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CD45 is a hematopoetic-specific tyrosine phoshatase.  In resting T cells three variable 

exons are partially repressed, and following antigen challenge, these exons are more highly 

repressed.  Previous work identified the ESS1 silencer element that functions to mediate exon 

4 silencing under resting conditions by binding to hnRNP L.  ESS1 is also sufficient to 

confer the activation-induced increase in exon repression, and this document describes two 

mechanisms responsible for mediating this effect.  First, hnRNP L silencing function is 

slightly increased in activated cells as compared to resting cells.  Additionally, PSF binds to 

the ESS1 complex in a signal-dependent manner and provides a significant increase in 

repressive activity.  Further investigation shows these two mechanisms are largely 
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independent but show some functional crosstalk, and while neither of these mechanisms is 

sufficient in isolation, the combination of these two effects accounts for an increase in exon 

silencing that is of similar magnitude to the total observed change in splicing in response to 

cellular activation.
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CHAPTER ONE 
 

Introduction and Review of Literature 
 

 Following the sequencing of the human genome, the surprisingly small number of 

estimated human genes has increased the emphasis on alternative mechanisms to enhance 

protein diversity.  Some of these alternative mechanisms include:  alternative transcription 

and translation start sites, alternative 3’-end processing, alternative pre-mRNA splicing, and 

RNA editing (Hui and Bindereif, 2005).  Alternative pre-mRNA splicing appears to be the 

most wide spread of these diversity mechanisms.  Recent computational analysis has 

estimated that 35-95% of all human genes show at least one alternative splice variant 

(Modrek and Lee, 2002), and exon-exon junction microarray analysis performed on multiple 

cell lines indicates that at least 74% of human genes are subject to alternative splicing 

regulation (Johnson et al., 2003). 

 The CD45 gene has been known to be subject to alternative splicing regulation for 

many years (Birkeland et al., 1989; Hermiston et al., 2003).  The gene contains three variable 

cassette exons that are subject to exon skipping in resting T cells as well as signal-induced 

increases in exon skipping following antigen challenge of the T cell (Lynch and Weiss, 

2000).  Investigation of CD45 splicing mechanisms have identified required splicing 

regulatory elements as well as splicing regulatory proteins that bind to these sequences and 

function to repress the splicing of these exons under resting conditions (Rothrock et al., 2003; 

Rothrock et al., 2005; Tong et al., 2005); however, previous work has not elucidated the 

mechanisms controlling the signal-induced repression of CD45 variable exons.  In this 
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document I present data demonstrating post-translational modifications to the regulator of 

basal exon silencing, hnRNP L, correlate with an increase in functional silencing activity of 

the protein.  In addition, the splicing regulatory protein PSF binds specifically to the 

silencing complex under activated conditions and causes an increase in exon skipping.  

Importantly, while neither of these mechanisms alone is sufficient to confer the total 

activation-induced silencing, both mechanisms in combination produce and effect equal to 

the total increase activity following stimulation.  This chapter, however, highlights important 

previous discoveries and provides the necessary background information for a more complete 

understanding of the splicing regulation described in future chapters. 

 

Alternative Splicing Patterns 

 There are five major types of alternative splicing; however, the use of alternative 

promoters and alternative poly(A) sites could be classified separately and affect either the 

first or last exon of a transcript respectively.  The five major classes of alternative splicing 

events include:  the use of alternative 5’ or 3’ splice sites, cassette exon skipping, mutually 

exclusive cassette exons, and intron retention (Black, 2003; Hui and Bindereif, 2005; Figure 

1-1).  Of the total number of alternative splicing events within the cell, 70-90% of these 

events have been estimated to alter the coding sequence of the resulting protein (Johnson et 

al., 2003; Modrek and Lee, 2002).  Changes in protein coding can cause changes in 

localization, protein-protein interactions, ligand binding, enzymatic activity, allosteric 

regulation, post-translational modifications, and others (Black, 2003; Hui and Bindereif, 
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2005; Johnson et al., 2003),  and alterations in splicing can even regulate whether a protein is 

expressed (Black 2003). 

 Alterative splicing patterns of different genes are known to be regulated in many 

ways and affect a myriad of processes.  Several splicing patterns are often observed for a 

single gene within the same cell, and the ratio of these isoforms can be regulated by cell type, 

tissue type, developmental stage, sex, cellular activation, apoptosis, and many others (Black 

2003).  Changes in cellular function in response to environmental stimuli and signal 

transduction within the cell are known to affect the splicing pattern of many genes and 

provide one mechanism by which cellular activity is altered in response to environmental 

changes (Tarn, 2007).  Signal-regulated alterations in splicing are especially relevant to the 

Figure 1-1:  Schematic Representation of Alternative Splicing Patterns.  Constitutive splicing 
generates a single mRNA.  Alternative splicing of the pre-mRNA generates multiple mRNA 
transcripts from a single pre-mRNA sequence.  Five patterns of alternative splicing are shown 
above with the resulting change in the mRNA from that generated from constitutive splicing shown 
at the right.  Exons are represented by rectangles and introns by lines.  Dashed lines indicate the 
region to be removed following completion of the splicing reaction. 
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studies described in future chapters and will be discussed in more detail later in this chapter; 

however, prior to discussing alternative splicing and its regulation, the general aspects of the 

spliceosome, splicing mechanism, and splicing regulation must be presented. 

 

The Spliceosome and the Splicing Reaction  

 The process of intron removal and exon ligation takes place in two trransesterification 

reactions catalyzed by the spliceosome.  This process requires several sequences present at 

the exon/intron boundaries as well as sequences within the introns.  These sequences contain 

several well conserved residues embedded within the context of more variant surrounding 

sequences.  The 5’ splice site (5’ss) marks the exon/intron boundary at the 5’ end of the 

Figure 1-2:  Schematic Representation of General Spliceosome Assembly, snRNPs, and 
Conserved Splice Site Sequences. The conserved 5’ and 3’ splice site (ss) sequences are indicated 
with Py indicating a pyrimidine.  The five snRNPs are shown bound to the appropriate sequences 
at the indicated step of spliceosome assembly.  E, A, and B assembly complexes are indicated with 
C complex being formed from the rearrangement of B complex.  
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intron and contains a conserved GU dinucleotide (Black 2003; Figure 1-2).  Similarly, the 3’ 

splice site (3’ss) marks the exon/intron boundary at the 3’ end of the intron; however, this 

region of the intron contains three conserved sequence elements.  The terminal 3’ region of 

the intron contains an almost invariant AG dinucleotide at the exon/intron boundary (Black 

2003; Figure 1-2), and upstream of this sequence is the branch point sequence which contains 

an invariant adensosine, referred to as the branch point.  The region between the branch point 

and the 3’ss is a pyrimidine rich region called the polypyrimidine track (Black 2003; Figure 

1-2). 

 The spliceosome is made up of five individual small nuclear ribonucleoprotiens 

(snRNPs) and multiple accessory proteins that catalyze intron removal and exon ligation 

(Black 2003).  In addition to various protein components, each of the snRNP complexes 

contains an snRNA (U1, U2, U4, U5, U6), and these snRNPs are assembled onto the pre-

mRNA in stepwise fashion, yielding a catalytically active splicing complex.  In the initial 

steps of spliceosomal assembly, the U1 snRNA base pairs to the 5’ss within the transcript 

and the accessory proteins SF1, U2AF65, and U2AF35 bind to the 3’ss (Das et al., 2000).  

This complex is considered the first step in spliceosome assembly and is referred to as E 

complex (Das et al., 2000).  The progression from E to A complex requires the binding of the 

U2 snRNP to the branch point sequence and is the first ATP-dependent step in the pathway 

(Black 2003; Figure 1-2).  Following the addition of tri-snRNP (U4, U5, U6), U2AF65 and 

U2AF35 are released leading to the formation of B complex (Black 2003; Figure 1-2).  At 

this point in assembly, extensive RNA and protein rearrangements take place within the 

macromolecular complex, including the dissociation of the U4 snRNA, to form the catalytic 
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spliceosome (C complex) (Black 2003; Figure 1-2).  The functional spliceosome then 

catalyzes the nucelophilic attack of the branch point A on the 5’ss, leading to the formation 

of the upstream exon and lariat-exon intermediate (Figure 1-3).  The second 

transesterification reaction takes place when the released upstream exon attacks the 

phosphate at the 3’ end of the intron, allowing for exon ligation and the release of the lariat 

structure (Black 2003; Figure 1-3). 

 While the splice site sequences are required for splicing to occur these sequences are 

not sufficient to allow for proper spliceosome assembly and function, especially since introns 

within mammalian cells are often thousands of nucleotides in length with exons averaging 

only several hundred nucleotides (Black 2003).  Thus, snRNP components have been shown 

to interact first across an exon (Hoffman and Grabowski, 1992).  The interaction of splicing 

Figure 1-3:  Schematic Representation of the Two Transesterification Reactions Resulting in 
Exon-Exon Ligation.  The unspliced pre-mRNA is indicated at the top.  Following the first 
transesterification reaction, the upstream exon is released and a lariat-exon structure is formed.  
The second transesterification reaction ligates the upstream and downstream exons and releases the 
lariat structure.
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components across exons is called exon definition and appears to be required for the splicing 

of most mammalian exons (Robberson et al., 1990).  Defining the exon boundaries prior to 

splicing promotes the proper pairing of the 5’ and 3’ss by the spliceosome across the introns, 

leading to intron removal and exon ligation.  Exon definition is affected by additional cis-

acting sequences within the RNA that either promote or repress the use of a particular splice 

site or exon (Pozzoli and Sironi, 2005).  These sequences are referred to as either enhancer 

sequences or silencer sequences and can be present either within the intron or the exon.  

Further description of these elements is the subject of the next section. 

 

Cis-Acting Sequences and Trans-Acting Factors in Splicing Regulation 

 As mentioned above, the canonical splice site sequences described in the previous 

section do not provide sufficient information for the accurate removal of introns (Senapathy 

et al., 1990), and recent estimates suggest that these sequences provide less than 50% of the 

required information (Lim and Burge, 2001).  Therefore, additional regulatory sequences are 

of critical importance in both constitutive and alternative splicing events.  These sequences 

are classified based on two criteria.  First, sequences are identified by the activity of the 

sequence with enhancer sequences promoting the inclusion of an exon or use of a splice site 

and silencer sequences inhibiting the use of an exon or splice site (Black 2003).  Second, 

these sequences are categorized based on their location in either the intron or the exon, 

leading to descriptions of regulatory sequences as either intronic splicing enhancers (ISE), 

exon splicing enhancers (ESE), intronic splicing silencers (ISS), or exonic splicing silencers 

(ESS) (Black 2003). 
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 Splicing regulatory elements have been identified using several methods.  Initial 

identification and characterization of splicing regulatory sequences utilized minigene 

constructs in which deletion, insertion, and mutational analysis was performed.  While this 

method is still widely used, additional more generalized methods have been introduced.  

Various ESE elements have been identified using in vitro or in vivo selection protocols 

followed by SELEX (systematic evolution of ligands by exponential enrichment) analysis 

(Coulter et al., 1997; Liu et al., 2000; Liu et al., 1998; Schaal and Maniatis, 1999).  SELEX 

analysis has also been used to identify potential ESE sequences within specific genes 

(Woerfel and Bindereif, 2001), and several classes of hexameric enhancer sequences have 

been identified using a bioinformatics approach (Fairbrother and Chasin, 2000).  In addition 

to work performed to identify enhancer sequences, several systematic approaches have 

focused on the identification of splicing silencing sequences.  Recent studies have used 

bioinformatics approaches in which the frequency of short sequences in true exons were 

compared to pseudoexons or noncoding exons (Sironi et al., 2004; Zhang and Chasin, 2004),  

and another study utilized a screening approach in which a 10-mer library was screened in 

vivo using a splicing reporter and several confirmed splicing silencing sequences were 

identified (Wang et al., 2004).  Thus, previous and continuing research efforts have allowed 

for the systematic identification and evaluation of a growing number of splicing regulatory 

sequences. 

 With the identification of cis-acting sequences, the characteriztion of trans-acting 

regulators that bind to these sequences is also an active area of research.  The known splicing 

regulatory factors can be divided into three major groups:  the SR protein family which most 
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often bind to 

splicing 

enhancer 

sequences; the 

hnRNP 

protein family 

which most 

often bind to 

splicing silencer sequences; and those proteins which have been shown to have splicing 

regulatory function but are not members of either the SR or hnRNP protein families (Black 

2003). 

 First, the SR protein family has been the most thoroughly studied of the splicing 

regulatory proteins (Caceres et al., 1997; Graveley, 2000; Manley and Tacke, 1996).  The 

members of this family all share a common domain structure.  Each of the proteins contains 

at least one RNA recognition motif (RRM) for RNA binding and a second domain rich in 

arginine/serine dipeptides (RS domain). Schematic representation of the domain structure of 

several SR proteins is shown in Figure 1-4 (Black 2003).  Research has demonstrated that at 

least one member of the SR protein family must be present to allow productive splicing in 

cellular extracts (Black 2003).  This general role for SR proteins in splicing demonstrates 

functional redundancy in vitro, with similar results being obtained following the addition of 

different SR protein family members; however, SR protein identity appears to be a more 

important factor in vivo (Black 2003).  

Figure 1-4:  Domain Structure of Various SR Proteins.  Several members of the 
SR protein family are represented.  The RNA recognition motif (RRM) and 
serine/arginine rich (RS) domains help define the family.  Several SR proteins also 
contain RRM homology domains (RRMH), and 9G8 contains a zinc knuckle 
domian.
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Aside from their general role in promoting splicing, SR proteins play a significant 

role in splicing regulation by binding to enhancer (or less often silencer) sequences and 

functioning to regulate alternative splicing events.  Previous research suggests that most if 

not all exons contain ESE sequences that bind to specific SR proteins, and SR proteins may 

be part of the general mechanism of exon definition (Black, 2003; Cartegni et al., 2003).  The 

most frequently described enhancer sequences are known as the purine rich GAR enhancers.  

These enhancers are most commonly bound by the SR proteins ASF/SF2 and Tra2 (Liu et al., 

1998; Tacke and Manley, 1999).  However, it is important to note that RNA regulatory 

sequences can demonstrate significant deviation from the “ideal” consensus sequence (Black 

2003), and the splicing regulatory proteins which bind to these elements show increased 

promiscuity as well as functional redundancy to accommodate for increases in sequence 

variation. 

 The mechanism by which SR proteins, and specifically the RS domains of these 

proteins, function to activate the splicing machinery has been extensively studied; although 

many questions remain.  It has been proposed that the RS domain may function as a counter 

ion to the negatively charged phosphate backbone of the RNA since the unmodified RS 

domain is highly positively charged; however, studies have clearly shown that 

phosphorylation of the RS domain is required for splicing function (Black 2003).  Given this 

information, a more likely mechanism involves the RS domain functioning in protein-protein 

interactions within the cell, forming a large protein complex which enhances spliceosome 

assembly and splicing of the bound exon.  Data supporting this theory comes from several 

yeast experiments where phosphorylated RS domains were shown to interact with other SR 
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proteins (Wu and Maniatis, 1993; Yeakley et al., 1999), and protein-protein interactions 

between U1 70K, a non-SR protein containing an RS domain, and phosphorylated ASF/SF2 

have also been shown (Kohtz et al., 1994).  In vivo, these large SR protein complexes show 

specificity in their protein-protein interactions; although, the identity of many of the SR 

protein complex members remains unknown (Black 2003).  Many of these complexes are 

known to require the binding of additional RS domain containing proteins such as U2AF35, 

SRm160, and SRm300 (Blencowe et al., 1998; Eldridge et al., 1999; Li and Blencowe, 1999; 

Zuo and Maniatis, 1996); however, the specific protein contacts in these complexes is still an 

area of investigation.   

An additional level of SR protein regulation occurs at the level of RS domain 

phosphorylation.  SR proteins have been shown to be substrates for SR protein kinase 

(SRPK) 1 and 2 as well as the Clk/Sty family of kinases.  SR protein localization, protein 

interactions, and in vitro splicing activity have all been shown to be altered in response to the 

activity of these kinases (Black 2003).  Additionally, alterations in the phosphorylation state 

of SR proteins correlate with changes in SR protein activity (Sacco-Bubulya and Spector, 

2002; Sanford and Bruzik, 2001), and in vitro enhancer activity is reduced by both hyper- 

and hypophosphorylation of the RS domain (Kanopka et al., 1998; Prasad et al., 1999; 

Sanford and Bruzik, 1999).  Therefore, a more detailed understanding of the large SR protein 

complexes as well as SR protein phosphoryaltion will be required to further elucidate the 

mechanisms of action. 

 As a general rule, while SR proteins bind to enhancer sequences and function to 

activate splicing, hnRNP proteins bind to silencer sequences and function to repress splicing.  
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The hnRNP family is a diverse family of proteins defined by their association with unspliced 

RNA and function at multiple steps in RNA metabolism (Dreyfuss et al., 1993).  Thus, the 

hnRNP family is composed of many diverse members with unique domains and structures.  

While most members are predominantly nuclear, several hnRNP proteins shuttle between the 

nucleus and cytoplasm (Nakielny and Dreyfuss, 1999).  The domain structures of several 

members of the hnRNP family are outlined in Figure 1-5. 

  

 Some of the most abundant and well studied members of the hnRNP family are the 

A/B type.  The A/B type hnRNPs consist of multiple isoforms derived from a combination of 

multiple genes and alternative splicing (Black, 2003; Pozzoli and Sironi, 2005).  The best 

characterized of the hnRNP A/B class is hnRNP A1 which contains two RRM type RBDs at 

its amino-terminus and a glycine rich domain at the carboxy-terminus (Black 2003; Figure 1-

5).  The “ideal” hnRNP A1 binding site was experimentally determined to be UAGGA/U 

Figure 1-5:  Domain Structure of Several Members of the hnRNP Family.  The hnRNP 
family contains a large number of proteins with diverse structures.  These proteins contain 
RNA recognition motifs or KH domains for RNA binding domains as well as a diversity of 
other domain structures in individual members. 
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using SELEX analysis (Burd and Dreyfuss, 1994); however, consistent with the properties of 

many RNA binding proteins, hnRNP A1 has also been identified bound to RNA sequences 

divergent from the “ideal” sequence. 

 The first reports of hnRNP A1 splicing regulation came from its antagonism of SR 

proteins in in vitro splicing assays.  In these assays, competing 5’ss showed an hnRNP A1-

dependent shift in the splicing pattern (Mayeda et al., 1994).  Since its first identified roles in 

splicing regulation, hnRNP A1 has been shown to bind to and regulate several alternative 

Figure 1-6:  Proposed Mechanisms of hnRNP A1 Exon Silencing.  (A) HnRNP A1 
oligomeriztion model in which hnRNP A1 coats the RNA and inhibits splicing.  This function is 
inhibited by ASF/SF2.  (B) Blocked U2 binding to the branch point sequence by hnRNP A1 
inhibits exon inclusion.  (C) Association of hnRNP A1 molecules in upstream and downstream 
introns and looping out of the variable exon, causing exon skipping 
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splicing events, including IDX exon repression in the c-H-ras gene, exon 5 skipping of the 

CD44 gene, the K-SAM exon in the FGF-2 receptor, exon 7B skipping of its own transcript, 

and exon 3 of the HIV tat gene (Black, 2003; Pozzoli and Sironi, 2005). 

