstF-64 interacted with CstF-77 suggesting that it 

was a polyadenylation factor.  Using luciferase assays, we further confirmed a role for 

βCstF-64 in polyadenylation since it enhanced expression of reporter constructs that 

contained cellular and neuronal polyadenylation signals.  We also showed that the 

function of βCstF-64 in mRNA polyadenylation required a functional AAUAAA 

polyadenylation signal (PAS) suggesting that it interacted with the CPSF complex via 

CstF-77.   

 In the present study, we used the non-neuronal HeLa cell line to further 

investigate the polyadenylation functions of βCstF-64.  Using luciferase assays in HeLa 

cells, we found that exogenously expressed βCstF-64 supported the same level of 

luciferase activity as active as CstF-64 on the pA1 site of β-adducin mRNA.  However, 

βCstF-64 supported approximately 30% less activity than CstF-64 on the brain-specific 

pA4 site of β-adducin mRNA.  Mutation of the pA1 PAS to that of pA4 did not result in 

reduced activity of βCstF-64 as would be expected if the differential polyadenylation 

function of βCstF-64 involved the PAS.  These data suggested that the differential 

polyadenylation function of βCstF-64 on the pA4 site was likely due to a mechanism that 

did not involve the hexameric polyadenylation signal (PAS).  Based on the reduced 

activity of βCstF-64 on the pA4 site in non-neuronal cells, but not in neuronal cells, we 

hypothesize that βCstF-64 interacts with unknown neuronal proteins presumably binding 

at the USEs or other RNA sequence elements present upstream of the pA4 site.  These 
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interactions could modulate the activity of βCstF-64 to better recognize the pA4 site of β-

adducin mRNA.   

Results 

Exogenously expressed CstF-64 and βCstF-64 localize to the nucleus in HeLa 

cells 

As a first step towards addressing the polyadenylation functions of βCstF-64 in a non-

neuronal cell line, we wanted to test whether exogenously expressed CstF-64 and βCstF-

64 proteins were localized to the nucleus in the non-neuronal HeLa cell line.  Since our 

experiments involved transfecting rodent cDNAs into a human cell line, we wanted to 

first confirm whether exogenously expressed CstF-64 or βCstF-64 proteins localized to 

the nucleus in HeLa cells.  The rationale for this experiment stemmed from the 

observation that the testis-specific paralog of CstF-64, τCstF-64, was excluded from the 

nucleus when transfected into HeLa cells (Hockert, A.J., unpublished).  Towards this, 

HeLa cells were seeded on coverslips and transfected with plasmid constructs encoding 

FLAG-tagged mouse CstF-64 or βCstF-64 proteins.  Immunofluorescence was conducted 

using anti-FLAG antibody as described in Methods and Materials.  As shown in Figure 

4.1, exogenously expressed CstF-64 or βCstF-64 proteins were localized predominantly 

in the nucleus (panels A and B, arrows).  Low levels of cytoplasmic staining of both 

CstF-64 and βCstF-64 proteins were observed (panels A and B, arrowheads) which is 

consistent with previous studies showing this pattern for CstF-64 [16]. Thus, this 

experiment indicated that both the FLAG-CstF-64 and FLAG-βCstF-64 proteins were 

localized predominantly in the nucleus of HeLa cells suggesting nuclear polyadenylation 

functions for both proteins. 
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Exogenous βCstF-64 is less active than CstF-64 on the pA4 site of β-adducin 

mRNA in HeLa cells 

 
We chose to use the non-neuronal HeLa cell line in order to gain insights into the 

mechanism of polyadenylation functions of βCstF-64.  For this, we used the β-adducin 

mRNA as a model since it contained alternative polyadenylation sites one of which is 

brain-specific (described in Chapter 3).  As described in Chapter 3, luciferase assays 

using plasmids containing upstream and downstream polyadenylation regions of pA1 and 

pA4 sites of β-adducin mRNA were used to investigate the polyadenylation functions of 

CstF-64 and βCstF-64 in HeLa cells.  The Renilla luciferase plasmids containing the pA1 

and pA4 polyadenylation regions of the β-adducin mRNA (termed pA1FULL-Luc and 

pA4FULL-Luc respectively) were described in Chapter 3.  The pA1 and pA4FULL-Luc 

plasmids were transfected into HeLa cells along with a plasmid encoding firefly 

luciferase to control for transfection efficiency.  Cells were lysed 48 hours post-

transfection and subjected to luciferase assays.  The luciferase values obtained were 

represented as relative luciferase units (RLU) which is a ratio of Renilla to firefly 

luciferase values.  As shown in Figure 4.2A, the amount of RLU obtained from cells 

transfected with the pA4FULL-Luc plasmid was approximately 10 fold more than that 

obtained by transfecting the pA1FULL-Luc plasmid.  This finding suggested that the 

polyadenylation region corresponding to the pA4 site of β-adducin mRNA contained 

sequences that directed more efficient protein production from a reporter construct than 

the pA1 site, thus implying that the pA4 polyadenylation site is a much stronger site than 

the pA1 site. 
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 Next, we wanted to investigate the effect of exogenously expressed CstF-64 or 

βCstF-64 proteins on the luciferase activity encoded by the pA1FULL-Luc or pA4FULL-

Luc expression constructs.  Based on our results in PC-12 cells, we hypothesized that 

exogenously expressed CstF-64 and βCstF-64 proteins would enhance luciferase activity 

on the two sites of β-adducin mRNA equivalently.  HeLa cells were transfected with 

pA1FULL-Luc plasmid along with 3XFLAG, 3XFLAG-CstF-64, or 3XFLAG-βCstF-64 

vectors (Figure 4.2B, left panel).  Identical transfections were carried out using 

pA4FULL-Luc plasmid construct (right panel).  As shown in Figure 4.2B, co-transfection 

of the pA1FULL-luc plasmid with 3XFLAG-CstF-64-encoding construct resulted in a 

1.65 fold increase in relative luciferase activity (Figure 4.2B, bar 2).  Identical results 

were seen using the 3XFLAG-βCstF-64-encoding construct (bar 3).  However, co-

transfection of the pA4FULL-Luc plasmid construct with the 3XFLAG-CstF-64-

encoding construct resulted in a 1.9 fold increase in relative luciferase activity (bar 5) 

while co-transfection of 3XFLAG-βCstF-64-encoding construct resulted in a 1.4 fold 

increase in relative luciferase activity (bar 6).  Thus, using the pA4FULL-Luc construct, 

the relative luciferase activity values obtained from cells transfected with 3XFLAG-

βCstF-64 were approximately 30% less than those obtained by transfection with 

3XFLAG-CstF-64 construct.  In both sets of transfections, approximately equal amounts 

of 3XFLAG-CstF-64 and βCstF-64 proteins were expressed (not shown).  Thus, while 

exogenous βCstF-64 was as active as CstF-64 in stimulating polyadenylation from the 

pA1 signal, it was less active than CstF-64 in stimulating polyadenylation from the pA4 

signal of β-adducin mRNA.  These data support two conclusion: first, that CstF-64 and 
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βCstF-64 support different levels of polyadenylation under certain circumstances, and 

second, that the pA4 site in the β-adducin mRNA is sensitive to those differences.    

Exogenous βCstF-64 is less active than CstF-64 on the pa4 site of β-adducin 

mRNA in SLAP 

As described in the above experiment, we observed differential activity of βCstF-64 on 

the pA4 versus pA1 of β-adducin mRNA in luciferase assays.  The reduced activity of 

exogenous βCstF-64 in comparison to CstF-64 on the pA4 site of β-adducin mRNA led 

us to hypothesize that βCstF-64 interacted with other proteins to better recognize the pA4 

site.  We wanted to investigate whether the reduced activity of βCstF-64 on the pA4 site 

could be due to a mechanism that involved the upstream polyadenylation regions.  For 

this, we used SLAP which involves replacing the naturally occurring U/GU-rich 

downstream signals in the Renilla luciferase constructs with MS2 stem loops, thus 

eliminating effects of the DSE on polyadenylation (Chapter 3).  This allows us to test the 

role of the upstream polyadenylation regions in defining the polyadenylation functions of 

exogenously expressed CstF-64 or βCstF-64.   

 The pA1-SL-Luc, pA4-SL-Luc, and SV40-SL-Luc constructs that contain the 

upstream polyadenylation regions corresponding to the pA1, pA4, and SV40 

polyadenylation sites respectively were described in Chapter 3.   HeLa cells were 

transfected with pA1-SL-Luc, pA4-SL-Luc, and SV40-SL-Luc plasmids along with 

Firefly luciferase plasmid to control for transfection efficiency.  As shown in Figure 

4.3A, the amount of relative luciferase activity values obtained from cells transfected 

with the above plasmids (wherein the U/GU-rich downstream signals were replaced by 

MS2 loops) were lower than those obtained from cells transfected with pA1 or 
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pA4FULL-Luc plasmids (that contained the U/GU-rich sequences; compare to Figure 

4.2B).  Additionally, the amount of relative luciferase activity values obtained from cells 

transfected with pA4-SL-Luc was approximately five fold higher than those obtained 

from cells transfected with pA1-SL-Luc (Figure 4.3A, compare bars 1 and 2).  This is in 

contrast to the eight fold difference observed between the amount of luciferase values 

obtained from cells transfected with pA4FULL-Luc and pA1FULL-Luc (see Figure 

4.2A).  These results suggest that the downstream signals in the pA4 site of β-adducin 

mRNA contribute to the observed difference in the amount of luciferase activity 

produced by the pA4FULL-Luc plasmid when compared to the pA1FULL-Luc 

expression constructs.  Furthermore, the amount of relative luciferase activity values 

obtained from cells transfected with SV40-SL-Luc was approximately 13 fold and 2.5 

fold higher than those obtained with cells transfected with pA1-SL-Luc and pA4-SL-Luc 

respectively (compare bar 3 with bars 2 and 3).  These results suggest that the upstream 

polyadenylation region of SV40 is more efficient than either that of pA1 or pA4 in 

directing luciferase activity in SLAP.   

 Next, we wanted to investigate the effect of exogenously expressed CstF-64 or 

βCstF-64 proteins on the luciferase activity encoded by the pA1-SL-Luc or pA4-SL-Luc 

expression constructs.  HeLa cells were transfected with the pA1-SL-Luc plasmid along 

with 3XFLAG-MS2, 3XFLAG-MS2-CstF-64, or 3XFLAG-MS2-βCstF-64 vectors 

(Figure 4.3B, left panel).  In these experiments, approximately equal amounts of 

3XFLAG-MS2-CstF-64 and βCstF-64 proteins were expressed as determined by 

immunoblot analysis using anti-FLAG antibody (data not shown).  Similar transfections 

were carried out using either the pA4-SL-Luc (middle panel) or the SV40-SL-Luc 



 

 

 

205  

plasmid constructs (right panel).  As shown in Figure 4.3B, co-transfection of the pA1-

SL-Luc plasmid with the 3XFLAG-MS2-CstF-64-encoding construct resulted in a 2.6 

fold increase in relative luciferase activity (Figure 4.3B, bar 2).  Identical results were 

obtained using 3XFLAG-MS2-βCstF-64-encoding plasmid (bar 3). Similarly to pA1-SL-

Luc, co-transfection of the pA4-SL-Luc plasmid with the 3XFLAG-MS2-CstF-64-

encoding construct resulted in a three-fold increase in relative luciferase activity (Figure 

4.3B, bar 5).  However, co-transfection of the pA4-SL-Luc plasmid with the 3XFLAG-

MS2-βCstF-64-encoding plasmid resulted in only a 2.2 fold increase in relative luciferase 

activity (Figure 4.3B, bar 6).  Thus, exogenous βCstf-64 was approximately 30% less 

active than CstF-64 on the pA4 upstream polyadenylation region as measured by SLAP.  

For comparison, SLAP using SV40-SL-Luc plasmid was conducted.  Similar to data 

obtained in PC-12 cells (Chapter 3, Figure 3.8B), βCstF-64 was approximately 33% less 

active than CstF-64 on the SV40 upstream polyadenylation region as measured by SLAP 

(Figure 4.3B, bars 8 and 9).     

Results obtained from these experiments indicated that exogenously expressed 

βCstF-64 was as efficient as CstF-64 in promoting luciferase activity when presented 

with upstream polyadenylation regions corresponding to the pA1 site of β-adducin 

mRNA.  However, βCstF-64 was less active than CstF-64 in SLAP on upstream 

polyadenylation regions corresponding to the pA4 site of β-adducin mRNA or of SV40. 

This suggested that the activity of βCstF-64 was different on different polyadenylation 

sites and that these differences could be due to a mechanism that involved the upstream 

polyadenylation regions.  That these differences were not detected in PC-12 cells 
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suggests the presence of factors in HeLa cells or more likely PC-12 cells that would 

affect βCstF-64 activity.                                                                                                                                       

The differential activity of βCstF-64 on the pA4 site of β-adducin mRNA is due 

to a mechanism that does not involve the hexameric PAS 

The upstream polyadenylation regions of the pA1 and pA4 site of β-adducin mRNA are 

distinct with respect to the sequence of the hexameric polyadenylation signal (PAS).  The 

PAS of both pA1 and pA4 sites are non-canonical; the PAS of the pA1 site is AUUAAA 

while that of the pA4 site is AGUAAA.  The β-adducin mRNA also contains putative 

USEs upstream of the hexameric PAS of the pA1 and pA4 sites and may contain other 

elements as well [17].  Since CstF-64 and βCstF-64 form cooperative interactions with 

the AAUAAA-bound CPSF complex, we wanted to eliminate the possibility that the 

differential activity of βCstF-64 involved the PAS.  In order to test this hypothesis, we 

introduced point mutations in the hexameric polyadenylation signal (PAS) in the pA1 and 

pA4 site of β-adducin mRNA.  The PAS of pA1 was mutated from AUUAAA to 

AGUAAA (thus resembling the pA4 PAS).  The Renilla luciferase plasmid containing 

this mutation was named pA1→pA4-SL-Luc.  The PAS of pA1 was also mutated to 

AAUAAA (thus resembling the canonical PAS).  The Renilla luciferase plasmid 

containing this mutation was named pA1→AAUAAA-SL-Luc.  Similarly, pA4→pA1-

SL-Luc and pA4→AAUAAA-SL-Luc plasmids were created.  Plasmids encoding Renilla 

luciferase carrying these mutations (illustrated in Figure 4.4A) were transfected into 

HeLa cells and SLAP was carried out as described above.  

 As shown in Figure 4.4B, exogenously expressed MS2-βCstF-64 was as efficient 

as CstF-64 in promoting luciferase activity when using the pA1 upstream 
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polyadenylation region (left panel, compare bars 2 and 3).  If the observed reduced 

activity of βCstF-64 on the pA4 site were due to a mechanism that involved the PAS, 

then we would expect reduced activity of βCstF-64 when the pA1 PAS was mutated to 

resemble the pA4 PAS.  However, our luciferase assays did not suggest this.  When the 

pA1 PAS was mutated to resemble the pA4 PAS, the amount of luciferase activity 

obtained by co-transfection of MS2-βCstF-64 construct was equal to that obtained from 

MS2-CstF-64 construct (middle panel, compare bars 5 and 6).  When the pA1 PAS was 

mutated to the canonical AAUAAA PAS, we observed a marginal decrease (~15%) in the 

activity of βCstF-64 when compared to CstF-64 (right panel).  Similar experiments were 

carried out using the pA4-SL-Luc construct.  As shown in Figure 4.4C, MS2-βCstF-64 

was approximately 30% less active than CstF-64 when presented with the pA4 upstream 

polyadenylation region (left panel, compare bars 2 and 3).  When the pA4 PAS was 

mutated to resemble the pA1 PAS, the activity of MS2-βCstF-64 was not equal to that of 

MS2-CstF-64.  Rather, MS2-βCstF-64 was approximately 30% less active than CstF-64 

(middle panel, bars 5 and 6).  Similar results were obtained when the pA4 PAS was 

mutated to AAUAAA.  These data suggested that the reduced activity of βCstF-64 on the 

pA4 site in HeLa cells was not dependent on the hexameric PAS.  Therefore, it is 

possible that the reduced activity of βCstF-64 on the pA4 site of β-adducin mRNA in 

HeLa cells might be mediated through a mechanism that involves the USEs or other as of 

yet undefined mRNA sequence elements in the 3′ UTR. 
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Discussion 

 
In this study, we investigated the polyadenylation functions of βCstF-64 using a non-

neuronal cell line.  HeLa cells were chosen for this study because of its superior 

transfection efficiency when compared to other cell lines.  Moreover, this system has 

been used before in our laboratory to study the polyadenylation functions of CstF-64 

(Hockert, A.J., unpublished).  Since our experiments involved transfecting rodent cDNAs 

into a human cell line, we wanted to first confirm whether exogenously expressed CstF-

64 or βCstF-64 proteins localized to the nucleus in HeLa cells.  Our immunofluorescence 

data suggested that exogenously expressed βCstF-64 was localized predominantly to the 

nucleus with low levels of cytoplasmic staining (Figure 4.1).  This staining pattern is in 

agreement with that observed for CstF-64 in previous studies in our and other 

laboratories [16].  Thus, βCstF-64 is likely imported to the nucleus in neuronal cells by 

the same mechanism as CstF-64 (Hockert, A.J., unpublished). 