 While the mechanism of splicing inhibition for hnRNP A1 remains an issue of debate, 

several models have been proposed based upon the known activities of hnRNP A1.  Given 

hnRNP A1 will interact with itself and that it binds DNA elements in a tandem fashion, 

hnRNP A1 could coat the RNA producing a region of the transcript that is inaccessible to the 

spliceosome (Black 2003; Figure 1-6A). This theory is supported by data from the Krainer 

lab in which hnRNP A1 was crosslinked to RNA regions outside of the known hnRNP A1 

binding element in HIV tat exon 3, and importantly, this observation was dependent upon the 

presence of the ESS sequence for nucleation of hnRNP A1 oligomeriztion (Zhu et al., 2001).  

Additional observations have shown that some splicing regulation is dependent upon the 

relative ratios of ASF/SF2 to hnRNP A1, and tissue specific differences in splicing pattern of 

these genes correlate with changes in this ratio (Caceres et al., 1994; Hanamura et al., 1998).  

In the case of HIV tat exon 3, both SC 35 as well as ASF/SF 2 are known to bind to sequence 

elements within exon 3 and activate splicing; however, in the presence of hnRNP A1, only 

ASF/SF2 is able to activate splicing.  Therefore, in the model of hnRNP A1 oligomerization, 

ASF/SF2 is able to inhibit the formation of the higher order hnRNP A1 complex while SC35 

is not (Zhu et al., 2001; Figure 1-6A). 

 An additional model exists regarding hnRNP A1 function in the regulation of HIV tat 

exon 3.  HnRNP A1 also binds to an intronic silencer sequence downstream of the branch 

point sequence of HIV tat exon 3.  Binding of hnRNP A1 to this site allows the binding of 
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U2AF65 and U2AF35 to the 3’ss but blocks the recruitment of the U2 snRNA, inhibiting 

spliceosome assembly and causing repression of the exon (Tange et al., 2001; Figure 1-6B). 

 A third possible mechanism for splicing regulation by hnRNP A1 comes from the 

autoregulation of its own transcript.  In this case, exon 7B is skipped in hnRNP A1 and 

included in hnRNP A1b.  The skipping of this exon was shown to be dependent upon intronic 

regions flanking the variable exon as well as hnRNP A1 protein.  Given that both introic sites 

are necessary for regulation and hnRNP A1 is known to dimerize, the proposed model 

suggests molecules of hnRNP A1 bound to each of the upstream and downstream ISS regions 

associate with one another, resulting in looping of the intervening region of RNA and the 

skipping of exon 7B (Blanchette and Chabot, 1999; Figure 1-6C). 

 Polypyrimidine tract binding protein (PTB) (also known as hnRNP I) is another well 

studied member of the hnRNP family.  This member of the hnRNP family contains four 

RRM-type RNA binding domains with an optimal binding site indentifed as the 

tetranucleotide sequence UCUU embedded in a pyrimidine rich region of RNA (Perez et al., 

1997; Valcarcel and Gebauer, 1997).  PTB has been shown to bind to the polypyrimidine 

tracks of many regulated and weak exons, leading to the suggestion that PTB functions as 

general repressor of these types of exons as well as pseudoexons (Wagner and Garcia-

Blanco, 2001).  The location of PTB binding suggests a possible model where PTB competes 

for U2AF binding (Lin and Patton, 1995); however, in many PTB-regulated transcripts 

additional PTB-binding elements are necessary for appropriate regulation (Wagner and 

Garcia-Blanco, 2001).  In cases where multiple PTB-binding elements are required, it has 

been suggested that PTB is part of a higher order complex which bridges the multiple 
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regulatory sites, and the complex functions to inhibit splicing (Wagner and Garcia-Blanco, 

2001).  Thus, the hnRNP proteins share important functional similarities with the SR protein 

family in that the mechanisms of regulation are not well understood but often require the 

formation of large protein complexes that ultimately influence the assembly of the 

spliceosome. 

 While the majority of identified splicing regulatory proteins belong to either the SR 

or hnRNP family, the splicing regulation of several genes has been shown to be dependent 

upon proteins which do not belong to either of these protein families.  For example, variable 

exon 4 of CD44 contains an AC-rich enhancer sequence whose function is dependent upon 

the YB-1 and p72 proteins (Honig et al., 2002; Stickeler et al., 2001).   Thus, members of the 

SR and hnRNP family are not the only proteins that function in alternative splicing 

regulation, and it is likely that in the future many other types of proteins will be found to 

serve a functional role in the regulation of alternative splicing. 

Combinatorial Regulation of Alternative Splicing 

 One important point regarding the regulation of alternative splicing events in higher 

eukaryotes is that alternative splicing events are regulated through a combination of various 

positive and negative sequence elements as well as multiple positive and negative protein 

regulators.  Given that the majority of SR and hnRNP proteins are expressed in most cells 

and tissues, it follows that most alternative splicing regulation is a balance between positive 

and negative influences (Black 2003).   
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One example of combinatorial regulation of alternative splicing comes from the tissue 

specific splicing pattern of exon N1 in the c-src gene.  The 18 nucleotide N1 exon is 

specifically included in neurons and excluded in all other cells (Black 2003).  The N1 exon 

contains multiple intronic enhancers and silencers both upstream and downstream of the N1 

exon as well as an exonic enhancer within the N1 exon itself (Black, 2003; Modafferi and 

Black, 1997; Modafferi and Black, 1999; Rooke et al., 2003).  Insertion of several of the 

known N1 regulatory sequences is required to confer regulation on a heterologous exon 

(Modafferi and Black, 1997).  Several of the intronic silencer elements are known to bind 

hnRNP H and PTB, functioning to repress exon inclusion, while the ESE binds ASF/SF2 and 

the ISE-binding factors have not been identifed (Modafferi and Black, 1997; Rooke et al., 

2003).  While the specific details of the combined regulation remain interesting questions 

within the field, there is no doubt that mammalian splicing regulation is governed by the 

balance of multiple elements and factors with both stimulatory and inhibitory effects. 

 

Signal-Regulated Alternative Splicing 

 While cell type and tissue specific alternative splicing is one category of alternative 

splicing, alternative splicing in response to various stimuli has become appreciated as an 

important mechanism regulating cellular gene expression.  Many extracellular signals have 

been found to induce changes in the splicing pattern of cellular genes.  These stimuli include 

but are not limited to:  cell division, apoptosis, neuronal depolarization, environmental stress, 

and pathogen invasion (Ip et al., 2007; Tarn, 2007).  While signal-induced splicing regulation 
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remains in the early stages of investigation, several systems have been studied and provide 

the first models of splicing regulation by cellular signaling pathways. 

 Many of the current descriptions of signal-induced alternative splicing involve the 

post-translational modification of members of the SR or hnRNP family.  As described above, 

the members of the SR protein family are subject to phosphorylation by both the SRPK 

family and the Clk/Sty family of protein kinases as well as by Akt and Topoisomerase I 

(Black, 2003; Tarn, 2007), and changes in the phosphorylation state of SR proteins have been 

shown to affect their function (Black 2003).  While the upstream pathways that activate 

many of these kinases have yet to be identified, SRPK1 has been shown to localize to the 

cytoplasm during the majority of the cell cycle and relocate to the nucleus during mitosis, 

resulting in SR protein aggregation (Ding et al., 2006).  While the consequences of the 

aggregation on splicing regulation remain unknown, it has been hypothesized that SRPK1 

phosphorylates the SR proteins to induce aggregation and inhibit splicing during the period 

of the cell cycle where little pre-mRNA is being transcribed (Ding et al., 2006).  Additional 

splicing regulation during the cell cycle is mediated by the dephosphorylaiton of the highly 

phosphorylated RS domain of SRp38, causing a potent inhibition of general splicing during 

mitosis (Shin and Manley, 2004). 

 Another example of the regulation of splicing through the phosphoylation of an SR 

protein comes from the insulin regulation of PKCβ splicing.  Following insulin stimulation, 

an intronic enhancer sequence of PKCβ binds to SRp40 upstream of the βII exon and 

promotes the inclusion of this exon (Chalfant et al., 1995; Patel et al., 2001; Patel et al., 

2005).  The insulin-induced inclusion of the βII exon is known to require the activation of 
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PI3K, ultimately leading to the activation of Akt and the phosphorylation of Ser86 of SRp40 

(Patel et al., 2005). 

 The splicing of the EDA exon of fibronectin is also influenced by SR protein 

phosphorylation.  The splicing pattern of the EDA exon was shown to be affected by growth 

factor stimulation, and these changes in splicing pattern correlate with alterations in the 

phosphorylation state of the SR proteins 9G8 and ASF/SF2 (Blaustein et al., 2005).  

Following either the depletion of Akt or the overexpression of either the SRPK or Clk/Sty 

family of kinases, the changes in 9G8 and ASF/SF2 phosphorylation were blocked (Blaustein 

et al., 2005), again suggesting that specific phosphorylation events and signaling pathways 

affect the splicing regulatory function of these RNA binding proteins. 

 SR proteins are not the only splicing regulatory proteins subject to modification by 

phosphorylation.  Many of the hnRNP proteins have been identified as cellular 

phosphoproteins and several cellular kinases have been shown to act on individual hnRNPs 

(Guil et al., 2006; Magistrelli et al., 1999; Mayrand et al., 1993; Xie et al., 2003).  One of the 

most well characterized examples of signal-induced hnRNP regulation is the p38-dependent 

phosphorylation of hnRNP A1 in response to cellular stress.  Caceres and others have shown 

that in response to activation of the stress kinase p38, hnRNP A1 is targeted for 

phosphorylation by the Mnk1/Mnk2 cellular kinases (Allemand et al., 2005; Guil et al., 

2006).  The phosphorylation of hnRNP A1 inhibits the normal nuclear-cytomplamic shuttling 

of the protein and causes cytoplasmic accumulation of hnRNP A1 (Allemand et al., 2005; 

Guil et al., 2006).  As a result of sequestering hnRNP A1 in the cytoplasm, nuclear hnRNP 

A1 levels decrease, and the decreased nuclear hnRNP A1 levels correlate with alterations in 
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the splicing pattern of the adenoviral E1A splicing reporter (van der Houven van Oordt et al., 

2000).  In parallel to the regulation of hnRNP A1 localization, PTB localization within the 

cell is also dependent upon phosphorylation at serine 16 (Xie et al., 2003).  In response to 

PKA activation, serine 16 of PTB becomes phosphorylated and causes the accumulation of 

PTB in the cytoplasm (Black, 2003; Xie et al., 2003). 

 The signal-induced changes in splicing pattern of CD44 exon 5 provide an additional 

example of splicing regulation by signal transduction pathways.  Antigen challenge of a T 

cell induces the inclusion of variable exon 5 in the CD44 gene (Konig et al., 1998), and the 

inclusion of this exon is known to be regulated by activation of the Ras-Raf-MEK-Erk 

pathway (Konig et al., 1998; Weg-Remers et al., 2001).  At the RNA level, an ESE within 

the exon binds to Sam68 (a STAR family protein) in combination with SRm160 (Cheng and 

Sharp, 2006; Matter et al., 2002).  Erk has been shown to phosphorylate Sam68 directly; 

however, mutation of this site has only small effects on the CD44 splicing pattern (Matter et 

al., 2002).  Additional links therefore must exist between the Ras-Raf-MEK-Erk pathway and 

the RNA binding complex, and additional work has demonstrated that Swi/SNF chromatin 

remodeling complex serves as an additional component of regulation within this system 

(Batsche et al., 2006).  Thus, while there are still remaining questions regarding the 

regulation of CD44 exon 5, the signaling pathway and post-translational modification of 

RNA binding factors is critical to the proper splicing of the CD44 gene in activated T cells. 

 While the previous examples have focused on phosphorylation events, additional 

post-translational modifications have been identified on splicing regulatory proteins.  For 

example, Sam68 has been shown to be subject to tyrosine phosphorylation, serine/threonine 
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phosphorylation, methylation, and acetylation (Lukong and Richard, 2003; Najib et al., 

2005).  Additionally, several hnRNP family members have been identified in PRMT 

methyltransferase complexes that induce the methylation of RGG boxes within these 

hnRNPs (Bedford and Richard, 2005).  Sumolyation, ubiquitination, and acetylation have 

also been identified on individual hnRNP proteins (Kim et al., 2006; Krecic and Swanson, 

1999; Vassileva and Matunis, 2004).  Therefore, these types of modifications are just as 

likely to participate in the regulation of protein function in response to cellular signaling 

pathways as the phosphorylation events described above. 

 

CD45 Signal-Induced Alternative Splicing 

 The CD45 gene encodes a hematopoetic-specific transmembrane protein tyrosine 

phosphatase that provides an excellent model for studying signal-induced alternative 

splicing.  Three variable exons of the CD45 gene are inducibly skipped upon T cell 

activation, leading to decreased tyrosine phosphatase activity and maintenance of T cell 

homeostasis (Hermiston et al., 2002; Lynch, 2004).  Importantly, while T cell activation 

results in only a 3-5 fold change in the ratio of CD45 isoforms, the physiologic importance of 

this change is evidenced by the fact that naturally occurring polymorphisms within the CD45 

gene that disrupt signal-induced alternative splicing correlate with susceptibility to a wide 

range of autoimmune diseases and viral infections in humans (Dawes et al., 2006; Jacobsen 

et al., 2000; Tackenberg et al., 2003; Tchilian et al., 2001). 
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 The CD45 gene is highly expressed on the cell surface of all nucleated hematopoetic 

cells and contains several domains outlined in Figure 1-7 (Hermiston et al., 2003).  The 

intracellular domain functions as a tyrosine phosphatase and modulates immune cell 

signaling while the extracellular domain contains three fibronectin repeats and a cyosine rich 

domain which are all subject to N-linked glycoslylation.  The three variable exons (4, 5, and 

6) comprise the N-terminal region of the extracellular domain and are subject to O-liked 

glycosylation (Hermiston et al., 2003). 

 While the stimulatory and inhibitory influences of CD45 protein in immune cell 

regulation are still debated, the involvement of 

CD45 in this process is well documented.  CD45 

was initially characterized as a positive regulator 

of T cell function because the lack of CD45 gene 

expression caused severe-combined 

immunodeficiency in humans (SCID) and mice 

(Byth et al., 1996; Kishihara et al., 1993; Kung et 

al., 2000; Mee et al., 1999); however, while the 

deletion of the CD45 gene causes thymic defects 

and dramatically reduced numbers of T cells, the 

few T cells that can be found in the periphery are 

self-reactive but do not produce a normal autoimmune T cell response following activation 

(Hermiston et al., 2003; Trop et al., 2000). 

Figure 1-7:  Domain Structure of 
CD45.  CD45 contains two intracellular 
phosphatase domains and  three 
fibronectin repeats.  The alternatively 
spliced exons encode the N-terminal 
region of the extracellular domain. 
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 The phosphatase activity of CD45 has been studied for many years, and during that 

time, numerous substrates have been identified.  The Src family protein tyrosine kinases 

(SFKs) serve as the primary substrate for CD45 tyrosine phosphatase activity (Hermiston et 

al., 2003).  Lyk and Fyn are two members of the SFK family that are activated at the earliest 

time points following antigen recognition by the T cell receptor (TCR).  These kinases then 

phosphorylate multiple subunits of the TCR, leading to the recruitment and activation of 

ZAP-70 (a protein tyrosine kinase).  Following ZAP-70 activation, many different cellular 

proteins are phosphorylated, activating a multitude of intracellular signaling pathways and 

causing a myriad of cellular changes (Hermiston et al., 2003).  CD45 has been shown to act 

on the inhibitory phosphorylation sites of both Lck and Fyn, suggesting CD45 may function 

to stimulate TCR signaling by counteracting the inhibitory signals; however, deficiency of 

CD45 has also been observed to cause in increase in SFK activity (Hermiston et al., 2003).  

Thus, the functioning of CD45 in the regulation of the immune response is highly 

complicated and not well understood. 

 In spite of the difficulties in deciphering the mechanism of CD45 regulation in the 

immune response, the expression of the various CD45 isoforms has been well characterized 

and demonstrated to have functional consequences for the phosphatase activity of the protein.  

As mentioned above, CD45 contains three variable exons (4, 5, and 6 or A, B, and C) that 

encode for a region of the extracellular domain.  Evaluation of CD45 splicing by RT-PCR 

has shown that in primary lymphocyte cultures, exons 4, 5 and 6 are partially included in 

resting cells, but following stimulation of these cultures 



24 

 

with PHA to mimic antigen challenge, these exons are increasingly skipped over the next 

three days (Lynch and Weiss, 2000; Figure 1-8).   

While the combinations of alternative inclusion and exclusion of the three variable 

exons could generate up to eight different isoforms, studies have provided evidence for five 

of these isoforms in humans, and the protein isoform expression correlates with the change in 

splicing behavior (Trowbridge and Thomas, 1994). More specifically, after antigen 

stimulation expression of the larger isoforms is decreased while expression of the smaller 

isoforms is increased.  The change in isoform expression appears to have significant effects 

on the activation state of the cell as Lewis rats that express primarily the larger isoforms are 

at increased risk of developing autoimmune disease where as Brown Norway rats express 

mostly the smaller isforms of CD45 and show resistance to autoimmune disease (Subra et al., 

2001). 

Figure 1-8:  Endogenous CD45 Shows Signal-Induced Alterations in Splicing.  CD45 variable 
exons 4, 5, 6 are partially included in resting peripheral lymphocytes, but after activation, these exons 
are increasingly skipped during the next 72 hours. 
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Additional biochemical analysis of CD45 has demonstrated that the larger isforms 

exist predominantly in a monomeric state, and following the increased expression of the 

small isoforms, a larger percentage of CD45 exists as a dimer (Hermiston et al., 2003).  

Comparing the phosphatase activity of the monomeric to the dimeric state of CD45 reveals 

decreased phosphatase activity following dimeriztion (Hermiston et al., 2003).  Therefore, in 

primary T cells the predominant form of CD45 is the monomeric, high-molecular weight 

isoform with highly active phosphatase.  This form of CD45 functions to promote signaling 

through the T cell receptor, leading to activation of the T cell.  After antigen stimulation, 

cells increases the skipping of the three variable exons and expresse the dimeric, low-

molecular weight isoform with decreased phophatase activity, thus decreasing signaling 

through the TCR and reducing the activation of the T cell several days after the initiation of 

the immune response (Figure 1-9). 

 Since alternations in 

isoform expression occur 

by means of alterations in 

pre-mRNA splicing, the 

mechanisms controlling 

CD45 splicing are of 

critical importance and 

have been the primary 

focus of the Lynch lab for 
Figure 1-9:  Alterations in CD45 Splicing Cause Changes in the 
Function of the Protein.  The larger isoforms of CD45 containing 
the variable exons are held in the monomeric state with increased 
phosphatase activity.  The smaller isoforms of CD45 dimerize and 
reduce the phosphatase activity of the protein. 
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several years.  The first step in evaluating the splicing regulation of CD45 was the 

development of the JSL1 cell line.  The JSL1 cell line is a Jurkat derived T cell line that 

mimics the CD45 splicing pattern observed in primary human lymphocytes.  Stimulation of 

JSL1 cells with the phorbol ester PMA to mimic antigen challenge causes an activation-

dependent decrease in the level of variable exon inclusion in the endogenous CD45 gene 

(Lynch and Weiss, 2000).  Further investigation provided evidence that the signal-induced 

change in splicing is dependent upon PKC and Ras activation and requires de novo protein 

translation (Lynch and Weiss, 2000). 

 Evaluation of the cis-acting elements within the CD45 variable exons identified 

several enhancer and silencer sequences within each of the exons (Lynch and Weiss, 2000; 

Rothrock et al., 2003; Tong et al., 2005).  The initial and most complete characterization 

focused on variable exon 4.  Mutational analysis of this exon was performed in the context of 

a CD45 minigene composed of variable exon 4 flanked by constitutive exons 3 and 7 of 

CD45.  The splicing of this minigene recapitulates the endogenous pattern of CD45 splicing 

with variable exon 4 showing increased levels of repression after cellular stimulation in JSL1 

cells (Rothrock et al., 2003; Figure 1-10). A 60-nucleotide silencer element was identified 

within variable exon 4.  This element was given the designation ESS1 and was found to be 

both necessary and sufficient to confer basal and signal-induced splicing regulation in this 

exon as well as a heterologous exon (Rothrock et al., 2003; Figure 1-10).  Variable exons 5 

and 6 were also found to have 
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ESS1-like elements which contribute to their regulation following stimulation (Rothrock et 

al., 2003; Tong et al., 2005), and recent work has identified several more genes both with and 

without ESS1 elements which are regulated in response to immune cell activation (Ip et al., 

2007). 

 With the identification of the ESS1 element, further studies were conducted to 

identify the protein factors bound to this sequence under resting conditions.  Three members 

of the hnRNP family were idenfied as ESS1-binding proteins:  hnRNP L, PTB, and hnRNP 

E2 (Rothrock et al., 2005).  Functional analysis of these proteins revealed that hnRNP L is 

the primary mediator of basal exon silencing while PTB showed no activity and hnRNP E2 

demonstrated general inhibition of splicing at high concentrations (Rothrock et al., 2005).  

Despite the improved understanding of basal CD45 exon silencing through the ESS1 

Figure 1-10:  Minigene Analysis Show the ESS1 Sequence is both Necessary and Sufficient to 
Mediate CD45 Exon Silencing.  The WT exon 4 and the ΔESS1 minigene are composed of variable 
exon 4 either with or without the ESS1 sequence flanked by CD45 exons 3 and 7.  RT-PCR shows 
partial exon repression in resting cells with increased exon repression following stimulation in the WT 
exon.  The deletion of the ESS1 element abolishes both basal and activation-induced exon silencing.  
The SC-ESS1 and SC-mESS1 minigenes contain β-globin exons with the ESS1 or a mutatant ESS1 
sequence inserted as shown.  The insertion of the ESS1 element is sufficient to cause regulation of the 
exon and mutations within this sequence reverse this effect.  Fold repression is defined as the change in 
the ratio of exon inclusion to exon skipping between resting and activated cells. 
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element, many unanswed questions remain regarding the regulation of increased exon 

repression after cellular activation. 

 The data presented herein provides the first insight into the alternations in the ESS1-

binding complex that mediate the increase in CD45 variable exon skipping in activated T 

cells.  First, the primary regulator of basal exon silencing, hnRNP L, was observed to have a 

differential migration pattern upon two-dimensional gel analysis under resting and stimulated 

conditions.  This result suggests differential post-translational modifications of hnRNP L 

under these two conditions.  Importantly, hnRNP L purified from either resting or stimulated 

conditions shows slight variations in silencing activity with increased levels of exon 

repression being observed following the addition of hnRNP L purified under stimulated 

conditions when compared to hnRNP L purified under resting conditions.   

Next, several other hnRNP family members were found to bind to the ESS1 element 

under both resting and stimulated conditions; however, PSF was identified bound to ESS1 

only after cellular activation.  Functional evaluation showed the depletion of PSF causes a 

significant increase in exon inclusion and accounts for the majority of the activation-induced 

increase in exon repression.  Additional investigation into the regulation of PSF binding has 

shown that PSF is present within the nucleus in distinct protein complexes, and alterations in 

the protein-protein interactions of PSF may account for the activation-dependent PSF 

addition to the ESS1-binding complex.   

The interplay between the hnRNP L and PSF contributions to the activation-induced 

exon regulation demonstrated that while neither mechanism in isolation is able to account for 

the total increase in exon silencing observed following stimulation, the combination of both 
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mechanisms accounts for a change of similar magnitude to the total activation-induced 

increase in exon silencing.  Thus, while many questions remain to be answered regarding the 

signal-induced regulation of CD45 splicing, the critical regulators at the level of transcript 

binding have been identified.  
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CHAPTER TWO 
 

Analysis of Signaling Pathways Involved in the Regulation of CD45 using 
Retroviral Infection and Candidate Gene Expression 

 

Introduction 

Alternative pre-mRNA splicing is one process known to be regulated by immune cell 

activation.  Signal-induced changes in pre-mRNA splicing generate discrete mRNA 

transcripts and protein isoforms that often have unique functions, serving as one mechanism 

by which function may be modulated in response to signaling pathways.  Despite the fact that 

signal-induced changes in splicing serve as an important mechanism of gene regulation, the 

signaling pathways, binding factors, and RNA sequences which mediate these events are 

largely unknown and remain a critical area of investigation. 

The CD45 gene is subject to activation-dependent changes in response to T cell 

stimulation.  As described in detail in Chapter 1, the alternative splicing of CD45 has been 

shown to be regulated by a 60 nucleotide silencer sequence which functions to cause basal 

exon repression by binding hnRNP L as well as several other hnRNP family members 

(Rothrock et al., 2003; Rothrock et al., 2005).  While these advances are critical to the 

mechanistic understanding of CD45 splicing, many questions remain regarding the 

activation-dependent increase in exon skipping.  

 Evaluation of signaling pathways often uses tissue culture systems in which the 

constitutive active or dominant negative mutant cDNAs are expressed and the effects on the 

desired process are analyzed.  Previous work showed that the jurkat derived JSL1 cell line 
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mimics the splicing regulation observed in primary human T cells (Lynch and Weiss, 2000), 

providing a cell culture system for the evaluation of signaling requirements for CD45 

alternative splicing. 

One technically challenging aspect of the JSL1 cell culture system, however, is the 

difficult and inefficient transfection of plasmid DNA using traditional methods of plasmid 

transfection.  The low transfection efficiency causes only a small fraction of the cells to 

express the desired protein product, and any effect on the splicing pattern caused by the 

transfected product to be masked by the larger, unmodified fraction of the cellular 

population.  In order to address this issue, a retroviral infection system was developed to 

increase the efficiency of plasmid transduction.  The MaRX II retroviral infection system was 

chosen for evaluation for several reasons. Using this system, both transient expression as 

well as stable integration of plasmid DNA can be achieved (Hannon et al., 1999).  This 

system also allows for integrated plasmid DNA to be recombined out of the genome for 

analysis, making this system useful for cDNA library screening (Hannon et al., 1999).  

Chapter two describes the development and characterization of a MaRX II retroviral 

infection system, as a potential tool to begin investigation of the signaling pathways required 

for the regulation of CD45 splicing. 

 

Results 

Retroviral Packaging of Plasmid DNA Provides Increased Plasmid Transduction Over 

Electroporation 
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 Previously, the JSL1 cell line had been adapted for use in the MaRXII system by 

creating a stable cell line expressing the murine specific viral receptor with the newly derived 

cell line being called JVR cells.  The ecotropic receptor was added to the human JSL1 cell 

line in order to accommodate the use of the packaging cell line which produces murine 

specific virus.  The use of viral particles with species specificity increases the safety of the 

system by preventing the virus from infecting the individuals performing these experiments.  

The viral packaging cell line, a 293T derived cell line, was also present in the lab.  The 

ecotropic viral packaging line, 

called φNX cells, have been 

modified to stably express the gag, 

pol, and env retroviral proteins 

(http://www.stanford.edu/group/no

lan/retroviral_systems/phx.html).  

The gag and pol proteins are 

expressed off of the CMV 

promoter while the env protein 

provides the ecotroptic specificity and is driven off of an RSV promoter (Figure 2-1).  These 

cells are classified as helper virus free and are capable of transiently producing virus without 

the addition of other factors (Grignani et al., 1998).  The MaRX II retroviral vector was used 

for packaging within the virus (Figure 2-1).  The vector contains two mammalian promoters 

to drive expression in mammalian cells:  LTR promoter and PGK promoter.  The vector also 

contains both zeocin and ampicillin resistance cassettes. 

Figure 2-1:  Schematic Representation of Plasmids.  
(A)  Schematic representation of the env and gag-pol 
constructs stably expressed in the φNX viral packaging 
cell line.  (B)  Schematic representation of the adapted 
MaRX II vector used for target cDNA expression in JVR 
cells. 
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 Viral transduction 

into JVR cells is achieved 

by transfecting the φNX 

packaging line with the 

MaRX II plasmid which is 

then packaged into viral 

particles and secreted into 

the media.  JVR cells are 

infected with the virus and 

begin to express the cDNAs 

contained within the MaRX 

II vector (Figure 2-2).  To determine the efficiency of viral transduction into the JVR cells 

and compare it with the efficiency of electroporation, MaRX II vector containing GFP cDNA 

driven off the PGK promoter was used.  Virally infected and electroporated JVR cells were 

subjected to analysis by FACS to evaluate GFP expression.  As seen in Figure 2-3, the 

percentage of cells expressing GFP was much greater (70-90%) when cells were infected 

with MaRX II packaged retrovirus than with the electroporation of the same MaRX II 

plasmid (30%).  Therefore, retroviral infection causes plasmid transduction with higher 

efficiency than standard electroporation and provides a delivery system that is predicted to be 

sufficient for the evaluation of candidate proteins. 

 

Figure 2-2:  Schematic of Retroviral Vector Packaging and 
Delivery.  MaRX II plasmid was transfected into the φNX viral 
packaging cell line and incubated while packaged virus is secreted 
into the media.  Media from the transfected φNX cells was mixed 
with JVR cells to allow for infection.  JVR cells were incubated and 
treated as desired, and protein and RNA were harvested and 
analyzed. 
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The LTR Promoter Shows 

Expression in JSL1 Cells 

Under Resting and Stimulated 

Conditions 

 In the above 

experiments the GFP cDNA 

was driven off of the PGK 

promoter; however, the LTR 

promoter will be used to drive 

expression of the target cDNA 

while the PGK promoter drives expression of GFP which will be used to monitor plasmid 

transduction efficiency.  To evaluate expression from the LTR promoter and its possible 

responsiveness to PMA, JVR cells were infected with a MaRX II vector containing a GFP 

cDNA driven by the LTR promoter in place of GFP driven by the PGK promoter.  FACS 

analysis of these cells shows reasonable GFP expression from the LTR promoter (Figure 2-4; 

Blue vs. green and pink) that shows some increase in expression following PMA treatment 

(Figure 2-4, green vs. pink).  Given that reasonable GFP expression is observed following 

infection, the LTR promoter is likely to allow for sufficient candidate gene expression for 

evaluation of its involvement in CD45 signal-induced splicing regulation.   

Figure 2-3:  Infection Leads to Increased Levels of Plasmid 
Transduction Over Eletroporation in JVR cells.  Percentage 
of Cells expressing GFP following infection or eletroporation of 
the MaRX II plasmid expressing GFP off of the PGK promoter 
as determined by FACS analysis.  CD14, CD4, SC-ESS, and 
SC-mESS represent JVR derived cell lines stably expressing the 
indicated minigene. 
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Of note, however, is 

the increase in 

expression from the 

LTR promoter after 

PMA treatment.  While 

the effect appears 

small, differences in 

expression level in 

treated and untreated samples may represent a concern for future experiments. 

Infection with Activated Ras Shows No Change in CD45 Splicing 

 In previous studies, Lynch and Weiss demonstrated that the transfection of the 

constitutively active mutant of the small G protein Ras (Ras R12, T59) was sufficient to 

cause at least a partial decrease in the level of variable exon inclusion in the absence of PMA 

treatment (Lynch and Weiss, 2000).  Thus, the previously used Ras R12 as well as the more 

widely used Ras V12 mutants were cloned into the MaRX II vector downstream of the LTR 

promoter with GFP expression being driven by the PGK promoter.  The expression of GFP 

was used to monitor viral transduction levels using FACS analysis of the JVR cells.  Splicing 

analysis was performed using RT-PCR of both a minigene that recapitulates the splicing 

pattern of the endogenous CD45 gene (see Chapter 1) and the endogenous CD45 gene to see 

if the expression of active Ras was sufficient to cause an increase in exon repression or an 

“activated phenotype” when compared to levels of exon inclusion in cells infected with 

empty vector.  While Western blot analysis shows increased levels of Ras V12 expression 

Figure 2-4:  GFP Expression Driven by the LTR Promoter in the 
Presence and Absence of PMA Treatment.  The solid blue peak 
represents uninfected JVR cells (not expressing GFP) while the green and 
pink lines represent JVR cells infected with LTR driven GFP either 
untreated (green) or treated with PMA (pink).  Increased expression of 
GFP is seen in the LTR driven GFP infected JVR samples, represented by 
the increased forward scatter (rightward shift).  PMA treatment (pink) 
shows only slightly increased GFP expression as compared to untreated 
samples (green). 
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over empty vector infected samples, little difference is observed following infection of the 

Ras R12 mutant (Figure 2-5, B). 

The splicing of both the SC-ESS1 minigene as well as the endogenous CD45 gene show little 

if any change in the level of exon inclusion (Figure 2-5, A & B).  However, the overall 

activation state of Ras pathways in these cells is unknown; therefore, it could be that Ras 

V12 is being over expressed but is not activating the downstream pathways required to 

observe changes in the splicing of CD45.  Additionally, Ras R12 does not show significant 

levels of overexpression, possibly accounting for the discrepancy between the previously 

obtained results and the results reported here. 

Figure 2-5:  Active Ras Does Not Cause a Change in CD45 Splicing.  (A)  RT-PCR analysis of the SC-
ESS1 and SC-mESS (control) after infection with empty vector, Ras V12, or Ras R12.  Fold repession 
values for Ras infected mutants were calculated by comparing the level of exon inclusion after active Ras 
infection to the levels of exon inclusion in empty vector controls.  Values show no significant difference in 
variable exon inclusion.  (B)  RT-PCR analysis of the endogenous CD45 gene following expression of 
active Ras mutants.  Western blot shows total expression of Ras in each of the indicated samples. 
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Infection with Dominant Negative IκBα Shows No Change in Fold Repression of CD45 

Splicing 

 Evaluation of another signaling pathway known to be activated by PMA in T cells 

was also evaluated using the MaRX II retroviral infection system.  A dominant negative 

mutant of IκBα (DN-IκBα), containing two alanine substitutions for two critical serines, was 

cloned into the MaRX II vector similar to the active Ras constructs described above.  This 

mutant is unable to be phosphorylated by IκB kinase which normally signals the degradation 

of IκBα (Karin and Ben-Neriah, 2000).  The degradation of IκBα allows NFκB to be 

released from inhibition, translocate into the nucleus, and become an active transcription 

factor (Karin and Ben-Neriah, 2000).  To evaluate a possible role for the NFκB pathway in 

the regulation of CD45 splicing, JVR cells were infected with a dominant negative mutant of 

IκBα and treated with PMA.  Following treatment with PMA, the IκBα mutant construct 

Figure 2-6:  DN-IκBα Does Not Affect the Fold Repression of CD45 Exon 4.  (A)  RT-PCR minigene 
analysis 60 hours following PMA treatment of either empty vector infected or DN-Iκbα infected JVR cells.  
Fold repression values after DN-IκBα infection are not significantly different from empty vector infected 
cells.  (B)  Western blot analysis using anti-IκBα antibody, showing a decrease in IκBα protein levels 30 
minutes following stimulation with PMA in both empty vector and DN-IκBα infected cells.  Control arrow 
indicates a non-specific background band used as a loading control. 
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should block the activation of the NFκB pathway and prevent the normally observed increase 

in exon silencing, assuming activation of the NFκB pathway is required to mediate the 

change in splicing.  RT-PCR analysis of JVR cells, however, shows no significant change in 

the repression CD45 variable exon 4 between empty vector and DN-IκBα (Figure 2-6, 

A).  However, Western blot analysis for IκBα shows degradation of the protein in both PMA 

treated samples (Figure 2-6, B, empty vector and DN-IκBα); thus, the degradation of IκBα is 

not being blocked by expression of the DN-IκBα mutant.  Two possible explanations for this 

observation exist:  the mutant protein is not being expressed in the JVR cells or the mutant 

protein is also being degraded following PMA treatment.  With either explanation, the NFκB 

pathway is not being inhibited as desired, so no conclusions can be made about the 

requirement for the pathway’s activity in the alternative splicing of CD45. 

Infection with hnRNP Family Members Causes No Change in Splicing with Variable Protein 

Expression 

Additional evaluation of the system was performed using myc-tagged versions of 

several members of the hnRNP family.  HnRNP L and PTB are known to bind to the ESS1 

sequence under resting conditions and hnRNP L has been shown to mediate basal exon 

repression (Rothrock et al., 2005); thus, overexpression of at least hnRNP L should cause an 

increase in exon repression in resting cells.  However, RT-PCR analysis from the SC-ESS1 

and SC-mESS minigenes show no reproducible change in the level of variable exon inclusion 

in the presence of either hnRNP L or PTB (Figure 2-7 and Figure 2-8, RT-PCR Analysis).  

Another member of the hnRNP family, hnRNP A1, was also used as a control construct since 
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it does not bind with high affinity to the ESS1 sequence (see Chapter 3), and this construct 

also does not induce any change in the level of exon silencing (Figure 2-7, RT-PCR 

Analysis).  Although the lack of exon silencing upon hnRNP L infection was initially 

surprising, Western blot analysis for the tagged protein shows little or no expression of 

hnRNP L in JVR cells (Figure 2-7, Western Analysis) and is the most likely protein to 

function in exon repression.  HnRNP A1 and PTB show some expression in the JVR cells 

(Figure 2-7, Western Analysis) but are unlikely to affect the splicing pattern because hnRNP 

A1 does not bind to the ESS1 sequence with high affinity and PTB has not shown activity in 

other assays (Rothrock et al., 2005). 

 

The initial analysis of the JVR cells was performed approximately 60 hours post-

infection.  It is possible that the splicing was affected, but is not being observed due to the 

Figure 2-7:  Infection by hnRNP Family Members Does Not Affect CD45 Splicing and Shows 
Variable Protein Expression.  RT-PCR analysis of the indicated minigene showing little change in the 
fold repression value following infection by the indicated hnRNP protein.  Fold Repression was 
calculated by comparing the levels of exon inclusion after hnRNP infection to levels of exon inclusion 
after empty vector infection.  Western analysis was performed using anti-myc antibody.  Bands 
corresponding to PTB and hnRNP A1 are observed after infection by the corresponding vector.  
Expression of hnRNP L is not observed. 
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time point at which the analysis was performed.  Therefore, JVR cells were infected and 

harvested at 24, 48, and 72 hours post-infection.  RT-PCR analysis of the SC-ESS1 minigene 

again shown no change in the level of exon silencing after infection with either myc-hnRNP 

L or myc-hnRNP A1 (Figure 2-8, RT-PCR Analysis).  Western analysis again reveals little or 

no expression of myc-tagged hnRNP L and shows reasonable expression of hnRNP A1 

(Figure 2-8, Western Analysis).  The lack of expression of hnRNP L does not appear to be 

caused by the addition of the N-terminal myc-tag or a mutation within the vector or cDNA 

sequence, as it is expressed in the φNX packaging cells at similar levels to those seen for 

PTB and hnRNP A1 in these cells (Figure 2-9).   

Figure 2-8:  Time Course of hnRNP Infection Does Not Change CD45 Splicing.  RT-PCR splicing 
analysis after various times post-infection.  Calculation of fold repression was determined as described in 
Figure 2-7 and shows no change at any time point following hnRNP infection.  Western blot analysis using 
anti-myc antibody shows hnRNP A1 expression at 48 hours and 72 hours post-infection.  Slight expression 
of hnRNP L is seen at 48 and 72 hours.