 We hypothesized that the activity of βCstF-64 was different from that of CstF-64 

on the brain-specific pA4 site of β-adducin in non-neuronal HeLa cells.  In order to test 

this hypothesis, we conducted luciferase assays in HeLa cells using the pA1 and pA4 

polyadenylation signals of β-adducin mRNA.  The pA1 and pA4 polyadenylation signals 

used in luciferase assays contained both the upstream and downstream polyadenylation 

regions.  Similar to our observation in the neuronal PC-12 cells, the pA4 polyadenylation 

signal was more active in promoting luciferase activity than the pA1 polyadenylation 

signal in HeLa cells (Figure 4.2A).  This observation suggests that the pA4 site is a 

stronger polyadenylation site than the pA1 site.  The downstream U/GU-rich sequence in 
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the pA4 site is more well-defined and conserved evolutionarily than the pA1 site which 

could likely contribute to the strong nature of the pA4 polyadenylation site [17].   

 We found that while exogenous βCstF-64 was as active as CstF-64 in promoting 

polyadenylation from the pA1 site in luciferase assays, it was less active than CstF-64 (by 

approximately 30%) in promoting polyadenylation from the pA4 site (Figure 4.3).  This 

was in contrast to our observation in PC-12 cells where βCstF-64 was as active as CstF-

64 in promoting polyadenylation from the pA4 site in luciferase assays (Figure 3.6).   

These data suggest a model in which the neuronal PC-12 cells express protein factors 

with which βCstF-64 interacts in order to better recognize the brain-specific pA4 site 

while the non-neuronal HeLa cells would lack such a factor.   

 Where on the mRNA could such a putative βCstF-64-interacting factor bind?  

Since SLAP eliminates differences due to downstream polyadenylation regions, it gave 

us an opportunity to examine whether upstream regions played a role in the differential 

polyadenylation functions of βCstF-64.  Similar to our observation in luciferase assays 

that employed both the upstream and downstream polyadenylation regions (Figure 4.2), 

SLAP showed that βCstF-64 was less active than CstF-64 on the pA4 site but not on the 

pA1 site of β-adducin mRNA (Figure 4.4).  Mutation of the hexameric PAS of pA4 to 

that of pA1 site and vice versa did not result in any change in βCstF-64 activity on the 

pA4 site which ruled out a role for the hexameric PAS in the differential polyadenylation 

function of βCstF-64.  These data suggest that the differential polyadenylation function of 

βCstF-64 could involve RNA sequences other than the PAS.  What are some possible 

RNA sequence elements in the upstream polyadenylation of pA4 that could play a role in 

modulation of βCstF-64 activity?  Apart from the hexameric PAS, the upstream 
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polyadenylation region of both the pA1 and pA4 site of β-adducin mRNA contain 

putative USEs [17].   USEs are present in viral [18] and mammalian pre-mRNAs [11-13, 

19, 20].  A number of proteins including U1A, PTB, U2AF65, and U2AF35 and others 

have been shown to bind USEs and stimulate cleavage and polyadenylation of the pre-

mRNA [12].   There are two possible models of USE-mediated polyadenylation function 

of βCstF-64.  In the first model, βCstF-64 would interact directly with the USE present 

upstream of the AGUAAA signal in the pA4 site and stimulate cleavage and 

polyadenylation at the pA4 site.   

 A similar role for CstF-64 has been proposed in the cleavage and polyadenylation 

of the human complement 2 (C2) mRNA [13].  In this case, CstF-64 was shown to bind 

to the USE in a manner that required interaction with CPSF and stimulated poly(A) 

addition at this site [13].  These data suggested that CstF-64 could bind not only to the 

downstream U/GU-rich sequences but also to USEs in some mammalian mRNAs.  Based 

on these data, it is possible that βCstF-64 binds to USEs in the pA4 site of β-adducin 

mRNA and stimulates cleavage and polyadenylation at this site.  In a second model, 

βCstF-64 would interact with a neuronal factor that recognized the USE in the pA4 site 

and this interaction would stimulate cleavage and polyadenylation at the pA4 site.  One 

possible USE-binding protein with which βCstF-64 could interact to stimulate cleavage 

and polyadenylation is PTB protein.  PTB has been shown to interact with USEs in the 

C2 and CT/CGRP pre-mRNAs and stimulate binding of CstF-64 to these poly(A) sites 

[13, 21, 22].  Interestingly, PTB has a neuron-specific isoform, neuronal PTB (nPTB) that 

is known to function in neuronal splicing [23].  Since splicing proteins interact with 
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polyadenylation proteins to regulate mRNA polyadenylation [2], it will be interesting to 

investigate whether βCstF-64 interacts with nPTB. 

 Apart from USEs, the upstream polyadenylation regions of some mRNAs contain 

other sequence elements that can modulate mRNA cleavage and polyadenylation 

efficiency.  For example, the mRNA encoding poly(A) polymerase α (PAPOLA) contains 

UGUAN sequence elements upstream of the PAS that are binding sites for cleavage 

factor Im (CF Im) [24].   Binding of CF Im at these sites resulted in recruitment of the 

CPSF complex which in turn stimulated cleavage and polyadenylation at these sites [24].  

Thus, it is possible that one function of βCstF-64 is to form cooperative interactions with 

proteins bound to such elements and modulate cleavage and polyadenylation efficiency 

of mRNAs containing these sites. 

 Many of the modulators of polyadenylation are splicing factors and much of this 

information has come from studies of the alternative RNA processing pathway of the pre-

mRNA encoding CT/CGRP [25].  The mRNA encoding calcitonin is produced in non-

neuronal cells by use of the first 4 exons and the polyadenylation site in the intron 

between exon 4 and 5 while CGRP is produced in the neuronal cells by splicing of exon 3 

to exon 5 and polyadenylation at the end of exon 6.  An intron enhancer element 

containing pseudo splice sites present downstream of exon 4 has been shown to be 

important for exon 4 inclusion leading to generating of the mRNA encoding calcitonin in 

non-neuronal cells [26].  The intron enhancer binds the U1 snRNP [27], SRp20[27], and 

PTB[21] splicing factors and these proteins help stimulate polyadenylation at the exon 4 

polyadenylation site by interacting with polyadenylation proteins.  It is possible that the 

pA4 site of the β-adducin mRNA contains similar sequence elements and interaction of 
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βCstF-64 with any these splicing proteins could result in modulation of βCstF-64 activity.   

The Nova-2 splicing factor is another candidate neuronal protein that could modulate the 

activity of βCstF-64.  Nova-2 binds to YCAY sequences in introns and regulates exon 

inclusion or exclusion in a number of neuronal mRNAs [28].  Interestingly, in a recent 

study, Nova-2 was found near polyadenylation sites of a number of brain mRNAs.  This 

led to the hypothesis that Nova-2 binds to YCAY elements in the 3′ UTR to regulate 

alternative polyadenylation of brain mRNAs [29].  It is possible that βCstF-64 interacts 

with YCAY element-bound Nova-2 resulting in modulation of the efficiency of cleavage 

and polyadenylation at these sites.   

Methods and Materials 

Cell Culture and Transfection 

HeLa cells were grown at 37°C in 5% CO2 in Dulbecco’s Minimal Eagle Media 

(DMEM; CellGro, Manassas, VA) containing 10% cosmic calf serum (Hyclone, Logan, 

UT), and 1% penicillin/streptomycin (Gibco, Carlsbad, CA).  All transfections in HeLa 

cells were conducted using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) at 2 μL/μg of 

transfected DNA.   

Antibodies 

The anti-FLAG antibody was from Sigma (St. Louis, MO).  The anti-FLAG antibody was 

used at a dilution of 1:6000 in 1% nonfat dry milk, PBST.  
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Cloning and Plasmids 

The plasmids 3XFLAG-MS2, 3XFLAG-MS2-CstF-64, 3XFLAG-MS2-βCstF-64, pA1-

SL-Luc, pA4-SL-Luc, SV40-SL-Luc, SV40-SL-Luc (AGGAGA) were described in 

Chapter 3 (see Methods and Materials).  Plasmids containing point mutations in the pA1-

SL-Luc plasmid (pA1→pa4-SL-Luc, pA1→AAUAAA-SL-Luc) and pA4-SL-Luc 

plasmid (pA4→pa1-SL-Luc, pA4→AAUAAA-SL-Luc) were created using site directed 

mutagenesis. 