41 
 

 

Lack of hnRNP L Protein Expression is Not 

Caused by Lack of Vector Derived mRNA 

In order to determine if the lack of protein 

expression in JVR cells was due to lack vector 

derived hnRNP L mRNA, RT-PCR was performed 

using primers to the C-terminal portion of the 

hnRNP L cDNA sequence and continuing on into 

the MaRX II vector.  As seen in Figure 2-10, 

hnRNP L mRNA is being transcribed off the MaRX II plasmid and appears to be full length 

since the C-terminal region of the protein was targeted for amplification.  Primers were also 

added to amplify β-actin as an internal control (Figure 2-10).   

Figure 2-9:  Expression of hnRNP 
Family Members in φNX Cells.  
Western blot analysis using anti-myc 
antibody of transfected φNX cell lysates 
show similar levels of expression of 
myc-tagged hnRNP L, PTB, and hnRNP 
A1. 

Figure 2-10:  Vector Derived hnRNP L mRNA is Transcribed in JVR and φNX Cells.  RT-
PCR analysis of hnRNP L mRNA showed vector derived hnRNP L transcript present at all time 
points in hnRNP L infected JVR cells as well as φNX cells.  Primer locations are indicated in the 
above schematic.  Primers directed against β-actin were used to account for differences in input 
RNA. 
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In order to evaluate the total levels of hnRNP L transcript within the cells, RT-PCR 

analysis was repeated using internal hnRNP L sequences.  Using these primers, it appears 

that there is 

no increase 

in transcript 

level in 

hnRNP L 

infected 

cells as 

compared to 

vector 

treated 

controls (Figure 2-11).  Additional analysis of the myc-tag region of the MaRX II vector was 

performed to 

determine if there 

was decreased levels 

of transcription 

initiation which could 

account for the lack 

of protein expression; 

however, RT-PCR 

Figure 2-11:  Endogenous hnRNP L mRNA Levels Are Unchanged After 
hnRNP L Infection.  RT-PCR analysis of both vector derived and endogenously 
expressed hnRNP L mRNA show equal mRNA levels in empty vector and hnRNP L 
infected JVR cells as well as φNX cells.  HnRNP L primer locations are indicated by 
the arrows in the above schematic. Primers directed against β-actin were used to 
account for differences in input RNA. 

Figure 2-12:  Levels of N-terminal Myc-Tag RNA Are Unchanged in 
hnRNP Vectors.  RT-PCR analysis of myc-tag region of MaRX II vector in 
JVR cells shows no reproducible difference between empty vector, hnRNP L, 
PTB, or hnRNP A1.  Primer locations are indicated by arrows in the above 
schematic and β-actin was analyzed as an input control.
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analysis again shows no significant change in the levels of transcription of the myc-tag 

region of the vector in hnRNP L plasmids compared to an empty vector, myc-PTB, or myc-

hnRNP A1 (Figure 2-12).  Given the analysis of hnRNP L mRNA, the levels of hnRNP L 

expression within the cell appear to be tightly regulated as its expression is specifically 

repressed following infection by an hnRNP L containing plasmid. 

 

Discussion 

 While PMA is sufficient to induce a change in CD45 splicing, the required 

intracellular signaling cascades are unknown.  This chapter describes the initial development 

and characterization of a viral infection system to facilitate the identification of the required 

signaling pathways using a candidate gene approach.  In these studies, a system was 

developed in which plasmid DNA can be delivered to JVR cells with high efficiency using a 

retroviral vector.  However, while the transduction of this plasmid appears to be efficient, 

various levels of gene expression were observed following infection and the splicing pattern 

of CD45 was not altered by infection of any of the above candidate genes. 

Infection with active Ras has previously been shown to cause a change in the splicing 

pattern of CD45, causing the variable exons to be more highly skipped (Lynch and Weiss, 

2000); therefore, it was used as a positive control for the development of the system.  Given 

that no effect on CD45 splicing was observed in the above experiments and that the Ras 

protein appears to be expressed in those cells, it is possible that the protein is not sufficiently 

expressed to cause activation of downstream pathways, ultimately leaving CD45 splicing 
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unaffected.  Further experiments evaluating the activation of downstream Ras targets would 

be required to determine if the expressed protein is, in fact, expressed and active. 

Similar to the inconclusive results following infection with activated Ras, infection 

with DN-IκBα showed degradation of the IκBα protein in empty vector as well as DN-IκBα 

infected samples after treatment with PMA.  Because the DN-IκBα protein was untagged, it 

is unclear if the DN-IκBα is not being expressed following plasmid transduction or the 

mutant version of the protein is not regulating the activity of the pathway as anticipated.  

Future experiments will be required to conclusively determine if the NFκB pathway plays a 

role in CD45 alternative splicing. 

Additional infections using members of the hnRNP family were also used to evaluate 

the system, and while PTB and hnRNP A1 were able to be expressed from the plasmid, myc-

tagged hnRNP L protein was undetectable.  The lack of protein expression was not due to a 

flaw in the vector, nor was it caused by a lack of mRNA transcription.  The JVR cells appear 

to precisely and specifically regulate cellular levels the hnRNP L protein.  The tight 

regulation of hnRNP L expression could be anticipated given its multiple regulatory roles in 

RNA metabolism.  In this case, the lack of change in splicing pattern is expected given that 

the levels of protein expression are unchanged. 

Together the studies described above indicate the level of expression from this vector 

may be variable and insufficient to evaluate the effects of overexpression of candidate 

proteins, especially for highly regulated and abundant proteins such as members of the 

hnRNP family.  Another complication could also be caused by the induction of LTR driven 

transcription following treatment with PMA.  While this was tested and shown to be a small 
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effect for the expression of GFP, further studies not described here suggest that the PMA 

inducibility of the LTR promoter may be more significant.  Therefore, this system has 

overcome a few of the technical hurdles preventing the identification of required signaling 

pathways; however, future work should address the problems in this system such as the 

variable levels of protein expression.  I, however, did not pursue such experiments due 

exciting advancements regarding alterations in the ESS1-binding complex described below.
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CHAPTER THREE 
 

Modifications to Members of the Basal ESS1 Silencing Complex Following 
Cellular Activation 

 
Introduction 

 Alternative splicing is typically controlled by the binding of splicing regulatory 

proteins to sequences within or near the variable exon that, in turn, control the recognition 

and use of the exon by the splicing machinery, or spliceosome (Black, 2003; Matlin et al., 

2005).  Generally, splicing regulatory proteins fall into one of two categories:  SR (serine-

arginine-rich) proteins generally enhance exon inclusion whereas hnRNP proteins typically 

promote exon skipping (Black, 2003).  

 Despite the prevalence of signal-induced splicing regulation, little is known as to how 

the substrate-specific binding or activity of splicing regulatory proteins is influenced by 

signal transduction pathways.  A few studies have described changes in the phosphorylation 

of SR or hnRNP proteins in response to cellular stress or stimulation, leading to altered 

activity and/or subcellular localization of these proteins (Allemand et al., 2005; Blaustein et 

al., 2005; Patel et al., 2001; Patel et al., 2005; van der Houven van Oordt et al., 2000).  

However, there has been little direct demonstration that altered phosphorylation of an 

SR/hnRNP protein confers a specific change in known signal-responsive alternative splicing 

events. 

 In previous work, Rothrock et. al. identified an exonic splicing silencer (ESS1) within 

CD45 variable exon 4 that mediates both partial exon repression in resting cells and further 

exon skipping upon cellular stimulation (Rothrock et al., 2003).  In addition, the Lynch 
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laboratory has determined that the partial exon repression in resting cells is conferred via the 

binding of hnRNP L to ESS1 (Rothrock et al., 2005).  Given these observations regarding the 

basal activity of the ESS1 silencer, further evaluation of the members of the basal ESS1-

binding complex was pursued.  In this chapter I report the evaluation of changes in the 

expression level, modification state, or protein interactions of the members of the basal 

ESS1-binding complex.  These experiments showed no significant changes in the nuclear 

expression level of these proteins; however, hnRNP L was shown to be differentially 

modified in resting versus stimulated cells.  While still unidentified, this change in 

modification state of hnRNP L correlates with a small increase in repressive activity of the 

protein following stimulation.  Therefore, post-translational modifications to hnRNP L serve 

as one mechanism by which the silencing activity of the ESS1 sequence is enhanced after 

cellular activation. 

 

Results 

In Vitro Splicing Recapitulates the Signal-Responsive Splicing Pattern of CD45   

 As a first step toward characterizing the changes in splicing regulation that occur 

upon cellular activation, evaluation of JSL1 nuclear extracts was performed to determine if 

nuclear extracts from resting and stimulated cells contain the minimal factors necessary to 

confer the differences in isoform expression observed in vivo.  Importantly, the signal-

induced alternative splicing of CD45 exon 4 can be fully recapitulated in vitro using splicing 

competent nuclear extracts derived from JSL1 cells cultured in the absence (resting) or 

presence (stimulated) of PMA (See Chapter 7).  As shown in Figure 3-1, exon 4 is included 
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in ~4% of products derived from in vitro splicing of the WT minigene (see chapter 1) in 

extract from resting cells (R-NE), while incubation of the same construct in extract from 

PMA-stimulated cells (S-NE) results in only ~1% inclusion of exon 4.  This difference in 

exon 4 inclusion between resting and stimulated extracts correlates to the same 3-5 fold 

increase in exon repression that is observed in vivo in both minigenes and the endogenous 

CD45 pre-mRNA.  Importantly, this differential processing of exon 4 in extract from resting 

and activated cells is dependent on the ESS1 regulatory motif, since substitution of the ESS1 

element 

with 

unrelated sequence of similar length (Fig. 3-1, ΔESS1) leads to increased inclusion of exon 4 

in extract from resting cells, and no change in the level of exon inclusion between resting and 

stimulated extract.   Thus, nuclear extracts derived from resting and stimulated JSL1 cells 

support ESS1-dependent signal-induced changes in splicing to the same extent as observed in 

Figure 3-1:  Nuclear Extracts Recapitulate the In Vivo Splicing Pattern In Vitro.  
RT-PCR analysis of CD45 minigenes from JSL1 cells show partial variable exon 4 
repression under resting conditions with an increase in exon repression following 
treatment of JSL1 cells with PMA.  In vitro splicing using JSL1 derived nuclear extract 
demonstrates the same pattern as observed in vivo with partial exon repression in resting 
extract and an increase in exon repression in stimulated extract.  Deletion of the ESS1 
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vivo.   Importantly, these results demonstrate that the change in isoform expression of CD45 

observed upon T cell activation in vivo can be entirely accounted for by direct regulation of 

splicing, and allow us to rule out alternative mechanisms of regulation by coordinated events 

such as transcription or mRNA export.  In addition, these extracts provide a valuable tool for 

dissecting the changes in the ESS1-bound splicing regulatory complex that are induced upon 

activation to cause the signal-dependent silencing of exon 4.   

Nuclear Protein Levels and ESS1 Affinity of the ESS1-Binding Proteins are Unchanged 

Following Stimulation 

 Previously, Rothrock et. al. identified hnRNP L as the main functional component of 

the ESS1-binding complex present in resting cells, although this complex also contains PTB 

and hnRNP E2 (Rothrock et al., 2005).  Given the activity of this hnRNP L-PTB-E2 complex 

in resting cells, I first sought to determine if the increase in exon repression in activated cells 

correlates with an increase in expression of some or all of these proteins upon activation.  

Figure 3-2:  Nuclear Expression Levels of ESS1 Binding Proteins Are Unchanged.  Nuclear 
extract prepared from either resting or stimulated JSL1 cells was subjected to Western blot analysis 
for the indicated protein.  Quantitation was perfomed using densitometry and expression level was 
normalized to levels observed in resting nuclear extract (set to 100%). 
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However, Western blotting of 

various concentrations of nuclear 

extract followed by quantitation 

using densitometry provided careful 

evaluation of the nuclear expression 

of hnRNP L, PTB, hnRNP E2, as 

well as several other splicing 

regulatory proteins.  Results from 

these experiments showed no 

significant change in nuclear protein 

level following stimulation (Figure 

3-2).  Additional analysis of binding 

to ESS1 RNA under both resting and 

stimulated conditions shows no significant increase in affinity for hnRNP L, PTB, or hnRNP 

E2 following stimulation (Figure 3-3).  Therefore, neither an increase in expression or in 

ESS1 affinity account for the increase in exon repression after cellular activation. 

 

HnRNP L Demonstrates Differential Post-Translational Modification by Two-Dimensional 

Gel Analysis 

 Since the levels of the ESS1-binding proteins do not change significantly, the 

modification state of these proteins was evaluated by two-dimensional (2D) gel analysis to 

determine if differential post-translational modification might affect the silencing activity of 

Figure 3-3:  Resting and Stimulated Affinity 
Purification of Previously Identified ESS1-Binding 
Proteins Show Equal Affinity.  Biotinylated-RNA 
was incubated with the indicated nuclear extract (NE) 
and protein binding was analyzed by Western blot 
analysis.  As demonstrated previously in Rothrock et. 
al. (2005), hnRNP L, PTB, and hnRNP E2 bind to the 
ESS1 sequence with higher affinity than to either a 
mutant (Mut1) or a non-specific control RNA 
sequence.  Comparison of binding affinity from 
resting and stimulated NE shows no significant or 
reproducible change in levels of protein binding 
following cellular activation. 
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these proteins.  Total 

nuclear extract from either 

resting or stimulated 

conditions was separated 

first by isoelectric point 

followed by separation by 

SDS-PAGE (see Chapter 

7).  After separation the 

samples were transferred to 

nitrocellulose and specific 

proteins were evaluated by Western blot analysis.  While hnRNP E2 and PTB show no 

significant changes in 

migration pattern in 

resting versus stimulated 

nuclear extract (Figure 3-

4 and Figure 3-5), 

Western blotting of 2D 

gels for hnRNP L reveals 

a differential pattern of 

migration (Figure 3-6).  

In nuclear extract 

prepared from resting cells, the bulk of hnRNP L migrates close to its predicted pI of 6.7, 

Figure 3-4:  Two-Dimensional Gel Analysis of hnRNP E2 Shows 
No Change in Isoelectric Point.  Following two-dimensional gel 
electrophoresis and Western blot analysis, hnRNP E2 shows no 
significant shift in migration when comparing resting to stimulated 
conditions (red boxes). 

Figure 3-5:  Two-Dimensional Gel Analysis of PTB Shows 
No Change in Isoelectric Point.  Following two-dimensional 
gel electrophoresis and Western blot analysis, PTB shows no 
significant shift in migration when comparing resting to 
stimulated conditions (red boxes). 
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with only a minor 

population migrating at 

a more acidic pI.  In 

contrast, in extract from 

stimulated cells, a 

larger population of 

hnRNP L shifts to the 

acidic population 

(Figure 3-6).  The 

difference in the pI 

profile of hnRNP L in resting and stimulated extracts suggests differential post-translational 

modification of at least a portion of the nuclear hnRNP L pool in activated cells.   

 Initial experiments were conducted to evaluate the nature of the differential 

modification.  In general, an acidic shift from the predicted pI of a protein is consistent with 

an increase in the phorphoryaltion status; thus, the phosphorylation state of hnRNP L was 

evaluated using several different 

methods.  Treatment of hnRNP L 

with a nonspecific phosphatase 

(CIP) caused an increase in 

mobility when separated on a 

one-dimensional gel (Figure 3-7), 

consistent with previous reports 

Figure 3-6:  Two-Dimensional Gel Analysis of hnRNP L Shows an 
Acidic Shift in Isoelectric Point.  Following two-dimensional gel 
electrophoresis and Western blot analysis, hnRNP L shows a shift in 
migration toward acidic pI when comparing resting and stimulated 
samples (arrows). 

Figure 3-7:  CIP Treatment Causes a Shift in hnRNP 
L on One-Dimensional Gel.  Treatment of NE with 
Calf Intestinal Phosphatase (CIP) followed by SDS-
PAGE and Western blot analysis for hnRNP L shows an 
increase in hnRNP L migration, consistent with 
dephosphorylation under both resting and stimulated 
conditions. (Data contributed by Caryn Rothrock) 
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characterizing hnRNP L as a phosphoprotein within the cell (Navakauskiene et al., 2004); 

however, the shift is observed in both resting and stimulated samples.  Thus, hnRNP L may 

exist in a partially phosphorylated state under resting conditions and increase in 

phosphorylation following stimulation. Attempts to treat hnRNP L with phosphatase (CIP) 

and separate using 2D analysis resulted in a general loss of isoelectric focusing in both 

resting and stimulated samples (Figure 3-8); thus, the phosphorylation status of 

hnRNP L was also analyzed using phospho-spcific antibodies.  Immunoprecipitation of 

hnRNP L followed by Western blot analysis using either phospho-tyrosine or phospho-

threonine specific antibodies showed no band at the predicted size of hnRNP L in either 

resting or stimulated immunoprecipitations, leaving these experiments largely inconclusive 

(Figure 3-9).  

Figure 3-8:  CIP Treatment Inhibits Isoelectric Focusing of hnRNP 
L in Two-Dimensional Gel Analysis.  CIP treatment of nuclear extract 
prior to two-dimensional electrophoresis and Western blot analysis of 
hnRNP L leads to lack of separation in the first dimension as seen by 
hnRNP L detection across all pH values. 
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 Given the uncertain results presented above, hnRNP L was analyzed for additional 

post-translational modifications.  One other modification known to affect the migration of a 

protein by 2D gel analysis is acetylation, where a decrease in acetylation causes an acidic 

shift in pI.  Using immunoprecipitation and Western analysis similar to that used for the 

phospho-specific 

antibodies described above, 

a band is observed 

migrating at the appropriate 

size for hnRNP L following 

Western blot analysis using 

an α-acetyl-lysine antibody 

(Figure 3-10).  The 

acetylated-lysine band is 

Figure 3-9:  Phospho-Tyrosine and Phospho-Threonine Analysis of hnRNP L Shows No 
Tyrosine or Threonine Phosphorylation.  Following immunoprecipitation (IP) of hnRNP L from 
nuclear extract (NE), Western blot analysis with phopho-tyr or phospho-thr specific antibodies 
show no signal at the expected size of hnRNP L (indicated by arrowhead).  Western blot of these 
samples for hnRNP L shows significant enrichment of hnRNP L in immunoprecipitated samples 
(data not shown). 

Figure 3-10:  HnRNP L Shows Acetylation on Lysine Residues.  
Following immunoprecipitation (IP) of hnRNP L from nuclear 
extract (NE) and Western blot analysis using an antibody specific 
for acetylated-lysine residues, a band is observed at the expected 
size of hnRNP L (red arrows), suggesting hnRNP L is acetylated 
under both resting and stimulated conditions.  Western blot analysis 
of hnRNP L shows the expected enrichment of hnRNP L following 
immunoprecipitation (data not shown).
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observed following purification of hnRNP L from both resting and stimulated conditions 

(Figure 3-10), suggesting again that this modification may be present under both conditions 

and the change in migration pattern is due to a change in the modification state and not to the 

presence of absence of any single 

modification. 

 Two other post-

translational modifications were 

also evaluated with regards to 

hnRNP L.  First, sumoylation of 

hnRNP L was evaluated by lysing 

either resting or stimulated JSL1 

cells with an inhibitor of 

desumoylation (NEM; Dadke et 

al., 2007) and analyzing hnRNP L by Western blot.  Sumoylation of hnRNP L would be 

observed as a decrease in mobility of the protein or smearing upwards of hnRNP L on the 

gel; however, no decrease in mobility was observed following lysis in NEM (Figure 3-11), 

suggesting hnRNP L is not sumoylated under these conditions.  Secondly, recent reports have 

begun to elucidate a functional role for the addition of the monosaccharide, N-

acetylglucosamine (Vosseller et al., 2002; Vosseller et al., 2001; Wells et al., 2001).  This 

modification is the O-linked addition of β-N-acetylglucosamine (O-GlcNAc) to serine or 

threonine residues of nucleocytoplasmic proteins (Vosseller et al., 2002; Vosseller et al., 

2001; Wells et al., 2001).  Importantly, the O-GlcNAc modification has been reported to 

Figure 3-11:  Analysis of hnRNP L for 
Modification by SUMO Shows No SUMO 
Addition.  Following treatment of JSL1 cells with 
PMA, cells were analyzed in the presence of a 
desumoylation inhibitor (NEM).  Western blot 
analysis of cell extracts for hnRNP L show no 
decrease in migration (upward shift) in the presence 
NEM as would be expected if hnRNP L were 
subject to modification by SUMO. 
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change in a protein specific manner in response to T cell activation (Kearse and Hart, 1991), 

and recent reports have provided some evidence for an antagonistic role of this modification 

with phosphorylation of serine and threonine residues (Wells et al., 2001). Following 

treatment of JSL1 cells with an inhibitor to prevent removal of this modification (PUGNAc; 

Vosseller et al., 2002), Western blot analysis with an O-Glc-NAc specific antibody (Comer et 

al., 2001) showed no band migrating at the size of hnRNP L after immunoprecipitation 

(Figure 3-12), suggesting hnRNP L may not be subject to O-GlcNAc modification. 

 

 One final method used to analyze the modification status of hnRNP L was performed 

in collaboration with YingMing Zhao’s laboratory (UT Southwestern, Department of 

Biochemistry).  HnRNP L was purified from either resting or stimulated nuclear extracts 

using a biotinylated-(CA)20 RNA sequence (see Chapter 7) and analyzed using mass 

spectrometry to identify modified peptides.  Using this approach, the location and 

identification of almost any modification can be identified based upon the change in 

Figure 3-12:  HnRNP L Does Not Show Modification by O-Glc-NAc.  
Analysis of O-Glc-NAc modification using an O-Glc-NAc specific antibody 
and treatment with an deglycosylation inhibitor (PUGNAc) shows no band 
at the expected size of hnRNP L following immunoprecipitation (IP).  
Western blot analysis using hnRNP L specific antibody shows the expected 
enrichment of hnRNP L following immunoprecipitation (data not shown). 
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molecular mass.  Unfortunately, the mass spectrometry analysis did not identify any modified 

peptides in either resting or stimulated samples of purified hnRNP L, despite almost 

complete coverage of the full-length protein. 

Differential Post-Translational Modifications of hnRNP L Correlate with a Modest Increase 

in Silencing Activity 

 To determine if the change in modification of hnRNP L correlates with altered 

silencing activity of this protein, endogenous hnRNP L was purified from resting and 

stimulated cells using RNA affinity (see chapter 7), and the relative activity of these proteins 

was tested using in vitro splicing assays.   As reported previously, addition of bacculovirus-

produced recombinant hnRNP L to resting nuclear extract increases repression of  the WT 

Figure 3-13:  Stimulated hnRNP L Shows Increased Silencing Activity Compared to Resting 
hnRNP L.  Equal amounts of hnRNP L purified from either resting or stimulated NE were titrated 
into in vitro splicing reactions containing the WT CD45 minigene and NE prepared from resting 
JSL1 cells (see Chapter 1).  HnRNP L purified from stimulated NE causes increased exon silencing 
when compared to hnRNP L purified from resting NE.  Addition of 100ng of recombinant GST-
hnRNP L (rec.) is shown as a positive control.  Graph represents quantitation of in vitro splicing 
with all values being normalized to exon inclusion in the absence of hnRNP L addition (set to 
100%).  Statistical analysis reveals the difference between the activity of resting hnRNP L and 
stimulated hnRNP L is significant (p<0.05). 
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CD45 exon 4, resulting in a decrease in three-exon product  (Rothrock et al., 2005; Figure 3-

13).  Similar results were obtained upon addition of endogenous hnRNP L purified from 

JSL1 cells (Figure 3-13).  Notably, hnRNP L purified from stimulated cells exhibits an 

increase in repressive activity compared to equivalent levels of protein purified from resting 

JSL1 cells (Figure 3-13, resting vs. stimulated).  Quantification of the effect of hnRNP L 

titration over multiple independent experiments confirms that the difference in repressive 

activity of hnRNP L from resting and activated cells, while relatively modest, is statistically 

significant (Figure 3-13, p<0.05).  Thus, the change in migration of hnRNP L by 2D gel 

analysis correlates with an increase in the silencing activity of the hnRNP L protein in in 

vitro splicing assays, suggesting that differential modifications of hnRNP L influence its 

repressive activity. 

Increase in Silencing Activity of hnRNP L is Unlikely to Account for the Total Increase in 

CD45 Exon Repression Following Stimulation 

 Importantly, however, though the change in hnRNP L activity in activated cells is 

consistent with increased repression of CD45 exon 4, it is sufficiently modest that it is 

unlikely to account for more than a small portion of the 3-5 fold increase in exon repression 

observed upon stimulation.  HnRNP L knock-down experiments in JSL1 cells further suggest 

that additional mechanisms contribute to the increase in exon silencing following stimulation.  

Previously, Rothrock et. al. have shown that a 50% reduction in hnRNP L by RNAi in 293T 

cells results in a significant reduction in the skipping of CD45 variable exon 4 (Rothrock et 

al., 2005).  JSL1 cells have been previously reported to be refractory to protein knock-down 

using RNAi techniques (Rothrock et al., 2005); however, using morpholino antisense 
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oligonucleotides targeted to block the translation initiation complex, one can achieve a 

similar level of hnRNP L knock-down in JSL1 cells resulting in a dose-dependent reduction 

in the silencing of exon 4 in both the wild-type minigene as well as the endogenous CD45 

gene in resting cells (Figure 3-14, R and data not shown).  The effect of hnRNP L depletion 

on splicing is ESS1-dependent, as no change is observed in the splicing of a construct lacking 

a functional ESS1 sequence (Figure 3-14, Mut1).  In activated cells there is also a decrease in 

WT exon skipping when comparing morpholino-treated cells to mock-treated controls 

(Figure 3-14, WT, 0 vs. 5 nmol MO, S), consistent with hnRNP L contributing to the overall 

exon repression in both resting and activated conditions.  In contrast, knock-down of PTB in 

JSL1 cells with a morpholino oligo has no effect on the basal or activation-induced splicing 

pattern (data not shown), in agreement with our previous in vitro studies (Rothrock et al., 

2005).  Nevertheless, while the absolute level of exon 4 skipping is decreased upon hnRNP L 

Figure 3-14:  HnRNP L Depletion Causes a Decrease in Exon Skipping In JSL1 Cells.  JSL1 
cells transfected with the indicated amount of morpholino oligo show decreased levels of exon 
repression in resting and stimulated cells as determined by RT-PCR analysis 48 hours following 
treatment with PMA.  Graph represents the quantitation of the splicing analysis of the wild-type as 
well as the Mut1 minigene.  Protein knock-down was confirmed by Western blot.  (Data 
contributed by Jason Jackson) 
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knock-down, the morpholino-treated cells retain the ability to promote further exon skipping 

upon cellular activation, as evidenced by the difference in splicing in the absence and 

presence of PMA (Figure 3-14, 5 nmol MO, WT, R vs. S).  The ability of cells to support 

signal-induced changes in CD45 splicing under conditions of limited hnRNP L is consistent 

with the modest contribution of hnRNP L to hyper-exon repression in activated cells.  

Together, the results presented in Chapter 3 suggest that while hnRNP L plays a major role in 

basal exon skipping in resting cells, and does contribute to exon 4 skipping in activated cells, 

additional proteins or mechanisms must exist which confer the majority of the increase in 

exon repression observed after cellular activation. 

 

Discussion 

 This chapter describes the characterization of changes to the previously identified 

members of the ESS1 silencing complex following stimulation.  Initial evaluation of nuclear 

expression level and ESS1 binding affinity of PTB and hnRNP E2 revealed no changes in 

protein expression after cellular activation.  Evaluation of post-translational modifications of 

PTB and hnRNP E2 using 2D gel analysis showed no shift in migration pattern of these 

proteins when comparing resting and stimulated samples.  While these results do not 

eliminate the possibility of altered post-translational modifications to PTB and hnRNP E2, 

these observations, in addition to work done previously demonstrating no specific functional 

role for either of these two hnRNP family members in the regulation of basal CD45 exon 

silencing (Rothrock et al., 2005), make PTB and hnRNP E2 unlikely mediators of ESS1-

dependent activation-induced silencing. 
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 Similar to PTB and hnRNP E2, hnRNP L showed no change in the level of nuclear 

protein expression or affinity for the ESS1 sequence following cellular stimulation.  

However, unlike PTB and hnRNP E2, a population of the nuclear hnRNP L showed an acidic 

shift in pI, indicating a change in the post-translational modification state of the protein.  

While several attempts were made at determining the nature and location of the activation-

induced modifications of hnRNP L, no definitive conclusions regarding the nature and 

location of the modification can be made at this time.  Much of the data evaluating specific 

post-translational modifications provided negative observations; however, as with the 

majority of negative observations, these results could be true negative observations indicating 

the absence of the specific modification being evaluated or could simply indicate lack of 

detection.  The lack of identified modifications following mass spectrometry analysis is most 

likely caused by the lack of detection since post-translational modification of hnRNP L has 

been previously reported in the literature (Navakauskiene et al., 2004).  As observed in the 

2D gel analysis, the largest population of nuclear hnRNP L appears to be unmodified in both 

the resting and stimulated state; therefore, in the mass spectrometry analysis the most 

abundant, unmodified peptides may have been detected while the less abundant, modified 

peptides were missed.  Thus, the mass spectrometry analysis would likely provide positive 

results regarding the nature and location of various modifications to hnRNP L following 

enrichment for the modified population of hnRNP L within the cell. 

 Despite the unknown nature of the modification, the activation-induced change in the 

modification state of hnRNP L correlates with an increase in the repressive activity of this 

protein, producing a modest increase in the skipping of CD45 exon 4.  While the change in 
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the activity of hnRNP L serves as one mechanism by which cells cause activation-induced 

exon silencing, the magnitude of this effect suggests this is not the only regulation occurring 

in this system after stimulation.  These observations are supported by the knock-down of 

hnRNP L in JSL1 cells, where the depletion causes an increase in the absolute level of exon 

inclusion under both resting and stimulated conditions but these cells maintain the ability to 

cause a decrease in the relative level of exon inclusion after PMA treatment.  Thus, hnRNP L 

plays a major role in the basal level of exon repression under resting conditions as well as 

contributing to the signal-induced exon skipping following stimulation, but the data in this 

chapter also suggests that additional mechanisms exist which also contribute to the total 

increase in signal-dependent repression. 
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CHAPTER FOUR 
 

Changes in Protein Composition of the ESS1-Binding Complex Following 
Stimulation 

 
Introduction 

 Signal-regulated alternative splicing has become appreciated as one important 

mechanism regulating cellular gene expression in response to environmental stimuli.  A 

recent paper identified several previously unknown alternative splicing events in T cells in 

response to antigen stimulation, expanding upon the previously reported alternative splicing 

events during the immune response (Ip et al., 2007).  The regulation of most alternative 

splicing events is mediated by the binding of either SR or hnRNP proteins to cis-acting 

regulatory elements within the pre-mRNA transcript (Black, 2003); however, little 

characterization has been performed to identify changes in the RNA-binding complexes in 

response to signal transduction. 

 CD45 is an excellent model to study signal-regulated alternative splicing with its 

three variable exons being inducibly skipped in response to antigen stimulation of T cells 

(Lynch and Weiss, 2000).  The splicing regulation of variable exon 4 is dependent upon a 60-

nucleotide exonic splicing silencer (ESS1) that exhibits both basal and signal-induced 

silencing activity (Rothrock et al., 2003).  HnRNP L binds to this sequence element and 

causes basal exon repression as well as making a small contribution to the increase in exon 

silencing after cellular activation (Rothrock et al., 2005); however, the magnitude of this 

increase in activity over that present in resting T cells is not sufficient to account for the total 

increase in exon skipping in activtated T cells. 
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 In the current chapter, I describe the search for additional mechanisms regulating the 

activation-induced exon repression of CD45 vaiable exon 4.  These studies identified several 

additional ESS1-binding components present under both resting and stimulated conditions, 

but functional evaluations have not shown these additional members of the hnRNP family to 

be required.  Importantly, PSF and the highly related protein p54nrb were identified bound to 

the ESS1 complex only under stimulated conditions, and PSF is required to mediate a 

significant increase in exon repression under these conditions.  While PSF is present in the 

nucleus under resting conditions, it does not bind or function, and it is currently unclear what 

regulates the signal-induced binding and function.  Preliminary experiments show differential 

PSF-protein associations between resting and stimulated conditions that may play a role in 

PSF regulation in this system. 

 
 
Results 
 
In Vitro Splicing Recapitulates the Signal-Responsive Splicing Pattern of CD45 

 Previously, the lab has shown that the regulated splicing of the CD45 variable exons 

can be mimicked using minigenes expressed in the T cell derived JSL1 cell line (Lynch and 

Weiss, 2000).  Consistent with the pattern of splicing of the endogenous CD45 gene, RNA 

derived from a minigene in which CD45 variable exon 4 is flanked by constitutive exons 3 

and 7 (Figure 4-1A, WT) shows only partial inclusion of exon 4 when expressed in resting 

JSL1 cells (basal exon repression), and a further 3-5 fold increase in exon 4 skipping when 

expressed in activated JSL1 cells (activation-induced exon repression)(Rothrock et al., 2003).  

The ESS1 splicing silencer sequence is necessary and sufficient for both the basal and 
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activation-induced repression of exon 4 in vivo, as evidenced in part by the fact that mutation 

or deletion of the ESS1 results in significantly higher levels of exon 4 inclusion in both 

resting and stimulated cells (Rothrock et al., 2003).   

 As a first step 

toward characterizing 

the changes in splicing 

regulation that occur 

upon cellular activation, 

I sought to determine if 

nuclear extracts from 

resting and stimulated 

JSL1 cells contain the 

minimal factors 

necessary to confer the 

differences in isoform 

expression observed in 

vivo.  Importantly, the signal-induced alternative splicing of CD45 exon 4 can be fully 

recapitulated in vitro using extracts derived from resting or stimulated JSL1 cells (see 

Chapter 7).  As shown in Figure 4-1B, exon 4 is included in ~4% of products derived from in 

vitro splicing of the WT minigene in extract from resting cells (R-NE), while incubation of 

the same construct in extract from PMA-stimulated cells (S-NE) results in only ~1% 

inclusion of exon 4.  This difference in exon 4 inclusion between resting and stimulated 

Figure 4-1:  Endogenous CD45 Splicing Regulation is Reproduced 
In Vitro.  (A) Schematic representation of the wildtype (WT) and 
ΔESS1 exon 4 minigenes. Variable exon 4 is flanked by constitutive 
exons 3 and 7 of CD45.  The ESS1 sequence is represented by the 
crosshatched region and has been replaced in the ΔESS1 minigene.  (B) 
In vitro splicing of the WT minigene showing basal exon repression 
with incubation in resting (R) nuclear extract (NE) and signal-induced 
exon repression in stimulated (S) nuclear extract.  In vitro splicing of the 
ΔESS1 minigene shows loss of both basal and signal-induced exon 
repression. 
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extracts correlates with the same 3-5 fold increase in exon repression that is observed in vivo 

in both minigenes and the endogenous CD45 pre-mRNA.  Importantly, this differential 

processing of exon 4 in extract from resting and activated cells is dependent on the ESS1 

regulatory motif, since substitution of the ESS1 element with unrelated sequence of similar 

length (Figure 4-1A, ΔESS1) leads to increased inclusion of exon 4 in extract from resting 

cells, and no change in the level of exon inclusion between resting and stimulated extract 

(Figure 4-1B).   Thus, nuclear extracts derived from resting and stimulated JSL1 cells support 

ESS1-dependent signal-induced changes in splicing to the same extent as observed in vivo. 

 Significantly, these results demonstrate that the change in isoform expression of 

CD45 observed upon T cell activation in vivo can be 

entirely accounted for by direct regulation of splicing 

and rules out alternative mechanisms of regulation by 

coordinated events such as transcription or mRNA 

export.  In addition, these extracts provide a valuable 

tool for dissecting the changes in the ESS1-bound 

splicing regulatory complex that are induced upon 

activation to cause the signal-dependent silencing of 

exon 4.   

PSF Mediates ESS1-Dependent Exon Silencing 

Specifically Under Stimulated Conditions 

 The Lynch lab has previously been unable to 

detect differences by silver stain in the protein 

Figure 4-2:  ESS1 RNA Affinity 
Purification.  Biotinylated ESS1 
RNA was incubated with nuclear 
extract and subjected to mass 
spectrometry analysis.  Silver stain 
shows representative sample 
complexity and lack of detectable 
differences in banding pattern 
between resting and stimulated 
purifications. 
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composition of the ESS1-bound complex purified from resting and stimulated extracts 

(Rothrock et al., 2005).  However, since differences in protein composition could be below 

the detection limits of silver stain, I repeated the purification and subjected the entire sample 

to in-solution digestion with trypsin and analysis by mass spectrometry (Figure 4-2).  The 

ESS1-associated proteins identified by multiple high-confidence tryptic peptides in the mass 

spectrometry analysis are listed in Figure 4-3.  As anticipated from previous data, peptides 

derived from hnRNP L, PTB and hnRNP E2 were among the most frequently identified in 

both resting and stimulated purifications.  In addition, several other members of the hnRNP 

family (hnRNP K, hnRNP D, hnRNP A1, and hnRNP A2) were also 

identified in both resting and stimulated samples (Figure 4-3).  The most surprising result 

Figure 4-3:  Mass Spectrometry Protein Identification of ESS1 Purifications.  HnRNP L, 
PTB, and hnRNP E2 associated with ESS1as reported previously in Rothrock et. al. (2005).  
These as well as the additionally listed hnRNP proteins were identified from resting and 
stimulated samples.  HnRNP K, hnRNP D, hnRNP A1, and hnRNP A2 were not previously 
identified.  PSF and p54nrb were identified after ESS1 purification in stimulated nuclear extracts 
and absent in purifications from resting nuclear extracts. 
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from mass spectrometry, however, was the unique identification of PSF, and the highly-

related protein p54nrb, in the ESS1-purifications from stimulated nuclear extract (Figure 4-3). 

 To confirm and evaluate the specificity of the mass spectrometry results, RNA 

affinity purification experiments were repeated using a mutant version of ESS1 (Mut1) which 

abolishes both basal and activation-induced silencing activities of the sequence (Figure 5-

1)(House and Lynch, 2006; Rothrock et al., 2003; Rothrock et al., 2005) and an unrelated 

RNA sequence that we have previously used as a non-specific control (House and Lynch, 

2006; Rothrock et al., 2003; Rothrock et al., 2005).  As reported before, hnRNP L, PTB, and 

hnRNP E2 each bind with higher affinity to ESS1 than to Mut1 or NS RNAs (Figure 3-

3)(Rothrock et al., 2005).  HnRNPs K and D exhibit similar specificity for ESS1 as observed 

for hnRNP L, PTB, and hnRNP E2 while hnRNP A1 and hnRNP A2 show a greater affinity 

for the control RNA sequence 

(Figure 4-4), suggesting that their 

presence in the ESS1 purification is 

due to weak background association.  