Site Directed Mutagenesis 

Point mutations in plasmids were introduced using Quik Change Site Directed 

Mutagenesis Kit (Stratagene, Cedar Creek, Texas) according to manufacturer’s protocol.  

The various primers used for site directed mutagenesis are listed in Table 5.1. 

Protein Analysis  

For protein analysis, whole cell extract was prepared from HeLa cells by rinsing cells two 

times with ice-cold PBS, lysed and sonicated in SDS loading buffer.  Protein 

concentration was measured using the bicinchoninic acid (Pierce, Rockford, IL) assay. 

Equal amounts of protein (20 μg) were resolved by 10% SDS-PAGE, and transferred to 

nitrocellulose membranes for immunoblotting. For immunoblotting using anti-FLAG 

antibody, membranes were blocked with Tris-buffered saline containing 0.2% Tween-20 

(TBST) and 2% nonfat dry milk for 2 hours and treated with anti-FLAG antibody at a 

dilution of 1:6000.  Membranes were subsequently treated with horseradish peroxidase-

conjugated goat anti-mouse or anti-rabbit IgG (Pierce, Rockford, IL) at a dilution of 

1:25000 and immunoreactive bands were visualized by chemiluminescence using the 
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Pierce SuperSignal kit (Rockford, IL).  All antibody dilutions were conducted in 2% 

nonfat dry milk in TBST.   

Stem Loop Assay for Polyadenylation (SLAP)  

HeLa cells were plated on 24 well plates at 70 × 103 per well and after 24 hours were 

transfected with the following plasmids: 4 ng of pGL3-control plasmid (Firefly luciferase 

plasmid, Promega), 12 ng of Renilla luciferase plasmids, and 200 ng of either 3XFLAG-

MS2 (denoted “reporter alone”), 3XFLAG-MS2-CstF-64 or 3XFLAG-MS2-βCstF-64 

plasmids.  Cells were harvested 48 hours post-transfection.  Cell lysis was conducted 

using 1X Passive Lysis Buffer (Promega) and lysates subjected to Dual Luciferase Assay 

(Promega) using a Turner 20 luminometer according to the manufacturer’s instructions.  

Each experimental plasmid (Reporter alone, 3XFLAG-MS2-CstF-64 or βCstF-64) was 

transfected in triplicates and each triplicate repeated five times (for a total of 15 replicates 

per experimental plasmid).  The relative luciferase values (ratio of Renilla to Firefly 

values) were an average of 15 replicates.  Lysates from all 15 replicates for each 

experimental plasmid was pooled and denatured in SDS loading buffer.  Equal volume 

(20 µL) from samples were resolved by SDS-PAGE and subjected to immunoblot 

analysis using anti-FLAG antibody to determine protein expression. Statistical analysis 

including ANOVA was conducted using InStat program (Graphpad Software inc., 

Sandiego, CA).  Luciferase assays using the pA1FULL-Luc or pA4FULL-luc plasmids 

were also conducted as described above. 
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Immunofluorescence 

HeLa cells were seeded onto glass coverslips (Fisher Scientific, Waltham, Massachusetts) 

in 12 well plates at 200 ×103 cells per well.  Cells were transfected next day with either 

600 ng of either 3XFLAG-MS2, 3XFLAG-MS2-CstF-64 or 3XFLAG-MS2-βCstF-64 

expression constructs using lipofectamine 2000 (Invitrogen).  Cells were harvested 48 

hours post-transfection.  The coverslips were washed with phosphate buffered saline 

(PBS) by immersing into a PBS bath and fixed by immersing in a bath containing 

PBS/3.7% formaldehyde for 30 minutes.  Coverslips were then washed with PBS 

containing 1% Triton-X-100 for 10 minutes, followed by three washes of 10 minutes 

each in PBS containing 0.1% Tween-20 and 1% BSA.  Coverslips were blocked for 60 

minutes in PBS/0.1% Tween-20/1% BSA and subsequently incubated with anti-FLAG 

antibody (Sigma) at a dilution of 1:6000 dilution (in PBS/0.1% Tween-20/1% BSA) for 2 

hours.  Coverslips were washed five times with PBS/0.1% Tween-20 followed by 

incubation with Alexa fluor 488 Donkey anti-mouse secondary antibody (Molecular 

Probes, Carlsbad, CA) for two hours.  Cells were then washed five times for 5 minutes 

each with PBS/0.1% Tween-20 followed by two washes with double distilled water.  

Coverslips were mounted onto microscope slides and examined using a Zeiss Axiovert 

135 TV microscope (Carl Zeiss MicroImaging, Thornwood, NY).  Photomicrography 

was conducted using Metamorph imaging software (Molecular Devices, Downingtown, 

PA) 
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Figures 

FLAG-MS2-CstF-64 FLAG-MS2-βCstF-64  
Figure 4.1: Exogenously expressed CstF-64 and βCstF-64 proteins localize to the 

nucleus in HeLa cells. 

 HeLa cells were grown on coverslips in 24-well plates and transfected with 

FLAG-MS2-CstF-64 (panel A) or FLAG-MS2-βCstF-64   using Lipofectamine 

2000.  After 48 hours, cells were fixed with paraformaldehyde, permeabilized 

with Triton-X-100 and incubated with anti-Flag antibody for two hours. 

Secondary antibody conjugated to Alexa fluor 488 was added and slides 

containing these coverslips were subsequently used for photomicrography. The 

images shown above are an overlay of the phase contrast (red) with the 

fluorescent signal emanating from the FLAG-CstF-64 and βCstF-64 proteins.  

Arrows and arrowheads in panels A and B denote nuclear and cytoplasmic 

localization of FLAG-tagged CstF-64 or βCstF-64 proteins respectively. 
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Figure 4.2: Exogenous βCstF-64 is less active than CstF-64 in enhancing 

luciferase activity from the pA4 site of β-adducin mRNA.   

A) Luciferase assay in HeLa cells using pA1FULL-Luc or pA4FULL-Luc 

plasmids. HeLa cells were plated in 24 well plates and transfected with the 
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indicated plasmids and with firefly luciferase plasmid using lipofectamine 2000.  

Cells were transfected in triplicates and each triplicate was repeated five times.  

Cells were harvested 48 hours post transfection and then cells extracts were 

assayed for luciferase activity.  Bar graphs display the relative luciferase units 

obtained by dividing the Renilla luciferase units by firefly luciferase units. Error 

bars denote the 95% confidence interval of the results after ANOVA.  B) 

Luciferase assay in HeLa cells involving co-transfection of pA1FULL-Luc with 

either 3XFLAG (reporter alone), 3XFLAG-CstF-64 or 3XFLAG-βCstF-64 (left 

panel) or pA4FULL-Luc with either 3XFLAG (reporter alone), 3XFLAG-CstF-

64 or 3XFLAG-βCstF-64 (right panel).  HeLa cells were plated in 24 well plates 

and transfected with the indicated plasmids and with Firefly luciferase plasmid 

using lipofectamine 2000. Cells were transfected in triplicates and each triplicate 

was repeated five times. Cells were harvested 48 hours post transfection and then 

cells extracts were assayed for luciferase activity. The Y-axes in the bar graphs 

display the fold change in relative luciferase units upon transfection with 

3XFLAG-CstF-64 or 3XFLAG-βCstF-64 encoding plasmids.  Error bars denote 

the 95% confidence interval of the results after ANOVA.  The asterisks denote 

results that are statistically significant when compared to “reporter alone” values 

(p<0.01).  The two asterisks denote that values in bar 5 is statistically significant 

from that in bar 6 (p<0.01). 
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Figure 4.3: MS2-βCstF-64 is less active than MS2-CstF-64 in promoting 

luciferase activity from the upstream polyadenylation region of the pA4 site of β-

adducin mRNA.   