Importantly, however, the nuclear 

expression level, ESS1-association, 

and ESS1-specificity for each of 

these 7 hnRNP proteins remains 

unchanged between resting and 

stimulated conditions (Figure 4-3; 

Figure 4-4).  Further evaluation of 

Figure 4-4:  HnRNP K, HnRNP D, HnRNP A1, and 
HnRNP A2 Show Varied Affinities for ESS1 RNA.  
Western blotting of ESS1 purifications using either 
wildtype, mutant (Mut1), or nonspecific (NS) RNA 
show hnRNP K and hnRNP D bind to the wildtype 
ESS1 sequence with higher affinity than to mutant or 
NS RNA.  Equal levels of these proteins are seen in 
resting and stimulated samples.  hnRNP A1 and hnRNP 
A2 show increased levels of binding to the NS RNA 
over the ESS1 element. 
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functional roles for these additional hnRNPs has not demonstrated a requirement for these 

proteins in ESS1 activity (LMM, JJ, and KWL unpublished; data not shown). 

 In striking contrast to the results with the hnRNP proteins, western blot analysis of 

PSF binding to the wild-type ESS1 probe confirms robust PSF association with ESS1 only in 

purifications from stimulated extract (Figure 4-5, ESS1 purification).  We note that this 

Figure 4-6:  PSF and p54nrb Show Increased Association with ESS1 Under Stimulated 
Conditions.  Western blotting of RNA affinity purifications using wildtype, mutant (Mut1), and 
nonspecific (NS) RNA shows increased levels of PSF and p54nrb binding to wildtype ESS1 over 
mutant or NS RNAs and increased association in stimulated purifications.  HnRNP L is shown as a 
control.

Figure 4-5:  PSF Associates with the ESS1 Complex Only Under Stimulated Conditions.  
Western blotting of wildtype ESS1 RNA purifications show PSF association with incubation in 
stimulated nuclear extract but not in resting nuclear extract.  Parallel analysis of total nuclear 
extract demonstrates equal levels of PSF expression in resting and stimulated nuclear extract. 
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change in ESS1-PSF association is independent of the level of nuclear PSF protein since 

western blot of total nuclear extract revealed no reproducible change in the expression of PSF 

protein between resting and stimulated conditions (Figure 4-5, NE).  Further evaluation 

demonstrated that a weak non-specific interaction of PSF with ESS1 can be observed in 

resting nuclear extract upon overexposure; however, this level of bound PSF is similar to that 

associated with the NS RNA (Figure 4-6).  In contrast, in activated extracts PSF exhibits 

enhanced binding to 

the ESS1 RNA 

relative to both the 

Mut1 and NS RNAs 

as well as relative to 

binding observed to 

any of the RNAs in 

resting cells (Figure 

4-6).   A similar 

specificity of ESS1-

binding was obtained for p54nrb, a protein highly homologous to PSF and often found 

together with PSF in cellular complexes.  However, since PSF has been more clearly 

implicated in splicing than p54nrb, and preliminary data from the knock-down of p54nrb 

suggest that it does not function to repress exon 4 (Figure 4-7), subsequent experiments 

focused solely on PSF. 

Figure 4-7:  In Vivo Depletion of p54nrb Shows No Change in CD45 
Exon Skipping After Stimulation.  Graph represent the results from RT-
PCR analysis of the wildtype exon 4 minigene following either mock 
transfection or p54nrb transfection of morpholino oligos.  Following knock-
down of p54nrb, there was no change in the level of variable exon skipping 
under either resting or stimulated conditions when compared to mock 
treated JSL1 cells.  
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 To determine if the association of PSF with the ESS1 sequence contributes to the 

increased repression of CD45 exon 4 in extract from activated cells, I evaluated the effect of 

inhibiting PSF in in vitro splicing assays.  When monoclonal antibody directed against PSF is 

titrated into splicing assays using the wild-type minigene, a significant reduction in the level 

of exon 4  skipping is observed in stimulated samples, leading to an increase in exon 4-

containing product (Figure 4-8A, stimulated).  Importantly, however, no change in the level 

of exon 4 inclusion is observed when the PSF antibody is titrated into resting extract (Figure 

4-8A, resting).  This effect is consistent with the fact that PSF is bound to ESS1 only under 

Figure 4-8:  Functional Depletion of PSF Causes Increased Exon Inclusion in In Vitro Splicing 
Assays Only under Stimulated Conditions.  (A) Titration of anti-PSF antibody to in vitro splicing 
assays with the wildtype exon 4 minigene causes an increase in exon inclusion specifically in 
stimulated samples with no change in resting samples.  (B)  Pre-incubation of anti-PSF antibody with 
inactive, recombinant PSF (rPSF) blocks the previously observed increase in exon inclusion in in vitro 
splicing asssys using the wildtype exon 4 minigene.  (C) Graphical representation of quantitation of the 
above splicing assays. 
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stimulated conditions, and by extension, can only affect the splicing under these conditions.  

Quantitation of the PSF antibody effect on splicing is represented in the graph, demonstrating 

the dose-dependent and statistically significant  (p<0.05) increase in exon inclusion under 

stimulated conditions (Figure 4-8C).  It is of note, however, that the maximal effect of PSF 

antibody addition does not return the level of variable exon inclusion to the levels of 

inclusion seen under resting conditions (Figure 4-8A, compare first and last lanes).   

 The specificity of the PSF antibody effect was confirmed by pre-blocking the 

antibody with inactive recombinant PSF protein, which abrogates any effect of the antibody 

on splicing in stimulated extract (Figure 4-8B and C).  Furthermore, the PSF antibody has no 

effect on the splicing of the ΔESS1 construct in either resting or stimulated extracts, 

demonstrating that the antibody only relieves ESS1-dependent exon silencing (Figure 4-9).  

In contrast to the addition of PSF antibody, the addition of hnRNP L antibody into in vitro 

splicing assays causes a decrease in the level of exon 4 skipping under both resting and 

Figure 4-9:  ESS1 Is Required for the Stimulation Specific Effects of PSF Depletion.  
Anti-PSF antibody titrated into in vitro splicing reactions containing the ΔESS1 minigene has 
no effect on the level of exon inclusion under resting or stimulated conditions.  Numerical 
quantitation is shown in the graph. 
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stimulated conditions, whereas the 

addition of hnRNP A2 antibody 

causes no change in the level of 

variable exon inclusion in either 

extract (Figure 4-10). 

 As additional functional 

confirmation, JSL1 cells expressing 

flag-tagged PSF at near endogenous 

levels were used to make nuclear 

extract under both resting and 

stimulated conditions (see Chapter 7).  Flag-tagged PSF was purified from resting and 

stimulated nuclear extracts in parallel with a negative control purification using stimulated 

nuclear extract lacking flag-tagged PSF (see Chapter 7).  In vitro splicing analysis was 

performed in the presence or absence of each of these purifications.  The analysis of the wild-

type exon 4 minigene shows no change in the level of variable exon 4 inclusion with the 

addition of either control or resting PSF purifications when compared to the addition of 

buffer alone (Figure 4-11A and D); however, the addition of flag-PSF purified under 

stimulated conditions causes a dramatic decrease in the level of variable exon inclusion as 

compared to either buffer alone or control purifications (Figure 4-11A and D).  Similar 

analysis using a minigene containing CD45 variable exon 5 flanked by constitutive CD45 

exons 3 and 7 provides the same pattern with only PSF purified under simulated conditions 

producing decreased levels of exon inclusion (Figure 4-11B and D).  In parallel to the 

Figure 4-10:  Addition of hnRNP L or hnRNP A2 
Antibodies Does Not Show Stimulation Specific 
Effects In Vitro.  In vitro splicing reactions using the 
wildtype exon 4 minigene show a similar increase in 
exon inclusion with the addition of anti-hnRNP L 
antibody under both resting and stimulated conditions.  
The addition of anti-hnRNP A2 antibody has no effect 
on exon inclusion under resting or stimulated conditions. 
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previously described results, the addition of purified proteins to in vitro splicing reactions 

containing the ΔESS1 minigene shows no changes in the level of exon inclusion with the 

addition of control, resting PSF, or stimulated PSF purifications (Figure 4-11C and D), 

demonstrating the activation-induced silencing activity of PSF is dependent upon the ESS1 

element. 

Figure 4-11:  PSF Purified from Stimulated Cells but Not Resting Cells Causes ESS1-
Dependent Exon Repression.  Buffer (-), control, resting, or stimulated FLAG-PSF purifications 
were added to in vitro splicing assays containing the wildtype exon 4 (A), wildtype exon 5 (B), or 
ΔESS1 (C) minigenes.  PSF purified under stimulated conditions causes decreased exon inclusion 
in the wildtype exon 4 and wildtype exon 5 minigenes while PSF purified under resting conditions 
has no effect.  No effect on exon inclusion is observed in the analysis of the ΔESS1 minigene.  
Graphical representation of these results are shown (D). 



75 

 

 In vivo studies of PSF have 

been complicated by the essential 

role of PSF in numerous nuclear 

processes.  A morpholino that 

causes partial reduction of PSF 

protein reduces the change in 

CD45 splicing observed upon 

activation (Figure 4-12), but 

interpretation of these results is 

complicated by a number of 

pleotropic effects including a 

marked decrease in cell viability and general alterations in splicing.  A requirement for 

normal expression of PSF to maintain viability is consistent with studies implicating PSF as 

an essential factor in numerous nuclear processes, including splicing, transcription, DNA 

unwinding and nuclear retention of mRNA (Shav-Tal and Zipori, 2002), and emphasizes the 

importance of the in vitro system which uncouples PSF-dependent regulation of splicing 

from other functional roles of this protein.  We have also utilized a second morpholino that 

does not reduce PSF protein significantly and has no global effects on cellular splicing or 

viability.  Not surprisingly, this second morpholino does not influence activation-induced 

splicing of CD45 on its own, but importantly, when CD45 splicing is sensitized by the 

reduction of hnRNP L, treatment of cells with the second morpholino does specifically 

reduce activation-induced silencing of CD45 exon 4 (Figure 5-4).  Together the studies in 

Figure 4-12:  In Vivo Depletion of PSF Causes a 
Decrease in Response to Stimulation.  Morpholino 
knock-down of PSF causes a decrease in signal-induced 
exon repression with increasing doses (1, 2, or 3 
transfections) of PSF morpholino as compared to mock 
treated JSL1 cells.  Western blot analysis shows a modest 
decrease in PSF protein levels with hnRNP L shown as a 
loading control. 
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this section confirm a significant role for PSF in associating with ESS1 under activated 

conditions and regulating the signal-induced increase in ESS1-dependent silencing. 

Differential PSF Protein Associations May Regulate Activation-Dependent PSF Binding and 

Function 

 The regulation of PSF addition to the ESS1-binding complex is critical to the 

understanding of the signal-induced exon repression of CD45 since PSF is the primary 

contributor to this increase in activity.  Data presented previously in this chapter 

demonstrated that PSF is present in the nucleus at equal levels under resting and stimulated 

conditions, but is associated with ESS1 only after cellular activation (Figure 4-5).  

Additionally, PSF purified under 

resting conditions is not able to 

cause an increase in exon repression 

in vitro; however, PSF purified 

under stimulated conditions causes a 

striking decrease in exon inclusion 

(Figure 4-11).  Further, two-

dimensional gel analysis of PSF 

shows no significant change in 

migration between resting and 

stimulated samples (Figure 4-13), suggesting PSF is not differentially modified under these 

two conditions.   At this time it is not understood what controls the binding and function 

of PSF in this system.  PSF has been shown to play a role in many nuclear processes (Shav-

Figure 4-13: Two-Dimensional Gel Analysis of PSF 
Shows No Change in Isoelectric Focusing.  
Following two-dimensional gel electrophoresis and 
Western blotting, PSF shows no significant shift in 
migration when comparing resting to stimulated 
conditions (red boxes). 
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Tal and Zipori, 2002), and consistent with this diversity, PSF interacts with numerous nuclear 

and cytoplasmic factors, including PKCα and MEKK1(Peng et al., 2006; Rosenberger et al., 

2002)(Melanie Cobb—personal communication).  Therefore, it is possible that differential 

protein associations under resting and stimulated conditions regulate the activation-induced 

PSF addition and function. 

 To begin to identify potential differential protein interactions, flag-tagged PSF was 

purified using salt concentrations similar to those in in vitro splicing where PSF shows 

function (see Chapter 7).  Silver stain analysis 

of these purifications shows differential 

banding patterns under resting and stimulated 

conditions (Figure 4-14).  The most striking of 

these differences include an increase in 

intensity of a band running at approximately 

55 kDa and a decrease in intensity of a doublet 

at approximately 50 kDa after stimulation 

(Figure 4-14).   As a first step toward 

identifying functionally relevant interactions, I 

performed Western blot analysis for known 

PSF-interacting proteins (Figure 4-15).  The 

majority of the proteins evaluated were 

present at approximately equal levels in both 

resting and stimulated purifications.  These proteins include hnRNP L, hnRNP K, p54nrb, 

Figure 4-14:  Silver Staining of Flag-PSF 
Purifications Show Different Banding 
Patterns from Resting and Stimulated 
Samples.  Immunopurification of flag-tagged 
PSF and its associated proteins shows 
differential banding patterns from resting and 
stimulated nuclear extracts.  Arrows indicate 
two of the most striking changes. 
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U1A, PKCα, and MEKK1; however, PTB associates more highly with the PSF complex 

under resting conditions as compared to stimulated conditions (Figure 4-15). 

 Further evaluation of these PSF-

associated proteins was performed by 

subjecting these complexes to high salt 

washes and RNase A treatment (Figure 4-

16).  Comparing a high salt wash to a low 

salt wash, some of the interactions were 

reduced (hnRNP L, U1A), some proteins 

were lost completely (PTB, hnRNP K, 

PKCα), and others were unaffected (p54, 

MEKK1) (Figure 4-16).  Treatment with 

RNase showed similar results to those 

obtained following a high salt wash with 

some interactions being decreased, some 

lost, and some unaffected when compared to 

purifications performed under low salt 

conditions (Figure 4-16).  Thus, the association of these interacting factors display 

differential binding affinities for the PSF complex and differential requirements for RNA in 

the stability of the complex.  

Figure 4-15:  Western Blot Analysis of PSF 
Interacting Proteins from Resting and 
Stimulated Flag-PSF Purifications.  Western 
blot analysis for the indicated proteins in 
control (no flag-tagged protein), resting flag-
PSF, or stimulated flag-PSF purifications 
performed under low-stringency conditions 
(100 mM KCl binding and wash).  Flag-PSF 
blot shows equal levels of tagged-PSF in each 
purification. 
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Discussion 

 In this chapter, I describe the identification and functional evaluation of the signal-

induced activity of PSF on the ESS1 element.  PSF and p54nrb were identified as activation-

specific ESS1 binding factors by mass spectrometry analysis of total ESS1 purifications from 

resting and stimulated cells.  The total purification was subject to tryptic digestion and mass 

spectrometry analysis due to lack of observed differences in banding pattern by silver stain.  

This analysis identified several additional hnRNP family members bound to the ESS1 

element under both resting and stimulated conditions.  Follow-up analysis of these additional 

Figure 4-16:  PSF Interacting Proteins Show Differential Sensitivity to High-Salt and RNase 
Treatment.  Western blot analysis was performed as in Figure 4-15 following washing in high-salt 
(500 mM KCl) or pretreatment with RNase A.  Low-salt conditions represent the results shown in 
Figure 4-15.  Each of the PSF interacting proteins shows individual changes in binding following 
washing in high-salt or RNase treatment. 
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hnRNP proteins has not demonstrated a functional requirement; however, it is possible these 

proteins provide increased stability to the ESS1 complex. 

 Functional evaluation of PSF demonstrated a critical role for this protein in mediating 

the increase in exon silencing after stimulation.  The signal-dependent function of PSF was 

demonstrated by both the functional depletion of PSF using anti-PSF antibody and the 

addition of PSF purified from stimulated cells.  Both the depletion and addition of PSF show 

the function of PSF is dependent upon the presence of the ESS1 sequence and is of much 

larger magnitude than the increase in silencing mediated by increased hnRNP L function. 

 While each of the functional PSF experiments were performed using extensive 

controls, neither technique provides direct evidence that the PSF protein is itself responsible 

for the increase in silencing function because the depletion of PSF may also remove 

associated proteins and the PSF added into these in vitro reactions was not purified to 

homogeneity.  However, if PSF is not the functional protein causing this increase in silencing 

activity upon stimulation, the data proves that it is required and, at minimum, functions as a 

necessary adapter protein. 

 PSF function was also evaluated in vivo using a knock-down approach.  The in vivo 

depletion of PSF resulted in the expected decrease in exon skipping in response to cellular 

activation; however, the visual evaluation of these cells shows decreased cell viability as well 

as changes in size and morphology.  Given the involvement of PSF in a variety of nuclear 

functions, it is not surprising that even mild reduction in the level of PSF protein within the 

cell causes decreased viability, leading to various cellular changes and complicating the 

interpretation of the CD45 splicing analysis.  Thus, while the data does show a decrease in 



81 

 

the fold repression in response to stimulation, the splicing pattern of CD45 shows some 

unexpected abnormalities that are most likely due to global changes in cellular function in 

response to decreased levels of PSF protein. 

 Preliminary experiments purifying PSF with its associated proteins show differential 

banding patterns by silver stain as well as changes in protein associations with increased 

stringency and RNase treatment.  PTB was identified with increased association to the 

purified PSF complex under resting conditions and is likely to correspond to the silver 

stained band at approximently 50 kDa that decreases upon stimulation.  The investigation of 

PSF protein interactions is still in its initial stages and further work should be performed to 

further identify and evaluate the PSF-associated proteins under resting and stimulated 

conditions.  Mass spectrometry analysis of both the differential bands observed by silver 

stain and the total reaction should provide the needed identifications.  Eventually, functional 

evaluation of the PSF-associated proteins may provide important information regarding the 

mechanisms of signal-dependent PSF function. 

 Therefore, PSF was found to bind to the ESS1 sequence and function in an activation-

dependent manner, accounting for a significant amount of the increase in exon silencing after 

cellular activation.  Given the numerous protein-protein interactions of PSF, the signal-

induced binding and activity of this protein may be regulated by changes in protein 

interactions, and the initial evaluation of PSF-associated proteins under resting and 

stimulated conditions demonstrates apparent differences in these interactions.  
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CHAPTER FIVE 
 

Interplay of hnRNP L and PSF in Mediating Activation-Induced Exon 
Repression 

 
Introduction 
 
 The CD45 gene is known to be subject to signal-regulated changes in alternative 

splicing.  The basal regulation of CD45 variable exon repression has been characterized 

previously leading to the identification of the ESS1 silencing sequence present within each of 

the three alternatively spliced exons (Rothrock et al., 2003; Tong et al., 2005).  The ESS1 

sequence was shown to be both necessary and sufficient to induce the endogenous pattern of 

CD45 splicing regulation under both basal and stimulated conditions (Rothrock et al., 2003).  

HnRNP L, PTB, and hnRNP E2 were identified as members of a basal ESS1 binding 

complex, and further investigation identified hnRNP L as the main functional regulator of 

basal exon inclusion (Rothrock et al., 2005). 

 In the previous chapters, differential hnRNP L modification was shown to correlate 

with a modest increase in the repressive activity of the protein after stimulation.  

Additionally, PSF was identified as binding to the ESS1 complex in a signal-dependent 

manner, leading to a more sizable increase in exon repression.  Given that both of these 

mechanisms serve to increase the exon repression within the cell and neither effect 

individually is of sufficient magnitude to account for the total increase in silencing after 

activation, this chapter focuses on the combined effects of hnRNP L and PSF following 

cellular stimulation.  Binding and functional studies suggest that the effects hnRNP L and 



83 

 

PSF are largely independent, and the combined effects of these two mechanisms produce a 

total effect equivalent to total activation-induced change in splicing. 

 
 
Results 
 
HnRNP L and PSF Demonstrate Combinatorial Regulation of Stimulated Exon Repression 

 Given that signal-induced exon 4 repression mediated by both an increase in hnRNP 

L activity as well as the addition of PSF to the ESS1-binding complex is observed, evaluation 

of the interplay between these two factors using various ESS1 mutants was undertaken.  The 

full 60 nucleotide ESS1 sequence contains a short and long copy of the activation responsive 

sequence (ARS) motif (Figure 5-1, ARS motif underlined), so defined because mutation of 

the conserved C’s in each ARS repeat abolishes both basal and activation-induced skipping 

of exon 4 in vivo and in vitro (House and Lynch, 2006; Rothrock et al., 2003; Figure 5-1, 

Mut1).  However, the ARS motif alone is not sufficient to confer the complete activity of the 

ESS1 element, even when present in multiple copies (A. Tong and K.W.L. unpublished).  

Further mutational analysis of the ESS1 element reveals an important role for the sequence 

that acts as a spacer between the two copies of the ARS motif.  Remarkably, substitution of 

two nucleotides between the short and long copy of the ARS motif has little effect on basal 

repression, but significantly reduces the fold increase in exon repression in stimulated extract 

(Fig. 5-1, Mut2, Fold Repression=1.6 vs. 3.5) as well as in activated cells (data not shown).  

Thus, basal silencing activity of the ESS1 sequence can be at least largely separated from the 

signal-induced silencing activity of this regulatory element both in vivo and in vitro. 
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 The Mut1 mutation of the ESS1 element greatly reduces the affinity of hnRNP L for 

this sequence in resting cells, consistent with the loss of basal silencing of this mutation 

(Rothrock et al., 2005).  The affinity purifications shown in chapters 3 and 4 strongly suggest 

that hnRNP L, as well as PSF, also have reduced binding to the Mut1 RNA under stimulated 

conditions.  However, to more accurately assess the relative affinity of these proteins for the 

mutant versus wildtype ESS1 RNAs in stimulated extracts, competition assays were 

conducted to determine the ability of hnRNP L and PSF to discriminate between wildtype 

and mutant RNAs.   As anticipated, addition of wildtype competitor to a binding reaction 

results in a dose-dependent decrease in the levels of hnRNP L and PSF associated with the 

biotinylated ESS1 probe (Figure 5-2, WT), while titration of the non-specific control RNA 

has little or no effect on the binding of these protein even at a 30-fold molar excess of 

competitor (Fig. 5-2, NS).  In agreement with the direct affinity experiments in described in 
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chapter 4, the Mut1 RNA also has little ability to compete for the binding of hnRNP L to the 

biotinylated ESS1, and has reduced affinity for PSF (Figure 5-2, Mut1), consistent with the 

inability of this mutant sequence to support either basal or activation-induced exon 

repression.  In strikingly contrast to Mut1, Mut2 efficiently recruits hnRNP L, but not PSF, 

away from the biotinylated WT ESS1 RNA (Figure 5-2, Mut2).  Therefore, Mut2 maintains 

the ability to bind to hnRNP L, consistent with the basal activity of this sequence; however, 

PSF is unable to associate with the Mut2 sequence and confer ESS1-mediated activation-

induced exon skipping.  

In addition to the experiments described above, similar competition experiments were 

performed for PTB and hnRNP K.  Figure 5-2 also shows that both Mut 1 and Mut 2 

compete equally for PTB and hnRNP K binding.  The Mut1 and Mut2 sequences are less 

effective competitors than wild-type ESS1 as would be predicted from previous results (see 
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chapter 3 and chapter 4).  Significantly however, the differential mutant binding observed for 

hnRNP L and PSF is absent. 

The experiments with Mut1 and Mut2 suggest that the binding of hnRNP L and PSF 

to ESS1 is largely independent of each other.  The autonomy of PSF and hnRNP L function 

is further implied by the residual activation-induced repression observed under conditions in 

which PSF activity is reduced by antibody or the Mut2 mutation (Figure 5-1 and Chapter 4), 

consistent with the remaining activation-induced increase mediated by an increase in hnRNP 

L function (See Chapter 3).  Moreover, knock-down of hnRNP L does not significantly 

weaken the activation-induced repression of ESS1-dependent splicing (See Chapter 3), 

presumably due to the continued activity of PSF. 

If hnRNP L and PSF do indeed function separately to repress the ESS1-containing 

exon 4, then blocking both hnRNP L and PSF in extract from activated cells should function 

in a combinatorial manner to return the level of exon inclusion to that of resting extract.   As 

predicted, while addition of either hnRNP L or PSF antibody alone to stimulated extract 

causes a partial increase in the 

level of variable exon 4 

inclusion, the addition of both 

antibodies has a markedly greater 

effect on exon inclusion, 

returning the level of exon 

inclusion in stimulated extract to 

nearly that observed under 
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resting conditions (Figure 5-3).  In contrast, addition of an equal mass of hnRNP A2 antibody 

to the reaction does not alter splicing nor is there a similar combinatorial increase in exon 

inclusion upon addition of hnRNP L and PSF antibodies to resting extract (data not shown).  

Further evidence for the combinatorial regulation of CD45 exon 4 by hnRNP L and 

PSF comes from treatment of JSL1 cells with morpholino oligos targeting both proteins.   As 

described in chapter 4, a morpholino targeting PSF that does not cause global changes in 

splicing and cell viability (PSF2 MO, see Chapter 7) also has no effect on CD45 splicing on 

its own (Figure 5-4, 

PSF).  However, 

treatment of cells with 

this PSF morpholino 

in combination with 

the morpholino 

targeting hnRNP L 

results in a specific 

decrease in silencing 

of exon 4 in activated cells, with little alteration of splicing in resting cells (Figure 5-4, L vs. 

PSF+L).  The combined effect of inhibition of PSF and hnRNP L under activated conditions 

both in vivo and in vitro strongly argues that the activation-induced skipping of CD45 exon 4 

can be entirely accounted for by the combinatorial effects of hnRNP L and PSF within the 

ESS1-silencing complex. 
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Discussion 
 
 While the previous chapters characterize the individual contributions of hnRNP L and 

PSF to the activation-dependent change in CD45 splicing, the above experiments 

characterize the interactions between these two proteins in the context of ESS1 RNA and 

begin to develop a more complete biological picture of CD45 splicing regulation.  While the 

functional contribution of PSF to exon silencing is significant, it does not account for the 

total increase in fold repression observed (Figure 5-3 and Chapter 4).  Additionally, the 

functional change in repression caused by differential modification of hnRNP L is admittedly 

a modest effect (see Chapter 3).  However, the experiments in this chapter demonstrate that 

when combined these two mechanisms produce an effect that approximates the total change 

in exon silencing both in vitro and in vivo. 

 The binding affinity of hnRNP L and PSF to the Mut1 and Mut2 sequences, 

correlated with the function of those mutant sequences, again supports PSF as the major 

functional contributor to signal-induced exon silencing with hnRNP L functioning mainly as 

the regulator of basal exon silencing.  The binding data also suggest the binding of PSF is 

largely independent of hnRNP L, making it unlikely that the changes in hnRNP L 

modification are responsible for the activation-dependent recruitment of PSF to the ESS1 

sequence.  However, the sensitization of the system to PSF knock-down following a 

reduction in hnRNP L levels suggests that there may be some crosstalk between these effects.  

It is possible that while binding of hnRNP L and PSF is largely independent the overlap 

occurs at the functional level.  In this case, depleting hnRNP L would cause small 

perturbations in the level of PSF to have a larger functional effect on exon repression as 
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observed in vivo when cells are treated with morpholio oligos to both hnRNP L and PSF.  

Thus, while individual effects of hnRNP L and PSF are not dependent upon one another, the 

in vitro splicing as well as the knock-down experiments presented in this chapter demonstrate 

increased functional efficiency when both mechanisms are in operation, and both hnRNP L 

and PSF are required to obtain the total increase in signal-dependent exon silencing 

following cellular activation. 
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CHAPTER SIX 
 

Conclusion 
 
 
 While signal-induced alternative splicing of CD45 exon 4 via the ESS1 sequence is 

well documented, there has been no report of the mechanisms by which the activity of this 

silencer is induced upon cellular activation.  In chapters 3, 4, and 5, I demonstrate that the 

signal-induced change in isoform expression observed in vivo is fully accounted for by a 

direct change in splicing and can be recapitulated in extracts from resting and activated cells.  

I have further identified the two major contributors to the activation-induced increase in exon 

repression mediated by the ESS1 element (Figure 6-1).  A change in the modification state of 

hnRNP L upon stimulation correlates with an increase in the repressive activity of this 

protein, producing a modest increase in the skipping of CD45 exon 4.  Thus, hnRNP L plays 

a major role in the basal level of exon repression under resting conditions as well as 

contributing to the signal-induced exon skipping following stimulation.  A second, and more 

sizable, effect on activation-induced repression is produced by the addition of PSF to the 

ESS1-binding complex following activation. Importantly, the combined contributions of 

hnRNP L and PSF to ESS1-dependent silencing produce an effect that is of similar 

magnitude to the total observed increase in exon repression both in vitro and in vivo, 

suggesting that they confer most, if not all, of the mechanisms of signal-induced regulation in 

this system. 

 While I did identify four other proteins that bind with some specificity to the ESS1 

element (Figure 6-1), at least two of these proteins (PTB and hnRNP E2) have little 
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contribution to the 

activity of ESS1 

(Rothrock et al., 

2005), and 

preliminary 

experiments have 

provided similar 

results for the remaining two (hnRNP K and hnRNP D).  Moreover, we find no evidence for 

altered ESS1-association of any of these four hnRNP proteins between resting and activated 

conditions (Chapter 4).  

 

Mechanisms of Signal-Regulated Alternative Splicing via Post-Translational 

Modifications 

 Signal-induced changes in splicing patterns have been described to alter the 

expression of numerous genes and proteins (Shin and Manley, 2004; Tarn, 2007).  However, 

the mechanisms by which specific cellular signaling events influence splicing regulatory 

proteins, and the subsequent effects of these changes on alternative splicing, are only 

beginning to be addressed.  Several recent reports have characterized the nucleocytoplasmic 

regulation of hnRNP A1 in response to osmotic shock, in which induced phosphorylation of 

hnRNP A1 leads to its cytoplasmic retention (Allemand et al., 2005; Guil et al., 2006; van 

der Houven van Oordt et al., 2000).  The corresponding decrease in nuclear hnRNP A1 

results in alternative splicing of an E1A minigene reporter upon osmotic shock (Blaustein et 

Figure 6-1:  Model of ESS1-Binding Complex Under Resting and Stimulated 
Conditions.  Under resting conditions, hnRNP L mediates basal exon silencing.  
After stimulation, the silencing function of hnRNP L is slightly increased over basal 
activity and PSF is added to the complex. 
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al., 2005; Patel et al., 2005; van der Houven van Oordt et al., 2000).  Similar to hnRNP A1, 

the phosphorylation state of the SR proteins SF2/ASF, 9G8 and SRp40 have been shown to 

be regulated by the kinase Akt, in response to stimulation with growth factors or insulin 

(Blaustein et al., 2005; Patel et al., 2005).  However, in contrast to hnRNP A1, 

phosphorylation of SF2/ASF by Akt does not change the localization pattern of SF2/ASF 

(Blaustein et al., 2005), suggesting that the phosphorylation state of this SR protein results in 

direct changes in its activity. 

 Signal-induced repression of CD45 exon 4 is due in part to the regulation of hnRNP L 

by post-translational modification as described for hnRNP A1.  However, in this instance, 

modification of hnRNP L appears to function more similarly to Akt modification of 

SF2/ASF, in that we observe no change in the nuclear concentration of this protein, nor any 

change in its affinity for ESS1, despite the fact that we do observe an increase in hnRNP L 

activity.  While the signal-induced changes in the modification state of hnRNP L have yet to 

be identified, an acidic shift in pI is often observed following an increase in the 

phosphorylation state of a protein.  Thus, it is a reasonable assumption that the change in 

migration of hnRNP L in stimulated extract is due to an increase in phosphorylation.  

Regulation of hnRNP L by phosphorylation would also be consistent with known 

mechanisms of hnRNP regulation and thus provides a reasonable candidate for further 

investigation. 

 

Regulated Recruitment of PSF to a Pre-mRNA Substrate is a Unique Means of 

Controlling Splicing 
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 In contrast to the above mechanisms of altered localization or activity, the activation-

dependent association of PSF to the ESS1-binding complex provides a unique example of the 

specific recruitment of a splicing factor to a regulatory sequence in response to signaling 

events.  The mechanisms controlling the binding of PSF to the ESS1-regulatory complex 

remain unknown; however, the equal levels of nuclear PSF protein in resting and stimulated 

extract imply the binding of PSF is not regulated by changes in either protein expression or 

nuclear-cytoplasmic localization.  Additionally, 2D gel analysis of PSF shows no evidence 

for changes in the modification state of PSF itself.  Finally, mutational data as well as hnRNP 

L knock-down experiments suggest that under conditions of limited hnRNP L binding, PSF 

is still recruited to the ESS1 complex following stimulation, suggesting the change in the 

modification state of hnRNP L is not responsible for PSF binding.  Therefore, the signal-

induced addition of PSF to the ESS1-binding complex must be regulated by additional 

mechanisms. 

 One appealing mechanism of PSF regulation involves signal-induced changes in PSF 

association with other nuclear proteins.  While PSF was initially identified as the binding 

partner of PTB (Patton et al., 1993), it has been shown to interact with many other nuclear 

proteins as well as both DNA and RNA (Peng et al., 2006; Shav-Tal and Zipori, 2002).  

Many of these interactions have been shown to be dynamic and regulated by various cellular 

events, including altered interaction with PKC in response to phorbol ester treatment and 

altered subnuclear localization and interactions with other splicing proteins upon apoptosis 

(Rosenberger et al., 2002; Shav-Tal et al., 2001).  Thus, PSF may exist in a protein complex 

in nuclei of resting T cells that precludes its binding to the ESS1 element.  In such a scenario, 
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cellular activation would be predicted to release PSF from sequestration, thereby allowing 

PSF recruitment to the ESS1-binding complex and an increase in exon skipping.  Further 

study is still needed to determine if PSF association with CD45 exon 4 is indeed controlled 

by such a mechanism; however, preliminary PSF purifications from JSL1 cells demonstrate 

differential banding patterns following silver stain analysis, suggesting a promising outcome. 

 

Combinatorial Control of Signal-Regulated Alternative Splicing 

 Of particular interest in this system is the fact that the overall signal-induced 

regulation of exon 4 is not controlled by a single mechanism, but by the separate activities of 

hnRNP L and PSF, which combine to yield the total increase in exon skipping.  

Combinatorial control of signal-induced alternative splicing of CD45 and other genes has 

been previously suggested by studies demonstrating cross-talk and/or redundancy in 

signaling pathways necessary for a particular splicing phenotype (Lynch and Weiss, 2000; 

Pelisch et al., 2005; Weg-Remers et al., 2001), but these studies have not investigated 

combinatorial changes in the RNA-bound splicing regulatory machinery.   The use of 

multiple small effects to achieve a functionally significant change in splicing, as shown here 

for CD45, would be predicted to increase the specificity of signal-induced regulation, as only 

genes controlled by the specific combination of activated factors would be responsive to a 

particular stimulus.  In addition, the requirement for the integration of multiple “hits” to alter 

splicing prevents accidental changes in splicing due to spurious activation of individual 

signaling cascades.  Therefore, the combinatorial control of signal-induced splicing, such as 
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that identified here for CD45, may prove to be a more global mechanism of achieving 

specific regulation of alternative splicing in response to precise extracellular cues. 

 

Future Experiments 

 While I have identified two contributions mediating the increase in CD45 exon 4 

repression in response to cellular activation, many questions remain regarding the 

mechanisms of regulation in this system.  First, further evaluation of hnRNP L should be 

performed to identify the specific modifications present under resting and stimulated 

conditions.  This information may provide important information for further understanding 

the details of hnRNP L function in both resting and stimulated cells.  The previous analysis 

was most likely hindered by the large amounts of unmodified hnRNP L within the sample; 

therefore, additional purification steps could be performed to enrich for the modified 

population.  Enrichment could be accomplished by 2D gel separation and staining prior to 

mass spectrometry analysis; although, separation using an ion exchange column could also 

provide the needed separation based upon the difference in charge.  Once specific differences 

in modifications have been identified, mutation of these residues to either inhibit or mimic 

the modification can be made and functional analysis of the mutants evaluated.  These types 

of experiments will provide direct evidence for the involvement of these modifications in 

mediating the increase in exon silencing after stimulation which is currently only a 

correlative observation. 

 In addition to functional evaluation, the nature and location of the modifications of 

hnRNP L may provide insight into the enzymes responsible for the modification addition or 
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removal.  These are also important remaining questions in this system as the upstream 

pathways remain unknown, and the identity of the modifying enzymes will aid in 

characterizing the required signaling pathways. 

 Although the regulation of hnRNP L in response to T cell activation is important in 

this system, the larger increase in exon repression is mediated by the signal-induced addition 

of PSF to the ESS1-binding complex.  Thus, the regulation of PSF under resting and 

stimulated conditions is of great importance and currently remains a mystery.  As mentioned 

previously, the protein-protein interactions of PSF are numerous, and alterations in these 

interactions following stimulation provide a logical mechanism for regulation of PSF binding 

and function.  Initial experiments have already shown PSF purifications under resting and 

stimulated conditions show differential banding patterns when subjected to silver staining.  

Additionally, PSF purified under the same conditions is able to induce exon silencing only 

when purified from stimulated cells and not from resting cells.  Taking advantage of these 

techniques, mass spectrometry analysis of these purifications should provide the identity of 

the PSF-interacting proteins.  With this information, differentially associated proteins can be 

evaluated for their role in the regulation of PSF binding and function. 

 Functional evaluation of the PSF complexes can also be performed to determine the 

required protein associations.  PSF purification could be performed under increasingly 

stringent conditions, continually decreasing the number of associated proteins.  Functional 

analysis of these complexes using in vitro splicing assays will distinguish the minimal 

functional complex under stimulated conditions or reveal an inhibitory interaction under 

resting conditions. 
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 While most of my work has focused on the characterization of variable exon 4, PSF 

also demonstrates functional exon repression under stimulated conditions in the analysis of 

variable exon 5 in vitro.  Since exons 4, 5, and 6 show coordinated regulation, the 

mechanisms of activation-induced exon repression described for variable exon 4 may also 

function to regulate variable exons 5 and 6, and this possibility should be experimentally 

studied. 

 Importantly, the studies described here have focused on regulation at the level of 

RNA-protein interactions, but the intracellular signaling pathways required in this system 

remain unknown.  Thus, investigation of intracellular signaling pathways which culminate in 

alterations in the function of hnRNP L and PSF in response to activation is of high priority. 