A) SLAP in HeLa cells using Renilla luciferase constructs containing upstream 

polyadenylation regions of pA1 and pA4 sites of β-adducin mRNA and SV40 
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polyadenylation site fused to MS2 loops (pA1-SL-Luc, pA4-SL-Luc, and SV40-

SL-Luc respectively).  HeLa cells were plated in 24 well plates and transfected 

with the indicated plasmids and with Firefly luciferase plasmid using 

lipofectamine 2000.  Cells were transfected in triplicates and each triplicate was 

repeated five times.  Cells were harvested 48 hours post transfection and then 

cells extracts were assayed for luciferase activity.  Bar graphs display the 

relative luciferase units obtained by dividing the Renilla luciferase units by 

firefly luciferase units.  Error bars denote the 95% confidence interval of the 

results after ANOVA. B) SLAP in HeLa cells involving co-transfection of pA1-

SL-Luc with either 3XFLAG-MS2 (reporter alone), 3XFLAG-MS2-CstF-64 or 

3XFLAG-MS2-βCstF-64 (left panel) or pA4-SL-Luc with either 3XFLAG-MS2 

(reporter alone), 3XFLAG-MS2-CstF-64 or 3XFLAG-MS2-βCstF-64 (middle 

panel) or SV40-SL-Luc with either 3XFLAG-MS2 (reporter alone), 3XFLAG-

MS2-CstF-64 or 3XFLAG-MS2-βCstF-64 (right panel).  HeLa cells were plated 

in 24 well plates and transfected with the indicated plasmids and with Firefly 

luciferase plasmid using lipofectamine 2000. Cells were transfected in triplicates 

and each triplicate was repeated five times.  Cells were harvested 48 hours post 

transfection and then cells extracts were assayed for luciferase activity.  The Y-

axes in the Bar graphs display the fold change in relative luciferase units upon 

transfection with 3XFLAG-MS2-CstF-64 or βCstF-64 encoding plasmids.  Error 

bars denote the 95% confidence interval of the results after ANOVA.  The 

asterisks denote results that are statistically significant (p value < 0.01) when 



 

 

 

221  

compared to “reporter alone” values.  The two asterisks denote significant 

differences between bars 5 and 6 and bars 8 and 9 (p<0.01). 
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  Figure 4.4: The differential activity of βCstF-64 on the pA4 site of β-adducin 

mRNA is due to a mechanism that does not involve the hexameric PAS.  

A) Illustration of the Renilla luciferase plasmids containing point mutations in 

the hexameric PAS.  Point mutations were introduced into the pA1-SL-Luc and 

pA4-SL-Luc plasmids by site directed mutagenesis (see Materials and Methods).  

The PAS in the pA1-SL-Luc plasmid was mutated to resemble the PAS of pA4 

site (denoted as pA1→pA4-SL-Luc) or to AAUAAA (denoted as 

pA1→AAUAAA-SL-Luc).  Similarly, the PAS in the pA4-SL-Luc plasmid was 

mutated to resemble the PAS of pA1 site (denoted as pA4→pA1-SL-Luc) or to 

AAUAAA (denoted as pA4→AAUAAA-SL-Luc).  B)  SLAP in HeLa using pA1-

SL-Luc (left panel), pA1→pA4-SL-Luc (middle panel) or pA1→AAUAAA-SL-

Luc (right panel) plasmids.  HeLa cells were co-transfected with 3XFLAG-MS2 

(reporter alone), 3XFLAG-MS2-CstF-64 or 3XFLAG-MS2-βCstF-64 plasmid 

constructs and SLAP conducted as described above.  The Y-axes in the Bar 
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graphs display the fold change in relative luciferase units upon transfection with 

3XFLAG-MS2-CstF-64 or βCstF-64 encoding plasmids.  Error bars denote the 

95% confidence interval of the results after ANOVA.  The asterisks denote 

results that are statistically significant (p value < 0.01) when compared to 

“reporter alone” values.  C) SLAP in HeLa using pA4-SL-Luc (left panel), 

pA4→pA1-SL-Luc (middle panel) or pA4→AAUAAA-SL-Luc (right panel) 

plasmids.  HeLa cells were co-transfected with 3XFLAG-MS2 (reporter alone), 

3XFLAG-MS2-CstF-64 or 3XFLAG-MS2-βCstF-64 plasmid constructs and 

SLAP conducted as described above.  The Y-axes in the Bar graphs display the 

fold change in relative luciferase units upon transfection with 3XFLAG-MS2-

CstF-64 or βCstF-64 encoding plasmids.  Error bars denote the 95% confidence 

interval of the results after ANOVA.  The asterisks denote results that are 

statistically significant (p value < 0.01) when compared to “reporter alone” 

values.  The two asterisks denote significant differences between bars 5 and 6 

and bars 8 and 9 (p<0.01). 
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Tables 

Table 4.1: Primers used in site directed mutagenesis experiments in this study 

Species Primer Name Primer Sequence 
Rat pA1toAAUAAA-F 5′ TGCATCTCACAGGCTGAAAAAATAAACCCAACTGTAGCAAT 

TGCC 3′ 
 

Rat pA1toAAUAAA-R 5′ GGCAATTGCTACAGTTGGGTTTATTTTTTCAGCCTGTGAGAT 
GCA 3′ 
 

Rat pA1topA4-F 5′ 
TGCATCTCACAGGCTGAAAAAGTAAACCCAACTGTAGCAATTGCC 
3′ 
 

Rat pA1topA4-R 5′ GGCAATTGCTACAGTTGGGTTTACTTTTTCAGCCTGTGAGATGCA 
3′ 
 

Rat pA4toAAUAAA-F 5′ 
TCACCTGCAGATCTTACCCTAATAAACCAGATGTGCTCGCCGTTAA
C 3′ 
 

Rat pA4toAAUAAA-R 5′ 
GTTAACGGCGAGCACATCTGGTTTATTAGGGTAAGATCTGCAGGT
GA 3′ 
 

Rat pA4topA1-F 5 ′ 
TCACCTGCAGATCTTACCCTATTAAACCAGATGTGCTCGCCGTTAA
C 3′ 
 

Rat pA4topA1-R 5 ′ 
GTTAACGGCGAGCACATCTGGTTTAATAGGGTAAGATCTGCAGGT
GA 3′ 
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CHAPTER V 

DISCUSSION AND FUTURE STUDIES 

Abstract 

In this dissertation, I described the discovery and functional characterization of a family 

of nervous system-specific spliced isoforms of the CstF-64 polyadenylation protein 

collectively termed βCstF-64.  In Chapter II, I described the existence of an 

evolutionarily conserved alternative splicing mechanism of the CstF-64 mRNA that 

resulted in addition of 49 unique amino acids in the βCstF-64 protein.  The high degree of 

evolutionary conservation of βCstF-64 together with its ubiquitous expression in the 

nervous system of mice suggested an essential function for βCstF-64 in neural gene 

expression. In Chapter III, using the neuronal PC-12 cell line as our model system, I 

presented evidence that βCstF-64 was a bona fide polyadenylation protein as judged by 

its abilities to interact with another member of the CstF complex and to enhance 

polyadenylation of luciferase mRNAs containing authentic polyadenylation signals.  I 

also obtained data suggesting that the expression of βCstF-64 was regulated by NGF-

stimulated signaling pathways.  This finding, with the observation that βCstF-64 was less 

active than CstF-64 in a modified luciferase assay (SLAP) using the SV40 

polyadenylation signal, suggested that the function of βCstF-64 could be distinct from 

that of CstF-64.  In Chapter IV, using the non-neuronal HeLa cell line, I showed that 

βCstF-64 was less active than CstF-64 in promoting polyadenylation from the brain-

specific pA4 polyadenylation site of the β-adducin mRNA.  Since these differences were 

not observed in PC-12 cells, we hypothesize that βCstF-64 interacts with factors in PC-12 

cells that modulate the activity of βCstF-64.  Furthermore, experiments involving 
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mutation of the hexameric PAS showed that the differential polyadenylation function of 

βCstF-64 on the pA4 site of β-adducin mRNA was likely due to a PAS-independent 

mechanism.  Thus, we propose a PAS-independent mechanism of polyadenylation 

function of βCstF-64 possibly involving the USE or other undefined RNA elements in the 

pA4 3′ UTR.   

 In addition to βCstF-64, we also discovered a shorter CstF-64 mRNA, αCstF-64, 

that was present in all mouse tissues examined.  The αCstF-64 mRNA contained a 

deletion of 78 nucleotides due to selection of an alternative 3′ splice site in exon 9.  The 

αCstF-64 mRNA was not detected in any vertebrate animal species other than mice 

suggesting it arose independently of the βCstF-64 variants.  We did not characterize this 

splice variant further in this study. 

Why does the nervous system need two forms of CstF-64? 

Data described in this dissertation showed that the nervous system in mice and other 

vertebrates expressed two major forms of CstF-64: the regular form of CstF-64, and a 

spliced isoform, βCstF-64, that contained 49 unique amino acids.  Our evidence that 

βCstF-64 is conserved in all vertebrates suggests that it performs an essential function in 

these animals.  Why does the nervous system require two forms of CstF-64?  A prime 

possibility is that the nervous system uses βCstF-64 to generate the enormous proteomic 

diversity that is found in the nervous system.  The nervous system has more cell types 

than any other organ system in the body; there are more than 10,000 types of neurons in 

the nervous system and each neuron can form thousands of synapses with other neurons 

[1].  The enormous diversity of cell types and the unique functions ascribed to these cell 

types necessitates a high degree of gene product diversity in the nervous system.  
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Alternative pre-mRNA splicing is one way to generate proteomic diversity [2].  The other 

way to generate proteomic diversity would be to employ is alternative mRNA 

polyadenylation, a process that is proposed to take place in more than half of human 

genes [3, 4].  We hypothesize that βCstF-64 could function in recognition of poly(A) 

sites that are present in internal exons or introns resulting in generation of distinct protein 

isoforms from a common pre-mRNA.   