 

Conclusion 

 In conclusion, I show that the signal-induced splicing regulation of CD45 exon 4 can 

be recapitulated using resting and stimulated nuclear extracts derived from JSL1 cells.  These 

extracts provided a platform for the identification of a combinatorial mechanism of 

activation-induced repression of exon 4 via hnRNP L and PSF.  Future characterization of 

the changes in hnRNP L and PSF induced upon T cell activation will provide further insight 

as to how integration of signaling pathways leads to the unique remodeling of a silencer 

complex to promote signal-induced changes in alternative splicing. 
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CHAPTER SEVEN 
 

Materials and Methods 
 
Minigenes and RNA 

 The WT, ΔESS1 and Mut1 minigenes have been described previously as WT, alt-ESS 

and mESS1 (House and Lynch, 2006).  The Mut2 minigene was derived from the WT 

version by PCR-based mutagenesis as described previously (Rothrock et al., 2003).  For in 

vitro splicing experiments minigene derived RNAs were transcribed in vitro with T7 

polymerase (Promega).   5’ biotinylated ESS1, Mut1, NS Control, and (CA)20 RNAs as well 

as non-biotinylated ESS1, Mut1, Mut2, and NS Control RNAs were chemically synthesized 

by Dharmacon.  The NS Control RNA sequence has been previously published as E14 

(Rothrock et al., 2005). 

 

Cell Culture, Morpholino Oligo Transfections, and RNA Isolation 

JSL1 cells have been described previously (Lynch and Weiss, 2000).  Stable cell lines 

expressing minigenes were prepared and analyzed as described in Rothrock et. al. (2003).  

Antisense knock-down was performed by electroporation of 20million JSL1 cells with the 

indicated amount of morpholino oligonucleotide (Gene-Tools Inc.) in RPMI without 

supplementation.  Cells were allowed to recover overnight in RPMI +10% fetal calf serum 

before stimulation with PMA.  Cells were harvested for RNA and protein 48 hours after 

treatment with PMA.  PSF knock-down experiments where multiple dose of mopholino 

oligonuceotide was transfected were performed as described above with cells being allowed 
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to recover for 48 hours between transfections in RPMI +10% fetal calf serum.  Morpholino 

oligonucleotide sequences are indicated below. 

Oligo Name  Target Gene  Sequence 

hnRNP L  hnRNP L CGCCCGCCGCCGCCATCTTCACCAT 

PSF 1   PSF  GTCGAGGCAAAAGCGAAGAAGACGC 

PSF 2   PSF  CTCCGGAACCGATCCCGAGACATGT 

PTB   PTB  CTATATCTGGGACAATGCCGTCCAT 

p54nrb   p54nrb  TATTACTCTGCATTTTTGCACCCTC 

 

MaRX II Plasmids and Viral Infections 

 MaRX II plasmids were derived by insertion of either GFP, Ras V12, Ras R12, DN-

IκBα, myc-hnRNP L, myc-PTB, or myc-hnRNP A1 downstream of the LTR promoter.  In 

each of the above constructs with the exception of the GFP cDNA construct, GFP cDNA was 

inserted downstream of the PGK promoter.  The MaRX II construct was transfected into 

φNX cells using calcium phosphate.  φNX cells were allowed to incubate and virus 

containing media was used to infect JVR cells.  JVR cells were then treated as indicated and 

analyzed by FACS, RT-PCR, and Western blot (for detailed protocol see Appendix D). 

 

Specific Post-Translational Modification Analysis and Immunoprecipitation of hnRNP L 

 Immunoprecipitation of hnRNP L was performed by lysing JSL1 cells at a density of 

1 x 106 cells/100 μL of lysis buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 20% Glycerol, 

0.2 mM EDTA, 0.5 mM DTT, 1X complete protease inhibitors (Roche), 1% TX100).  Cells 
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were incubated on ice for 10 min. and membrane fractions were removed by centrifugation.  

Immunoprecipitation was performed by incubation of 300 μL cell lysate with 30 μL of 50:50 

PGS bead slurry and 3 μL anti-hnRNP L antibody.  Samples were washed 3X with lysis 

buffer containing a final concentration of 500 mM KCl and no TX100 and analyzed by SDS-

PAGE and Western Blot.  In the analysis of hnRNP L sumoylation, JSL1 cells were lysed as 

described above with the addition of NEM (Sigma) to a final concentration of 1 mM.  In the 

analysis of O-GlcNAc modification, cells were stimulated as described previously with the 

addition of PUGNAc (Carbogen) to a final concentration of either 60 or 100 μM.  Cells were 

lysed as described above with the addition of PUGNAc to a final concentration of 50 μM. 

 

Nuclear Extract and Purified Proteins 

 JSL1 cells were grown in roller bottles either untreated or treated with 50ng/mL PMA 

for approximately 60 hours and nuclear extract was purified as described previously (Lynch 

and Weiss, 2000).  Recombinant GST-hnRNP L was purified as described in Rothrock et. al. 

(2005).  Recombinant His-tagged PSF was purified using the previously described pET-PSF 

construct (kind gift of J. Patton) and purification protocol (Patton et al., 1993).  Flag-tagged 

PSF was purified out of nuclear extract from JSL1 cells stably expressing the protein from 

the pEF-FLAG-PSF vector.  Nuclear extracts were prepared as described above.  

Purifications were preformed by incubation with FLAG-conjugated EZ-View Resin (Sigma) 

and washed (for detailed protocol see Appendix E).  Low salt washes were performed in 

GFP100 (100mM KCl).  High salt washes were performed in GFB500 (500mM KCl), and 

RNase A treatment was performed by adding 20 μg of RNase A to the Flag-PSF nuclear 
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extract and incubating at 30 degrees C for 10 minutes prior to purification.  For Western blot 

analysis, 100 μL of 2X SDS sample buffer was added directly to the resin and samples.  For 

functional analysis in in vitro splicing reactions, FLAG-PSF was eluted from the beads by 

incubating the resin with 3X-FLAG peptide (sigma) at a concentration of 500 ng/μL for 1 

hour (see Appendix E). 

 

RT-PCR 

 RT-PCR and analysis was performed as described previously (Lynch and Weiss, 

2000). 

 

In Vitro Splicing 

 In vitro splicing reactions were carried out as described in Rothrock et. al. (2005).  

Antibodies or proteins were added to the reaction prior to the addition of substrate RNA. 

 

RNA Affinity Purification 

Direct RNA affinity purifications were performed as described in Rothrock et. al. 

(2005) (for detailed protocol see Appendix B).  Competition RNA affinity purifications were 

performed as describe above with the addition of competitor RNA to final concentrations of 

0.1 μM, 0.3 μM, 1.0 μM, and 3.0 μM (for detailed protocol see Appendix C).  Purification of 

hnRNP L from either resting or stimulated JSL1 nuclear extract was performed as described 

by Hui and Bindereif (2003); however, JSL1 nuclear extract was used in place of Hela 

nuclear extract and 5’ biotinylated-(CA)20 RNA (Dharmacon) was used in place of 5’ 
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biotinylated-(CA)32.  Following elution with 6 M urea, samples were dialyzed overnight 

against 20mM Tris-HCl pH 7.5, 100 mM KCl, 20% Glycerol, 1mM EDTA, and 1mM DTT. 

 

Mass Spectrometry 

Mass spectrometry was performed by the Protein Technology Core at UT 

Southwestern Medical Center by digesting proteins in solution with procine trypsin.  Tryptic 

peptides were dissolved and injected into reverse-phase HPLC/ion trap with a nanospray 

source, using a ThermoFinnigan LCQ Deca XP MS instrument and Xcalibur 1.3 software.  

MS/MS files were searched against NCBI-nr protein sequence data bases, using the Sonar 

database software (GenomicSolutions, Inc.).  

 

Two-Dimensional Eletrophoresis 

 7 cm Immobiline DryStrip pH 3-10 NL (GE Biosciences) was rehydrated for 15 hrs. 

in 8 M urea, 2% CHAPS, 0.5% IPG Buffer (IPG Buffer 3-10 NL, GE Biosciences), and 20 

mM DTT.  Approximately 30 μg of JSL1 nuclear extract was loaded onto the strip during 

rehydration.  Isoelectric focusing was performed using an Ettan IPGphor II Isoelectric 

Focusing Unit (Amersham Biosciences) according to the manufacturer’s recommendations 

with the first step being extended to 60 min. at 300V.  DryStrips were then incubated for 15 

min. at room temp. in 0.5 M Tris-HCl pH 6.8, 8 M urea, 40% Glycerol, 2.5% SDS, and 65 

mM DTT and sealed to the top of a 10% SDS-PAGE gel using 0.5% agarose.  SDS-PAGE 

gel was run at 200V and transferred to nitrocellulose.  Membranes were then subjected to 

Western blot analysis (for detailed protocol see appendix A). 
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Western Blotting 

Western blotting was performed as described in Lynch and Weiss (2000) with the 

antibodies described below. 

 

Antibodies 

Antibodies used for the indicated applications were as follows:   

Antigen   Antibody   Source 

hnRNP L   4D11    Abcam 

hnRNP E2   Rabbit Polyclonal  Gift from R. Andino 

PTB N-term   Rabbit Polyclonal  Gift from D. Black 

hnRNP A1   4B10    ImmunoQuest 

hnRNP A2/B1   DP3B3    ImmunoQuest 

hnRNP K/J   3C2    ImmunoQuest 

hnRNP D   Rabbit Polyclonal  BioLegend 

U1A    Rabbit Polyclonal  Gift from I. Mattaj 

FLAG    M2    Sigma and Cell Signaling 

Nmt55/p54nrb   78-1C    Affinity BioReagents 

Acetylated-Lysine  Rabbit Polyclonal  Cell Signaling 

Phospho-Threonine  42H4    Cell Signaling 

Phospho-Tyrosine  P-Tyr-100   Cell Signaling 

O-GlcNAc   CTD 110.6   Pierce 
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PSF    B92    Sigma 

PSF    6D7    Abnova
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APPENDIX A 
 

Two-Dimension Gel Protocol 
 

 
A. Solutions: 

 
Rehydration Buffer (stock stored at -20 without DTT) 
 Urea  12g (8M final conc.) 
 Chaps  0.5g (2% final conc.) 
 IPG Buffer 125 μL (0.5% final conc.) 

(from Amersham for pH of strip) 
 Water  16 mL 

 
  SDS Equilibration Buffer (stock stored at -20 without DTT) 
   0.5M Tris-HCl pH 6.8  20 mL 
   Urea    72 g 
   Glycerol   60 mL 
   10% SDS   40 mL 
   Water    27 mL 
 

B.  Sample Prep for 1st Dimension 
1.  Add fresh 1M DTT to Rehydration Buffer to final concentration of 20 

mM(need 125 μL/sample) 
  2.  Mix 120 μL Rehydration Buffer with 5 μL of NE (approx. 20-30 μg) 

3.  Carefully pipette sample into 7cm ceramic strip holder and spread evenly 
4.  Remove film cover from dry strip starting at the (+) end 
5.  Carefully place strip gel side down into the strip holder starting with the 

(+) end (try not to get bubbles) 
6.  Gently pipette cover fluid (mineral oil) over strip and add cover (notches 

toward the gel) 
 
C.  Running Conditions for 1st Dimension 
  Rehydration for 15 hours 
      Voltage  Time 
  Step 1 and Hold  300 V   60-240 min. 
  Step 2 Gradient  1000V   30 min. 
  Step 3 Gradient  5000V   90 min. 
  Step 4 and Hold  5000V   20 min. 
 Temp. at 20 degrees C and Current at 50 μA/strip 
 
D.  Sample Prep for 2nd Dimension 
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1.  Pour normal SDS-PAGE gels of desired percentage with no comb in the 
stacker (gel up to top) 

2.  Add 1 mL of 1M DTT to 14 mL of SDS Equilibration Buffer and place in 
small containers (one/sample…like sterile basins for tissue culture) 
and mix a 1% agarose/1X SDS Running Buffer Solution 

3.  Remove gels from holders and place into SDS Equilibration Buffer 
4.  Incubate with rocking at room temp. for 15 min. 
5.  Remove gels from SDS Buffer and place onto 3M paper soaked in 1X SDS 

Running Buffer 
6.  Rinse gels with 1X SDS Running Buffer 
7.  Microwave 1% Agarose Solution 
8.  Place strips with plastic side against the back of the plate on SDS-PAGE 

gel and push down with forceps (remove bubbles) 
9.  Seal to gel with 1% agarose solution and allow to solidify 5 min. 
10.  Run SDS-PAGE gels, transfer, and Western Blot as per normal lab 

protocol 
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APPENDIX B 
 

Direct RNA Affinity Purification 
 

 
A. Prep Streptavidin Beads (Ultralink Immobilized Streptavidin—Pierce) 

1. Need 30 μL 50:50 bead slurry/sample 
2. Wash beads 3X in 1 mL GFB100 
3. Block 30 min at 4 degrees C in  

10 μL Heparin (50 μg/μL stock) 
1 mL GFB100 

4.  Wash 1X in 1 mL GFB100 
 
B. Binding Reaction (500 μL total) 

50 μL  BC400 
132.5 μL BC100 
50 μL  13% PVA 
20 μL  80mM MgCl2 
20 μL  25mM ATP 
20 μL  0.5M Creatine Phosphate 
50 μL  0.25 μg/μL tRNA in BC100 
5 μL  10pmol/μL Bi-RNA (add to mixture last) 
132.5 μL Water 
20 μL  Nuclear Extract 

  
 Incubate binding reaction at 30 degrees C for 30 min. 
 

C. Couple RNA to Beads 
500 μL  Binding Reaction 
10 μL  50 μg/μL Heparin 
20 μL  80mM MgCl2 
97 μL  BC400 
394 μL  Water 
15 μL  Streptavidin Beads 
 
1.  Make master mix of above without the binding reaction and use to 

resuspend the beads after last wash 
2.  Add 500 μL of master mix from above to each binding reaction 
3.  Incubate 1-2 hours with rotation at 4 degrees C 
4.  Wash 4X in 500 μL of GFB100 with 4mM MgCl2 
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5.  Add 50 μL 2X SDS Sample Buffer and run 10-50 μL on an SDS-PAGE 
gel as per normal lab protocol 
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APPENDIX C 
 

Competition RNA Affinity Purification 
 
 

A.  Prep Streptavidin Beads (Ultralink Immobilized Streptavidin—Pierce) 
i. Need 20 μL 50:50 bead slurry/sample 

ii. Wash beads 3X in 1 mL GFB100 
iii. Block 30 min at 4 degrees C in  

10 μL Heparin (50 μg/μL stock) 
1 mL GFB100 

4.  Wash 1X in 1 mL GFB100 
 
B. Binding Reaction (125 μL total)* 

12.5 μL BC400 
35 μL  BC100 
12.5 μL 13% PVA 
5 μL  80mM MgCl2 
5 μL  25mM ATP 
5 μL  0.5M Creatine Phosphate 
12.5 μL 0.25 μg/μL tRNA in BC100 
1.25 μL 10pmol/μL Bi-RNA (add to mixture last) 
12.5 μL 10X Conc. Competitor RNA** (see bottom) 
21 μL  Water 
3 μL  Nuclear Extract 

  
 Preincubate reaction without Bi-RNA probe for 10 min. at 30 degrees C 
 Add Bi-RNA probe and incubate reaction at 30 degrees C for 30 min. 
 

C. Couple RNA to Beads 
125 μL  Binding Reaction 
2.5 μL  50 mg/mL Heparin 
5 μL  80mM MgCl2 
24 μL  BC400 
78.5 μL Water 
10 μL  Streptavidin Beads 
 
1.  Make master mix of above without the binding reaction and use to 

resuspend the beads after last wash 
2.  Add 125 μL of master mix from above to each binding reaction 
3.  Incubate 1-2 hours with rotation at 4 degrees C 
4.  Wash 4X in 250 μL of GFB100 with 4mM MgCl2 
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5.  Add 20-50 μL 2X SDS Sample Buffer and run 10-50 μL on an SDS-PAGE 
gel as per normal lab protocol 

 
*Reactions can be scaled according to levels required for detection of desired protein 
**I use final concentrations of 0.1μM, 0.3μM, 1μM, and 3μM competitor RNA (1X, 3X, 
10X, and 30X fold excess) 
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APPENDIX D 
 

Retroviral Infection Protocol 
 

 
Day 1 Morning:  Plate φNX cells 

Plate φNX cells at approximately 30-40% confluency in DMEM, 5% FBS, P/S/G, 50 
μM BME (split an 80-90% confluent plate approximately 1:5) 

 
Day 1 Evening:  Transfect φNX cells 
 Tube 1:  1 mL 2X HBSS pH 7.05 
 Tube 2:  10 μg MaRX DNA 
    125 μL 2M CaCl2 
    865 μL Water 
 Add the contents of tube 2 dropwise to tube 1 while vortexing 
 Incubate at room temperature for 30 min. 
 Add mixture dropwise to φNX cells and gently rock plate from side to side to mix 
 Incubate cells overnight at 37 degrees C 
 
Day 2 Morning:  Wash φNX cells 
 Aspirate media from φNX cells 
 Gently wash 2X with 5 mL warm PBS (PBS must be warm) 
 Replace media with 10 mL RPMI, 5% FBS, P/S/G 
 Incubate 24-48 hrs. at 37 degrees C 
 
Day 2 Anytime:  Split JVR Cells 
 Count JVR cells to be infected and plate at a density of 0.5 x 106 cells/mL 
 
Day 3:  Infect JVR Cells 

Transfer media from φNX cells (save cells for FACS analysis) to a conical tube and 
spin for 5 min. at 1000 rpm 

Transfer media to a fresh conical tube and add polybrene to a final concentration of 
10 μg/mL 

Spin 0.5 mL JVR cells/1 mL of infection media to infect cells at a density of 0.5 x 106 
cells/mL (each sample should be in a separate tube) 

Aspirate media from JVR cells 
Resuspend and plate JVR cells in viral media + polybrene 
Incubate JVR cells overnight at 37 degrees C 
 
Trypsinize φNX cells and analyze tranfection efficiency by FACS 

 
Day 4:  Dilute JVR Cells 
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Count JVR cells and split to desired density using fresh RPMI, 5% FBS, P/S/G and 
analyze after 24-72 hrs. (treat with PMA if desired) 

 Evaluate infection efficiency by FACS, harvest RNA and protein as desired 
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APPENDIX E 
 

FLAG-PSF Purification from Nuclear Extract 
 

A.  EZ-View FLAG-resin (sigma) 
1. Remove 20 μL (40 μL 50:50 slurry) EZ-View FLAG-resin per sample 
2. Pre wash resin 3X in 500 μL GFB100 
3. Resuspend resin after washing to obtain a 50:50 slurry with GFB100 

 
B. Conjugation of Washing of FLAG-PSF 

1.  Add 100 μL of NE per sample to eppendorf tubes on ice 
2.  Add 100 μL of GFB100 to each sample to aid in mixing 
3.  Add 40 μL of 50:50 resin slurry to each sample 
4.  Incubate 2-3 hours at 4 degrees C with rotation 
5.  Wash samples 3X in 500 μL of desired salt GFB (Low-salt = GFB100, High-salt = 

GFB500) 
5.  Wash 1X in 500 μL GFB100 and remove supernatant (if not eluting add 100 μL 2X 

sample buffer and analyze by SDS-PAGE) 
 
C. Elution of FLAG-PSF Complexes with 3X FLAG peptide (sigma) 

1.  Dilute 3X FLAG peptide stock to 500 ng/μL 
2.  Add 30 μL 3X FLAG peptide to each sample 
3.  Incubate resin on ice for 1 hour with mixing every 5-10 minutes 
4.  Transfer eluted FLAG-PSF to fresh tubes 
5.  Analyze 5-10 μL of eluted sample by anti-FLAG Western blot to evaluate elution 

efficiency 
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