 Recognition of internal exons or introns usually involves competition between the 

splicing and polyadenylation machineries resulting in exclusion of downstream exons in 

the final mRNA molecule and cleavage and polyadenylation at internal polyadenylation 

sites [4].  Generation of protein isoforms as a result of competition between the splicing 

and polyadenylation is common in the nervous system, with the alternative RNA 

processing pathway of the CT/CGRP mRNA being an important example [5].  In this 

example, the first four exons of the CT/CGRP pre-mRNA are spliced together in thyroid 

and non-neuronal cells with polyadenylation taking place in the intron between exons 4 

and 5 (see Figure 1.4).  This results in generation of the mRNA encoding calcitonin in 

thyroid and non-neuronal cells.  In neural cells, exon 3 is joined to exons 5 and 6 and 

polyadenylation at the end of exon 6 is carried out leading to the generation of a distinct 

protein isoform, calcitonin gene related peptide (CGRP).  The mechanism of alternative 

RNA processing pathway of the CT/CGRP pre-mRNA leading to the generation of the 

CT mRNA in non-neuronal cells is well-studied [5].  However, the mechanism of exon 4 

skipping and selection of the polyadenylation site at the end of exon 6 in neural cells is 

not clear.  Since a role for neural-specific splicing and polyadenylation proteins in 

generating the CGRP mRNA has been proposed, we speculate that βCstF-64 could be 
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one of the contributing factors to this pathway [6, 7].  It is possible that in neural cells 

βCstF-64 interacts with other neuronal proteins via its 49 amino acid domain and 

modulates interaction between the splicing and polyadenylation machineries resulting in 

skipping of exon 4 and polyadenylation at the end of exon 6.  Generation of protein 

isoforms as result of use of internal polyadenylation sites also occurs in other mRNAs in 

the nervous system including neural cell adhesion molecule (NCAM; [8]), protein 

tyrosine phosphatase (PTP; [9]), neural G protein (Gsα; [10]) and others [11].  The 

mechanism of alternative RNA processing pathways of these mRNAs has not been 

studied.  Future functional studies of βCstF-64 will help address its role in generation of 

protein isoforms in these mRNAs. 

 The expression of a great number of nervous system-specific transcripts could be 

another reason why the nervous system needs two forms of CstF-64.  For example the 

mRNAs encoding glutamate transporter (EAAT2; [12]), huntingtin [13], kappa opioid 

receptor [14], neurofilament [15], dopamine-β-hyroxylase [16], and others are expressed 

only in the nervous system.  The proteins encoded by these mRNAs participate in 

nervous system-specific functions such as synaptic transmission, synaptic plasticity, 

axonal guidance, neurotransmitter uptake and release, and ion transport.  The 

transcription of these nervous system mRNAs is likely directed by the action of tissue-

specific promoters and transcription factors.  It is known that 3′ end processing factors 

assemble at the site of transcription initiation [17] and that 3′ end processing is coupled to 

transcription [18].  This leads to the intriguing model that transcription complexes 

assembled at such tissue-specific promoters contain βCstF-64 that could help direct the 

polyadenylation machinery to nervous system-specific poly(A) sites.  Such coupling of 
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transcription to alternative splicing leading to use of tissue-specific exons has been 

demonstrated for some mRNAs [19, 20].  A similar coupling of transcription with 

polyadenylation mediated by βCstF-64 could result in use of nervous system-specific 

poly(A) sites.   

How does βCstF-64 function in polyadenylation? 

Data described in Chapter III of this dissertation showed that, like CstF-64, βCstF-64 was 

a polyadenylation factor.  In most ways βCstF-64 functioned similarly to CstF-64 in 

polyadenylation.  Like CstF-64, βCstF-64 interacted with CstF-77, required a functional 

AAUAAA signal, and stimulated polyadenylation equivalently at non-neuronal and 

neuronal poly(A) sites of β-adducin mRNA in PC-12 cells.  However, there were also key 

differences between the functions of CstF-64 and βCstF-64.  Using an assay that 

eliminated functions of the DSE, we showed that βCstF-64 was less active than CstF-64 

in promoting luciferase activity using SV40 upstream polyadenylation region that 

contained a canonical AAUAAA signal.  This finding suggested that the activity of 

βCstF-64 could be distinct from CstF-64 when presented with different polyadenylation 

signals.  In neuronal cells, this distinct activity could be a mechanism by which βCstF-64 

participates in differential polyadenylation of neuron-specific sites.  In support of this, the 

activity of βCstF-64 was found to be less than that of CstF-64 on the pA4 site of β-

adducin mRNA in non-neuronal HeLa cells but not in neuronal PC-12 cells.   

 How might βCstF-64 activity differ from that of CstF-64?  The leading hypothesis 

is that βCstF-64 interacts with neuronal factors that augment its function, allowing βCstF-

64 to better recognize the brain-specific pA4 site of β-adducin mRNA (illustrated in 

Figure 5.1).  For example, the βCstF-64 domain might interact with neuronal upstream 
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element-binding proteins that increase its occupancy time at the DSE.  This would result 

in greater rates of polyadenylation at specific sites.  Consistent with this model, mutation 

analysis in HeLa cells showed a PAS-independent mechanism of differential 

polyadenylation function of βCstF-64 thereby suggesting a role for other upstream 

elements such as USEs, 3′ splice sites or other as of yet undefined RNA elements present 

in the β-adducin mRNA.  This suggests that βCstF-64 interacts with USE-binding 

proteins, splicing proteins, or other neuron-specific polyadenylation factors via its 49 

amino acid domain and that these interactions could modulate its function in neuronal 

cells. 

 The unique βCstF-64 peptide is located in a domain of CstF-64 that has 

characterized as being proline- and glycine-rich [21].  Proline-rich regions in some 

proteins have been determined to be protein-protein interaction domains [22].  This 

suggests a slightly different model in which the 49 amino acid β domain interrupts the 

function of the proline/glycine-rich domain.  If that function is to provide protein-protein 

interactions to CstF-64, then the β domain might interrupt that interaction.  This might 

result in the decreased activity of βCstF-64 seen in HeLa cells (Figure 4.2).  In neuronal 

cells, however, this same domain might favor a new protein-protein interaction (in the 

same manner as the previous model), thus increasing polyadenylation activity in those 

cells (Figure 3.6).   

 Finally, a number of mRNAs in the nervous system including β-adducin [23], 

MeCP-2 [24], huntingtin [13] and several others as suggested by bioinformatic analysis 

[3] have alternative poly(A) sites wherein use of the promoter-distal site leads to 

generation of unusually long 3′ UTRs.  Generation of long 3′ UTRs in the nervous system 
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is of physiological importance as they have been shown to regulate mRNA translation 

[25], stability [14], and localization [26] in the nervous system.  Generation of long 3′ 

UTRs in such mRNAs would require that the pre-mRNA is not cleaved and that RNA 

polymerase II not terminate at proximal sites and instead continue for long distances until 

it reaches the distal poly(A) site.  This suggests the interesting hypothesis that the unique 

βCstF-64-specific domain causes the polyadenylation machinery and RNA polymerase II 

(pol II) to skip proximal sites and carry out polyadenylation at distal sites (illustrated in 

Figure 5.2).  This hypothesis would imply a direct role for CstF-64 in transcription 

termination.  In support of this, CstF-64 is known to interact with the Pcf11 termination 

factor that functions in transcription termination via interaction with the pol II C-terminal 

domain (CTD) [27].  Thus, it is possible that the βCstF-64 domain could serve to 

modulate the interaction of βCstF-64 with Pcf11 and/or the pol II CTD and thereby act as 

an anti-terminator.  The anti-termination activity of βCstF-64 could play a role in 

skipping of promoter-proximal poly(A) sites and subsequent recognition of downstream 

poly(A) sites.   

 To test this hypothesis, I propose cloning promoter proximal and distal poly(A) 

sites of mRNAs that are used in the nervous system (for example; the pA1 and pA4 of the 

β-adducin mRNA) in tandem in an expression plasmid and analyze the effect of 

exogenously expressed CstF-64 or βCstF-64 proteins on production of mRNAs 

terminating at either sites.  If this hypothesis is true, then we should observe increased 

levels of mRNAs terminating at the distal site in βCstF-64-transfected cells but not in 

CstF-64- transfected cells.  We could confirm the role of βcstF-64 in this process by 

chromatin immunoprecipitation (ChIP) analysis to analyze the density of βCstF-64 and 
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CstF-64 at the two poly(A) sites.  ChIP has been widely used to study in vivo binding 

sites of DNA-binding proteins [28].  It is known that 3′ end processing factors are 

recruited to the pol II CTD during transcription elongation and hence are in close 

proximity to the DNA.  This concept forms the basis for using ChIP to study the 

distribution and density of 3′ end processing factors along the transcription unit [29].  If 

this hypothesis is true, ChIP analysis should show increased density of βCstF-64, but not 

CstF-64 at the promoter-distal poly(A) sites while showing decreased density at the 

promoter-proximal poly(A) sites.  Co-recruitment of termination factors such as Pcf11 

[27] and Xrn2 [30] could also be analyzed by ChIP at the two poly(A) sites.   

 It is also known that interaction between splicing and polyadenylation proteins 

helps define the last exon and the 3′ end of mRNAs [31, 32].  Thus, it is possible that the 

βCstF-64-specific domain might act to modulate the interaction between the splicing and 

polyadenylation machineries to allow for skipping of the proximal poly(A) sites and 

subsequent polyadenylation at the promoter distal sites.  A similar modulation of 

interaction between the splicing and polyadenylation machineries by the βCstF-64-

specific domain might help the polyadenylation machinery recognize internal exonic or 

intronic poly(A) sites that are also widespread in the nervous system (discussed above).  

Recognition of internal exonic or intronic poly(A) sites could result in generation of 

protein isoforms with distinct biochemical functions. 

How is βCstF-64 mRNA generated in the nervous system? 

The main focus of our research has been to understand the polyadenylation functions of 

βCstF-64 and its role in neural mRNA polyadenylation.  However, a topic of great 

interest in the field of alternative pre-mRNA splicing is the mechanism by which CstF-64 
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mRNA is alternatively spliced in a tissue-specific manner to generate the βCstF-64 

mRNA.  In this section, I will discuss the mechanisms by which the βCstF-64 mRNA 

could be generated in the nervous system. 

 As described in Chapter I, tissue-specific inclusion or exclusion of exons is 

dependent upon a combinatorial control of different splicing regulator proteins and the 

presence of intronic or exonic sequence elements in the pre-mRNA.  Exonic or intronic 

splicing enhancers stimulate inclusion of alternate exons while an opposing mechanism 

involving intronic or exonic splicing suppressors prevent inclusion of alternate exons 

[33].  In the case of the βCstF-64 mRNA, there are two alternate exons, exons 8.1 and 8.2 

that are included in the nervous system while being excluded in most non-neural tissues.  

Studies in other mRNAs have shown that tissue-specific inclusion of exons is often 

determined by a balance between the cellular levels between positively and negatively 

acting splicing factors [33].   It is logical to presume that the nervous system expresses 

splicing factors that help stimulate inclusion of the βCstF-64-specific alternate exons 

while these splicing factors would be absent from non-neural tissues.  The other 

possibility is that non-neural tissues express proteins that negatively regulate inclusion of 

exons 8.1 and 8.2 in the final mRNA molecule.  These splicing repressor proteins would 

be absent in the nervous system which would allow for inclusion of the alternate exons 

8.1 and 8.2 in the final mRNA molecule.   

 Based on studies of neuron-specific exon inclusion in the c-src [33] and 

CT/CGRP mRNA [34], I hypothesize the existence of a similar mechanism of alternative 

splicing for the CstF-64 mRNA (illustrated in Figure 5.2).  More specifically, I 

hypothesize that in non-neural tissues, the alternate exons 8.1 and 8.2 are prevented from 
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being included in the final mRNA molecule due to the binding of PTB to intronic 

sequences flanking these alternate exons.  Using splicing prediction programs [35], we 

observed that the intronic regions flanking exons 8.1 and 8.2 did contain pyrimidine-rich 

tracts to which PTB is proposed to bind (data not shown).  As seen in the case of the c-src 

pre-mRNA [33], PTB can form cooperative interactions with other hnRNP proteins such 

as hnRNP F/H and hnRNP A1 and sequester exons 8.1 and 8.2 in an RNA looping 

complex.  This would result in ligation of exon 8 to exon 9 and exclusion of the alternate 

βCstF-64-specific exons in most non-neural tissues.  In neuronal tissues, PTB is replaced 

by a neuron-specific isoform called nPTB that is known to stimulate inclusion of neuron-

specific exons [36].  Therefore, I propose that the repression of exons 8.1 and 8.2 by PTB 

is relieved in the nervous system by nPTB that helps inclusion of these alternate exons in 

the final mRNA.  The action of nPTB could be complemented by other splicing proteins 

such as SR proteins that would bind to exonic splicing enhancers (ESEs) in βCstF-64-

specific alternate exons [33].  Additionally, the inclusion of exons 8.1 and 8.2 could also 

be stimulated by the action of neuron-specific splicing proteins such as HuB [6, 37], 

Nova 1/2 [38], and Fox 1/2 [7] that are known to stimulate inclusion or exclusion of 

neuron-specific exons in other mRNAs.  Data described in Chapter 3 also suggests a role 

for NGF in alternative splicing of CstF-64 mRNA.  NGF-induced changes in alternative 

splicing have been observed in other neuronal mRNAs as well [39-41].  It was proposed 

that signaling pathways activated by molecules such as NGF and dopamine could induce 

phosphorylation of SR proteins or transcription of tissue-specific splicing factors that 

together could regulate tissue-specific inclusion or exclusion of exons [42].  Thus, it is 

possible that NGF-regulated splicing factors induce the alternative splicing of CstF-64 



 

 

 

239  

mRNA leading to generation of βCstF-64 which in turn could regulate alternative 

poly(A) site selection in nervous system mRNAs described above. 

Future Studies 

In this final section, I will outline some strategies to employ in the future to help us better 

understand the function of βCstF-64 in neural mRNA polyadenylation. 

In Chapter 3, I conducted co-immunoprecipitation analysis in undifferentiated 

PC-12 cells using FLAG-tagged CstF-64 and βCstF-64 proteins and showed that βCstF-

64, like CstF-64, interacted with CstF-77 which is another member of the CstF-77 

complex.   I was unable to use NGF-differentiated PC-12 cells to test the protein-protein 

interaction properties of βCstF-64 due to low efficiency of transfection in differentiated 

PC-12 cells.  In order to circumvent this problem, I would like to create stable cell lines 

of PC-12 cells expressing FLAG-tagged CstF-64 or βCstF-64 proteins.  Stable PC-12 cell 

lines expressing FLAG-tagged proteins have been created before to analyze in vivo 

protein-protein interactions [43, 44].  Initially, immunoprecipitation will be conducted 

using lysates prepared from PC-12 cells stably transfected with 3XFLAG-CstF-64 or 

βCstF-64-encoding constructs to confirm my previous observation of βCstF-64 and CstF-

64 interaction with CstF-77.  I will also compare the silver staining patterns obtained 

from these immunoprecipitation reactions.  If my hypothesis that βCstF-64, but not CstF-

64, interacts with additional neuronal proteins due to the insertion of the unique 49 amino 

acids is true, then I might see additional protein bands in immunoprecipitates from 

βCstF-64-transfected cells.  I will then cut these bands from the gel, and subject it to 

tryptic digestion followed by mass spectrometry analysis [45].  This will help me 

establish the identity of the proteins that interact with βCstF-64.  Additionally, I will treat 
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the above described stable cell lines of PC-12 with NGF and conduct co-

immunoprecipitation analysis to test the hypothesis that βCstF-64 interacts with neuronal 

proteins in neuronal PC-12 cells.  In the future, I would also like to optimize 

immunoprecipitation conditions for the anti-βCstF-64 antibody in order to examine the 

protein-protein interaction properties of βCstF-64 in normal mouse or rat brain. 

 In other experiments, I would like to identify the target mRNAs of βCstF-64 in 

the nervous system as a corollary to our hypothesis that βCstF-64 regulates neural mRNA 

polyadenylation. For this, I will use a technique called cross-linking and 

immunoprecipitation (CLIP) to map in vivo mRNA binding sites for βCstF-64.  This 

technique has been used to identify the sequences in the pre-mRNA to which the neuron-

specific Nova splicing factor binds in the nervous system [46].  In CLIP, brain (or other 

tissues) or cells grown in culture are irradiated with UV rays that results in cross-linking 

of protein to their cognate mRNA sequences.  UV-irradiated cells are lysed, digested with 

RNase to obtain protein-oligoribonucleotide complexes, and the RNA-protein complexes 

are subjected to immunoprecipitation with specific antibodies.  The RNA-protein 

complexes are purified by SDS-PAGE and the RNA labeled at the 5′ end with γ[32P] ATP 

using T4 polynucleotide kinase.  The labeled RNA-protein complexes are treated with 

proteinase K, linkers ligated to the 5′ end of the RNA and subjected to RT-PCR analysis.  

The cDNA products are cloned and subjected to large scale parallel sequencing (454 

sequencing, Roche) or microarray analysis.  The sequence of the RNA fragment to which 

the protein bound is compared to the genome and its in vivo binding sites are indentified.  

Since the anti-FLAG antibody worked well in immunoprecipitation experiments, I will 

initially use PC-12 cells stably transfected with 3XFLAG-CstF-64 or βCstF-64-encoding 
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plasmid constructs for CLIP analysis.  I will also treat stable lines of PC-12 cells with 

NGF and conduct CLIP analysis to identify target mRNAs of βCstF-64 in differentiated 

PC-12 cells.  My luciferase and SLAP data showed that βCstF-64 and CstF-64 stimulated 

luciferase activity from plasmids containing the polyadenylation signals of the β-adducin 

mRNA suggesting that the β-adducin mRNA could be a potential target for βCstF-64.  I 

will investigate whether βCstF-64 can be cross-linked to these sites in CLIP experiments.  

I will clone sequences to which βCstF-64 bound in CLIP experiments downstream of 

Renilla luciferase and test whether βCstF-64 can promote luciferase activity from the 

CLIP-identified sequences.  Thus, CLIP experiments and subsequent luciferase assays 

will help address my hypothesis that βCstF-64 binds to target mRNAs in neuronal cells 

and carries out polyadenylation of these mRNAs. 

 In order to address the hypothesis that βCstF-64 regulates alternative poly(A) 

selection in neuronal cells, I previously attempted RNA interference in undifferentiated 

PC-12 cells to decrease to expression levels of βCstF-64.  However, I was unable to 

achieve knockdown of βCstF-64 mRNA partly due to the low efficiency of transfection 

in PC-12 cells.  As an alternate approach, I could generate stable lines of PC-12 

expressing short hairpin RNA (shRNA) targeted against the βCstF-64-specific alternate 

exons and assay for decreased expression of βCstF-64.  PC-12 cells stably transfected 

with shRNA constructs have been successfully generated and more than 95% knockdown 

of target mRNAs have been achieved in these cells [47].  If am able to successfully 

decrease βCstF-64 expression using the above described method, then I will subsequently 

conduct microarray analysis to identify mRNAs whose expression level changed in cells 

having decreased βCstF-64 expression.  Large scale sequencing and 3′ RACE in βCstF-
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64-knockdown cells will also help us investigate whether a decrease in βCstF-64 

expression can cause changes in the 3′ ends of putative target mRNAs of βCstF-64.  If 

reduced levels of βCstF-64 caused changes in the 3′ ends of putative target mRNAs, then 

overexpression of βCstF-64 in these cells should result in rescue of these mRNAs. 

 The long term goal of my future experiments is to investigate the role of βCstF-64 

in neural gene expression and its contribution to the physiology of the nervous system.  

Towards this, I would like to generate mice lacking βCstF-64.  Since βCstF-64 is a 

spliced isoform of CstF-64, eliminating exons that are common to CstF-64 and βCstF-64 

will result in inactivation of both CstF-64 and βCstF-64.  Since inactivation of CstF-64 is 

known to be deleterious and lethal, we will have to carry out an exon-specific knockout 

procedure on the βCstF-64 exons (illustrated in Figure 5.3).  Isoform-specific mouse 

knockouts that delete specific exons from the genome have been created for a number of 

genes including fibroblast growth factor (Fgf; [48]), vascular endothelial growth factor 

(Vegf; [49]), Dopamine receptor D2 [50], β1 integrin [51], and agrin [52].  For creating 

mice lacking βCstF-64, I would target a region between exons 8 and 9 of the CstF-64 

gene for homologous recombination with a neomycin resistance cassette.  The targeting 

approach will be designed to ensure that the splicing signals that flank exon 8 and 9 

remain unaffected by the recombination event so that CstF-64 mRNA is still produced in 

βCstf-64 knockout mice.  Since my data showed that the βCstF-64 mRNA was expressed 

early in mouse development, it is possible that mice lacking βCstF-64 might die pre-

natally.   To circumvent this problem, we could use a Cre-lox conditional knockout 

approach to eliminate βCstF-64 expression in adult mice.  The Cre-lox conditional 

knockout approach has been used before to generate tissue-specific knockout of exons in 
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agrin and β1 integrin mRNAs [51, 52].  For this, we will create a neomycin gene 

targeting vector flanked by LoxP sites.  Mating of these mice with those expressing Cre 

recombinase in a nervous system-specific manner will lead to generation of mice lacking 

βCstF-64 in the adult nervous system.  Based on our data showing ubiquitous expression 

of βCstF-64 in the nervous system, I predict that mice lacking βCstF-64 will have severe 

neurological defects.  If those mice survive to adulthood, I will conduct neurobehavioral 

phenotyping of the βCstF-64-/- mice including testing for sensory abilities, motor 

function, learning and memory capabilities, traits related to anxiety and depression and 

other standard tests to assess neurological function.  The βCstF-64-/- mice will also be 

useful as a control for other studies such as CLIP and co-immunoprecipitation analysis 

that will help us investigate the molecular mechanisms of βCstF-64 function and its role 

in gene expression in the nervous system.  
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Figures 
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Figure 5.1: Proposed model of PAS-independent polyadenylation function of 

βCstF-64 on the pA4 site of β-adducin mRNA.   

In this model, βCstF-64 could interact either directly with USE-bound protein 

(yellow circle and double headed arrow) or indirectly via a bridging protein (blue 

ghost circle).  βCstF-64 could also interact with neuronal proteins bound to 

sequence elements other than USEs (red circle and curved arrow).  Any of these 

interactions could modulate the polyadenylation activity of βCstF-64 in neuronal 

cells.  
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Figure 5.2: Hypothetical model of alternative poly(A) site selection mechanism 

of βCstF-64.   

In this model, modulation of βCstF-64 interaction with Pcf11 and the splicing complex 

prevents cleavage and transcription termination at the promoter-proximal site.  Site-

specific modulation of these interactions could also involve other neuronal proteins with 

which βCstF-64 interacts.  RNA pol II continues to transcribe downstream of the 

proximal site, carrying the CPSF, CstF and other protein complexes until it reaches the 

downstream poly(A) site.  At the downstream site, βCstF-64 forms cooperative 

interactions with Pcf11 (and likely with other neuronal proteins) resulting in cleavage and 

termination at these sites. 
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Figure 5.3: Hypothetical model of alternative splicing mechanism of CstF-64 

mRNA.   

A) In non-neuronal cells, PTB binds to polypyrimidine tracts flanking alternate 

exons 8.1 and 8.2 in the cstF-64 pre-mRNA.  The alternate exons could also bind 

splicing repressors such as hnRNP A1 via exonic splicing silencers.  These 

interactions would lead to sequestration of the alternate exons in an RNA looping 

complex and ligation of exon 8 to exon 9 in non-neuronal cells.  The exons are 

denoted as boxes while introns are denoted by black lines.  B) In neuronal cells, 

PTB is replaced by nPTB which stimulates assembly of the splicing complex to 

the 5′ and 3′ splices sites flanking the alternate exons (curved arrows).  For 

simplicity, only the U1 and U2 snRNPs are shown.  Splicing factors such as SR 

proteins (green triangle) bind to exonic splicing enhancers and help promote 

inclusion of the alternate exons in the final mRNA molecule.  Other neuronal 

splicing factors such as Nova, and Fox 1/2 that could help stimulate inclusion of 

exons 8.1 and 8.2 are not shown.   
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Figure 5.4: Gene targeting strategy for generating mice lacking βCstF-64.  

 A) The classical knockout strategy involves replacing the βCstF-64-specific 

exons with a neomycin resistance plasmid.  This strategy would result in 

elimination of βCstF-64 expression in all cells in mice.  B)  Illustration of the 

Cre-Lox conditional knockout strategy to circumvent the problem of embryonic 

lethality that might be encountered using the classical knockout strategy.  In this 

method, transgenic mice wherein the βCstF-64-specific exons are replaced by a 

version flanked by LoxP sites are created.  Mating of these mice with those 

expressing Cre recombinase in a nervous system-specific manner will lead to 

generation of βCstF-64 knock mice in the nervous system  
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